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Automatic flight control systems occasionally confuse pilots. A pilot should shift to manual
control if necessary in an emergency situation. However, it is often difficult for a pilot to
make a decision to disengage the autopilot. Against this background, we propose the “human
as a control module” architecture for harmonizing pilot and autopilot control. The human as
a control module architecture adjusts pilot and autopilot control authorities automatically
when simultaneous inputs to the aircraft are given. Avoiding the overlap of pilot and autopilot
inputs, the proposed architecture helps to circumvent the effect of conflicting actions. This
paper culminates in the ultimate purpose of the human as a control module architecture and
demonstrates how it could improve aircraft safety by applying it to a past aircraft incident.

Nomenclature
error index
number of modules
number of outputs
number of time steps of past tracking errors
number of time steps at the present time
target value
present time
input vector to aircraft from the ARBITER module
airspeed
maximum limitation of airspeed
input vector from each module
simulated output vector corresponding to each module
vector of modification signal
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modeling error

error value between simulated output and target value of output
pitch angle

contribution ratio

vertical acceleration

change in vertical acceleration

g;g.y%mp

I. Introduction

ILOTS have reported that aircraft under autopilot control can behave unpredictably [1,2]. Under automatic flight

control, pilot uncertainty in aircraft response is increased when there is not enough time to monitor the cockpit
displays. This uncertainty has the potential to trigger disasters [1-3]. Furthermore, it may compel pilots to disengage
the autopilot and switch to manual control. The decision to disengage the autopilot and when to do it can be difficult.
The sudden transfer to manual control triggers pilot-induced oscillation (PIO), which is well known as a control
feedback problem.

Against this background, this research focuses on conflicts between pilot and autopilot in the following two
situations: (1) pilot and autopilot have different goals and (2) pilot or autopilot control abilities are exceeded. As an
example of the former situation, in 1994 the pilot of an A300 attempted to land at Nagoya airport without knowing
that the autopilot was in “take off, go around” mode [4—6]. The interference between the pilot and autopilot control
inputs caused the aircraft to crash. After the crash, flight control systems were improved to allow pilots to override the
autopilot. Several examples of the latter situation have been documented for MD11 accidents caused by PIO [4,5,7].
Specifically, in 1997 an MD11 flying on autopilot met with atmospheric turbulence [7]. The autopilot was disengaged
when the pilot believed that manual control would be more effective at countering the effects of turbulence. The
same type of incident also arose on a B747-400 in 2002 [8].

There is a significant body of literature on the above “automation surprises” problems with mode confusion
and how to prevent them [9-11]. Rushby provided a tool to examine a pilot’s mental model using “mechanized
calculation” [9]. Joshi et al. [10] analyzed potential sources of mode confusion. Vakil and Hansman [11] presented
an overview of problems in modern cockpits. While issues found during operational experience are conventionally
resolved through training and procedure modifications, they claimed that the design process of automation systems
should be changed.

Autopilots are designed according to two primary goals. The first goal is to avoid human errors by eliminating
the need for pilot-controlled maneuvering. The second goal is to implement human-centered automation and thus
provide manual override capability. In this research, we propose the “human as a control module (HACM) archi-
tecture” [12—15] that combines the advantages of manual and purely automatic control. The HACM architecture
simulates the aircraft motion when pilot and autopilot simultaneously control the aircraft. Both pilot and autopilot
performance are evaluated by the past and a one time-step prediction based on the simulation results. If the pilot man-
ual control causes an unsafe aircraft motion, for example by a sudden change of acceleration, the HACM architecture
smoothly transfers the control authority to the autopilot by using a soft-max function. Past studies on a modular
structure [16-20] work on bumpless transfer to and from motor control in the human brain. Wolpert and Kawato [18]
and Haruno et al. [20] proposed a modular structure termed “MOdular Selection And Identification for Control
(MOSAIC)” in which a soft-max function is employed to switch modules.

