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Abstract
A recurring problem in helicopters is the difficulty to accurately measure the angle of attack of the airframe
and tip-path plane with respect to the slipstream. Differently from fixed wing aircraft, it is hard to find a spot
on the airframe of a helicopter where the velocity vector of the stream is not polluted by a very relevant
downwash component due to the deflecting action of the main rotor on the air stream. Furthermore,
the geometrical definition of the tip-path plane calls for the knowledge of the attitude of the blades with
respect to a plane normal to the main rotor mast. This attitude is related to the flap motion of the blades,
which to this time cannot be measured effectively through a direct measurement method. Building on
the experience and research results of the MANOEUVRES project, which is aimed at developing a novel
sensor for the flap motion of the blades, making possible monitoring the noise intensity emitted by the
helicopter during approach maneuvers, this paper presents a possible way to estimate the angle of attack
of the tip-path plane starting from a basic set of measurements including those related to the flapping
angle of the blades. The knowledge of the flap motion of the blades allows to observe also other flight
mechanics performance parameters, like the thrust force coefficient, without the need for further sensor
information. Support for the feasibility of the proposed observer comes from the well known equations
for the flapping blade. The presented results assessing the quality of the synthesized observer and its
ability to work under both design and off-design conditions have been obtained working on the virtual
model of an existing machine.

1.

INTRODUCTION

The problem of the estimation of the angle of attack
of the tip-path plane (TPP) and other flight mechanics performance indexes has been fueled especially by
the need to easily predict the noise footprint of the helicopter on the ground.
The problem of helicopter noise reduction has already
received much attention in the past, as witnessed by
the number of works devoted to the matter. Due to
the complexity of the aerodynamic interactions giving
birth to helicopter noise, and the consequent difficulties
in the real time prediction of noise emission from onboard sensors, [1–4] preliminary research efforts have
suggested solutions able to reduce noise mainly by
means of a suitable design of the rotor blades. [5–8]
Such approach has proven effective mainly under the
operative conditions considered in the design of the
blade whereas it is not effective in off-design conditions.
Due to the relationship between blade flap oscillation
and noise intensity, a reduction of the flap excursion
through harmonic control has been tried as a mean
to reduce the intensity of emission. [9, 10] This class of

solutions, based on the application of a suitable pitch
control action targeting prescribed per-rev harmonics
in the blade displacement signal, does not bear completely successful results in term of noise containment,
due to the fact that the noise intensity perceived on the
ground is bound to the orientation of the helicopter and
other flight mechanics parameters, besides depending
on blade flap motion and blade aerodynamic characteristics.
More recent research efforts have shown that it is
possible to effectively relate the noise intensity measured on the ground to three aero-mechanical parameters, [11, 12] the tip-path plane angle of attack αTPP , the
thrust coefficient CT and the tip speed ratio µ. It has
been shown that a database of emission intensities associated to the hemisphere under the rotor can be parameterized with respect to these parameters when executing an approach maneuver with a prescribed profile. [13–15] This database can be pre-computed through
numerical simulations or through a mixed numericalempirical method. The availability of such database enables the setup of an on-board noise estimator, which
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from the knowledge of all the three parameters should
ideally select the noise intensity distribution over the
hemisphere under the rotor, from which the noise footprint on the ground can be obtained.
To this time, the difficulties in practically measuring the
required parameters αTPP and CT limits the use of this
technique.
In this paper we present a novel method to estimate the
parameters αTPP and CT from a set of basic measures
typically available on most helicopters, augmented by
a measurement of the flapping motion of the blades, in
the form of the cone angle and of the 1/rev (one per
rotor revolution) amplitude and phase of the flap angle. The MANOEUVRES project [16, 17] is actively working to the design of an innovative sensor system able to
accurately and reliably measure the flap motion of the
blades. Preliminary testing on this sensor system have
given positive results, addressing the potential problem
of obtaining the necessary measures of flap motion.
At this stage of the research we concentrate on the
noise prediction in terminal maneuvers, which are
among the most relevant in terms of noise effects due
to the slow motion of the helicopter and ensuing high
intensity BVI-induced noise, and to the proximity with
the ground. For this reason, the results proposed in
the closing sections of the paper are mainly related to
a basic landing maneuver, assumed as design condition. Further results assess the goodness of the proposed observer with respect to off-design conditions,
hence paving the way for the development of a more
complete methodology for noise prediction: provided
a more general database was available, the observer
would enable its use by measuring the necessary parameters not only during landing but in more general
flight conditions.
2.

OBSERVER STRUCTURE: THE EQUATION OF
THE FLAPPING BLADE

In order to postulate the structure of an observer for a
set of desired aero-mechanical quantities based on the
knowledge of an assigned set of measures, it is useful
to study what relationship exist between these sets of
variables.
The equation for the flapping blade, which will be briefly
recalled in this paragraph, provides a comprehensive
view of the relationships between the variables defining
the state of the helicopter from the viewpoint of flight
mechanics and those characterizing the flap-wise motion of the blade. A full description of the passages in
the derivation process which are not shown in this pa-

Figure 1: Sketch of the configuration of a flapping rotor.
per can be found in Ref. 18.
2.1.

