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Abstract

A nonlinear deterministic observer and a recursive
equation solver are described for obtaining analytic
and dissimilar redundancy of primary sensors. Both
approaches use the nonlinear relationship between
measurements of the inertial navigation system INS
(namely the measured accelerations and angular
velocities) to determine the airspeed, the angle of
attack and the angle of sideslip with high accuracy.
To decrease the influence of wind disturbances a
model of the aircraft specific aerodynamic and pro-
pulsion system are used rather than a kinematic
model. This application was tested using a small
transportation aircraft with two turboprop engines
and STOL facilities.

This paper discusses both the improvements of the
needed aircraft model by a Maximum-Likelihood off-
line identification as well as the design of the estima-
tors. The main emphasis is the improvement of the
process model and the model of the measurement
system through the use of additional sensors. The
data compatibility check can be improved by using
the very precise GPS satellite navigation system in
differential mode (DGPS) to obtain more precise
measurement correction values and a more precise
estimation of the wind disturbances. To decrease the
correlation of drag and thrust as well as lift and earth
mass aftraction a Pitot tube is placed behind the
propeller for thrust estimation and differential pres-
sure sensors are placed in the wing for lift- estima-
tion.

1 _Introduction

In civil aircraft, estimator are used mainly in naviga-
tion systems. It has been shown using experimental
aircraft that estimators can also be used to obtain
additional analytic and dissimilar redundancy for the
supervision of primary sensors. Sensor supervision
systems mostly use parameter identification meth-
ods based on Kalman filters / 11/ and kinematic air-
craft models / 16/. The model based supervision of
sensors discussed here employs an observer for
state estimation. The function of such a system, as
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well as first experimental results, were presented in /
7/, | 8/. This paper discusses recent improvements
of the estimation using improved models and better
estimators.

One particularly interesting aircraft application of this
estimation is the supervision of aerodynamic states
as demonstrated by the aircraft velocity Va with the
airspeed Va the angle of attack o and the angle of
sideslip B. For the use of a kinematic model
(estimation of the flight-path velocity Vi), the aircraft
velocity Va can neither be measured independently
of the wind velocity Vyw nor is a universally valid
model available for the estimation of wind. To avoid
such problems, the presented method uses the other
part of the aircraft model, namely the alrcraft spe-
cific equations of the aerodynamic force R* and the
propeller force R\ (Fig. 1). The nonlinear relationship
of the acceleration a and the aircraft velocity V,) al-
lows one, dependent on the employed estimation
method and the complexity of the implemented
model, to dramatically reduce the influence of wind.

The main goal of the paper is to present two imple-
mentations of analytic redundancy for the supervi-
sion of a ROSEMOUNT five hole probe. The design
and the discussion of a nonlinear observer and a

kinematic

Fig. 1: Block diagram of a portion of the aircraft

model (with: shaft power P, moment Q).
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nonlinear recursive equation solver are described
and the results are compared. To obtain the required
accuracy, both discussed approaches are based on
the same underlying simple but precise model.

The most effort will therefore be devoted to the im-
provement of this model. Therefore a system identi-
fication approach was taken using the research air-
craft DORNIER DO128 equipped with advanced
measurement equipment. In the first step of the off-
line identification, the well-known differential equa-
tions of the kinematic airplane model are used to
estimate the unknown parameters of the extended
measurement model. This data compatibility check
(also called flight path reconstruction / 18/) addi-
tionally uses GPS (Global Positioning System) sat-
ellite navigation data. In differential mode (DGPS),
positions are determined with an uncertainty of
about one meter / 23/. This positional information
can be used to improve the measurement model
and the estimation of the wind disturbances. The
second step of the identification uses propulsion
system and aerodynamic models to estimate the un-
known aircraft-specific parameters, especially the
force coefficients of the aerodynamics.

So far the major problem of this step has been the
lack of experimental data to separate the effects of
the coupled aerodynamic and Eropeller processes.
The output quantities forces R”, R" and moments
Q" Q" are not measurable. Using the standard air-
craft equipment (the laser strapdown platform of the
INS) the measurable quantities closest related to
these variables are the acceleration a and the angu-
lar velocity Qx (block ,kinematic* in Fig. 1)

To obtain additional quantities for the identification,

The research aircraft DORNIER DO128-6 a
small STOL transport aircraft with 2 turbo-
prop engines (weight: 4t).

