
AerospaceRobotics

Syllabus

Ç Atmospheric Flight Dynamics:
Á Reference systems
Á A/C Nonlinear Equations of Motion
Á Applied forces and moments
Á Geometry, Flight Envelope, Equilibrium Conditions
Á Linearization, Natural Modes, Stability Derivatives

Ç Aircarft Control 
Á Sensors, Actuators, Primary Control Loops
Á Stability Augmentation, Autopilots

Ç Multirotor Control 
Á Dynamics, Sensors, Actuators, Primary Control 

Loops

Ç Spacecraft/Satellite Control
Á Dynamics, Sensors, Actuators, Primary Control 

Loops

Ç Orbital Mechanics:
Á Law of Gravitation, 2-Body Problem
Á Keplerian Orbits, Kepler Equation
Á Orbit Transfer
Á Lambert theorem, Restricted 3-Body Problem
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Ç Seminars:
Á Helicopter Dynamics (TBC)
Á S/C Relative Motion Dynamics 

and control (TBC)
Á TBD

Ç Prototype of a Satellite Attitude 
Control System
Á Design: Sensors, Actuators
Á Build: mechanics and electronics
Á Control: write microcontroller 

control code 
Á Test: bench tests
Á 3 groups 

Á Material provided by teacher
Á Technical support: Andrea Arcarisi

Á Where ? 
Á At home 
Á In Laboratory
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Atmospheric Flight Dynamics

Ç Nomenclature and primary Assumptions

Ailerons: controlled differentially generate roll moment

Rudder: generates yaw moment

Elevator: generate pitch moment 

Spoilers, flaps, slats é. : mainly used to modify wing aerodynamic 

characteristics 



Ç Aerospace systems have been characterized traditionally by the use and implementation of 
advanced control system theory, design, and technology implementation

Á High number of on board computers
Á High number of lines of code
Á Synchronization of redundant hardware and software 
Á Design and implementation of advanced control laws
Á Stringent certification requirements
Á Χ

Atmospheric Flight Dynamics

Ç Aircraft models should reflect the objectives for control development. Thus we concentrate on 
the general rigid body equations of motion and specify elements that make the equations 
typical of aerospace vehicles. This requires in particular:

Á Choice of appropriate reference systems
Á Understanding the nature of the main applied forces and moments and their 

computation
Á Assumptions made for the linearization and linear models to be used for control 

design purposes

http://www.princeton.edu/~stengel/AFDVirTex.html

https:// Aircraft Flight Dynamics - Indian Institute of Technology

http://www.princeton.edu/~stengel/AFDVirTex.html
https://www.youtube.com/watch?v=kdL36aL6bGQ&list=PL54A4E6BABF2F90B9


Ç Nomenclature and primary Assumptions

Atmospheric Flight Dynamics

Á Flight Envelope: range of static and dynamic conditions within which an aircraft operates



Atmospheric Flight Dynamics

M = (local flow velocity with respect to the boundaries)/(speed of 
sound in the medium)

Ç Nomenclature and primary Assumptions



Ç Nomenclature and primary Assumptions

Atmospheric Flight Dynamics

Á Steady, Quasi-Steady, Maneuvering Flight: 

Å Phases of motion that can be treated as reference 
in terms of equilibrium and levels of acceleration 
generated

Å Equilibrium refers to static as well as dynamic 
applied forces balance 

Å Flat Earth Approximation
Å Air Density as exponential model
Å Engine dynamics separate from aircraft body 

motion
Å Still Atmosphere

”Ὤ ”Ὡ

Á Main Assumptions:



Atmospheric Flight Dynamics

Á Steady Climbing (Descending) Flight: Constant velocity and increasing (decreasing) altitude 
at constant angle, achieved by algebraic balance of applied forces (moments are zero)

Á Straight and Level Flight: Constant velocity and constant altitude, achieved by algebraic 
balance of applied forces (moments are zero), in the longitudinal plane:
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Note:x body axis parallel to flight path, and z 
body axis perpendicular to flight path 
(instantaneous Trajectory)
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Á Steady Coordinated Turn: Circular trajectory at constant altitude and constant tangential 
velocity. The trajectory is generated by banking(rolling, inclinazione) the aircraft and 
maintaining zero sideslip (derapata)

