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Vehicle preflight aerodynamic databases are frequently validated and improved using system identification
techniques that require the availability of flight data and the definition of suitable aerodynamic models. In this
framework, the paper presents a novel theoretical aerodynamic model to be used for the aerodynamic identification
of a lifting body in subsonic, transonic, and supersonic regimes. The proposed model is based on the general
properties of the continuity equation in the von Karman form. Each aerodynamic coefficient incorporates free
parameters to be estimated from the flight data analysis and takes into account the simultaneous effects of the several
vehicle state variables. The proposed model was applied to the identification from the flight data of an experimental
vehicle of the Italian Aerospace Research Centre. Identification results show that the model is able to perform an
excellent fitting of the aerodynamic coefficients experimented in flight by the vehicle.

Nomenclature

A, B = influence matrices

b = wing span, m

Cp, Cg, C;, = aerodynamic force coefficients in wind axes

c,C,C, = aerodynamic moment coefficients in body axes

Cy, Cy,C, = aerodynamic force coefficients in body axes

c = mean chord, m

F = aerodynamic force in body axes
(X,Y,and Z), N

Fii = characteristic static function

Gur = characteristic rotational function

L = vehicle reference length, m

Lgw = transformation matrix from wind to body
frames

M = aerodynamic moment in body axes (L, M,
and N), N-m

M, = flight Mach number

n = normal unit vector to the wetted surface

ny, n, = longitudinal and normal components of the
acceleration in body axes, m/s’

P = local air pressure, N/m?

| 9 = vehicle center of gravity location, m

S = vehicle reference surface, m*

Sw = vehicle wetted surface, m>

Xy, 2 = body axes coordinate, m

Xy, 2 = wind axes coordinate, m

v = flight velocity in body axes (u, v, and w), m/s

1% = flight speed, m/s

A% = flight velocity unit vector in body axes (i, v,
and W)

Ve = stream velocity (V), m/s

v = local fluid velocity in body axes, m/s
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o = angle of attack, deg

B = sideslip angle, deg

y = air specific heat ratio

84 8,,and §, = ailerons, elevator, and rudder deflections,
respectively, deg

¢ = velocity potential, m?/s

® = angular velocity in body axes (p, ¢, r), deg /s

1. Introduction

HE present work is in the framework of the identification of the

aerodynamic coefficients of a spacecraft through flight data
analysis. To identify these coefficients, a physico-mathematical
model, which incorporates several free parameters, is proposed.

Preflight aerodynamic databases, obtained by means of wind-
tunnel tests and computational fluid dynamics analyses, are usually
to be refined using test flight data and system identification tech-
niques in order to reduce the level of uncertainty on aerodynamic
coefficients. System identification from flight data calls for struc-
tured parametric aerodynamic models based on physical consid-
eration and able to represent, with adequate accuracy, the flowfield
characteristics in the regimes of interest. In fact, as a major advantage
of such a structured model, the parameter values identified from the
analysis of a single trajectory could be extended to a wide region of
the flight envelope. This characteristic is relevant, especially if few
flight tests specifically aimed at system identification can be
performed, as usually happens for a reentry vehicle. On the other
hand, the determination of the aerodynamic coefficients of the
lifting-body configurations for reentry vehicles, in the diverse
situations, is a very difficult task for various reasons.

The first of them is of a physical nature and arises from the
variations of the flow structure about the aircraft, which depends on
the current vehicle state variables and on some of their time
derivatives (i.e., My, «, B, p, q, r, da/dt, and dB/dr). The
simultaneous effect of all these quantities produces a pressure
distribution on the aircraft surface, which depends on such variables
in a complex fashion [1]. Because of this complexity, the deter-
mination of reasonable expressions of the aerodynamic coefficients,
in terms of the current state variables, can be very difficult. Although
the aerodynamic performance of several lifting vehicles, such as HL-
10, HL-20, X-33, and X-38, have only recently been analyzed [2,3],
the development of a general method for calculating the aerodynamic
characteristics in subsonic, transonic, and supersonic regimes
for lifting bodies have not reached the same level of the classical
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wing-body analysis, especially for what concerns the variations of
the lateral and directional coefficients in terms of the aerodynamic
angles and the flight Mach number [3-5]. In fact, the simultaneous
effects of the lateral flow, spin rates, and the fluid compressibility can
determine complex situations, for which these coefficients exhibit
nontrivial nonmonotonic variations (with « for several M) [3].

The next reason is of a mathematical nature and regards the use
of a tabular aerodynamic coefficient database. If the aerodynamic
coefficients were known for assigned values of the state variables,
the coefficient values elsewhere (calculated through an inter-
polation procedure) will give a result for which the accuracy
depends on the adopted interpolation method and on the number of
the arguments [6]. Because these coefficients depend on quite a
great number of state variables, the interpolation provides (in
general) poor accuracy [6], especially for the transonic variations
of the lateral and directional coefficients at 8 # 0, p # 0, and
r# 0.

Whereas the wind-tunnel tests and the computational fluid
dynamics supply the measurement and the computation of the aero-
dynamic coefficients of the bodies of arbitrary shape, the theoretical
aerodynamics mainly provide the analytical tools for the longitudinal
aerodynamic coefficients of the wing and the fuselage [7-10]. As a
result, the aforementioned difficulties are encountered (especially for
the lateral-directional derivatives, such as the dihedral effect, yaw
stiffness, or the rotational derivatives), whereas, because of the
simultaneous effects, the modellation of these derivatives could
require the consideration of the combined variations of M, «, 8, and
spin rates.

Last, but not least, the aerodynamic controls, which influence the
aerodynamic coefficients in conjunction with all the variables,
determine a further difficulty for the determination of the aerodynamic
coefficients of a lifting body.