Fig. 2:

the research aircraft shown in Fig. 2 was equipped
with an additional Pitot tube Fig. 10 located behind
the right propeller. Using the Pitot tube the additional
stream velocity, which is a function of the thrust, can
be measured.

The installation of four supplementary pressure sen-
sors in the wing allow one to determine additionally
the pressure in two wing sections. Two differential
pressure sensors are placed in the wing section be-
hind the propeller for measuring the pressure be-
tween the upper (lower) surface of the wing and the
static pressure. The remaining two sensors are
placed in a wing section outside the propeller stream
(and the aileron).

These additional measurements will result in an im-
proved model for both estimators with dramatically
reduced estimation error. For standard flight condi-
tions, an estimation accuracy comparable to the an-
gles a, p of less than 0.2 degrees and comparable to
the airspeed V, of less than 0.5m/s is expected. This
estimator accuracy is required for implementation of
analytic redundancy (estimator) and fault detection
(e.g. in combination with the pattern recognition al-
gorithm from Ref. / 5/) in a standard aircraft.

2_ldentification

In this off-line application a Maximum-Likelihood
output error algorithm is used to estimate the un-
known parameters of the process. For this reason
only constant parameters can be estimated and
process noise is neglected.

The identification is preferably done in two main
steps according to the "Estimation Before Modeling"
technique / 19/. In a first step the well-known differ-
ential equations of the kinematic airplane model are
used to estimate both the unknown parameters of
the measurement system and the quasi static wind
model (Section 2.1). In the second step a propeller
model and an aerodynamic model are used to esti-
mate the unknown aircraft-specific parameters
(Section 2.2). Advanced sensor systems allow to
improve both parts of the model.

2.1 Data Compatibility Check

The compatibility check is the first step of the identi-
fication. It ensures that the measurements used in
later identification steps are consistent and effec-
tively error-free. For the compatibility check the
flight-path velocity, the position vector and the vec-
tor of the Euler angles are estimated by integrating
the measured body-fixed accelerations and angular
velocities. Comparing the 12 estimated and meas-

ured output variables (®, ©, ¥, Vas, %, h, @, A, h, q,
P«, Pp) the measurement corrections (bias, scaling

factors, time shifts) and other parameters can be es-
timated. This requires that the data contains the
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necessary movements to sufficiently constrain these
parameter estimates.

2:.1.1 Improvements by DGPS Data

The improved data compatibility check presented
here makes use of the satellite navigation system
(Global Positioning System, GPS) with its main out-
put quantities latitude, longitude and altitude. In dif-
ferential mode (DGPS) positions are determined
with an uncertainty of about one meter (valid for low
dynamic maneuvers). If the model is extended ac-
cordingly, this DGPS-data can be used to improve
the accuracy of the measurement check (e.g., the
estimation of the wind disturbances).

Positions determined using GPS satellites are sensi-
tive to the satellite configuration, the current atmos-
pheric conditions, and other factors. The idea of
DGPS is to correct the on-board recorded GPS
satellite raw data with the data of a ground station.
The nearby ground station (in our application less
than 100km away) has a well known or very precise
computable position and can determine corrections
for GPS raw data recorded on-board the aircratft.
These position corrections are combined in an off-
line computation (in this application).

Fig. 3 compares the data of INS/airdata, the com-
puted data of the SERCHEL NR103-GPS receiver
located on board the aircraft, and the off-line calcu-
lated DGPS from satellite raw data. It is obvious
from this comparison that DGPS yields the best

——— INS/airdata

longitude
[deg] 10.84

[m/s]

Vas
[m/s]

Fig. 3: Comparison of INS/airdata, GPS and
DGPS.

positional information. INS output has a current off-
set of about 1.8 [km] as well as a drift, and GPS has
only a position accuracy of about 100m. Remarkable
is the difference of the three output signals of the
altitude 'h’. The barometric altitude (airdata) is calcu-
lated from the static pressure and is influenced by
aircraft maneuvers and the current atmospheric
conditions. The difference between GPS computed
data and DGPS results from different coordinate
systems. Both are based on the WGS84 (Fig. 4) but
the GPS receiver additionally uses geoid corrections
which results in a difference of 80 [m] for the current
longitude and latitude. In addition the GPS receiver
has a jump in the computed altitude (reconfiguration
mode of the receiver).

