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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):
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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):
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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} = 0006, 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,
Cl= -2.33E-3, m,y= 00515, m¢= -3215E-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)(1-8k,) ~a,,(1-8k,)—Aay,  (24)

where Aaydk, 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.
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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.
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Figure 5. Bias estimation during stabilized level flight: a - estimated value; b - estimation error
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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,
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Figure 7. Result of bias calibration with various maneuvers
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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
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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.
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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
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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.
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