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Abstract. An issue of improving flight safety during landing with an inertial navigation system (INS) and a failed barometric
altimeter is considered. In this paper, we propose a specific algorithm for in-flight calibration of the vertical channel of
INS. Accordingly, the baro-inertial integration algorithm using a discrete five-state Kalman filter will be performed during
a particular flight maneuver before landing. As a result, it is possible to estimate not only the bias of vertical accelerometer
but also its scale factor, which is too small to be defined by a usual in-flight calibration algorithm. After applying the
proposed algorithm, the flight management system can provide a safe landing with a standalone INS. The algorithm’s
performance is assessed by simulating complete mathematical models of aircraft motion and control systems. The impact
of calibrated bias and scale factor of vertical accelerometer on the altitude estimation error is provided through an analysis.

Keywords: accelerometer, barometric altimeter, calibration maneuver, baro-inertial failure, Kalman filter, automatic landing.

Introduction

Inertial navigation system (INS) is one of the most effec-
tive devices that provide an estimation of aircraft state to
ensure the accuracy and safety of its motion. In contrast
to other navigation and guidance systems, INS is com-
pletely autonomous and free of external influences such
as weather and electromagnetic interferences. However,
the major disadvantage of an INS is the unlimited growth
of its errors over time, especially in the vertical channel
(Babich, 1991; O’'Donnel, 1964), making the long-term ap-
plication of standalone INS ineflicient. In order to over-
come this drawback, integration of INS and other posi-
tion and velocity measurements such as Global Naviga-
tion Satellite System (GNSS), radio systems, or barometric
altimeter (BA) (Schmidt, 2010; Siouris, 1993) is used. By
using signals from such systems, it is possible to obtain
more accurate estimates of aircraft state even when the
characteristics of INS are poorly known. Nevertheless, the
advantage of INS and noninertial navigation sensors inte-
gration does not eliminate the need for in-flight inertial
sensors calibration, since it allows us to reduce position
errors when only a standalone INS is available due to ex-
ternal measurement failure.

As is well known, GNSS is the most common aiding
system that can give an absolute drift-free position esti-
mate with high accuracy (Groves, 2013; Mohinder et al.,
2007). However, due to the effect of satellite geometry
and aircraft maneuver, GNSS provides less accurate alti-
tude estimation (Farrel & Barth, 1998; Kim & Sukkarieh,
2003). Hence, an additional aiding system, such as BA, is
needed to improve the vertical channel (Ausman, 1991;
Babich, 1991; Farrell & Barth, 1998; Kim & Sukkarieh,
2003; O’Donnel, 1964; Sobolev, 1994). Many research-
ers have developed various algorithms for baro-inertial
integration, using simple vertical channel damping-loop
mechanizations or complex forms of Kalman filter. The
results show that using BA additionally to integrated navi-
gation systems allows us to obtain a more reliable and ac-
curate navigation solution. Furthermore, it is shown that
baro-inertial integration meets the FAA requirement for
a Category I precision approach (Gray & Maybeck, 1995).

However, in most publications, the authors used in-
complete mathematical models of integrated systems.
For example, the dynamic error of BA, i.e., lag in static
pressure transmission, is not taken into account (Bever-
meier et al., 2010; Kim & Sukkarieh, 2003; Sokolovi et al.,
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2014), or the accelerometer error model including only
bias is considered (Babich, 1991; Sobolev, 1994). In some
cases, additional information from a non-standard at-
mosphere condition (Jafar et al., 2018) or map-matching
with a topographic map (Bevermeier et al., 2010) is in-
cluded for compensating the BA bias caused by deviation
of sea-level temperature and static pressure from their
nominal values used in BA computation. This leads to
the use of a more complex structure of integration al-
gorithm, which can be avoided by a suitable selection of
measurement information from BA output, as done in
this work. Besides that, the main issue of these investi-
gations is to provide a more stable and accurate altitude
estimation with BA aiding. For this purpose, it is suffi-
cient to define only the accelerometer bias since the rest
of its characteristics are quite small (for aviation-grade
INS). As a result, in the event of BA failure, the altitude
estimation is not exact enough to ensure the safety of
aircraft motion, especially in such complicated and dan-
gerous phase of flight as landing, as shown in simulation
results of this paper.

