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Description of work

We present a helicopter flight dynamics nonlinear model for a flybarless,
articulated, Pitch-Lag-Flap (P-L-F) main rotor with rigid blades,
particularly suited for small-scale UAVs. The model incorporates the
main rotor, tail rotor, fuselage, and tails. This model is further applicable
for high bandwidth control specifications, and is valid for a range of
flight conditions, including the VRS and autorotation. Additionally, the
paper reviews all assumptions made in deriving the model, i.e.
structural, aerodynamics, and dynamical simplifications. Simulation
results show that this nonlinear model is in good agreement with an
equivalent FLIGHTLAB model, for both static (trim) and dynamic
conditions.

Results and conclusions

The first building-block—towards the development of an autonomous
helicopter system—is presented, and can be characterized as a
comprehensive modeling framework, particularly suited for small-scale
flybarless helicopters. Comparisons

with an equivalent FLIGHTLAB simulation shows that our model is valid
for a range of flight conditions, including steep descent flights and
autorotation.

Applicability

This model could potentially be used for several applications: 1)
simulation of the flight dynamics of small-scale (articulated or hingeless)
flybarless helicopters; 2) investigation of the coupling between flap/lag
and inflow dynamics; as well as 3) providing a basis for model-based
control design.
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A Flight Dynamics Model for a Small-Scale
Flybarless Helicopter

Skander Taamallah
National Aerospace Laboratory (NLR)
Anthony Fokkerweg 2, 1059 CM, Amsterdam, The Netherlands
Email: staamall@nlr.nl

ABSTRACT

We present a helicopter flight dynamics nonlinear model fliylsarless, articulated, Pitch-Lag-Flap (P-L-F)
main rotor with rigid blades, particularly suited for smatlale Unmanned Aerial Vehicles (UAVs). The model in-
corporates the main rotor, tail rotor, fuselage, and tailgs model is further applicable for high bandwidth control
specifications, and is valid for a range of flight conditians|uding the Vortex-Ring-State (VRS) and autorotation.
Additionally, the paper reviews all assumptions made irviteg the model, i.e. structural, aerodynamics, and dy-
namical simplifications. Simulation results show that tiaslinear model is in good agreement with an equivalent
FLIGHTLAB model, for both static (trim) and dynamic conaitis.

Nomenclature

Frames’

Fi Geocentric inertial frame

Fe Normal earth fixed frame

Fo Vehicle carried normal earth frame

Fx  Kinematic (flight path) frame

Fp Body (vehicle) frame

Fug Hub-Body frame (see Fig. 3 and Fig. 4)
Fi<i<s, Foi  Main Rotor frames (see Fig. 3 and Fig. 4)
A Origin of frameF, earth center

G Oirigin of framed~ andFy, vehicle CG

H Origin of frameFyp

O Origin of framedg andF, an earth surface point
Angles between frames

¢ Azimuth angle (yaw angle, heading)

0 Inclination angle (pitch angle, or elevation)

¢ Bank angle (roll angle)

Linear velocities V and their componentsu,v,w

Vke Kinematic velocity of vehicle CG

Vac Aerodynamic velocity of vehicle CG

ug =Vn Xxcomponent o¥/kg onFo, North velocity
v, =VE ycomponentoWg onF,, East velocity
vv‘k’ =Vz zcomponent oW g onFo, Vertical velocity
uw=u xcomponent oW onFy

v =v ycomponentol/yc onFy

wP=w zcomponent o¥/yc onFp

Uw, Vi, Wy Wind velocities inFg

2The first five frames are the standard aircraft navigatiomés (see for example [1]).
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Angular velocities Q and their componentsp, g, r

Qr=Qpe  Kinematic angular velocity of vehicle CG relative to thetbar
pP=p Rollvelocity (roll rate) of vehicle CG wrt to the earth
qE =q Pitch velocity (pitch rate) of vehicle CG wrt to the earth
rlt(’ =r Yaw velocity (yaw rate) of vehicle CG wrt to the earth
Main Rotor (MR) properties

a wake angle wrt to rotor disk

ap Blade section angle of attack

B Tip loss factor

Boi Blade flap angle

Bo Rotor TPP coning angle

B1c  Longitudinal rotor TPP tilt

B1s Lateral rotor TPP tilt

Bp Rotor precone angle

Co = Mp.yg, Blade 1st mass moment

cp Blade chord

Cq, Blade section drag cdiécient

¢, Blade section lift coficient

cv Blade section pitching moment due to airfoil camber
er Distance between lag and flap hinge

e Distance between pitch and lag hinge

ep Distance between Hub and pitch hinge

Ae=ep+e_ +er Distance between Hub and flap hinge
ng =1/2R2/(1-(ep+eL+€F))

ne =1/2R2/(1-(ep+eL))

I' MRrotation,CCW:T=1CW:T'=-1

Geff Ground dfect corrective factor

Ipb Blade 2nd mass moment (inertia about rotor shaft)

I Blade 2nd mass moment (inertia about flap hinge)

is Shafttilt-angle

Kg Pitch-flap coupling ratio

Kes Pitch-lag coupling ratio

Ko, Hub spring damper coef. (due to flap)

Ko, Hub spring damper coef. (due to lag)

Hub spring restraints coef. (due to flap)

. Hub spring restraints coef. (due to lag)

Ao, ¢, As  Uniform, longitudinal, lateral inflows

Mp  Blade mass from flap hinge

Np  Number of blades

Qur Instantaneous angular velocity

Yo Azimuthal angular position of blade

vpa Swashplate phase angle

Ry Blade radius measured from flap hinge

Rt Rotor radius measured from hub center

rc Blade root cutout

ram Distance from flap hinge to elemedhin

6p Blade pitch outboard of flap hinge

Owash Blade twist (or washout) at blade tip

XH,YH,ZH Coordinates of MR Hub wrt vehicle CG iry
Vv Mass flow parameter

Viet = QmRr.Rot Reference velocity

V1 Non-dimensional total velocity at rotor center

v; Rotor induced velocity

Vio, Vi, Vis  Uniform, longitudinal, lateral induced velocities
Ve, Blade CG radial position from flap hinge

{p Blade lag angle
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Tail Rotor (TR) properties

Brr Tip loss factor, expressed as percentage of blade length
Borr Tail rotor coning angle

by, Tail blockage constant

CDtr Mean drag coféicient (profile drag)

Ciorp Blade section lift curve slope

crr Blade chord

03;r Hinge skew angle for pitch-flap coupling

Agw Downwash

Arr Total inflow

HTRx TRy HTRz X-, Y-, and z-component of advance ratio
Norgr Tail rotor number of blades

Qtr Instantaneous angular velocity

Riotrg  Rotor radius measured from shaft

OTR= NbTRKR(ItR;R Solidity

Oviasrg  Preset collective pitch bias

XTRYTR ZTR Coordinates of TR Hub wrt vehicle CG
Vpi  Transition velocity (vertical fin blockage)

Fuselage (Fus) properties

arys Angle of attack

Brus Sideslip angle

Lrefr,s Reference length

Srefr,s Reference area

XFus YFus, ZFus Coordinates of Fus aero center wrt vehicle C&in
Control Inputs

6o MR blade root collective pitch

61c MR lateral cyclic pitch

61s MR longitudinal cyclic pitch

6rr TR blade pitch angle

Misc.

g Acceleration due to gravity

Iv Vehicle inertia

M Mach number

my Vehicle mass

p Air density

XN, Xg, Xz Coordinates of vehicle CG iR,

Vectors are printed in boldfacé. A vector is qualified by its subscript, whereas its supépsdenotes the projection
frame: e.g. V), represents the aerodynamic velocity projected on fr&meMatrices are written in outline typef, and
transformation matrices are denotedlgs with the two siifices signifying from framé; to frameF;. All units are in the
S.I. system.

1 Introduction

Over the past thirty years, significant scientific progretated to sensors technology and computational miniadri:
hardware has allowed for sustained improvements in thesfigldobotics and automation, leading to major advancem
in the area of flying robots, also known as Unmanned Aerialidled (UAVS) [2, 3]. These unmanned vehicles have be
developed for both civilian and military missions, with itheaison d’étrestemming primarily from the need for (near) rea
time information. In some cases, UAV deployment and regpff@m unprepared or confined sites may also be requir
such as when operating from or above urban and natural canfaests, or from naval ships. Hence, and for those spec
situations, a helicopter UAV capable of flying autonomoyisland out of such restricted areas, would represent ap&tly
attractive asset. There has been considerable worldwitlétam research related to modeling and control of snsaiile
helicopter UAVs. For low to medium control input bandwidtiemonstration (or simulation) of automatic helicoptertitig
for the case of hover and low speed flight conditions, has bkeewn in [4—12]. On the other hand, for high bandwidth syste
specifications, at still these conventional flight condiipmodel-based automatic flight results can be found in3B-and
non model-based exampfdsave been documented in [24-27], whereas vision basedhsys$tave been reported in [28-

3In the areas of machine learning, evolutionary, and geldgiorithms.
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32]. For the case of high bandwidth system specificationspatconventional flight conditions (e.g. aggres&esobatic
flights), model-based approaches have been described+8%B33vhereas non-model-based approaches have beerecp
in [36—38]. However, and to the best of our knowledge, nonthefprevious model-based results are applicable for st
descent flight conditions, such as in the Vortex-Ring-SdRS) or autorotation (helicopter flight with engine OFF).

