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Abstract. Model-based, data-driven and physics-based approaches represent the state-of-the-art
techniques to estimate the aircraft flow angles, angle-of-attack and angle-of-sideslip, in
avionics. Thanks to sensor fusion techniques, a synthetic sensor is able to provide estimation
of flow angles without any dedicated physical sensors. The work deals with a physics-based
scheme derived from flight mechanic theory that leads to a nonlinear flow angle model.
Even though several solvers can be adopted, nonlinear models can be replaced with less
accurate but straightforward ones in practical applications. The present work proposes a
linearisation to obtain the flow angles’ closed form solution that is verified using a flight
simulator. The main objective of the paper, in fact, is to analyse the estimation degradation
using the proposed closed form solutions with respect to the nonlinear scheme. Moreover,
flight conditions, where the proposed closed form solutions are not applicable, are identified.
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1. Introduction

State-of-the-art flow angle sensors are typically probes and vanes protruding externally
from the aircraft fuselage able to provide a direct measure of air data, mainly pressures
(Gavrilovic et al. 2018) or flow angles (Popowski and Dabrowski 2015). A synthetic sensor is
basically a method able to provide flow angle estimations by means of fusing together flight
data already available on board from other systems, e.g. the inertial reference system.

In the era of digital avionics, synthetic sensors can be added to physical (or mechanical)
sensors in order to analytically increase the system redundancy (Fravolini et al. 2019, Marzat
et al. 2012). Another possible application is to use synthetic sensors to monitor physical
sensors and to accommodate possible failures (Pouliezos and Stavrakakis 1994). Moreover,
the concurrent use of dissimilar sources of the same air data (physical and synthetic ones)
can be beneficial to solve some issues related to common failure modes or incorrect failure
diagnosis of modern air data system (Eubank et al. 2010, Lu et al. 2020).
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A very first example of synthetic estimation of flow angles can be found in (Dendy and
Transier 1969, Freeman 1973), model-based (e.g. Kalman filter in (Tian et al. 2021)) and
data-driven (e.g. neural networks in (Colgren et al. 1999)) are the approaches commonly
used to estimate flow angles that are designed ad hoc for a particular aicraft. The latter
aspect limits the use of synthetic sensors to a specific aircraft configuration and a flight
regime. A physics-based, or model-free, nonlinear scheme, named ASSE, was proposed
(Lerro et al. 2021) aiming to be independent by the aircraft application. The nonlinear
ASSE scheme requires specific solver, such as iterative methods. Nevertheless, some practical
considerations (e.g. about computing and certification efforts) could limit the use of nonlinear
schemes in favour of less accurate but straightforward approaches.

In order to avoid to use iterative methods for flow angles estimations, the present work
introduces the linearisation of the ASSE scheme to define a flow angle’s closed form solution
that is model-free, i.e. not dependent on the specific aircraft application. The main objectives
of the paper, in fact, are to 1) evaluate the closed form solution’s existence conditions, 2)
analyse closed form solution performance degradation with respect to the nonlinear ASSE
scheme and 3) identify flight conditions where the proposed linearisation is not applicable.

Notations used in this work are described in section 2. After a brief introduction of the
nonlinear ASSE scheme, the proposed linear ASSE scheme and the closed form solutions
for flow angles are presented in section 3. Proposed linear solutions’ existence conditions
are emphasised in section 4 and accuracy limitations in section 5. Numerical results and
error analysis are discussed in section 6 highlighting flight conditions where the linear ASSE
scheme is not reliable.

2. Notations

In this work, two reference frames are considered: the inertial reference frame FI =
{XI , YI , ZI} and the body reference frame FB = {XB, YB, ZB} as described in the Fig. 1.
The vector subscript denotes the reference frame where the vector is represented.

