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Syllabus

C Atmospheric Flight Dynamics:
A Reference systems
A A/C Nonlinear Equations of Motion
A Applied forces and moments
A Geometry, Flight Envelope, Equilibrium Conditions
A Linearization, Natural Modes, Stability Derivatives
C Aircarft Control
A Sensors, Actuators, Primary Control Loops
A Stability Augmentation, Autopilots
C Multirotor Control
A Dynamics, Sensors, Actuators, Primary Control
Loops
C Spacecraft/Satellite Control
A Dynamics, Sensors, Actuators, Primary Control
Loops
C Orbital Mechanics:
A Law of Gravitation, 2Body Problem
Keplerian Orbits, Kepler Equation
Orbit Transfer
Lambert theorem, Restricted-Body Problem

> > > >
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Oh, we don’t actually stop anymore.
We just slow down and fly low. B
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Aircraft Desired State Control Intervention || Disturbances || Performance Verification
A Position A Pilot A Elevator || A Turbulence|| A Monitoring
A Velocity A Stability A Rudder || A Wind A Continuous Action
A Orientation A Regulation| | A Ailerons || A Failures A Discontinuous Action
A Mission Requirements| A Guidance | | A Spoilers
A Safety A Navigation| | A Engine
A Stability
A Performance (speed, ceiling,

endurance, fuel consumption, :

O2YT2NI = YI yS[dzdSNF oA )\Q'rg f_l,f\ctual State

osition

A Velocity

A Orientation

A Orientation Rate
A Failure Mitigation

CONTROL HCTUATOR

( SENSOR
§

DISTURBANCE

DESIRED STATE

STATE
AIRCRAFT —

@
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Longitudinal States/Variables available for feedback u
A Pitch Rate
A Attitude (Pitch) Angle W amwi U
A Angle of Attack g
A Forward, Vertical velocities 0 ~ f qdt
A Altitude, Flight Path Angle
A Normal Acceleration (at CG or other location) y=0-a
n _ a‘zC _ (W _qu)
LateratDirectional States/Variables available for feedback %= g g
ﬁ Yaw Rate e = =
Heading Angle T e
A Roll Rate Mg = ~W U0
A Bank Angle h.. ZUOdet
A Sideslip Angle Ve BrviU
A Lateral velocity B °
A Lateral Acceleration X=y+p5
p
Main Sensors for Dynamic Control '
A Inertial Navigation Unit (gyroscopes, accelerometers) ORS f pdt
A Inclinometer (vertical gyro) »— frdt
A GPS
A Airspeed Sensor I el
A Altimeter, Radaltimeter Yea g
A Magnetic Compass
- A Pressure sensors (speed, angle of attack, sideslip angle)
@ A Engine status
I
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C Desirable Dynamic Properties of Aerospace Vehicles:

A Satisfactory static stability within the flight envelope
A Damping and natural frequency of critical natural modegropriate to
certification requirements
A Capability of providing commands within specified ranges
A Capability of maintaining equilibrium conditions (desired speed, desired
Ff 0AG0dzZRSES RS&ANBR |y3dz NI N GSZT X033 A
A Capability of following specified trajectories with accuracy and fast enough

response
A Static stability:

1. Static stability in the longitudinal plane is dominated by the pitching moment curve
slope with respect to angle of attack (i€,,,<0 orM_ < d&nhdC_,>0).

A-Z W =ZW+(U, +Z)a+ Z5,

W A Change location of center of mass
-M W +dg +qu+ Mo

A Feedback of the angle of attack by the elevator in
w=Ua the pitching moment equation (as an alternative
use normal acceleration)

_ pSUOEC
w 2| . Mo W
X X d 6E :_Kaa:_KSSLJ_:_KV\\,/v
cC = cc _ ac | C (1— ue 0
c C MC da)
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2. Static stability in the latera directional plane is dominated by the weathercock
derivative (i.eC,, >0 orN, > 0), and dihedral derivative (i.€,, <0 orL,<0)

7\7 YV +U S — gcosy, ¢ +Y, 6, A Change size of Vertical Tail, Dihedral
| angle, Wing Sweep
+L P L d +L 6 +L, 6 A Feedback of sideslip angle to the
@ +N p +Nr +N 0, +N & rudder in the yawing moment

equation (in alternative use lateral
acceleration)

1. 1 . . N
NV:U_Nﬂ:_Nﬂ |_L |\Iv: I\Iv_i__ v
0 0 XX XX
~ QSb_. . ~ QSb _ B v o
LV—FCIB,NV—IT ng 6R_ KRﬁ——KRU ——KVV

xx 0 zz O

¢ _ +Np+NT N5,

5, =—K,p=-K,é

@ A
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A Damping and natural frequency of critical natural modes appropriate to certification
requirements

A Handling (Flying) QualitieSet of regulatory requirements provided as guidelines to the
flight control system designer (MIL Specification: Guidelines and Regulatory).

A Requirements given in terms of natural modes and satisfactory frequency and
time responses

A Testing with pilotin-the-loop, ground and flight simulation

DEPARTMENT OF DEFENSE

HANDBOOK AFWAL-TR-81-3109

-,

FLYING QUALITIES N
OF ol
PILOTED AIRCRAFT oy
-

i

=

f—"': BACKGROUND INFORMATION AND USER GUIDE
FOR MIL-F-8785C, MILITARY SPECIFICATION -
FLYING QUALITIES OF PILOTED AIRPLANES

ADS-33E-PRF

AERONAUTICAL DESIGN STANDARD
This handbook is for guidance only.