1.1 Main Contribution

The novel part of this paper consists in deriving the couflgutlag equations of motion, for a rigid, flybarlésartic-
ulated rotor, with a Pitch-Lag-Flap (P-L-F) rotor hinge seqgce. This represents the main contribution of the paper &
mathematical modeling viewpoint. An additional contribatconsists in integrating various available modelingitsfrom
the literature (e.g. main and tail rotors inflow), in ordeptesent a comprehensive flight dynamics model for a smalesc
flybarless helicopter UAV, applicable for high bandwidtmuwol specifications, and valid for a range of flight condigo
including (steep) descent flight into the VRS and autorotal9, 40]. Whereas preliminary results of our nonlinear mod
have been presented in [41,42], in this paper the modeldeslthe twelve-states rigid body equations of motion, and
each blade the four-states fllgg angles and rotational velocities. It further includesthree-states dynamic inflow, and th
single-state main rotor Revolutions Per Minute (RPMge Fig. 1. The tail rotor has been modeled as a Bailey tytpe rc
The fuselage model is based upon aerodynamic lift and dref§@ents, which are tabulated as a function of airflow Ang
Of Attack (AOA) and sideslip angles. The horizontal and ieaittails are based upon standard flat plate models. Fjne
the paper reviews all assumptions made in deriving the madektructural, aerodynamics, and dynamical simplifices.
A full version of this model has been used as a realistic sswle helicopter simulation environment, simplified \@ns
have been used for the generation of optimal trajectorigs48], and linearizations of this nonlinear model have hessd
for the design of trajectory trackers [46].

The remainder of this paper is organized as follows. In $adj the rigid body equations of motion are summarize
In Section 3 and 4, main and tail rotor models are discusse&ettion 5, the fuselage model is reviewed. In Section
comments are made on the vertical and horizontal tail modeisSection 7, simulation results are analyzed. Final
conclusions and future directions are presented in Se8tion

2 Rigid Body Equations of Motion
2.1 Assumptions
1. The vehicle has a longitudinal plane of symmetry, and bastant mass, inertia, and Center of Gravity (CG) positic
hence fuel consumption afudt payload pickuprelease are neglected. The vehicle is also a rigid systemt does not
contain any flexible structures, hence the time derivatitb®inertia matrix is zero.
2. The vehicle Altitude above Ground Level (AGL) is very sh@mpared to the earth radius, implying a gravitatic
independent of height and thus constant.
3. The earth is assumed fixed and flat.

2.2 Modeling
Classical Newtonian mechanics and the fundamental rekttip of kinematics give the standard twelve-states rig
body equations of motion (following notations of [1] and ti@menclature given at the beginning of the paper)

XN © VN © u b

[XE [VE} = Tob.[v ] (1)
)'(Z Vz W

% qwW-r.v b b

[\'/] :—[r.u—p.w] +0.

W p.v—a.u

e[

(o]

VN
VE
Vz

—sind
cosvsing
COSICOSPp

, Fee’ @

4Without a Bell-Hiller stabilizing bar.
5The RPM state is an essential nart nf the attarotative flinhtition
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Inputs States Measurements
Helicopter
,| Dynami Output
" | NonLinear "l Matrix
u Simulation X y
collective tlo north  xy XN
Main Rotor | lateral cvclic Ore iptiot porieim TSI = s
" " " aowi X X
longitudinal eyclic 6y & z
longitudinal  u "
Tail Rotor collective by, Body linear velocity | lateral v v
down w w
2
roll  p "
Body rotational velocity | piteh g ‘
¥
Il'ﬁ‘“' ¥
h
roll P
Body orientation (attitude) | pirch 6 o
yaw 1]
Main Rotor RPM  Qyum
uni form in flow lo
: . : \ L
Main Rotor Dynamic In flow | longitudinal inflow A,
| lateral inflow Ay
[flap velocin ‘.f_m';-,;-
| lag velocity &y
Main Rotor blade 1 |~ © :
| flapangle By
| lag angle <

| flap velocity

. | lag velociny

Main Rotor blade 2 |~ © "
| flap angle

| lag angle
g ang

P
']
E 3a1

(%)

Fig. 1: Helicopter Inputsi (in green), States (in blue the rigid-body states, in red the main rotor stat@s)l Measurements

y (measured states)

N . sing b
¢ 1 sing. 30 st.% p

6| =|0cosp -sing .| q

7 sing cosp

lﬂ 0 cosy cosy r

(4)

cosfcosy (singdsing cosy — sing cosp) (COSy SiNGCoSsy + Sing siny)

with  Top=| Sinycosd (sindsing sing + cosy cosp) (Sindcosy sing — sing cosy)
coscosp

—sing cosdsing

®)

andF,‘éG all external forces, excluding gravity, experienced bywakicle CG in the body framEy, andMgG the moments
of all forces expressed at the vehicle CG in frafpe These total forces and moments include contributions fifeerMain
Rotor (MR), Tail Rotor (TR), Fuselage (Fus), Vertical TailT{), and Horizontal Tail (HT), and are given by

b _pb b ., Eb b . b
Fch—FM +FTRb+ FFus;r FVT+bFHT )
Mce = Myr+Mrg+t Mg st Myr+Mir

(6)
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3 Main Rotor

For a single main rotor, and briefly summarized, helicopighfldynamics includes the rigid-body responses (presen
in the previous section) combined with the main rotor higinequency modes [47,48]. For flight mechanics and cont
development purposes, the three most important aspectesé thigher-order rotor modes are: 1) blade flapping, wh
allows the blade to move in a plane containing the blade aadlhiaft; 2) blade lead-lag, which allows the blade to mo
in the plane of rotation; and 3) rotor inflow which is the floddienduced by the main rotor. Now, for the case of a full
articulated rotor system, each rotor blade is attachedeadtor hub through a series of hinges, which allow each biade
move independently of the others. However, for small-shealeEopters, the rotor hub generally includes a pitch (feeng)
hinge close to the shaft, and a lead-lag hffyether outboard. Besides the hub is typically not equipp#t a flap hinge,
this latter is often replaced by ftrubber rings, hence a so-called hingeless flap mechanienfige2. But for the purpose
of helicopter flight dynamics modeling, it is standard pi@eto model a hingeless rotor (and its flexible blades) asa rc
having rigid blades attached to a virtual hinge [49], thiselabeing dfset from the main rotor axis. This virtual hinge i
often modeled as a torsional spring, implyindfsiss and dampirg

In order to simulate a generic flybarless small-scale hpteromain rotor, we have chosen to model it as an articula
Pitch-Lag-Flap (P-L-F) hinge arrangement. This chosegégonfiguration is particularly well suited for the caserobd-
scale helicopters. Indeed, it allows to keep the pitch agdhiage dfsets at their current physical values while replacing t
rubber O-rings, see Fig. 2, by a virtual flap hinge (havinfiretiss and damping) outbo&raf the lag hinge.

l_ Pitch hinge

_a¥ Rubber O-rings

— (flap motion)

Blade fixation bolts
(lag motion)

Pitch linkage

Fig. 2: NLR’s Facility for Unmanned ROtorcraft REsearch (FURORE)jpct. Typical main rotor hub for a (small-scale
UAV helicopter (courtesy of NLR)

3.1 Assumptions
The presented assumptions are valid for stability and obimvestigations of helicopters up to an advance ratiotlwhi
abouf 0.3 [51-53].

Structural Simplifications

1. Rotor shaft forward and lateral tilt-angles are zero.oRptecone is also zero. The blade has zero twist, constand ch
zero sweep, constant thickness ratio, and a uniform masgdison.

2. We assume a rigid rotor blade in bending. We neglect higieaes (harmonics), since higher modes are only p
nounced at high speed [49, 54]. Further, blade torsion i¢ectgyl since small-scale helicopter blades are gener:
relatively stif.

3. Rotor inertia inboard of the flap hinge is also neglected.

60n small-scale helicopters this is technically not a himgther we refer here to the blade fixation bolt.

7Adjusting the virtual hinge fiset distance, stness, and damping, allows to recreate the correct blademiotterms of amplitude and frequency [50].
8Between the lag hinge and the blade tip.

9The flight envelope of small-scale helicopters is well wittiiis limit.

10
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Aerodynamics Simplifications

=

. Uniform inflow is computed through momentum theory.

2. Vehicle flies at a low altitude, hence neglecting air dignsind temperature variations. Blade Element (BE) theory
used to compute rotor lift and drag forces. Radial flow alotegie span is ignored. Pitch, lag, and flap angles ¢
assumed to be small.

3. Compressibility ffects are disregarded, which is a reasonable assumptioidedng small-scale helicopter flight
characteristics. Viscous flowffects are also disregarded, which is a valid assumption f@®OA and un-separated
flow [55, 56].

4. Aerodynamic interferencefects between the main rotor and other helicopter modulgs feselage or tail rotor, are
neglected.

5. The presence of the fuselage just under the main rotoasadsso-called pseudo-grourteet [57], resulting in some

thrust recovery. This phenomenon is also neglected.

Dynamical Simplifications

1. Dynamic twist® is neglected. Hence blade CG is assumed to be colocated laith bection quarter chord line.

2. Unsteady (frequency dependentieet for time-dependent development of blade lift and pitghnoment, due to
changes in local incidence, are ignored; e.g. dynamig shadl to rapid pitch changes, is ignored.

3. A balanced rotor is assumed. In general most of the iheetims, contributing to main rotor moments, vanish whe
integrated around2azimuth.

3.2 Comments on the modeling assumptions and model simplificatns

Helicopter simulation codes may be developed for a variéypplications, ranging from flight dynamics simulatio
purposes, flying qualities investigations, auto-pilotigesoperational analysis, crew training, load predictiandor vi-
brations analysis. In our case, the desired objectives e application domain) for our model are: 1) flight dynasni
simulation, in which the model can be used in a Hardware Inl®bp (HITL) environment to simulate the helicopter dy
namics, hence enabling the verification and validation agatcontrol system (i.e. the embedded system); and 2) thdeinc
should also be useful for controller synthesis, i.e. theated modeling for control paradigm. This sets the contéxhe
model presented in this paper.