Moment equilibrium at the blade hinge

An expression for the dynamic equilibrium of a flapping
blade can be obtained by equating to zero the sum of
the differential contributions to the hinge moment due
to centrifugal effect, inertia, aerodynamics and weight.
The derivation process can be carried out in terms of
azimuth ψ instead of explicitly in time domain, due to
the stationary rotational speed Ω of the rotor, yielding
the equivalence dψ = Ωdt. The approach presented
in the following can be applied to both articulated and
hingeless rotor configurations, considering that in the
latter case the reaction due to the stiffness of the blade
is usually small with respect to all other effects. A general case where the rotor features a hinge offset with respect to the axis of rotation will be considered here. Refer to the the rotor geometry presented in Fig. 1, where
e is the dimensional hinge offset, β the flap angle, defined between a plane normal to the axis of the mast
and the blade, and r0 is the coordinate of the generic
blade station measured along the blade axis from the
hinge point.
Assuming a flap solution composed of a constant cone
term and a 1/rev oscillating term with its phase, as in
β = a0 − a1 cos ψ − b1 sin ψ

(1)

and a small-angle scenario such that the centrifugal
force be acting in a plane parallel to the tip-path-plane,
instead of being normal to the direction of Ω, the contribution to the hinge moment due to the centrifugal effect
can be written as
MC =
(
(2)

= −Ω2

Z

R−e

a0

mr0 (r0 + e)dr − (a1s cos ψ+

0

Z
+b1s sin ψ)e

)

R−e
0

mr dr
0
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By substituting the definitions for the static moment
R R−e
Mb
= 0
mr0 dr and moment of inertia Ib =
g
R R−e
mr02 dr for the flapping section of the blade, Eq. 3
0
can be rewritten as
(3)
MC =


Mb
Mb
− (a1s cos ψ + b1s sin ψ)e
= −Ω2 a0 (Ib + e
g
g

plate αs which is more common to find in the literature,
yielding αs = αTPP − (B1 + a1s ), has been exploited.

Considering the contribution to the hinge moment due
to aerodynamics, for the generic blade station of span
dr0 at a distance r0 from the hinge it is possible to write

(8)

(4)

∆MA = r

0ρ

2

UT2 a α c dr0

where ρ is air density, a the slope of the linear portion
of the lift curve of the blade profile, c the chord of the
profile. Furthermore, the tangential (i.e. normal to the
rotor axis) speed experienced by the blade station is

 0
r +e
+ µ sin ψ
(5)
UT = ΩR
R
V
wherein µ = ΩR
is the tip speed ratio, and the expression of the speed shows a contribution due to the rotation of the rotor and another due to the translational
motion of the helicopter.

The value of α in Eq. 4 can be defined from the sum of
pitch θ and of the ratio of the speed component aligned
with the rotor axis UP to the tangential speed UT .
The pitch angle can be hypothesized to be composed of
a collective component θ0 , a constant component due
to twist θ1 and an 1/rev oscillating cyclic component, as
in the expression
(6)

r0
θ = θ0 + θ1 − A1 cos ψ − B1 sin ψ
R

The value of the component of the air speed field locally
aligned with the rotor axis can be expressed as a function of the flap angle, the angle of attack of the tip-path
plane αTPP and the inflow speed v1 , as
UP = ΩR {µ(αTPP − B1 + a1s )+
v1
r0
(1 + cos ψ)+
ΩR
R
r0
− (a1s sin ψ − b1s cos ψ)+
R
−µ(a0 − a1s cos ψ − b1s sin ψ) cos ψ}

−
(7)

In Eq. 7 the relationship between the angle of attack of
the tip-path plane and the angle of attack of the swash

Eq. 4 can be integrated over the span of the flapping
portion of the blade. Due to the structure of that equation, multiple higher-order harmonic terms are obtained
in the expression of the overall aerodynamic moment
MA . It can be hypothesized without a significant loss of
accuracy that only constant and 1/rev terms should be
retained, or analytically
MA = MA0 + MAsin sin ψ + MAcos cos ψ

In order to cut on the length of the derivation, the expressions for MA0 , MAsin and MAcos will not be written
explicitly, but will be shown as contributions in the final
expressions presented at the end of the process.
Finally, the contribution of weight to hinge moment can
be written as
Z R−e
(9)
MW = −Mb = −
mgr0 dr
0

From equations 3, 8 and 9 it is possible to observe that
all three contributions to the expression of equilibrium
at the hinge point are composed of a constant and, in
the case of the first two, two 1/rev oscillating terms. It
is possible to obtain an expression of equilibrium by
equating to zero these harmonic components one by
one.
Starting from the constant component, it is possible to
express the corresponding equilibrium equation as
(10)