Do not cite this document as a requirement. PERFORMANCE SPECIFICATION

HANDLING QUALITIES REQUIREMENTS FOR MILITARY ROTORCRAFT

UNITED STATES ARMY AVIATION AND MISSILE COMMAND

AVIATION ENGINEERING DIRECTORATE

E— T REDSTONE ARSENAL, ALABAMA
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A

A

Damping and natural frequency of critical natural modes appropriate to certification
requirements

Handling (Flying) QualitieSet of regulatory requirements provided as guidelines to the
flight control system designer (MIL Specification: Guidelines and Regulatory).
A Requirements given in terms of natural modes and satisfactory frequency and
time responses
A Testing with pilotin-the-loop, ground and flight simulation

MiL-F-8785C

1.5 Levels of flying gualities. Wwhere possible, the requirements of section 3

have been stated in terms of three values of the stability or control parameter
being specified. Each value is a minimum conditlon to meel one of three Levels
of acceptability related to the ability to complete the operational missions
for which the airplane is designed. The Levels are:

Level 1 Flying qualities clearly adequate for the mission Flight Phase

Level 2 Flying qualities adequate to accomplish the mission Flight Phase,
but some increase in pllot uorkloaq or degradation in mission
effectiveneas, or both, exists

Level 3 Flying qualities such that the airplane can be controlled safely,
but pilot workload is exceasive or mission effectiveness is
inadequate, or both., Category A Flight Phases ¢an be terminated
safely, and Category B and C Flight Phases can be completed,
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oratory

A Damping and natural frequency of critical natural modes appropriate to certification
requirements
A Handling (Flying) QualitieSet of regulatory requirements provided as guidelines to the

flight control system designer (MIL Specification: Guidelines and Regulatory).
A Requirements given in terms of natural modes and satisfactory frequency and

time responses
A Testing with pilotin-the-loop, ground and flight simulation

MIL-F-8785C Aircraft classes
I Small, light
airplanes
II Medium weight, low-to-medium
maneuverability airplanes
I11 Large, heavy, low-to-medium
maneuverability airplanes
1Y High-maneuverability
airplanes
MIL-F-8785C Flight phase categories
A Flight Phases that
require rapid maneuvering
B Non terminal Flight Phases
(Climb, Cruise, Loiter)
C Terminal Flight Phases
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¢ Longitudinalcontrol: PhugoidMode

Long-Period Flying Qualities Criteria Long-Period Flying Qualities Criteria
(MIL-F-8785C) (MIL-F-8785C)
* Phugoid stability
1.Damping ratio = 0.04
) FHgm‘Phase ) Level of Performance 2.Damping ratio =0
A e e b e i e e i 3.“Time to double”, T, = 55 sec
B.  Mon-terminal flight requiring gradual some increaze in workload ’
mansuvaring 3. Aircraft can bs controlled safsly, but
C.  Terminal flight workload iz excaszive
Time to Double 2l ,
+ Static speed stability szh = _0'693/CPhwnP,' ; :x‘ ,,v'.“ i '.

— No tendency for aperlodic divergence
* Phugoid oscillation - 2 real roots, 1 that is unstable
— Stable control stick positlon and force gradlents
* e.g. Increasing “pull” position and force with decreasing speed

3.2.1.2 Phugoid stabllitv. The long-period airspeed oscillations whiech occur
when the airplane seeks a stabilized alrspeed following a disturbance shall
neet the following requirements:

a. Level } wem== {5 at least 0.04

b. Level 2 ==--= L, at least 0

¢c. Level 3 ==~=-Tp at least 55 seconds

@
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C Longitudinalcontrol: Short Period Mode

Short-Period Approximation
Transfer Functions

» Elevator to pitch rate

Ag(s) _

k, [.r—z‘]

ABE(s) 5"+ 2,00, s+a

e J r
s +20 0, s+

£

3.2.2.1.2 Short-period damping. The equivalent short-period daamping ratio,
tgpr ®hall be within the limits of table IV,
TABLE IV. Short-period dampins ratio limita.
Category A and C Flight Phases | Category B Flight Phases

Level Miniwum | Maximum Minimum | Maximum

1 0.3% 1.30 0.30 2.00

2 0.25 2.00 0.20 2.00

3 0.15° | -~ .0,15* -
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C Longitudinalcontrol: Short Period Mode

\3 ' CAP = Initial Pitch Rate to Steady
\O State Normal Acceleration Ratio

The control anticipation parameter (CAP)
describes the relation of the immediate pitch
acceleration to a cont
load factor which will be the result of this

maneuver. . I
—(Mq % + Ma)
CAP = N

L,/g

2
o

Rep

n,la

==

The CAP has an optimal value of one, which
means the pilot is able to determine the amount
of stick input needed for a certain load factor
easily from the pitch acceleration which is a
direct result of an elevator deflection.

