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Abstract: - In this paper, nonlinear rigid body dynamics for rotorcraft mathematical model is studied. A 
linearization of helicopter flight dynamics is evaluated. Automatic Flight Control System (AFCS) with gain 
scheduled LQ optimal control is designed based on look-up tables. Stability analyses are performed and results 
are illustrated graphically for open and closed-loop systems. As seen from results, LQ optimal control system 
pushes eigenvalues to left side of imaginary axis without excessive control inputs to maintain stability of 
naturally unstable rotorcraft dynamics. Proposed AFCS is tested by nonlinear flight dynamics model in Matlab-
Simulink environment. Simulation results illustrate effectiveness of evaluated method and techniques. 
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1 Introduction 

Automatic Flight Control Systems (AFCSs) are 
electro-hydro mechanical systems that provide 
inputs to the control surfaces or elements to assist 
the pilot in maneuvering and handling the aircraft in 
desired flight conditions. The AFCSs provide both 
oscillation damping (dynamic stability) and 
maintain desired flight attitude, speed and heading 
(static stability). Major components of the AFCSs 
are stick, collective and pedals position sensors,  
servo accelerometers, flight control panel, flight 
computer, rate gyros, air data and speed transducers, 
etc. 

In control theory, gain scheduling is an approach to 
control of non-linear systems that uses a set of linear 
controllers, which provides satisfactory control for a 
different operating point of the system. Scheduling 
variables are used to determine the operating region 
of the system and to enable the appropriate linear 
controller. In aircrafts, AFCSs have altitude and 
Mach number (or forward speed) as scheduling 
variables with different linear controller parameters 
available as look-up tables for various combinations 
of those two variables.  
 
A full nonlinear mathematical model of helicopter 
dynamics of prototyped helicopter with trim, 
performance and linearization analyses, human pilot 
analysis, and AFCS design is studied in [1]. Design 
handbook of the flexible rotor used in the prototype 

helicopter is given in [2]. Similarly full nonlinear 
rotorcraft dynamics model of Sikorsky UH-60A is 
studied in [3]. On the other hand, gain scheduled 
control system for the modeled prototype helicopter 
is evaluated in [4]. Similarly reconfigurable control 
for a tandem helicopter is investigated in [5]. 
Automatic flight control systems and flight dynamic 
are studied in [6-7]. Optimal control theory is 
evaluated in [8]. Gain scheduling theory and 
applications are studied in [9]. Helicopter flight 
dynamics and theory is researched in [10-12]. Some 
rotorcraft control systems such as state feedback and 
robust control are designed in [13-16]. Fuzzy and 
classical control approaches are applied to the 
problem in [17-18]. The significance of this paper is 
evaluation of the problem from beginning to the end 
which means modeling the rotorcraft dynamics, 
calculation of corresponding stability and control 
derivatives, design of control system for a flight 
envelope and simulation of control system with 
nonlinear flight dynamics.  
 
In this paper, we will first study nonlinear rotorcraft 
equation of motion. Rotor dynamics and 
aerodynamics is not evaluated, but referred from [1] 
because these are hard to study in this paper. Then, 
we will linearize rotorcraft flight dynamics near a 
trim condition and propose a gain scheduled LQ 
optimal control law to be integrated in AFCS. We 
are going to perform all simulations with Matlab-
Simulink on nonlinear flight dynamics model given 
at the end of the paper. 
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2 Problem Formulation 

In this paper, we have considered a prototype 
helicopter designed and manufactured by Rotorcraft 
Design and Excellence Centre (ROTAM) - Istanbul 
Technical University (ITU) [1]. The rotorcraft has 
four flexible blades with Hanson’s rotor hub model 
[2]. Tail rotor is designed as conventional one and 
empennages are fixed. The helicopter is equipped 
with a turbo-shaft engine which produces 650 SHP 
(shaft horsepower). A picture of the rotorcraft from 
manufacturing phase is given in Figure 1 and some 
parameters for mathematical model are illustrated in 
Table 1. 
 