It is not a good idea to choose GPS computed data
to determine the flight-path velocity although these
signals are available. From Fig. 3 one can conclude
that the receiver has a strong low pass filter in its
velocity outputs (time constant about 6s). The calcu-
lated DGPS signal is influenced by errors coming
from the more or the less bad dynamic behavior of
the receiver’s HF-part. Hence, the following data
compatibility check uses the DGPS signals for posi-
tional information and the INS signals for the de-
termination of the flight-path velocity.

Zywissa

Ywassa

mass center
of the earth

latitude @ = 0 Xwass4

Fig.4 The Word Geodetic System WGS84.

So far the data compatibility check models /8/, /14/,
118/, 119/, /22/ considered the earth as a flat non-
rotating system. To obtain the required position ac-
curacy for the identification model the equations now
have to be expanded to the description of the earth
as a rotating ellipsoid. Hence, the earth is described
in the WGS84 coordinate system (Word Geodetic
System from 1984, here without geoid corrections,
Fig. 4) / 24/ and the kinematic model is extended to
estimate all elements of the position vector.
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2.1.2 The Kinematic Model

The measured angular velocity Q (between inertial-

and body axis system: index superscript ,ib“, meas-
ured in body-fixed coordinates: index subscript ,b")
is measured by laser gyros. This velocity includes
the angular velocity between the inertial system and

the earth-fixed (WGS84) coordinate system Q¥
QF =[Qg-cosp, 0, -Q-sin T 1
=g T E P, y —Seg -8l L‘p]g ( )

and the angular velocity between earth-fixed and
geodetic coordinate system ggg

. . T
5_2_;9 =[x-c05cp, -, —x-smcp]g . 2

The rotation speed of the earth can be found to be
Qp =7292115-10"1rad s=1 / 24/,

The transformation matrix Mbg from geodetic to

body-fixed coordinates (a function of the Euler an-
gles) leads to Q8 and to the differential equation for
determining the vector of the Euler angles

o=[o o w]T

@, the inclination angle (pitch angle) ® and the azi-
muth angle (yaw angle) ¥

with the bank angle (roll angle)

00/ ot=QF =Qy -M, Q5 +95) . )

The acceleration which can be measured in the air-
craft's center of gravity ap includes the acceleration
from earth mass aftraction G, centripetal
9_: x(_g’ xr,) and Coriolis acceleration. Therefore

the vector differential equation of the transport ac-
celeration dVk, /6t can be written as

Wiy /Ot =M -2y +G, - Qy x(Q; x1,) “

_ ie _O%
29_g x.Y.Kg .sgg xXKg

with the earth mass attraction (the earth’s gravita-
tional constant u=0.039860015 [m%/s?] / 24/)

. 17
g9=[o, 0, WL , (5)

and the radius vector from the middie of the earth to
the aircraft’s center of gravity

r,=[0. 0 Ry+h]| . ®)

This leads to the transport velocity in Cartesian co-

: T
ordinates Ve, =[uk, Vi, wK]9 :

The position of the aircraft in earth-fixed coordinates
(latitude ¢, longitude A, altitude h) can be obtained
by the following differential equations

U
-1
acplat—(RM+h) (7
VKg
UL E— 8
o/ ot Rt -cose (8)
ah/ot=-wg . ©

The still unknown quantities in (5), (6), (7) and (8)
are the local earth's meridian radius of curvature Ry
and the local earth's transverse radius of curvature
Rp. With the earth's semimajor axis a=6378145 [m]
and the first eccentricity of the earth
e=0.0818191908426 / 24/ Ry and Rp are given by

a-(1-e?)