100

Wt~
L /o

od/sec

S

—

: H H t EE T
""" NOTE: THE BOUNDARIES FOR VALUES OF 7/e

OUTSIDE THE RANGE SHOWN ARE OEFINED ‘ 1,z
8Y STRAIGHT-LINE EXTENSIONS. : : E “—‘ﬂ;r)
2 feodeind\ T

e my

CNrITTIITY

TTrr7

[LeveL 2 ,(ﬂ’

3

[ I 100
e ~ g's/rad

@ n,/ o Change of load factor due to change of AoA ratio
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C Lateralg Directional Modes

Criteria for Lateral-Directional Minimum Dutch Roll Natural
Modes wiL-r-s7ss50) Frequency and Damping wi-r-s7ssc)

TABLE VII. Maximum roll-mode Lipe Gonatant, aeconds. TABLE VI, Minimum Dutch roll frecuency and damping.
Flight Phase Min Cgup,* Min
g::::t Class Lavel [~ Tevel| Category Class ¥in L" rad/aece u:%ee.
Cat. 1 2 3 : -
Maximum Roll- agory & (CO and GA) w 0.k - 1.0
Mode Time o A 1, v 1.0]1.4 A 1, | o9 0.35 1.0
11, 11X 1.413.0
Constant 1, 11 | 019 0.35 0.4
B A1l b 3:0: 11D 1 E ALl 0.08 0.15 0.5
(4 1, 11-C, ¢ {1.0 | 1.4 e I, 1n.c,
IT-L, III 1.4 | 3.0 w 0,08 0.15 1.0
TABLE VIIl. Spiral stability - mind 3ime to dounle amplitude. 11-L, 11I| 0.08 0.10 0.5"
P . 2 ALl A1l 0.02 0.05 0.4
Minimum ight Phase m
Cate Level 1 Level 2 Level 3 3 ALl Al 9 - 0,4
Splral-Mode it * The governing danpin freneat 1s that ylelding the larger value of
T requ 4
Time to Double A ; [ ;: sec g sec : ﬁ except that a G of 0.7 is the maximum required for Class III. o
aec sec El

*%  Class 111 airplanes say be excepted from the ninimue %, requirevent,
subject to approval by the procuring activity, if the r!wtrennt: of 3.3.2
through 3.3.2.8.1, 3.,3.5 and 3.3.9.% are get,
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C Wheredo all this numbers come from?
C Extensiveflight (simulator) testing

¢ Subjectivepilot ratings ccmmn————————y

‘] - ADVISORY GROUP FOR AEROSPACE RESEARCH & DEVELOPW

AD 689722 serorsw

The Use of Pilot Rating

C Cooperc Harper Rating Scali  § | in the Evaluation of
1 Aircraft Handling Qualities

by G. E. Cooper and R. P. Harper Jr,
*

APRIL 1969
. JUL 7 1969
[J‘&LJL“

LANTIC TREATY ORGANIZATION - -
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C Cooperc Harper Rating Scale

Adequacy for Selected
Task or Required Operation™

Yes

Is it satisfactory No
without
improvement?
Yes
s adequate No
performance

attainable with a
tolerable pilot
workload?

Yes

No

Is it
controllable?

Pilot Decisions

Aircraft
Characteristics

Demands on the Pilot in Selected

Pilot
Hating

Taskor Required Operation

Excellent, highly
desireable

Pilot compensation not a factor for desired
performance

Good, negligible
deficiencies

Pilot compensation not a factor for desired
performance

Deficiencies
warrant

improvement.

Deficiencies
require

improvement.

Improvement
Mandatory

Fair - Some mildly
unpleasant deficiencies

Minimal pilot compensation required for desired
performance

Minor but annoying
deficiencies

Desired performance requires moderate pilot
compensation

Moderately objectionable
deficiencies

Adequate performance requires considerable
pilot compensation

\ery objectionable but
tolerable deficiencies

Adequate performance requires extensive pilot
compensation

Major deficiencies

Adequate performance not attainable with
maximum tolerable pilot compensation
Controllability not in guestion

Major deficiencies

Considerable pilot compensation is required for
control

Major deficiencies

Intense pilot compensation is required to retain
control

Major deficiencies

Control will be lost during some portion of the
required operation

* Definition of required operation involves designation of flight phase
and/or subphases with accompanying conditions.
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C Pilotisadynamicsystem !

A The dynamic behavior of human operators in manual control systems has long served as a
compelling target for control theory explanations.

Neuromuscular System during Pitch Control

Vehicle

Mnamics

=)
|

Displays  Sensors Equalization

?U Delft David Abbink — Human Controller 24 |52
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C Pilotisadynamicsystem !

A Pilot dynamicg approximated : a linear (transfer function) may be estimated

Sample Pilot AdmittanceTransfer 10°¢
function from: '

A from Force(input) I compliant

A to Position(position) 'c
E
Dynarpics change with the task ! g ,
A Position Task (PT) : hold the =, 10" ]
position firmly = [ '
A Force Task (FT) : keep the 8

force felt constant
A Relax Task (RT) : just hold
the device and relax

dynamics under control !! Freque1lplcy [Hz]

@

And also changes with the plant / -1-0_1 e

Similar to a second order System
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C Crossover Model (McRuer 1960)

System
forcing

function +

-

Error
elt

i(t)

Display

Operator
visual
stimulus

Human
operator

Operato
output
c(t)

r

Controlled
element,

c

S(7s +1)

Systerﬁ
output
m(1)

A The Pilot, when controlling different dynamics (plants)| “ ...
naturally act so to have the closed loop system to

behave as a low pass first order system

A This is achieved when the slope of the open loop

pilot+planttransfer function is about20db/decade at
the crossover frequency

@

C Pilot Modeling Methods

10 w (rad/sec) 10.0

Isometric
Stick
( force)

KKe™

w e

C

—Tjw

Go (8 =Y. (9Y (9 ~ — ;

jw

Pilot Math Models in Matlab

Better pilots:
A larger crossover frequenc
A Smaller delay



https://it.mathworks.com/help/aeroblks/crossoverpilotmodel.html?requestedDomain=www.mathworks.com
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C Pilot Modeling Methods

C Crossover Model (McRuer 1960) System Oerator iy Shileis

forcing Error visual output | Controlled | output
function + _ el?) Display |Stimulus Human clt) element, m(t)
15 Sy operator Ke
- $(7s +1)