0

cos

T D

L W

Å At constant altitude:

The Sideslip angle is the rotation of the aircraft centerline 
with respect to the relative wind. 

https://www.youtube.com/watch?v=UV8xcm5xsuo

https://www.youtube.com/watch?v=UV8xcm5xsuo
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Á Centripetal Force during Turn:  

Á Centripetal Acceleration:  
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Á Linear and Angular Velocity:  
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Atmospheric Flight Dynamics

Ç Reference Systems: Aerospace systems use specific sets of inertial and non inertial 
references, depending on the application, as well as for improved mathematical tractability.

Á The inertial reference system [.]Iƛǎ ƭƻŎŀǘŜŘ ŀƴȅǿƘŜǊŜ ƻƴ ǘƘŜ 9ŀǊǘƘ ƛŦ ǘƘŜ ΨCƭŀǘ 9ŀǊǘƘ 
ŀǇǇǊƻȄƛƳŀǘƛƻƴΩ ƛǎ ǳǎŜŘΣ ƻǊ ŀǘ ǘƘŜ ŎŜƴǘŜǊ ƻŦ ǘƘŜ 9ŀǊǘƘ ƛŦ ǘƘŜ Ψ{ǇƘŜǊƛŎŀƭ 9ŀǊǘƘ 
ŀǇǇǊƻȄƛƳŀǘƛƻƴΩ ƛǎ ǳǎŜŘΦ Lƴ ǘƘŜ ŦƻǊƳŜǊ ŎŀǎŜΣ ǘƘŜ ǎŜǉǳŜƴŎŜ ƻŦ ŘƛǊŜŎǘƛƻƴǎ ƛǎ bƻǊǘƘ-
East-Down (NED)

X I

Y I

Z I

Á {ŜǾŜǊŀƭ Ψƴƻƴ ƛƴŜǊǘƛŀƭΩ ōƻŘȅ-fixedreference systemsare useddepending on the 
context and the aircraft geometric symmetry:

Á Genericbody-fixedaxesreference system[.]B
Á Wind axesreference system[.]W
Á Velocity axesreference system[.]V
Á Stability axesreference system[.]S
Á Principalaxesreference system[.]P



Atmospheric Flight Dynamics

Á Generic body-fixed axes reference system[.]B : Origin at center of mass of the aircraft, x-

direction positive out the nose, on the plane of symmetry, z-direction positive down, on the 
plane of symmetry, y-direction positive to the right. 

Á The angular relationship between inertial and genericbody frames is given by the standard 
Euler angles:

Ὕɮȟɡȟɰ
ὧɡὧɰ ὧɡίɰ ίɡ

ὧɮίɰίɮίɡὧɰὧɮὧɰίɮίɡίɰίɮὧɡ
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ᵾ Ὕɮȟɡȟɰ

F= Roll (Rollio) angle
Q= Pitch (Beccheggio) angle
Y= Yaw (Imbardata) angle



References and Models

Å The motion of a vehicle is based on its relationship to an inertial system

Å Other references may be more useful from the point of navigation

Å Coordinate Transformations are used to express the navigation vector variables in 

one reference system or another according to necessity.

Å The most common transformation is the DCM (direction cosines matrix) based on 

Euler angles

Å Here we use the standard aerospace (and SNAME) standard for Roll Pitch and Yaw

angles

=n n b

bv C v

Vector & Rotation Matrix 

Syntax



DCM and Roll, Pitch, and Yaw angles

Å Sequence of three basic rotations that bring frame A (navigation/inertial) into frame B 

(body):

ï Rotate A around Z axis of Yaw angle 

ï then around NEW Y axis of Pitch angle 

ï then around NEW X axis of Roll angle 
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Atmospheric Flight Dynamics

Á Wind and Velocity axesrefer to the velocity direction of the aircraft. They differ in that the 
former is relative to the true airspeed(inclusive of wind), whereas the latter refer to the 
ground speed (atmosphere at rest).

