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Abstract—Are given the prediction algorithm designing of the speed protection function of the airplane
automatic flight control system to provide the active speed protection from underspeed and overspeed. The
range speed automatic protection function is provided due to autothrottle speed protection and autoflight

pitch speed protection.

Index Terms—Automatic flight control system; speed protection.

I. INTRODUCTION

The requirement for speed protection is based on
the premise that reliance on flightcrew attentiveness
to airspeed indications alone during flight guidance
system FGS operation is not adequate to avoid un-
acceptable speed excursions outside the speed range
of the normal flight envelope [1].

The speed range automatic protection function is
the automatic flight control system function to pre-
vent the indicated airspeed and Mach number overrun
(overspeed or underspeed).

The speed range automatic protection function
must to:

— enable for both manual and automatic flight
control;

— provide the active speed protection from un-
derspeed and overspeed;

— detect the approach to allowable speed (Mach)
limits and form warning message to crew;

— form the bounds of allowable speed (Mach)
limits for automatic flight within bounds of allowable
speed (Mach) limits for manual flight.

The speed range automatic protection function is
provided due to autothrottle speed protection and
autoflight pitch speed protection [2], [3].

Autothrottle speed protection (ASP) is defined as
the automatic engagement and use of the autothrottle
to return the airplane to a normal flying speed (either
overspeed or underspeed) through the engine con-
trols. This function provides assistance to the pilots
through the control of the throttle levers when the
airplane speed is detected to be flying outside of
normal operating speed limits. This airplane speed is
detected to be flying outside of normal operating
speed limits. This function is enabled for both auto-
matic (autopilot and/or autothrottle engaged) and
manual flight (pilot in control of primary surfaces and
throttles).

Autoflight pitch speed protection (PSP) is defined
as the automatic engagement and use of the autopilot
to return the airplane to a normal flying speed (either

overspeed or underspeed) through the elevator con-
trols. Pitch speed protection is designed to activate
when the autopilot or flight director is engaged and
the airspeed is detected to be flying outside of the
flying speed range (detected autoflight pitch speed or
speed detected). These engage points are selected
such that PSP would engage after ASP would nor-
mally engage, but prior to primary flight control law
speed protection becoming active. This function is
enabled only for automatic flight (autopilot and/or
autothrottle engaged).

II. PROBLEM STATEMENT

To provide the speed range protection of the air-
plane without overrun due to prediction that the air-
plane speed (Mach number) is detected to be flying
outside of normal operating speed (Mach number)
limits is proposed.

III. PROBLEM SOLUTION

Autothrottle speed protection is automatically
engaged when airspeed conditions are detected for
engagement (ASP speed detected) or windshear is
detected. ASP speed detected is driven for both over
and under speed cases. For underspeed, airspeed is
less than the greater of lowest selectable speed Vig
plus 3 knots (for margin) or minimum speed Vymn
plus 3 knots will trigger the ASP speed detected and
engage low speed protection. Minimum speed Vyy is
the speed related to the maximum angle of attack that
may be reached in manual flight control.

For overspeed protection, airspeed is greater than
the smaller of maximum operating limit speed Vyo
minus 3 knots, placard speed Vpjacard minus 3 knots
and maximum speed V. minus 3 knots will trigger
the ASP speed detected and engage high speed pro-
tection. Once engaged, the autothrottle stays engaged
until acted on by the pilot. ASP mode indication will
be set while the airspeed remains below or above the
autoflight airspeed limits and ASP is engaged. The
ASP indication is removed when the speed falls
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within the normal flying region. Once the ASP indi-
cation is removed, the autothrottle continues to op-
erate controlling thrust setting to the target (either
target speed or thrust target as appropriate to the en-
gaged autothrottle mode).

Autothrottle speed protection target speed is speed
reference. Speed reference for the autothrottle will be
the autoflight limited airspeed target (selected air-
speed) in all conditions, which is the select airspeed
in the flight management control panel IAS/Mach
window.

The autoflight function limits the selectable air-
speeds between:

— the greater of target speed Vs plus 5 knots and
Vimin plus 5 knots;

— the lesser of target speed Vyo minus 5 knots,
Vplacarda Minus 5 knots and V. minus 5 knots.