MCconst + MAconst + MWconst = 0

or equivalently
(11)
a0 =
 



1−
3 3 2
3 µ2
θ
+
µ
+
θ
+
+
=
0
1
4 4
5
2
Ib + e Mgb
v1 i
Mb


+µ (αTPP − 2B1 − a1s ) −
−
ΩR
2
Ω Ib + e Mgb
1
4
6 ρacR


e 2
R

From the basic blade element momentum theory it is
possible to obtain the non-dimensional expression for
the rotor thrust, yielding
 


ea
2
CT = σ 1 −
θ0
+ µ2 +
R 4
3
(12)



2
1 µ
v1
+θ1
+
+ µ (αTPP − 2B1 − a1s ) −
2
2
ΩR
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By manipulation of Eq. 11 and 12, an expression of
equilibrium related to the non oscillating component of
the hinge moment can be written as
(13)

a0 =

2
4
3 ρcR

e
R
Mb
e g

1−

Ib +

 CT
σ

Mb

−
Ω2



Ib + e Mgb



With a similar procedure it is possible to obtain the expressions of equilibrium corresponding to the 1/rev oscillating component of the hinge moment, which is represented by equations

(14)

MCsin1/rev + MAsin1/rev =0
MCcos1/rev + MAcos1/rev =0

It should be noted that only the aerodynamic and centrifugal terms have an effect on the pulsating component of the hinge moment, whereas the weight term has
an effect only in the equation derived for the constant
component a0 . By substitution of the respective terms
in Eq. 14 the expression for the sine yields

(15)


γIb 2 
1
Mb
e 2 2
2
+
Ω 1−
θ0 µ + θ1 µ+
Ω b1s e
g
2
R
3
2


1 3 2
− B1
+ µ +
4 8

µ
v1 
+
µ (αTPP − B1 − a1s ) −
2 
ΩR

1 µ2
−
=0
−a1s
4
8

whereas that for the cosine yields
(16)



Mb
γIb 2 
e 2
1 µ2
Ω2 a1s e
+
Ω 1−
+
+
−A1
g
2
R
4
8


a0 µ 1 v1
1 µ2
−
−
+ b1s
+
=0
3
3 ΩR
4
8
The parameter σ =

cNb
πR

is the solidity of the rotor, where

NB is the number of blades, and γ =
number.

ρacR4
Ib

2.2.

Structure of the observation model

Equations 13, 15 and 16 can be used to obtain the amplitudes of the flap response a0 , a1s and b1s , i.e. a
solution for the flap-wise motion, in case all other parameters are known. On the other hand, in the present
analysis the same equations can be manipulated in order to find an expression for αTPP as a function of the
other parameters, especially the coefficients of the flapping solution, which are supposed to be known in the
scenario of interest here.
To this aim, it should be observed that the quantity αTPP
does not show up in Eq. 13, whereas CT does. Furthermore, both equations 15 and 16 show a dependence on αTPP and on the inflow speed v1 . The latter
is instrumental in the definition of the induced speed
VL = v1 (1 + Rr cos ψ), which has been used in Eq. 7.
An expression for v1 can be driven from the momentum
theory, yielding a relationship between this parameter
and CT in the form
(17)

CT
v1
=
ΩR
2µ

v1
The inflow term ΩR
can be substituted by a function of
CT and µ exploiting Eq. 17 in Eq. 15 and 16. An effect
of this substitution is that all three equations obtained
from hinge moment equilibrium show a dependence on
the parameter CT , which is usually not directly measurable. This dependence highlights the fact that the
problem of observation of αTPP is coupled with that of
CT .

In order to observe these two quantities it is possible to
exploit two of the three equations for flapping equilibrium. Moreover, by inspection of Eq. 13 it is possible to
notice that only CT shows up in that expression, suggesting a possible triangular coupling in the observation
problem of αTPP and CT .
The shape of the observation model can be investigated starting from Eq. 13, which can be rewritten as
n

o
b
σ Ib + e Mgb a0 + M
2
Ω

(18)
CT =
2
4 1− e
ρcR
3
R

is the Lock

These equations have a general validity in advanced,
symmetric flight, hence they can be assumed to describe with an acceptable accuracy for the scope of the
present analysis the conditions of the blade in a standard approach maneuver. Further usual hypotheses
that have been implicitly assumed are linear aerodynamics and no reverse flow region on the rotor.

Similarly, Eq. 15 can be rearranged as follows

(19)

µ2
1
αTPP − CT =
2
4
!