It is very important to have accurate altitude infor-
mation during landing because any hazardous situation
could occur if either the pilot or automatic control system
receives erroneous altitude estimates. Numerous aviation
disasters have been caused by the air data computer failure
(Jeb, 2019; Luiz, 2013). Among them were the accidents
involving Air India Flight 855 (January 1978), Birgenair
Flight 301 (February 1996), Adam Air Flight 574 (Janu-
ary 2007), Turkish Airlines Flight 1951 (February 2009),
Air France Flight 447 (June 2009), United Airlines Flight
N41140 (October 2013), or the recent Boeing 737 Max
crashes. The primary cause of these disasters is blockage of
the Pitot-static systems (AAIU, 2016; BEA, 2012; KNKT,
2018), among which the BA failure due to the static port
blockage by water or airframe icing is more dangerous
(FAA, 2016).

Consequently, improving flight safety in the event of
BA failure is always highly relevant. In this paper, we pro-
pose an algorithm that provides calibration of the vertical
accelerometer of INS during a specific flight maneuver be-
fore landing. This method allows us to estimate not only
the accelerometer bias but also its scale factor, which is too
small (aviation-grade INS) to be defined by a “normal” in-
flight calibration (i.e., without any calibration maneuver).
Using the calibrated bias and scale factor for additional
compensation of INS error, the flight management system
can provide a safe landing when the BA is failed.

Fully observable information of the measurement
model including vertical accelerometer and BA is derived
for calibration using a discrete Kalman filter, one of the
most effective and widely used methods for realizing ba-
ro-inertial integration. The effectiveness of the proposed
calibration algorithm follows an analysis of mathematical
simulation results. The reliability of the obtained results
is based on the fact that the investigation in this paper
is performed using complete models of related dynamic
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systems (aircraft and landing control loops). In addition,
an example of analyzing the impact of the calibrated bias
and scale factor of a vertical accelerometer on altitude es-
timation error during landing is given.

1. Mathematical model of Kalman filter
calibrating the vertical accelerometer

To describe the vertical channel of INS, we consider that
the residual error (after all compensations) in the estimate
of vertical acceleration, measured by the vertical acceler-
ometer, is caused by the following error sources:

1) an inaccuracy of setting the bias Aay;

2) an inaccuracy of setting the scale factor ok, ;

3) measurement noise & with zero mean and standard

deviation o, .

Respectively, a mathematical model for the vertical ac-

celerometer of INS expresses the output a,,, as:

am:(1+8ku)ay+AaO+§, (1)

where a,, - vertical acceleration of an aircraft.
Hence, the vertical acceleration can be estimated by
the following equation:

a, —Aay,—§
a, =W*(Qm —Aay -&)(1-06k,), (2)

since 0k, <1.
The model of BA output is adopted as (Babich, 1991):

Ay L che AR+, 3)
dt T
where h,, - output signal; i — aircraft altitude; Ah, - bias;
T - time constant, defined by (4); u - measurement noise
with zero mean and standard deviation o,,.

The time constant T of BA depends on the static pres-
sure and temperature of the atmosphere (Lawford & Nip-
press, 1983; Sobolev, 1994):

3
P T T, +110.4
AT, ) T, +1104

where 7, - time constant at sea-level; By, T, — sea-level
static pressure and temperature of the atmosphere; P, T}, -
static pressure and temperature of the atmosphere at h.

From (3), the discrete model of BA output can be rep-
resented in the following form (Sobolev, 1994):

h, (k+1)=e2T"h, (k)+(1-e 2T/%)h(k)+
(1—e 8T/ ARy + (1 - e AT )u(k), (5)

here AT - sample time.

Essentially, the algorithm calibrating a vertical accel-
erometer by integrating its output and BA output is based
on the comparison of the flight altitude changes estimated
by these sensors separately. Since BA measures an abso-
lute value of aircraft altitude, it is necessary to remove the
bias Ah, from the output &, (5) to estimate the altitude
change. For this purpose, the difference Ah,, =h,, —hm0
between current BA output and the initial one is used as
a measurement for the Kalman filter:
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Ah (k+1)=h, (k+1)—h, (0)=
e ATITAR, (k) +(1— e AT/")Ah(k) + (1— AT/ )(k), (6)

where Ah(k) =h(k)—h, - altitude change since the initial
moment; h, - altitude at the initial moment; n=p—p,,
1, — @ sample of BA measurement noise at the initial mo-
ment.