The typical velocity triangle (Nelson 1989) made up of the inertial velocity vI , the relative
velocity vB and the wind velocity wI can be written as

vI = CB2IvB +wI (1)

where CB2I is the direction-cosine matrix to calculate vector components in the inertial
reference frame from the body reference frame (Schmidt 2011). Considering the time derivative
properties (Salychev 2004), Eq. (1) can be derived to find the expression of the coordinate
acceleration vector aI = v̇I and its representation in the body reference frame as

aB = CI2BaI = v̇B +ΩBvB +CI2BẇI = aXB
îB + aYB

ĵB + aZB
k̂B (2)

where ΩB is defined as the body angular rate matrix (Etkin and Reid 1995) and îB, ĵB
and k̂B are three unit vectors defining the body reference axes. The time derivative of the
wind vector in the body reference frame can be expressed as CI2Bẇ = (CI2BẇI)XB

îB +

(CI2BẇI)YB
ĵB + (CI2BẇI)ZB

k̂B. It is worth highlighting that the coordinate acceleration
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Fig. 1 Representation of inertial and body reference frames with positive flow angles (α, β), linear
relative velocities (u, v, w), angular rates (p, q, r) and the velocity triangle between inertial velocity
vI , the relative velocity vB and the wind velocity wI .

can be calculated from the inertial acceleration usually measured on board by inertial
reference systems when the Euler angles are known.

The relative velocity vB can be expressed as function of its module and flow angles as

vB = V∞îWB = (cosβ cosα) îB + (sinβ) ĵB + (cosβ sinα) k̂B (3)

where V∞ is the magnitude of the relative velocity vector, V∞ = |vB| =
√
u2 + v2 + w2, îWB

is the versor of vB.

3. Proposed Linearisation

3.1 Nonlinear Scheme Synopsis

According to the ASSE scheme introduced in (Lerro et al. 2021), the time-derivative of
the relative velocity’s magnitude can be expressed as

V̇∞V∞ = vT
Bv̇B = vT

B (aB −CI2BẇI) (4)

where all terms are measured at the same time instant. Moreover, the relative velocity vector
vB at time t can be expressed starting from vB at a generic time τ , with t ≥ τ , as

vB (t) = vB (τ) +

∫ t

τ
v̇B (T ) dT (5)

Henceforth, in order to ease the notation, the independent variable of the integrand
function is omitted and the time of the measure is reported as subscript. For example, the
relative velocity evaluated at time τ is denoted as vB,τ .

Recalling Eq. (2), Eq. (5) can be rewritten as
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vB,t = vB,τ +

∫ t

τ
(aB −ΩBvB −CI2BẇI) dT (6)

and

vB,τ = vB,t −
∫ t

τ
aB dT +

∫ t

τ
ΩBvB dT +

∫ t

τ
CI2BẇI dT (7)

Replacing vB,τ with Eq. (7), Eq. (4) can be written at time τ as

V∞,τ V̇∞,τ =

[
vB,t +

∫ t

τ
ΩBvB dT

]T
(aB −CI2BẇI)τ (8)

where all terms depending on vB, and hence on the flow angles, are collected on the right
hand side.

The ASSE scheme based on the zero-order approximation (Lerro et al. 2021) assumes
that the integral term

∫ t
τ ΩBvB dT of Eq. (8) is constant in the generic time interval [τ, t],

therefore ∫ t

τ
ΩBvB dT = (ΩBvB)t∆t, (9)

where ∆t = t− τ . Considering the latter expression, Eq. (8) can be rewritten as

V∞,τ V̇∞,τ +

[∫ t

τ
aB dT −

∫ t

τ
CI2BẇI dT

]T
(aB − ẇBCI2BẇI)τ =

=V∞,t̂i
T
WB,t (I−ΩB,t∆t) (aB −CI2BẇI)τ

(10)

Eq. (10) is denoted in (Lerro et al. 2021) as the basic expression of the zero-order ASSE
scheme referred to the generic time τ where the flow angles, α(t) and β(t), are the only
unknowns and all other terms are supposed to be measured. For the latter reason, the
unknown variables are always referred to current time t, henceforth, the flow angles are
represented without subscripts related to time.