A Understanding different plant dynamics :
A Zeroth order system (gain) : very fast plant where result
from action happens quickly and without showing

transients Roll-> Yaw/Heading

A First order system (integrator) : the result of the action is

approximately due to integral of the command Steering wheek> car direction

Roll-> Yaw-> Lateral Position

A Second order system (double integrator) : the result of the
action is approximately due to double integral of the _ _ _
command Steering wheel> car direction>

position in lane
LQE Pilot Math Models in Matlab



https://it.mathworks.com/help/aeroblks/crossoverpilotmodel.html?requestedDomain=www.mathworks.com
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Option {Controlled Transfer Function of Controlled . -
Element Transfer Transfer Function of Pilot (¥p) Motes
- Element (¥}
Function}
Proportional
P K. Ke™ KKe™
5 5
Rate or velocit
¥ E er—n’ KK oIS
5 5
Spiral divergence K er_n KK =
Ts-1 (Ts-1)
Second order - K 2 Ke™ Ko 2 Shaort
Short period 52—”2 T: 1 52—”2 x period,
+ 20w, 5 + wl ; + 200w,S + wy with @, > 1/T
Ke™
Ts+1
1 *
Acceleration ((*) E Kpse'ﬁ KK,e™
5 f 5
Roll attitude (*) s s With
K (s + 1)e KKe =T,
sTs+1) f 5
Unstable short K. K,(T,s + 196 KKe™ With
tod(* # s T=T
period({*) (Tpys + 1){Tps - 1) f (Trms - 1) =
Second order - 2 - [ Fhugaoid,
. K,(Tis+1)e K e
Phugoid{*) Lﬂ CA ) =em w, & 1/7T,
5+ 20w,s + iy 5 with
S 1T, = G,

/

Z

qu

Derivative Action
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C Precision Model (Systems Technology, Inc.; McRuer circa 1970)

{5+ 1,
YF‘ = KE,E ':( ~ - j) 1
) Ts+1 o2 28y
(Tys+ 1) —=+—=5+1
. m.’l.r-. mﬁ"—
C Structural Adaptive Model (UC Davis, Hess 1979)
CENTRAL NERVOUS SYSTEM NEURGMUSCULAR SYSTEM 10 MOOEL
"*______—““'_f_“_"“‘“_!_ ________ ul 2 3L ®  EXPERIMENT ®
| I 3 -
el :: W | > 10 W I W
u D .
| v, |
| ' 1 ] - + u|5 50 '
P | N g i wl m g i
:: g l ey K _? eTo? + Yo |+ si+2{nu,.s+w“i + | Yo - = -5: - l
- ) B - | - 3 100k
I Ym | | > 150
| Ym | M | - R T T O BN N S I O
I 2 || s o | . |
+1/To) % s+ 1T 2 0=
‘ (s+1/T5) r 1 | ::F D-.—_ i
| | l < o @
e o e o — —— — o — ———— _ ‘§_ =20
PILOT MODEL e .
£ 40 I I N RS B B |
¢ 2 4 681 2 4 6810 20

Fig.1 Structural model of the adaptive human pilot.
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C Optimal Control Pilot Model (19701985)

. . .1 ST
A Multiple Tasks J =E {Lim = [XTQX +u'Ru +uTGu]
4 . . . T —00
A Trained Operator (optimal behavior ??) 0
Disturbances, w(t)
Conirolled System Output
Element >
Operalor Output Dynamics x(t), k(1) = Ax + Bu+Ew Displayed Variables
Display
u(t) y(t)=Cx+Du
HUMAN OPERATOR
i@ INTERNAL MODEL OF 7
I MAN/ MACHINE SYSTEM |
| |
Motor l Estimated |
System Estimated | Delayed |
Neuromuscular Commands | Controller State | State | Delayed State | Perceived Variables,yp | Time
L System Gains = Predictor f=— Estimation Delay
[TN5+I]_I uc(t) L x(t) : x(t-t) | (Kalman Filler) lyp(f)=y(f-r)+vy(f-r) T
I |
| |
(1) l | (1)
Ym = | vylt
Molor Noise - & s CUW R Tl R e e e T e i e ety e Observation Noise
Vim; (1) = 7 P, uZ(t) +Vm, Vy,(t) = 7P yiz(r)

Tigure 8. OCM Model Tmplemented in Program cec
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F — — = LQG model
o ocM 3
E - Hessmodel 4
8 -———~~< - O Measured data]
,S E e 3
E-1
g
2
b=

o Measured data

- | 1
=300 1 10
Frequency, rad/sec

AMES VERTICAL SIMULATOR

A Pilot Models and Experimental Data
Comparison describing Functions
Response (pitch Rate left, Load Factor
right)

Magnitude, dB

LQG model é
Hess model

-100F "3
< E ]
o -200f 3
g E ]
e F —— MocM 1

S00E - — - 10G model 1

Fo- Hg:s?model L4
E oo OCM =
A0F o Measured data :
500 | Ll h
1 1 10 100

Frequency, rad/sec

A 350 SIMULATOR



https://www.youtube.com/watch?v=YlNTra2kfxo
https://www.youtube.com/watch?v=jzjyr0UZKRw
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A Classical, historical Improvement of transient properties of natural modes is achieved with
direct feedback of appropriate measured state variables, and frequency response methods,
using approximate modes transfer functions.