Á Assumption:consider the atmosphere at rest [.]W = [.] V

Á Orientation of the Velocity with respect to the Body Frame ([.]B ė [.]W)

Á Angle of Attacka

Á Sideslip angleb

1tan
w

u

1sin
v

V

6 όὭ ὺὮ ύὯ



Atmospheric Flight Dynamics

Á Starting with the xW axis aligned with the 

velocity  vector, the components on the body 
reference are found by a first left-handed 
rotation of the sideslip angle (-b) and then a 
second right-handed rotation of the angle of 
attack  (+a).
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Á The relationship between inertial reference and wind axes is given by a set of 3 Euler 
rotations similar to the standard Euler angles. 

c = Headingangle (type 3 rotation)
g = Flight pathangle (type 2 rotation)
m = Bankangle about the velocity vector (type 1 rotation)



Atmospheric Flight Dynamics

Á In many standard flight conditions bank angle and roll angleare nearly the same, however 
the bank angleis formally a rolling motion about the velocity vector, whereas the roll angle 
is a rolling motion about the xB axis 
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Á When the bank angle is zero, the following relationships hold:
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Á Complete orientation in both cases requires the knowledge of 2 of the 3 
angles
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Á Stability Axes:Body reference system where the side component of the velocity 
vector is zero (no sideslip), and the x axis is aligned with the forward component of 
the velocity vector

xB

yB

zB

xS
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Á Body axes: Orthogonal reference axes are fixed in the airframe as if they were painted 
on, remaining in place through all subsequent motions. Body Axes have the practical 
virtue that the variables of motion that are calculated, such as the linear and angular 
velocities, are easily related to the readings of flight instruments, which are, after all, 
also fixed to the body. However, in the early days of stability and control analysis, 
there were advantages to wind axes (Zimmerman, 1935).

Á In wind axes, the forward or X-axis points into the wind during the entire motion, 
rotating about the center of gravity with respect to the airframe. The independence of 
translatory and rotational motions allows this to happen without affecting the 
calculation of pitching motions. An advantage of wind axes is that the X and Z forces 
are the exact negatives of the familiar drag and lift forces presented in wind-tunnel 
test reports and used in airplane performance calculations.

Á Stability axes came into the picture in the 1940s, as a device to simplify calculation of 
small-perturbation airplane motions. Stability axes are a special set of body axes. The 
X stability axis points into the relative wind in the equilibrium flight that precedes the 
disturbed motion, but remains fixed in the body during the calculated motions around 
equilibrium. All that is accomplished by stability axes is the elimination of a few terms 
in the equations that include initial angle of attack. With the advent of powerful new 
digital computers stability axes have become mostly a curiosity, except for the fact 
that the primed derivatives have their basis in stability axes. 
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Á Stability axes (continued) Duane McRuer notes that Primed derivatives based on 
stability axes often have a remarkably simple connection with the basic motions of 
the aircraftΧΦ ώCƻǊ ŜȄŀƳǇƭŜϐ ǘƘŜ ǎǉǳŀǊŜ ƻŦ ǘƘŜ 5ǳǘŎƘ Ǌƻƭƭ ǳƴŘŀƳǇŜŘ ƴŀǘǳǊŀƭ ŦǊŜǉǳŜƴŎȅ 
ƛǎ ǳǎǳŀƭƭȅ ƎƛǾŜƴ ǘƻ ŀ ƘƛƎƘ ŘŜƎǊŜŜ ƻŦ ŀŎŎǳǊŀŎȅ ōȅ bϣΧΦ ǎǘŀōƛƭƛǘȅ ŀȄŜǎ ŀǊŜ ŀǇǇǊƻǇǊƛŀǘŜ ŦƻǊ 
determining the characteristic modes [of motion] and their predominant constituents. 
To complicate things, the term stability axes sometimes has quite another meaning 
than that of a special set of body axes for flight dynamics studies. Wind-tunnel data 
are quite often produced in what are called stability axes, but for clarity should be 
named wind-tunnel stability axes. The Z-axis is in the plane of symmetry and normal 
to the relative wind; the X-axis is in the plane of symmetry and is normal to the Z-axis; 
the Y-axis is normal to both X ς and Z-axes.