From the theoretical standpoint, one can obtain a good (or at least a
reasonable) estimation of the aerodynamic coefficients if these latter
are expressed through functions, which arise from the physical
properties of the flow around the vehicle. This is the basic idea of the
present paper, the main purpose of which is to suggest a novel
physico-mathematical model to be used for the identification of the
aerodynamic coefficients of a lifting body in subsonic, transonic, and
supersonic regimes. The model, for which the incompressible
version has just been proposed by the author in [11] for studying the
aerodynamics of a shrouded-fan unmanned aerial vehicle (UAV), is
based on a physical hypothesis about the flow around the obstacles.
These conjectures arise from the Kirchoff theorem [1], which in
origin was formulated for incompressible streams and is based on the
linear property of the continuity equation. This theorem states that,
for an incompressible flow, the local fluid velocity around an obstacle
is a linear function of the peculiar velocities of the problem [1]. To
study the vehicle aerodynamics in the compressible regimes, the
Kirchoft theorem is properly extended here to the compressible
streams, taking into account that the local velocity depends on the
fluid compressibility through the von Kdrman equation. The model
allows one to analytically express each aerodynamic coefficient as a
nonlinear function of Mach numbers, aerodynamic angles, control
angles, angular rates, and a set of constant aerodynamic parameters to
be properly identified.

The proposed model was applied to the aerodynamic model
identification from the flight data of the flying test bed 1 (FITB,)
vehicle of the Italian Aerospace Research Centre (CIRA).

System identification was carried out in two steps. First, a preflight
tabular aerodynamic database of FTB; (CIRA-ADB), developed by
CIRA [12] and obtained by means of the wind-tunnel tests and
computational fluid dynamics analyses, was used to preidentify all
the aerodynamic parameters of the model. Then, a subset of such
parameters (selected through identifiability analysis) was updated
using the flight data of the first FTB; mission, called the dropped
transonic flight test 1 (DTFT,). The identified model is able to
perform an excellent fitting of the aerodynamic coefficients experi-
mented by the vehicle during the DTFT; mission. Moreover, a
relevant reduction of the aerodynamic uncertainty with regard to the
CIRA-ADB is obtained.

In what follows in Sec. II, the DTFT| mission profile is described,
and Sec. III deals with the proposed aerodynamic model. Section IV
is dedicated to the description of the identification procedure used to
evaluate the model-free parameters. Next, identification results and
discussion are presented in Sec. V, and a section of conclusions ends
the paper.

II. Mission Profile

The CIRA is conducting an unmanned space vehicle (USV)
program with the main objective of designing and manufacturing
unmanned flying test beds (FTBs). The FTBs are multimission flying
laboratories aimed at testing and verifying innovative materials,
aerodynamic behavior, advanced guidance, navigation, and control
functionalities (as well as the critical operational aspects peculiar to
the future reusable launch vehicle [13]). FTB,, the first vehicle of the
USYV program, is shown in Fig. 1, and its main characteristics are
described in [12]. It is unmanned and unpowered, and it has been
developed to perform flight missions for investigation of subsonic,
transonic, and low supersonic regimes. The FTB, is a winged slender
configuration with two sets of aerodynamic effectors: the elevons,
which provide both pitch control when deflected symmetrically and
roll control when deflected asymmetrically, and the rudders, which
deflect only symmetrically to allow yaw control. Lateral-directional
stability is enhanced by means of two ventral fins. The tabular
database was used to preidentify all the aerodynamic parameters of
the proposed analytical aerodynamic model. A subset of such param-
eters, selected through identifiability analysis, was updated using
flight data of the first FTB,; mission (named DTFT,). The FTB,
mission was executed in February 2007, and the main objective was
to investigate the transonic flight of a reentry vehicle. The basic
operations consisted of three main phases. First, an ascent phase was
operated by a stratospheric balloon that brought the vehicle at the
release altitude of about 20 km. Next, the flight phase followed, in
which the FTB, left the carrier and started a free flight, accelerating to
achieve a Mach number between 1 and 1.1 at an altitude between 10
and 15 km. Finally, in the deceleration phase, the FTB, opened the
parachute and ended its mission by water splashdown. The DTFT,
nominal mission profile is sketched in Figs. 2 and 3. The time interval
considered for the aerodynamic model identification lasted 27 s, from
the flight time (after the vehicle was dropped from the carrier) of
t = 17 through 44 s. Time histories of the angle of attack and Mach
number for that time frame are shown in Fig. 3. The Mach number
varies from 0.57 to about 1.08, whereas the angle of attack was held
nearly constant at about 7 deg (the reference angle of attack along the
nominal trajectory) by the flight controls system (FCS) for 39 s.
The transonic regime started at about # = 31 s, for which the dis-
placement of the aerodynamic center determined a large perturbation
on the pitch moment. At = 39 s, due to a problem in the parachute
opening at the beginning of the deceleration phase at about & =
13,885 m and M = 1.04, the FCS switched into a safety mode, as
expected in this abnormal situation, because the constraint on the
maximum allowable load factor was violated. As a result, the aero-
dynamic control surfaces were rapidly brought to the neutral position
to determine the variations of « visible in the figure at # > 39 s and
resulting from the strong excitation of the short period dynamic of the
vehicle. In the entire flight, the vehicle trajectory was basically
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Fig. 1 The vehicle.
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Fig. 2 DFTF, nominal mission profile.
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Fig. 3 Angle of attack and Mach number during DFTF;.

longitudinal, with the sideslip angle accurately tracking the 0 deg
reference value. Flight data acquired during the DTFT | mission were
used to identify the FTB, vehicle aerodynamics.