S

Pilots stick motion

Stick ot
motion
transducer | SAS On
Pilot’s . .
command Trim command input
signal 8,
. + 0,
Veomm - thh‘ <
controller | +
Possible signal off
from guidance % SAS v,
system On  Feedback
voltage

Actuator
dynamics

Sensor
dynamics

SAS Atmospheric

oit] oOn disturbances
Aircraft
X motion
+ 5 Aircraft variable, y
dynamics v
Control
surface
deflection
Motioen feedback
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A Actuation architectures

(A) REVERSIBLE
Direci Mechanical

e .
IP_,@>]

(1} Control Stick

(3) (2) Autopilol Computer

(3) Autopilot Actoator &
DisconnectOvertide
(2) Mecharism

(4) Siabilator
(%) Control Sorface

(1)

A Fully Mechanically driven
A Autopilot/Controller acts in parallel to the pilot
A Pilot feels aerodynamic forces on the stick
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A Actuation architectures

(A) IRREVERSIBLE
Mechamical, Hydranlically Boosied

(4)

(1)

(1) Control Stick

2y Auwtopilot Computer

(3) Awopilot Actoator &
DisconnectOverride
Mechamsim

4) Stabilator
(3) Conirol Surface

(2)

(6) Hydraolic Actuator

A Mechanically driven with hydraulic actuator
A Autopilot/Controller acts in parallel to the pilot
A Hydraulic serveactuation reduces to almost zero/zero the
aerodynamic forces fed back on the stick
A An artificial feel is necessary (videogame like piloting!)
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A Actuation architectures

(B) IRREVERSIBLE
Fly-By-Wire, Hydranlically Boosied

“ (1)
> (3} —‘4| (1} Side Stick

(2) Autopilot Computer

(3) Flight Control Computer
(Fly-By-Wire)

(2) {4) Stabilator

[l

(5) Control Surface

(&) Hydraolic Actuator
A Fly-by-wire (FBW)
A Autopilot/Controller action fused with pilot commands by
avionics

A{GAO]l RST{ESOUAZ2Y YIé& 0S 3IAQDSY |
A Load factor, alpha
A Attitude angles
A Attitude velocities etc.

A Absolutely no feedback from actuators

@ A An artificial feel is necessary (videogame like piloting!)
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A Principal actuator types

Ps Nh d ) _ N .
Pt < - ar <3
<A <
QO O O

Simplex Duplex-Parallel |Duplex-Tandem

=
i
=

1l 1
T
11

= &[4
I T

X
A

Servo-Hydraulic Actuators
A a valve regulates flow of oil in a cylinder that moves accordingly

Hydraulic scource
) Qil source
Control input >< i
Deflection

[e¢ =

Servo valve
Control
surface

Cylinder
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A Principal actuator types

I Motor/Pump control

Electro-Hydrostatic Actuators

A A pump is integrated in the actuator

A Regulating the pump flow acts on the cylinder
A More energy efficient

A Less plumbing
A More complex

WAL VA g

-

Electric Power Supply

Electric to Mechanic

P Hydrostatic Transmission
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A Principal actuator types

e

~ 1
: 3 - (of) TR

‘.I

7/

\

ITorqueNeIocity summing Control

Surface

allcrew Q

PR
% % -"-MZZZZZZ] Electrical power IR0
\ o 7 %.I aTe &
um Motor drive
2 2 —>  electronics =>-
I I

|i0rque summing DC motor

Electro-Mechanical Actuators
A An electric motor generates motion using a set of gears (and lead-screws)
A No fluid (safer aircraft)

A Backlash and heat issues

A Mechanical wear

A Limits in bandwidth and power

@
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A Classical, historical Improvement of transient properties of natural modes is achieved with
direct feedback of appropriate measured state variables, and frequency response methods,
using approximate modes transfer functions.

Btk
Pilots stick motion
Stick oft
ti o
| irensducer | SAS On S Amospheri
oom}::f::; Trim command input Off & oOn disturbances
s p— o
Yeomm|___ | Flight p ¢ | Actuator | + : 5 Aircraft variable, y
controller | dynamics dynanmnics >
Control
surface
deflection
ossible signal Off
Eom E{lidagnoe: °%SAS V; Sensor Motion feedback
system On  Feedback | dynamics
voltage
A Longitudinal Feedbacks A Lateral- Directional Feedbacks
A Pitch Angle and Pitch Rate to A Bank Angle and Roll Rate to
Elevator (PH, SP) Ailerons (Spiral, Roll Modes)

A Angle of Attack to Elevator (SP) A Heading Angle to Rudder (Turn)
A Normal Acceleration to Elevator (SP, A Yaw Rate to Rudder (DR)
Turn) A Sideslip to Rudder (Coord.)
A Altitude to Elevator (Altitude Hold), A Lateral Acceleration to Rudder
Engine Compensation (Coord.)

rj A Forward Speed to Elevator (Mach
EQE Hold), Engine Compensation




AL

Automation and Robatics
Laboratory

Aircraft Control

C Feedback of Pitch Angle and Pitch Rate to Elevator

Gisy

™

~

9._- Ee

N
[ 4 r
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A The figure illustrates the combined effect of pitch rate
and pitch angle feedback for a high speed, high altitude

case.

A Now, at only moderately high controller gains, the
phugoid is heavily damped and suppressed for attitude
commands and the shofieriod motion is also heavily

damped.

A This technique is so effective that it has become nearly
universal, and most modern autopilots feedback pitch
angle and pitch rate signals to the elevator.

A The technique is applicable not only to aircraft with
typical dynamics, such as the ones which have been
illustrated, but also in cases where the longitudinal
motions of the vehicle alone (opdnop) are unstable.
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A Note the difference on
natural modes damping
by feeding backitch
angle only!
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C Feedback of Angle of Attack to Elevato
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IA Angle of attack and its derivative are, in principle, very desirable

feedbacks to the elevator. Considered as stability derivative
augmentation, increase the magnitudedfadot andMa directly,
which will increase the damping ratio and undamped natural
frequency, respectively. These features are indicated by the short
period approximate factors on the left.

