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ABSTRACT 
 
In this paper, lateral beam guidance autopilot system has considered as an 
aerospace application. The construction and derivation of the equations of motion is 
considered and partial modification in internal construction of the autopilot has 
performed. Proposed efficient fuzzy logic and robust compensator control have 
applied to the lateral beam autopilot system to increase damping oscillation. 
Moreover, for comparisons the conventional optimal control has designed and 
evaluated. The robustness and convergence of the system due to the stability 
derivatives variations are studied. Efficient fuzzy logic control is preferred for this 
system where, it does not require the complex mathematics associated with 
conventional control techniques. The digital simulation results show the effectiveness 
of the proposed fuzzy logic and LQG controllers in terms of fast damping the 
oscillations, small settling time, and less over/under shoots. 
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Nomenclature  
 
p  Aircraft angular velocity in roll 
q  Aircraft angular velocity in pitch 
r  Aircraft angular velocity in yaw 
φ  Roll angle 
ψ  Angular displacement in yaw (heading angle) 
g  Acceleration due to gravity 
α  Angle of attack 
θ  Angular displacement in pitch 
ε  Angle of downwash at tail of plane 
U  Forward speed of the aircraft in roll (Ox) directions 
V  Forward speed of the aircraft in pitch (Oy) directions 
W  Down speed of the aircraft in yaw (Oz) directions 

Rδ  Rudder deflection 

oeω  Washout circuit output 
γ  Bank angle 
 

1. INTRODUCTION 
 

Lateral beam guidance autopilot system was study with the static fuzzy logic 
controller with both types direct and indirect methods [1]. There are three basic 
asymmetric motions of an aircraft: firstly sideslip, roll, and yaw [2]. The 
corresponding velocities are the sideslip velocity v  of the center of gravity , the rate 
of roll 

O
p  about the axisOx , and the rate of yaw r  about the axis . The 

aerodynamic forces and moments due to these velocities can be expressed in terms 
of non-dimensional derivatives. Consider an airplane in flight, as sketched in Fig. 1-
a. The center of gravity (the point through which the weight of the complete airplane 
effectively acts) is denoted as CG. The xyz orthogonal axis system is fixed relative to 
the airplane: the x-axis is along the fuselage, the y-axis is along the wingspan 
perpendicular to the x-axis, and the z-axis is directed downward, perpendicular to the 
x-y plane. The origin is at the CG. The translational motion of the airplane is given by 
the velocity components U, V and W along the x, y, and z directions, respectively 
[3,4].  

Oz

 
Note that the resultant free stream velocity is the vector sum of U, V, and W. The 
rotation motion is given by the angular velocity components p, q, and r about the x, y, 
and z axes, respectively. These rotational velocities are due to the moments 

 about the x, y, and z axes respectively. Rotational motion about the x-
axis is called roll; and P are the rolling moment and velocity respectively. 
Rotational motion about the y-axis is called pitch; M and q are the pitching moment 
and velocity respectively. Moreover, the rotational motion about the z-axis is called 
yaw; N and r  are the yawing moment and velocity[5]. 

∞V

NandML ,,'
'L

 
There are three basic controllers on an airplane- the ailerons, elevator, and rudder, 
which are designed to change and control the moments about the x, y, and z axes.  
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These control surfaces are shown in Fig. 1-b,c, they are flap like surfaces that can 
be deflected back and forth at the command of the pilot. The ailerons are mounted at 
the trailing edge of the wing, near the wingtips. The elevator is located on the 
horizontal stabilizer. In some modern aircraft, the complete horizontal stabilizer is 
rotated instead of just the elevator (so-called “flying tails”). The rudder is located on 
vertical stabilizer, at the trailing edge. Just as in the case of wing flaps. The rudder is 
deflected to the right, creating a leftward aerodynamic force on the tail, thus 
contributing to the yawing moment N. 
 