Now once the intended model’s application domain has beéinedt we need to address the question of helicop
model fidelity. To this end, and according to [58], the levehwdel sophistication, to conveniently describe a helieop
model complexity, may be formulated by two criteria, nantalydel dynamicsandmodel validity, defined as follows:

1. Model dynamics qualifies the level of detail in representing the dynamicthefhelicopter. This criterium determine:
the fidelity of the model in terms of the frequency range oflimppility, e.g. a model consisting of only the rigid-body
actuators, and main rotor RPM dynamics, versus a model wdigzhincludes additional main rotor higher-frequent
phenomena, such as blade flap-lag, rotor inflow dynamics, etc

2. Model validity represents the level of sophistication in calculating thlecbpter forces, moments, and main rotor inflov
This criterium determines the domain of validity in the fliginvelope, e.g. a model which crudely reproduces t
associated laws of physics, versus a model which accursitelylates the vehicle (aerodynamic) forces and momel
including at high speed flight, descending in the VortexgRBtate (VRS), and the autorotation condition.

In terms ofmodel dynamics our model includes some of the main rotor higher-order ph@na, such as blade flap-la
dynamics and main rotor inflow dynamics. Hence, for its ideshapplication domain, our model may be considered to
of good quality. This said, and as mentioned here-abovedmm#isumptions, the dynamical aspects related to bladerors
dynamic twist, and dynamic stall have been neglected. Tdwranodel may not be valid in the very high-frequency regia
i.e. it probably can not be used for a detailed analysis afatibns angbr aeroelastic phenomena. However, as mentior
earlier, these latter aspects do not belong to the intengiglication domain of the proposed model.

In terms of model validity, the dfects of compressibility and viscous flows have been disdeghrsince relatively
negligible on small-scale helicoptéts On the other hand, our model does include a sophisticat@uno@r inflow model,
valid also for high-speed descent and VRS flight, but doegwbide any aerodynamic interferendiegets between the main
rotor and other helicopter components, although this dspeenerally a minor one on small-scale vehicles. In sumgmi
we conclude that our model may also have a relatively highehealidity for its intended application domain.

10Any offset in blade chordwise CG afad blade aerodynamic center position will result in a caupbf the flap and torsion Degrees Of Freedom (DOF
in blade elastic modes [49].
11The blade tip Mach number is below 0.4.

11



February 2016 | NLR-TP-2016-025

3.3 Position and Velocity of a Blade Element
With reference to the nomenclature for the frame’s origin, andH, the inertial position of a blade elemextin,
located at positiofPqm, see Fig. 3 and Fig. 4, is given by

APgm = AG +GH + HPgm (7)

yHHf Yo Y; MR

Helicopter
Nose

| Ry ¥m

| ‘k

P: Pitch hinge L: Lag hinge F: Flap hinge
H: Rotor Hub Pg,,: Position of blade element dm

Fig. 3: Main rotor frames (top-view)

Projecting Eqgn. (7) onto the Hub-Body frarRgg we get

HB HB
XH Xdm
APgn™B=AG B4 yn | +| Yam €)
ZH Zdm

with (Xdm, Ydm, Zdm) the position of blade elemedmwrt the main rotor hub. Now the third term on the Right-HandeS
(RHS) of Eqgn. (8) is given by (see Fig. 3 and Fig. 4)

ERATITHT

with Tj; rotation matrice¥. The inertial velocity, i.e. relative to the inertial frarfe, of a blade elemerdm located at
positionPgm, is defined by, p,... Projecting it onto fram&g, and using Eqn. (7), we obtain

HPam™® = T(n B)e{T54

we _ (dAG ”B+ dGH'\™®  (dHPgm'\™®
dt dt dt

(10)

I.Pam —

12For exampleT yp)s represents the rotation from frankg to the Hub-Body framéd=s, Ts4 represents the rotation from frankg to frameFs, and
T the rotation from the blade franfg, to frameF, etc.

12
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Helicopter
Nose
gh o
-
Xup |
|
|
| |
h ot \ . Pitch hi ; ;
Xy, G lis | \ P: Pitch hinge  L: Lag hinge
- = | H: Rotor Hub  F: Flap hinge
i szﬁ & P Position of blade element dm
b Zp Iy Zs

Fig. 4: Main rotor frames (side-view)

where the superscript){, such as ir%, means that the derivative is taken relative to inertiainked;. For the first term
on the RHS of Egn. (10), and assuming a flat and fixed earth, wgejer also to the nomenclature)

o]

V

daG'\"® N

(T) =THepoVie = T(HB)po| VE (11)
Vz

with VgG the vehicle kinematic velocity projected onto the vehidered normal earth framg,, andT(Hp)o the rotation
matrix from frameF,, to frameF . For the second term on the RHS of Eqn. (10) we obtain (usiaditiematics rule)

dGH'\"® (dGH®
dt S dt

HB
) +QHBx GHHB (12)

wherex denotes the cross product, ang‘,B the angular velocity of body framig, relative to inertial framd-|, projected
onto the Hub-Body fram&yg. Here the first term on the RHS of Eqn. (12) is zero since thedauber H is fixed in the
body frameFy,. The second term on the RHS of Eqn. (12) gives

QE‘lBX GHMB = (T(HB)ngl)X(T(HB)bGHb) (13)
Since the earth is fixed we haﬂgI = QBE (see nomenclature), and Eqgn. (12) is now equivalent to
b b
dGH'\"® P XH
(T) =[THep| A | [X|THBp| YH (14)
r Zy
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Finally, for the third term on the RHS of Eqn. (10) we have

HB HB
1 \HB ue\HB Xdm Xdm
(dHE?m ) = (dHPgtm ) + Q) X HPgm"® = §| Yam + Qi X | Yam (15)
Zdm m
We can also exprefss(HHBB)I as
HB HB HB
Qi) = Lapp ) (16)

The first term on the RHS of Eqn. (16) is zero since frampg is fixed wrt frameFy. The second term on the RHS o
Eqn. (16) can be re-written as
b
p
q 17)

where we have us€fiHp), = I since rotor shaft longitudinal and lateral tilt-angigsire assumed to be zero on our helicopt
UAV. Regrouping terms from Eqn. (11), Eqn. (14), Eqn. (15)nE(16), and Eqgn. (17), we can express the inertial veloc
of a blade elemerdmin Fyg as

HB b b b
Q" = THpp Ly = Q) = Qe =

HB b HB b HB
Ul Pgm u Xdm p XH Xdm
VIR = Viea | =|V | +&|Yam | +[a| x|[yn | +]| Yam (18)
Wi Pgm w Zdm r ZH Z4m
where we have used
Vn \° Vn )°
THepo| VE | = THB)b-Tho-| VE (19)
Vz Vz

b

VN © u

together withT gy = I, andTho.| VE | =| Vv | from the nomenclature. Now plugging Eqn. (9) into Eqn. (M8, can
Vz W

obtain an expanded expression ¥if .

ule =u+ QMR(Sin!ﬂm[eL +€p + COSLbI (€F + FdmCOBpi)] — COSYbi[COSBhI SINLbi(EF + IdmCOBhI) + FdmSINBoi Sin@bl])

+pi(EF + FamCOSBb1)[COSYbI SiNLpl — SiNYp COSp) COKLp]
+BbIF dm[COSY I COLp| SINBp| + SiNYp|(COSAp| SiNp SINBRI — COBp SiNdp))]

+001 SINYI[SINbp) SINZpi(EF + FdmCOBb1) — FdmSiNBol COHpi] + Q(ZH — I'dmCOSHh SINBp| + (EF + FdmCOBp) SiNdp Sin@bl)

_r(YH —I'coSp1(COSp) SINLpi(EF + I'dmCOBhI) + FdmSiNBol SiNbpr) + I sinyrpi (€L + ep + COLpi(EF + rdmCOSBhI))
(20)

vie, =V QMRT((GL +€p) COSYpi + FdmSiNY bl SINBoi SiNGpl + (€F + FdmCOBbI) (COSYbl COSLbi + SiNYb COSp| Sin{bl))

~piT'(€F + dmCOSPB01) [COSY b COSLb COSpl + SiNpl SiNii]
+Bpi dml (COSYp1 COSp| SNl SINBp| — COSYp) COSBh SiNB| — SiNYrp) COSLpl SINBp)

+6p1 T COSYp1[SiNbp) SINZpI(EF + FdmCOKBo1) — FdmSiNBol COSHpI] — P(ZH - (fdmC039b| SinBul — (€r + rdgmCOPBbi) Sinh Sin@bl))

+f(XH - (COSI/bl(eL + €p + COLbi(EF + rdmCOBhi)) + SiNYpI (COSAp) SINLbi(EF + FdmCOBb) + FdmSINBh Sin@bl))
(21)
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Wi, =w+ {bl COSLbI SN (€F + I dmCOSBo1) — ol dm(COSBpl COSApt + SiNBor SINgii SiNGp)
+6p1[F dmSiNGp| SINBpi + (EF + FdmCOBpi) SiNLb COShI]

+ p(yH — T coSYpi(COHp SINZbI(EF + FdmCOBb!) + FdmSiNBpI SiN) + I’ Sinypi(eL + ep + Colpi(er + rdmcosem))) (22)

—q(xH —coSypi(eL + ep + CoXpi(eF + FdmCOBh1)) — SiNYp (COSBp SiNpi(EF + FdmCOBoi) + FdmSiNBp sin6b|))
with the total blade pitch angle given by [59]

Bl = 00 + 61 COSpl + Ypp) + O1sSINWbI + ¥PA) + Otrgm — K@onBonBbl — K(bnizo) Sl (23)

and the blade pitch component due to blade twist given by

Owash
Btrgm = Fdm VF:T (24)

Note also, as stated in Section 3.1, we neglect digcts due to rapid pitch changes, e.g. dynamic stédcés. Hence,
in the sequel we will assume thay < ﬁbly Ol < bl andbp < Qur. Consequently, in the sequel we will also assume
havedy, ~ 0 in Eqn. (20)—Eqn. (22).