The concepts and algorithms of the HACM architecture have been developed in several past studies [12—15].
The initial ideas have been evaluated through manual tracking experiments [12]. While oscillation was observed
when pilot control was transferred to and from the autopilot, the algorithms have been improved to evaluate the past
performance of pilot and autopilot. The improved HACM architecture has then been applied to PIO avoidance [13,14].
The robustness was discussed when the architecture worked under an error between real wind and wind data estimated
by an extended Kalman filter [15]. It indicated that further modifications of feedback signals protect the autopilot
performance. In the initial concepts, pilot and autopilot control were combined. However, the past studies suggested
changes of the design concepts in order to put priority on pilot control while it is within safety constraints. This paper
reflects these findings and culminates in the ultimate purpose of the HACM architecture.
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This paper consists of four parts. First, we summarize the design concepts and structures of the HACM architecture.
Second, one of the past aircraft incidents is picked up. Based on the analysis of autopilot design related to the incident
factors, the incident situation is reconstructed. Third, the HACM architecture is applied to the incident to confirm its
effectiveness. Finally, ideas to avoid the effects of automation surprises are discussed.

II. Human As a Control Module Architecture

A. Concept

Past aircraft accidents/incidents were often induced when the pilot switched from autopilot control to manual
control. A pilot has great ability to assess a situation by changing control characteristics according to the environment.
On the other hand, a pilot’s physiological ability is limited. There are also possibilities that give rise to human error.
The autopilot will control an aircraft appropriately within the design conditions. However, the autopilot is not designed
to control an aircraft in emergency situations such as when it encounters strong atmospheric turbulence and failure
events. Since both autopilot and pilot have advantages and disadvantages in aircraft control, it is difficult to judge in
advance of any emergent situation whether control authority should be given to pilot or autopilot. For this reason, this
research proposes a new concept for automation design: HACM architecture [12—15], which blends pilot maneuver
with autopilot control instead of switching between them.

Figure 1 shows a schematic diagram representing the HACM architecture. The pilot is treated as one of the control
elements. The architecture consists of three control elements: the HUMAN module, CONTROLLER module, and
ARBITER module. The HUMAN module corresponds to a pilot, the CONTROLLER module corresponds to an
autopilot, and the ARBITER module works to harmonize the CONTROLLER module and the HUMAN module. As
shown in Fig. 1, the HUMAN and CONTROLLER modules are arranged in parallel to construct a modular structure.
Both of them generate control commands at the same time. The ARBITER module takes these control commands
as input, which it then adjusts and harmonizes.

B. ARBITER Mechanism

The ARBITER module simulates aircraft movements corresponding to each control of the HUMAN and CON-
TROLLER modules. Then it generates control commands based on the simulated results. Through the ARBITER
module, the HACM architecture avoids the overlapping of pilot and autopilot full control by adaptively adjusting
weights given to their controls. When a pilot manually controls the aircraft safely, the ARBITER module works

HACM architecture
Zj
ONTROLLE
d
fi * X2 SRR u W+ | CONTROLLED Yiy
o/ ARB o DYNAMICS
) X1 X1 : input from HUMAN
X2 : input from
CONTROLLER
HUMAN u : input from

ARBITER

rj : target value zj : modification signal
gj : tracking error  d : atmospheric turbulence
yj : output

Fig. 1 HACM architecture.
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Fig. 2 The ARBITER module.

to prevent autopilot interference and protects pilot control. On the other hand, if the pilot induces unsafe aircraft
movement, the ARBITER blends autopilot control.

Figure 2 shows the mechanism of the ARBITER module. Control commands from the HUMAN module x; ()
and the CONTROLLER module x;(¢) are input to the ARBITER module. The general mechanism in the ARBITER
module is comprised of the following three processes: a real-time simulation, contribution ratio calculator, and
coupler. Figure 3 shows calculation flow in the ARBITER module.