For autopilot engaged operation, the autothrottle
will engage into the compatible mode for the auto-
pilot active mode. For flight level change and wind-
shear mode, ASP engages into thrust limit mode. For
vertical speed, flight path angle, altitude capture/hold
and approach modes, ASP engages into speed mode.
For approach mode when the capture glideslope
function is engaged the ASP function and PSP func-
tion are inhibited.

For manual flight operation, the autothrottle will

engage in speed mode unless windshear is detected,
then it will engage in thrust mode.
Autopilot pitch speed protection is automatically
engaged when airspeed conditions are detected for
engagement (PSP speed detected) and PSP is not
inhibited from engagement. Autopilot PSP will not
automatically activate during manual flight. Pitch
speed protection is designed to activate when the
autopilot or flight director is engaged.

Pitch speed protection would engage after ASP
would normally engage, but prior to primary flight
control algorithm speed protection becoming active.

If the primary flight control algorithm pitch speed
protection becomes active, the autopilot and flight
director will be disengaged, which removes autof-
light pitch speed protection, to prevent interactions
between the primary flight control envelope protec-
tions and the autoflight protections. Autothrottle
speed protection will remain engaged.

Pitch speed protection speed detected is driven for
both over and under speed cases. For underspeed,
airspeed is less than the greater of Vis and Vi, will
trigger the PSP speed detected and engage low speed
protection. For overspeed protection, airspeed is
greater than the smallest of Vo, Volacara and Vipax Will
trigger the PSP speed detected and engage high speed
protection. These engage points are selected such that
PSP would engage after ASP would normally en-

gage, but prior to primary flight control algorithms
speed protection becoming active.

Pitch speed protection target speed is speed ref-
erence. Speed reference for the autopilot will be the
autoflight limited airspeed target (selected airspeed)
in all conditions.

The target speed used by PSP will be the autof-
light selected airspeed. This is the same value as used
by the ASP function and is limited by the autoflight
airspeed limits.

Pitch speed protection target speed are.

1. The greater of target speed Vs plus 5 knots or
Vinin plus 5 knots.

2. The lesser of target speed Vyo minus 5 knots or
Vplacara Minus 5 knots or V. minus 5 knots.

Lowest selectable speed Vis for the low speed
protection with prediction can be calculated by for-
mula:

Vis =V + AV (8y) — K, nyr s (1)

min

where V7 = f(IAS,q

min

a,0,) is the minimum

sign 2
protection speed, kmph; TAS is the indicated air-
speed, kmph; a_ _ is the alarm angle of attack

sign
(AOA), deg; o is the actual AOA, deg; a, is the
angle of attack at zero lift, deg; AV(8,) is the indi-

cated airspeed margin, kmph; 6, is the flap deflec-
tion, deg; K =100 kmph/g is the prediction coef-

ficient; n,, is the horizontal load factor in the tra-
jectory frame of axis.
Speed margin is depended from position of the

flap. For example,

AV(3,)=20-0,35,.

The item K, n,, in the equation (1) is necessary to
prevent underspeed and to provide engagement ASP
before when actual IAS will be less than the greater
of lowest V¢ +3 knots and V,, +3 knots.

Autothrottle speed protection speed detected for
low speed protection can be calculated by formula

ASP
V

det

=V L AV(3,)~ K, ny, +3-1.852,

The condition for engagement ASP function is
IAS <V,

Pitch speed protection speed detected for low
speed protection can be calculated by formula:

PSP
V

det

min

=V +AB )~ K, 1y
The condition for engagement PSP function is

IAS< V2",
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Pitch speed protection target speed and ASP target
speed for low speed protection can be calculated by
formula:

Vi =Vein + AV (8 ,) +5-1.852.