Table 1 Some helicopter parameters [1] 
Main Rotor   
Blade number………………… 
Radius………………………… 
Rotor angular velocity……….. 
Blade twist……………………. 
Rotor solidity…………………. 
STA…………………………… 
BL…………………………….. 
WL……………………………. 

4 
5.5 

318 
-10 

0.065 
5.0 
0.0 
5.7 

- 
m 
rpm 
deg 
- 
m 
m 
m 

Tail Rotor   
Blade number………………… 
Radius………………………… 
Rotor angular velocity………... 
Rotor solidity…………………. 
STA…………………………… 
BL…………………………….. 
WL……………………………. 

2 
0.914 
2226 
0.127 

11.6 
-0.4 
4.20 

- 
m 
rpm 
- 
m 
m 
m 

Vertical Fin   
Area…………………………… 
Incidence……………………... 
STA…………………………… 
BL…………………………….. 
WL……………………………. 

0.796 
7.10 

11.76 
0.17 
1.00 

m2 
deg 
m 
m 
m 

Horizontal Stabilizer   
Area…………………………… 
Incidence……………………… 
STA…………………………… 
BL…………………………….. 
WL…………………………..... 

0.544 
0.00 
9.77 
0.40 
3.80 

m2 
deg 
m 
m 
m 

Fuselage   
Gross Weigh………………….. 
STA…………………………… 
BL…………………………….. 
WL……………………………. 

2027 
4.93 
0.01 
3.20 

kg 
m 
m 
m 

 

 
Figure 1 Prototyped Helicopter 

Automatic Flight Control System (AFCS) proposed 
with this study consists of speed hold, height hold, 
and heading hold properties. Schematic view of 
AFCS panel on the board is shown in Figure 2. The 
panel includes a master switch to turn on/off the 
system. Speed, height and heading hold switches as 
well have on and off options. When the master 
switch is engaged, AFCS supplies short-term 
attitude and attitude rate stabilization to assist the 
pilot. For use in hands-free flight pilot must 
switched on speed hold, height hold, and heading 
hold switches. The rotorcraft will keep current 
flying speed just after turning speed hold switch on. 
Beside, height hold switch should be turned on to 
hold current flight altitude. If speed hold is on when 
height hold is turned on then control algorithm that 
runs for speed hold is cancelled and a new control 
law is replaced both for speed an altitude hold 
mode. And finally, turning heading switch on will 
keep rotorcraft heading angle at current flying yaw 
angle. 

 
Figure 2 Schematic view of flight control panel 

We should first define nonlinear flight dynamics of 
the rotorcraft to design a control law for 
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stabilization. Then we can easily linearize nonlinear 
dynamics near any trim point. Hence a LQ optimal 
control law, as we desire, can be structured. 
 
The rigid-body equation of motion of the rotorcraft 
is as [1,3,6,11]: 
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where X, Y, Z are the acting total forces in (N); L, M, 
N are the acting total moments in (Nm); uB, vB, wB 
are the body velocities in (m/s); pB, qB, rB are the 
body angular rates in (rad/s); B, B, B are the body 
attitude angles in (rad); c = cos, s = sin, t = tan, sc = 
sec; m is the mass in (kg) and I is the inertia matrix 
as: 
 

xx xy xz

xy yy yz

xz yz zz

I I I
I I I I

I I I

  
    
   

   (4) 

 
Expansion of X, Y, Z, L, M, N for a single rotor 
helicopter is studied in [1,3,10,11,12]. We pass this 
stage because evaluating rotorcraft forces and 
moments are wide area of study. We will use only 
results that we have obtained. 
 