1. Real-time Simulation

In the first step, the ARBITER module simulates aircraft motion corresponding to both controls of the HUMAN
and CONTROLLER modules in real time. The ARBITER possesses a dynamic model of the controlled aircraft
within its framework. By using this dynamic model, the outputs y;(t) (i =1,2; j =1,2,...,]) due to inputs
x;(¢) are numerically simulated. It is noted that y;;(¢) and y,;(¢) are the corresponding outputs of the HUMAN
and CONTROLLER modules. Atmospheric turbulence should be considered in the simulation. The output y;(z) is
calculated by Euler integration, which is initialized by the previous simulation step.

2. Contribution Ratio Calculator

In the second step, contribution ratios A, (¢) are calculated by using the outputs y;;(¢). The terms A (¢) and 1, ()
are contribution ratios for the HUMAN and CONTROLLER modules, respectively. A contribution ratio represents
the weighting factor to combine each input.

In order to calculate the contribution ratio, the performance of the HUMAN and CONTROLLER modules are
evaluated individually. The performance of each control is measured following the index

Lk (i (1)) 2T

E;(t) = ZZ olk=n-+m)/m
=n—m

ey

where ¢;;(¢) is the error between y;;(¢) and the target values, which are the desired outputs of the aircraft at time ¢;
n is the number of time steps at present time #; and m is the number of past time steps in which past tracking errors
are considered.

In order to calculate g;(¢) in Eq. (1), a concept similar to flight envelope protection is applied. The ARBITER
module adaptively adjusts the control authority when the HUMAN and CONTROLLER modules simultaneously
control the aircraft and at least the HUMAN module violates the defined flight envelope. In this paper, the HACM
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architecture is applied for longitudinal control of the aircraft. The flight envelope is defined as follows

6)min < 9[ (t) < emax
Cbmin < d)i (t) < d)max (2)
C.bmin < a)z (t) g C.l}max

where 6;(t), w;(t), and @; (t) are the outputs of the aircraft model corresponding to input from the HUMAN and

CONTROLLER modules calculated in the ARBITER module. As shown in Eq. (2), the maximum and minimum

limitations are introduced for pitch angle, vertical acceleration, and rate of vertical acceleration. The limitation of &

is the rate limitation of vertical acceleration in the speed control mode of the autopilot in the distressed aircraft.
The output errors g;(t) are defined as follows

ytj(t) — Yjmin

If y;i(t) < ¥jmin, then g;(t) = - 3)
If Y ma < V(1), then e;(t) = yfmy]—;yf(t) @)
where
i) G =1,2j=1,2,3) = [ya(®) yn@) yia®]"
=[6:(t) @i (6) &))" (5)

If yjmin < Y(f) < yjmax, then g;(z) = 0.
The contribution ratios of each module A; (¢) are calculated by using the soft-max function. The contribution ratios
are given as follows

S e Ei/o)
=
(6)
2 ) _(F..
YL Xy e EOr)

where o is a scaling constant and e stands for the exponential function. The soft-max function normalizes the tracking
errors across the modules so that the contribution ratios lie between 0 and 1. The sum of the contributions of each
module is 1. Figure 3 shows how the contribution ratios are calculated. When y;;(z) is within the flight envelope,
E;;(t) isnotcalculated, and A; () = 1.0 and A, (¢) = 0.0 are given. This means the HUMAN module has full authority
to control the aircraft. When y; (¢) is outside the flight envelope and y,;(¢) is within the flight envelope, €, (t) = 0.0
is given in Eq. (1). In the case that both y;;(¢) and y,;(¢) break the flight envelope, &;(¢) is calculated in Egs. (3)
and (4) to adjust the value of X, (¢). The ARBITER works to reduce deviation from the defined minimum/maximum
values in the flight envelope.

hilt) =

3. Coupler
In the final step, the control commands of the HUMAN and CONTROLLER modules are adjusted. The control
command to the controlled aircraft u(¢) is given as follows

2
u(t) =Y hi()xi(0) )
i=1

This implies that the HUMAN and CONTROLLER modules control are combined according to the contribution
ratios.
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based on Eq. (7) calculated based on Eq. (10)
Coupler

Fig. 3 Computational flow in the ARBITER module.