The Kalman filter state vector is established as:

T
{xh =] ARV, , Aaq, 5k, Al | 7)

where V- vertical speed; Ah;, — predicted variation of
BA output since initial moment (without consideration of
measurement noise).

Thus, the evolution of Kalman filter state is described
by the following system of equations:

Ah(k+1) = Ah(k)+ ATV, (k) +%AT2ay(k) ; (8)
V,(k+1)=V, (k) +ATa, (k); )
Aay(k+1) = Aay (k) ; (10)
Sk, (k +1) =8k, (k) (1)

Al (k+1) = (1—eAT/%)A(k) + e AT T AR, (k) (12)

with T - estimation of BA time constant.

Taking into account (2) and (7-12) we have:

x(k+1)=Ax(k)+Bu(k)+Gp§(k), (13)
here
1 AT —%ATZ (1-5k,) —%ATzam 1= AT/
0 1 -ATQ-8k)  ATa, 0
A=l 0 0 0
o 0 1 o
1—e-ATIT o~ AT/T e=AT/T
Lar —%ATZ(I—Ska)
AT -AT(-8k,) |
_ , _ » up=la,].
B= G, = 0 "
0
L . . 0 -

The measurement for Kalman filter can be formed as
follows, according to (6) and (7):

y(k+1)=Cx(k)+G,n(k), (14)
where {y}=[Ah,], C= [O,O,O,O,l]T , G, = [1—e‘AT/?J .

The block diagram of the Kalman filter using (13) and
(14) in a recursive loop is shown in Figure 1.

KALMAN FILTER

PO Gain calculation
© > O(k+1)=AP(k)A"+ G,c.G!
Ga - T
K(k+1)=—QU+DC
G, N COk+1)C" +G o,G,
P(k+1) =Q(k+1)- K(k+1)CO(k+ 1)
‘K%+D
x(O) ) State preAdiction
> x (k +1) = Ax(k) + Bu(k) -
a u Measurement prediction
Accelerometer = y (k n 1) —Cx~ (k T 1)

Measurement residual

BARO ) > p > (k1) = y(k+1) =y (k+1)
= L
Ll v

Correction

Xk+)=x"(k+D)+K(k+De(k+1)|

MY Ay 5k

Figure 1. Calibration Kalman filter
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2. Mathematical model of an aircraft

A nonlinear mathematical model of longitudinal motion
of a passenger aircraft is used for modeling the flight dur-
ing landing. Due to the limited flight time, the aircraft
motion model with a flat earth is considered. Thus, the
flight dynamics equations are as follow (Zaporozhets &
Kostiukov, 1992):

d V:Tcosoc—X

— —gsinB; 15
dt m & (15)
ie=T51n0c+Y—mgcose; (16)
dt mV

M
4 =M (17)
dt I,
d
—3=w,; 18
% . (18)
d d
Lo -0, 19
ar (19
ih =Vsin0, (20)
dt

where T - thrust; X, Y - drag and lift forces; M, - pitching
moment; V - speed; a — angle of attack; 0 - flight path an-
gle; o, - rate of pitch angle; § - pitch angle; h - altitude;
m — mass; I, — inertial moment.

Figure 2 provides a definition of all forces and mo-
ments acting on an aircraft, as well as angles indicated in
the flight dynamics equations (15-20).

The aerodynamic model is determined by formulas
(Zaporozhets & Kostiukov, 1992):

— (o 82 ¢ .
C, =Cya+Cy8, +Ch,; (21)
C, =Cyo+AC, +BC% +(Cy + %+ C % 02)5, +Cho, 5
(22)
m, =m,, +mgoc+mgza2 +m§eSe +mlo, +
® o d Cy(xT —25)
m, o, +m¢ —o)b/V+——-—-—, 23
(" ©; +m; dt ) 100 (23)

where C, — drag coefficient; C, - lift coefficient; m, - pitch
moment coefficient; 5, — elevator deflection; ¢, — angle of
horizontal stabilizer; b — wingspan; x; - center of gravity.