Design procedure of AFCS is based on linear 
quadratic optimal control problem. At this stage, 
nonlinear flight dynamics will be linearized and 
control law will be designed on linear flight 
dynamic model. To guarantee the stability at any 
flight speed and altitude control gains will be 
scheduled for flight speed and altitude by flight 
computer from data tables. We would like to point 
that simulations of AFCS will be performed on 
nonlinear flight dynamics model. 

The linear form of above equation of motions (1)-
(3) describing rigid body motion of helicopter is of 
the form:  
 

   x A x B        (5) 
 
where x is the perturbations from trim of the states 
variables of longitudinal motion: uB, wB, qB, B and 
lateral motion: vB, pB, B rB B; δ is the deviation 
from trim control positions of longitudinal motion 
c, 1s and lateral motion 1c, p. The elements of the 
A and B matrices consist of inertial and gravitational 
terms that can be obtained analytically from the 
equation of motion (1)-(3) and partial derivatives 
formed from aerodynamics forces and moments. 
The force and moment derivatives can be obtained 
by considering both position and negative 
perturbation from trim as [1,9]: 
 

0 0( ) ( )
2B

B B
u

B B

X u u X u uXX
u u

    
 
 

   (6) 

 
Normalized stability and control derivatives for 
longitudinal motion are xi=Xi/m, zi=Zi/m, mi=Mi/Iyy, 
where i = uB, wB, qB, δc, δ1s. For lateral motion 
stability and control derivatives are normalized as 
yj=Yj/m, jl =(IzzLj+IxzNj)/Ic, jn =(IxzLj+IzzNj)/Ic, 

where j = vB, pB, rB, δ1c, δp and 2
c xx zz xzI I I I  . 

These derivatives are calculated for considered 
helicopter in [1] for many trim conditions. At the 
end of the paper in Table 2 we give some stability 
and control derivatives for prototype helicopter 
model at different flight speeds and altitudes. Also, 
corresponding stability and control derivatives that 
appear in this paper can be easily calculated from 
nonlinear flight dynamics model for any trim 
conditions in the bounds of 0 to 70 m/s forward 
speed and 0 to 10,000 ft of flight altitude with steps 
size of 5 m/s of forward speed and 2,500 ft of 
altitude. 

2.1 Speed Hold Problem 
For speed hold problem now consider linearized the 
set of equation witch are enough to describe 
longitudinal flight dynamics of the helicopter [6]: 

 0 0

1 1

cos

       
C

B u B w B q B

c s s

u x u x w z w q g

x x 



 

    

 


  (7) 

 0 0

1 1

sin

       
C

B u B w B q B

c s s

w z u z w z u q g

z z 



 

    

 


  (8) 
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1 1CB u B w B q B c s sq m u m w m q m m         (9) 

B Bq                   (10) 
 
The state space form is: 
 

SH SH SH SH SH

SH SH SH

( ) ( ) ( )
( ) ( )

x t A x t B t
y t C x t

 




              (11) 

 
where the state vector is xSH(t)=[uB wB qB B]T, the 
control vector is SH(t)=[c 1s]T, CSH is unit matrix, 
and  
 

0 0

0 0
SH

cos
sin
0

0 0 1 0

u w q

u w q

u w q

x x x w g
z z z u g

A
m m m




  
   
 
 
 

             (12) 

1

1

1

SH

0 0

C s

C s

C s

x x

z z
B

m m

 

 

 

 
 
   
 
  

               (13) 

 
The stability of longitudinal flight dynamics can be 
determined by calculation of the eigenvalues of the 
system matrix (ASH). Eigenvalues are illustrated in 
Figure 3 for considered flight envelope. There are 
many roots at rights side of imaginary axis which 
means that open-loop longitudinal dynamics are 
unstable.  
 
