
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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Aircraft Control

Aircraft Desired State
Å Position
Å Velocity
Å Orientation
Å Mission Requirements
Å Safety
Å Stability
Å Performance (speed, ceiling, 

endurance, fuel consumption, 
ŎƻƳŦƻǊǘΣ ƳŀƴŜǳǾŜǊŀōƛƭƛǘȅΣΧύ

Control
Å Pilot
Å Stability
Å Regulation
Å Guidance
Å Navigation

Intervention
Å Elevator
Å Rudder
Å Ailerons
Å Spoilers
Å Engine

Aircraft Actual State 
Å Position
Å Velocity
Å Orientation
Å Orientation Rate
Å Failure Mitigation

Disturbances
Å Turbulence
Å Wind
Å Failures

Performance Verification
Å Monitoring
Å Continuous Action
Å Discontinuous Action
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CONTROL ACTUATOR

SENSOR
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Aircraft Control

Longitudinal States/Variables available for feedback
Å Pitch Rate
Å Attitude (Pitch) Angle
Å Angle of Attack 
Å Forward, Vertical velocities
Å Altitude, Flight Path Angle
Å Normal Acceleration (at CG or other location)

Lateral-Directional States/Variables available for feedback
Å Yaw Rate
Å Heading Angle
Å Roll Rate
Å Bank Angle
Å Sideslip Angle 
Å Lateral velocity
Å Lateral Acceleration

Main Sensors for Dynamic Control
Å Inertial Navigation Unit (gyroscopes, accelerometers)
Å Inclinometer (vertical gyro)
Å GPS
Å Airspeed Sensor
Å Altimeter, Radar-Altimeter
Å Magnetic Compass
Å Pressure sensors (speed, angle of attack, sideslip angle)
Å Engine status
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Aircraft Control

Ç Desirable Dynamic Properties of Aerospace Vehicles:
Á Satisfactory static stability within the flight envelope
Á Damping and natural frequency of critical natural modes appropriate to 

certification requirements
Á Capability of providing commands within specified ranges
Á Capability of maintaining equilibrium conditions (desired speed, desired 
ŀƭǘƛǘǳŘŜΣ ŘŜǎƛǊŜŘ ŀƴƎǳƭŀǊ ǊŀǘŜΣ ΧύΣ ƛƴ ǘƘŜ ŀōǎŜƴŎŜ ƻǊ ǇǊŜǎŜƴŎŜ ƻŦ ŘƛǎǘǳǊōŀƴŎŜǎ

Á Capability of following specified trajectories with accuracy and fast enough 
response 

Á Static stability: 
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1. Static stability in the longitudinal plane is dominated by the pitching moment curve 
slope with respect to angle of attack (i.e. Cma< 0 or Ma < 0, and Cm0 > 0 ).

Å Change location of center of mass
Å Feedback of the angle of attack by the elevator in 

the pitching moment equation (as an alternative 
use normal acceleration)
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Aircraft Control

2. Static stability  in the lateral ςdirectional plane is dominated by the weathercock 
derivative  (i.e. Cnb> 0 or Nb> 0 ), and dihedral derivative (i.e. Clb< 0 or Lb< 0 ) 
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Å Change size of Vertical Tail, Dihedral 
angle, Wing Sweep

Å Feedback of sideslip angle to the 
rudder in the  yawing moment 
equation (in alternative use lateral 
acceleration)
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Aircraft Control

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

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

Å Testing with pilot-in-the-loop, ground and flight simulation 

Á Damping and natural frequency of critical natural modes appropriate to certification 
requirements
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Á Handling (Flying)  Qualities: Set of regulatory requirements provided as guidelines to the 
flight control system designer (MIL Specification: Guidelines and Regulatory).

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

Å Testing with pilot-in-the-loop, ground and flight simulation 

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



Aircraft Control

Ç Longitudinalcontrol: PhugoidMode



Aircraft Control

Ç Longitudinalcontrol: Short Period Mode



The control anticipation parameter (CAP)  

describes the relation of the immediate pitch 

acceleration to a control input and the ôstationaryô 

load factor which will be the result of this 

maneuver. 

