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The Skeldar V-150 flight control system
Modeling, identification and control of an unmanned helicopter

Ola Härkegård
LiTH, November 8, 2007
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Aircraft

JAS 39 Gripen Sharc

Filur Skeldar V-150
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Skeldar V-150

� Unmanned helicopter for surveillance

� Under development

� Based on APID-55 by CybAero

150 kg

3.3 m
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Levels of control

1. Break point list

2. High level commands

• Heading, speed, altitude

• Adjust position

1. Break point list

2. High level commands

• Heading, speed, altitude

• Adjust position

UAV pilot

Path generationPath generation

Guidance

ControlControl

Flight Control System
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Design loop

RequirementsRequirements ModelModel

• Helicopter dynamics
• Actuators
• Sensors

Design 
parameters

Design 
parameters

Design
method

ControllerController

EvaluationEvaluation

• Analysis
• Simulation

FlightFlight

• Desired dynamics
• Wind sensitivity
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Actuators

3 main rotor servos:
• pitch (cyclic pitch)
• roll (cyclic roll)
• vertical (collective pitch)

Tail rotor servo:
• yaw

Throttle servo:
• RPM
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Sensors

� AHRS-GPS

� Rate gyros

� Accelerometers

� Magnetometers

� GPS

� Radar altimeter

� Air-data system

� Angular velocity

� Orientation

� Velocity (relative ground)

� Position

Sensor 
fusion
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Dynamics

≈
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Modeling

1.  Physical modeling
Linkage

Aerodynamics & 
flight mechanics

Air flow

Σ:  26th order nonlinear cross-coupled system

2.  System identification

Flight dataFlight data

Model structureModel structure

Black box 
model

Black box 
model

Engine
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Rotor dynamics

� Flapping equation

βΩ

( ) ( )ψ=β++β′+β′′ �� d1

• blade pitch angle
• body rotation
• 2π-periodic

ψβ+ψβ+β=β cossins ��� Parametrization
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� Tip-path-plane (TPP) dynamics:
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Reduced TPP-dynamics
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First order dynamics 
from inputs to rotor disc 

orientation 

First order dynamics 
from inputs to rotor disc 

orientation 
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Body dynamics

� Pitch moment

cβ

M

F

( ) chFkM β+≈

Spring 
constant

Distance 
to c.g.

J

M
q −=&

� Pitch dynamics
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Coupled rotor – body dynamics

Blade 
dynamics

Blade 
dynamics

Stabilizer 
dynamics

Stabilizer 
dynamics

Body 
dynamics

Body 
dynamics

Swash 

plate

Pitch 

rate

• Mechanical feedback
• Increases stability

Use sensor feedback instead?Use sensor feedback instead?

Mikado virtual flybar
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System id – pitch dynamics

1.  Estimation
2nd order 
system

2nd order 
system
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2.  Validation
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Open loop pitch dynamics

rotorG
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Moment 
equation

Force 
equation

Kinematics
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Control design

Linear SISO 
feedback

Reference 
feedforward

Nonlinear 
control

Constrained 
control

Adaptive 
control

MIMO 
control
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Control laws

yr

kr
kr

Reference 
following

ki
ki∫∫

Remove
stationary 

error
KK

Artificial damping

In pitch:
• q, θ
• vx, x

kf
kf

s Feedforward
• turn coordination
• climb → yaw
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Feedback

� Open loop dynamics

rotorG
s

1

s
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q θ v
x

� LQ design

1. Hover

2. Flight:

∫−−−θ−−= θ xkxkvkkqku ixvq

∫−−θ−−= θ vkvkkqku xvq

Are LQ robustness 
properties retained?
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� 1 DOF controller

� Nice structure BUT...

Feedforward
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Overshoot –

No good!
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Solution: Set-point weighting

� Modified PI-controller

� Example:                                                   closed loop poles: -0.94, -0.34

( ) ( )∫ −+−= yrkyrku ip β

Set-point weight
0 ≤ β ≤ 1
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Conclusions

� Many control tools useful if you know them

� identification, LQ, phase diagrams, Nyquist theorem, model reduction, 
feedforward, anti-windup, bumpless transfer, ...

� Dynamic intuition valuable

� Saab needs more control doctors

F  G  
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