3.4 Flap-Lag Equations of Motion

Since the early 1950s it is known that including flapping dyits in a helicopter flight model could produce limitation
in rate and attitude feedback gains [60]. Further, for loglier directional axis control, blade lead-lag dynamicgrduo
be considered for control system design [61]. Indeed, itéd wnown that blade lead-lag produces increased phase
at high frequency, in the same frequency range where flaggfagts occur [62], and that control rate gains are primar
limited by lead-lag-body coupling [62, 63]. Now, in termsldéde flap-lag modeling, a foundational contribution wasgi
in [59], where derivations of the coupled flap-lag equatiohmotion for a rigid articulated rotor, for the (F-L-P), L),
and (L-F-P) sequences, was laid out. The purpose of our vgaid present a model for a new hinge arrangement, i.e.
(P-L-F) sequence, which is much more useful for modelingrtiter dynamics of a small-scale helicopter. The equatic
presented in the sequel (obtained by the Lagrangian me@#jyldre valid for a single articulated rotor with hinge sys
and viscous dampers. Compared to [59] our approach rethitisee hinges physically separated and works also for b
ClockWise (CW) and Counter-ClockWise (CCW) rotating maitors. Further, full coupling between vehicle and blac
dynamics is modeled. Now from Lagrangian theory, we have

d (0Ke\ OKe
dt ( Ol )_ Alpl Qu (252)
d [0KE aKE _
dt (5Bbl) ol = Qo (255)

with Kg the kinetic energy of a bladgy, ¢bi, blade flap and lag angles, a@y,;, Q. the generalized forces. These latte
include the &ect of gravity, aerodynamics, and spring damping arfthstss, and are given by

Quy = Qe 6 + Qe+ Quy.D + Quis (26a)
Qo = Qp.G + Qs A+ Qs D + Qpys (26b)

The kinetic energy of a single rotor blade is given by

1 (R
Ke= 2 fo VHE TVHE gm 27)

15



February 2016 | NLR-TP-2016-025

with VHF‘? computed in Egn. (18), and the limits of integration are fithi flap hinge, to the blade tip. The kinetic enerc
inboard of the flap hinge is neglected in our model since asgusmall in the case of small-scale UAVs. We provide ne
the procedure for the blade lead-lag equations Eqn. (25aplade flap equations Eqn. (25b) follow a similar reasoaimd)

are thus omitted. Now we rewrite the first term on the Left-8#&ide (LHS) of Eqn. (25a) as

d(oKe\ df{ a1 (R o1 g
G5 ) =gl z [ vis, Vg, am @9

And since the limits of integration are constant, Eqn. (8&duivalent to (using Leibniz’s integral rule)

Roid 9
HB T \,HB
2 d_t@( MRHCMEL) (29)
Next using the chain rule, Eqn. (29) is equivalent to
1 (Roi d HB T _9 \/HB Rol|\/HB T (d 8 y/I T\HB _9 \/HB
3 Jo d_t(2V| Pam a_(blvl,Pdm)dm [VIPdm (d_tfblvl,Pdm) +(dt IPdm) '@Vl,Pdm]dm (30)

with again the following convention for the time-derivai&(dt——v' HB signifies the time-derivative, wrt inertial frame

Apr - 1-Pdm )

F1, of vector-2-V, Pame SUDSEquently projected onto frafigs. Using Eqn. (16), these derivatives can also be expande:

A
follows
D b
d HB d HB
(G VEpa) ™ = (VB +[q] X 35V B (31)
r
b b
d d
(d—tv:,Pme)HB:(d_tvﬁgme)”B+{ ] x (Vg )M® (32)
r
Next, for the second term on the LHS of Eqn. (25a) we get
Ke 1R s Tous
‘@:_%Efo VHE TVHE dm (33)

Again since the limits of integration are constant, and gigie chain rule, Eqn. (33) reduces to

IKe Rlome T 9 e
_%?fo VI, T Vi, dm (34)

Now, through the use of a symbolic math toolbox, an analyWression for the LHS of Eqn. (25a) may readily be obtaine

i.e. by utilizing the expression obtained fVl',f'Ed in Egn. (18) and inserting it, together with the derlvatl\&sa(I Pu’

%MVIHE‘dm 3?|VF§d into Egn. (30), Eqn. (31), Eqn. (32), and Eqn. (34). The &lgab equation Egn. (25b) follows a simila

procedure, and will also require the computation@?#V}*Ed and g V{*F‘?d Finally, using a symbolic math toolbox, the
combined equations Egn. (25a) and Eqgn. (25b) may be regmiaats the following four-states nonlinear flap-lag equatic
of motion

Bl Bl Qpy —F1

dldo|_ 1| | Q( -F2

dt| Bbi AT B Bor | " (35)
ol ol 0
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with the following A andB matrices

Ig 0 00 0 B1200
10 (e,zz.Mb|+26F.Co+|5)00 _|B22 0 00
A=10 0 10 P71 000 (36)
0 0 01 0 -100
with My, Co, andlg defined as (refer also to the nomenclature)
2
My = ORbI dm G= fORbI ragmdm= Mp,.yg,, lg= fORbI rgm.dm: Mm.% (37)

We stress here that Eqn. (35) is a nonlinear representdtioa the scalar8;, and Bz; in Eqgn. (36), andr;, andF2 in
Eqn. (35) are (nonlinear) functions ak(, i, (o). Space restrictions preclude a reprint of the lengthy esgionB12, By,
F1, andF,, these can be consulted in Appendix E of [65].

3.4.1 Flap Angle as a Fourier Series

Blade motion is 2 periodic around the azimuth and may hence be expanded afirateifourier series [54, 66]. Now
for full-scale helicopters, it is well known that the magnie of the flap second harmonic is less than 10% the magnifud
the flap first harmonic [34, 54]. We assume that this is alse#se for small-scale helicopters and hence we neglectdec
and higher harmonics in the Fourier series. This gives

Boi(Wol) = Bo+ B1cCOSYbI + B1sSINYp (38)

with yyp) the blade azimuth angle. This harmonic representationebliade motion defines the rotor Tip-Path-Plane (TP!I
resulting in a so-called cone-shaped rotor. The non-pirtedm gy describes the coning angle, and theficents of the
first harmonigsic andB1s describe the tilting of the rotor TPP, in the longitudinatldateral directions respectively. All three
angles may readily be obtained through standard leastas|{&/]. Now in steady-state rotor operation, the flapffecients
Bo, Bic, P1s may be considered constant overalflade revolution. Obviously this solution would not be adatg for
transient situations such as maneuvering [68], hence imodlel we compute, for each new blade azimuth, the instaoteme
TPP angles. With regard to TPP dynamics, three natural nzatebe identified, i.e. the so-called coning, advancing, ¢
regressing modes. In general, the regressing flapping rsdble most relevant when focusing on helicopter flight dycami
as itis the lowest frequency mode of the three, and it hasdetasy to couple into the fuselage modes [53, 62, 69].

3.4.2 Virtual Work and Virtual Displacements

The determination of the generalized fore@g,, Qg,, in Eqn. (26a) Eqn. (26b) requires the calculation of theuailt
work of each individual external force, associated withheiaspective virtual flapping and lead-lag displacemerfi} [Set
Fx.Fy,Fz be the components of th# iexternal forceF;, acting on blade elemenimin frame Fyg, then the resulting
elemental virtual work done by this force, due to the virtil@bping and lag displacemeniigy, anddy,, is given by

dW = Fx, dxam+ Fy,dYam+ Fz dZim (39)
with

OXdm OXdm

d = ——0Bpy + —0 40a

Xdm N B o Lol (40a)
0Ydm 0Ydm

dYam= ——03Bp + —0 40b

Ydm P B 9o I (40b)
0Zgm 0Zdm

dzgm= ——0Bp + — 0. 40c

Zim o B o ol (40c)

Now summing up the elemental virtual work, over the appmtprblade span, results in the total virtual wdvk due to
external force~;, as

. _ (Rol dxXq Ay, dz4 Rol g Ay, 074
W= 7 (P gy + P i+ Fa i) 0Bor+ o (P G2 + P 6 + Fa 85 o (41)
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Which is set equivalent to
Wi = Qgyy,i-0Bbl + Qgyi-0Lbi (42)

The virtual displacement, in framéyg, of a blade elemendm, located at a distancgy, outboard of the flap hinge, is
obtained using Eqgn. (40) and Eqn. (9) as follows

HB

dXdm
= remdPY2. 0B + | APHE + rom dPHE | 920 (43)

dYdm
dZim

with

COSYp| COLp) SINBp| + sinwm(cosﬂm Sinp| SiNBp| — 0B sin9b|)

dpPHB = : — ; e ; (44)
Bir I"'cosypi| COSHp SiNdp) SINBbI — COPBpi SiNbp| | — I SiNyrp COSCh) SiNBp)
— COSHp| COSBp| — SiNCh) SiNbp SiNBp
COSYpi SiNgbi — SiNYp| COSp COS{bl)
HB _
dP{J— =€ —F( COSYp| COSp| COS | + SiNYp sin§b|) (45)
COSh SinBy)
pHB

dPHE = cosBp— (46)