Ry = ———— (10)
13/1 - e%sin®p

Rp = a (1)
1- ezsin2cp

2.1.3 The Wind Model

So far the flight-path velocity is estimated and its
corrections can be obtained by the identification. To
correct the measured aircraft velocity the wind ve-
locity is needed, too

Vo =Ve-Vy - (12)

Since the flight tests were carried out during non-
turbulent weather conditions the influence of high-
frequency turbulence is negligible. However, low
frequent wind effects must be taken into account be-
cause of their direct influence on the accuracy of the
aircraft velocity estimation. For example the zero
shift of the angle of attack Aa is besides others cor-
related with wind speeds uw and wy

a =k, -a™ + Ao = arctan YA - arctan YK ZWW. (13
Ua U — Uy

The wind is approximated by a quasi static geodetic
wind field (typically 4x4 km base) modeled by Che-
bychev polynomials / 17/. The wind in each direction
is a third order function of the current aircraft's geo-

detic position fy ry =[x, v, z];r(with iy = V), and
initial condition I,(t=0)=0) in each of the tree pos-
sible directions.
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Fig. 5. A possible vertical wind Wyyg-distribution
(here at a constant altitude h) / 2/

T

Vg =[uw vw ww], (14)

X z
1
n n n
v + S ' S ) 2 )
Wo wa,, X + wa,, y + sz,. z
n=1 n=1 N1
w + S ’ n 2 ’ n 2 ) n
wo Wi "X+ wWy" y+ sz" z

=1 n=1 n=1
(15)

The approximation of the wind is very good due to
the improved accuracy of the estimated position (by
the use of DGPS) and the improved determination
of the flight-path velocity. In Fig. 6 the estimated
wind along the flight-path is compared with the on-
board calculated wind / 21/ which is not an observa-
tion quantity in the identification. Differences can be
rationalized by considering the limitations of poly-
nomial approximation (third order max., in Fig. 6 uy
and vy are only first order) and by the errors of the

calculated

Uyg 12 - - - - estimated
[ms]se
8
b
o o Io Ja i %6 o & & 36 1e0 119
Wy ° t trudder inp.
{ms] ¢
3
- D L S A S
6 10 2 3 4 58 Lo 1o & ‘éé"i'u;'i'fo"'
. elevator inp.
"ng
[m/s] e
-1
¢ do i W s S0 e T8 b1 d6 100 1i8
t[s]
Fig. 6. ldentification results of the wind estimation.

on-board wind calculation (correlation with the input
signals, sensor errors).

For this estimated wind velocity (Fig. 6) the estima-
tion of the pressures at the five hole probe (function
of the aircraft velocity) is presented in Fig. 9.

2.1.4 The Measurement Equations

As mentioned before all measurements of the proc-
ess (inputs u and outputs y) are assumed to be af-
fected by bias Au, Ay and scaling factors k,, k,

= Kyt + Al (16)

Vi =Kyi'yj +4y; (17)

1 as well as time shifts relative to the time shift of the

angular velocities (reference). The necessary time
shifts are archived by the estimation of time con-
stants T of a PT, (a linear first order lag)

Y =i-Yo)/ T, 3 Yegfte) =y, (ko) - (18)

If the estimated time constant T is less than (2/3)-AT

1 or larger than 2-AT the delay is shifted into an inte-

ger multiple | of the time step AT

y;(t) =y, (t+ 'zy, *AT) (19)

Thus, the damping of higher frequency signal ampli-
tudes does not increase excessively / 12/.

In addition to the discussed common measurement
corrections there are additional measurement equa-
tions for the input signals {especially the accelera-
tion) and some of the output variables to consider.

2.1.4.1 Measurement of the Acceleration

The acceleration normally cannot be measured in
the aircraft's center of gravity. The center of gravity
is not constant because of the fuel consumption.
The distance from the center of gravity to the accel-

erometers X;°° must be taken into account
. . b
aP = al - Q¥ x [_)g:“ +QfF x&ﬁ‘""] -0F x X2 (20)

Normally the variation of the distance, caused for
example by fuel consumption, is negligible 2(_:' =0.

2.1.4.2 Measurement of the Flight-Path Velocity

With (4) the observation equations of the ground
speed Vgs and the true track y are

VGS = "qu2 + VK92

X = arctan(vy, /Uyg)

21)

(22)
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Fig. 7. Geometry of the transformation procedure
into the axis system of the five hole probe
(2D illustration, xz-plane, B,=0).

