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Abstract 
In case of engine failure autorotation represent a safe maneuver for helicopter emergency landing. In 
autorotation, the rotor is no longer engine-powered but keeps rotating thanks to the impinging flow. During the 
descent, rotor angular velocity is constant for a given setting of collective pitch and the power dissipated by its 
rotation is compensated by a loss of potential energy during the descent. A steady descent is then possible 
down to a fixed altitude where, exploiting rotor residual energy, it is possible to perform a flare bringing the 
helicopter to minimum touch down velocity. 

For small scale helicopters an autonomous control system for autorotation can reduce damages and economic 
losses, saving the rotorcraft and its payload in case of an engine failure.  

In this paper, a preliminary investigation on steady descent conditions in autorotation, and the design of a 
possible flare maneuver has been made through a model-based design approach. Also, a closed loop control 
system has been developed, to perform the two main phases of autorotation maneuver. Simulations results 
show the suitability of the proposed approach for a wide range of initial conditions (altitude and advancing 
velocity).     

 

 

NOMENCLATURE 

𝑎0  Rotor coning angle (rad) 

𝑎1 
Longitudinal rotor tip path 
plane deflection angle in rotor-
hub system (rad) 

𝐴1c 
Lateral cyclic pitch measured 
from hub plane in Wind-Hub 
axes system(rad) 

𝐴1s 
Lateral cyclic pitch measured 
from hub plane in Hub-Body 
axes system(rad) 

𝑏1 
Lateral rotor tip path plane 
deflection angle in rotor-hub 
system (rad) 

𝐵1c 
Longitudinal cyclic pitch 
measured from hub plane in 
Wind-Hub axes system(rad) 

𝐵1s 
Longitudinal cyclic pitch 
measured from hub plane in 
Hub-Body axes system(rad) 

𝐷̃  Damping matrix for flapping  

𝑒 Flapping hinge offset (m) 

𝑓  Forcing function for flapping 

𝐾  Stiffness matrix for flapping 

𝐾1 Pitch-flap coupling ratio 

𝑀𝛽 

 

Blade weight moment about 
the flapping hinge (N∙m) 

𝑀𝑡𝑜𝑡 

 
Total mass (kg) 

𝑈𝑇 
Blade element velocity on the 
hub plane (m/s) 

𝑈𝑃 
Blade element velocity normal 
to the hub plane (m/s) 
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𝐈 =

[

𝐼𝑥𝑥 𝐼𝑥𝑦 𝐼𝑥𝑧
𝐼𝑦𝑥 𝐼𝑦𝑦 𝐼𝑦𝑧
𝐼𝑧𝑥 𝐼𝑧𝑦 𝐼𝑧𝑧

]  
Inertia tensor (kg/m2) 

𝐅(∙) =

[𝑋 𝑌 𝑍]𝑇  
Forces vector (N) 

𝑴(∙) =

[𝐿 𝑀 𝑁]𝑇  
Moments vector (Nm) 

𝐕(∙) =

[𝑢 𝑣 𝑤]𝑇   
Linear velocity vector (m/s) 

𝛚(∙) =

[𝑝 𝑞 𝑟]𝑇  
Angular velocity vector (rad/s) 

𝛽 Blade flapping (rad) 

𝜀 Hinge offset ratio 

𝜇 

𝜆 

Advance ratio 

Inflow ratio 

𝜙, 𝜃, 𝜓 
Roll, pitch, yaw Euler angles 
(rad) 

𝜃0 Blade root collective pitch (rad) 

Ω Rotor angular velocity (rad/s) 

Subscripts 

𝑏 Body frame 

𝑐𝑙 Clockwise 

𝑐𝑐𝑙 Counter-clockwise 

𝐸 Earth fixed NED frame 

𝑒 Equilibrium condition 

𝑓𝑢𝑠 Fuselage 

ℎ Hub-Body frame 

𝐿𝑉 Local-Vertical frame 

𝑚𝑟 Main rotor 

𝑠𝑑   Steady descent 

𝑤 Wind-Hub frame 

Superscripts 

𝑎 Aerodynamic 

𝑒 External 

𝑔 Gravitational 

  

1. INTRODUCTION 

Engine failure represents one of the most critical 
situations for any aircraft. This situation becomes 
possibly dramatic for single-engine rotorcraft, 

provided that in the case of total power loss, a safe 
landing maneuver in autorotation needs to be 
performed. For manned helicopters, the ability of the 
pilot is of primary importance for the success of the 
maneuver and therefore for the safety of the pilot 
himself. Moreover a good landing avoids or 
minimizes damage to the aircraft reducing economic 
losses. For an unmanned aerial vehicle the 
possibility of an emergency landing maneuver is 
often neglected and shot-down systems are usually 
implemented to allow the pilot to interrupt the flight 
when the aircraft is out control or out of a nominal 
condition such as an engine failure, after a safe zone 
has been reached. Danger for people in this case is 
much reduced and the economic loss can be 
sometimes negligible. However there are conditions 
where costs and risks increases, especially in the 
case of important payloads which should be saved. 
For fixed wing aircrafts this problem can be managed 
considering a parachute for the payload. In the case 
of helicopters, the choice of a safe parachute 
presents several difficulties. That’s why an 
autonomous control system able to perform an 
autorotation maneuver becomes in this case a good 
solution. 

In autorotation the main task is to reduce sink rate to 
minimum value minimizing the impact velocity and 
therefore damages. The optimal trajectory to 
minimize touch down velocity has been evaluated in 
[1] considering a very simple model of the vertical 
dynamics of the helicopter. Similar optimal approach, 
but with a more complex cost function and dynamics 
model have been considered in [2] and in [3] where, 
in the latter, an optimal trajectory and control system 
for the tracking have been evaluated.  