5 eF

3.4.3 Generalized Forces (Gravity)
The gravity force acting on a blade element with médisecan be expressed g as
0 [0}

Fég = T(HB)o| O 47)

g.dm

with T(Hg)o the transformation frorf, to Frg. Substituting Eqn. (47) and Eqn. (43) into Egn. (41), thérdesgeneralized
forces due to gravity, outboard of the flap hinge, are obthawfollows

QG = g.(e,: Mp+Co CO$8b|).(A1 COSYp| SiNpl — Ag SiNYp| COKp) COpl — Aol” COSYp| COSp COSp| )

—AoT' sinyp SiNdp| + Az COSp sinabl)

Qg G = g.Co.(Al COSYrp| COXLp) SiNBpl + A1 SiNYp| COSFp| SiNdh) SINBp1 — A1 SiNYp| COPBpi SiNbp| + Axl” COSYp) COSFp| SIN SINBp

—AuT" COSYp| COBp SiNbp — Aol SiNYp| COLp) SINBp — Az COSFp| COBpI — Az SiNdp SiNdp sinﬁb|)
(49)
using

A1 = —sind Ao = cosfIsing Az = coscosp (50)

andMyp, andCy as defined in Eqn. (37).
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3.4.4 Generalized Forces (Aerodynamic)

The aerodynamic velocity, i.e. velocity relative to the aifra blade elemerdm, located at positio®qm, is defined by
Vap,, Projecting it onto the blade frantg, we get

HB E

0 Uw

Vel Py = Lb)(HB)- (V, b0 —TtHeE| YW ) (51)
Vi Wiy

with V,HE defined in Eqn. (18)y; the rotor induced velocify from Eqn. (65), (w Viw W)™ the components of the wind
velocny vector usually available in franfeg, andT(b|)(HB) the rotation matrix from framé&yg to frameFy. Now the
section AOA of a blade elemeuimis defined byay in the interval Fx, +x] rad and, for each of the four quadrants, i

readily computed from the arctangent of the x- and z- compmvgjpdm. Further, the elemental lift and drag forces of
blade segment of lengtdry, are given by

1
dL= E.p ||ngpdm|| .Cly;-Col-drdm (52)

dD =5 P ||Vapdm|| .Cdyy-Col-Ardm (53)

with the blade section lift and drag déieientsc,, andcg, given as tabulated functions of blade section AOA and Ma
numberM, and all other coficients defined in the nomenclature. The elemental lift aad dorces can now be expresse

in the blade framé-y,, for each of the four AOA quadrants. For example, for the cdseCCW main rotor, with the AOA
quadrantyy € [0, +7/2] rad, we have

Sina'b|
dLb'=dL.[O ] (54)
—COSap|
COSap)
dD” = —dD. [o ] (55)
Sina'b|

Coming back to the generalized aerodynamic forces, we carempress them as the sum of two contributions, one due
lift and one due to drag. For the lead-lag case in Eqn. (26&)aveQ.,.a = Qs + QAo Similarly for the flap case in

Eqn. (260)Qg,;.A = Qpy,.A + Qsy.Ar- Now keeping in mind Eqn. (41) and Eqn. (43), and using Eg#) éad Eqgn. (55), we
obtain

Qe = f (T(HB)(bl)dL ) .(dP2?+rdm.dP2rB).drdm (56)
_ Rol bl u HB HB 57
¢hl»AD . r . r )
QA frc T(HB)p)dD dP§!—+rdmdP§! drgm (57)
B b\ oHB
Qﬁbu,AL=f (T(HB)(bI)dL ) .dPﬁ’r ram-drgm (58)
e

B3strictly speaking the induced velocity is perpendiculathi® Tip-Path-Plane (TPP). However since we make the as@nrgftsmall tilt angles, as to
simplify the model, we consider here an induced velocityppadicular to the Hub-Body franfeqs.
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Rol T
Q.20 =f (T(HB)(m)dDb') dPLP ramdrdm (59)
e

For the lift contributiong,, o, andQg,, A, the integration is performed from the blade root cutgub a value denoted as
B.Ryy, this latter accounts for blade tip loss [68]. Next by plugpEqn. (44), Eqn. (46), Eqn. (45), Eqn. (54), and Egn. (5!
into Egn. (56)-Eqn. (59), one can derive final expressiondhfe generalized aerodynamic forces. Providing analyti
expressions for Eqn. (56)-Eqn. (59) represents a rathengtask, even more so for twisted blatfeor which the blade
pitch will also be function of the blade section length,. Therefore we have opted for a numerical evaluation of the
expressions, as is often done in flight dynamics codes [7@jebaussian quadrature integration was implementedy asil
low order (fifth order) Legendre polynomial scheme [71,72].

3.4.5 Generalized Forces (Hub Damping and Spring Restrais)
We consider hinge springs with viscous dampers. The geanedaiorces corresponding to the spring dampers can
obtained directly from the potential energy of the dampéssigation functions [59, 64] as

Qg0 =Ko, dbi Qgy.0 = —Ko, Bol (60)

Similarly the generalized forces corresponding to thengpréstraints can be obtained directly from the potentiatgyof
the hub springs [59, 64] as

Qus = —Ks ol Qpy.s = —Ks, Bl (61)

3.5 Rotor Inflow

At the heart of the helicopter aerodynamics are the indueéatities, i.e. induced by rotor blade motion, at and ne
the main rotor [73]. They contribute to the local blade ircide and local dynamic pressure, and can be divided into
categories, static and dynamic inflow models. For low-badtwmaneuvering applications, such as trim calculations
flying-qualities investigations, the dynamiffects of the interaction of the airmass with the vehicle magidemed negligi-
ble, hence static inflow models may be acceptable [73]. Butifgh bandwidth applications, dynamic interactions betmwe
the inflow dynamics and the blade motion must be consideredjothtly dynamic inflow models can be divided into tw«
unsteady categori& the Pitt-Peters dynamic inflow [77—80], and the Peters-hitefistate wake model [81-83]. The finite
state wake model is a more comprehensive theory than dynafiow, not limited in harmonics and allowing to account fc
nonlinear radial inflow distributions. This sophisticateddel is particularly attractive when rotor vibration aret@elas-
ticity need to be analyzed [84]. But with respect to flight dygmics applications, we assume that it iffigient to consider
the normal component of the inflow at the rotor, i.e. the ratduced downwash [49]. Further, for such applicationss it
reported in [84] that the Peters-He model is not remarkaétieb than the Pitt-Peters formulation. Since our primatgriest
is flight dynamics, we choose to implement the more straggtvrd Pitt-Peters model [77, 79], with a correction fortilig
into the VRS from [85]. Note that, if required, additionah@mcements could also be made by including a pseudo-hacm
term to model VRS thrust fluctuations as in [86]. Concernirak&vbending during maneuvering fligfitwe choose at first
not to implement it, as to lower model complexity. Finallgr the aspect of groundfect, only a static groundfect has
been accounted for, by a correction factor applied to thediorensional total velocity at the rotor disk center.

The induced inflow model implemented in our paper is basea (if®], and is assumed to have the following variatiot
in the TPP wind-axis coordinates (see [79] for further detam TPP wind-axis coordinates)

d (4o
at| s
e

Ao
= QMR.Ml.[—(Ll.LZ)l.[ﬁs]'F Caero] (62)
Ac

where the main rotor RPM2yr has been added here in front of the RHS of Eqn. (62) since igaal expressions of the
Pitt-Peters model are in non-dimensional time (see alsp.[8he subscript-Jaero in the forcing functionCaero indicates

14Although in our case the helicopter UAV blades have zerottwis

15Although recent advances in computing power and methogidiage made it foreseeable to add a third category, namelyofiuetailed free-wake
models that may be run in real-time for flight dynamics aggians [74-76].

18Wwake bending may significantly change the inflow distributiver the rotor, resulting in a sign reversal in tHgaxis response [87—89], for which
interesting implementation results can be found in [1692],
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that only aerodynamic contributions are considered, ®ifo=(Ct —CL —Cm)zero @ndCr, Cr, Cy, the instantaneous
main rotor thrust, roll, and pitching moment ¢heients respectively, in the TPP wind-axis systetq. is readily obtained
from Egn. (66), whereaS andCy, are simply derived from the forces Eqn. (66) times their eeige moment arms. Next
matricesM andL; are defined from [79] as

8 1 =15t [1-sine
= 0 0 2 0 =& Trsine
16 _ 4
04 0| Li=| 0 gy O (63)
00 51 157 [1-sina 0 4sina
6! L+sina L+sina

wherea represents the wake angle with respect to the rotor disk [@ther matrixL; is given by

(GetsVr)™ 0 0
Ly = 0 Vito (64)
0 0 Vil

with V7 the total velocity through the rotor disy the momentum theory mass flow parameter, @agk the static ground
effect factor added as a correctionvp. The expressions forT andVy can be found in [85], although simpler expressior
also exist in [79]. However the former include a correction flight into the VRS and hence are more attractive. T
Getf codficient is based upon the expression found in [68]. Finallyrttan rotor induced velocity; is computed as
follows [92]: 1) solve Eqgn. (62); 2) rotate the obtained imflisom the TPP wind-axis to the TPP axis (see [79]); and 3) L
these expressions to computén Eqn. (65)

= Vyef. (/10+/ls Rror .SiNYp) + Ac. % Cosﬂbl) (65)

3.6 Forces and Moments

For the rotor forces, the procedure consists in simulatiegférces of each individual blade. This process is repea
at each new blade azimuth position—rather than averagagetbults over one revolution—in order to recreateNpgRev
flapping vibration (which may be useful when validating a dete auto-pilot system in a hardware in the loop simulati
environment). The rotor forces are subdivided into threetrdoutions: 1) aerodynamic lift and drag; 2) inertial; aBy
centrifugal forces. The aerodynamic fordﬁ;ﬁa are obtained by integrating the elementary lift and dragdsrEqn. (54)
and Eqn. (55) over the blade span