A The close proximity of the complex zeros to the phugoid poles
implies very little angle of attack change in the phugoid mode. This,
of course, is an inference already well established. Under the
condition of closedoop operation, the angle of attack motion in
the phugoid mode will be suppressed to an even greater extent
than, in the opeHAoop case, but otherwise this feedback does not
appreciably alter the phugoid characteristics.

A The short period roots, on the other hand, are greatly affected by
the feedback. To improve the short period damping, in practice,
lead equalization is added, with the result shown in the figure on
the left. Here again the effect of the, lead at moderate gains is just
as would be predicted by the approximated factors.

A The angle of attack system, when tightly closed, is similar to the
pitch attitude plus rate. Both systems stabilize attitude and damp
the short period mode.

A However, the reference for orientation stabilization is quite
different, being the g vector (or horizon) for pitch attitude and the
relative wind for angle of attack. Consequently, a substantial
difference occurs, when vertical gust disturbances are encountered.

A The angle of attack system rotates the aircraft into the new relative
wind direction, thereby tending to keep angle of attack and load
factor constant.

A In these same circumstances, pitch attitude control will resist any
tendencies to rotate the craft relative to inertial space. Also, the -
pitch attitude system has a beneficial effect on phugoid s, whef#as
the angle of attack system, as noted above, has essentially.nOg& =24
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C Feedback of Normal Acceleration to Elevator

A The favorable effects on the sheperiod characteristics produced by angle of attack feedback are often
difficult to achieve with practical controls because of sensing problems (direct angle of attack measure uses
pressure sensors).

A A alternative control system uses a normal accelerometer as the basic sensor with many similar results.

A Amajor componenin the normal acceleration signal is proportional to angle of attack. (See the expression
below for flight path equal to zero and short period approximation).

a =w-Ug=Za+ Z 6.

zcg

A Actually, it is seldom possible, even if desirable, to measure normal acceleration at the aircraft's center of
gravity under all operational loading distributio®s case of more interest is the feedback of normal
acceleration measured in the plane of symmetry at some distance from the center of gravgypositive

forward). The normal acceleration at this point Is given by:
az = W_qu_ Xa.qi ZaOé + %E(SE o )g-c

A The location of the accelerometer is critical to the aircraft dynamic behavior (it changes the zeros logation
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A Normal Acceleration Command typical sequence (step climb)

G(s) = a(s) 4.826+1.4)(s—1.4)

~6.(9  (s*+0.85+ 0.25)
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A Normal Acceleration Command zeros as function of accelerometer location (jet
fighter subsonic cruise)

a9 0.033%s —0.003038)6+ 0.01675% + 6.82)(s— 13.14)

G = 5.(9  (5—0.09756)(s+ 1.912)(s+ 0.1507+ j0.153)
Accelerometer Location Loop sensitivity and zeros
Ahead of c.g. (feet)
0 0.0333,-6.432,+13.14
5 0.00604,9.17, +50.82
6 0.0005874:10.68,+450.7
6.1 0.000040,-10.90, +6448.2
7 -0.004872-14.73,-39.23
15 -0.04852,-3.1756.925
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A PrimaryFeedback to theAilerons Feedback of Bank angle and Roll Rate

A The first successful aircraft automatic pilots employed the same vertical gyroscope, which sensed
the rolling motions to detect departures from a winlgyel attitude and to cause the ailerons to
move so as to oppose the bank angle. This action can be thought of as negative feedback of the
bank angle motion variable to the aileron actuating quantity.

ols) g, A(pise + 2Ly + a%

By (5) M 1 1
: . SR ¥ PO | P . af
(s 4 TS)(S b TR)[S + 20,8 4 aﬁ]

A Typically, in cruising flight the spiral mode constant is very large and the mode itself can be either
neutrally stable, or a slow convergence, or a slight divergence. Both the neutral and the unstable
conditions are undesirable for unattended operation, and the low convergence is little better.
Consequentlypne purpose of an automatic pilot is to impose a higher degree of spiral stability.
With roll attitude control this is achieved by the creation of static stability in roll
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A While the dutch roll mode in this airplane is weakly damped, the close proximity of the
numerator zeros to the dutch roll poles implies that there will be very little excitation of this

@ mode in response to aileron inputs.

=
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A In many practical situations a roll control system based on only roll angle feedback is inadequate
from the standpoint of tightness of control in response to disturbances and commahads
deficiency can be traced back, fundamentally, to the fact that with pure roll attitude feedback the
opentloop and closedoop total effective dampings are the same.

A To improve this situation the order of the opéoop transfer function numerator must be made
no less than one below that of the denominator. To accomplish this increase in relative
numerator/denominator order, the controller transfer function is changed by adding a lead term.