Scope of this paper is to give a preliminary analysis 
on the autorotation, considering a complete dynamic 
model of a small scale helicopter and evaluating 
different flight conditions for a steady descent in 
autorotation and then for the flare. A suitable 
autorotation maneuver has been designed, and a 
control system has been developed to simulate it in 
closed loop. 

 

2. MATHEMATICAL MODELLING 

2.1. Aircraft dynamics 

An overview of main equations and assumptions for 
the dynamic model of the Helicopter is here given. 

2.1.1. Reference frames and coordinate 
transformation 

Six orthogonal reference frames are introduced: 
Hub-Wind; Hub-Body, Body, Aircraft and Local Wind. 
In particular, the term "Hub" means that the origin of 
the coordinate system is at the main rotor hub centre. 
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The terms "Wind" and "Body" indicate where the 
three axes point. 

1. An Earth-fixed North–East-Down frame, 

𝔽𝐸 = {𝑂; 𝒙𝐸 , 𝒚𝐸 , 𝒛𝐸}. This frame is inertial 
under the assumption of flat and non- 
rotating Earth.  

2. Hub Wind Frame 𝔽ℎ𝑤 = {𝐻; 𝒙ℎ𝑤 , 𝒚ℎ𝑤 , 𝒛ℎ𝑤}. 
This frame is used in calculation of rotor 
forces and moments. Its origin is the rotor 
hub. zhw axis is aligned with the rotor shaft, 
pointing upward. xhw axis (horizontal) is 
aligned with the component of relative wind 
normal to the shaft axis. yhw axis completes 
the right-handed orthogonal set. 

3. Hub Body Frame 𝔽ℎ𝑏 = {𝐻; 𝒙ℎ𝑏 , 𝒚ℎ𝑏 , 𝒛ℎ𝑏}. zhb 

axis is aligned with rotor shaft, pointing 
upward. This system coincides with the hub-
wind system when the sideslip 𝛽𝑤 is zero. 

4. Body Fixed Frame 𝔽𝑏 = {𝑃; 𝒙𝑏 , 𝒚𝑏 , 𝒛𝑏}. 
Origin is located at the centre of gravity of the 
rotorcraft. xb axis points in forward direction, 
it's aligned with the longitudinal axis of the 
vehicle; zb is perpendicular to xb in the 
longitudinal plane pointing downward, and yb 
axis completes the right-hand system. All 
forces and moments used in the body 
equations of motion are expressed relative 
to this system. 

5. Wind Frame 𝔽𝑤 = {𝑅; 𝒙𝑤 , 𝒚𝑤, 𝒛𝑤}. These 
axes are used to calculate lift and drag 
forces on the fuselage. The origin is in the 
fuselage pressure centre. 

6. Local Vertical Frame 𝔽𝐿𝑉 =
{𝑃; 𝒙𝐿𝑉 , 𝒚𝐿𝑉 , 𝒛𝐿𝑉}. Origin is at the centre of 
gravity and axes are parallel to the inertial 
frame. 

Rotor flapping dynamics assessment and rotor 
forces and moments calculation require linear and 
angular velocity vectors and acceleration vector as 
expressed in the Hub-Body system and the angle of 
sideslip at the hub. The cyclic pitch is also requested 
in Hub-Wind system. 
In this respect, the velocity vector at the hub is written 
as follows: 

(1) 𝑽𝒉 = 𝚷𝐡𝐛[𝑽𝒃 +𝝎𝒃 × 𝒓𝒃] 

whereas angular velocity and acceleration are given 
by: 

(2) 𝝎𝒉 = 𝚷𝐡𝐛𝝎𝒃 

(3) 𝝎̇𝒉 = 𝚷𝐡𝐛𝝎̇𝒃 

where 𝚷𝒉𝒃 is the rotational matrix from Body to Hub-
Body system. Since rotor shafts is tilted in XZ plane 
with an angle 𝑖𝑠, Πℎ𝑏 is written as: 

(4) 𝚷𝒉𝒃 = [
cos 𝑖𝑠 0 sin 𝑖𝑠
0 1 0

−sin 𝑖𝑠 0 cos 𝑖𝑠

] 

Calculated Wind-Hub system components are then 
rotated to be implemented into the 6-DOF equations 
of motion: 

(5) [
(∙)𝑥
(∙)𝑦

]
𝑤ℎ

= [
cos𝛽𝑤 sin 𝛽𝑤
− sin𝛽𝑤 cos 𝛽_𝑤

] [
(∙)𝑥
(∙)𝑦

]
ℎ𝑏

  

Where 

(6) 𝛽𝑤 = sin
−1 𝑣ℎ

√𝑣ℎ
2+𝑢ℎ

2
 

is the sideslip angle.  

2.1.2. Dynamic model 

Helicopter dynamics model considers the following 
state vector:  

(7) 𝒙 = [𝑽𝒃; 𝛚𝐛; 𝒂; λ𝑖 ; Ω] 

and command vector: 

(8) 𝒖 = [𝜃0; 𝐴1𝑠; 𝐵1𝑠; 𝜃𝑡𝑟] 

Where 𝑽𝒃 = [𝑢 𝑣 𝑤]′ and 𝝎𝒃 = [p q r]′ are the rigid 

body 6dofs in the body reference frame, 𝒂 =

[𝑎0 𝑎1 𝑏1]′ is the vector of flapping angles, λ𝑖 =
𝑉𝑖

𝛺𝑅
 is 

the inflow ratio due to rotor thrust induced velocity, 
and Ω is the main rotor angular speed. The command 

vector components are: the collective pitch 𝜃0, the 
lateral and longitudinal pitch angle in the Hub-body 
frame 𝐴1𝑠,  𝐵1𝑠, and the tail rotor pitch 𝜃𝑡𝑟. 