B.
Fll?/l?ea = frc Rol T(HB)(b|)dLb'.drdm+ f:bl T(HB)(deDbl.dl’dm (66)

where the integrations are done numerically as in Eqn. &6)-(59). The inertial forceBH®
approximated, from expressions in [66], as follows

MR, due to flap and lag, are

100 —Mpins ol
Fig =|010|.Tneys.| O ) (67)
000 —MpinsB0i
Centrifugal forcesFHEC are approximated, from [66], as
100 0
Fll\jlgc 010 THBp)s- éMle%/IRRgI (68)
000 0

Finally, for the total main rotor forces we ha#,. = Toe).(FRE +FHE + Fi2 ), with Tywe) = 1, since, as mentioned
earlier, rotor shaft tilt-angles are zero on our hellcorhlAk/ For the rotor moments, they include contributions frem

different sources: 1) aerodynamld$jI : 2) inertial loadavi MR : 3) centrifugal load$1 MRC, 4) flap hinge sttnessviti MR it
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5) lag hinge dampini/l n%damp; and 6) due to airfoil cambev ',j,%camber. The last two are neglected since assumed very sn

for small-scale helicopter rotgtdades. The first three are simply computed by consideriaddites Eqn. (66)-Eqn. (68)
times their respective moment arms. For the flap hinginess, it is derived from [66] as

IB1s
1 Np.Ks
HB 5
M MRy = Tl_eree T [glc ] (69)
Rrot

3.7 Rotor RPM Dynamics
The main rotor RPM dynamics is related to the available agdired power by [57]

Nb~|b-QMR~QMR = Pshaft— Preq (70)

with Pshaftthe available shaft power, afieq the required power to keep the vehicle aloft. This latteinéssum of main rotor
induced and profile power, tail rotor induced and profile powewer plant transmission losses, vehicle parasite péveer
drag due to fuselage, landing skids, rotor hub, etc), andlfinzin rotor, tail rotor, and fuselage aerodynamic inteehce
losses. Considering the case of autorotation followingragires failure, a first-order responseRgna1tis generally assumed
to represent the power decay, we have

Pshaft

Pshaft= - (71)

Tp

with 7, a to-be-identified time constant. For the required poReg, we simplify the model by only considering the
contributions from the main rotor as

Pur = M?I%IR}'QMR (72)

with M¥B _ being the z- component of the aerodynamics momdaﬁga (this latter being referenced in the previous par
graph). If, at engine failure, we were to assume an instaatas power losPshafi= 0, then from Eqn. (70) and Eqn. (72
we obtain

) MHB
Oyg = - (73)
Np.lp

4 Tail Rotor
The tail rotor is a powerful design solution for torque baldirectional stability and control of helicopters. Weda
implemented here a standard Bailey type model [93], as ie dtoamong others [67, 94, 95].

4.1 Assumptions
Structural simplifications

1. The blade has zero twist, constant chord, zero sweep, @addnstant thickness ratio. The blade is also rigid, hel
torsion is neglected.

Aerodynamics simplifications

1. Linear lift with constant lift curve slope, and uniforndimced flow over the rotor are assumed.

2. Aerodynamic interferencedfects from the main rotor is neglected, although this may ekn oversimplification, for
some flight conditions [96, 97]. Similarly, the aerodynamierference from the vertical tail (due to blockage) isal:
neglected.

3. Compressibility, blade stall, and viscous floffeets are also disregarded.

Dynamical simplifications

1. Blade dynamics is disregarded, and simplified inflow dyicarns considered. Unsteadsfects are neglected.
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4.2 Forces and Moments
The theory we apply here is based on the work done by Baile®3h mplemented among others in [67,94]. Th
model given in this paper is a simplified approach of the Bai@del. First, the total tail rotor blade pitéhr is given by

. 9B
rr=6Tr-TTR 6T0TT: tands; s + Obiasrg (74)

with 6t the tail rotor control input, and all other céieients defined in the nomenclature, exceptTegr defined in
Eqgn. (79). The Bailey cdgcients are given next by

2 2
Bfr  HTRyy

b=t (752)
3 Brry?
tp= 18y T TRY (75b)

with Brr the tip loss factor angitrxy defined in the sequel. Now, assuming zero twist for the tadrrblades, the
downwash at the tail rotor is derived using momentum thesrfpbows

ClorrOTR +6rRt
Agw = (o:; ( UTRAL+OTR 2c| — ) (76)
Z\II‘%RXH‘%RyJ“ Bt 5 —1

with Atg the total tail rotor inflowutrxy = ,/;@RXﬂ@Ry andutrznon-dimensional velocities in the tail rotor framu

(see [67] for details of the tail rotor frame and the Baileyd®b), and the remaining céicients defined in the nomenclature
The total tail rotor inflowdtr is further given by

ATR= Adw—UTRz (r7)

where it is common practice to iterate between Eqn. (76) apd &7) until convergence within a reasonable toleran
Then, the tail rotor thrust is given by [67]

0
For= [F.TTR} (78)
0

with

2
TTR= 2.Adw- + W'ZI'nyJr /Lzl- R.p.ﬂ.(QT R RTZOtTR) (79)

Next, the tail rotor moments are primarily due to the rotacétimes the respective moment arms (where we neg|
any sidewards rotorfset in they— direction). For completeness, we also add the rotor torgtiegaon the pitch axis [66]

Mb_

b
XTR 0
bo=10 ] X F$R+{O'TR.CDTR/S.(1+4.6/1-2|-Rx).p.7r.§212-R.R,50tTR (80)

ZTR 0
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5 Fuselage

In the general case, the flow around the fuselage is ratheplessmand is characterized by strong nonlinearities, L
steady separatiorffects, and distortions due to the influence of the main rotdwewWd9]. For low speed sideways flight
the important fuselage characteristics are the sidefwexical drag, and yawing moment; whereas in forward fligthe,
important characteristics include drag, and pitching aamtigg moments variations with incidence and sideslip [44je
fuselage rolling moment is usually small, except for confagions with deep hulls where the fuselage aerodynamicecel
may be significantly below the vehicle CG [49], see also [83fOr additional information.

5.1 Assumptions
Aerodynamics Simplifications

1. Fuselage aerodynamic enter is collocated with vehicleRL@her, only steady airload#fects are considered.
2. Efect of rotor downwash on fuselage is neglected. It can homm¥enodeled as in [99], using a polynomial in wak
skew angle, where the polynomial ¢beients need to be fit from flight data [100].

5.2 Forces and Moments
The fuselage aerodynamic velocity, at its aerodynamicxeimt the body framé&y, is given by

E
u+q.ZFu3— r.yFus UW
VO rus=| V- PZrustrXeus | —T(Hp)E| Viv (81)
W+ P.YFus— J-XFus Wiy

Now the fuselage model is based upon aerodynamic lift ang clogficients, which are tabulated as a function of airflo

AOA arysand sidesligBrys angles [1]. These angles are readily computed from the,yang z- components MaFUS The
fuselage forces in the body frarfkg are
QrusC us(aFus,ﬁFus)
Flkgus OrusC FUS(CYFus»,BFus) (82)
QFus~C$us(aFus”BFus)
With grus = 1/2.0.Srefr e V2 Fus||2 The moments are
OFus MX US(QFus,ﬁFuS)-LrefFus
Fus QFus- Mygus(Q/Fus»ﬂFus)|—ref,:us (83)
Qrus MZEUS(QFus,ﬁFus)Lref,:us

with the six aerodynamic céiécientsCXgys(+), CYrus(), CZrus(), MXpus(+), Myrus(+), and Mzrys(-) being tabulated as a
function of airflow AOA arys, and sideslip anglg8rys. In our case, these lookup tables are obtained by scalingr@o
full-size, Bo—105 helicopter, fuselage aerodynamic model

6 Vertical and Horizontal Tails

The role of the vertical tail is twofold: 1) in forward flight,generates a sideforce and yawing moment, hence reduc
the tail rotor thrust requirement, in order to increase ttgytie life of the tail rotor [49,57]; and 2) during manewend
during wind gusts, it provides yaw damping andfagss, enhancing directional stability [49]. The role of tiwgizontal
tail is also twofold: 1) in forward flight, it generates a trioad that reduces the main rotor fore-aft flapping; and 2)ndur
maneuvers, and during wind gusts, it provides pitch damantystithess, enhancing pitch stability [49].

6.1 Assumptions
Aerodynamics Simplifications

1. The dfect of main rotor downwash on both vertical and horizontéé ta neglected. It can however be modeled
using flat vortex wake theory [101] (valid for small sidesdipgles), as presented in [70, 102], or it may be modeled ¢
polynomial in wake skew angle [99].
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2. We neglect the erratic longitudinal trim shifts that mappen when the helicopter is transitioning from hover tevémd
flight [49,57] (as the main rotor wake impinges on the taifzce).

3. The dfect of the main rotor downwash on the tail boom is also negtediut ought to be considered at low speed, sir
it may influence yaw damping [49].

6.2 Forces and Moments

The vertical and horizontal tails, for the case of smalllesteelicopters, can simply be viewed as flat plate represer
tions. The force equations are omitted since very simildhtse of the fuselage, and the moments are simply derived fi
the forces times their respective moment arms.