2.1.4.3 Pressures at the Five Hole Probe

The aircraft velocity is the difference between flight
path velocity and wind velocity (12). Derived from
the aircraft velocity the differential pressures at the
tip of the nose-boom (with the five hole probe) are
calculated as illustrated in Fig. 7.

The wind velocity at the tip of the nose-boom de-
scribed in geodetic coordinates V', is calculated

according (15). The position within the wind field is
given by the position of the aircraft's center of grav-
ity X5° in geodetic coordinates plus the distance
between the center of gravity and the tip of the
noseboom Xp which is given in the body-fixed coor-

dinates and has to be transformed into geodetic co-
ordinates.

'we = V. .
—Wg T 1Wwg (-Xcss*'igbxg) (23)

The aircraft velocity at the tip of the nose-boom
V', is the difference between the aircraft velocity in

the center of gravity Vi, transformed into body-fixed
coordinates plus the additional speed at the tip of
the nose-boom by the rotation of the aircraft

Q% x Xp and the wind velocity in body-fixed coordi-
nates

' b r
Va=M, Vi +Qp x.).(.g—Mbg'le . (24)

From (24) the components of the aircraft velocity in
Cartesian body-fixed coordinates at the tip of the
nose-boom can be calculated by

Vi = JuZ + v+ w2 (25)

'

w
o = arctan —,—A (26)
Ua

Va . 27)

B aresin e —
! ! ’
Uy +Va + W)

To obtain the pressures measured at the five hole
probe the aircraft velocity (24) has to be transformed
into the rotated coordinate system of this sensor.

u, | [cosa,cosp, -cosa,sinB, -sina,||uy
. ’

Vi |=| sinB, cosf, 0 |{Vva

wy| |sina,cosp, -sina,sinB, cosa, | [W)
(28)

The x-direction of this coordinate system x” is given
by the longitudinal axis of the five hole probe (see
Fig. 7). The rotation angles are a,~7° and p,~0°. For
Bn=0° the Equ. (28) is simplified to

. 7
—-sina, U,

0 val - (29)

14

0 cosa, | {W,

1
Uy cosa, O

”

Vi |= 0 1
R .

LA sino.,

The differential pressures of the five hole probe are
then obtained according to / 6/. In the special case
of the ROSEMOUNT five hole probe the diameter of
the center hole for the measurement of the dynamic
pressure is larger than the four other holes (45 [°})
and it is large compared to the diameter of the
hemisphere at the tip.

So the single parameter in the model used in Ref. /
6/ is now separated into two form parameters b, for
the determination of non-axial flow and b, for axial
flow. It is expected that the estimated parameter b,
will always be nearly zero.

a=pi-p, = 5 (UK2+ (1-by) (R + Wz )] (30)
Pu = P-by UK W (31
Pp = p-by Ui VK . (32

In (30) q is the dynamic pressure, p, and pp in (31)

and (32) are the differential pressures in z"" and y”
direction. The air density p for an altitude below
11 {km] is calculated from the measured static pres-
sure (ISO standard atmosphere).

2.1.5 Resultant Force and Resultant Moment

At the end of a data compatibility check the resuitant
force R = R*+R" is calculated using Equ. (4) from

ot

-M_ (B +R)) (33)

Thus the resultant force in body axis system can be
calculated by
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=m- g
R,=m Mbg at . (34)
The resultant moment can be obtained from
AT -Q
"(a—?b‘)‘ @ +Q)-ef x@ed) . @

With the inertia tensor of the aircraft

-, | (36)

VR R

the calculation of the resultant moment results in

=T ;tb +QF x(T-28°) . (37)

The time derivatives of the angular velocities
9P fat=[p q i] are determined numerically.

2.1.6 Inertia Data of the Aircraft

The mass of the aircraft ‘'m’ and the position of the
center of gravity are obtained from two three-point
balances of the aircraft at different inclination angles
before (or after) a flight test. On the ground the incli-
nation angle of the aircraft is about ten degrees. If
the rear is lifted other inclination angles up to zero
degrees are feasible. The positional change of the
center of gravity of the tanks (main tanks and espe-
cially the long additional tanks under the wings) as a
function of the inclination angle and the filling of the
tanks has to be taken into account.