Let us research the protection function due to the
real example of the controlled flight. The control
object can be introduced the transport aircraft An-124
[4]. Proportional-integral autopilot was designed for
transport aircraft An-124. The control law of the hold
speed mode of elevator channel is given by

Is _Is
Ts+1 ¢ Ts+1

[K(uz(oz + KS(S - 80)

— Kwy

(")y ] + KV (Vtag - V)’

where 7, is the isodromic time constant, s ; 9§, is the
elevator deflection angle from the balanced position,
deg; K., Ky, K,,, K, are feedback gains constant

wz? oy
of the elevator speed channel with respect to pitch
rate, pitch angle, yaw rate and IAS, respectively; .

is the pitch rate, deg/s; 9 is the pitch angle, deg; 9,
is the pitch angle for time when autopilot is engaged;

o, is the yaw rate, deg/s; V' is the actual indicated

airspeed, kmph.
The control law of the hold speed mode of the
autothrottle channel is given by

S
SSW = m[l(::nx + KQT (9 - 90

1

+K) (7, —V)]+K;T(Kag =),

ag

where 8, is the throttle levers deflection angle, deg;

T

T, is the isodromic time constants, s; K2', K.,

1 nx

K", K" are feedback gains constant of the au-
tothrottle speed channel with respect to horizontal
body load factor, pitch angle and IAS, respectively;
n, is the horizontal body load factor.
Consider the following initial condition of the
flight to test the low speed protection function:
— not change the balanced throttle levers before
engagement ASP function;
— the autopilot is engaged in pitch mode;
— the autothrottle is armed.
The control law of the pitch mode of elevator
channel is given by
Ts
msel =k,.0, + kg (A3 - Aggiv )
where A3=9-3, is the deflection of the actual

pitch angle 9 from the initial pitch angle 9, ;

A8 =3, -9, is the deflection of the given pitch

angle 3, from the initial pitch angle 9, .

After 5 s of flight simulation the given pitch is
increased on 4 degree (Fig. 1) and aircraft is decele-
rated (Fig. 2).
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Fig. 1. Given pitch angle 8, and actual pitch angle 9,
when the prediction is disengaged

IAS,
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Fig. 2. Indicated airspeed IAS;. Speed detected Vi s+
+ 3 knots and target speed V s+ 5 knots when prediction
is disengaged. Vs is lowest selectable speed

The testing results of the low speed protection
function are illustrated on the Figs 1-10 when pre-
diction coefficient is equal zero K, =0.

1.5
1 1
\__— PSP
0.5 =
| | —
| ASP
0
0 55 110 165 ts

Fig. 3. ASP and PSP triggering when prediction is
disengaged
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Fig. 4. ASP and PSP triggering when prediction is
disengaged for time 28-33 s
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Fig. 5. Indicated airspeed IAS;. Speed detected Vi s+
+ 3 knots and target speed V s+ 5 knots when prediction
is disengaged and time is 28-33 s
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Fig. 6. Initial altitude H, and actual altitude H, when
prediction is disengaged
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Fig. 7. Related balanced thrust B, and related actual

thrust £ when prediction is disengaged
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Fig. 8. Alarm AOA «a,, and actual AOA o, when
prediction is disengaged
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Fig. 9. Maximum throttle levers angle & actual
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angle § when prediction is disengaged
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Fig. 10. Balanced elevator angle § , . and actual elevator

elbal
angle §,, when prediction is disengaged

The testing results of the low speed protection
function are represented on Figs 11-21 when the

prediction is engaged and coefficient K, =100.
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Fig. 11. Given pitch angle 3, and actual pitch angle 3,
when prediction is engaged
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Fig. 12. Indicated airspeed IAS, with respect to
ASP speed detected Vi s+ 3 knots and target speed Vig+
+ 5 knots when prediction is engaged
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Fig. 13. ASP and PSP triggering when prediction
is engaged
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Fig. 14. Alarm AOA o, and actual AOA o, when
prediction is engaged
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Fig. 15. ASP and PSP triggering when prediction
is engaged for time 25.4 s
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Fig. 16. Indicated airspeed IAS,. Speed detected Vi g+
+ 3 knots and target speed V' s+ 5 knots when prediction is
engaged and time is 25.4 s
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levers 8, , and minimum throttle levers &
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Fig. 17. Initial altitude Hy. Actual altitude H; when
prediction is disengaged. Actual altitude H, when
prediction is engaged
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Fig. 18. Indicated airspeed IAS; and IAS, when prediction

is desengaged and engaged, respectevly
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Fig. 19. Related balanced thrust B, and related actual

thrust B when prediction is engaged
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Fig. 21. Balanced elevator position 6, and actual
elevator deviation &, when prediction is engaged

You can see that ASP function with prediction
provides the active speed protection from underspeed
and the aperiodic process of stabilization of the target
speed by autothrottle (Fig. 18). The triggering time of
ASP is less than time when prediction isn’t used. The
difference in time is 2.64 s.