Figure 2. Forces and moments acting on an aircraft
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In the landing configuration (Zaporozhets & Kostiu-
koy, 1992): ¢, =3 deg, xp =25 % m.a.c, C}= 0.093,
c} = 0.006, C$=0.0145, C,y=0.0586, A = -0.0518,

2
B=0.0876, C = ~1.920E-4, C%* = 8.11E-5, C** = 0.0,
C= -2.33E-3, m,= 0.0515, m¥= -3.215E-2, m%* =
5.3E-4, ml¢ = -0.0185, m$ = —0.0465, m®* = ~12.9, m® =
-5.0.

3. Calibration maneuver planning

In order to design a maneuver for in-flight accelerometer
calibration let’s rewrite equation (2) for vertical accelera-
tion estimation:

a, ~(a,, —Aay)(1-3k,) = a,,(1-0k,)—Aa,, (24)

where Aa,dk, is omitted because it is very small in com-
parison with Aa,, .

The essence of an algorithm calibrating the accelerom-
eter with output structure (1) is to find such values of Ag,
and dk, , which maximally reduce the difference between
altitude estimate obtained by double integration of verti-
cal acceleration a, estimated by (24) and the one received
directly from BA output. According to (24), the bias Ag,
can be well defined in a normal flight condition without
any vertical acceleration, i.e.,, when a,, =0, and vice versa,
the scale factor 8k, can be calibrated only under a signifi-
cant vertical maneuver. Therefore, in this paper, to study
the effect of a flight maneuver on the accuracy of vertical
accelerometer calibration, we suggest changing the aircraft
trajectory with the command illustrated in Figure 3 (hg -
initial altitude, h; — desired value of altitude, Ah, - refer-
ence altitude change, AT, ; - command duration, ¢, -
starting time of maneuver).

To perform such maneuver as given in Figure 3, an
altitude/speed hold autopilot is used (see Figure 4 for de-
tail).

Respectively, the control signals are:

Up =gy +ky (V= V) +k,a+k,y, (Ah, —Ah); (25)
U, =ty +k &, +kgb+kyy (V, =V)+k, (Ah, — Ah) , (26)

where urq, u,, — program controls corresponding to the
trim condition (level flight at 500 m with speed 80 m/s);
V; - desired speed; Ah, - reference altitude change; V,
a, @, 0, Ah - estimated value of speed, acceleration,

hoA
f AR,
/3 I R
0 i 17 »!

Figure 3. Altitude change command
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Figure 4. An altitude/speed hold autopilot

pitch angle rate, flight path angle and altitude change;
ky = 0.08, k, = -0.23, k,,, = -0.018, k,=0.41, ky=0.715,
kyy = 0.002, k; = -0.07.

The dynamic of throttle and elevator actuators is (Bri-
an & Frank, 2003):

-3
igT :uT_T; (27)
dt Ty
-9
dg YO (28)
dt T,
where &, , 8, - throttle and elevator deflection; T, =5,

Te =0.1s- t1me constant of actuators.

4. Analysis of results

To assess the feasibility of the proposed in-flight calibra-
tion algorithm, a simulation was performed, using the
aviation-grade accelerometer (Groves, 2015) with Ag, =
0.001 m/s?, 8k, = 1000 ppm, o, = 0.0062 m/s* and the
BA with o, =1 m and bias Ah, modeled as random con-
stant with zero mean and standard deviation c;, =30 m.
The accelerometer sampling rate is 1000 Hz, whereas the
BA sampling rate is 100 Hz.

True value
Estimated value

Bias Aa, (s

o/

2 L L L L L L L L L
o 20 40 80 80 100 120 140 160 180 200

Time ()

a)

It is considered that, at the initial moment, the aircraft
is in a steady-state level flight (altitude 500 m and speed 80
m/s) heading forward to the glide-slope line. From here,
the initial state of Kalman filter is taken as zero for all
its elements. The initial value of the covariance matrix of
estimation errors is set to (29):
(12 0 0 o0 0|
0 42 0 0 o0
Pp={ 0 0 10° 0 0 [ (29)
0 0 0 10° o0
0 0 0 0 10?

Given flight dynamics equations (15-20) with aerody-
namic model (21-23), as well as automatic control sys-
tem models (25-28) and (31-34), the aircraft motion was
simulated in Matlab/Simulink environment.

4.1. Simulation results without calibration
maneuver

Figures 5 and 6 present the calibration results obtained in
a stabilized level flight, i.e., without any maneuver. One
can find that the accelerometer bias Aa, can be quite ac-
curately calibrated, while the scale factor 8k, can not be
identified.