3 2 1
2eMb
=
µ +
a1s −
2 b1s +
8
4
gγIb 1 − Re


2
1
7 2 1
− µθ0 − µθ1 +
µ +
B1
3
2
8
4
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Equations 18 and 19 considered together suggest the
structure of the observation model for αTPP and CT ,
which can be formalized as follows
(20)

Qs = T̃ m + q̃

where array sT = {αTPP , CT } includes the quantities
to be observed and array mT = {a0 , a1s , b1s , θ0 , B1 } is
made of the measures necessary for the observation.
The coefficients of the matrices Q and T̃ and of the
array q̃ can be obtained from Eq. 18 and 19 as

 µ2
1
−
2
4
Q=
0
1
"
0
( 83 µ2 + 14 ) · · ·
Mb
T̃ =
σ(Ib +e g )
0
···
2
e
4
3 ρcR (1− R )
#
(21)
2
7 2
1
b
−
µ
(
µ
+
)
· · · −( gγIb2eM
e 2)
(1− R )
3
8
4
···
0
0
0




− 21 µθ1
M
σ Ω2b
q̃ =
 − 2 ρcR4 1− e 
( R)
3
From the definition of matrix Q it is clear that no singularity can be expected unless µ = 0, which happens
only for hover conditions. As a consequence it is always possible to left-multiplying Eq. 20 by the inverse
of Q, yielding
(22)

s = Tm + q

where T = Q−1 T̃ and q = Q−1 q̃. Equation 22 with matrices 21 clearly indicates a structure for the proposed
observer. The coefficients of the model matrix T and
q depend largely on constant geometrical and inertial
properties of the considered helicopter rotor, namely
through Ib , Mb , σ, e, c and R. Furthermore, they are
functions of air speed – through the tip speed ratio µ –
and altitude – both explicitly through ρ and through the
Lock number γ.
Both speed and altitude may vary during the approach maneuvers of interest here. In this respect,
in the results section it will be shown that the effect
of changes in the values of both quantities suggests
that even significantly different altitude values produce
a small change on the coefficients of the model matrices, whereas the effect of air speed is much more pronounced. Following this assumption the dependence of
the model coefficients from altitude can be neglected,
yielding the expression T = T (µ) and q = q(µ).
An important remark concerns the values of the coefficients of the control solution θ0 and B1 appearing in the

measures. It is possible to reduce the size of the array
of necessary measurements m under the hypothesis of
trimmed flight, which from the viewpoint of hinge equilibrium translates into a relationship between the coefficients just mentioned and the values of the coefficients
of the flap response a0 , a1s and b1s . If the maneuver
can be assumed to be quasi-static, no significant dynamic phenomena should show up in the flap-wise motion of the blades either. For the standard approach
maneuver considered here it can be safely assumed
that the helicopter is moving in a trimmed flight condition. This in turn allows to hypothesize that there exist
a relationship between the coefficients of the trimmed
pitch input and those of the flap-wise deflection. This
remark yields a reduction of the array of measures to
mT = {a0 , a1s , b1s }.
In conclusion, what is suggested by the theory is a
structure of the observation model in the explicit form


(23)

αTPP
CT





 a0 
a1
= T (µ)
+ q(µ)
 s 
b1s

Further slight alterations to the model structure in
Eq. 23 will be presented in the result sections based
on performance advantages suggested by practical evidence.
Provided all quantities explicitly reported in Eq. 21 are
known with sufficient accuracy, it could be possible
to find the coefficients of the model through their respective definitions. An alternative approach through
parameter identification has been considered here to
find the required model coefficients. Details on the
identification process will be provided in the next section.
It should be remarked that, besides making unnecessary the computation of all quantities appearing in
the definitions in Eq. 21, an approach through model
identification allows the synthesis of a model better tailored to the dataset used for identification. Provided
the identification campaign is properly planned to cover
all operative conditions of interest, the hypothesized
model structure is such to capture the essence of the
relationship between the measures and the observed
signals, and if the identification algorithm is suitable for
the considered problem, the accuracy of the model coefficients with respect to the testbed is usually higher
than what can be obtained through purely analytic estimation. [19]
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3.

SYNTHESIS OF THE OBSERVATION MODEL:
APPROACH
THROUGH
PARAMETER
IDENTIFICATION

In order to compute the coefficients of the proposed
model in Eq. 23, an approach based on model
identification has been developed, based on the procedure proposed in Ref. 19 and references therein.
On account of the dependence of the observation
model on parameter µ the coefficients of the observation model can be found for an assigned speed V̄ of the
slipstream, and correspondingly for a given µ̄. In order
to identify the model matrix of a linear model T (µ̄) it is
necessary to collect time samples composed of measures of the quantities to be observed si and of the
measures mi intended for feeding the observer. Furthermore, the identification of the coefficients of q(µ̄)
can be carried out by augmenting the array of measurements with a unitary element and performing the
identification on a homogeneous system structure. To
this aim the model matrix of the homogeneous system
can be defined as K(µ̄) = [T (µ̄) q(µ̄)].
In practice, in order to deal with changing values of the
parameters – including air speed – during simulations,
it was decided to distribute the samples composing the
time histories of the signals measured in the simulation
runs performed for identification based on their respective air speed values into pre-determined speed buckets. Such buckets are centered in Nv equally spaced
speed poles, each corresponding to an assigned speed
of the stream V̄ = Vp , and feature an amplitude ∆V =
1
2 (Vp+1 −Vp−1 ), so that buckets do not overlap. All samples attributed to a certain air speed bucket will contribute to the identification of the model corresponding
to the reference air speed V̄ = Vp and the corresponding µ̄p .
Collecting the values of sTi = {αTPPi , CTi } and mTi =
{a0i , a1si , b1si , 1} for i = 1, · · · , Np , where Np is the
number of considered samples for the assigned µ̄, the
homogeneous model matrix K(µ̄p ) will be such that