The approach to calculate and engage high speed
protection function is same like for low speed pro-
tection function.

Autothrottle speed protection speed detected for
high speed protection with prediction can be calcu-
lated by formula:

VS =V, o — K, iy —3+1.852.

det

The condition for engagement ASP function is
IAS2 V.

det
Pitch speed protection speed detected for high
speed protection can be calculated by formula:

PSP _
Vie =Vwo =Ky

The condition for engagement PSP function is
IAS2 V",

det
Pitch speed protection target speed and ASP target
speed for high speed protection can be calculated by
formula:

y

tag =

Vo —5-1.852.

The testing results show that the quality of the
protection of the high indicated airspeed is equal to
low indicated airspeed protection. Let’s view the
autothrottle Mach protection (AMP) and pitch Mach
protection (PMP) functions. To protect the maximum
operating limit Mach number My the next different
approach is used.

1. Autothrottle Mach protection when mach de-
tected for high Mach protection with prediction can
be calculated by formula:

M =M, — K" ny, —0.003,

det

where K =0.1.

The condition for engagement ASP function is

M > MASP

det

2. Autothrottle speed protection target Mach for
high Mach protection can be calculated by formula:

M2 =M, —0.005.

tag

3. Pitch speed protection Mach detected for high
Mach protection with prediction can be calculated by
formula:

PSP _ M
M. =Myo—K, Ny

det

The condition for engagement PSP function is

M > MPSP

det

4. Pitch speed protection target Mach for high
Mach protection can be calculated by formula:

M =M, -KNMn, —0.005.

tag

The control law of the hold Mach mode of ele-
vator channel is given by
Ts 5 __Ts

Ts+1 ¢ Ts+1

[K(uzo‘)z + KS (9 - 90)

_K(uy |0‘)y |:| +KM (MPSP _M)>

tag
where K, is the feedback gain constant of elevator
channel with respect to Mach number.

The control law of the hold Mach mode of the
autothrottle channel is given by

_ S
" Ts+1

+ Ky (M = M)+ K (M - M),

tag tag

[KAn, +K;'(9-9,)

where K", K A’;T are feedback gains constant of au-
tothrottle channel with respect to Mach number.

The testing results of the high Mach protection
function are demonstrated below (Figs 22-29).
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Fig. 22. Given pitch angle 3, . Pitch 3, is actual pitch

angle when prediction is desengaged. Pitch 9, is actual
pitch angle when prediction is engaged
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Fig. 23. Mach number M, is actual M when prediction is
desengaged. Pitch M, is actual M when prediction is

engaged. M,,, is maximum operating limit Mach number
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Fig. 24. AMP2 and PMP2 triggering when prediction
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Fig. 25. Pitch Mach protection function (PMP1) without
prediction is trigged. Pitch Mach protection function
(PMP2) with prediction is trigged
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Fig. 26. Mach number M, is actual M when prediction is
desengaged. Pitch M, is actual M when prediction is
engaged. M,,, is maximum operating limit Mach number.
Testing time 20...60 s

The time when PMP function is predicted less
than time when prediction isn’t used. The difference
in time is 5,5 s (Fig. 25). You can see that PMP
function with prediction provides the active Mach
protection from overshoot and the aperiodic process
of stabilization of the target Mach by -elevator
(Figs 23, 26).
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Fig. 27. Initial altitude Hy= 10000 m. Actual altitude H,
when prediction is disengaged. Actual altitude H, when
prediction is engaged
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Fig. 28. Balanced elevator position 5, . Actual elevator

deviation angles &, and &, when prediction is
desengaged and engaged, respectivly
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Fig. 29. Maximum throttle levers angle o and

thr max

Actual throttle
levers angles ,,, and 9§, , when prediction is disengaged
and engaged, respectivly
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Analysis of simulation results above shows the
next summary.