3.2 Closed Form Solution

Considering Taylor series expansions of trigonometric functions, the versor of Eq. (3) can
be approximated at first order (i.e. cos(x) ≈ 1 and sin(x) ≈ x) as:

îWB,t ≈ ĩWB,t = [1, β, α]T (11)

The proposed approximation is valid, for example, when AoA and AoS are < 15◦ as
absolute values. Even though the latter hypothesis limits the use of the proposed solution,
it is still applicable in the most of the aircraft operative flight envelope. As the unknown
variables are two flow angles at time t, the proposed linearised scheme is based on two
equations. Therefore, writing Eq. (10) for time t and a generic previous time τ (with τ < t),
the following system of two linear equations is obtained
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ĩTWB,t (aB −CI2BẇI)t = V̇∞,t

V∞,t̃i
T
WB,t (I−ΩB,t∆t) (aB −CI2BẇI)τ =

=V∞,τ V̇∞,τ +

[∫ t

τ
aB dT −

∫ t

τ
CI2BẇI dT

]T
(aB −CI2BẇI)τ

(12)

In order to simplify the proposed scheme notations, the measurable quantities of Eq. (10)
are grouped and denoted as follows

nτ = V∞,τ V̇∞,τ +

[∫ t

τ
aB dT −

∫ t

τ
CI2BẇI dT

]T
(aB −CI2BẇI)τ (13)

and

mτ = V∞,t (I−ΩB,t∆t) (aB −CI2BẇI)τ = hτ îB + lτ ĵB +mτ k̂B (14)

Therefore, the linear system of Eq. (12) can be rewritten in a more compact form{
nt = îTWB,tmt ≈ ht + ltβlin +mtαlin

nτ = îTWB,tmτ ≈ ĩTWB,tmτ = hτ + lτβlin +mταlin

(15)

It is worth highlighting that the system of Eq. (12) is based on a previous time τ , but,
for the sake of generality, the same generic τ can be also consecutive to current time t. Using
the Cramer’s rule to solve the system of Eq. (15), the closed form solutions for flow angle
are obtained as {

αlin = lt(nτ−hτ )−lτ (nt−ht)
D

βlin = mτ (nt−ht)−mt(nτ−hτ )
D

(16)

where D = ltmτ − mtlτ is the determinant of the system. Therefore, the proposed linear
estimation of flow angles is based on direct measures of: 1) true airspeed, V∞, and its
time derivative, V̇∞; 2) the coordinate body acceleration aB; 3) angular rates ; 4) the wind
acceleration.

4. Existence Conditions

The proposed linearised ASSE scheme has a unique couple of solutions for α and β only
when the determinant D is nonzero. The first existence condition equation can be written
as

D = ltmτ1 −mtlτ1 ̸= 0 (17)

As found in (Lerro et al. 2021), two equations is the minimum number to be considered
and the two corresponding time steps shall introduce two independent equations in order to
guarantee that the determinant D is nonzero, or conversely that the system of Eq. (15) has
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linearly independent rows. Moreover, both equations cannot be referred to trim conditions
otherwise it would lead to a null determinant. In fact, as also observed in (Sun et al. 2018),
the analytical flow angle estimation (based on a model-free approach) cannot be performed
in uniform flight (or trim) conditions.

It is worth highlighting that D can be evaluated a priori to verify that the first existence
condition of solutions for AoA and AoS (i.e. not uniform flight conditions ans two independent
equations) is satisfied.

5. Limitations of the Proposed Closed Form Solutions

The same results of Eq. (16) can be achieved using the substituting method that is useful
to highlight a more explicit relationship between αlin and βlin. Solving the first equation of
Eq. (15) as function of one flow angle, we can rewrite the proposed closed form solutions in
the following form:

αlin =
nt − ht − ltβlin

mt

βlin =
nt − ht −mtαlin

lt

(18)

From Eq. (18), it is clear that the proposed linearisation leads to undefined solution for
AoA when mt tends to zero, for AoS when lt tends to zero. Therefore, additional existence
conditions are

mt ̸= 0

lt ̸= 0
(19)

5.1 Negligible Wind Acceleration

If the wind is constant or null, the proposed scheme is only affected by errors introduced
with the 0-order approximation (Lerro et al. 2021) and the small angle hypothesis.