In this paper, the rudder motion and control is concentrated. Proposed efficient fuzzy 
logic and LQG controllers design and application to the lateral beam system and 
rudder motion  to increased the damping oscillation in sideslip angle,  angular 
velocity in yaw and roll direction[6-9]. For comparison, the conventional optimal 
feedback control has designed and applied to the system.  The fuzzy control is 
simple and effective damping for aerospace application. Using MATLAB fuzzy logic 
toolbox for simulation process [10,11].  
  
2.  LATERAL BEAM GUIDANCE MODEL  
      

 Two models has evaluated in this study as the following: 
 
2.1. Model-1:  Classical Automatic Lateral Beam Model 

 In derivation of the lateral equation of motion of aircraft, suppose 
.
ψ and  

instead of r and p respectively but this assumption is valid only for small perturbation 
from equilibrium [1]. These equations has described as: 

.
φ

 

           }      (1) 
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For small quantities of the first order, equation 1 becomes as: 
 

         (2) 
...

,, ψθφ === rqp
 
The state equation of sideslip angle and velocity in roll,  pitch and yaw angle are in 
[1] as: 

      }                 (3) 
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]

The system in matrix form is 
 

1111

.

1 uBXAX +=          (4) 
 
Where; the state and input vectors are defined as: 
 
          [ ] [ '

1
'

1 , RAurpX δδφβ ==
 
A1 is the state dynamic matrix, and B1 is the input vector of model-1  
   
 
2.2. Model-2:  Effect Of The Dutch Roll Damper 
  

The yaw damper adds two differential equations to the classical system as: 
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 Substitute by 
.
r  from Eqn.3, the washout circuit output becomes: 
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Where; 

,.......,,,, '''''
RA

NNNNN rp δδβ  are the system parameters 

The final dutch- roll damper equations have represented as: 
 

             (6) 2222

.

2 uBXAX +=
 
Where;  the state vector and control vector become: 
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Where;  A2 is the state dynamic matrix, and B2 is the input vector of model-2  
 
             
3. EFFICIENT FUZZY LOGIC CONTROL  

 
Fuzzy logic has an advantage over other control methods because it does not 
sensitive to plant parameter variations. The fuzzy logic control approach consists of 
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three stages, namely fuzzification, fuzzy control rules engine, and defuzzification. To 
design the fuzzy logic to the lateral beam guidance system, the input signals are the 
sideslip angle deviation at sampling time and its change. In addition, the output 
signal has the control signal to the autopilot. Fig.2 shows the Fuzzy logic control 
scheme. While the fuzzy membership function signal has described in Fig. 3,  and 
fuzzy control rules have illustrated in table.1. Fig.4 shows the complete system 
consists of fuzzy logic and aircraft model  
 
3.1. How the Fuzzy Work 
 
 Many steps for fuzzy logic control work are as the following: 
1) Define the control objectives and criteria: What do I have to do to control the 
system?  
2) Determine the input and output relationships,  and choose a minimum number of 
variables for input to the FLC engine (typically error and rate-of-change-of-error).    
3) Using the rule-based structure of FLC, break the control problem down into a 
series of IF X AND Y THEN Z rules that define the desired system output response 
for given system input conditions                                                                                                       
 4) Create FLC membership functions that define the meaning (values) of 
Input/Output terms used in the rules.                                                                                                  
 5) Create the necessary pre- and post-processing FLC routines if implementing in 
S/W, otherwise program the rules into the FL H/W engine.                                                        
 6) Test the system, evaluate the results, tune the rules and membership functions, 
and retest until satisfactory results have obtained. 

3.2. Fuzzy Membership Function And Rules 

Membership function shapes of error and derivative error and the gains have 
chosen to be identical with triangular function for fuzzy logic control as shown in Fig. 
3 and the range of scale from -1 to 1, Also the number of rules is 7. However, this 
horizontal axis range has taken different values because of optimizing controller. The 
membership function sets of FLC have shown in Fig.3. 

βΔTable 1.   Fuzzy logic control rules.  
 

