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Neglected elephants in the equations

* The original governing equations for aircraft roll (¢), pitch (6), and
yaw () in the principal axis frame (I, < Ig < I):

I + b1 + ki = (Ig — Ly) 0P + M,.(t)
I90 + bo0 + ko0 = (I, — 1,,) ) + M, (t)
Iy + b3 + ks = (I, — Ig) 90 + M,(¢)
* The linearized equations:

Leg + b1 + ki = My (t)
IyH + bze + k29 — My(t)

L + b3 + k3 = M,(t)
. (Iy — 1,)0y, (I, — L) g, (I, — Iy)gbé - the inertial moments, similar

to Coriolis force for hurricanes, should not be neglected
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The elephants causing resonances

" As nonlinear harmonic oscillation system:
L + b1 + ki = (I, — 1,) 0y + M, ()
1,0 + b0 + k,0 = (I, — L) gy + M, ()
I + b + ks = (I, — I,) 96 + M,(t)

What matters the most is
the exciting frequencies of

these terms, not the
amplitudes




A pitch control case

* The most common maneuver in takeoff, cruise leveling and
landing approach

* The original governing equations:
- Lt bigtkie=(l,—L)0y
[,0 + b0 + k0 = (I, — L)y + My cos(wy 1t + azq)

Iy + b + ks = (I, — 1) 90

" The current longitudinal dynamics (pitch control only):
Iy9 + b26’ + kzg — M21C05(w21t + (121)




Solutions and bifurcations

" By the current practice, the aircraft response is (caterpillar mode)

@ =0
0 = 09(M;1) cos(wyqt + azq + &21) ﬁ
Y =0

* This pitch-only response is not always stable. Under certain
conditions, the following roll, pitch and yaw bifurcation solutions
(butterfly mode) exist.

p(t) = X2, 9;(t) = Y21 Ag; cos(wq;t + PBy;)

O(t) = 272, 6;(t) = LjZ1 Ay cos(wa)t + fzj) ‘Y.‘

Y(t) = Y21 Y1 (0) = Xy2q Az cos(wst + B3y)




Amplitudes of the 1°* modes

® Solve the amplitudes:

1/2 1/2
P 1,21 73, My, ( (I, -1,)(1, - L) ) -
U on | (= 1)Uy — L) | 22\ IxlpZ0iZan
1/2 Pitch
A= 2 I 1,211231 amplitude Pitch moment M,4
7w | U, - L)1, — 1) cutoff from driving roll and yaw
M3,
1/2 1/2
P LelyZ21Z44 My, ( (I, -1,)(, - L) ) -
T s |- LU~ L) | 222\ Ll ZanZs
Roll impedance: Zi1 = \/(a)fl — w%o)2+(bllﬁ)2 /w1
Yaw impedance: Z31 = \/(wé1 = w§0)2+(b31&)2/w31




Pitch conditional instability criterion
= Pitch unstable if

1/2
Ixl;Z11231

Iz_Iy) (Iy_lx)

-

My > 21,75, [( pitch moment threshold

1/2
2 Ixl;Z11231

(Iz=1y)(Iy—Iy)

Pitch amplitude > Apry = , pitch threshold
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“This book presents a new scientifc discovery aboutthe nonlinear instability and in-

ertial coupling effects for aircrats, land vehicles, and ships. It focuses on the dy
namic instability and inertial couplings of the rotational motions of these vehicles
and provides analytical solutions for the nonlinear governing equations without

linearization. A nonlinear stability theorem is proved analytically, numerically, and
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tigid body torque-free motion; the nonlinear solution of vehicle dynamics; nonlin

earinstabilities and inertial coupling effects of ships, aircrafts, and land vehicles. It
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(IZ Iy) (Iy Ix) nomenon for ships; aircrafts Dutch roll, wing rock, Pilot-Induced-Oscillation (PIO),