(24)
s1 · · · sNp = K(µ̄p ) m1 · · · mNp
This can be rewritten synthetically as
(25)

S = K(µ̄p )M

The values of the coefficients of the model matrix for
the assigned µ̄ can be obtained through a suitable
identification method. For the problem under analysis
a least-squares method has been deemed satisfactory.
This yields
(26)

K̂(µ̄p ) = SM T (M M T )−1

ˆ sign indicates that the coefficients have
where the (·)
been estimated.
Once the coefficients of the model matrix are known,
matrix K̂(µ̄p ) can be used online for obtaining an estimation of the desired quantities ŝ from a measurement
of the parameters m
(27)

ŝ = K̂(µ̄p )m

In order to make use of the observer in an operational
condition featuring a changing value of the tip speed
ratio µ it is necessary to preliminarily store the values
of the coefficients for a suitable number of operational
conditions each characterized by a value µ̄p , covering
the operational speed envelope of the helicopter in the
considered class of maneuvers (approach and landing). The corresponding model matrices will be interpolated online based on the actual value of the tip speed
ratio. In this work a linear interpolation was considered
between identification nodes, yielding

(28)

K(µ) =Kp + (Kp+1 − Kp )

µ − µ̄p
,
µ̄p+1 − µ̄p

µ̄p ≤ µ < µ̄p+1
for the model matrix related to the actual value of µ.
As highlighted in the previous section, in the result section it will be shown that the array of measurements
m can be modified with respect to what is suggested
by theory to improve the results, but the identification
procedure presented in Eq. 24, 25 and 26 can be left
unchanged.
4.

RESULTS

In this section the feasibility of the proposed observer
will be demonstrated at first showing the quality of the
identified model and successively the accuracy in the
estimation of αTPP and CT , both in design and off design conditions. All results proposed in this section
have been obtained working with RSim, [20, 21] a code for
simulation of the flight mechanics of helicopters based
on the formulation of Ref. 22, with a built-in model for
the flapping blade, which allows to compute individually
the amplitude of the cone and 1/rev sine and cosine
components of the flap-wise deflection. The simulator
implements models for dynamic inflow and wake. The
considered model of helicopter represents an existing
machine, and features a four-bladed, hingeless rotor
and a conventional tail rotor configuration. The RSim
code integrates the trajectory of the helicopter, which is
controlled in closed loop through collective, longitudinal
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and lateral pitch of the main rotor, and collective pitch
of the tail rotor.

4.1.

Identification and model quality

The presence of a realistic control system simulating
the action of the pilot in the control loop results in not
perfectly constant values of the air speed and in disturbances to other machine states. This condition can be
effectively dealt with by distributing the time samples in
speed buckets as previously shown. Three wind speed
buckets corresponding to Vb of 30, 40 and 50 kn have
been considered. All samples from simulations run with
a weight of 94%Wref and the considered reference wind
speeds of Vin of 30 to 50 kn every 10 kn have been attributed to the respective buckets, and the coefficients
of a model matrix K(µ̄b ) have been computed for the
value of µ̄b corresponding to each Vb .
The model shape considered is that suggested by theory and presented in Eq. 23, accounting for a0 , a1s and
b1s among the measurements, and where the model
matrix is scheduled with respect to the advance ratio µ.
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The mass of the helicopter has been considered constant for the first analyses, as will be illustrated in the
following. Successively, this quantity has been considered as a parameter, and all considered simulations have been carried out with a weight value between 68%Wref and 100%Wref with 3.2%Wref increments, Wref being the vehicle reference weight.
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The time length of the simulations is in the order of the
hundreds of seconds, the exact value depending on the
speed and angle of descent, the start and final altitudes
being fixed parameters. The data sampling frequency
is 0.5 Hz. As a result of the parameterization, a total number of 150 simulations have been considered.
Notwithstanding the relatively low number of simulations, the total number of samples and conditions analyzed is significantly high and suitable for identification
purposes.
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As mentioned in the introduction, the design condition
for this analysis is that of a symmetric, straight approach maneuver. The maneuver has been repeated
for parameterized values of some design parameters.
The starting altitude is hin = 3000 ft. Values of the
initial speed of the helicopter Vin of 30 to 50 kn every 10 kn have been considered. The helicopter is assumed to travel the descent trajectory in unaccelerated
flight. Five glide-slope angles between 3 to 7 deg every 1 deg have been considered. Finally, the helicopter
is stabilized in horizontal flight after reaching the final
altitude hfin = 500 ft.
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Figure 2: Model quality check for αTPP (left) and CT
(right). Top row: Vb =30 kn, mid row: Vb =40 kn, bottom row: Vb =50 kn. Red line: ideal correlation. Blue
squares: results from sampled time histories.