The equations involved are: 

• Equations of motions in body reference 

frame 

(9) {

 
𝑽̇𝒃 = −𝝎𝒃 × 𝑽𝒃 + 𝑭𝒃/𝑀𝑡𝑜𝑡

  𝝎̇𝒃 = 𝑰−1[−𝝎𝒃 × (𝑰𝝎𝒃) + 𝑴𝒃]
 

 
Where forces and moments are the sum of 
aerodynamic and gravitational effects for all 
the helicopter subsystems (main rotor, tail 
rotor, fuselage). 

(10) {
𝑭𝒃 = 𝑭𝒎𝒓

𝒂 + 𝑭𝒕𝒓
𝒂 + 𝑭𝒇𝒖𝒔

𝒂 +𝑾

𝑴𝒃 = 𝑴𝒎𝒓
𝒂 +𝑴𝒕𝒓

𝒂 +𝑴𝒇𝒖𝒔
𝒂  

 

• Flapping dynamics equation 

 

(11) 𝒂̈ = −𝑫̃𝒂̇ − 𝑲̃𝒂 + 𝒇̃ 
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Where the components of the flapping vector 
𝒂 represent the time variant coefficients of 
the tip path-plane flapping equation: 
 

(12) 𝛽(𝑡, 𝜓) = 𝑎0(𝑡) + 𝑎1(𝑡) ∙ cos𝜓 + 𝑏1(𝑡) ∙ sin𝜓 

 

With 𝛽(𝜓, 𝑡) flapping angle of the blade 

having an azimuth angle 𝜓. The flapping 
model is derived in [4].  

• Inflow dynamics equation 

(13) 𝜆̇𝑖 =
3𝜋

4
{
𝐶𝑡

2
− 𝜆𝑖√𝜇

2 + 𝜆2}  

Where 𝐶𝑡 is the main rotor thrust 

coefficient, 𝜇 =
√𝑢ℎ

2+𝑣ℎ
2

𝛺𝑅
  is the advance ratio 

with respect to hub-body frame and  𝜆 =
𝑤ℎ

𝛺𝑅
− 𝜆𝑖 is the total inflow ratio. 

Here a uniform dynamic model, derived 
from [5], has been chosen to simplify 
analytical evaluation of the main rotor 
forces and moments. 

 

• Rotor dynamics equation 

Calling 𝐼𝑚𝑟 and 𝐼𝑡𝑟 the rotational inertia 

moments of the main and tail rotor, and 𝜏 

the transmission ratio between main and tail 

rotor rotational speeds, the kinetic energy of 

the rotors is: 

𝑇𝑟𝑜𝑡𝑜𝑟𝑠 =
1

2
𝐼𝑚𝑟𝛺𝑚𝑟

2 +
1

2
𝐼𝑡𝑟𝛺𝑡𝑟

2

=
1

2
(𝐼𝑚𝑟 + 𝜏

2𝐼𝑡𝑟)𝛺𝑚𝑟
2  

The energy conservation equation for the 

system Engine-Rotors is given by: 
𝑑𝑇𝑟𝑜𝑡𝑜𝑟𝑠
𝑑𝑡

= 𝑃𝑒 − 𝑃𝑟𝑜𝑡𝑜𝑟𝑠 

Thus 

(𝐼𝑚𝑟 + 𝜏
2𝐼𝑡𝑟)𝛺𝑚𝑟𝛺̇𝑚𝑟 = 𝑃𝑒 − 𝑃𝑟𝑜𝑡𝑜𝑟𝑠 

 

Where 𝑃𝑒 is the power provided by the 

engine and 𝑃𝑟𝑜𝑡𝑜𝑟𝑠 is the power absorbed by 

the rotors which can be written as: 

𝑃𝑟𝑜𝑡𝑜𝑟𝑠 = 𝑄𝑚𝑟 ∙ 𝛺𝑚𝑟 + 𝑄𝑡𝑟 ∙ 𝛺𝑡𝑟
= (𝑄𝑚𝑟 + 𝜏𝑄𝑡𝑟)𝛺𝑚𝑟 

 
When the Engine is on, a control system 

keeps rotational speeds constant varying 

the engine power. In the Engine off case, as 

in autorotation, the term 𝑃𝑒 is zero and the 

equation becomes: 

(𝐼𝑚𝑟 + 𝜏
2𝐼𝑡𝑟)𝛺𝑚𝑟𝛺̇𝑚𝑟 = −(𝑄𝑚𝑟 + 𝜏𝑄𝑡𝑟)𝛺𝑚𝑟 

 
Which gives: 

(14) 𝛺̇𝑚𝑟 = −
(𝑄𝑚𝑟+𝜏𝑄𝑡𝑟)

𝐼𝑚𝑟+𝜏
2𝐼𝑡𝑟

≅ −
𝑄𝑚𝑟

𝐼𝑚𝑟 
 

Where tail rotor influence has been 
neglected. 

All the previous equations are nonlinear with respect 
to the state vector, and they are all coupled. 