III. Structured Aerodynamic Model
for System Identification

In this section, the vehicle aerodynamics are analyzed with
the continuity equation. The perturbed stream in the proximity of
the aircraft is described with the local perturbed velocity, which in
the wind frame is

v(r) = (i, v, ) (1)

where i, v, and W K V, thus

V=V + )+ 0+ 0>V, +i 2)

The component u corresponds to the direction X parallel to V,

whereas v and w are the lateral components of the perturbed veloc-

ity. In this situation, v satisfies the continuity equation, which, in the

wind frame, is written as follows [7,8,10]:
du 0v  Iw

B—=—+—=+—-—==0 3

0x + ay + 0z )

with
B=1—M%[1+ (1 +y)]

where y and Z are the normal coordinates to V. This is the
von Kdrman equation, which is obtained under the hypothesis of
small perturbations (i.e., for small «, 8, and thickness). For a small
enough M, all the points around the aircraft are subsonic, B > 0 in
any case, and Eq. (3) is an elliptical equation. On the contrary, when
each point is supersonic, B <0 everywhere and Eq. (3) is a
hyperbolic equation. In both the cases, B can be approximated by
the expression

B=1-M, )

and Eq. (3) can be reduced to a linear equation for the local velocity,
therefore v is a linear function of the characteristic velocities of the

problem. This is an extension of the Kirchoff theorem [1], which is
applied here to the compressible stream. With reference to Fig. 4,
the characteristic velocities for a rigid vehicle moving in a fluid are
V and w, which are both written in body frame:

. . u cosacos 8 p
V=VV, V=|1 |= sin B , w=|q| O
w sina cos r

where u,0, and W are the direction cosines of V in the body frame.
Thus, the local fluid velocity is

v(r)=A(, M)V + B(r, M )® (6)

This expresses the Kirchoff theorem applied to the von Karman
equation, where A = dv/dV and B = 0v/dw are the Jacobian
matrices of v with respect to V and @, respectively. These deri-
vatives are the influence functions that, for M <1 or for M > 1,
only depend on M, and r.

In the transonic regime, the nonlinear term of Eq. (3) is non-
negligible with regard to the others, and the von Kdrmén equation is
locally elliptic or hyperbolic, following the sign of B. As aresult, the
influence functions will also depend on V and @. The solutions of
Eq. (3) are formally expressed by the continuation method in the
form of [14]:

vV (0}
V(r)=/ ﬂ(r, My, V, w)dV+/ ﬁ(r, My, V, ®)do
0 v 0 0w
@)

This velocity, which accounts for the variations of the flow structure
about the aircraft, depends on the path integrals of Eq. (7), which are
described by the time histories of V and @ [14]. For steady-state
aerodynamics, the local fluid velocity depends on the current state
variables, thus Eq. (7) reads as follows:

vir)=A(r, M, V,o)V+B(r, M, V, 0o ®)

According to Eq. (3), A and B are almost independent from V and @
for M, < 1orM,, > 1, whereas they are not for M, ~ 1 because
of the presence of the nonlinear term in Eq. (3).

Itis worthy of remark that this analysis only holds if the variations
of the flow structure around the vehicle are considered to be known
when «, B, and @ change. The flow structure is supposed to be
assigned, and this implies that the solutions of Eq. (3) do not modify
their analytical forms with respect to Eq. (8).

A. Steady Aerodynamic Coefficients

The present section deals with the calculation of the steady
aerodynamic coefficients for the vehicle. The influence of the
Reynolds number on the aerodynamic coefficients is not taken into
account here.

Because |v| is almost expressed by its longitudinal component i
for thin bodies, which in turn depends on the components of V in the
body axes, the aerodynamic force coefficients in the body frame
exhibit more oscillating variations with regard to « than those in the

Fig. 4 Characteristic velocities and reference frame.
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wind axes. This is due to the transformation matrix Ly, which
determines more rapid variations as o and S change [1]. On the
contrary, the moment coefficients exhibit quite smooth variations in
body axes [1]. For this reason, the aerodynamic force and moment are
calculated in the wind frame and body axes, respectively. The force
and moment are expressed through the corresponding aerodynamic
coefficients:

1 Cp 1 C
F=—2oVS| G [;  M=3pVisL| C, )
c, c,

where L is the vehicle characteristic length. Then, the aerodynamic
force coefficients in the body frame will be obtained through L 5.

The flow velocity around the vehicle varies according to Eq. (8),
which is here expressed as

v(r) = V(AV—f—%B(S) (10)

where @ = wL/V is the dimensionless angular velocity.
Hence, the aerodynamic force and moment are calculated as
surface integrals of the pressure P over the vehicle wetted surface:

F:_/ Pn ds. M:_/ P(r—r.,)xnds (1)
Sy Sw

where P is determined with the steady Bernoulli theorem, in which
the square of v is expressed with Eq. (8):

303
v-v=1X(r)=V? Z Z{AijA,-kﬁjﬁk + A;By 0,0,

i=1 j=1 k=1

+ BB ;0 } (12)

The contribution of the skin friction does not appear in Egs. (11), and
its effect is considered to be caused by a proper pressure reduction
[1,9]. Thus, the generic aerodynamic coefficient C; (i = D, S, L, [, m,
and n) is

33
Cie, B, p.q.1)= ZZ{F;1kﬁhﬁk + Gy On@y + Hjy oy} (13)
h=1 k=1

where (617 627 ﬁ?) E (ﬁ’ ﬁv ﬁ))’ ((13]’ ('52’ aj@) = (13’ é? ?)7
although F;, G}, and H}, are surface integrals of the functions of r:

3
> AnAi
i=1

3
ZAihBik
i=1

and

3
> BuBy
i=1

over S,,. Although A and B are functions of V and w, the quantities
Fi,, G}, and H},, which represent the acrodynamic derivatives, vary
with M, although they exhibit quite small variations with «, 8, and
o for thin obstacles ([9,10] and references therein). Hence, according
to the literature, these integrals are supposed to be functions of M,
alone. These integrals show rather smooth variations with respect to
M, in the subsonic and supersonic regions [9,10], whereas for
M, ~ 1, sizable variations, caused by the fluid transonic regime, are
observed.