In order to check the identifiability of the parameters of
the proposed observer structure, once the model matrix
have been computed it is possible to use it on the same
pool of measures used for identification to perform an
observation. If the model matrix that has been identified
is of good quality, the real and observed values of the
quantity of interest should lie very close to one another,
or ideally be identical.
In Fig. 2 it is possible to see the result of such check for
the three considered models, corresponding to three
air speeds. The pictures to the left show the result of
the check on αTPP and those to the right the result on
CT . On the horizontal axis the real value of the quantity of interest is plotted for each sample, whereas on
the vertical axis the corresponding observation value is
reported. The red solid line represents the ideal 1:1
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Figure 3: Time histories of real and observed values of
αTPP (top) and CT (bottom). Blue solid line: real values.
Red dashed line: observed values. 5 deg glide slope,
airspeed 40 kn.

Figure 4: Average relative error for simulations at various speeds and glide-slope angles. Observer checked
on the same samples considered for identification. Left
bars: αTPP , right bars: CT .

correlation between the real value and the observation.
The quality of the observer matrix can be assessed
based on the distance between the ideal line and the
blue squares, each representing a sample. In this and
all similar figures in this paper, only one sample every
100 in a simulation have been considered for plotting,
to make pictures clearer.

clearly auspicable in the case of this first check on the
identifiability of the model.

From Fig. 2 it can be seen that the quality of the model
is generally good on both αTPP and CT , although visibly
better on CT . This is in accordance with the presented
model (Eq. 21), where CT shows an analytically simpler
dependence on a smaller set of measures with respect
to αTPP , favoring the ease of observation and observation accuracy.
An example of the time histories of the real and observed values of αTPP and CT is presented in Fig. 3.
In Fig. 4 the value of relative error for the
three buckets and respective model matrices K(µb ),
Vb =30, 40, 50 kn is shown for the same conditions
of Fig. 2. The presented values of the error have been
computed as in Eq. 29,
q
Np
X
(si − K̂(µ)mi )2
1
(29)
Ep =
Np i=1
si
The left bars in the figure refer to αTPP , the right bars to
CT . From Fig. 4 the higher value of the error on αTPP
is apparent. Both errors are considerably low, suggesting a very high accuracy of the observation, which is

4.2.

Improvements to the model structure

As anticipated in the section devoted to the description
of the model structure, the model matrix in Eq. 21 depends only on µ, whereas the matrices in Eq. 21 obtained from theory suggest a dependence both on the
tip speed ratio µ and on altitude, both explicitly through
ρ and through the Lock number γ, itself a function of ρ.
The actual dependence of the model matrices obtained
through identification on both µ and ρ have been analyzed by considering ad hoc identification processes
carried out respectively in constant-altitude, variablespeed and in variable-altitude, constant-speed conditions.
Examples of results are shown in Fig. 5. The bar plot
on the left shows the effect of changing speed on the
coefficient of the model matrix, for a constant altitude
of 2000 ft, whereas the bar plot to the right reports
the change of the model coefficients for changing altitudes and a fixed speed of 40 kn. Both figures refer to results obtained considering a constant weight
of 94%Wref . Top plots refer to the coefficients relating
αTPP to the measures, bottom plots refer to the coefficients for CT . The considered coefficients are four,
accounting for the the three multipliers of the measures
and for the constant term in q. The coefficients are
normalized with respect to their corresponding values
at minimal speed and minimal altitude, on the left and
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Figure 6: Average relative error for simulations at various speeds and glide-slope angles. Observer checked
on the same samples considered for identification. Left
bars: αTPP , right bars: CT . Theoretical measurement
array augmented with density ρ.
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Figure 5: Normalized change in model coefficients. Top
plots: dependence on speed at fixed altitude of 2000 ft
for the model coefficients for αTPP and CT . Bottom
plots: dependence on altitude at fixed speed of 40 kn
for the same coefficients.
right plots respectively. This normalization yields unitary values on the leftmost columns on each plot.
From Fig. 5 it can be argued that the effect of changing speed is more marked than that of altitude. This
justifies the assumption that K = K(µ). This model
structure is simpler to treat from the viewpoint of
identification than one where K is a function of multiple
parameters, requiring a less extensive group of simulations for identification.
Despite the more relevant effect of speed, Fig. 5 shows
that also altitude bears an effect on the coefficients of
the model. In order to account for this dependency in
an easy way, density ρ has been included in the array
of measurements. This choice, although not explicitly
supported by the theoretical model presented above,
can be justified empirically on the basis of an improved
model quality. It corresponds to considering altitude as