Á Principal axes are another curiosity in present-day practice, since they are used only 
to eliminate the product of inertia terms in the equations of motion. As with stability 
axes, principal axes have been obsoleted by powerful digital computers. A few added 
terms in the equations seem to add nothing to computing time.



Atmospheric Flight Dynamics

Á Principal Axes of Inertia:Body reference system that makes the inertia matrix 
diagonal. 

Due to the aircraft geometric symmetry
we obtain(first approximation):
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ɱ: angular velocity expressed in body frame 

  components
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Ç Preferred Planes of Motion (see later)

Lateral Translation
Yaw Rotation

Á 3 DOF Lateral - Directional Motion

Roll Rotation

Á 3 DOF Longitudinal Motion

Forward Translation

Vertical Translation

Pitch Rotation
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Ç External Forces and Moments:

1. Forces and Moments due to interaction with the fluid (Aerodynamics)
2. Forces and Moments due to propulsion
3. Forces and Moments due to Gravity
4. Forces and Moments due to external disturbances (wind, turbulence, etc.)

Ὂ

Ὂ
Ὂ

Ὂ

Longitudinal Force
Side Force
Normal Force

Rolling Moment
Pitching Moment
Yawing Moment

ὓ

ὓ
ὓ

ὓ

Ç Forces and Moments in Components about Body Reference system:

2
2 2

3 2

2
2 2

3 2

1

2 sec

1

2 sec

i i i

i i i

kg m
F SV C m QSC

m

kg m
M SV C b m m QSbC

m

Å Q = Dynamic Pressure (Kinetic Energy 

per unit Volume of Fluid)
Å S= reference Area
Å b = reference Length
Å Ci = Nondimensional Coefficient

Ç Dimensional Analysis:
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Á The computation of forces generated by the interaction of a body moving through a fluid is 
complex and defined by the simultaneous occurrence of three physical principles:

1. /ƻƴǎŜǊǾŀǘƛƻƴ ƻŦ Ƴŀǎǎ ό/ƻƴǘƛƴǳƛǘȅ ǇǊƛƴŎƛǇƭŜΣ /ŀǳŎƘȅΩǎ ŀƴŘ 9ǳƭŜǊΩǎ 
equations)

2. /ƻƴǎŜǊǾŀǘƛƻƴ ƻŦ ŜƴŜǊƎȅ ό.ŜǊƴƻǳƭƭƛΩǎ ǇǊƛƴŎƛǇƭŜύ
3. /ƻƴǎŜǊǾŀǘƛƻƴ ƻŦ ƳƻƳŜƴǘǳƳ όbŜǿǘƻƴΩǎ ǘƘƛǊŘ ƭŀǿ ƻŦ Ƴƻǘƛƻƴύ
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1. Forces due to Friction

2. Forces due to pressure

Ç Aerodynamic Forces historical sequence

Á Body Shape (Airfoil)

Å 2D symmetric , infinite
Å 2D asymmetric, infinite
Å 3D, infinite
Å 3D, finite

Á Fluid

Å Incompressible
Å Laminar
Å Turbulent
Å Compressible

Ç Aerodynamic Forces with respect to the direction of motion (Velocity Reference) :

F
Ὀ
ὣ
ὒ

Drag
Side Force (equal to zero in stability axes)

Lift

L

M

D

V
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Á .ŜǊƴƻǳƭƭƛΩǎ ǇǊƛƴŎƛǇƭŜ ŦƻǊ ƛƴŎƻƳǇǊŜǎǎƛōƭŜ όŎƻƴǎǘŀƴǘ ŘŜƴǎƛǘȅύΣ ƛƴǾƛǎŎƛŘ όƴƻ ŘƛǎǎƛǇŀǘƛƻƴ ŘǳŜ ǘƻ 
friction), irrotational  flow:

Ç LIFT

https://www.youtube.com/watch?v=fORWj6g-CFw
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Å The total pressure variation produces NO moment about 
the center of pressure