From Eq. (13), C; incorporates three addends; the first addend is
the static aerodynamic coefficient, whereas the second one, which
provides the simultaneous effect of V and w, represents the contri-
bution of the rotational derivatives. The last term is a quadratic form
of w that, in the aerospace applications, is negligible with respect to

the others. Therefore, C; is expressed as follows:

3

3
Ci@, B, p. g 1) =Y Y AFi 00 + Gy (14)

h=1 k=1

where Fi, and G, are functions of M, and are (here) called static
and rotational characteristic functions, respectively. These functions
are the second-order derivatives of the generic aerodynamic coeffi-
cient with regard to the direction cosines of V and to the dimen-
sionless angular velocity; that is,

F o )_1 Feles ¥c;
o) = 555,90, 30,00,

G;zk (Moo) =

5)

where, without lack of generality [1], it is assumed that F', = F?,.
These derivatives are functions of the Mach number, for which the
structure is supposed to be

Fi(M)

e+ m(l + hy M2, + ho,M3)
= FkOHsuh

Ve + m|l — M52

This expression incorporates two addends; the first addend
reproduces the variation of the aerodynamic coefficients in the
subsonic regime, whereas the second one describes the supersonic
region. The quantities Hy,, and Hy,, are two sigmoidal functions of
M., which are chosen as follows:

1+ g M2
T g

+ ‘Fk supH

16)

tanhA(1-M,)+1
T S

tanhh(M—1)+1

I—Isub(luoo)= )

Hsup(Moo) =
an

For this choice, Hy,, ~ 1 and H,, ~ 0 for M, < 1, whereas Hy,;, ~
0 and Hg,, ~ 1 in the supersonic regime. Thus, the two terms of
Eq. (16) are independent each other, but for M, ~ 1, for which their
combination describes the variations of the aerodynamic coefficients
in the transonic regime. The parameter 4 is a proper constant, which
accounts for these variations in the transonic regime. In Eq. (16), F
denotes F at M, = 0, whereas F i, represents the variation law in
the supersonic regime.

Equation (15) can be considered an extension of the Levi—Civita
formula, which gives the analytical expression of the pressure drag
that, in origin, was applied to the incompressible regime [1]. Ac-
cording to the Levi—Civita formula, the second-order derivatives of
the drag coefficient with regard to &, 0, and W do not depend on the
direction of V, whereas, in the present formulation, due to the fluid
compressibility, these derivatives are functions of M. There exists a
link between these derivatives and those of the classical formulation,
which is reported here by means of the following relationships
(which are only valid for « = 8 = p = ¢ = r = 0). For the static
coefficients, these derivatives are

0°C; —aC 0°C; _ aC; 0°C; _ %
an: ~ TP 0ndv ~ aB’ 00w~ du
S =gy gEam = oo m=ns (18
av ap dvdw  dB0x ow o
whereas the rotational derivatives are
0°C; _ aC; 0%C; _ aC; 0%C; _ aC;
ondp ~ ap’ 0adg ~— 9q° anor o
0°C; _ 0°C; 9°C; _ 0°C; 0°C; _ 0°C;
0v0p ~ 9B0p’ 000g ~ dB9qG’ 0007~ dpor
0°C; 0%C; 0°C; 02C; 0%C; 0%C;
= = (19)

900p  dadp 0wdg  dadq’  Owdi  dadr
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Because (x, z) is the symmetry plane, each longitudinal aero-
dynamic coefficient, such as Cp, C;, and C,,, is an even function of 8
and results in an odd function of the products 0 7 and ¥ p, whereas the
lateral-directional coefficients, such as Cg, C,;, and C,, are odd
functions of B and of the products & p, &t 7, 0 g, W p, and W 7. In view
of Egs. (§), the aerodynamic force and moment coefficients are
written in terms of the aerodynamic angles and of the angular
velocity components.

The force coefficients, written in wind axes, are

Cp=(FP cos’a+ FP2 cosasina+ F2, sin’a)cos? B + FP sin?8

+ (G2, cosacos f+ GB, sinacos B)g + (G174 GL, p) sin

vp
Cs=(F§,cosa+ F3,sina)sinfcos B+ (G35, p

+ G5, F)cosacos B+ GS, sinfg + (G, p + Gy, F) sincecos B
C, = (F%,cos’a+ FL, cosasina + Fk, sin’a)cos? B + FE, sin? 8

+(GE, cosacos B+ G, sinacos B)§ + (G5, 7+ G5, p)sin - (20)

vp

As seen, the aerodynamic force coefficients in the body frame will be
obtained by means of Cp, Cg, and C; through the transformation
matrix L zy. The moment aerodynamic coefficients are expressed in
the body frame,

C,=(Fl,cosa+ Fl,sina)sinfcos f+ (G, p
+ G, F)cosacos B+ Fi, sinfg+ (Gl p+ G}, F)sinacos
C,, = (F" cos’a+ F cosasina + F",sin*a)cos?ff

+ Fisin®B + (G, cosacos  + G, sincos f)g

uq
+ (G 7+ Gy, p)sin B
C,=(Fy,cosa+ Fy,sina)sinfcos B+ (G, p
+ G, F)cosacos B+ Gy, sinfg + (G, p + Gy, P)sinacos - (21)

B. Unsteady Aerodynamic Coefficients

This section describes the mathematical model for calculating the
unsteady aerodynamic coefficients. The model provides the
analytical expressions of the unsteady aerodynamic derivatives in
terms of «, B, and M.