2.2 Height Hold Problem 
For height/altitude hold system linear height 
dynamics as given below are included to the linear 
longitudinal dynamics described in previous 
subsection by (12)-(13) as [6]: 
 

0B Bh w u                     (14) 
 
Therefore, the state vector can be rewritten as 
xSH(t)=[uB wB qB B h]T. Then, system and control 
distribution matrices can be formed as: 
 

0 0

0 0

0

c 0
s 0
0 0

0 0 1 0 0
0 1 0 0

u w q

u w q

SH u w q

x x x w g
z z z u g
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u



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   
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 
  

              (15) 
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               (16) 

 
The eigenvalues of height hold dynamics are given 
in Figure 3. As seen from the figure so many 
eigenvalues are the right side of imaginary axis and 
the worst situation is that some of them have greater 
values which mean that those modes cannot be 
stabilized by a human pilot.    
  

 
Figure 3 Eigenvalues of open-loop longitudinal 

helicopter flight dynamics. 

2.3 Heading Hold Problem 
Heading of rotorcraft is determined by lateral flight 
dynamics. The set of equation which describes 
lateral flight dynamics are [6]: 

   
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The state space form is: 
 

HH HH HH HH HH
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
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where the state vector is xSH(t)=[vB pB B rB B]T, the 
control vector is HH(t)=[1c p]T, and  
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               (24) 

 
Figure 4 Eigenvalues of open-loop lateral helicopter 

flight dynamics. 
 

The stability of lateral dynamics system can be 
obtained by calculation of the eigenvalues of the 
system matrix AHH. Eigenvalues are illustrated in 
Figure 4 for considered flight envelope. There are 
many roots at rights side of imaginary axis which 
means that open-loop longitudinal dynamics are 
unstable. 
 
3 Design of Automatic Flight Control 
System (AFCS)  
Typically, SAS, autopilot and flight director systems 
and modes of operations are lumped together and 
referred to as an Automatic Flight Control System 
(AFCS). There can be various combinations of 
single and dual AFCS installations available for a 
particular helicopter model. In this paper we have 
considered single mode. The LQ optimal control 
law for AFCS is designed to reduce pilot workload, 

improve mission reliability and enhance safety of 
flight.  
 
3.1 LQ Optimal Control Law 
Consider that helicopter flight dynamics are 
described with linear set of equations like (15)-(16) 
or (23)-(24). To achieve an optimal condition a 
performance measure to be minimized should be 
defined [8]: 

  
0

1 ( ) ( ) ( ) ( ) ( ) ( )
2

T TJ x t Q t x t t R t t dt 


 
         

(25) 

where Q is a real symmetric positive semi-definite 
matrix, R is a real symmetric positive definite 
matrix, x and  are states and control vectors, 
respectively. In the design process, it is assumed that 
the states and controls are not bounded. However, 
control inputs are bounded due to physical limitation 
of the swash plate mechanism and also states of the 
system are bounded because of aerodynamic rules 
and performance of power-plant. Here, the aim is to 
maintain the state vector close to the origin without 
an excessive expenditure of control effort. So, the 
optimal control law is linear and it is formed as a 
combination of the system as [8]: 
 

* 1 * *( ) ( ) ( )Tt R B Fx t Kx t                   (26) 

where F is the solution of following Algebraic 
Riccati Equation (ARE): 

1 0TA F FA Q FBR BF                  (27) 

And the optimal cost of performance index can be 
calculated from: J = 0.5xT(0)Kx(0).  
The stability of the closed-loop system can be 
determined by calculation of the eigenvalues of the 
closed-loop system matrix A – BR-1BTF or (A – BK) 
according to the optimal control law (26). 
 