βΔd  βΔ  
LN MN SN Z SP MP LP 

LN LP LP LP MP MP SP Z 
MN LP MP MP MP SP Z SN 
SN LP MP SP SP Z SN MN 
Z MP MP SP Z SN MN MN 
SP MP SP Z SN SN MN LN 
MP SP Z SN MN MN MN LN 
LP Z SN MN MN LN LN LN 
 
Where; 
LN: large negative membership function; MN: medium negative; SN: small negative; 

Z: zero; SP: small positive; MP: medium positive; LP: large positive.  
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4. OPTIMAL LQR CONTROL DESIGN 

 
The object of the optimal control design is determining the optimal control law 

u(t,x)  which can transfer system from its initial state to the final state  such that  
given quadratic  performance index is minimized.  

 
[K,S,E]=lqr(A,B,Q,R,N)        (7) 

Where: Q is positive semi definite matrix and R is real symmetrical matrix. The 
problem is to find the vector feedback K of control law, by choosing matrix Q and R 
to minimize the quadratic performance index J is described by  : 
 

                                                                                     ∫
∞

− ΔΔ+ΔΔ=
0

1 )( dtuRuxQxJ tt

 
The optimal control law is written as 

 
Δ u(t)= K Δ x (t)                                                                                                           
 
K= - R-1  Bt P                                                                                                  (8)           

The matrix P is positive definite, symmetric solution to the matrix Riccati equation, 
which has written as: 

P A + At P + Q -   P B R-1  Bt P = 0               (9)     

                                                                 
5. OPTIMAL COMPENSATOR LQG CONTROL 
 
We have introduced the Kalman filter, which is an optimal observer for multi-output 
plants in the presence of process and measurement noise, modeled as white noises. 
The optimal compensator Linear Quadratic Gaussian (LQG) consists of combine 
between optimal LQR control and Kalman filter[11].  In short, the optimal 
compensator LQG design process is the following: 
 

1- Design an optimal regulator LQR for a linear plant assuming full-state 
feedback (i.e. assuming all the state variables are available for measurement)  
and a quadratic objective function.  

2- Design a Kalman filter for the plant assuming a known control input, u(t), a 
measured output, y(t), and white noises, v(t) and z(t). The Kalman filter is 
designed to improve an optimal estimate of the state-vector. 

3- Combine the separately designed optimal regulator LQR and Kalman filter 
into an optimal compensator LQG. 

4- The optimal regulator feedback gain matrix, K, and the Kalman filter gain 
matrix, L, are used to complete closed  compensator system LQG as follows: 

 
From Eqn.( 7) get optimal regulator gain matrix K.  
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Calculate the Kalman filter gain as follows. Let the system as 
        . 
        x = Ax + Bu + Gw            {State equation}    (10) 
        y = Cx + Du + v             {Measurements} 
  
    with unbiased process noise w and measurement noise v with covariance’s 
  
        E{ww'} = Q,    E{vv'} = R,    E{wv'} = N , 
  
    [L,P,E] = LQE(A,G,C,Q,R,N)       (11) 
Returns the observer gain matrix L    such that the stationary Kalman filter 
        . 
        x_e = Ax_e + Bu + L(y - Cx_e - Du) 
  
Produces an optimal state estimate x_e of x using the sensor measurements y.  The 
resulting Kalman estimator can be formed with estimator. The noise cross-correlation 
N is set to zero when omitted. Also returned are the solution P of the associated 
Riccati equation 
                             -1 
        AP + PA' - (PC'+G*N)R  (CP+N'*G') + G*Q*G' = 0    (12) 
  
    and the estimator poles E = EIG(A-L*C). 
 
Using MATLAB function readymade command reg to construct a state-space model 
of the optimal compensator LQG, given a state-space model of the plant, sysp,  the 
optimal regulator feedback gain matrix K, and the Kalman filter gain matrix L. This 
command is used as follows: 
  
 ),,(_ LKsyspregclosedsys =      (13) 
 
Where; sys_closed is the state-space model of the LQG compensator. The final, get 
the system overall feedback  sysCL as: 
 
                (14) )_,( closedsyssyspfeedbacksysCL =
 
Where, sysCL is the state-space of LQG plus state-space of system with open-loop  
 
6. DIGITAL SIMULATION RESULTS 
 

The system parameters data are the following: 
 

8.9,70
0,10,5.3,1,1.0,1,1.0,1,1
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6.1. Model-1: 
 
Substitute by this data in Eqn. 3 and matrix form in Eqn.4, the  result state space of 
model-1 as follows: 
  

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

−−
−−

−−

=

0010
0215.0026.044.1
0929.043.14.10
14.0103014.