As is well known, the unsteady effects are of two kinds [10]; the
first effect is directly related to the pressure forces through the
Bernoulli theorem, whereas the other is caused by the unsteady
motion of the wakes released by the vehicle. The first effect occurs
instantaneously and thus depends only on the current state variables,
whereas the second one represents the story of the motion of the
wakes behind the vehicle from the initial condition until the current
time. The present model only considers the first effect, whereas the
history of motion is not taken into account. This effect is caused by
the term Ap, = pd¢/dt [10], which appears in the Bernoulli
equation in the case of unsteady flow. For assigned velocity
variations, such an increment is a function of the time derivatives of
the aerodynamic angles and of the flight speed:

W (da 00dp 0
A“‘*ﬁ?ngam+ﬂﬁm*®vv) @2)

The effect caused by the time derivatives of the angular velocity is not
taken into account. In Eq. (22), the pressure increment is the sum of
three terms, the first two of which are due to the time variations of «
and B, whereas the last one is caused by the variations of V. For thin
vehicles, the last addend is negligible with regard to the first; thus,
this is not considered in the present analysis. More conveniently,
Ap, can also be written in terms of the derivatives of the velocity
potential d¢/du, dp/dv, and d¢p/Iw:

Ap, 03¢ . do . . dp ap ds
i _812( sina cos i cosa sin 8 & + %cosﬂ i
ap da . . dp
+ % (cos acos f 5~ Sinesin B d_t) (23)

This increment causes aerodynamic force and moment, which are
obtained by integrating Ap, on S,. Therefore, the unsteady incre-
ment of each aerodynamic coefficient varies linearly with dee/ df and
dB/ dt, resulting in

AC; = (Al sina + A cos ) cos B + (B} cosasin 8
+ Bi cos B + Bisinasin ) (24)
where A} and B}, (i=D, S, L, I, m, and n) are opportune surface

integrals over S, of d¢/dii, d¢/0, and d¢p/dw. These integrals are
functions of M, and are supposed to l?e described by expressions

such as Eq. (16). The quantities & and B are the dimensionless time
derivatives of the aerodynamic angles, which are defined as
. dBL

T dtv

do L
p=— 25
“Tav 25)

Thus, the unsteady derivatives of the aerodynamic coefficients are

ac,
P

= (A} sina + A} cos &) cos 8

aC; . . ,
a—B':B’1 cosasin 8 + BScos f + Bisinasin (26)

Because (x, z) is the vehicle symmetry plane, the derivatives with
respect to & of the lateral-directional coefficients are identically equal
to zero, whereas the derivatives of the longitudinal coefficients
depend on « and B. Force and moment coefficients are expressed here
in the wind axes. For the & derivatives, one obtains

aC
8Lf’:(A?sinoz—I—Af’cosoz)cosﬂ, —2=0
dd da
ac acC
a—(;:(AlLsina—i—A%cosa)cosﬂ 8_02120
aC, acC,
M — (Al sina + A% cos ) cos 3, =0 27)
dor da
whereas the derivatives with regard to ,3 are
aC aC
TBD = (BP cosa + BY sina) sin B, a—.S:Bgcosﬂ
aC, aC,
—.L:(chosa—{—Bgsinot)sinﬁ —.I=Blzcosﬂ
B ap
aC ac
— = (B" cosa + BY sin) sin 3, = B cos (28)
B : ST

C. Effect of the Controls

This section deals with the effect of the controls on the aero-
dynamic coefficients. The longitudinal aerodynamic coefficients are
first considered. The rotation of the elevator causes a modification in
the vehicle geometry, which in turn determines a variation of the
aerodynamic force and moment coefficients. For §, # 0, the
aerodynamic coefficients are also described by expressions of the
kind in Eqgs. (20) and (21) because the latter are applied to a vehicle of
a different shape due to §, # 0. Thus, it is reasonable that the
increment of the aerodynamic coefficient caused by §, is expres-
sed by

AC(Iuoo’ (Se) = fel(Moo)(Se + ]:L’Z(Moc)(sea + fe?(Moo)Sg (29)

In Eq. (29), the first and the second terms represent, respectively, the
linear effect of the control and the combined effect of « and §,,
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Fig. 5 Static characteristic functions for C;, and C,,.

whereas the third addend is the nonlinear term, for which the
exponent n varies (depending on the coefficient). Specifically, it is
assumed that n =2 for Cp, whereas n =3 for C; and C,,. The
functions F,, (M), Fn(My), and F,3(M,), called (here) the
elevator characteristic functions, correspond to surface integrals over
S, which can be obtained as the difference between the aerodynamic
coefficients at §, # 0 and those for §, =0. These integrals are
functions of M, for which the expressions are assumed to be
expressed by Eq. (16). The effects of the elevator on the lateral
aerodynamic coefficients, which can occur for B # 0, are not
considered in the present analysis.

The effects of the ailerons and of the rudders on the lateral-
directional aerodynamic coefficients are now described. Again, the
rotation §, or §, determines the variations of the aerodynamic
coefficients, for which the value can be obtained as the difference
between the aerodynamic coefficientsat§, # 0(8, # 0)and those for
8, =0(4, # 0). These increments are supposed to be expressed by

ACMy,, &) = Fi(M)8; + Fn(M):0 + Fi3(M )67

(i=a,r) (30)
where F ,; and F ,; are called (here) ailerons and rudder characteristic
functions, respectively. These are proper surface integrals over S,,,
which are functions of M, and for which the analytical structure is
supposedtobedescribed by Eq. (16).InEgs. (30), the first, second, and
third terms represent, respectively, the linear control derivative, the
simultaneous effects of the angle of attack, and the control and
nonlinear contribution of the control.