The moments of inertia of the aircraft were esti-
mated from bifilar pendulum tests / 13/. So far the
moments of inertia are calculated as the difference
between the current equipment and the test equip-
ment used during the tests described in / 14/.

With these preparations the mass, the center of
gravity and the moments of inertia of the aircraft are
well known for the beginning (end) of a flight test.
The additional knowledge of the fuel consumption
during the flight test enables the calculation of the
inertia data for the whole flight.

2.1.7 First Results of the Improved Data Compati-
bility Check

The results of the identification (Fig. 8, Fig. 9) are
good despite the encountered large wind distur-
bances (wind speed about 40 [km/h}], see Fig. 6). In
addition to the wind field parameters (15 parameters
of 30 are used) the initial values of the state vari-

ables (@, ®, o, Vaso, Xo» f\o, ¥s, o, hy) are esti-
mated. For the measurement correction it is suffi-
cxent to take only the offsets Aa,, Aa,, Aa, (about 10°

°[m/s%)) and Ap, =-0,277 [hPa] into account. The

estimated form parameter from (31), (32) is by=2.17
(b, is set to zero) and the rotation angle (28)
a,=6.53 [°] (B, is negligible small). Though the dif-
ference between measured and estimated Euler
angles as well as measured and estimated position
are so small that they are not visible only the esti-
mation of the flight-path velocity and the aircraft
velocity is presented.

o measured
Vas =~ 3 - - - - estimated
[m/s]™ J

86

50 3

do %0 % 48 %o @ 15 88 98 100 110

X T
[deg] ;

96 100 119

t[s]

The measured and estimated components
of the flight-path velocity.

measured
- estimated

q
[hPe = |

30 de b0 110

S i de f0 1@

Tha . G0 dea. 118

t[s]
Identification result of the aircraft velocity
(raw data of the five hole probe) with the
wind estimation according Fig. 6

o o 20 32 4 G0 o e

Fig. 9:
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2.2 Aircraft Specific Model Part

One of the advantageous of the "Estimation Before
Modeling" technique / 19/ is that the second part of
the identification only requires the solution of alge-
braic equations. Thus the computational time can be
reduced dramatically. From the input signals n, €, &,
the aircraft velocity V4 and the shaft power P the re-
sultant force and the resultant moment are esti-
mated and compared with the corresponding quanti-
ties of the data compatibility check (Section 2.1.5).

The local observer discussed in Section 3.1 only re-
quires the force equations of the aerodynamic and
the propulsion system. The moment equations are
not necessary for the design (of the observer) and
will not be discussed in this paper.

2.2.1 _The Force Equ. of the Aerodynamic Model

The aerodynamic force R" in body-fixed coordinates
is given by

R, G510 Ca o]

with the wing area S and the drag coefficient Cp

Co = Cpo+ (Cpa+ Cpaz @) o +(Cppt+ Coﬂz‘|ﬁ|) : ||3|

- ) P (38)
+Cpgp - B +Cpyq '“\T"'f(a.ﬁaﬂsﬂk-m)

the side force coefficient Cq (s is half of the wing
span)

Fig. 10: The Pitot Tube behind the right propeller.

S
CQ = Coﬁ‘ﬁ + CQt'c + (CQp' p+ CQ,' I‘) "V'—
A

(39)
+CQG§ L ﬁ + f(B,E,...)
and the lift coefficient C,
CL=Clo+(CLa+C 2ra) a+(Cp+ CLﬂZ'lﬁD ‘||
. (40)

q-l A
+Clp-0-B+Cyy -«\—IA—"+f(u,|3,n,nK....)

The Equ. (38) through (40) describe a one point
aerodynamic model where the effects of the wing,
the fuselage and the elevator as well as the rudder
are combined. For cruise flight conditions and low
dynamic maneuvers the accuracy of this model
should meet the requirements of the observer. For
high dynamic maneuvers more complex models
(multi-point models) are available. The secondary
effects mentioned in brackets at the end of the
equations are neglected.