Generally speaking, the proposed closed form solution is based on the hypothesis that
the wind acceleration vector ẇ is known, i.e. measured, or it is negligible. The first
hypothesis is obviously not practical, whereas the second hypothesis can be applicable in
some circumstances. In fact, considering that the linearisation of the flow angles of Eq. (11)
is based on two equations (i.e. two time observations at times t and τ), if the two observed
time steps are sufficiently close, the wind vector can be considered constant in the time
interval [τ, t].

Under this assumption, the closed form solution of Eq. (16) becomesαlin,ẇ≈0 =
aY,t(V̇∞,τ−aX,τ)−aY,τ(V̇∞,t−aX,t)

Dẇ≈0

βlin,ẇ≈0 =
aZ,τ(V̇∞,t−aX,t)−aZ,t(V̇∞,τ−aX,τ)

Dẇ≈0

(20)
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Summarising, when the wind acceleration vector ẇ is negligible, the three existence
conditions becomes

Dẇ≈0 ̸= 0

aZB ,t ̸= 0

aYB ,t ̸= 0

(21)

5.2 Simultaneous Linearisation Accuracy

Generally speaking, according to Eq. (19) non null mt and lt shall be verified but more
practical lower limits can be found. To this aim, two accuracy parameters are introduced in
this section to evaluate the approximation error introduced with simultaneous linearisation
of AoA and AoS (presented in section 3.2). A single flow angle (or independent variable)
can be considered not small enough to linearise the corresponding trigonometric functions
and, recalling the nonlinear system of Eq. (15), the partial linear solutions can be written as

α∗
lin =

nt − ht (cosβ)− lt (sinβ)

mt (cosβ)

β∗
lin =

nt − ht (cosα)−mt (sinα)

lt

(22)

Therefore, comparing Eq. (22) and Eq. (18), the proposed simultaneous linearisation of
both flow angles (presented in section 3.2), introduces the following errors

∆αlin = α∗
lin − αlin =

nt

(
1

cosβ − 1
)
− lt (tanβ − β)

mt

∆βlin = β∗
lin − βlin =

ht (cosα− 1) +mt (sinα− α)

lt

(23)

As far as AoA estimation is concerned, when the β trigonometric functions are not
linearised (e.g. when β > 15◦) and mt tends to zero, the AoA linearisation error ∆αlin →
±∞.

As far as AoS estimation is concerned, when the α trigonometric functions are not
linearised (e.g. when α > 15◦) and lt tends to zero, the AoS linearisation error ∆βlin → ±∞.

In order to provide a measure of the reliability of the proposed closed form solutions of
Eq. (16), two accuracy parameters are introduced as

Kα = min

(
1−

∣∣∣∣∆αlin

αlin

∣∣∣∣ , 0)
Kβ = min

(
1−

∣∣∣∣∆βlin
βlin

∣∣∣∣ , 0) (24)
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where the αlin and βlin are those calculated with the proposed linear ASSE scheme from
Eq. (16). The accuracy parameters are designed to grow up to 1 for the best estimation
accuracy, whereas are null for the worst accuracy. It is worth highlighting that the accuracy
parameters of Eq. (24) cannot be evaluated a priori but only after the ASSE linear estimations
are performed.

In the special case when the wind acceleration is negligible (as discussed in section 5.1),
the linear approximation errors of Eq. (23) can be rewritten as

∆αlin,ẇ≈0 = α∗
lin,ẇ≈0 − αlin,ẇ≈0 =

1

aZB ,t

[
V̇∞,t

(
1

cosβ
− 1

)
− aYB ,t (tanβ − β)

]
∆βlin,ẇ≈0 = β∗

lin,ẇ≈0 − βlin,ẇ≈0 =
1

aYB ,t
[aXB ,t (cosα− 1) + aZB ,t (sinα− α)]