In conclusion, the aerodynamic coefficients are computed as
summations of steady and unsteady contributions plus the effect of
the controls. Thus, the force coefficients in wind axes and the
moment coefficients in the body frame are both expressed as

Ckz(Ck)s‘f'A(Ck)u‘i‘A(Ck)c, k=(D, S,L, l, m, l’l) (31)
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where (C), and A(C,), indicate the steady and the unsteady parts
of the aerodynamic coefficients following Eqgs. (20), (21), and (24),
respectively, whereas A(C}). denotes the part due to the controls
[see Egs. (29) and (30)]. The gains of each addendum (i.e., F};, G},
Ak BY FX, Fk, FF, withi, j = (u, v, w); h=(p, q, r);0=1,2;
and =1, 2, 3) are expressed through Eq. (16), and each gain
contains a vector of free model parameters 6% = (F,, m, €, hy, hy,
&, Fops 815 Y15 82, ¥2), with [ =1, ..., Q(k)] being Q(k) (the
total number of addendum for coefficient k).

IV. Identification Procedure

System identification allows estimating of the values of the free
model parameters present in the proposed model. The identification
procedure is composed of two steps; the first one is performed
before flight, using the information provided by the preflight CIRA-
ADB, whereas the second step is carried out after the mission in the
postflight data analysis. In the last step, a subset of the free model
parameters, selected by means of sensitivity analysis, is estimated

g ach/ dudq =G'1.s

0....0.5....1....1.5

M

3ra%c/ ow =Gy,
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0g 05 1 5
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Fig. 7 Rotational characteristic functions for C; and C,,.

in order to update the nominal values and reduce the related un-
certainty level.

A. Preflight Identification

The preflight identification of the model-free parameters is carried
out through a minimum square method, which for each aerodynamic
coefficient, is applied to the following optimization problem:

M
n}iinj,- = H(lilln ;[(Ci)CIRA —-CP, i=(D,S,L,1,mn) (32)

where Ci and (C})ra are the aerodynamic coefficients calculated in
M points of the flight envelope, with the proposed model and the
CIRA-ADB, respectively. J; is the goal function, defined for each
aerodynamic coefficient, for which the arguments are the free
parameters ' = (6, 65, ..., 0}, with the generic 6 composed
of parameters appearing in Eq. (16). To obtain the combined effects
of the variables «, 8, p, ¢, r, and those of the controls, the coefficients
(CH)cra are calculated in a wide range of variation of these variables.
This procedure calculates all the free parameters of the model that is
all the elements of the vector @ = (07, 65, 6%, 0!, 6™, 9"). Validation
of the identified model can be performed, comparing the aero-
dynamic coefficients calculated by the proposed model and the
CIRA-ADB.

B. Postflight Identification

After mission execution, measured flight data are used to perform
system identification, for which the main aim is a refinement of the
values identified in preflight for some of the free parameters. First, the
subset of parameters to be estimated from the flight data must be

0_

[ 9C{9 & =F"
-05F

1L
15F

20 05 1 5

M

1r m

[92,@ 530 =F]
osf

5

o005 4 s

M
Fig. 8 Elevator derivatives for C,,.
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selected. The selection is carried out through an identifiability anal-
ysis based on the Cramer—Rao bounds (CRB). The CRB related to the
generic parameter 0, € 6, denoted as 0g,» is computed through [15]:

N T
P= [Z(aya(;")) R (aya({;"))] (33)

k=1

0p, = / Dk (34)

where y is the output vector of the system to be identified, gathered
in N time instants, which are denoted as #;. P represents the error
covariance matrix, and p,; is the kth element on the main diagonal
of P. The CRB indicate the theoretically maximum achievable
accuracy of the estimates and can be considered as a measurement
of the sensitivity of system outputs with regard to parameter
variations. If the CRB associated to a parameter is bigger than a
suitable threshold, the parameter cannot be identified, because its
variation has no relevant effect on system outputs (i.e., on flight
measurements). After the selection of the parameters to be
estimated, their identification is carried out in the framework of a
two-step strategy [16], first estimating the vehicle state vector,
global aerodynamic coefficients, and some atmospheric properties,
then updating the identifiable parameters of the aerodynamic
model. Both estimation steps are formulated as nonlinear filtering
problems and solved using the unscented Kalman filter. Moreover,
the exploitation of all the available a priori information for the
stochastic characterization of the filter models and sensors noises,
and a rigorous management of all the uncertainties involved in the
system identification process, allow us to obtain reliable figures of
estimation accuracy. The postflight identification methodology,
described in detail in [17], allows a twofold validation of the
estimated parameters. First, flight measurements are provided as

input to the updated aerodynamic model, and the computed global
aerodynamic coefficients are compared with their actual values,
estimated in the first estimation step. Second, the updated aero-
dynamic model is included in a detailed simulation framework,
developed to reproduce the flight mission in open loop (without the
use of the control system). Flight measurements of the deflection of
aerodynamic effectors, deputed to control the vehicle, are used as
input to the simulator, which provides output-simulated values of
all the other flight measurements. Then, actual flight measurements
are compared with the simulated ones in order to evaluate the
goodness of the fitting.

V. Results and Discussions
A. Preflight Identification
In the identification procedure, the model-free parameters of
the longitudinal aerodynamics are first calculated, whereas in the
successive step, the effects on the aerodynamic coefficients of the
lateral variables 8, p, and r, and of the lateral-directional controls
8, and §,, are analyzed.

1. Identification of the Free Parameters: Longitudinal Coefficients

To calculate the longitudinal aerodynamic coefficients, several
data are generated by CIRA-ADB. These data represent diverse
situations calculated for 8 = p = ¢ = r= 0, varying M, and «.