Estimation error

oy,

Bias estimalion error (%)
o
<
)
|
|

_agg L L L L L L L L L
0 20 40 60 80 100 120 140 1680 180 200

Time (s)

b)

Figure 5. Bias estimation during stabilized level flight: a - estimated value; b - estimation error



Aviation, 2020, 24(2): 80-89
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Estimated value |

1000 -
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85

Scale faclor eslimation emor (%)
e
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0 20 a0 60 80 100 120 140 180 180 200
Time (s)

b)

Figure 6. Scale factor estimation during stabilized level flight: a — estimated value; b — estimation error

The time history plots in Figure 5 show that the esti-
mation error fairly converges towards zero. After 30 s the
estimated value of bias almost approaches its actual value.
At the same time, as shown in Figure 6, the estimated val-
ue of scale factor does not change over time and is always
close to zero, while its actual value is given as 1000 ppm.
These simulation results are consistent with the conclusion
theoretically made in section 3 by analyzing equation (24).
Thus, as expected, any maneuver is required in order to
increase the calibration accuracy.

4.2. Selection of maneuver optimizing vertical
accelerometer calibration

To study the influence of flight maneuver on calibration
accuracy, a calibration algorithm was simulated with ma-
neuvers controlled by the altitude/speed hold autopilot
(see Figure 4) with various reference altitude changes
Ah, =-100+100 m and command durations AT, , =
7,8,9,10,11, 12,13, 14 s.

To examine calibration accuracy, we introduce the rela-
tive calibration error calculated from the steady-state
values of bias and scale factor, which are estimated by
Kalman filter, in the form of:

Sx(%) =~ true_ 10095 , (30)
Xtrue
where X - mean of steady-state estimates of parameter x,
Xyye — true value of x.

The simulation results (with flight duration 200 s, ¢, =
20 s) are presented in Figures 7 and 8.

As shown in Figure 7, the bias calibration accuracy for
any of the planned maneuvers is quite high (the error is
not more than 1.1 %, the standard deviation of error is less
than 1.5%). This is very important because any desirable
maneuver should affect only the scale factor calibration
process, but not the bias calibration, which is well per-
formed in a level flight.

Figure 8 presents the results of scale factor calibra-
tion. According to them, the command durations AT,

Bias estimation error (%)
| |

P S S Y Y ST L L SR SARE SRR R
-100-90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90 100
Ah, (m)

Figure 7. Result of bias calibration with various maneuvers

Scale factor estimation error (%)

-1

-100-90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90 100
Ah_(m)

Figure 8. Result of scale factor calibration with various
maneuvers

and the corresponding ranges of reference altitude change
Ah, , at which the scale factor calibration error (30) is
guaranteed no more than 2%, are shown in Table 1.

As can be seen from the obtained results, the longer
the command duration AT, ; is, the smaller the altitude
change Ah, is required, and therefore less energy is spent
on maneuvering. However, when AT, ;> 11 s, the cali-
bration accuracy is too sensitive to Ah, : the scale factor
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Table 1. Required value of reference altitude change
AT, .4 7s 8s 9s 10s 11s 12s 13s 14 s
Ah, 290 m >56 m 242 m >32m 26-34m 20-25m 18-21 m 14-16 m
12 10 T T T T 1200 T T T T
If' : "\\ gx‘:i:n;ﬁ:vmue \ B gx‘:i:n;ﬁ:vmue
10+ ‘P B e e S PR 1000 ;I : fn\},J W e LT PSR
[ A~/
\ [l v
8| f 800 | [
- | E ‘I v
ié. 6 l‘ ;’m 600 |- |
BN |
g 4 |‘\ / % 400 |- |N
I\ i
R
f W
of- B 3]
[ ?‘O 4'0 60 n‘n 1('!7 1.‘70 1';0 [r;n 180 200 [ ?‘O 4'0 60 n‘n 1('!7 1.‘70 1';0 [r;n 180 200
Time (s) Time (s)
a) b)

Figure 9. Calibration result with AT, ;=10s, Ahr =38 m: a — bias; b — scale factor

estimation error curves intersect the zero-error line with
large slopes. Thus, to obtain high calibration accuracy, it
is advisable to choose a maneuver with AT, ;, =10sand
Ah, no less than 32 m (the best value of Ak, is 38 m,
see Figure 8). Figure 9 illustrates the calibration result
achieved from one of the appropriate maneuvers.