Å The center of pressure changes with angle of attack 

Á .ŜǊƴƻǳƭƭƛΩǎ ǇǊƛƴŎƛǇƭŜ ŦƻǊ ƛƴŎƻƳǇǊŜǎǎƛōƭŜ όŎƻƴǎǘŀƴǘ ŘŜƴǎƛǘȅύΣ ƛƴǾƛǎŎƛŘ όƴƻ ŘƛǎǎƛǇŀǘƛƻƴ ŘǳŜ ǘƻ 
friction), irrotational  flow:

Ç LIFT

https://www.youtube.com/watch?v=fORWj6g-CFw
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Ç LIFT
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Á Altitude and Airspeed Measurement: Pitot Tube

Á Static Pressure + Dynamic Pressure= Stagnation Pressure 
(or total pressure)

Å The static pressureis the pressure that
depends on the state of the fluid and it is used 
as a measure of Altitude

Å The dynamic pressureis the pressure due  to 
the relative motion fluid / vehicle
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ὴ
”ὠ

ς
ὴ

Á LŦ ǘƘŜ ǎǘŀǘƛŎ ǇǊŜǎǎǳǊŜ ƛǎ ƪƴƻǿƴΣ .ŜǊƴƻǳƭƭƛΩǎ 
equation can be used to determine the Speed of 
the vehicle or Airspeed

ὠ
ςὴ ὴ

”

Å IAS = Indicated Airspeed
Å CAS = Calibrated Airspeed
Å EAS = Equivalent Airspeed
Å TAS = True Airspeed
Å GAS = Ground Airspeed

IAS is simply what is read off of an airspeed gauge connected to a 

pitot static system, CAS is indicated airspeed adjusted for pitot system 
position and installation error, EAS is calibrated airspeed adjusted for 
compressibility effects, TAS is equivalent airspeed adjusted for air 
density, and is also the speed of the aircraft through the air in which it 
is flying. GAS is the airspeed with respect to the ground. Calibrated 
airspeed is typically within a few knots of indicated airspeed, while 
equivalent airspeed decreases slightly from CAS as aircraft altitude 
increases or at high speeds. With EAS constant, true airspeed increases 
as aircraft altitude increases. This is because air density decreases with 
higher altitude, but an aircraft's wing requires the same amount of air 
particles (i.e., mass of air) flowing around it to produce the same 
amount of lift for a given AOA; thus, a wing must move faster through 
thinner air than thicker air to obtain the same amount of lift.
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Air_France_Flight_447 (2009)

https://en.wikipedia.org/wiki/Air_France_Flight_447
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Á Direct Measurement of angle of attack and sideslip angle using pressure differential

Á Indirect Measurement of angle of attack and sideslip angle using IMU and GPS

Kalman Filters
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Á General Lift Expression:from dimensional analysis, the Lift can be written as:

21

2
(Re, , )

L L

L L

L SV C QSC

C C M

r= Air Density
S= Reference Area
V = Speed
CL = Lift coefficient

Å Reynolds number Re is the ratio between inertial and viscous forces and introduces the effect 
of flow viscosity

Å Mach number M introduces the effect of flow compressibility (Ratio between velocity and 
velocity of sound at a given altitude)

Stall

ὃὙ
ὦ

Ὓ

Due to positive CamberὨὅ

Ὠ‌
ὅ ὧέὲίὸȢὅ ὅ ὅ ẗ‌ ȢȢȢ

Q = Dynamic Pressure 21

2
Q V
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Á General Lift Expression:from dimensional analysis, the Lift can be written as:

21

2
(Re, , )

L L

L L

L SV C QSC

C C M

r= Air Density
S= Reference Area
V = Speed
CL = Lift coefficient

Å Reynolds number Re is the ratio between inertial and viscous forces and introduces the effect 
of flow viscosity

Å Mach number M introduces the effect of flow compressibility (Ratio between velocity and 
velocity of sound at a given altitude)

Ὠὅ

Ὠ‌
ὅ ὧέὲίὸȢὅ ὅ ὅ ẗ‌ ȢȢȢ

Stall

ὃὙ
ὦ
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SPEED !