1A ,         (15) 

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

−
=

00
67.042.0
7.074.2

0053.00

1B

 
Substitute by the above values in Eqn. 7, results the optimal control gain K1 and S 
are: 
 

 ,  ⎥
⎦

⎤
⎢
⎣

⎡
=

2.6181    7.2921-   2.3655    0.2561-   
7.6393    2.7661    7.5586    3.5647-   

1K

 

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

=

1.3651    0.0170-   0.0584    0.0153    
0.0170-   0.2057    0.0113-   0.0130-   

0.0584    0.0113-   0.0569    0.0240-   
0.0153    0.0130-   0.0240-   0.5585  

S  

 
Also, from Eqn.11, get  of the Kalman filter gain matrix as 
 

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

=

0.0995    1.0905    
0.1577    0.0338-   
3.2436    0.9313-   

0.9313-   0.4708

L ,  

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

=

70.0289   8.1233    0.0995    1.0905    
8.1233    2.0197    0.1577    0.0338-   
0.0995    0.1577    3.2436    0.9313-   

1.0905    0.0338-   0.9313-   0.4708 

P

 
 
Applied optimal LQR control signal, optimal compensator LQG control and fuzzy 
logic control signal to system described by Eqn.15, and using initial sideslip angle 
state equal to 0.05 pu., the results are depicted in Figs.(5-9).    
Fig.5 shows the sideslip angle response due to 0.05 pu disturbance  with and without 
controller. Fig.6 depicts the role angle responses due to 0.05 pu disturbance  with 
and without controller. Also, Fig.7 displays the angular velocity in yaw direction 
response due to 0.05 pu disturbance with and without controller. Fig.8 shows the 
angular velocity in roll direction responses due to 0.05 pu disturbance  with and 
without controller. Fig.9.displays the sideslip angle response due to 0.05 pu 
disturbance with  LQR , LQG and fuzzy  controller  
 
 
6.2. Model-2:  (Effect Of Dutch Roll) 
 
Referred to Eqn. 5 and complete system in matrix form of Eqn.6, the result of  
are given as 

22 , BA
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⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎦
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⎢
⎢
⎢
⎢
⎢
⎢
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−−−−
−

−−−
−−

−−

=

167.00215.0026.044.1
10100000
000010
067.00215.0026.044.1
07.00929.03.144.10
0005.014.010301.0

2A ,          (16) 

⎥
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⎢
⎢
⎢
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⎣

⎡

=

042.0
100
00
042.0
074.2
00

2B

 
Substitute by the values in Eqn. 7 and choice matrix Q, the result of optimal 
control vector gain K2 as: 

22 , BA

 

  ⎥
⎦

⎤
⎢
⎣

⎡
=

0.1880    0.0877    0.0252    0.8053-   0.0077-   0.3228    
0.0560-   0.0280-   0.2058    0.8205    0.2182    1.1533-   

2K

Also, from Eqn.11, get  of the Kalman filter gain matrix and matrix P are: 
 

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

=

0.0965-   0.0159    
0.0957-   0.0143    
0.0049-   0.0915    
0.0816-   0.0096    
0.6731    0.1058-   

0.1058-   0.0272  

*001.0L , 

 

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

=

0.0002    0.0002    0.0002-   0.0001    0.0010-   0.0002    
0.0002    0.0002    0.0002-   0.0001    0.0010-   0.0001    
0.0002-   0.0002-   0.0320    0.0031    0.0000-   0.0009    

0.0001    0.0001    0.0031    0.0007    0.0008-   0.0001    
0.0010-   0.0010-   0.0000-   0.0008-   0.0068    0.0011-   

0.0002    0.0001    0.0009    0.0001    0.0011-   0.0003 

P

 
Figure 10 shows the angular velocity in roll direction response due to 0.05 pu 
disturbance with and without dutch roll effects without any signal controls. Also, 
sideslip angle response due to 0.05 in pu disturbance with and without dutch roll 
effect without any signal controls (comparison of model-1 and model-2 without 
control) is shown in Fig.11. 
 