 

2.1.3. Attitude Kinematics 

The attitude of the rotorcraft is expressed by means 
of Euler Angles [𝛷 Θ Ψ]′ which varies in time as a 

function of 𝝎𝒃 as follows: 

(15) [
ϕ̇

Θ̇

Ψ̇

] = [

1 sin ϕ tan Θ cos ϕ tan Θ

0 cos ϕ − sinϕ

0
sin ϕ

cos Θ

cos ϕ

cos Θ

]𝝎𝒃 

The velocities in Earth inertial axes are written as 
function of Euler angles and velocities in body frame: 

(16) [
𝑥̇
𝑦̇
𝑧̇

] = 𝚷𝑬𝒃 [
𝑢
𝑣
𝑤
] 

(17) 𝚷𝑬𝒃 =

[

cΘ𝑐𝛹 sϕ𝑠ΘcΨ − cϕ𝑠𝛹 cϕ𝑠ΘcΨ + sϕ𝑠𝛹
cΘsΨ sϕ𝑠ΘsΨ + cϕ𝑐𝛹 cϕ𝑠ΘsΨ − sϕ𝑠𝛹
−𝑠Θ s𝛷𝑐Θ cϕ𝑐Θ

] 

 

2.1.4. Main rotor 

The hinge less Rotor is modelled as a teetering one 
where an equivalent rotor flapping stiffness 𝐾𝛽 is 

introduced as a correction of the ideal teetering 
model. Flapping dynamics is approximated using a 
tip-path plane representation. The following 
assumptions are introduced: 

1. Rotor blade is rigid in bending and torsion; 
2. Linear blade twist; 
3. Flapping and inflow angles are assumed 

small, the analysis is based on a simple strip 
theory; 

4. Only effects due to angular acceleration 𝑝̇ 

and 𝑞̇, angular velocity 𝑝, 𝑞 and the normal 
acceleration of the aircraft motion are 
considered to calculate blade flapping; 

5. Compressibility and stall effects are not 
considered; 

6. Reversed flow region is not considered; 
7. The inflow is assumed to be uniform; 
8. The tip loss factor is assumed to be 1; 
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9. Blade flapping is approximated by the first 
harmonic terms with time-varying 
coefficients as in equation (12). 

According to blade flapping approximation in 
equation (12), 𝑎0 is treated as a pre-set constant and 

coefficients 𝑎1(𝑡) and 𝑏1(𝑡) can be evaluated 
considering 𝑎̇0 = 𝑎̈0 = 0 in equation (11). 
  
The analytical evaluation of main rotor forces and 
moments is done using the blade-element theory. 
The total force on a blade having a 𝜓 azimuth is 
obtained integrating the force on the blade element 
over the rotor radius. Then the integration with 
respect to the azimuth 𝜓 = [0; 2𝜋] gives the mean 
force of the blade over a complete rotation around 
the shaft. Equations are first obtained in the Wind-
Hub coordinate system and then transformed into 
Body system. Complete derivation of Main rotor 
forces is given in [6] where the only difference with 
respect to our assumptions is that in [6] a static-
uniform inflow is used, while we adopted a dynamic-
uniform inflow.  

 

2.1.5. Clockwise correction factors 

The equations derived in [4] [6] [7] are valid for a 
counter-clock-wise rotor. When the rotation is clock-
wise a correction factor needs to be add Introducing 
a parameter 𝜒 which value is equal to 1 when rotor is 
counter-clockwise; -1 otherwise. Resulting equations 
are given as follows: 

(18) 

𝑽𝑐𝑙 = Π1𝑽𝑐𝑐𝑙
𝛚𝑐𝑙 = Π2𝛚𝑐𝑐𝑙

𝑭𝑐𝑙 = Π1𝑭𝑐𝑐𝑙
𝑴𝑐𝑙 = Π2𝑴𝑐𝑐𝑙

[𝜃0 𝐴1𝑠 𝐵1𝑠]′𝑐𝑙 = Π1[𝜃0 𝐴1𝑠 𝐵1𝑠]′𝑐𝑐𝑙

 

provided Π1 = [
1 0 0
0 𝜒 0
0 0 1

] , Π2 = [
𝜒 0 0
0 1 0
0 0 𝜒

]   

 

2.1.6. Tail rotor 

Tail rotor is modelled as in [7], where flapping 
dynamics is ignored and a steady state solution for 
flapping angles, Forces and Moments is considered. 
The inflow ratio is here static and uniform and it is 
obtained as a steady state of a Pitt-Peters model: 

(19) 𝜆𝑡𝑟 = −
𝑣𝑡𝑟

𝛺𝑡𝑟𝑅𝑡𝑟
−

𝐶𝑡,𝑡𝑟

2√𝜇𝑡𝑟
2 +𝜆𝑡𝑟

2
 

This equation needs to be solved with a Newton-
Ralphson method for every time step. 

2.1.7. Fuselage 

The Fuselage Forces and Moments are evaluated as 
a function of the angle of attack and the sideslip 
angle. Aerodynamic coefficients are obtained with 
estimated look-up tables. Main equations are: 

𝑽𝒇𝒖𝒔 = 𝑽𝒃 +𝝎𝒃 × 𝒓𝒇𝒖𝒔 

𝛼𝑓𝑢𝑠 = atan
𝑤𝑓𝑢𝑠

𝑢𝑓𝑢𝑠
 

𝛽𝑓𝑢𝑠 = asin
𝑣𝑓𝑢𝑠

|𝑉𝑓𝑢𝑠|
 

𝐷 =
1

2
𝜌|𝑉𝑓𝑢𝑠|

2𝑆𝑟𝑒𝑓𝐶𝐷(𝛼, 𝛽) 

𝑌 =
1

2
𝜌|𝑉𝑓𝑢𝑠|

2𝑆𝑟𝑒𝑓𝐶𝑌(𝛼, 𝛽) 

𝐿 =
1

2
𝜌|𝑉𝑓𝑢𝑠|

2𝑆𝑟𝑒𝑓𝐶𝐿(𝛼, 𝛽) 

(20)  

𝑭𝒇𝒖𝒔
𝒂

= [

− cos𝛼𝑓𝑢𝑠 cos 𝛽𝑓𝑢𝑠 −sin𝛼𝑓𝑢𝑠 sin 𝛽𝑓𝑢𝑠 sin 𝛼𝑓𝑢𝑠
−sin𝛽𝑓𝑢𝑠 cos 𝛽𝑓𝑢𝑠 0

− sin 𝛼𝑓𝑢𝑠 cos 𝛽𝑓𝑢𝑠 −sin𝛼𝑓𝑢𝑠 sin 𝛽𝑓𝑢𝑠 cos 𝛼𝑓𝑢𝑠

] (
𝐷
𝑌
𝐿
) 

 
𝑴𝒇𝒖𝒔
𝒂 = 𝒓𝒇𝒖𝒔 × 𝑭𝒇𝒖𝒔

𝒂  

Where 𝒓𝒇𝒖𝒔 is the position of the fuselage pressure 

center with respect to gravity center of the rotorcraft.  