4.3. Simulation of aircraft landing with failed BA

To examine the appropriateness of the proposed calibra-
tion algorithm, we simulated the landing (from glide-
slope capture to flare) of a passenger aircraft introduced
in section 2 with BA failure. The aircraft motion is driven
by an automatic control system using only feedback sig-
nals from a standalone INS. Three simulation scenarios
were performed:
1. Scenario 1: calibration was not performed until BA
failure. In this case, after BA failure, the initial error
model of the vertical accelerometer is used in INS.

2. Scenario 2: before BA failure, the calibration was
performed in a normal stabilized level flight, i.e.,
without any calibration maneuver. In this case, after
BA failure, only the estimated value of bias is used
in INS to provide additional error compensation.

3. Scenario 2: before BA failure, the calibration was
performed with calibration maneuver allowing to
estimate not only the bias but also scale factor. Af-
ter BA failure, the estimated values of both bias and
scale factor are used in INS to provide additional
error compensation.

The level flight at 500 m altitude and speed 80 m/s be-
fore glide-slope capture is stabilized by the altitude/speed
hold autopilot shown in Figure 4. For glide-slope capture,
an autopilot whose block diagram illustrated in Figure 10
is used.

al Vv
a, |
Aircraft % oINS
dynamic ©:
o § 6

k
[
6T
Actuator —»>
e 66
Actuator —>
k
[T ]
k
%o

Figure 10. Glide-slope coupler
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Accordingly, control inputs are formed as:
Uy =gy +ky (V= V)+k,as (31)
tty =ty + koo, +kg (0 —0)+kyg(Vy —V)+ksS,  (32)

where ur , u,, — program controls corresponding to the
trim condition (flight path angle -3 deg, speed 80 m/s);

0, =-3 deg; 5 — glide path deviation, %6 =Vsin(6-0,)

g
(Brian & Frank, 2003); V ,a , 0, ,0,5 — INS based esti-
mate of velocity, acceleration, pitch angle rate, flight path
angle and glide path deviation; ki, =9.26, k, = -22.27,
kyg = -0.44, k, =122, kg = -2.12, ks = 0.08.

The automatic flare control system is turned on at an
altitude of 15 m and forms the following control inputs
(Brian & Frank, 2003):

Ur  —u
Tigle  TO

Up =gy +—2— ) (33)
Ty

U, =1,y + kX, +kye+ky(h, —h)+ky, +k0+kgh_, (34)

where u; - throttle deflection, corresponding to idle

— desire

mode of an engine; Tj; - desired flare time; h,

flare trajectory, Ehr =—03h,+r, r=0, h, =15 m at

the start of the flare (Brian & Frank, 2003); &, 0, h -
INS based estimate of pitch angle rate, flight path angle
and altitude; k, = —918.8, k, = 999.89, k; = -76.62, k, =
~6.64, ks = ~77.28, kg = 0.054.

A block diagram of the presented automatic flare con-
trol is shown in Figure 11.

The simulation ends when the aircraft touches the run-
way, either the based INS estimate of altitude is equal to
zero. The simulation results are shown in Figure 12 and
Table 2. For convenience of analysis, landing trajectories
are presented only in the last seconds.

As can be seen from Figure 12, additional INS error
compensation using the calibration results (lines 4, and
h,) is needed to prevent a crash-landing (line k). From
the data in Table 2, we find that in scenario 1 the vertical
speed and the flightpath angle at touchdown are too large
and therefore cause the aircraft to fall to the ground. It

[k, |

EN

L6 ]

[ |
L5 |

N

— |l 1]
I
w | —
™

y

'

s+03| h s+10

87

30 T T T

25

)
S

Altitude (m)
=

=]

0 I 1 I I L
144 145 146 147 148 149 150 151 152
Time (s)

Figure 12. Three landing simulation scenarios (h;, hyyg; »
i=1,2,3 - altitude and its based INS estimate by scenario)

Table 2. Final state of the aircraft

Scenario h(m) V},(m/s) ,(deg/s) 6(deg)
1 0 -4.1 1.2 -2.8

2 3.67 -1.317 -2.289 -0.952

1.18 -1.318 -2.293 -0.950

can be explained, focusing to lines h; and hyyg, : when
the aircraft is at about 5 m above the ground, due to inac-
curate altitude information (estimation error is about 7 m)
from INS, the automatic flare control system still forces
the aircraft to track the straight-line path of desired flare
trajectory (which is very close to line hyyg3 ). As a result,
the aircraft continues to descend at high vertical speed
and hits the ground.