Figure 5 shows the characteristic functions vs M, for Cp, and C,,.
According to Eq. (18), 1/29*Cp/0ii?> = Cp(a =0) shows the
typical variations of the minimum drag coefficient with M, whereas
02Cp /010w = dCp/da(a = 0) is negligible for small M, and at a
higher Mach number. The compressibility determines a negative
value for this derivative.
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The derivative 3>Cj,/0W? = 8>Cj/da?, due to the induced drag
and the part of the wave drag (which depends on «), can be significant
for M > 0.5 when « is high enough. This is partially responsible for
the diminishing of the drag divergence Mach number as « increases.

Figure 5 also gives the derivatives of C,, in terms of M.
According to the linear expansion of C,,, 3*C,,/dii* corresponds to
C,,(a = 0). This derivative is negative in all the situations, and this
implies that the vehicle develops a negative pitching moment at small
angles of attack. The derivative 0°C,, /0110w identifies C,,, (o = 0),
which is just positive in the subsonic regime, thus the vehicle is
statically unstable and exhibits quite small variations of C,,, with
M, until it reaches strongly negative values. This is the typical
behavior caused by the backward displacements of the aerodynamic
center as M, increases. For M, > 1, the characteristic variations of
the pitching moment in the supersonic regime are observed. The
quantity 9°C,,/d? represents the nonlinear variations of C,,(c),
which, according to the theory, are due to the vehicle thickness and to
the vorticity developed by the leading edge and forebody.

As far as C, is concerned (see Fig. 6), the derivative 9°C /04> =
C; (o = 0) exhibits quite small variations, and this corresponds to
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the small changing in the zero lift angle of attack as M, changes,
whereas the variations of 0°C; /360w = Cy, (a = 0) are almost in
line with the theoretical topics of the compressible aerodynamics. As
Cry ~ 4.6 for M, — 0, it increases with M, reaching its maxi-
mum value at M, &~ 1, and thereafter decreases according to the
laws of the supersonic aerodynamics. The quantity 9*>C, /dw?
represents the nonlinear part of C; («), which is partially caused by
the vorticity due to the wing leading edge and the vehicle forebody.
This is positive for M, < 1 and is in quite good agreement with the
Polhamus theory (see [18] and the references therein), which gives
92C, /ow? ~ 1/3 for M, < 1.

Next, the effect of the angular velocity is taken into account with
Eqgs. (20) and (21). Because these equations are linear with regard to
®, these identify the rotational derivatives, which depend on «, B,
and M,,. To determine the pitch rate effect, various data are
calculated with CIRA-ADB, assuming ¢ = 0.01 and 0.02. The
increment of the aerodynamic coefficients due to the spin rate is
calculated as the difference between the data obtained for g # 0 and
those calculated with ¢ = 0. Again, the free parameters of the model
are identified through the aforementioned minimum square method.

Figure 7 illustrates the rotational characteristic functions [see
Eq. (15)] of C, and C,,. According to Eq. (19), 0°C, /040G =
9C./0g (a = 0), whereas 3>C;/0wdg describes the contribution
due to the angle of attack. From these diagrams, it is apparent that the
main contribution to dC; /94 is given by 8>C; /3iidg, which exhibits
its minimum for M, ~ 1, whereas the other term, responsible for the
variations with &, produces minor effects. The average of dC; /94 is
in agreement with the data reported in [4]. The figure also shows the
variations of 9°C,,/d#dg and 9>C,,/dwdq in terms of M,,. The
derivative 9*C,,/0i10g = dC,,/ 3G expresses the damping derivative
at a = 0, whereas 9°C,,/00dq describes the variations with the
angle of attack. Both the diagrams show quite flat curves in the
subsonic regime and monotonic laws for M, > 1. For what concerns
the drag coefficients, according to CIRA-ADB, itis notinfluenced by
the pitch rate.

Finally, the effect of the elevator is analyzed in Fig. 8, for which the
control derivatives of C, are given in terms of M,,. All the
derivatives with regard to §, exhibit small variations in the subsonic
region, for which, in the transonic and supersonic regimes, more
sizable variations are observed. The cross derivatives, 9%/dad8,,
exhibit more pronounced variations in all of the regimes.

In all of the situations, the proposed model adequately describes
the variations of the aerodynamic coefficients with a maximum error
with regard to a CIRA-ADB smaller than 4%.
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2. Identification of the Free Parameters: Lateral-Directional Coefficients

Now, we analyze the effects of the lateral variables 8, p, and 7, and
of the lateral-directional controls §, and &,, on the aerodynamic
coefficients. First, to obtain the static aerodynamic coefficients,
three sets of dataare generated using CIRA-ADB. These sets of dataare
obtained for 8 = 2,4, and 6 deg, ® = 0, where @ and M, assume the
same values of the previous data concerning the longitudinal
aerodynamics. These data are processed with the minimum square
method, and the free parameters of each aerodynamic coefficient are
calculated.

Figure 9 shows the influence of the sideslip angle on the
aerodynamic side force and on the moment coefficients C; and C,,. In
particular, the figure depicts the derivative dCg/df and gives the
variations of the dihedral effect and the yaw stiffness in the function
of M.

The diagrams of Fig. 10 show the characteristic rotational
functions of C;, which correspond to the rotational derivatives
associated to the coefficients. These are practically constant until
M., =1 and thereafter exhibit variations with M, which agrees
with [4].

Figures 11 and 12 show, respectively, the effects of §, and of §, on
the side-force coefficient, which are calculated through Egs. (30).