a measurable disturbance. The relative observation error for a model where the array of measurements is
composed of m = (a0 , a1s , b1s , ρ)T and computed on
the same conditions considered for the results in Fig. 4
is presented in Fig. 6. By comparing the two figures it is
possible to notice a slight reduction in the relative error.
Similarly, an effect which is not included explicitly in
the theoretical model is that of the weight of the helicopter. This can be assumed constant during an approach maneuver, yet its effect on the coefficients of
the model needs to be investigated due to the potential significant change in the value of this quantity for
different flight configurations (number of passengers,
residual fuel, etc.). The relevance of weight on the
quality of identification can be shown by considering
a set of simulations where speed changes between
30 and 50 kn and all previosly assumed glide-slope angles have been considered, whereas multiple values of
the weight are considered, varying between 68%Wref
and Wref every 3.2%Wref as mentioned at the beginning
of this section. Figure 7 illustrates the relative error in
case weight is not included in the measures (left), so
that m = (a0 , a1s , b1s )T , and in case it is (right), yielding m = (a0 , a1s , b1s , W )T .
Based on the performance advantages briefly summarized through the figures above, the measurement array
can be assumed for the remaining of this section to be
composed of m = (a0 , a1s , b1s , ρ, W )T . Figure 8 shows
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interpolated as previously explained, as suggested in
Ref. 19 and presented in Eq. 28 based on the actual
value of the speed of each sample in the new simulations. The augmented array of measurement suggested in the previous paragraph has been considered
here.
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Figure 7: Average relative error for simulations at various speeds, glide-slope angles and helicopter weight.
Observer checked on the same samples considered for
identification. Left bars: αTPP , right bars: CT . Left plot:
theoretical measurement array. Right plot: theoretical
measurement array augmented with helicopter weight
W.
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The results in Fig. 9 follow the same presentation
scheme used in Fig. 2. It is possible to notice that
the agreement between the real and observed values
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Figure 8: Average relative error for simulations at various speeds, glide-slope angles and helicopter weight.
Observer checked on the same samples considered for
identification. Left bars: αTPP , right bars: CT . Theoretical measurement array augmented with density ρ and
helicopter weight W .
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the relative error of the model obtained considering this
array of measurements and the full database of simulations as for Fig. 7.
4.3.

12

1

Observed CT

Relative Error [%]

16

Observation results in design conditions

In order to check the quality of the observation algorithm more simulations have been performed at intermediate speeds of 35 and 45 kn, for all the weights and
glide-slope angles considered in the observer synthesis process. The model coefficients have been linearly
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Figure 9: Observation quality check for αTPP (top) and
CT (bottom). Descent maneuvers at 35 and 45 kn, altitudes varying between 3000 and 500 ft, weight varying between 68%Wref and Wref . Theoretical measurement array augmented with density ρ and helicopter
weight W . Red line: ideal correlation. Black diamonds
and blue squares: results from sampled time histories
at 35 and 45 kn respectively.
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is good, both in terms of αTPP and CT .

19

The relative error between observation and real value
in this case is 1.91% for αTPP , whereas it is 0.0549%
for CT . It can be noted that although clearly higher
than in the previous checks on the model, the value
of error on both αTPP and CT remains limited, assuring good accuracy of the observation error even for collected at speeds not considered for model synthesis.
Furthermore, recalling that interpolation between precomputed models corresponding to other air speeds
has been used for this test, this result suggests that a
relatively loose discretization with respect to air speed
as the one considered here is enough for obtaining an
acceptable level of precision in the observation.
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Observation results in off-design conditions

In order to assess the robustness of the observation
algorithm with respect to disturbances further simulations have been run in two scenarios different from that
considered for identification. In a first scenario the helicopter is slipping laterally by +/–5 and +/–10 deg, traveling at 50 kn and for the same values of the glide-slope
angle and weight considered for identification, yielding
a total of additional 220 simulation runs.
Figure 10 shows the observation results pertaining to
this scenario. The accuracy is clearly lower than in all
previous cases on αTPP (left plot), where the samples
lying at the greatest distance below the ideal line refer to a sideslip angle of +5 and +10 deg. A non-linear
relationship between the value of sideslip and the considered array of measurements yields a non-symmetric
behavior of the observation with respect to the sideslip
angle. This is reflected in the non-symmetric disposition of the observation samples, with samples corresponding to negative angular values lying closer to the
ideal line than samples corresponding to positive values. On the other hand, the accuracy of the observation of CT is distinctively better.
The relative error in this scenario is 4.41% for αTPP and
0.363% for CT . Although higher than before, this error
obtained in off-design conditions can be deemed low
enough to allow practical use of the observed signals
even in presence of a noticeable sideslip disturbance.
Finally, in a second off-design scenario the helicopter
has been considered following a decelerated descent
trajectory.
The initial condition has been set to
Vin =50 kn and hin =3000 ft and the final condition is
Vfin =30 kn and hfin =500 ft. Simulations performed
at different values of the weight between 68%Wref
and 100%Wref every 3.2%Wref have been considered,
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Figure 10: Observation quality check in presence of a
non-null sideslip angle (off-design conditions) for αTPP
(top) and CT (bottom). Descent maneuvers at 50 kn,
altitudes varying between 3000 and 500 ft, weight varying between 68%Wref and Wref , at ±5 and ±10 deg
sideslip angle values. Theoretical measurement array augmented with density ρ and helicopter weight W .
Red line: ideal correlation. Blue squares and black diamonds: results from sampled time histories, ±5 deg
sideslip respectively. Cyan rounds and green triangles:
results from sampled time histories, ±10 deg sideslip
respectively.