Applied optimal LQR control signal, robust LQG control and fuzzy logic control signal 
to system described in Eqn.16, and using initial state disturbance equal to 0.05 pu., 
the results are depicted in Figs.(12-15). Fig.12 shows the sideslip angle response 
due to 0.05 pu disturbance  with  different controller of model-2. Fig.13 depicts the 
role angle responses due to 0.05 pu disturbance  with different controller of model-2. 
Also, Fig. 14 displays the angular velocity in roll direction responses due to 0.05 pu 
disturbance  with different controller of model-2. Moreover,  Fig. 15 shows the   
angular velocity in yaw direction response due to 0.05 pu disturbance with different  
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controller of model-2. Table.2 is described the eignvalues calculation of two models 
with and without controllers  

 
Table 2.  Eignvalues analysis of two models with and without controllers. 
 
Model Type Without 

controller 
Optimal 
controller 
 

Kalman Filter LQG+ Plant 
+Feedback 
Control 

 
Model-1 

-1.8410           
  -0.0362 + 1.4387i 
  -0.0362 - 1.4387i 
  -0.0330           
 

   -1.8479           
  -0.0962 + 1.4452i 
  -0.0962 - 1.4452i 
  -0.1619              
 

  -2.2338 + 2.2469i 
  -2.2338 - 2.2469i 
  -1.1708           
  -0.0224           
 

-22.9493           
  -5.6074           
  -2.2338 + 2.2469i 
  -2.2338 - 2.2469i 
  -1.1708           
  -0.9534           
  -0.8489           
  -0.0224      

 
Model-2 

  -9.1775           
  -0.1426 + 1.2945i 
  -0.1426 - 1.2945i 
  -1.7284 + 0.1354i 
  -1.7284 - 0.1354i 
  -0.0269      
 

  -9.7233           
  -0.4557 + 1.3965i 
  -0.4557 - 1.3965i 
  -0.5395           
  -1.5210           
  -2.0476           
 

  -9.1775           
  -1.7284 + 0.1354i 
  -1.7284 - 0.1354i 
  -0.1430 + 1.2945i 
  -0.1430 - 1.2945i 
  -0.0269           
 

  -9.1775           
  -9.7233           
  -0.1432 + 1.2946i 
  -0.1432 - 1.2946i 
  -0.4557 + 1.3965i 
  -0.4557 - 1.3965i 
  -0.0296           
  -0.5395           
  -2.0476           
  -1.7284 + 0.1354i 
  -1.7284 - 0.1354i 
  -1.5210           
 

 
 
7. DISCUSSION  
 
 Tables 3, 4 are displayed that the lateral beam model under study is stable 
but after long time (settling time >> 50 Sec.). Using Dutch roll on the system of 
model-1 to increased damping oscillation (settling time equal to 30 Sec.). But this 
situation is not enough for dynamic stability, with the result that the fuzzy logic 
controller and optimal linear quadratic Guassian compensator LQG have proposed 
and applied to model-1 (without Dutch roll effect) and model-2 ( with Dutch roll 
effects). The settling time with using proposed fuzzy logic control and Dutch roll 
effect decreased to 13 Sec., while,  5 % disturbance as a magnitude and starting 
time equal to 5 Sec.,. From the all state responses, show that the proposed fuzzy 
logic controller and robust LQG have decreased settling time and less over/under 
shoot than before controllers.  
 