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.

Aircraft Control

Ç Longitudinalcontrol: Short Period Mode

CAP = Initial Pitch Rate to Steady 
State Normal Acceleration Ratio

Change of load factor due to change of AoA ratio



Aircraft Control

Ç Lateral ςDirectional Modes



Aircraft Control

ÇWheredo all thisάnumbersέcome from?
Ç Extensiveflight (simulator) testing
Ç Subjectivepilot ratings 

Ç Cooper ςHarper Rating Scale



Aircraft Control

Ç Cooper ςHarper Rating Scale



Aircraft Control

Ç Pilot is a dynamicsystem !

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



Aircraft Control

Ç Pilot is a dynamicsystem !

Á Pilot dynamics ς approximated : a linear (transfer function) may be estimated

Sample Pilot Admittance - Transfer 
function from:

Á from Force (input)
Á to Position (position)

Dynamics change with the task !
Á Position Task (PT) : hold the 

position firmly
Á Force Task (FT) : keep the 

force felt constant 
Á Relax Task (RT) : just hold 

the device and relax

And also changes with the plant 
dynamics under control !!

Similar to a second order System



Aircraft Control

Ç Pilot Modeling Methods

Pilot Math Models in Matlab

Á 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 

Á This is achieved when the slope of the open loop 
pilot+plant transfer function is about -20db/decade at 
the crossover frequency 
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Ç Crossover Model (McRuer 1960)

Better pilots:
Å larger crossover frequency
Å Smaller delay

https://it.mathworks.com/help/aeroblks/crossoverpilotmodel.html?requestedDomain=www.mathworks.com


Aircraft Control

Ç Pilot Modeling Methods

Pilot Math Models in Matlab

Á Understanding different plant dynamics :
Á Zero-th order system (gain) : very fast plant where result 

from action happens quickly and without showing 
transients 

Á First order system (integrator) : the result of the action is 
approximately due to integral of the command 

Á Second order system (double integrator) : the result of the 
action is approximately due to double integral of the 
command

Ç Crossover Model (McRuer 1960)

Roll -> Yaw -> Lateral Position
Vertical Thrust -> Vertical Position
(helicopter)
Steering wheel -> car direction -> 
position in lane

Roll -> Yaw/Heading
Thrust -> Velocity
Steering wheel -> car direction

https://it.mathworks.com/help/aeroblks/crossoverpilotmodel.html?requestedDomain=www.mathworks.com
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Derivative Action
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Ç Precision Model (Systems Technology, Inc.; McRuer circa 1970)

Ç Structural Adaptive Model (UC Davis, Hess 1979)



Aircraft Control

Ç Optimal Control Pilot Model (1970 - 1985)

Á Multiple Tasks
Á Trained Operator (optimal behavior ??) 0
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Aircraft Control

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

AMES VERTICAL SIMULATOR A 350 SIMULATOR

https://www.youtube.com/watch?v=YlNTra2kfxo
https://www.youtube.com/watch?v=jzjyr0UZKRw


Aircraft Control

Á 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.



Aircraft Control

Á Actuation architectures

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



Aircraft Control

Á Actuation architectures

Á Mechanically driven with hydraulic actuator
Á Autopilot/Controller acts in parallel to the pilot 
Á Hydraulic servo-actuation reduces to almost zero/zero the 

aerodynamic forces fed back on the stick
Á An artificial feel is necessary (videogame like piloting!)



Aircraft Control

Á Actuation architectures

Á Fly-by-wire (FBW) 
Á Autopilot/Controller action fused with pilot commands by 

avionics 
Á{ǘƛŎƪ ŘŜŦƭŜŎǘƛƻƴ Ƴŀȅ ōŜ ƎƛǾŜƴ ŀƴȅ άƳŜŀƴƛƴƎέ Υ
Á Load factor, alpha
Á Attitude angles
Á Attitude velocities etc.

Á Absolutely no feedback from actuators
Á An artificial feel is necessary (videogame like piloting!)