 

2.1.8. Gravitational force 

Helicopter weight force in body axes is written as: 

(21) 𝑾𝒃 = 𝑀𝑡𝑜𝑡 ∙ 𝑔 ∙ [

sin Θ
sinϕ cosΘ
cosϕ cos Θ

] 

 

2.2. Design of a suitable autorotation maneuver 

Helicopter autorotation is a safe landing maneuver 
which needs to be performed in the case of total 
power loss. It can be divided in three main phases: 
entry, steady descent, and flare.  

When the Engine is Off the rotor aerodynamic torque 
is no more equilibrated by the engine and the rotor 
speed starts decreasing. This makes the thrust 
decreasing, and the helicopter starts a descent. The 
impinging flow can reduce aerodynamic torque 
keeping a certain level of rotor speed. In this case the 
rotor is in wind-mill-state and provides a residual 
thrust which contrast the gravitational force reducing 
the sink rate. A steady descent is then possible 
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calibrating collective pitch such that constant rpms 
are kept. The value of this rotational speed is a 
function of the sink rate and needs to be optimized to 
keep a sufficient level of rotational energy to perform 
the final flare. This last phase is done to reduce sink 
rate and advancing velocity to minimum values at 
touch down, exploiting all the residual energy to 
produce a braking force. Decreasing rotor speed 
under minimum acceptable level during the steady 

descent prevents the rotor from generating the 
thrust necessary for a safe landing. Acceptable 

values for touch down velocities and final attitude are 
set to: 

(22) 

{
 
 

 
 
𝑢𝐸𝑚𝑎𝑥,𝑇𝐷 = 0.5 𝑚/𝑠

𝑣𝐸𝑚𝑎𝑥,𝑇𝐷 = 0.5 𝑚/𝑠

𝑤𝐸𝑚𝑎𝑥,𝑇𝐷 = 0.25 𝑚/𝑠

−10° < ΦTD < 10°
−10° < ΘTD < 10°

 

In this work no constraints are considered on the 
helicopter final position. Then an infinite extended 
landing field is assumed, and a pure longitudinal and 
ideally rectilinear maneuver is modelled.  

 

2.2.1. Steady descent 

All the possible steady descent conditions have been 
evaluated considering the whole mathematical 
model and calculating equilibrium conditions for 
imposed advancing velocities 𝑢𝑒 and sink rates 𝑤𝑒: 

Imposed conditions:  

(23) {

𝑽𝑬 = [𝑢𝐸 0 𝑤𝐸]
′ → 𝑽𝒃 = 𝚷𝒃𝑬(Φ, Θ) ∙ 𝑽𝐸

𝝎𝒃 = [0 0 0]′

𝒂̇ = [0 0 0]′

 

 

Resulting problem: 

(24) 

{
 
 
 

 
 
 𝑽̇𝒃 = −𝝎𝒃 × 𝑽𝒃 +

𝑭𝒃

𝑀𝑡𝑜𝑡
= 𝟎 

𝝎̇𝒃 = 𝑰−1[−𝝎𝒃 × (𝑰𝝎𝒃) +𝑴𝒃] = 𝟎

𝒂̈ = −𝑫̃𝒂̇ − 𝑲̃𝒂 + 𝒇̃ = 𝟎

𝜆̇𝑖 =
3𝜋

4
{
𝐶𝑡

2
− 𝜆𝑖√𝜇

2 + 𝜆2} = 0

𝛺̇ = −
𝑄𝑚𝑟

𝐼𝑚𝑟
= 0

 →

 

{
 
 

 
 
𝑭𝒃(𝑽𝑬, 𝒂, 𝒖,Φ, Θ, λ, Ω) = 𝟎

𝑴𝒃(𝑽𝑬, 𝒂, 𝒖,Φ, Θ, λ, Ω) = 𝟎

𝒇𝒂(𝑽𝑬, 𝒂, 𝒖,Φ, Θ, λ, Ω) = 𝟎

𝑓𝜆(𝑽𝑬, 𝒂, 𝒖,Φ, Θ, λ, Ω) = 0

𝑄𝑚𝑟(𝑽𝑬, 𝒂, 𝒖,Φ, Θ, λ, Ω) = 0

  

  

The problem is a nonlinear system of 11 equations in 
11 unknowns (10x10 considering 𝑎0 = 𝑐𝑜𝑠𝑡) and it 

has been solved using a Newton method based on 
the numerical evaluation of the Jacobian matrix of the 
system.  

In Figure 1 is shown the steady descent rotational 
speed 𝛺 as a function of the sink rate 𝑤𝐸  and 

advanced velocity 𝑢𝐸 while the corresponding 
collective pitch is visible in Figure 2. Fixing an 
advancing velocity 𝑢𝐸, the sink rate is reduced when 
reduced rotor speeds are considered, while the 
collective pitch increases. Then, when the collective 
is kept higher the rotor delivers a higher thrust 
reducing sink rate, but consuming energy stored 
(rotor rpms). A compromise needs to be found 

between 𝑤𝐸   and 𝛺, where the first should be 

minimized and the second should be maximized. 