8. GENERAL CONCLUSION 

 
Application of fuzzy logic control to the damping oscillation of lateral beam guidance 
autopilot system has proposed. Aircraft lateral landing autopilot structure is 
evaluated firstly which includes Dutch roll damper. The Dutch roll damper is damping 
the system but not enough for dynamic stability range. It has found that the fuzzy 
controller is more robust than conventional optimal controller for increasing damping 
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oscillations. The fuzzy logic controller is the best controller where it is the less 
settling time, small over/under shoots, distance taken to coincide on the centerline of 
the guidance beam and is the more robust to perturbation and variation of the aircraft 
stability derivatives around the nominal values of them.  It can be summary the main 
advantages of the fuzzy controllers as: 

   ● They do not require a detail mathematical model to formulate the 
algorithms of the controller. 
● Because of both error and error derivatives are required to evaluate the 
control action, the fuzzy controller has more adaptive capability. 
● By using different sets of control rules, the fuzzy controller can operate for 
a large of inputs. 

   ● The fuzzy logic controllers are more robust to the parametric changes 
than conventional optimal controller. 

Also, The robust LQG controller is the best compensator in this case. 
 
 
Table 3.  Settling time and over/under shoots calculation of sideslip angle 
response due to 0.05 pu. Disturbance of Model-1. 
 
 Without 

control 
Model-1 

Optimal 
control 

Fuzzy  control LQG- Control 

Settling 
time (Sec.) 

>> 50 Sec. 42 Sec. 30 Sec. 30 Sec. 

Over shoot 
in (pu.) 

0.052 0.05 0.05 0.05 

Under 
shoot (pu.) 

-0.04 -0.035 -0.03 0.0 

Disturbance 
start time 
(Sec.) 

5 Sec. 5 Sec. 5 Sec. 5 Sec. 

 
 
Table 4.  Settling time and over/under shoots calculation of sideslip angle 
response due to 0.05 pu. Disturbance of Model- 2. 
 
  (model-2) 

Without 
control 
 

Optimal 
control 

Fuzzy  control LQG- Control 

Settling 
time (Sec.) 

27 Sec. 17 Sec. 13 Sec. 10 Sec. 

Over shoot 
in (pu.) 

0.05 0.05 0.05 0.045 

Under 
shoot (pu.) 

-0.033 -0.03 -0.022 -0.02 
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Fig. 1-a. Definition of the airplane’s axes along with the translational and rotational 
motion along and about these axes. 

 
 

 
Fig. 1-b. Airplane’s elevators, aileron, and horizontal stabilizer 

 

Fig. 1-c.  Airplane’s rudder and vertical stabilizer 
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Fig. 2.  Fuzzy logic control 

Fig. 3. The features of a triangular membership function (input and output) 

Fig.4.  Fuzzy control to the aircraft model 
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Fig.5.  Side slipping angle response due to 0.05 pu disturbance  with and without 
controller (model-1) 
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Fig.6.  Role angle responses due to 0.05 pu disturbance  with and without controller 

(model-1) 
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Fig.7.  Angular velocity in yaw response due to 0.05 pu  
disturbance with and without controller (model-1) 
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Fig.8.  Angular velocity in roll responses due to 0.05 pu  
disturbance  with and without controller (model-1) 
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Fig.9.  Sideslip angle response due to 0.05 pu disturbance with different  controller 
(model-1) 

 

 
 

Fig. 10.  Angular velocity in roll response due to 0.05 pu disturbance with and without 
dutch roll effect (comparison of model-1 and model-2) without control 

 
 



 

Proceeding of the 12-th ASAT Conference, 29-31 May 2007 GUD-01 18 
 

 

 
Fig.11. Sideslip angle response in pu. due to 0.05disturbance with and without dutch 

roll effect (comparison of model-1 and model-2) without control 
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Fig.12.  Sideslip angle response due to 0.05 pu disturbance  with  different controller 
(model-2) 
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Fig.13.  Role angle responses due to 0.05 pu disturbance  with different controller 
(model-2) 
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Fig. 14.  Angular velocity in roll responses due to 0.05 pu  
disturbance  with different controller (model-2) 
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Fig. 15.  Angular velocity in yaw direction response due to 0.05 pu  
disturbance with different  controller (model- 2) 
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