Aircraft Control

Á Principal actuator types

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



Aircraft Control

Á Principal actuator types

Electro-Hydrostatic Actuators

Å A pump is integrated in the actuator

Å Regulating the pump flow acts on the cylinder

Å More energy efficient

Å Less plumbing

Å More complex



Aircraft Control

Á Principal actuator types

Electro-Mechanical Actuators

Å An electric motor generates motion using a set of gears (and lead-screws)

Å No fluid (safer aircraft)

Å Backlash and heat issues

Å Mechanical wear

Å Limits in bandwidth and power



Aircraft Control

Á 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.

Á Longitudinal Feedbacks
Å Pitch Angle and Pitch Rate to 

Elevator (PH, SP)
Å Angle of Attack to Elevator (SP)
Å Normal Acceleration to Elevator (SP, 

Turn)
Å Altitude to Elevator (Altitude Hold), 

Engine Compensation
Å Forward Speed to Elevator (Mach 

Hold), Engine Compensation

Á Lateral - Directional Feedbacks
Å Bank Angle and Roll Rate to 

Ailerons (Spiral, Roll Modes)
Å Heading Angle to Rudder (Turn)
Å Yaw Rate to Rudder (DR)
Å Sideslip to Rudder (Coord.)
Å Lateral Acceleration to Rudder 

(Coord.) 



Aircraft Control

Å The figure illustrates the combined effect of pitch rate 
and pitch angle feedback for a high speed, high altitude 
case. 

Å Now, at only moderately high controller gains, the 
phugoid is heavily damped and suppressed for attitude 
commands and the short-period motion is also heavily 
damped. 

Å 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. 

Å 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 (open-loop) are unstable.

Ç Feedback of Pitch Angle and Pitch Rate to Elevator

Å Note the difference on 
natural modes damping 
by feeding back pitch 
angle only!  



Aircraft Control

ÅAngle of attack and its derivative are, in principle, very desirable 
feedbacks to the elevator. Considered as stability derivative 
augmentation, increase the magnitude of Madot  and Ma 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.

ÅThe 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 closed-loop operation, the angle of attack motion in 
the phugoid mode will be suppressed to an even greater extent 
than, in the open-loop case, but otherwise this feedback does not 
appreciably alter the phugoid characteristics. 

ÅThe 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.

ÅThe 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. 

ÅHowever, 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.

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

Å 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, whereas 
the angle of attack system, as noted above, has essentially none.

Ç Feedback of Angle of Attack to Elevator



Aircraft Control

Å The favorable effects on the short-period 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).

Å A alternative control system uses a normal accelerometer as the basic sensor with many similar results.
Å Amajor component in the normal acceleration signal is proportional to angle of attack. (See the expression 

below for flight path equal to zero and short period approximation).

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

forward). The normal acceleration at this point Is given by:

Å The location of the accelerometer is critical to the aircraft dynamic behavior (it changes the zeros location)

Ç Feedback of Normal Acceleration to Elevator
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Aircraft Control

Á Normal Acceleration Command typical sequence (step climb)
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Aircraft Control

Á Normal Acceleration Command zeros  as function of accelerometer  location (jet 
fighter subsonic cruise)

0.0333 ( 6.4( ) ( 0.003038)( 0.01675) 32)(
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Accelerometer Location
Ahead of c.g. (feet)

Loop sensitivity and zeros

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, -3.175±j6.925
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Á PrimaryFeedback to the Ailerons: Feedback of Bank angle and Roll Rate

Å The first successful aircraft automatic pilots employed the same vertical  gyroscope, which sensed 
the rolling motions to detect departures from a wings-level 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.

Å 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. 
Consequently, one 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.

Å 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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Å 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 commands. This 
deficiency can be traced back, fundamentally, to the fact that with pure roll attitude feedback the 
open-loop and closed-loop total effective dampings are the same. 

Å To improve this situation the order of the open-loop 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.

Å Another possibility is a direct feedback of roll rate to the ailerons.
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Á Feedback of Heading to the Rudder

Ç Primary Feedbacks to the Rudder

Å 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:

Å The feedback of heading to rudder stabilizes the divergent spiral motion by forcing it to 
combine with the pole at the origin. At 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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Á Feedback of Yaw Rate to the Rudder

Å 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 aircraft which 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:

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

Å 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. 