 

Figure 1: Rotor speed in autorotation steady descent 

 

 

Figure 2: Collective pitch for autorotation steady descent 

 

Again, in Figure 1 can be seen that moving on 𝑤𝐸 =
𝑐𝑜𝑠𝑡 curves, rotor speed has a maximum for 

advancing velocities around 7-9 m/s. In fact, lower 
levels of 𝑉 reduces dynamic pressure, higher 
collective is needed to obtain the necessary thrust, 
and then lower rotor speed results. On the other 
hand, higher velocities need a pitched attitude then a 
reduced inflow, and again minor rotor speed. 

Red points in Figure 1 are obtained choosing the 

higher 𝛺 for fixed values of 𝑤𝐸. The choice of the 

best steady state condition is made simulating the 
flare starting from points 1,2, 3 in Figure 1 and 
evaluating which one gives the best trajectory.  
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2.2.2. Flare 

The last phase of the autorotation must bring the 
helicopter to minimum velocity at touch down. 
Collective pitch must be increased producing the 
thrust needed to decelerate. To investigate which is 
the best command law, an open loop command has 
been implemented to simulate how the system 
responds imposing as initial condition, one of the 
steady descent conditions evaluated before (1,2, 3). 
The open loop command has an exponential form 
such that collective is continuous with the initial value 
of the steady descent and ideally increases to its 
maximum value. 

(25) 𝜃0(𝑡) = 𝜃0,𝑠𝑑 + (𝜃0,𝑚𝑎𝑥 − 𝜃0,𝑠𝑑)(1 − 𝑒
−
𝑡

𝜏)  

In Figure 3 it is shown the results of this simulation 
for different values of 𝜏 when steady descent 
condition 2 is adopted as initial condition. Here a first 

value for the flare starting altitude is set to ℎ𝑓𝑙𝑎𝑟𝑒 =

10𝑚. How expected the rate of descent starts to 
decrease and after a minimum, it increases again. 
This is because after that minimum, rotor speed is no 
more sufficient to contrast the weight force and the 
rotorcraft falls accelerating. It is possible to choose 𝜏 
such that the minimum velocity corresponds to zero. 

A new value of ℎ𝑓𝑙𝑎𝑟𝑒 can be then evaluated to have 

the minimum velocity at touch down (Figure 4).  

 

Figure 3: Vertical velocity during flare in open loop 

 

 

Figure 4: Helicopter velocity during flare in open loop, with 

calculated initial altitude (𝜏 = 4.4) 

 

Similar simulations have been performed for the 
three different steady descent points. Results are 
shown in Table 1. Here in all the cases the touch 
down velocity is under the imposed limit of 0.25 m/s. 
Looking at the initial altitude and the time for the flare 
it can be noticed that, as expected, a higher rotor 
energy permit a less impulsive maneuver while a 
reduced time and altitude are needed in the case of 
lower rotor angular rates. The drawback is that 
choosing 𝛺𝑠𝑑 too much high can give problems 
because the control system usually recognizes the 
engine failure with a time delay. Therefore if the rotor 
rate falls under the steady descent nominal value 
before the control system starts the autorotation, 
control system could have problem to restore higher 
rotation rates and a lower and more problematic 
entry in the steady descent could results. 

Thus condition #2 of the table is chosen as the best. 

 

# 

Ω𝑠𝑑 

[𝑟𝑝𝑚] 

𝑢𝐸,𝑠𝑑 

[𝑚/𝑠] 

𝑤𝐸,𝑠𝑑 

[𝑚/𝑠] 

𝜃0,𝑠𝑑 

[°] 

𝜏 ℎ𝑓𝑙𝑎𝑟𝑒 

[𝑚] 

𝑤𝐸,𝑇𝐷  

[𝑚/𝑠] 

𝑡𝑓𝑙𝑎𝑟𝑒 

[𝑠] 

1 1234 8.5 4.5 -0.74 4.5
5 

2.8 0.086 2.44 

2 1363 7.5 5.5 -1.89 4.4 5.3 0.039 3.25 

3 1475 6.5 6.5 -2.93 4.1 7.9 0.042 3.47 

Table 1: Open loop flare results for three initial steady 
descent conditions. 

2.3. Control system for autorotation 

A different control strategy has been designed for the 
different phases of autorotation. A first logic permits 
to recognize the phases of autorotation: 

• When 𝛺 decrease under a minimum value 
𝛺𝑑𝑒𝑐𝑖𝑠𝑖𝑜𝑛  the system switches from the Engine 
ON control system to the autorotation control. 

• When the altitude ℎ is equal to ℎ𝑓𝑙𝑎𝑟𝑒 a second 

logic is activated to perform the flare. 
 

2.3.1. Stabilizer logic for pitch and roll 

A basic stabilizer logic is used in normal flight 
conditions. The scheme is reported in Figure 5. In 
both cases, an inner loop controls pitch/roll rates 
while, with an outer loop, a desired pitch/roll angle is 
compared with the actual attitude and the error 
generated becomes a reference for the inner loop.  
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Figure 5: Roll and Pitch stabilizer 

2.3.2. Heading Hold Logic 

The Heading Hold logic is shown in Figure 6. The 
desired yaw rate is compared with the actual yaw 
rate and the error is integrated to obtain an estimated 
yaw error. The latter is used to elaborate a desired 
yaw rate that again, compared with the actual yaw 
rate generates the error used to elaborate 𝜃𝑡𝑟. A fixed 
𝜃𝑡𝑟0 is added to consider the tail rotor thrust needed 
to balance main rotor torque at hovering. Another 
contribution for 𝜃𝑡𝑟 is finally proportional to 𝜃0 and 
takes into account how tail rotor thrust needs to 
modulate as a function of main rotor torque, and thus 
as a function of collective command. 