CONCLUSION

Thereby, resultant algorithms of the task can be
used for dynamic design of optimum structures of
estimation systems of linear time-invariant systems
with arbitrary dynamic behavior of control object and
measuring system subject to real operating condi-
tions. The algorithms are relatively simple, transpa-
rent, easily reconstructed for particular cases of es-
timation tasks and can be generalized for situations
arising when solving the tasks of aircraft dynamics
identification in operating (non-special) modes. They

Morozov Sergii. Candidate of technical science.
Reserve officer, Kyiv, Ukraine.

can be useful for creating and upgrading flight con-
trol systems, navigation, etc.
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C. B. Mopo3og, B.C. Mopo3oB. IIpornosyrwounii aaroputm ¢pyHKUii 3aXucTy IBUAKOCTI OBITPSIHOTO CyAHA

Po3pobneno anroputm QyHKIIT 3aXUCTy Aiana3oHy MIBHIKOCTI JIiTaka TPAHCIIOPTHOTO THITY 3 MPOTHO30M 3MIHU TPH-
J1a10Boi MIBHAKOCTI Ta yncyia Maxa. DyHKIs 3aXKUCTY Jiana3ony IBUIKOCTI JIiTaka MOXKe OyTH pealli3oBaHO MITATHUMHU
aJIrOpUTMaMH aBTOMAaTUYHOTO KEPYBaHHS IBUIKICHUIMH NTapaMETPaMH 32 JIOTIOMOT'0I0 aBTOMATa TATH Ta KepMa BUCOTH.
[IporHo3yBaHHs 3MiHM MPUIIAZOBOI MIBHAKOCTI abo ymcina Maxa JliTaka 3almpoIlOHOBAaHO BHKOHYBATH 32 JIONIOMOTOIO
OLIIHIOBaHHSI TPAEKTOPHOTO MOB3I0BKHHOT'0 EPEBAHTAKEHHS TIPH 33/IaHOMY Jliania30Hi eKCIuTyaTaniiHol IBUIAKOCTI 200
yucna Maxa. Pe3ynbratu HOCHiKEHHs MMOKa3yloTh, IIO MOCIIIOBHE BUKOPUCTaHHS aBTOMAaTa TATH Ta KaHally KepMma
BHCOTH 3 ypaxyBaHHSIM IPOTHO3Y 3MiHM IIBUIKOCTI abo ymcina Maxa 3abe3neuye 3amoOiraHHs mepediry excruiyara-
LIHOTO JMiana3oHy MIBUAKICHOTO MapaMeTpa.
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C. B. Mopo3soB, B.C. Mopo3os. [Iporuo3upyoumii aJroputM pyHKIUH 3alIMTHI CKOPOCTH BO3IYILIHOI0 CyHA
PaspabotaH anropuT™ (YHKIMH 3alIUThI JHAMNa30Ha CKOPOCTH CaMOJIeTa TPAHCIIOPTHOI'O THIIA C MTPOTHO30M U3MCHEHHS
npuOopHO#l ckopocTd M uuciaa Maxa. DyHKIMS 3aIIUTHl AMANa30Ha CKOPOCTH CaMojieTa MOXKET OBITh peann30oBaHa
IITATHBIMU aJTOPUTMaMHU aBTOMATHUYECKOTO VIIPABJICHUS CKOPOCTHBIMH HapaMeTpaMH uepe3 aBTOMAT TATH M KaHajla
pyAst BBICOTHL. [IporHo3 u3MeHeHus MpUOOPHOI CKOPOCTH MU yHcia Maxa oOecreuuBaeTcs IMyTeM OLICHUBAHHS IIPO-
JIONIBHOW TPAeKTOPHOH Meperpy3ku Mpy 3aaHHOM SKCIUTyaTallMOHHOM JiHaria3oHe CKOpOCTH WiH 4yucia Maxa. Pe3yib-
TaThl UCCIICIOBAHUI MOKA3aJIM, YTO IOCIEIOBATSIPHOS MPUMCHEHHE aBTOMATa TATH M KaHaIa PYJs BBICOTHI C YUETOM
MPOTHO3a U3MEHEHUS MPUOOPHONM CKOPOCTH WM 4yuciaa Maxa obeclieunBaeT OTCYTCTBHE BBIXOJA CKOPOCTHOIO IMapa-
MeTpa 3a dKCIUTyaTallMOHHbIH AUaa3oH.

KaroueBsle c10Ba: cucreMa aBTOMaTHUECKOTO YIIPABJICHHS MOJIETOM; 3allTa CKOPOCTH.
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