A Another possibility is a direct feedback of roll rate to the ailerons.
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C Primary Feedbacks to the Rudder

A
A

Feedback of Heading to the Rudder

The earliest autopilots employed a feedback of heading angle to the rudder as a means of
steering the airplane. For small perturbations about straight, level, and horizontal flight the
appropriate transfer function is:

5p(5) SM1at 3(3 + 1‘_5) (5 + %ﬁ)[gg + 2lyae + "’3]

The feedback of heading to rudder stabilizes the divergent spiral motion by forcing it to
combine with the pole at the origifAt a comparatively high value of the feedback gain the
resulting low frequency oscillation is made stable, while at the same time the damping of the
dutch roll node is only slightly altered. Consequently, this type of system can be a very
satisfactory for aircraft with heavy dutch roll damping.
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A Feedback of Yaw Rate to the Rudder

A In a number of modern aircraft, the autopilot to the rudder is slaved to a rate gyro, which senses yawing
velocity. This is particularly valuable in those airondfich need dutch roll damping augmentation
Assuming that the yawing velocity sensor's input axis coincides approximately with the aircraft's stability
axes, the appropriate transfer function is given by:

1 o «l
r Ar (,. * 7—;—)[8“ + 28,m,8 + r]
r(s) 18, _ Lr

5:08) © Bt ;
PRI I PRV | DY - TR
(s p Tg) (.; ! TR)I_H + 2lge + aﬁ]

A The dynamics of this airplane and flight condition
illustrate the powerful effect of yaw rate feedback on
the lateral motions of the airplane.

A At a very low value of the feedback gain the spiral
divergence is made stable, and at higher gains the very
weakly damped dutch roll motion is made heavily
damped.

A The presence of a wash out circuit (see later) may be
necessary in order to provide steady turn properties.
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A Feedback of Sideslip Angle (and Rate) to the Rudder

A The feedback of sideslip andie¢o the rudder has the function of increasing directional
stability (N,,) and it is very useful in order to minimize sideslip and uncoordinated turns.

' 1 1 1
, v A (s; &2 -r-,--—) (s. 4 -,-u) (5 + ;—-—-)
sy . M PU e/l )l e

op(s) ~ Uoflar ( 1)( 1
s

g m— 5 3 .-l. 02 s o ela 9’]
s+ )8 1 TR) [ b 20amy0 «g

A In many cases, sideslip rate effects are achieved by introducing a lead compensator, so that
dutch roll damping is increased as well

- 1
o :—(K55+Kﬂﬂ) =K BS —|—_|_—E)B
A This feedback has excellent characteristics as a ' Jur
as a single loop control for improvement of
dutch roll damping and minimization of
sideslip.
A The system is also a good inner loop controller
for roll attitude. One deficiency is the difficulty
in measuring sidesljpvhich can be
compensated by using lateral acceleration as Y =
feedback. 3 \ e
@ +] Feot Locus
=
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C Stability Augmentation Systems (SAS)

A Pitch DamperWhen an aircraft flies at a low speed and a high altitude, the sH
period eigenmotion has a low damping. To compensate for this, a pitch damg =
used. The pitch damper uses elevator and a pitch rate gyro to feedback pitch

to the aircraft (the main effect is to change the, derivative)

.

J

Controller Actuator
Y Okc
Kcontr Ks
L
K¢ = 0.01745adV *|= ¥
K, = 5.73{\/rad - seél} Rate Gyro

E | —12.73(1+ 1.618) )
- —>
(s* +1.76s+ 29.49)
k, 5+L
Ag(s) _ 8
ASE(s) s + 2{:_&'?‘”;;\,.-‘""‘”:,\,.

A Satisfactory damping can be achieved selecting the proportional gain with a Root Locus.

A This structure is a modern equivalent of the pitch angle feedback with lead controller seen

before

@
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A Example:High maneuverability aircraft with relaxed static stability

General Parameters Flight Conditions
Wing area (m?): 56.5 Parameter Flight condition
Aspect ratio: 3.0 1 2 3 4
Chord, ¢ (m): 4.86 -
Total related thrust (kN): 210 (no reheat) ﬁ?cgl':tngm) [S)"[{‘ 31600 81600 g;so
C'.g.. . 0.255¢ or 0.311¢ U, (m sf.l) : 136 190 190 240
Pilot’s location (m) G(Nm™?) 11 348 11 760 11760 10700
(relative to c.g.) o (degrees) + 3.5 + 8.5 + 8.5 +2.5
. 8.2 Yo (degrees) 0 0 0 0
lx"- —13 c.g. 0.311 0.255 0.311 0.311
o .
Weight (kg): Approach All other flight conditions
15 x 10° 16 x 10° Longitudinal Motion only
Inertias (kg m?):
n;:: (kg ) 35250 28 000 gfﬂl.?ill'rtv ; . Flight condi;ion .
I, 176250 255000 erivative
I 210000 285 000 X, - 0.017 - 0.011 ~0.012 — 0.007
I, 3000 4 000 X, 0.026 0.018 0.017 0.012
Z, - 0.143 - 0.113 - 0.113 - 0.128
Z, — 1.02 -0.72 - 0.72 - 0.54
Z, - 0.0076 — 0.0044 — 0.0044 - 0.0027
ZSE — 0.064 - 0.047 — 0.047 — 0.036
- M, 0 0 0 0
lnteg;gr::ltmg Elevator actuator Aircraft dynamics M, 1.4 —27 1.09 0.69
! 5 5 s M, -~ 0.66 - 0.61 —0.54 - 051
Geomm(S) T K |99 SO 10 il +STA)E “_ M, - 0.53 -~ 0.64 -0.57 ~0.48
+Q s Y s+10 §° + g + OF,) M - 11.56 — 13.04 -12.25 - 12.63
+
Rate gyro
K, " .
A Compute the elevator to pitch rate TF
A Design a Pitch SAS for conditions 2 and 3
. PH PH
rT AP = —0.005+ j 0.06¢ A =24, =-0.014
. sp .\ SP
E I ASF = —0.990+ j 1.47C Al =—0.326\" = + 2.31¢
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A Yaw DamperWhen an aircraft habigh speed at a high altitude, or large 5 o (LpNy — LulNp)
swept wings the Dutch roll properties may deterioral® prevent this, a yaw o Lp+ Ny
damper is used. The yaw damper gets its input (feedback) from the yaw o N, o
gyro. It then sends a signal to the rudder servo. The rudder is then movg <"~ ~" (H L_gN”) I, (Lr - L_pL">
such a way that the Dutch roll is damped much more quickly than usual (The
main effect is to change thig , stability derivative to help the beneficial effect
of N p). Actuator
e 2\ 6RC ( 4 R Aircraft (Large Jet r
a\o S 14 cruising Altitude)
Controller
: ]
KconTr HS+1/ TWJ—[ 0.1 J:
re) 0.442
Rate Gyro 6(9) s? +0.19%+ 1.04