 

Figure 6: Heading Hold 

2.3.3. Steady descent control logic 

For the steady descent, the strategy is to bring the 
system to the chosen condition evaluated before, 
namely 𝛺𝑠𝑑,𝑢𝐸𝑠𝑑,𝑤𝐸𝑠𝑑. This is done implementing a 

control on 𝛺 and 𝑢𝑒 as shown in Figure 7. Here, in 
the first phase, collective pitch is set to the nominal 
value 𝜃0,𝑠𝑑.When rotor speed decreases under the 

nominal value, a PI feedback control on 𝛺  elaborates 

the collective pitch 𝜃0 keeping 𝛺 = 𝛺𝑠𝑑. At the same 
time, the error between the desired velocity and the 
actual one 𝑢𝐸𝑠𝑑 − 𝑢𝐸 generates the reference Pitch 

angle given to the Pitch stabilizer to elaborate the 
longitudinal control 𝐵1𝑠. Similar control is done for 𝐴1𝑠 
where a reference zero lateral velocity 𝑣𝐸 is used to 
elaborate a reference roll angle for the roll stabilizer. 
Finally, the tail is controlled by the heading hold, 
where 𝜃𝑡𝑟0 is set to zero considering that thanks to 
the free-wheel mechanism the rotor torque is no 
more discharged to the fuselage in autorotation. 

 

Figure 7: Steady descent control 

 

2.3.4. Flare control logic  

The control logic is shown in Figure 8, where an 
altitude hold with a variable reference is 
implemented. Considering again the best open loop 
flare calculated in section 2.2.2 it is possible to notice 
from Figure 9 that the velocity is almost linear with 
the altitude and therefore altitude profile can be 
approximated with a pure exponential function. Then 
our reference trajectory can be expressed as:   

(26)  ℎ𝑟𝑒𝑓(𝑡) = ℎ𝑓𝑙𝑎𝑟𝑒  𝑒
−
𝑡

𝜏𝑐𝑙  

𝑤𝐸𝑟𝑒𝑓(𝑡) = −
𝑑ℎ𝑟𝑒𝑓(𝑡)

𝑑𝑡
=
ℎ𝑓𝑙𝑎𝑟𝑒

𝜏
 𝑒
−
𝑡

𝜏𝑐𝑙 =
ℎ𝑟𝑒𝑓(𝑡)

𝜏𝑐𝑙
 

 

The 𝜏𝑐𝑙 coefficient can be estimated considering 
Figure 9, where altitude and vertical velocity variation 
during the open loop flare are compared. 
Approximating the real plot with a regression line it is 
possible to evaluate 𝜏𝑐𝑙 as the slope of the line 
according to eq.(26). 

In this way it is possible to elaborate a closed loop 
control system for the flare, where the reference 
altitude is calculated, for every time step, multiplying 
𝝉𝒄𝒍 and the actual value of the rate of descent. 

Finally, the advancing velocity is reduced giving to 
the pitch stabilizer a reference pitch angle evaluated 
from the actual velocity. 

 

Figure 8: Flare control system 
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Figure 9: Altitude vs sink rate during open loop flare 

3. SIMULATIONS 

3.1.1. Simulations parameters 

The complete autorotation landing has been 
simulated implementing the described model on 
Simulink. Main Helicopter parameters for the Goblin 
Saab 700 Helicopter used here, can be found in 
Error! Reference source not found.,Error! 
Reference source not found. and Error! 
Reference source not found..  For all the 
simulations the following assumptions are 
considered: 

• Infinite extended landing field and no 
constraints on final position 

• Engine failure happens after 𝟓𝒔 of stable level 
flight 

• The control system recognizes the engine 
failure and starts the autorotation when 𝜴 <
𝜴𝒅𝒆𝒄𝒊𝒔𝒊𝒐𝒏 which is set to 95% of the value for 
normal flight 

• Constraints for a safe autorotation landing are 
reported in equation (22). 

• During autorotation, the control system brings 
the helicopter to the nominal steady descent 
condition #2, and then perform the flare as 
described in previous sections. 

3.2. Autorotation for nominal initial conditions 

Nominal initial conditions are 𝒉𝟎 = 𝟐𝟎𝟎𝒎 and 𝑽𝑬𝟎 =
[𝟕. 𝟓 𝟎 𝟎]′ 𝒎/𝒔. Simulation results are reported in 
Figure 10. After the engine failure at 5s, the vertical 
velocity starts to increase while the rotor speed 
decreases. An instant yaw displacement appears 
because the tail rotor continues for few instants to 
deliver a thrust to counteract main rotor torque which 
is no more discharged on the fuselage thanks to the 
free wheel mechanism. The rotorcraft is then brought 
to nominal steady descent conditions (𝜴 =
𝟏𝟑𝟔𝟑 𝒓𝒑𝒎 ;𝒘𝑬 = 𝟓. 𝟓 𝒎/𝒔) and when 𝒉𝒇𝒍𝒂𝒓𝒆 is 

reached, the collective starts to increase while the 
pitch command decreases, reducing sink rate and 

advancing velocity.  

3.3. Behaviour for different velocities 

Three simulations at different initial velocity have 
been performed to evaluate how the helicopter react 
to the control system. Results are shown in Figure 
11. In all the cases the helicopter performs the steady 
descent and the flare in a good way, reaching 
acceptable touch-down velocities and attitude.  

3.4. Behaviour for different altitudes 

The influence of the initial altitude on the success of 
the designed autorotation maneuver is investigate 
simulating three different initial altitudes and the 
nominal initial velocity. Results are plot in Figure 
12.What happens is that, for 𝒉𝟎 = 𝟐𝟎𝟎𝒎, steady 
descent and flare are regularly performed, while 
reducing the initial altitude the time for steady 
descent reduces since for 𝒉𝟎 = 𝟏𝟎𝒎 the altitude is 
already adequate to just perform the flare. All the 
simulation gives acceptable autorotation landing. 