Another function of this process is to modify feedback signals given to the CONTROLLER module. The output
of the controlled aircrafty; (¢) is described as follows
Yi(®) = 2@y @) + Ao () y2; (1) + Aj(2)
={A() F @}y () — A () y2;@) + A (@®y1;() + A (@)
=y (1) + A (O {y1; (1) — »2; @O} + Aj (1) (8)
where A (t) shows the modeling error. Here we consider A;(¢) = 0. When the CONTROLLER module uses y; (¢)
as a feedback signal, the error value between the target value r; (¢) and y; (¢), which the controller minimizes, is given
by using Eq. (8)
ri) —yj®) =r;j) — [y2;) + 210 {y1; (@) — y2;(D}]
=[r;@) — A @{y1j @) — y2;, O — y2; ()
= ri(t) — y2;(1) )
Equation (9) shows that the CONTROLLER module works to approximate y,;(t) to rj’. (), not to r; (). In order to

avoid this problem, the coupler generates a modification signal z; (¢), which is added to the error values between the
target signals and the feedback signals.

Zj(®) = M@ {y1;() — y2;(0)} (10)
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Since the modification signal described in Eq. (10) is added to Eq. (9), the CONTROLLER works to approximate
the output y,;(¢) to the target value r;(z).

III. Application to a Past Aircraft Incident

A. Past Aircraft Incident

In 2002, a B747-400 flying at around 40,000 ft with autopilot in Japanese airspace met with atmospheric tur-
bulence [8]. The airspeed suddenly increased due to a strong head wind. The autopilot changed the flight mode
from altitude control to speed control, which controls airspeed by pitch angle. While the pitch angle was increased,
airspeed approached V;,, (the maximum limitation of the airspeed). Then, either the pilot shifted to manual control
consciously or the autopilot was disengaged automatically (it is not clear from the report). After disengaging the
autopilot, pitch angle oscillation was caused by the pilot’s elevator control. Because of the substantial change in
vertical acceleration, four people were seriously injured and 29 people were slightly injured. A part of the aircraft
was also damaged as a result.

The accident analysis report published in 2006 [8] concluded that the autopilot and the aircraft had normally
worked without failure. The pilot had enough experience of controlling B747-400 aircraft with more than 7250 flight
hours. Atmospheric turbulence was not observed before the flight.

B. Reconstruction of the Incident Situation

Based on the official data in the accident analysis report, flight data such as wind speed and direction, elevator
angle, yaw angle, and roll angle have been extracted to reconstruct the incident situation. Since the dynamics of the
B747-400 have not officially been published, our simulations are based on the nonlinear dynamics of a B747-100
flying at 40,000 ft with a cruising speed of 871 ft/s. The nonlinear equations for the aircraft and the parameters utilized
in the simulation are summarized in Appendix.

Since the details of autopilot design are not disclosed, we design an autopilot that captures the characteristics of
the autopilot covered in the report. The report points out the following two design characteristics of the autopilot to
explain the reasons why the autopilot could not reduce the airspeed by pitch angle control.

1. Design Characteristic 1

The autopilot was designed to control elevator angle within the limitation of the change in vertical acceleration
caused by airspeed, horizontal and vertical acceleration, and change in pitch angle. The limitation of vertical accel-
eration change was set within £0.15 G. This value was not changed when the airspeed was increased to around V..
Consequently, rapid change in airspeed was not achieved.

2. Design Characteristic 2

Because the autopilot controlled elevator angle by using filtered airspeed in order to eliminate high frequency
noise, there was a time delay in changing controlled airspeed.