Example:
Å Atmosphere at sea level : v = 1.46x10-̂5
Å L : wing mean chord = 1 m (medium sized uav)

Å V = 1 km/h  => Re = 20.000
Å V = 10 km/h => Re = 200.000
Å V = 100 km/h => Re = 2.000.000

https://www.youtube.com/watch?v=kmjFdBxbV08

https://www.youtube.com/watch?v=kmjFdBxbV08
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Á Wing Airfoils:Different shapes allow more control over lift

Á High Lift Devices: To increase Lift at low Speed

NACA = National Advisory Committee for Aeronautics (1915-1958)
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Á Finite Wings:due to abrupt end of lift (and circulation), tip vortices separate from edges, 
yielding increasae in Drag, and reduction of Lift due to the so-called  down wash effect



Atmospheric Flight Dynamics

Stall

ὃὙ
ὦ

Ὓ
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Ç Contrail video:
Á http://www.youtube.com/watch?v=xl6iR7w7a_Q
Á http://www.youtube.com/watch?v=FWG7x04ZfGE

Ç Wake video:
Á http://www.youtube.com/watch?v=zW4PmUE151c

Ç Turbulence, wind waves
Á http://www.youtube.com/watch?v=bM4G1Toe3h0
Á https://www.youtube.com/watch?v=dfY5ZQDzC5s

https://www.youtube.com/watch?v=j493HvCkMbM SHOCK WAVE

https://www.youtube.com/watch?v=kmjFdBxbV08

http://www.youtube.com/watch?v=xl6iR7w7a_Q
http://www.youtube.com/watch?v=FWG7x04ZfGE
http://www.youtube.com/watch?v=zW4PmUE151c
http://www.youtube.com/watch?v=bM4G1Toe3h0
https://www.youtube.com/watch?v=dfY5ZQDzC5s
https://www.youtube.com/watch?v=j493HvCkMbM
https://www.youtube.com/watch?v=kmjFdBxbV08


Atmospheric Flight Dynamics

Ç DRAG: Main force opposing motion. In aerospace 
dynamics, drag is divided into several components:
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Á Induced Drag (due to lift, downwash, 
vortices,...) Á Compressibility (due to Mach number, 

shock waves,..)

Á Parasite Drag (due to shape, viscosity, 
pressure,..)

A shock wave is a type of propagating disturbance, when a wave moves 
faster than the local speed of sound in a fluid. It is characterized by an 
abrupt, nearly discontinuous change in pressure, temperature and 
density of the medium. When a shock wave passes through matter, 
energy is preserved but entropy increases. This change in the matter's 
properties manifests itself as a decrease in the energy which can be 
extracted as work, and as a drag force on supersonic objects.



Atmospheric Flight Dynamics

Á Drag Polar (for general subsonic flight)
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AR = Aspect Ratio = span/mean chord
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Atmospheric Flight Dynamics

Á General Lift Expression:from dimensional analysis, the Lift can be written as:
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r= Air Density
S= Reference Area
V = Speed
CL = Lift coefficient

2-D Airfoil (Section)

NACA 0012-64 (naca001264-il) (airfoiltools.com)

http://airfoiltools.com/airfoil/details?airfoil=naca001264-il#polars


Atmospheric Flight Dynamics

Á General Lift Expression:from dimensional analysis, the Lift can be written as:
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r= Air Density
S= Reference Area
V = Speed
CL = Lift coefficient

2-D Airfoil (Section)

NACA 4412 (naca4412-il) (airfoiltools.com)

http://airfoiltools.com/airfoil/details?airfoil=naca4412-il#polars


Atmospheric Flight Dynamics

Why different profiles ? How to selecta profile ? A trivial example!
Á givenvehiclemass => necessarylift; givendesiredcruise speed => necessaryS (wing area) and  CL couple

CL=1 at 10o Ŭ

close to stall

CD=0.02

CL=1 at 5o Ŭ

far from stall

CD=0.01

Same Lift at 

same speed

but far from stall 

and much lower Drag

21
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Atmospheric Flight Dynamics

Ç PITCHING MOMENT: Primary moment in the longitudinal dynamic motion of an Aircraft 
(Negative nose down)
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Á The pitching moment is strictly connected with the longitudinal stabilitycharacteristics 
(static and dynamic) of a flyingvehicle