3.2 Gain Scheduled LQ Optimal Law 
Gain scheduling simply means changing values of 
control matrix according to predefined conditions. 
In this paper, the control law is calculated for each 
trim points considered in flight envelope. In other 
words, the control matrix K is determined from 
forward speed and flight altitudes as: 
 

* *( , , ) ( , ) ( )h u t K h u x t                 (28) 
 
In this paper we have obtained surfaces for each 
gain of control matrix K. 
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Figure 5 Block scheme of proposed AFCS 

 
 
3.3 Gain Scheduled Speed Hold AFCS 
The proposed LQ optimal control law for speed hold 
AFCS is considered as: 
 

 * *

1
( , ) ( )c

SH SH
s

K h u x t




 

   
 

              (29) 

 
where KSH,ij(h,u) is the scheduled control matrix 
which elements are selected from Figure 9. In flight 
computer these plots are coded as look-up tables. 
The eigenvalues of Speed Hold AFCS are illustrated 
in Figure 6. As seen from figure closed-loop 
eigenvalues are at left side of imaginary axis which 
means the system is stable. After speed hold is 
turned on, reference value is selected to be current 
forward flight speed. Therefore, longitudinal 
dynamics of the rotorcraft is stabilized near selected 
forward speed by selection of proper gains from 
look-up tables in (30) and therefore hands free flight 
is achieved. 
 

 
Figure 6 Eigenvalues of closed-loop speed hold 

system 
 
 
 

 
3.4 Gain Scheduled Height Hold AFCS 
Similarly to previous control law height hold is 
formed as: 
 

* *

1
( , ) ( )c

AH AH
s

K h u x t




 

   
 

              (30) 

 
where KAH,ij(h,u) is the scheduled control matrix 
which elements are selected form Figure 10. 
Switching height hold on selects reference values to 
be current forward speed and altitude. If speed hold 
is on when height hold is switched on then control 
law for longitudinal motion is replaced with height 
hold control algorithm (31). Therefore, longitudinal 
dynamics of the rotorcraft is stabilized near selected 
forward speed and flight altitude. The eigenvalues 
of Speed Hold AFCS are illustrated in Figure 7. O, 
the stability of the closed-loop system is graphically 
shown. All real parts of eigenvalues of height hold 
system are negative signed with enough damping 
values. 
 

 
Figure 7 Eigenvalues of closed-loop height hold 

system. 
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3.5 Gain Scheduled Heading Hold AFCS 
The proposed LQ optimal control law for heading 
hold AFCS is considered similarly to previous ones 
as: 
 

1* *( , ) ( )c
HH HH

p
K h u x t





 

   
 

              (31) 

 
where KHH,ij(h,u) is the scheduled control matrix 
which elements are selected from Figure 11. In 
flight computer these plots are coded as look-up 
tables. The eigenvalues of Heading Hold AFCS are 
illustrated in Figure 8. As seen, all eigenvalues of 
closed-loop system for bounded flight condition are 
pushed to the left side of imaginary axis. This pilot 
illustrates graphically the stability of the system. 
 

 
Figure 8 Eigenvalues of closed-loop heading hold 

system. 
 
 
4 Simulations 
After design of AFCS we need to test its 
performance and time responses. For this purpose 
we have considered nonlinear rotorcraft dynamics 
model of prototype helicopter given in [1]. The 
mathematical model is built in Matlab-Simulink 
environment and top view of its block diagram is 
given in Figure 12. Time responses of pure 
rotorcraft dynamics or disabled (off mode) of AFCS 
are shown in figure 13. As seen from the figure the 
unstable nature of rotorcraft pushes state variables 
away from steady state situation after 4 seconds. 
This time is sufficient for the pilot to take a control 
action to stabilize the rotorcraft. To improve mission 
reliability, enhance safety of flight without 
excessive control inputs and reduce pilot workload 
AFCS is enabled for different operating cases and 
maneuvers. 

Time responses of maneuvers rejecting 5 m/s (9.72 
knots) vertical and sideward winds with 5 seconds 
duration at sea level and 30 m/s (58.32 knots) 
forward flight speed are given in Figure 14 and 15, 
respectively. In this case, only master switch of 
AFCS is on. The disturbance wind effects are 
rejected with high damping pitch and roll rates for 
both cases. However rotorcraft model is losing 30 m 
of altitude and pushed 25 m to sideward for each 
maneuver.   
 