7 Simulation Results

The purpose of this section is to evaluate, and validatepplee-loop behavior of our white-box helicopter mathema
cal model. Model validation can either be done by compaiiegtodel's behavior with several recorded experimental d
sets (i.e. flight tests), or by comparing the model’'s behawith another simulation model, which is often a third-part
high-fidelity black-box model. In this paper, since flightaleg not available, we opted for the second option, nam&yte
of the FLIGHTLAB [103] helicopter simulation environment. For aerospastesys, the model validation task general
involves the validation of, both, the static (trim) behavés well as the dynamic response. A trim condition sets tlie h
copter in some, user-defined, steady-state (i.e. equifirflight condition, by satisfying the system’s equatiohsotion.
Trim settings are often a prerequisite for stability analygibration studies, and control system design. For ircstafor
linear control design, the linear models are generallyiobththrough analytical or numerical linearizations of tioalinear
model, around various trim conditions. For the validatidéthe dynamic behavior, either time-domain model responses
frequency-responses can be used.

In the sequel we will compare trim and time-response outpfitsur MATLAB®-based model with those from &
FLIGHTLAB model, for the case of a small-scale helicopteMJBoth models include a main rotor, tail rotor, and fuselag
The modeled UAV is an instrumented, modified, Remote-CderttdRC) Align T-REX helicopter, see Fig. 5, belonging ti
the flybarless two-bladed main rotor class, with a total nedi§s75 kg, a main rotor radius of 0.9 m, a main rotor nomin
angular velocity of 1350 RPM, a NACA 0015 main rotor airf@hd with fuselage aerodynamic lookup tables obtained
scaling-down a full-size Bo105 helicopter fuselage aenaalyic model. The NACA 0015 and fuselage lookup tables ¢
not reproduced here due to space constraints, howevertaniag parameters have been listed in Tadfe Note also
that for this small-scale helicopter UAV, the Reynolds nemsbvary approximately in the range®:07.10°, and hence these
Reynolds numbers do not induce any particular limitationsifan aerodynamic standpoint. For example, The Pitt-Pe!
dynamicdinflow model (used in our main rotor model) has beaeassfully applied on systems with Reynolds numbers
low as 10.

Our model is compared to an equivalent FLIGHTLAB model, with parameters of the latter being set identical to t
ones of Table 1. In addition, the options of the FLIGHTLAB nebHave been set as follows:

1. Articulated main rotor.

2. Blade element model and quasi-steady airloads.

3. Peters-He three-state inflow model, with no stall delay.
4. Bailey-type tail rotor.

7.1 Trim Results

A trim condition is equivalent to an equilibrium point of thenlinear helicopter model [104], which can be thought
as a specific flight condition [20], in which the resultantfes and moments on the vehicle are equal to zero. For hedisoy.
however, the concept of trim is more complicated than thdikefl-wing aircrafts [105], since a helicopter has compase!
that rotate with respect to each other and with respect taittrmass. To circumvent this problem we developed a sepa
trim module, in the form of a constrained, nonlinear, optiation problem. At trim, the resultant forces and moments
the vehicle should be equal to zero, hence for the engine @Nt ftiondition, the objective of the trim module is to set
zero the three vehicle inertial linear acceleratiovig, /g, Vz) and the three vehicle rotational accelerationg|(f). On the
other hand for the engine OFF flight condition (i.e. autdiotg, the main rotor RPM2yr is not fixed anymore as it is
allowed to vary according to its own dynamics, hence theditije of the trim consists in setting to zero the previous ¢

’FLIGHTLAB is a state of the art modeling, analysis and rémlet simulation tool, used world-wide to simulate helicogtight dynamics.
18|n this table the acronyrmrt stands fowith respect to
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Fig. 5: NLR’s mini-UAV project (2012-2014) based on a modified AlifiRex helicopter (courtesy of NLR)

Table 1:Align T-REX physical parameters for the environment, véhiend actuators

Name Parameter Value Unit
Air density 0 1.2367 kg/m®
Static temperature T 273.15+ 15 K
Environment Specific heat ratio (air) y 1.4
Gas constant (air) R 287.05 J/kg.K
Gravity constant g 9.812 m/ s
Total mass m 7.75 kg
Inertia moment wrix, A 0.2218 kg.m?
Inertia moment wriy, B 0.5160 kg.m?
Vehicle Inertia moment wriz, C 0.3141 kg.m2
Inertia product wrix, D 0 kg.n?
Inertia product wriy, E 0.0014 kg.m?
Inertia product wriz, F 0 kg.n?
X-pos. of Fus. CG wrt total CG XFus 0 m
Y-pos. of Fus. CG wrttotal C@  Yrus 0 m
Z-pos. of Fus. CG wrt total CQ Zrus 0.017 m
MR collective 6o [-13,13]7/180 rad
MR lateral cyclic O1¢ [-6,6].7/180 rad
Actuators MR longitudinal cyclic 015 [-6,6].7/180 rad
TR collective OTR [-20,20]/180 rad
MR collective rate o [-52,52]7/180 | rad/s
MR lateral cyclic rate élc [-52,52]7/180 rad/s
MR longitudinal cyclic rate s [-52,52]7/180 rad/s
TR collective rate 6rr [-120,120]z/180 | rad/s
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(Table 1 cont'd): Align T-REX physical parameters for theimitor

ClockWise direction of rotation r -1
Main Number of blades Np 2
Rotor Nominal angular velocity QMR;00% 141.37 rad/s
(MR) Rotor radius from hub Rrot 0.9 m
Blade mass M 0.2875 kg
Spring restraint coef. due to flap Ks, 162.69 N.m/rad
Spring damping coef. due to flap|  Kp, 0 N.m.s/rad
Spring restraint coef. due to lag Ks, 0 N.m/rad
Spring damping coef. due to lag Ko, 5 N.m.s/rad
Offset distance ep 0.03 m
Offset distance e 0.06 m
Offset distance er 0.01 m
Distance between hub and flap hinge Ae 0.1 m
Root cutout from flap hinge re 0.0 m
Blade chord Cpl 0.064 m
Blade twist at tip Bwash 0 rad
Y-pos. blade CG wrt flap hinge VG 0.4 m
Swashplate phase angle YPA 0 rad
Precone angle Bp 0 rad
Pitch-flap coupling ratio Kep) 0
Pitch-lag coupling ratio Kz 0
Tip loss factor B 0.97
Airfoil lift coef. Cly, NACA0015
Airfoil drag coef. Cdly) NACAO0015
Airfoil pitching moment coef. Cwm NACA0015
X-pos. of MR hub wrt total CG XH 0.01 m
Y-pos. of MR hub wrt total CG YH 0 m
Z-pos. of MR hub wrt total CG Zy -0.213 m

accelerations, defined for the engine ON case, togetheranitdditional acceleration, namely the one related to nwaor r
RPM Qur. This allows to find the steady-state autorotative flightdittans. Now, the variables that the trim algorithm i
allowed to manipulate include the four control inpus, ¢1c, 015, 07R), and the vehicle roll and pitch angles ¢), since the
latter two influence the projection of the gravity vector be body frame. Besides, the set-point at which the equilibiis
computed has to be specified in the form of additional comdta.e. by assigning fixed values to the three vehicletialer
linear velocities Yn, Ve, Vz), and the three vehicle rotational velocitigsd,r). Now regarding the dynamic inflow state:
(10, 1s,Ac), and the periodic states, i.e. blade flap and lag angles alodities o, /bl Bol. bi), these states are handle
by time-marching the nonlinear helicopter model long erougtil the transients have decayed. Finally, the remaifong
states which include the three vehicle Cartesian posifiQn{g, Xz) and the vehicle headingare left free, since the position
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(Table 1 cont'd): Align T-REX physical parameters for thi tator

Number of blades NbTR 2
Tail Nominal angular velocity | QtRryy, | 612.61 | rad/s
Rotor || Rotor radius from rotor hub | Rrotrg 0.14 m
(TR) Pitch-flap coupling 03rr 0 rad
Preset collective pitch bias | Opias;s 0 rad
Partial coning angle wrt thrust  Bo; 0 rad/N
Tail blockage constant b, 0.927
Transition velocity Vo 20 m/s
Blade chord CTR 0.0316 m
Tip loss factor Brr 0.92
Airfoil lift curve slope Clorn 592 | rad?
Blade drag coef. CDtr | 0.0082
X-pos. of TR hub wrttotal CG  xtRr -1.015 m
Y-pos. of TR hub wrttotal CG|  ytRr -0.0575 m
Z-pos. of TR hub wrt total CG  zrr -0.034 m

of the helicopter does not influeri@ts dynamic behavior or stability. Our trim optimizatiorfisther based upon a Newtor
iteration scheme, similar to that of [95], which is simplartgplement and has been widely used [106]. The Newton mett
guarantees quadratic local convergence, but is known teigtive to starting values.