2.2.2_The Propeller Model
The propeller force RF can be expressed as

E: - ‘\‘/E_'TIProp '[COSG. 0, SiHG]T (41)
A

where o is the angle between the x-axis of the air-
plane and of the propeller axis (for the DO128
o=-2 [°]). In this equation the term (P/V,) npop rep-

resents the thrust F. The propeller efficiency np.p is
given by the propeller charts of the manufacturer as
a function of airspeed, air density and speed of the
propeller. The deterioration of the propeller effi-
ciency caused by the installation of the propeller
(e.g., by drag in the propeller flow) is neglected. The
propeller charts are valid for axial flow. A valuation
of the effects by non-axial flow gave the following
results. For a typical airspeed of 67m/s and an incli-
nation angle 3 of ten degrees

(42)

the axial thrust increases from 3300 [N] to 3344 [N]
(1.3%) for a constant blade angle. This effect is neg-
ligible but in addition the non-axial flow causes a
propeller side force of about 380 [N] and a moment
M_ orop Of 429 [Nm].

d = arccos(cosf - cos(a + 0))

2.2.3 Additional Observation Equations

As mentioned above it is planed to improve the ac-
curacy of the identified model by additional meas-
urements.

2.2.3.1 The Pitot Tube

The already mentioned PITOT tube behind the pro-
peller is integrated into the flight test equipment (Fig.
10).
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stream velocity

vertical
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Fig. 11: Measured stream velocity (F=2490.9N).

This sensor in the propeller area measures the air
pressure and allows to determine the stream velocity
at this location. Though an additional measurement
of the radial pressure distribution in the propeller
area in a ground test (Fig. 11) the accompanying
distribution for axial stream is known. This distribu-
tion can be used for the calculation of the effect of
the propeller flow on the wing (Section 2.2.3.2).

The Pitot tube has a second function. The integra-
tion of the pressure over the whole propeller area
(measured in ground tests) leads to the propeller
thrust valid for the airplane at rest and for axial
stream conditions. Fig. 12 shows this calculated
thrust as a function of the pressure measured by the

PITOT tube.

3000
[ FIN

2000 ’//””//,,:””’///

T

1 p [Pal
0t
400 600 800 1000 1200
Fig. 12: Thrust F as a function of Pitot pressure.

2.2.3.2 Measurement of the Wing Pressure

It is planned to use the measured wing pressure to
support the estimation of the lift in several wing sec-
tions. The wing section behind the propelier for ex-
ample allows one to estimate the effect of the pro-
peller stream velocity on the wing.

The measurement of the wing pressure distribution
over the whole airfoil allows to determine the lift
coefficient. The geometry of the measured pressure
distribution for different angles of attack should be
similar. Thus the measurement of the pressure at
one point x/c is a linear function of the lift coefficient

C, even through high angles of attack. The meas-
ured pressure distribution (wind tunnel test data) of
the airfoil NACA 23018 / 20/ (airfoil of the DO128)
results in the following illustration (Fig. 13).
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Fig. 13: Pressure coefficient C; at x/c=0.49 for the
airfoil NACA 23018 from wind tunnel test
data published in / 20/.

The differential pressure sensors mounted in the

wing of the DO128 measure the pressure between

one point of the wing p, and the static pressure ps.

Thus the pressure coefficient can easily be obtained

by

Cp=PuzPs (43)
q

It is desirable to measure the wing pressure in the
vicinity of the nose, if possible in the first third of the
airfoil. But it is impossible to measure the wing pres-
sure there due to the de-icing system and the spar of
the wing. A feasible mounting position closest to the
nose of the airfoil is at x/c=0.49. This results in a
turbulent stream at the upper surface pressure
holes, starting at smaller angle of attack. For higher
angles of attack the turbulence destroys the linear
relationship between determined pressures and the
lift coefficient.
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Fig. 14: Preliminary results of the wing pressure
measurements.
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Due to defective pressure sensors the crucial series
of flight tests had to be repeated in April 1994, The
following discussion is based on a preliminary
evaluation of this new flight data. The final results of
the ongoing evaluation are expected to be available
for the presentation.