In contrast, when the error model of vertical acceler-
ometer is adjusted by the calibration results (scenarios 2
and 3), a soft landing can be expected based on behaviors
of aircraft trajectories in the last moment (see lines s, and
h3). Indeed, Table 2 shows that, when the aircraft is almost
close to the ground, its vertical speed is about -1.3 m/s,
the flightpath angle is less than 1 degree and the aircraft is
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Figure 11. Automatic flare control
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pitching up (®, = -2.3 deg/s). This is a significant perfor-
mance improvement in comparison to scenario 1.

Now let’s see the impact of the calibrated bias and scale
factor of vertical accelerometer on altitude estimation er-
ror. To simplify the analysis, altitude estimation errors in
three scenarios were taken at the moment of crash-landing
occurring in scenario 1 (i.e., at t = 148.2 5): Al = 7 m,
Ah, =3.5m, Ah; = 1 m. In scenario 1 the altitude esti-
mation error is largest because no error compensation is
made. In scenario 2 the bias compensation is provided,
reducing the altitude estimation error from 7 m to 3.5 m.
The effectiveness of the proposed calibration algorithm
follows the comparison between scenarios 2 and 3: addi-
tional scale factor compensation in scenario 3 reduces the
altitude estimation error by another more 2.5 m (from 3.5
m to 1 m). Thus, if the calibration is performed with a de-
signed calibration maneuver, it is possible to significantly
reduce the altitude estimation error, which means that a
more successful landing can be achieved.

Conclusions

An approach to additional (in-flight) vertical acceler-
ometer calibration, based on refining its characteristics
through a specific aircraft maneuver, was investigated.
Validity and performance of the proposed algorithm were
assessed by simulations of flight dynamics and aerody-
namic models of a passenger aircraft, and baro-inertial
integration using Kalman filter and its associated models.
Applying designed calibration maneuver before capturing
the glide-slope, simulation results show acceptable land-
ing accuracy and safety level with only feedback signal
from standalone INS (assuming a BA failure). Moreover,
the proposed scheme for the measurement signal genera-
tion used in Kalman filter confirms that the influence of
BA bias on the calibration accuracy can be eliminated, al-
lowing a relevant calibration of the vertical accelerometer
without the need to estimate the BA bias.

In this paper, the time constant © of BA is assumed
known exactly, using equation (4). However, in practice,
it is required to adjust 1 for obtaining acceptably accurate
estimate of altitude changes. This requires a more compli-
cated integrated system for calibrating T using GNSS and
optical navigation system in further work. A nonlinear es-
timation with extended or unscented Kalman filter could
also be an option for the next development. Investigation
on the Pitot port blockage will also be considered in the
future work to better cover the flight safety, in particular
for incidents from air data computer failures.

Author contributions

Man Nguyen and Vyacheslav Kostiukov conceived of the
proposed idea, developed the mathematical models and
algorithms. Man Nguyen and Cap Tran performed the
simulation, data collection, and analysis. Vyacheslav Ko-
stiukov and Cap Tran wrote the first draft of the manu-
script. Man Nguyen revised the manuscript.

Disclosure statement

We have not any competing financial, professional or per-
sonal interests from other parties.

References

AAIU. (2016). Synoptic report. Serious incident Boeing 757-224,
N41140 80 NM Southwest of Dublin, Ireland, 20 October 2013.
Air Accident Investigation Unit, Ireland.

Ausman, J. S. (1991). A Kalman filter mechanization for the
Baro-inertial vertical channel. Proceedings of the 47th Annual
Meeting of the Institute of Navigation, 1, 153-159.

Babich, O. A. (1991). Obrabotka informatsii v navigatsionnykh
kompleksakh. Mashinostroenie (in Russian).

BEA. (2012). Final report on the accident on 1°' June 2009 to the
Airbus A330-203 registered F-GZCP operated by Air France
flight AF 447 Rio de Janeiro — Paris. French Civil Aviation
Safety Investigation Authority.