whereas four durations of the descent have been accounted for 300, 350, 400 and 450 s, yielding four different constant descent rates. Due to the time evolution
imposed on the total speed of the helicopter and to the
constraint on the vertical speed, the glide-slope angle
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The scenarios considered for this off-design study are
clearly perturbations of the design maneuver. Little
can be said of the ability of the observer to deliver a
good observation accuracy in a more general maneuver. However, the purpose of the observer is that of
providing a measurement during approach and not in
a general case. This robustness study confirms the
goodness of the results for the case under analysis.
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The value of the relative error is 2.76% for αTPP
and 0.0689% for CT . With respect to the previous offdesign scenario, the decelarated trajectory does not
bear a so relevant decrease in observation accuracy.
This shows that as far as only the variables considered as measurements in the design of the observer
– primarily altitude, weight and speed, and as a consequence the coefficients of the flapping solution – are
changed during a simulation the quality of observation
is not severely affected. It can be reported that a far
more pronounced loss of accuracy has been encountered when performing simulations where the air speed
is pushed beyond the extreme values considered for
the scheduling of the model matrix, suggesting once
more that this operation cannot be skipped in the design of the observer.
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Figure 11: Observation quality check for a decelerated
descent (off-design conditions) for αTPP (top) and CT
(bottom). Descent maneuvers starting at 50 kn and
ending at 30 kn, altitudes varying between 3000 and
500 ft, weight varying between 68%Wref and Wref . Theoretical measurement array augmented with density ρ
and helicopter weight W . Red line: ideal correlation.
Blue squares, black diamonds, cyan rounds and green
triangles: deceleration in 300, 350, 400 and 450 s, respectively.

is not constant during a simulation.
The results from this scenario are presented in Fig. 11.
The accuracy of αTPP observation is still good, being
higher in correspondence of the helicopter speed passing in proximity of the focal values for which the observation matrices have been stored. Observation of CT is
still remarkably good.

CONCLUSIONS

In this work we concentrated on the feasibility of an observer for the angle of attack of the tip-path-plane αTPP ,
to the aim of enabling the online measurement of the
noise footprint during approach maneuvers.
In a first stage a substantial theoretical support for the
proposed observer is given by analyzing the equation
for the flapping blade for a generic rotor configuration.
From the equilibrium solution of this equation obtained
under the hypothesis of a solution for the flap angle
composed of a constant and 1/rev oscillating term, it
is possible to find a relationship between αTPP and CT ,
where CT is the rotor thrust coefficient, and the characteristics of the flapping solution. Furthermore, this
relationship is linear considering altitude and speed as
constant parameters.
Starting from the shape of the observer suggested by
theory, an algorithm based on model identification has
been selected to obtain the coefficients of the model. In
practice, the testbed for the computation of the required
model matrices has been the simulation tool RSim. A
design approach through model identification has been
preferred to a purely analytic computations due to its
ability to provide model matrices better tailored to the
simulation tool in use.
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The model matrices have been obtained at first based
on the exact model suggested by theory, showing the
feasibility of the proposed observer through an observation check based on an extensive set of ad-hoc runs
simulating approach maneuvers performed with at different values of the glide-slope angle, air speed and
helicopter weight. Next, some modifications to the original structure of the model have been implemented,
based on empirical evidence of an improvement in
model accuracy. Following such analyses, the model
has been designed as linearly scheduled with respect
to air speed, and the array of measurements have been
augmented with air density and the weight of the helicopter.
The ability of the proposed observer has been demonstrated in both design and off-design conditions. For
the latter, conditions of non-null lateral wind and decelerated descents have been considered. Testing in offdesign conditions have shown a predictable, not dramatic decrease in the accuracy of the observer, which
should not hamper the usefulness of the observer with
respect to the intended scope. On the other hand, a
certain sensibility with respect to exogenous parameters suggests a possible need for further augmenting
the array of measurements, hence increasing the sensibility of the observer to more variables. However, for
this is not suggested by the simplified theoretical model
considered in this work, moving to a more complex
and more comprehensive model may be necessary for
including new measurement variables in the observer
structure, at the considerable price of a loss of simplicity, reliability and computational weight in the design
phase.
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