A block diagram of the designed autopilot is shown in Fig. 4. The autopilot generates an elevator command by
using the error value of the target airspeed V, and feedback of filtered airspeed V. It consists of a coupler, filters, a
PID controller, and feedback gains. Design parameters in the control system are adjusted to satisfy the above design
characteristics. Details of the autopilot design are summarized in Appendix.

Forty seconds of flight including the sudden change in vertical acceleration were simulated. The autopilot worked
to hold the altitude until 18 s. Then, it changed mode from altitude hold to speed control. Altitude hold mode was
realized by giving the target pitch angle 6, as 0 as in Fig. 4. After 26 s, the autopilot was disengaged in the simulation
and then the pilot controlled the aircraft manually. The accident analysis report does not give an accurate time for
when the autopilot was disengaged. It is also uncertain whether the pilot himself disengaged the autopilot or not.
This paper makes the assumption that the pilot disengaged the autopilot and switched to manual control at 26 s. The
elevator angle, as controlled by the pilot from 26 s, was extracted from the reported data. Additionally the elevator
angle was adjusted to realize the vertical acceleration and pitch angle described in the aircraft accident report. Since
the aircraft model used in the simulation was different from the actual aircraft, adjustment of the elevator angle was
necessary to reconstruct the incident situation. The wind data following the x, y directions of the earth axis are shown
in Figs. 5 and 6.
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a: vertical acceleration
Ka, Kq: Gain
Vc: airspeed command
U: airspeed

Kq

q: pitch angle

Oc: pitch command

Oc": filtered pitch command

de: elevator command

de: elevator command of PID controller
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Fig. 4 Autopilot design.

20

151

Velocity (kt)
&

-10

0 10 20 30 40
Time (sec)

Fig. 5 The wind data in the x direction of the earth axis.
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Fig. 6 The wind data in the y direction of the earth axis.

560




ITOH AND SUZUKI

The simulation results are shown in Figs. 7 and 8. Figure 7 shows pitch angle, and Fig. 8 shows vertical acceleration.
The aircraft flying on autopilot ran into atmospheric turbulence and the airspeed increased. The autopilot mode
changed to speed control mode at 18 s. However, the autopilot could not reduce airspeed. The pitch angle increased
to approximately 8.5 deg and then the stick shaker moved. Autopilot was disengaged and manual control started at
26 s. Because of quick and high-amplitude pilot control at high altitude, pitch angle oscillation occurred as shown
in Fig. 7. As a result, vertical acceleration drastically changed as shown in Fig. 8. Airspeed, pitch angle, and vertical
acceleration change in the accident analysis report are illustrated in Appendix. The simulation results follow the
essential features of the accident well.

C. Application Results of the HACM architecture

Figures 9—-15 show the application results of the HACM architecture as applied to the incident situation.
This paper yields O, = —11 (deg), Omax = 11 (deg), @min = —1.0 (G), @max = 2.5(G), &min = —0.3(G/s), and
@max = 0.3 (G/s) by application of Eq. (2). In this simulation, we set c = 10.0 in Eq. (6). Sampling time interval is
0.02 s. Figure 9 shows that the HACM architecture works to reduce the amplitude of pitch angle oscillation. Thus, it
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Fig. 7 Simulation results of aircraft incident: pitch angle 6.
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Fig. 8 Simulation results of aircraft incident: vertical acceleration a.
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Fig. 10 Application results: vertical acceleration a.

contributes toward reducing the maximum value of vertical acceleration by approximately 1.1 G as shown in Fig. 10.
Comparing with the incident result as shown in Fig. 8, the HACM architecture achieved 68% PIO reduction. Figure 11
shows the elevator input of the HACM architecture, and the HUMAN and CONTROLLER modules. As shown in
Fig. 12, the ARBITER module adaptively adjusts the contribution ratios, and the elevator control of the HUMAN
and CONTROLLER modules online after 26 s. Figures 13, 14, and 15 show how the change in error index Ej;(¢)
corresponds to pitch angle, vertical acceleration, and change in vertical acceleration, respectively. Figure 15 shows

that since pilot control exceeded the flight envelope for vertical acceleration, the contribution ratio was calculated to
reduce pilot control.