Forward speed correction maneuver at sea level and 
30 m/s (58.32 knots) forward flight speed is given in 
Figure 16. The optimal control algorithm eliminates 
3 m/s forward speed error in a couple of seconds 
with high damping attitude rates where only master 
switch of AFCS is on. On the other hand, attitude 
angles reach steady state in 15 seconds with a 
confortable maneuver. 
 
Time responses for total 7.1 m/s (13.8 knots) 
crosswind rejection at sea level and 30 m/s (58.32 
knots) forward flight speed when AFCS master, 
speed hold, height hold, and heading hold switches 
are engaged are given in Figure 17. The distributive 
crosswind with 5 seconds duration is eliminated in 
15 seconds. LQ optimal control algorithm provides 
high damping roll, pitch and yaw rates. But roll 
angle seems to exhibit damped oscillation for a 
while during stabilization because of the 7.1 m/s 
crosswind. For this disturbance rejection maneuver 
only collective inputs appears to provide a little bit 
high control values in arrange of 15 degrees to keep 
rotorcraft at desired flight altitude, where the rest 
control inputs changes in 2-3 degrees. 
 
5 Conclusion 
In this paper, we have introduced nonlinear rigid 
body dynamics for rotorcraft mathematical model. 
Then we have linearized helicopter flight dynamics 
to design a gain scheduled LQ optimal control 
system to reduce pilot workload, improve mission 
reliability and enhance safety of flight without 
excessive control inputs. We have designed our 
AFCS to stabilize helicopter flight dynamics and 
maintain desired flight speed, altitude and heading 
as gain scheduled where gains of feedback matrix 
are selected with flight speed and altitude from 
look-up tables coded in flight computer. 
 
Stability analyze is performed graphically by 
plotting eigenvalues both for open and closed-loop 
systems in considered flight envelope which bounds 
are 0 to 70 m/s forward speed and 0 to 10,000 ft of 
flight altitude. Proposed LQ optimal control law 
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have pushed eigenvalues to the left side of 
imaginary axis for all design conditions.  
 
Proposed control laws are designed on linear flight 
dynamics however they are evaluated in nonlinear 
flight dynamics mathematical model of the 
prototype helicopter. Simulation results illustrate 
effectiveness of evaluated method and techniques. 
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Table 2 Some stability and control derivatives of prototype helicopter 
 
Uo      h       T       GW  
0m/s    0ft     288K    2027kg 
   Φ       θ       ψ      θc       θ1s     θ1c     θp  
  -0.0262  0.0538       0 13.6447 -0.0034 -0.1105  9.5916 
   
   U       V       Q       V       P       R       dc      d1s     d1c     dp 
X       0 -0.0047  0.0000 -0.0003 -0.0061  0.0013  0.0938  0.0588 -0.0442 -0.0002 
Z  0.0242  0.0779  0.2786  0.0065  0.2755 -0.2800 -1.7419 -0.0045 -0.0006       0 
M -0.0008  0.0042 -0.0101  0.0108  0.0004  0.0158 -0.0808 -0.7503 -3.9854  0.0023 
Y -0.2442 -0.1808       0  0.0050  0.0138  0.4203 -0.0466  0.0443  0.0587  0.0744 
L -0.0363 -0.0820 -0.1529  0.0404 -0.6056  1.0936 -0.0947-12.0167  0.4145  0.0726 
N  0.0877  0.0673  0.0063 -0.0026  0.0305 -0.9925  0.2979  0.4976 -0.0011 -0.2150 
 
30m/s    0ft     288K    2027kg 
 0.0067  0.0404       0 12.0081 -2.0898  1.0178  2.9790 
 