(25)

and the corresponding Kα,ẇ≈0 and Kβ,ẇ≈0 can be evaluated.
A numerical examples of the order of magnitude of ∆αlin,ẇ≈0 and ∆βlin,ẇ≈0 is provided

here. Typically a commercial aircraft exhibits AoA and AoS lower than 25◦ and body and
true speed accelerations lower than 30m s−2 that would lead to about unitary numerators
of Eq. (25). In these circumstances, when the denominator of Eq. (25) is ≤ 1m s−2, an error
larger than 1 rad is introduced and Kα/β = 0. This latter numerical example error is only due
to the simultaneous linearisation of AoA and AoS. Therefore, recalling Eq.s (19) and (21), a
practical lower limit for mt and lt, or aZB ,t and aYB ,t with negligible wind acceleration, can
be set at 1m s−2 otherwise they work as amplifier of the proposed simultaneous linearisation.

6. Performance of the Proposed Closed Form Solutions

In this section, the proposed scheme is verified using flight simulated data in the presence
of a steady wind field. The simulation is intended to provide valid data to compare the
performance of the proposed closed form solutions with the nonlinear ASSE and to discuss
practical limitations of the proposed linear ASSE scheme.

6.1 Manoeuvre Definition

The flight simulated data are obtained using a coupled 6 degree of freedom nonlinear
(ultralight) aircraft model equipped with nonlinear aerodynamic and thrust models designed
accordingly to flight test results and the engine data sheet. The simulation is run using the
explicit Euler scheme with fixed time step of 0.1ms. The simulator does not implement
any sensor noise or time delay and, hence, all signals used to solve the proposed scheme are
noise-free and synchronised.

A stall manoeuvre, described in Fig. 2a, is performed to excite the angle-of-attack up to
maximum values. After a short dive, the stall manoeuvre is performed producing initially
an increase of airspeed and then a smooth deceleration leading to high angle-of-attack, as
can be seen in Fig. 2a, with limited changes in angle-of-sideslip. The angle-of-sideslip sweep
manoeuvre is performed exciting the angle-of-sideslip in a large range whereas the speed and
the angle-of-attack are almost constant as can be seen in Fig. 2b.
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(a) Stall manoeuvre. (b) Angle-of-sideslip sweep manoeuvre.

Fig. 2 Simulated flight data as in (Lerro et al. 2021).

From flight data reported in Fig. 2, it can be noted that, neverthless the large variations
of AoA and AoS (for the aircraft category), the linear hypothesis of Eq. (11) is still acceptable
because both flow angles are < 15◦. Both manoeuvres start from trim conditions, where, as
described in Section 4, the linearised ASSE scheme is not suitable.

It can be noted that in Fig. 2, excluding the trim conditions, aZB
> 1m s−2 for both

manoeuvres, whereas aYB
< 0.5m s−2 during the stall manoeuvre described in Fig. 2a.

According to considerations of section 5, the AoS estimation is not expected to be reliable
during the stall manoeuvre.

6.2 Results

In this section the proposed linear solutions are compared with the target values (i.e. true
or freestream) and results from the nonlinear ASSE scheme based on 2 equations (Lerro et al.
2021). AoA and AoS are estimated simultaneously using explicit solutions of Eq. (16) with
the following input data: i) true airspeed; ii) true airspeed time derivative; iii) inertial body
accelerations; iv) body angular rates; v) wind acceleration; vi) Euler angles (implicitly used
to obtain the coordinate accelerations aB from proper accelerations commonly measured on
board by inertial reference systems as described in Section 2).

The proposed linear solutions of flow angles are reported in Fig. 3 for the stall manoeuvre
and in Fig. 4 for the angle-of-sideslip sweep manoeuvre. Results are summarised in Table 1
by means of the probability density function (PDF) characteristics of the estimation errors.
The 1σ and 2σ values are calculated as the error of the 68.27% and 95.45% of the data
points respectively.

As during the simulation the determinant is often smaller than 1× 10−6m4/s6, the AoA
and AoS estimation can be very large going beyond the aircraft physical limits. In order
to avoid unrealistic estimations, evaluations beyond defined thresholds (±25◦ and ±35◦ for
AoA and AoS respectively) are discarded. This phenomena can be clearly observed at the
beginning of the manoeuvre during trim conditions, for example in Fig. 3 up to 2.5 s, i.e.
before the stall manoeuvre begins.
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Table 1 PDF error characteristics of the flow angle estimation using the 2-equation nonlinear ASSE
scheme and the proposed linearised ASSE scheme.