In Fig. 14 the first evaluation of the flight test data is
shown for an uninterrupted four minutes part of the
flight. The lift coefficient C_ of the aircraft is calcu-
lated by

m-g
C = . 44
L=3s (44)

This equation is a simple approximation valid for
horizontal flight. The disturbances in Fig. 14 arise
from strong aircraft maneuvers (curves) where Equ.
(45) is not valid. The differences compared to Fig.
13 and the differences between the two wing sec-
tions are due to the fact that C, is an approximation
of the lift coefficient of the whole aircraft and not for
the examined wing sections.

In the ongoing evaluation the wing is divided into
several wing sections. For each section the lift is
calculated separately from the local airspeed veloc-
ity (calculation similar to Equ. (24), in addition the
induced angle of attack o ; has to be taken into ac-
count) and from the local lift coefficient. The local lift
coefficient is a linear function of the local pressure
coefficient (see Fig. 13) and the pressure coefficient
is given by Equ. (44).

3 QObserver

This section discusses two methods for sensor su-
pervision of a five hole probe. The supervision is
based on accurately measurable output variables of
the aircraft, particularly the outputs of the laser
strapdown platform. The problems associated with
both methods as well as the advantageous of both
methods are outlined / 4/.

3.1 The Nonlinear Local Luenberger Observer

The model implemented in the observer is just a
part of the complex six-degrees-of-freedom aircraft
model / 7/. To avoid model parameters whose val-
ues are inaccurately known as well as to reduce the
computational requirements for the later on-line cal-
culation, the moment equations are replaced by
precisely measured data, namely Q, @ (local ob-
server, / 9/). The acceleration as a fast and accurate
measurement is chosen here to compare the output

of the observer a with the corresponding measure-

ment a. The difference (estimation error 3) is fed

back through the diagonal matrix H to the integrator
inputs of the observer. The coefficients of this matrix

have an influence on the stability, the low-pass filter
effect and the response time of the observer.

Since this observer is insensitive to wind distur-
bances the wind is neglected (_\zW =0) in the ob-

server model. Translational wind does not have any
effect on the stationary estimation error of the ob-
server / 3/.
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Fig. 15: The local Luenberger observer / 7/.

The observer based on this concept is able to esti-
mate the aircraft velocity in polar coordinates V,, o,
B. Since on board the aircraft these components are
now measured by the five hole probe, the observer
is extended by the equations in Section 2.1.4.3 to
estimate the pressures measured by this sensor. In
addition the variation of the parameters can be dra-
matically reduced by the improved model equations
presented in Section 2. The first results of the data
compatibility check in Section 2.1.7 indicate that the
needed measurement corrections are how minimal.
Thus the estimation results of the redesigned ob-
server should satisfy the required estimation accu-
racy (see Section 1). More detailed results will be
presented at the conference.

3.2 Recursive Equation Solver

The direct inversion is a second possibility to calcu-
late/estimate the measurements of the aircraft ve-
locity. It uses the complex nonlinear relationship

between the measured acceleration a and the air-

craft velocity Va respective the pressures of the five
hole probe. For the solution of this set of equations
an analytical inversion is not compietely feasible.
Therefore, a very efficient inversion algorithm is
needed.

One of the disadvantages of direct inversion algo-
rithms is that one has to rely on the fast and safe
convergence of the available programs. Conver-
gence is not guaranteed and the computational
times of the algorithms are not constant / 4/. In addi-
tion high frequency disturbance (noise) are not fil-
tered out.
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The advantage of the direct inversion is that there is
no delay at the start. So the direct inversion might
be useful for generating start values for an observer
/4.

4 Summary and Conclusion

The additional measurement signals available from
DGPS, PITOT tube (mounted behind the propeller)
and wing pressure sensors allow to improve both the
aircraft model as well as the model of the measure-
ment system. In the off-line identification additional
measurement equations containing further unknown
parameters are introduced. The introduced uncer-
tainties can be reduced by additional information
obtained from ground tests of the propeller and from
wind tunnel test data of the airfoil.

The improved model with less variant parameters is
the base for the implementation of analytic and dis-
similar redundancy. Therefore the design of a non-
linear observer and a recursive equation solver for
generation of start values is outlined.
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