 0.0017  0.0762 -0.0238 -0.0028  0.0159 -0.0053  0.1755  0.1640 -0.0350  0.0023 
 0.0019 -0.9037  0.0190  0.0237  0.0100 -0.0006 -2.1228 -0.7802 -0.2266 -0.0000 
 0.0869  0.0474 -0.2397 -0.0247  0.0305 -0.0136  0.3624 -0.9286 -3.9284  0.0062 
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 0.0045 -0.0629  0.0798 -0.0292 -0.1612  0.1856 -0.0511  0.0628  0.1194  0.0564 
-0.8048 -1.0501  2.5507  0.0064 -1.2738  0.6285 -5.0258 -12.416  0.7047 -0.0759 
 0.0211 -0.0639 -0.1142  0.0992 -0.0243 -0.3409  0.3667  0.5662  0.0558 -0.2224 
 
 
50m/s    0ft     288K    2027kg 
 0.0010  0.0212       0  13.0776 -3.8261  2.0694  2.7301 
 
-0.0073  0.1136 -0.0205 -0.0044  0.0516 -0.0076  0.2428  0.1894 -0.0178  0.0059 
 0.0636 -1.0784 -0.1243  0.0402  0.0210 -0.0011 -2.3899 -1.2139 -0.2958 -0.0000 
 0.1108  0.1422 -0.3302 -0.0399  0.1148 -0.0193  0.7565 -0.8434 -3.8725  0.0147 
 0.0127 -0.1080  0.1366 -0.0435 -0.2722  0.0864 -0.0828  0.0780  0.1040  0.0732 
-0.7513 -2.0256  2.9565 -0.0339 -2.0840  0.3336 -8.4355 -12.868  0.3564 -0.0818 
 0.0184 -0.0618 -0.1202  0.1286 -0.0213 -0.1402  0.4858  0.5850  0.1714 -0.2825 
 
70m/s    0ft     288K    2027kg 
-0.0216 -0.0059       0 16.1051 -7.0568  4.1965  3.4213 
 
-0.0207  0.1657 -0.0050 -0.0045  0.0770 -0.0002  0.3007  0.2051  0.0145  0.0079 
 0.1100 -1.2599 -0.2410  0.0571  0.0334 -0.0006 -2.5473 -1.6040 -0.2958  0.0000 
 0.1873  0.3377 -0.5433 -0.0510  0.1813 -0.0030  1.2968 -0.5709 -3.7399  0.0196 
 0.0285 -0.1486  0.1752 -0.0561 -0.3828 -0.0145 -0.0792  0.1145  0.0400  0.0826 
-0.8880 -3.2134  3.7702 -0.0898 -2.8802 -0.0892 -11.599 -13.416 -0.0705 -0.1056 
-0.0113 -0.0323 -0.0691  0.1457 -0.0083  0.0049  0.5190  0.5609  0.4245 -0.3251 
 
 
0m/s    10000ft  288K    2027kg 
-0.0290  0.0540       0 15.4939 -0.0078 -0.1541 12.4208 
 
      0 -0.0036  0.0000 -0.0002 -0.0054  0.0011  0.0736  0.0410 -0.0480 -0.0002 
 0.0243  0.0760  0.2797  0.0056  0.2903 -0.2810 -1.3631 -0.0040  0.0013       0 
-0.0009  0.0042 -0.0102  0.0093  0.0030  0.0142 -0.0631 -0.7423 -2.8190  0.0023 
-0.2447 -0.1389       0  0.0045  0.0119  0.3183 -0.0358  0.0481  0.0409  0.0588 
-0.0364 -0.0789 -0.1535  0.0361 -0.6516  0.9018 -0.0863 -8.8377  0.5240  0.0575 
 0.0878  0.0523  0.0064 -0.0023  0.0318 -0.7377  0.2764  0.3659 -0.0077 -0.1701 
 
30m/s    10000ft  288K    2027kg 
 0.0060  0.0457       0 13.7738 -2.7966  0.9509  4.1949 
 