2-equation nonlinear ASSE Linearised ASSE
(Lerro et al. 2021)

AoA error [◦] AoS error [◦] AoA error [◦] AoS error [◦]

Stall manoeuvre mean 0.00030 −0.0078 0.26 −2.7
|max| 0.040 0.34 34 41
1σ 0.00030 0.0017 0.26 1.8
2σ 0.0038 0.12 1.5 22

AoS sweep mean 0.0043 0.000034 0.058* −0.058
manoeuvre |max| 0.25 0.16 27* 39

1σ 0.0043 0.00035 0.14* 0.10
2σ 0.040 0.010 0.74* 0.42

*: Evaluated excluding the initial trim conditions (2 s)

(a) Angle-of-attack. (b) Angle-of-sideslip.

Fig. 3 Estimation using the proposed closed form solution during the simulated stall manoeuvre.

The stall manoeuvre of Fig. 3a shows very large AoA (up to 14◦) whereas AoS is quite
constant as a consequence of very low lateral accelerations (i.e. aYB

< 0.5m s−2). The linear
ASSE scheme shows a very good agreement in Fig. 3a both with true AoA and nonlinear
ASSE estimation as can be observed from from Table 1. In fact, the limited 2σ error (1.5◦)
suggests that the proposed linear AoA estimation can be reliable for the stall manoeuvre,
whereas the large maximum errors (up to 34◦) are only few spike errors. In the circumstance
of reliable AoA linear estimation, it can be noted that the aZB

> 10m s−2, whereas, the
large error peaks are related to the determinant value as discussed in section 6.3.

On the contrary, the linearised ASSE scheme cannot be adopted for AoS estimation
because of the very large estimation errors of Fig. 3b observed during the stall manoeuvre.
In fact, along with large maximum errors (up to 41◦) a large 2σ error (22◦) suggests that the
proposed linear AoS estimation cannot be reliable during the stall manoeuvre. Therefore,
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(a) Angle-of-attack. (b) Angle-of-sideslip.

Fig. 4 Estimation using the proposed closed form solution during the simulated angle-of-sideslip sweep
manoeuvre.

as introduced in section 5.2, the proposed linear scheme cannot be adopted to estimate AoS
when the aYB

is smaller than 1m s−2.
From Fig. 4 it can be noted that AoS is lower than ±13◦ while AoA is quite constant.

Excluding the initial trim conditions (up to 2 s), the closed form solutions show a very
good agreement for both AoA and AoS with respect to the true values and the nonlinear
ASSE estimations. The limited 2σ AoS error (0.42◦) suggests that the proposed linear AoS
estimation can be reliable for the AoS sweep manoeuvre, whereas the large maximum errors
(up to 39◦) represent few spike errors. On the other side, the proposed closed form solution
for AoA is reliable during the AoS sweep manoeuvre excluding the initial trim conditions as
can be observed from the limited 2σ AoA error (0.74◦) from Table 1. In fact, both aYB

and
aZB

are > 1m s−2 after the trim conditions. Moreover, the observed AoA and AoS error
peaks are related to the determinant value as discussed in section 6.3.

6.3 Error Analysis

6.3.1 The Influence of the Determinant
The approximation error introduced with the zero-order ASSE approximation is detailed

in (Lerro et al. 2021) and it was noted that is negligible, whereas the proposed linearisation
introduces errors that can be very large as described in section 5. The numerical value of
determinant of the proposed scheme of Eq. (15) is reported in Fig. 5 to study the relationship
with the estimation error peaks of Fig.s 3, 4. In particular, in Fig. 5 the determinant D is
overlain on the error of the flow angle more excited in the manoeuvre (AoA for the stall
manoeuvre and AoS for the sweep manoeuvre). When the estimation error is generally less
than 1◦, some error peaks up to ±41◦ can be observed.