We compare next our model trim results, for the engine ON oagg?, with those obtained with FLIGHTLAB. First,
Table 2 gives the maximum absolute trim deviations, as atiomof inertial linear velocitie®' (Vn, Ve, Vz), between our
model and FLIGHTLAB, for the six trim variables, i.e. the fotontrol inputs o, 61¢,01s,67r) and roll and pitch angles
(¢,6). Table 2 has to be read in conjunction with Fig. 6—Fig. 11exetthe trim results are plotted, along each motional a»
These motional axes are: longitudinal alovig, lateral alongVg, vertical climb alongvz (Vz > 0), and vertical descent
alongVz (Vz < 0). Basically, Fig. 6-Fig. 11 visualize the trim results &xch motional axis at a time, i.e. by setting t
zero the velocities along the remaining motional axes, ed®iTable 2 compiles the worst-case data from Fig. 6—Fig.
by reporting the worst-case trim deviation, for each of ttxe@rém variables, along each motional axis. In additionhlEa2
reports the results for the main rotor powRyir, as this latter gives extra insight into the fidelity of ouraeb

We see that the maximum absolute deviations, between bodlelsydor roll and pitch angles, are almost negligibl:
respectively below 1.5 and 0.7°, see Table 2. For the remaining variables, we also expleredative deviations betweer
both models. Regarding the control inputs, Table 3 gives tiedative deviations in %, namely the maximum absolu
deviations divided by the full actuator ranges. Overall,sge that the dierences between both models are rather sm
e.g. below 6 % for the Main Rotor (MR) collectig, below 5.5 % for the Tail Rotor (TR) collectivér g, below 3.5 % for
the MR lateral cycliddic, and below 4.5 % for the MR longitudinal cyclégs. From Fig. 6, Fig. 7, and Fig. 8, we also se
that the maximum relative trim deviation does not exceed 1f@the main rotor powePyr, for the longitudinal, lateral,
and climb motions. However, we do notice, as can also be setabile 2, some higher discrepancies between both mot
in descending flight (particularly inside the VRS), where iftstance the maximum relative trim deviation reaches 26
for the main rotor powePygr. This could probably indicate that both models are impletmgrdistinct simulations of the
induced rotor flow inside the VRS. The plot of the MR colleetinputdp, on Fig. 9, reveals also the minimum power spee

19Although strictly speaking this is not true in vertical fligllue to the groundfeect when trimming near the ground, and due to changes in asitge
when trimming with a non-zero vertical velocity; however the case of air density variations, these may be neglecheh wonsidering small-scale UAV
applications, since the maximum flight altitude is gengra#low 150-200m above ground.

20Comparison of our model with FLIGHTLAB, for the engine OFBeais presented within the context of dynamic results.

21with V7 positive up.
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Table 2: Trim: Maximum absolute deviations between our nhadd FLIGHTLAB, for the engine ON case

Name Maximum absolute deviations
longi- lateral climb descent
tudinal alongVz | alongVz

alongVy | alongVe | (Vz>0) | (Vz<0)
Roll ¢ (°) 1.0 0.7 15 0.5
Pitcho (°) 0.3 0.7 0.3 0.1
MR Collectivedq (°) 0.5 0.5 0.5 1.5
TR Collectivedrr (°) 0.9 0.9 1.0 2.1
MR Lat. CyclicOsc (°) 0.4 0.04 0.04 0.05
MR Long. Cyclictss (°) 0.1 0.5 0.1 0.3
MR PowerPyr (W) 59 58 76 156

Table 3: Trim: Maximum relative deviations between our maaled FLIGHTLAB, for the control inputs in % of full
actuator ranges, for the engine ON case

Name Maximum relative deviations (in %)
longi- lateral climb descent
tudinal alongVz | alongVz

alongVy | alongVe | (Vz>0) | (Vz<D0)

MR Collectivedy 1.9 1.9 1.9 5.8
TR Collectivedrr 2.2 2.2 2.5 5.2
MR Lat. Cyclic61¢ 3.3 0.3 0.3 0.4

MR Long. Cyclicés 0.8 4.2 0.8 2.5

sometimes called thiucket speedpredicted to be around 11-13srby both models. From the MR power pBjr, in
Fig. 7, we can also see that, as expected, for a CW main ratavlicch the tail rotor thrust is oriented towards port-sic
(i.e. to the left), it takes more power for vehicle starboflight (i.e. to the right) than for port-side flight. Finallfgr our
helicopter, the VRS region aVf, Ve) = (0,0) m/sis approximately defined by6 < Vz < -3 nys (see also our discussior
in [39]). Here, we clearly see form Fig. 8 and Fig. 11 that MRemiive 6o and MR powelPyr, as expected, start to increas
inside the VRS, e.g. compare their value¥at —4 m/svs. atVz = -3 m/s. Hence, more engine power is required from
VRS descent than from hover.
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7.2 Dynamic Results

For the dynamic response comparison, we compare the tirteries of our model with those of FLIGHTLAB. Basi-
cally, the tests are set to evaluate the open-loop respdre belicopter model. Both models have a simulation tirtegs
set equal to /24™ of a main rotor revolutiof?. First, the rotor is allowed to reach a steady-state camlitiuring a time
period of 1 s. (this is a purely software initialization neaiftsince the simulation starts with all states at zero).nT lier
the following 3 s. we simultaneously apply sine-sweeps ffbto 2 Hz on the four input channéfs seeFig. 12 Next,
we evaluate the responses of the following ten statesuddtianglesd, 0,¢), body linear velocitiesy(, v,w), body rotational
velocities @,q,r), and MR RPMQur (the RPM is included for the autorotation case only). For amjtative evaluation
we use the Variance-Accounted-For (VAF), defined as: \'/SAEEOO%ma>(l— %WO) with Xk one of the ten states in
our model, andk its FLIGHTLAB counterpart, see Table 4. The VAF is a widelyedsmetrié* in the realm of system
identificatiorf®

Three test cases are presented, all starting at an altifl@@m. The first two with the engine ON, and the third wit
the engine OFF. The first test case is run from the hover trindition, see Fig. 13, where it can be seen that the ove
fit with FLIGHTLAB is good to very good (see also Table 4). Trezand test case is run to evaluate the high speed fli
condition, atVy = 10 's, see Fig. 14, where we can see that the overall fit with FLIG&AHR is again good, except for the
low VAF value (of 28 %) reported fow (although the plot on the channel is rather good, as can be seen in Fig. 14). Inde
if the to-be-compared values are close to zero (as is hereathe forw), the VAF metric will tend to artificially amplify
any discrepancies. Naturally our model does not perfectcmFLIGHTLAB. To some extent the observed discrepancit
between both models, may originate from the fact that botlketsoare built upon distinct modeling philosophies. Fi
instance, for the derivation of the flap-lag dynamics as a®lihe computation of the rotor forces and moments, our mc
is based upon a white-box, first-principles approach, i.eloaed-form representation of the system’s behavior. @n-
contrary, FLIGHTLAB is based upon the so-called multi-b@dyncept®. For instance for the case of a FLIGHTLAB mait
rotor blade, this latter is split into N smaller bodies. Eholdy is undergoing a translational and rotational disptaa, with
the dynamic behavior of the complete system (here the cdmbplade, or multi-body system) resulting from the equitlibr
of applied forces and the rate of change of momentum at eaih Bhis diference in modeling philosophies will inevitably
result in slight dfferences in, for instance, the magnitude of rotor forces amehemts.Further, it is well known that even
small variations in the computation of forces and momentkhei integrated, over time, to large errors in velocitiesl al
positiong’. Besides, thisfect gets exacerbated for highly unstable syst&nshich is generally the case of highly agil¢
small-scale helicopters (on the one hand due to their veryrertia, and on the other due to the high rotoffess resulting
in high rotor moments). To conclude, as can be seen from gtedw in Table 4, the model's average VAF (over all state
is relatively high, i.e. in the range 66—85 %, and hence thism of our model is considered to be of good quality.

8 Conclusion

The first building-block—towards the development of an aotmous helicopter system—has been presented, and
be characterized as a comprehensive modeling frameworticydarly suited for small-scale flybarless helicopte@om-
parisons with an equivalent FLIGHTLAB simulation showstthar model is valid for a range of flight conditions, inclugdin
steep descent flights and autorotation. Hence, this modéd potentially be used for several applications: 1) siriataof
the flight dynamics of small-scale (articulated or hingg)dlybarless helicopters; 2) investigation of the coupliegween
flap/lag and inflow dynamics; as well as 3) providing a basis for eddzhsed control design.

22The default value in FLIGHTLAB.

23The relatively short experiment time of 3 s. is explained Ing $hort time-to-double amplitude, found to be in the ranig@.@-2.3 s., this latter
being derived from the eigenvalues of local LTI models. S8itte total experiment time is rather short, we chose to fteesnodel validation on its
low-frequency behavior, hence the 2 Hz limit on the appligalit signal.

24JAF values above 75 % suggest a high-quality model, wherakees in the range 50-75 % would indicate an average—to—gmotel quality.

ZNote that, usually, the VAF is used in a parameter-estimationtext where one tries to ‘match’ the outputs of a modehwie data gathered from
various experiments, or alternatively when one tries totaimathe outputs of a lower-order model with those from a mowenplex, often higher-order,
model. In our case, we simply use the VAF to compare two moeéteout any 'tuning’ or ‘fitting’ of coeficients. Hence, in our case, the obtained VA|
values tend to be lower than VAF values usually seen in asystentification context.

26The multi-body concept may often be used to simulate themjmbehavior of interconnected rigid and flexible bodies.

2I\We note that the fit for test case 3 (autorotation) is bettan tine fit obtained for the first two test cases (with engine.OXp explanation being
as follows: in autorotation, main and tail rotor collectiiave much lower values when compared to their engine ON sakred hence the generatec
aerodynamic forces are as well smaller in magnitude. Sma#leodynamic forces also imply smaller discrepancies, agmitude, between the forces
computed by both models, resulting in smaller errors incigls and positions when integrated over time.

28This is also why system identification of unstable systenmsdst often done in closed-loop [107].
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Table 4: Vehicle dynamic response to sine-sweeps on therfput channels: Variance-Accounted-For (VAF) by our mod

with respect to FLIGHTLAB

Name VAF (%)
hover| Vn= | steady-state autorotatio
10m/s | (Vn,Vz)=(6,-6)m/s

Roll ¢ 51 76 86
Pitcho 73 84 59
Yaw i 61 50 96
Long. velocityu 79 84 84
Lat. velocityv 62 91 96
Vertical velocityw 93 28 92
Roll ratep 67 45 76
Pitch rateq 43 68 77
Yaw rater 95 70 97
MR RPM Qumr N.A. N.A. 82
Average over all stateg 69 66 85
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Fig. 12: Vehicle dynamics: sine-sweep inputs for test cases 1, 2(€FBIGHTLAB, — —Our Model)
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