Table 1 Estimated aerodynamic parameters

Parameter Preflight Estimated Estimation Reference
value value standard aerodynamic
deviation derivative
Fb 0.059 0.048 0.001 Cpo
FPop —1.29 —1.18 0.005 Cpo
F% —6e —5 2e —4 le—5 Cpe
Ffsup —0.13 —0.30 0.02 Cpy
Fb 4.12 3.11 0.05 Cpy2
F_ﬁup 4.81 6.32 0.11 Cpe2
Fh, 0.04 Se—4 0.0001 Cro
Flap —0.32 0.19 0.003 Cro
F¥, 441 4.04 0.001 Cra
F%sup 8.14 7.97 0.015 Cle
F, 1.59 1.23 0.001 Cps,
Fép 0.86 0.70 0.006 Cps,
Fla —0.06 0.004 0.007 C,o
Flow —0.22 —0.17 0.01 Cora
Fio —4.15 —6.79 4.56 Cng
Fi —1.49 —0.98 0.07 Cos,
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Fig. 13 1o uncertainties of the main derivatives vs the Mach number
for the CIRA-ADB and the postflight-identified aerodynamic model.

Because of the vehicle symmetry, at = 0, the longitudinal
coefficients (Cp, C;, and C,,) are even functions of §, and 6,,
whereas Cg, C;, and C,, result in odd functions of these controls.

Once the model-free parameters are identified, the maximum error
with regard to CIRA-ADB is less than 3% for each lateral-directional
aerodynamic coefficient.

B. Postflight Identification

The analysis of DTFT, data in postflight allows only the update of
some longitudinal parameters of the analytical model. Because the
flight trajectory is basically longitudinal, the excitation of lateral-
directional dynamics is very poor. Through the sensitivity analysis
based on the CRB, the parameters listed in Table 1 were selected for
identification. The flight measurements are divided into two intervals.
The first one, from 17 through 36 s flight time, is used for estimating
the subsonic parameters, whereas the measurements from 38 to 44 s
of flight allow the estimation of the supersonic ones. Each longi-
tudinal coefficient is analyzed independently, and the parameter
estimation in subsonic and supersonic regimes is carried out
independently. In Table 1, preflight and postflight estimated values of
the parameters are shown together with the estimated standard
deviations of postflight estimations. As shown in the last column of
the table, the parameters are basically related to zero-order terms and
to the aerodynamic derivatives of C; and C,, with regard to «, ¢, and

38 39 40 41 42 43 44
time, s

= experienced in flight ' CIRA-ADB - - -identified model

Fig. 14 Comparison between aerodynamic coefficients experienced in
flight by the vehicle, computed using the identified model and the CIRA-
ADB.
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time, s

=== Flight measurement Estimated model

Fig. 15 Time history comparison of flight measurements and estimated
model responses.

d,, and of Cp with regard to «. Note in the table that significant
corrections are calculated for the zero-order components of C; and
C,, and to the derivatives C; 5, and C,,5,, whereas the C;, estimation is
very close to its preflight value. All the analytical model parameters
not listed in the table are held constant to their preflight values.
Following the postflight identification, the uncertainty ranges of the
main aerodynamic derivatives for the updated model are, in most
cases, significantly reduced with regard to CIRA-ADB as shown in
Fig. 13, in which the lo uncertainties vs the Mach number are
presented. The uncertainties on aerodynamic derivatives for the
identified model are computed propagating the uncertainties on
aerodynamic parameters through the analytical model. To validate
the identified nominal values of the parameters, the aerodynamic
coefficients experienced in flight by the vehicle (provided by the first
step of the postflight identification procedure [17]) are compared with
the analogous coefficients computed using flight measurements
and provided by the identified model and the CIRA-ADB. The
comparison, presented in Fig. 14, shows the improved capability of
the identified model with regard to CIRA-ADB to fit the actual
aerodynamics, at least along the trajectory performed during the
DTFT, mission. It is worthy to note that, because identification of
pitching moment coefficient has been only carried out in supersonic
regime, the aforementioned comparison for such a coefficient is only
shown in the time frame from 38 to 44 s of flight time. Furthermore, an
open-loop simulation (without control system) is performed using the
updated aerodynamic model, and the output is compared with flight
measurements. Because the updated model of the pitching moment is
not available in the subsonic regime, only in this regime the global
coefficient experimented in is flight used to simulate the vehicle
aerodynamic behavior. The 6-degrees-of-freedom dynamics of the
FTB, vehicle and the sensor dynamics are implemented in the
simulation model. Inputs to the simulator are the in-flight measure-
ments of elevons and rudder deflections. The obtained results are
shown in Fig. 15, in which very good agreement between flight data
and simulation output is apparent (the trajectories are almost
indistinguishable). It is worthy of remark that if the same verification
is performed with the CIRA-ADB, the simulation results show an
unsteady behavior of the vehicle, which is totally in disagreement
with the actual flight measurements.

VI. Conclusions

In this paper, a novel structured aerodynamic model used for
identification of the aerodynamic coefficients of a lifting body in
subsonic, transonic, and supersonic regimes is presented. The
proposed model is based on the general properties of the continuity
equation in the von Kdrmdn form, taking into account physical
hypothesis about the flow around the vehicle and the simultaneous
effects of several variables that characterize the vehicle state. Each
aerodynamic coefficient is expressed through analytical relations,
which incorporate various free parameters, to be identified from the
analysis of flight data. As a major advantage of such a structured
model, the parameter values obtained from the analysis of a single
trajectory, due to the physical basis of the model, could be extended
to a wide region of the flight envelope. This characteristic is relevant,
especially if few flight tests specifically aimed at system identi-
fication can be performed, as usually happens for a reentry vehicle.
The application of the proposed model for the aerodynamic identi-
fication from flight data of the DTFT, vehicle developed by CIRA
has shown that it is suitable for an excellent fitting of the actual
aerodynamic coefficients experimented in flight by the vehicle. The
reliability of the updated model over an expanded flight envelope will
be carefully analyzed and assessed when the flight data of the next
FTB, missions will be available.
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