 0.0061  0.0568 -0.0268 -0.0015  0.0010  0.0002  0.1340  0.1229 -0.0480 -0.0001 
-0.0122 -0.6782  0.0490  0.0174  0.0073 -0.0004 -1.5853 -0.5744 -0.1214 -0.0000 
 0.0258 -0.0052 -0.0765 -0.0169 -0.0037 -0.0001  0.0296 -0.8594 -2.7881  0.0006 
 0.0066 -0.0439  0.0526 -0.0199 -0.1369  0.1514 -0.0213  0.0663  0.0920  0.0379 
-0.8125 -0.7843  2.4114  0.0149 -1.0610  0.5475 -3.6581 -9.0889  0.7369 -0.0794 
 0.0222 -0.0621 -0.1113  0.0717 -0.0067 -0.2656  0.3208  0.4307  0.0234 -0.1612 
 
 
50m/s    10000ft  288K    2027kg 
 0.0086  0.0350       0 14.7539 -4.9817  1.8624  3.6433 
 
-0.0011  0.0843 -0.0248 -0.0033  0.0326 -0.0053  0.1841  0.1374 -0.0370  0.0039 
 0.0450 -0.8017 -0.0776  0.0294  0.0153 -0.0011 -1.7654 -0.8674 -0.1647 -0.0001 
 0.0347  0.0184 -0.1258 -0.0297  0.0686 -0.0130  0.1314 -0.8276 -2.7668  0.0098 
 0.0117 -0.0732  0.0917 -0.0315 -0.2024  0.0738 -0.0317  0.0796  0.0861  0.0503 
-0.7438 -1.5002  2.6436 -0.0208 -1.5463  0.2904 -6.0508 -9.2135  0.5336 -0.0755 
 0.0246 -0.0609 -0.1236  0.0943 -0.0115 -0.1187  0.4318  0.4513  0.0886 -0.2028 
 
70m/s    10000ft  288K    2027kg 
 0.0079  0.0253       0 17.3899 -8.6025  3.4434  4.7435 
 
-0.0087  0.1048 -0.0169 -0.0036  0.0508 -0.0013  0.2229  0.1617 -0.0056  0.0055 
 0.0786 -0.8472 -0.1613  0.0415  0.0247 -0.0015 -1.8139 -1.2095 -0.2690 -0.0001 
 0.0699  0.0356 -0.2370 -0.0388  0.1106 -0.0042  0.2178 -0.6807 -2.4986  0.0139 
 0.0226 -0.0910  0.1178 -0.0419 -0.2839  0.0029 -0.0115  0.0938  0.0339  0.0556 
-0.7396 -2.3294  2.9673 -0.0629 -2.1327 -0.0024 -7.9537 -8.9520  0.1565 -0.1021 
 0.0129 -0.0080 -0.1141  0.1100 -0.0006 -0.0140  0.5511  0.4497  0.2019 -0.2328 
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Figure 9 Gain scheduling surfaces of speed hold feedback matrix gain, KSH(h,u). 
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Figure 10 Gain scheduling surfaces of height hold feedback matrix gain, KAH(h,u). 
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Figure 11 Gain scheduling surfaces of heading hold feedback matrix gain, KHH(h,u). 
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Figure 12 Block diagram of nonlinear flight dynamics of prototyped helicopter 
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Figure 13 Time responses of nonlinear model for a trim condition (h = 0ft, u = 30m/s): AFCS is off. 

 
 

 

 
Figure 14 Rejection of vertical wind (h = 0ft, u = 30m/s): AFCS is on. 
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Figure 15 Rejection of side wind (h = 0ft, u = 30m/s): AFCS is on. 

 

 

 
Figure 16 Forward speed correction manoeuvre (h = 0ft, u = 30m/s): AFCS is on. 
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Figure 17 Rejection of vertical and side wind (h = 0ft, u = 30m/s): AFCS is on, speed hold is on, 

 height hold is on, and heading hold is on. 
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