The analysis of the stall manoeuvre of Fig. 5a clearly shows a close relationship between
the value of the determinant D and the AoA error peaks. When the aircraft is manoeuvring,
the AoA estimation is quite accurate except for those flight conditions that determine a very
low value of D (as defined in Eq. (17)). In fact, when the determinant value drops below
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1× 10−6m4/s6, the proposed linear ASSE scheme cannot provide reliable AoA estimations.
The same conclusions can be obtained from the comparison of the AoS estimation errors

and the determinant value during the angle-of-sideslip manoeuvre of Fig. 5b. Therefore,
recalling Eq.s (17) and (21), the present analysis suggests that a practical lower limit for the
determinant of the proposed linearised ASSE scheme is < 1 × 10−6m4/s6 in order to avoid
spike errors.

6.3.2 The Influence of the Accuracy Parameters
In Fig. 6 the estimation error of the proposed closed form solutions is overlain to the

corresponding accuracy parameters introduced in section 5. The plots are only referred to
the flow angle that showed larger errors (AoS for the stall manoeuvre and AoA for the sweep
manoeuvre).

(a) Stall manoeuvre. (b) Angle-of-sideslip sweep manoeuvre.

Fig. 5 Determinant value of the linearised ASSE scheme compared with AoA and AoS estiamtion
errors.

(a) Stall manoeuvre. (b) Angle-of-sideslip sweep manoeuvre.

Fig. 6 Accuracy parameter value compared with AoS and AoA estiamtion error respectively.
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It can be observed in Fig. 6b that Kα is generally > 90% during the angle-of-sideslip
sweep manoeuvre and, therefore, the approximation error introduced with the linear ASSE
scheme is negligible for AoA estimation.

On the contrary, for the stall manoeuvre of Fig. 6a, Kβ is generally < 50% and, in fact,
the corresponding AoS linear estimation shows large errors (> 5◦). Nevertheless, it can be
noted that when Kβ > 75% a reliable linear AoS estimation is provided in the corresponding
time intervals. Therefore, based on results presented in this section, the proposed lower limit
of the accuracy parameters is 75%.

6.3.3 Error Analysis Implications
From results of section 6.2 and the error analysis of sections 6.3.1 and 6.3.2, three

parameters can be evaluated to recognise when the proposed closed form solutions can be
used to replace the nonlinear ASSE scheme for AoA and AoS estimations:

1. determinant of Eq. (16): D > 1× 10−6m4/s6

2. vertical / lateral proper acceleration:

� aZB
> 1m s−2 for estimation of AoA

� aYB
> 1m s−2 for estimation of AoS

3. proposed accuracy parameter:

� Kα > 75% for estimation of AoA

� Kβ > 75% for estimation of AoS

Therefore, according to the specific flow angle estimation, only when all of the three
above conditions are verified, the proposed closed form solution can be adopted rather than
solving the nonlinear ASSE scheme.

7. Conclusion

A physics-based modelling is introduced to estimate flow angles, angle-of-attack and
angle-of-sideslip, using a nonlinear scheme. The linearisation of the nonlinear scheme leads to
a system of two linear equations whose solutions are explicitly written. The proposed closed
form solutions for angle-of-attack and angle-of-sideslip are based on the direct measure of
true airspeed, angular rates, inertial accelerations, aircraft attitudes and wind acceleration
vector. As far as the linear algebra existence conditions are concerned, it is demonstrated that
the proposed closed form solution is only applicable during dynamic conditions, e.g. when
the system determinant is nonzero. Moreover, simultaneous linearisation of flow angles can
introduce large errors that can be identified using the two accuracy parameters proposed with
this work. It is clear that the closed form solutions are more straightforward if compared to
the nonlinear scheme but, considering the numerical verification using flight simulated data,
it emerged that AoA and AoS linear solution accuracy can be compromised due to several
recognisable limitations. From result analysis, three limitations are introduced to recognise
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in real-time applications when the linearised solutions are as reliable as the nonlinear scheme.
Therefore, the proposed closed form solutions for flow angle estimation can only be adopted
as a partial replacement of the nonlinear ASSE scheme.
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