< architecture industries; energy flow patterns of aifcafts, ships,land vehicles, and

and upsets including un-commanded roll, pitch and yaw; and rollovers of land ve-
hicles. i
tions for for two and 1 based on
their FDR data, two Ro/Ro ship capsizes, and two cruise ship capsizes. An Inertial
Coupling Factor (ICF) is proposed to measure the effect of the inertial coupling. A
(DSF)is proposed to ave
hicle is. This book provid lytical analyses, the numeri-
cal simulations, the physical experiments, and the highway fatalty data to prove
that the Anti-Brake System (ABS) and Electronic Stability Control (ESC) cause more
rollovers and fatalties. The autopilot of aircrafts s proved to cause some nonlinear
instabilities and crashes. Three recipes for aircraft crashes during takeoff, landing
approach, and cruise leveling are given. In addition, a mechanical demonstrator is
also given.
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Land Vehicle Rollovers, and Ship Capsizes
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Pitch instability threshold verification

Scenario 1

" A commercial aircraft model

was used to do the numerical

simulations. NEnEEEEEE=Sal
o " : LN
" Pitch instability threshold in ].‘.‘lllllll
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Scenario 1

The worst case: W, = W19 + W3g
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The worst case: w,1 = W19 — W3g



The worst case — a resonance mode

" The pitch critical frequency:

W21 = Weritical = W10 T W3p
" Pitch amplitude threshold
2 b1bs3

W1g T W3g (Iz _ Iy)(ly _ Ix)
" Two dangerous situations,

1. At stall,
Roll damping; b; — 0, then Apry — 0

1/2

Apry =

2. Yaw damper malfunction, turned off or hardover

Yaw damping: bz — 0, then Apry — 0




The danger during takeoff

" At the pitch
critical frequency
Wcriticals
aircraft is prone
to nonlinear
pitch instability
before stall

during takeoff

l I The critical AOA I—}

Pitch threshold Apry
at critical frequency

\_

Pitch stable -
caterpillar mode

Pitch attitude @ at
critical frequency

—

Lift Coefficient

Pitch unstable
AOA

Pitch unstable -

butterfly mode
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Loss of control of aircraft
" A pitch control producing

18 pitch oscillation at
w,1 = 5.2 (Rad/s)
* The pitch amplitude
threshold: Apry = 12°
" Pitch unstable:
pitch 18" > Appy = 12°
" The final steady state

amplitudes depend on the

external pitch control

amplitude “Uncommanded” yaw 36
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Nonlinear pitch instability leading to Loss of control

of aircraft on Ethiopian Airline Flight 302 B737 Max

General Overview of Flight

Location, Date: Addis Ababa, Ethiopia, 10 March 2019 Accident #: AI-01/19

i Flight 302 bifurcated from caterpillar to butterfly j:\
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::: | mode 4 seconds before stick shaker activated
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The list of nonlinear pitch instability leading
to loss of control of aircraft during takeoff

" Northwest Flight 255 MD DC-9-82 crashed in1987

* Delta Airlines Flight 1141 B727-232 crashed in1988

= USAir Flight 405 Fokker F-28 crashed in1992

= American Airline Flight 587 A300-605R crashed in 2001

= PT.Mandala Airlines Flight 091 B737-200 crashed in 2005

" Air Transat A310-308 C-GPAT upset in 2008

= Spainair Flight 5022 MD DC-9-82 crashed in 2008

» Gulfstream GVI (G650) N652GD test flight crashed in 2011
= Ethiopian Airlines Flight 302 B737 Max crashed in 2019




Nonlinear pitch instability demonstration

(www.youtube.com/watch?v=gG2-mu6l11A)
® Aircraft model with restoring and damping for roll and yaw

w19 = 21, T79=1sec
w39 =T, T39=2sec
* The dangerous pitch frequencies
Scenario 1: wy; = w19 + w39 = 37
2 [ b, bs
31 | (I,—1y) (I

1/2
Ty =0.7s, Aprg—1 = —Ix)] = Apru-2/3

ScenariO 2: Wyp1 = W19 — W39 =T

.y L2 bybs e

* Experimental observation: Apry_>» = 34pry_1



https://www.youtube.com/watch?v=gG2-mu6I11A