 

4. CONCLUSIONS 

This paper presented preliminary results of an 
automatic autorotation maneuver for a small-scale 
unmanned helicopter, with a particular on the 
analysis of the steady descent conditions. Helicopter 
dynamics was modelled by means of a 10 DOF 
nonlinear system, and an algebraic system has been 
iteratively solved for deriving the trim variables. What 
results is that, high values of rotor speed, require low 
values of collective pitch, driving to high rate of 
descent as well as high inflow, necessary for the 
wind-mill state. Thus, during the steady descent a 
trade-off between the sink rate (which should be 
limited) and the rotor speed is a mandatory task. 

Steady descent conditions affect the flare 
manoeuvre: high values of rotor rate allows for a less 
aggressive pull-up maneuver. On the other hand, 
nominal value of 𝛺𝑠𝑑 should not be chosen too much 
close to the normal flight value: control system starts 
autorotation control with a time delay with respect to 
engine fail, therefore if the rotor rate falls under the 
nominal value before the autorotation control is 
active, a more complicated and problematic 
maneuver can results. 

On the basis of obtained results, an off-line 
autorotation pattern has been designed and a closed 
loop control system has been developed to follow it. 
The simulations for nominal initial altitudes and 
velocity shown that the control system is capable to 
bring the helicopter to steady descent and then to 
perform the flare reducing touch down velocities 
under acceptable limits. Robustness with respects 
different initial condition has been also 
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demonstrated. For variable initial altitude it results 
that lowering the altitude autorotation is successful 
even if, as expected, the steady descent time is 
reduced. 

Parameters Value Unit 

Total mass 𝑀𝑡𝑜𝑡 4.8 𝑘𝑔 

Inertia moments 𝐼𝑥𝑥 0.0465 𝑘𝑔 ∙ 𝑚2 

𝐼𝑦𝑦 0.2971 𝑘𝑔 ∙ 𝑚2 

𝐼𝑧𝑧 0.2567 𝑘𝑔 ∙ 𝑚2 

Inertia products 𝐼𝑥𝑦 0.0079 𝑘𝑔 ∙ 𝑚2 

𝐼𝑥𝑧 0.0033 𝑘𝑔 ∙ 𝑚2 

𝐼𝑦𝑧 0.0006 𝑘𝑔 ∙ 𝑚2 

Table 2: Mass and Inertia parameters for Goblin Saab 700 
Helicopter 

Parameters Value Unit 

Tail Rotor 
speed in 
normal flight 

𝛺𝑡𝑟,100% 9976 𝑟𝑝𝑚 

Tail Rotor 
Radius 

𝑅𝑡𝑟   0.115 𝑚 

Number of 
blades 

𝑁𝑏𝑡𝑟 2 − − 

Tail Rotor 
solidity 

𝜎𝑡𝑟 0.1716 − − 

Tail rotor 
position in 
body axes 

𝑟𝑡𝑟 = [

𝑥ℎ
𝑦ℎ
𝑧ℎ
] [

−1.045
0.052
−0.031

] 
𝑚 

Table 3: Tail rotor parameters for Goblin Saab 700 
Helicopter 

 

 

 

 

Parameters Value Unit 

Rotation 
direction 

𝜒 −1 𝐶𝑙𝑜𝑐𝑘𝑤𝑖𝑠𝑒 − − 

Rotor speed 
in normal 
flight 

𝛺100% 1995 𝑟𝑝𝑚 

Radius 𝑅  0.79 𝑚 

Rotational 
Inertia 

𝐼𝑚𝑟 0.0689 𝑘𝑔 ∙ 𝑚2 

Number of 
blades 

𝑁𝑏 2 − − 

Virtual 
Hinge Offset 
ratio 

𝜀  0.0314 − − 

Airfoil lift 
slope 

𝐶𝑙𝛼 2𝜋 1/𝑟𝑎𝑑 

Airfoil chord 𝑐 0.06 𝑚 

Blade mass 𝑚𝑏 0.2057 𝑘𝑔 

Blade inertia 
about 
flapping 
hinge 

𝐼𝑏 0.0344 𝑘𝑔 ∙ 𝑚2 

Flapping 
stiffness 

𝐾𝛽 162.69 𝑁 ∙ 𝑚/𝑟𝑎𝑑 

Pitch-Flap 
coupling 

𝐾1 0 − − 

Blade twist 𝜃𝑡 0 𝑟𝑎𝑑/𝑚 

Rotor 
solidity 

𝜎 0.0479 − − 

Rotor shaft 
tilt angle  

𝑖𝑠 0.0524 𝑟𝑎𝑑 

Precone  𝑎0 0 𝑟𝑎𝑑 

Hub position 
in body axes 𝑟ℎ = [

𝑥ℎ
𝑦ℎ
𝑧ℎ
] [

0.0095
0

−0.1810
] 

𝑚 

Table 4: Main rotor parameters for Goblin Saab 700 
Helicopter 
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Figure 10: Simulation results for ℎ0 = 200𝑚 and 𝑢𝐸0 = 7.5𝑚/𝑠 

 

Figure 11: Simulation results for different initial velocities (⎼⎼ℎ𝑜𝑣𝑒𝑟𝑖𝑛𝑔; − − 7.5 
𝑚

𝑠
;  ⋯15

𝑚

𝑠
) and ℎ0 = 200𝑚 
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Figure 12: Simulation results for different initial altitudes (⎼⎼10𝑚; − − 50𝑚; ⋯200𝑚) and 𝑢𝐸0 = 7.5 𝑚/𝑠 
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