WING(s)
Á Center of pressure: the point where all aerodynamic forces are applied and no 

moment is generated, it moves with angle of attack
Á Aerodynamic Center: point of application of aerodynamic lift and drag where the 

total pitching moment is independent of the angle of attack, usually constant at 25% 
of the mean chord

AIRCRAFT (Influence of Horizontal Tail: Horizontal plane, Elevator)
Á Longitudinal equilibrium (Trim Point on the XZ plane): steady flight with no net 

moment about the center of mass
Á Neutral Point: location of center of mass at which the TOTAL pitching moment is zero
Á Static Margin: distance between center of mass and neutral point
Á Longitudinal Static Stability: tendency of the aircraft to return to equilibrium after a 

disturbance in angle of attack
Á Longitudinal dynamic stability: capability of returning to equilibrium after a 

disturbance in angle of attack 



Atmospheric Flight Dynamics

Á Wing Aerodynamic Center: The total aerodynamic force is applied to the Center of Pressure, 
which changes with angle of attack . There exists a point (AC) at which the pitching moment is 
independent of the angle of attack (at constant Speed). 

Å Therefore at the Aerodynamic Center:

‬ὅ

‬‌

‬ὅ

‬ὅ
ẗ
‬ὅ

‬‌
πᵼ
‬ὅ

‬ὅ
π

Å The Aerodynamic Center is usually located at 
0.25 of the chord (subsonic, standard symmetric 
airfoil,..)

https://www.youtube.com/watch?v=s1fgWfyfKVQ AEROD CENTER

https://aviation.stackexchange.com/questions/19388/what-is-the-difference-between-centre-of-pressure-aerodynamic-centre-and-neutra
https://www.youtube.com/watch?v=s1fgWfyfKVQ


Atmospheric Flight Dynamics

Á Longitudinal Stability Concept: we are interested in determining the behavior of the entire 
aircraft from equilibrium (trim), once there is an angle of attack disturbance onset (positive 
up).

# π

ὅ
Ὠὅ

Ὠ‌
ẗ‌ ὅ ẗ‌ᵼ# π

Å For a small positive angle of attack perturbation from trim, the total pitching moment  should 
be such a to bring the aircraft back to trim. This implies:

Å Usually, wing alone  has Cma > 0 , (due to positive 

camber) therefore a perturbation in angle of attack 
will produce a divergent rotation in pitch.

Å Cm0 > 0 is required in order to trim at positive 

angle of attack

Á For the whole aircraft, we seek:

ὅ ὅ ὅ ẗ‌

ὅ π

ὅ π

#



Atmospheric Flight Dynamics

Á General Moment Expression
r= Air Density
S= Reference Area
V = Speed
CL = Lift coefficient

c = meanchord

2-D Airfoil (Section)

NACA 4412 (naca4412-il) (airfoiltools.com)

Cm0 < 0
Cma > 0 
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http://airfoiltools.com/airfoil/details?airfoil=naca4412-il#polars
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Atmospheric Flight Dynamics

Á For negative Cma, the AC should be behind 

the center of gravity

Á Positive Cm0 can be achieved  with negative 

camber

Á Usually wings have positive camber and 
center of gravity is slightly behind the AC, 
therefore the wing alone is destabilizing

-

Divide by: 



Atmospheric Flight Dynamics

Á Contribution of Tail:Forces and Moments distribution in a standard wing ςtail configuration

lt

Approx.



Atmospheric Flight Dynamics

Á For the tail, we have a similar derivation of the pitching moment about the center of mass

a



Atmospheric Flight Dynamics

Á The total pitching moment coefficient (neglecting fuselage and engine contributions) can be 
written as:

ὅ ὅ ὅ ẗ‌

Á The position of the center of mass changes during flight. It is important to determine the 
range to maintain static stability.
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Á The most rearward position of the CG is called Neutral Point (NP), and it is the position at 
which Cma = 0.
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Atmospheric Flight Dynamics

Á Is there a limitation on the forward position of the CG?