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

Å The feedback of sideslip angle b to the rudder  has the function of increasing directional 
stability (Nb) and it is very useful in order to minimize sideslip and uncoordinated turns.

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

1
( ) ( )

R
E

K K K s
T

Å This feedback has excellent characteristics as a 
as a single loop control for improvement of 
dutch roll damping and minimization of 
sideslip. 

Å The system is also a good inner loop controller 
for roll attitude. One deficiency is the difficulty 
in measuring sideslip, which can be 
compensated by using lateral acceleration as 
feedback.
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Á Pitch Damper: When an aircraft flies at a low speed and a high altitude, the short 
period eigenmotion has a low damping. To compensate for this, a pitch damper is 
used. The pitch damper uses elevator and a pitch rate gyro to feedback pitch rate 
to the aircraft (the main effect is to change the M q derivative)
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Á Satisfactory damping can be achieved selecting the proportional gain with a Root Locus.

Ç Stability Augmentation Systems (SAS)

Á This structure is a modern equivalent of the pitch angle feedback with lead controller seen 
before
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Á Example: High maneuverability aircraft with relaxed static stability

Á Compute the elevator to pitch rate TF
Á Design a Pitch SAS for conditions 2 and 3
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Á Yaw Damper: When an aircraft has high speed at a high altitude, or large 
swept wings the Dutch roll properties may deteriorate. To prevent this, a yaw 
damper is used. The yaw damper gets its input (feedback) from the yaw rate 
gyro. It then sends a signal to the rudder servo. The rudder is then moved in 
such a way that the Dutch roll is damped much more quickly than usual (The 
main effect is to change the N r  stability derivative to help the beneficial effect 
of Nb).

Á Since at low frequency there is a non zero 
ǎǘŀǘƛŎ ƎŀƛƴΣ ǘƘŜ ǎȅǎǘŜƳ ŎŀƴΩǘ ǊŜŘǳŎŜΣ ƴƻǊ ǎŜǘ 
yaw rate to zero. This is achieved through a 
high pass filter called wash ςout circuit, 
which sends to the controller the derivative 
of measured yaw rate
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https://www.youtube.com/watch?v=Xxl97oPrQ8g
https://www.youtube.com/watch?v=2tgfkGiHhxs
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Á Problem: The lateral-directional dynamics are coupled and coordination of the two inputs may be 
necessary

Å 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 (Cnp, N p<0 )

Å Rudder command for yaw induces motion in roll due to the onset of differential lift on the 
wings that must be counteracted with ailerons (C lr , L r>0 )

Á 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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Ç 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
Á Main requirements are accuracy (steady state response), and disturbance rejection at 

low frequency

Á Examples:

Á Attitude hold: to maintain constant Attitude angles (pitch, Roll, Yaw)
Á Auto Throttle: to maintain a specified IAS
Á Mach hold: to maintain constant speed
Á Altitude hold: to maintain constant altitude
Á Glide Slope, GS: to maintain constant vertical speed in approach; part of the 

InstrumentLandingSystem (AutoLand)
Á Localizer VOR, VeryhighfrequencyOmnidirectionalRadiorange: to acquire a radio 

frequency, also to maintain lateral trajectory aligned to the vertical plane; part of the 
InstrumentLandingSystem (AutoLand) 

Á Flare autopilot: to follow specified flare angle
Á Heading hold: to keep constant heading 
Á Coordinated turn: to reduce sideslip during turn at constant altitude (coupled 

LO+LAT)
Á TFTA autopilot: to follow a terrain at specified time varying altitude
Á ΧΦ
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AUTP VIDEOS

Cessna 172

Beech Baron 58

Learjet 36

B737 Max A 350

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

Á Variables of interest: forward speed, vertical speed, pitch angle, altitude, flight path 
angle

Á Control variables: Elevator dE (Thrust dT)

Á State vector used for autopilot design
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Ç Altitude Hold
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