A Since at low frequency there is a non zero

v N

aidlr A0 3IAFLAYT GKS ae
yaw rate to zero. This is achieved through
high pass filter called washout circuit,

which sends to the controller the derivative
of measured yaw rate

DR

Gis}

e | B sl T2 0w, s sw?)
{541/ Taigs + 1/ Tlls T+ 20 g5 vz )

Yaw Damper



https://www.youtube.com/watch?v=Xxl97oPrQ8g
https://www.youtube.com/watch?v=2tgfkGiHhxs

Aircraft Control

N L

A Problem:The lateraldirectional dynamics are coupled and coordination of the two inputs may be

necessary
A Ailerons command for roll induces motion in yaw due to the onset of differential drag on

the wings (adverse yaw) that must be counteracted with rudder (N ,<0)
A Rudder command for yaw induces motion in roll due to the onset of differential lift on the
wings that must be counteracted with aileroris,(, L ,>0)
A This is essentially a MIMO control problem (can be partially overcome by the pilot), that requires both

actuators, and influences roll rate, yaw rate and sideslip angle.
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Dutch Roll Damping Technique 1 O | | Gr [
AIRPLANE MOTION AND INDICATION
AOLL ROLL
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Actluator
g e
2
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CORRECT WHEEL INPUTS
@ Q@ Pilot's aileron input bq
3=
. r
PILOT ACTION Pilot's Aircraft >
znog';ne?nn toright | Rellog nokionta | ving el Ral :;Z folet :a;:ugogp.ggj.m to rudder 5 eﬁr Rudder 5r >
Roll rate ta It & Inpl.lt servo
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mation 1o left Wheel ta right ¢
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tomaxhank angle
tolef expected
-]
I Washout bre) | Yaw rate |
circuit gyro
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C Autopilots: Allow automatic control over some state variable and/or over a desired path.
They are a basic component of a generic guidance system. Their primary function is pilot
relief of continuous control

A Main requirements are accuracy (steady state response), and disturbance rejection at
low frequency

A Examples:

Attitude hold: to maintain constant Attitude angles (pitch, Roll, Yaw)

Auto Throttle: to maintain a specified IAS

Mach hold: to maintain constant speed

Altitude hold: to maintain constant altitude

Glide Slope, GS: to maintain constant vertical speed in approach; part of the
InstrumentLandingSystem (AutoLand)

Localizer VOR/eryhighfrequenc®mnidirectionaRadiorange: to acquire a radio
frequency, also to maintain lateral trajectory aligned to the vertical plane; part of the
InstrumentLandingSystem (AutoLand)

Flare autopilot: to follow specified flare angle

Heading hold: to keep constant heading

Coordinated turn: to reduce sideslip during turn at constant altitude (coupled
LO+LAT)

TFTA autopilot: to follow a terrain at specified time varying altitude

@ X &

> D> D> D
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Vertical speed
indicator

7°C
143 KTS
135KTS

Nav 268°) o Hdg Bug
GPS1 ' 32002 270°

A oo )
) "
Bearing R 307, Alt Bug Heading

GPS2 - N 33% 5000 FT
=

/ \
oo o TR e

OFF 0FPM

- Vertical speed
Range %12 R Baro Set ;
= . selection
View aom lllil“\\\‘ 29.92
Range —(@— View Hdg —@—Sync > v
= 2 Altimeter setting

)

&
/

1 U
W\,

This primary flight display offers separate windows used to input course, heading, altitude, and vertical speed targets.

A= =

B737 Max
Ml

A 350
AUTP VIDEOS



https://www.youtube.com/watch?v=fmoQdliB9a8
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C Altitude Hold Autopilot: Altitude changes due to changes in speed (lift and drag) and
changes in pitch.

A Variables of interest: forward speed, vertical speed, pitch angiéjtude, flight path
angle

A Control variables: Elevatoral(Thrustd,)

0= Xyu+ Xyw + Xgth + Xog = 90 + 3, X505
w—Upg = Zyu+ Zyw + Zyw + ,,q-rY‘éol
= Myw+ Myw + My + Mg + 3. My, 6

BEE00 «

0= G
The autopilot maintains the altitude until fuel starvation. o= Uyl = w
P DE @ Al ] = o3 L’-'B‘ VARIABILI AGGIUNTIVE
Ll <
| A_" = 0 -
ummmmmmlm n=(i,:
0

Press the altitude button [A7]) when a, =1

aircraft reaches the desired altitude.

a. = —Upg = —h

A State vector used for autopilot design x =

S > 2 C
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C Altitude Hold

) h
h
X =A q +Béy =0 =Cx +Dé,
0
0
4 N
hg 6EC O :
T K 1 Aircraft >
o c 01s+1 dynamics
\ J 0
Controller Actuator
P
y
(2
= )« Kq 0
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] Rate Gyro
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j Attitude Gyro
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