Á Consider the requirements for equilibrium in a steady level 
flight condition, for a hypothetical tail with negative lift

Á The Wing must provide  sufficient lift to maintain vertical equilibrium
Å Increased structural Stress (Wing Loading: mass divided by wing area)
Å  Increased induced Drag (less Performance)

Á If the CG is ahead of AC, the Wing is Stabilizing in Pitch

ὒ ὡ ὒ ὒ
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Atmospheric Flight Dynamics

Á ¢ƘŜ ²ǊƛƎƘǘ ōǊƻǘƘŜǊΩǎ ŀƛǊǇƭŀƴŜ ǿŀǎ ŀŜǊƻŘȅƴŀƳƛŎŀƭƭȅ ǳƴǎǘŀōƭŜΣ ōǳǘ ǘƘŜȅ 
were able to fly their airplane because of its control system (moving 
ǘƘŜ /D ǿƛǘƘ ŎƘŀƴƎƛƴƎ ǇƛƭƻǘΩǎ Ǉƻǎƛǘƛƻƴύ Φ

Á Designed to be a lightweight fighter, the F-16 
was allowed to be aerodynamically statically 
unstable (subsonically) to decrease the size of 
its horizontal tail and, hence, its weight. The F-
16 is made stable, however, by its automatic 
flight control system. A rate gyro senses an 
uncommanded pitch rate (a pitch rate caused by 
a gust, for example), and the control system 
deflects the elevator almost instantaneously to 
generate an opposing pitching moment to 
cancel out the pitch rate.

Á The CG location where the airplane is neutrally stable, it is also called the neutral point. The 
distance between the center of gravity and the neutral point is called static margin ( > 0 for 
stability, roughly 5% of MAC).
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Atmospheric Flight Dynamics

Á The ELEVATOR is the main component for longitudinal control. Elevator can be used for:

1. Change the trim angle of attack (equilibrium)
2. Change Lift of the aircraft (maneuver)
3. Change Pitching Moment of the aircraft (maneuver, change trim condition).

ὅ ὅ ὅ ‌ ὅ ‏ ȢȢȢ

ὅ ὅ ὅ ‌ ὅ ‏ ȢȢȢ

Á Example:  Assuming a rectilinear uniform motion at 
constant altitude, the trim values for angle of attack and 
elevator can be found algebraically solving the previous 
set of equations with known Lift and zero moment:

ὅ ὅ

ὅ π

Á In the absence of Elevator motion:
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ὅ

ὅ



Atmospheric Flight Dynamics

Á The trim conditions can be used to ensure that the elevator is big enough to trim 
the airplane throughout the flight envelope.

Á New Trim Conditions (forces and moments in equilibrium) due to the presence of the elevator:
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Atmospheric Flight Dynamics

Ç Longitudinal Stability Summary: 

Á Primary Pitching moment Variation:
Å Elevator
Å Canards

Á Secondary Pitching Moment Variation
Å Spoilers

Á Major Aerodynamic Coefficients

ὅ ὡȟὝȟὊȟὅ ὡȟὝȟὊȟὅ ὡȟὝȟὊ

ὅ ȟὅ ȟὅ ȟὅ

Á Primary Speed Variation (Lift, Drag):
Å Engine
Å Spoilers

Á Primary Lift Variation
Å Wings
Å Horizontal Tail
Å Flaps
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Atmospheric Flight Dynamics

Ç Lateral ςDirectional Static Stability:
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Atmospheric Flight Dynamics

Å Lateral ςDirectional Static Stability implies the capability of returning to the trim state 
(usually wing level) in the presence of a disturbance in sideslip angle b (In both axes, 
Roll and Yaw). 

Á Roll, Yaw, Sideslip and Static Stability

Positive Sideslip Angle Á A positive sideslip is defined as the 
angle producing a velocity of the 
fluid in the negative yB  direction 

xB

x I

Y

b

c

… ɰ ‍



Atmospheric Flight Dynamics

Å Yawing Moment and Rolling Moment static stability provide guidelines for the sizing of the Vertical Tail, 
sizing of the Ailerons, the Dihedral/angle location of the wings, and their Sweep

l -> x (roll) moment

m -> y (pitch) moment

n -> z (yaw)moment