Bevermeier, M., Walter, O., Peschke, S., & Haeb-Umbach, R.
(2010). Barometric height estimation combined with map-
matching in a loosely-coupled Kalman-filter. 7th workshop
on positioning, Navigation and Communication (pp. 128-134).
Dresden, Germany.
https://doi.org/10.1109/WPNC.2010.5650745

Brian, L. S., & Frank L. L. (2003). Aircraft control and simulation
(2nd ed.). John Wiley & Sons.

Farrell, J., & Barth, M. (1998). The global positioning system and
inertial navigation. McGraw-Hill.

FAA. (2016). Pilots handbook of aeronautical knowledge. United
States Department of Transportation, Federal Aviation Ad-
ministration.

Gray, R. A., & Maybeck, P. S. (1995). An integrated GPS/INS/
BARO and radar altimeter system for aircraft precision ap-
proach landings. Proceedings of IEEE 1995 National Aerospace
and Electronics Conference (pp. 161-168). Dayton, OH, USA.

Groves, P. D. (2013). Principles of GNSS, inertial, and multi-
sensor integrated navigation systems (2nd ed.). Artech House.

Groves, P. D. (2015). Navigation using inertial sensors [Tuto-
rial]. IEEE Aerospace & Electronics Systems Magazine, 30(2),
42-69. https://doi.org/10.1109/MAES.2014.130191

Jafar, K., Hossein, N., & Sadra, R. (2018). Design and Implemen-
tation of GA Filter Algorithm for Baro-inertial altitude error
compensation. 18th IIE International Conference on Latest
Trends in Engineering and Technology (pp. 78-80). Istanbul,
Turkey.

Jeb, B. (2019). Pitot-static system failures. Aviation Safety. https://
www.aviationsafetymagazine.com/features/pitot-static-sys-
tem-failures/

Kim, J. H., & Sukkarieh, S. (2003). A baro-altimeter augmented
INS/GPS navigation system for an uninhabited aerial vehicle.
Paper presented at the 6th International Symposium on satellite
navigation technology including mobile positioning & location
services. Melbourne, Australia.

KNKT. (2018). Aircraft accident investigation report. Komite Na-
sional Keselamatan Transportasi, Republic of Indonesia.

Lawford, J. A., & Nippress, K.R. (1983). Calibration of air-data
system and flow direction sensors. AGARD-AG-300. Volume 1.

Luiz, R. M. (2013). The dramatic effect of Pitot-Static system block-
ages and failures. http://www.luizmonteiro.com/DocumentsP-
DF/The_Dramatic_Effects_of_Pitot_Static_Blockages.pdf

Mohinder, S. G., Lawrence, R. W.,, & Angus, P. A. (2007). Global
positioning systems, inertial navigation, and integration (2nd
ed.). Wiley.


https://doi.org/10.1109/WPNC.2010.5650745
https://doi.org/10.1109/MAES.2014.130191

Aviation, 2020, 24(2): 80-89

O’Donnel, C. E (1964). Inertial navigation, analysis and design.
McGraw-Hill.

Siouris, G. M. (1993). Aerospace avionics system: a modern syn-
thesis. Academic Press, Inc.

Schmidt, G. T. (2010). INS/GPS technology trends. NATO RTO
Lecture Series, RTO-EN-SET. Massachusetts, USA.

Sobolev, V. L. (1994). Syntes kalmanovskikh fil'trov: Ucheb. posobie
dlia prakticheskykh zaniatii. Izd-vo MAI (in Russian).

89

Sokolovi, V. S., Diki, G., & Stan, R. (2014). Adaptive error damp-
ing in the vertical channel of the INS/GPS/Baro-altimeter in-
tegrated navigation system. Scientific Technical Review, 4(3),
141-150.

Zaporozhets, A. V., & Kostiukov, V. M (1992). Proektirovanie
system otobrazheniia informatsii: Ucheb. posobie dlia
priborostroitel'nykh spetsial’nostei vuzov. Mashinostroenie (in
Russian).



	_GoBack
	MTBlankEqn
	_GoBack
	_Hlk6071902
	_Hlk33716135
	MTBlankEqn
	_GoBack
	OLE_LINK3
	OLE_LINK4
	OLE_LINK9
	OLE_LINK7
	OLE_LINK8