D. Discussion

“I had no time to check the information displayed on the monitor.” “I cannot remember whether or not I disengaged
the autopilot.” These were pilot comments in the accident analysis report. Conventionally, a man—machine interface
has been developed to support pilot decision making and cognitive tasks. The above comments show that sometimes
these tools do not work well under conditions which need prompt pilot action. One of the ideas for avoiding the effects
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Fig. 12 Application results: contribution ratios A;.

of automation surprises is that the autopilot temporarily takes over pilot control thereby harmonizing automation
with pilot maneuver.

The HACM architecture has a simple algorithm and structure consisting of the HUMAN, CONTROLLER, and
ARBITER modules. The proposed architecture includes current automatic flight controller and inserts the ARBITER
system between autopilot and pilot. This simplicity allows online application and further improvement. In [15], the
first-named author added a new module, the OBSERVER module, which equips with an extended Kalman filter.
In [21,22], the first-named author and Duong applied the design concept of the HACM architecture to harmonize air
traffic controller and ground automation in the future air traffic management.

Since the ARBITER module evaluates the performance of the HUMAN and CONTROLLER module based
on simulator, the accuracy of the HACM architecture depends on the error between simulation model and actual
dynamics. Past studies [12,15] showed that the architecture performs well with the assumed modeling errors. Further
confirmation of its performance is necessary under various assumptions. If the aircraft dynamics is changed by
failure and/or accident, the ARBITER module should include the dynamics. The autopilot parameters should also
be reconfigured. Flight controller reconfiguration has been investigated based on the estimation of aircraft dynamics
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Fig. 13 Application results: error index E;; corresponding to the pitch angle.
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Fig. 14 Application results: error index E;» corresponding to vertical acceleration.

online [23-27]. One of the next ideas is integration of these techniques into the HACM architecture. Pilot evaluation
based on flight simulator experiments will help further development. More effective parameter setting should be
investigated to make an even better system. Stability of the architecture should be analyzed in detail in future works.

IV. Conclusion

There are two potential benefits in employing the HACM architecture. First, the HACM architecture allows us to
utilizes the advantages of both pilot and autopilot control, comprising of the abilities of both. The ARBITER module
takes over pilot or autopilot control when either takes unsafe action, and generates appropriate control commands.
While a pilot is manually controlling an aircraft safely, the ARBITER module works to prevent autopilot interference
and to protect pilot control. On the other hand, if the pilot control induces unsafe aircraft movement, the ARBITER
gives control to the autopilot. By adaptively adjusting control authorities, the proposed architecture could resolve
conflicts between pilot and autopilot when switching between the two. Second, HACM architecture has a simple
framework, and its algorithm is comprised of three types of modules: HUMAN, CONTROLLER, and ARBITER.
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Fig. 15 Application results: error index E;3 corresponding to change in vertical acceleration.

This simplicity enables us to apply the architecture online. In addition, it will be advantageous to add further modules
to develop an even better system.

This paper culminates in the ultimate purpose of the HACM architecture. The concepts and structures of the
HACM architecture were summarized based on findings in our past studies. The architecture was applied to a past
aircraft incident related to PIO. The effectiveness in reducing the impact of PIO was confirmed through numerical
simulation. Simulation results showed 68% of PIO reduction. Finally, benefits and future works were summarized

Appendix
A. Nonlinear equations for aircraft dynamics
Based on Roskam [28], the nonlinear dynamics of a B747-100 flying at 40,000 ft were utilized in this simulation.
In order to simplify the simulation, we focused on the longitudinal movement of the aircraft. Altitude /, airspeed
V (airspeed following x direction of the body axis u, airspeed following z direction of the body axis w), and pitch
angle 6 and pitch angle velocity g were calculated using the following equations [29].
Altitude:

h = —usinf + vsingcosd + wcos¢pcosb + W, (Al)

where v is the airspeed following y direction of the body axis, ¢ the roll angle, and W, the wind component following
z direction of the earth axis.
Airspeed:

. K . ,
= — = q(w+wy) +7(v+vy) — g sin6 — i (A2)

F
u}:ZZ—p(v+vg)—i—q(u—i—ug)—i—gcosecosqﬁ—u')g (A3)

where m is the mass of the aircraft, g the gravity constant, F, the external force following x direction of the body
axis, F, the external force following z direction of the body axis, r the yaw angular acceleration, p the roll angular
acceleration u, the wind component following x direction of the body axis, v, the wind component following y
direction of the body axis, and w, the wind component following z direction of the body axis.

The terms F, and F, in (A2) and (A3) were calculated as shown in following equations

F.=T —Dcosa + Lsina (A4)
F,=—Dsina — Lcosa (AS)
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where
D = 1pV2SCp (A6)
o =tan"! (E) ~ ¥ (A8)
u u

and where T denotes the thrust, D the drag, L the lift, @ the angle of attack, Cp the drag coefficient, C the lift
coefficient, p the air density, and S the wing area.
Pitch angle and pitch angle velocity:

6 =g cos¢ —rsing (A9)

1 -
=M+~ L)pr+ L. (r* = p*)} (A10)
y

where I, is the inertia moment about x axis (body axis), I, the inertia moment about y axis (body axis), I the inertia
moment about z axis (body axis), I, the product of inertia [ xzdm, and M the pitching moment.
Pitching moment M in (A10) is given in the following equation

S
M:EpVSch

1 . _a _
= 3pV2sé {cmo + Coat + Cpa 3 + cch% + cmaeae} (A1)
where
. d tan—] (w) wu — wi A12)
o= — n _— = ——————
de u u? + w?

and where c is the average aerodynamic cord, C,, the moment coefficient, C,,( the pitching-moment coefficient at
zero o, Cp,, the o derivative which takes place in the change of the moment m, C,,; the ¢ derivative which takes
place in the change of the moment m, C,,, the ¢ derivative which takes place in the change of the moment m, C,s,
the §, derivatives which takes place in the change of the moment m, and §, the elevator angle.

B. Autopilot design

As shown in Fig. 4, the designed autopilot consisted of a coupler, filterl, filter 2, PID controller, and feedback
gains [29].
Coupler: The coupler generates the pitch command 6, using the differential of the airspeed u as follows

0c = Ku x it (A13)

In this paper we define Ku = —0.03. In order to limit the change in the target pitch angle, we give the following
conditions

If Oc(t,) < —e, then Oc(ty) = Oc(ty—1) — At (Al4)
If c (t,) > €, then Oc(t,) = Oc (ta—1) + At (A15)
where t, means the time corresponds to time step n, At corresponds to the step time used in the simulation. In this
paper ¢ = 3.0 (deg/s).
Filters (Filter 1 and 2): We utilized the following two-dimensional low-pass filter F'(s)

2

w
f
F(s) = Al6
) 52 +2g5rwys +a)§c ( )

where wy = 1.0, ¢y = 0.8.
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Fig. A1 Incident data: airspeed (MACH number) [8].

1 Pitch angle (deg) '

i

——
k Y
8 2 & & g 2 2
~ ~ ~ ~ ~ ~ -5
0 \n k] 2 ki n 7
- - - - - - -
=] o o (=] (=] [=] (=]
Fig. A2 Incident data: pitch angle [8].
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Fig. A3 Incident data: vertical acceleration [8].
PID controller: The following PID controller C(s) was utilized in this autopilot

K,
C(s)=Kp+ — + Kps (A17)
s

where Kp = —10, K[ = —05, KD = —1.0.
Feedback gains: The simulation used the following feedback gains: K, = 0.01, K, = 0.75.
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C. Incident situation
Figures A1-A3 show airspeed, pitch angle, and vertical acceleration records in the accident analysis report [8].
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