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Abstract— We propose the flight control system of a fixed-

wing small UAV for a transition flight in consideration of 

nonlinearity on its dynamics. The control system consists of 

controllers for translational motion and rotational motion. The 

effect of its nonlinear dynamics on a control performance 

cannot be disregarded when designing a flight control system 

because it is difficult to linearize the motion with consideration 

of an equilibrium transition between vertical and horizontal 

flight modes. Moreover, the attitude of the small UAV is 

particularly affected by disturbances such as a gust of wind. 

Therefore, we employ the dynamic inversion method to take 

nonlinearity of the motion into account for a flight control 

design. A robust controller is applied to control the attitude of 

the UAV. It is necessary to use an observer based on the 

disturbance accommodating control (DAC) method to estimate 

of unknown parameter of nonlinear equations. We present 

preliminary results of numerical simulations and experiments 

of the UAV testbed that uses the proposed control system. 

Keywords—fixed-wing UAV; transition flight; dynamic 

inversion method; DAC observer  

I. INTRODUCTION 

Unmanned Aerial Vehicle (UAV) has been actively 
developed all over the world since UAVs can accomplish 
dangerous missions such as disaster monitoring and 
atmospheric observation. An aircraft can be roughly 
classified into two types: a fixed-wing and a rotary-wing. A 
fixed-wing UAV can perform with higher speed and lower 
fuel consumption than a rotary-wing UAV. The UAV is 
appropriate for a fixed-point observation in monitoring a 
disaster area because of hovering capability. On the other 
hand, tilt-wing UAVs, which possess advantages of a fixed-
wing and a rotary-wing UAVs, have become of interest 
lately[1],[2]. However, it is difficult to design a flight control 
system due to those complicated structure and nonlinear 
dynamics. It is especially important to discuss a transition 
flight of the UAV between a level flight to hovering. 
Myrand-Lapierre[3] et al. achieved experimentally the 
transition flight by switching the level flight controller and 
the hovering controller. A problem seems to lie in the 

controller that the control system did not consider the 
stability of the flight control system during transition. 

We propose the flight control system without switching 
controller gains and dynamical model. Quaternion is used for 
the attitude angle expression of fixed-wing UAV instead of 
Euler angle. Nonlinear equations of motion are linearized by 
the dynamic inversion method[4]. A robust controller is 
applied to the linearized system, and to suppress the 
influence of disturbance such as wind. An observer based on 
the disturbance accommodating control (DAC) method[5] 
and the extended Kalman filter[6] are employed to estimate 
nonlinear terms with respect to aerodynamic forces and state 
variables of the UAV, respectively. We verify the validity of 
proposed flight control system through numerical 
simulations and experiments.  

II. DYNAMICS 

A. Parameter definitions  

State variables and control inputs of a UAV are defined 
as shown Fig.1. An inertial coordinate system is fixed by 
earth’s surface. The origin of the body-fixed coordinate 
system coincides with the center of mass of the UAV. 

 

Fig. 1.  Coordinate systems and parameter definitions. 

U, V, and W represent velocities of UAV along xB, yB, 
and zB axes, respectively. P, Q, and R denote the angular 
velocities around each axis. The attitude of UAV is 
controlled by regulating deflections of the aileron   , the 
elevator    and rudder   . In addition, the thrust T that is 
generated by the nose mounted-propeller is also treated as a 
control input. 
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B. Equations of Motion 

The nonlinear equations of motion are expressed as 
translational and rotational motion. 
  

 𝐕̇ = −𝛚̃𝐕 + 𝐂𝐵 𝐼⁄ 𝐠 + {𝐂(α)𝐅 + 𝐓} 𝑚⁄  (1) 

 𝛚̇ = −   𝛚̃ 𝛚 +     +        (2) 

where 

𝐕 = [   ] , 𝛚 = [   ]  , 𝐠 = [   ]   
𝐓 = [   ] , ,  = [      ]

  

𝛚̃ = [
 −  
  − 
−   

], 𝐅 = 𝑞̅𝑆 [

−𝐶𝐷(𝛼)

𝐶𝑦(𝛽) + 𝐶𝑦𝑅 + 𝐶𝑦𝛿𝑟  
𝐶𝐿(𝛼) + 𝐶𝐿𝛿𝑒  

] 

𝐂(𝛼) = [
cos (𝛼)  −sin (𝛼) 

 1  
sin (𝛼)  cos (𝛼)

],   = [

𝐼𝑥𝑥  −𝐼𝑥𝑧
 𝐼𝑦𝑦  

−𝐼𝑥𝑧  𝐼𝑧𝑧

] 

 = 𝑞̅𝑆 [

𝑏{𝐶𝑙(𝛽) + 𝐶𝑙𝑃 + 𝐶𝑙𝑅 }

𝑐{𝐶𝑚(𝛼) + 𝐶𝑚(𝛼̇) + 𝐶𝑚𝑄
 

𝑏{𝐶𝑛(𝛽) + 𝐶𝑛𝑃 + 𝐶𝑛𝑅 }

] + [

−𝑀𝑑  𝑔 − 𝐼𝑝 𝑜𝑝𝜔̇𝑝 𝑜𝑝

−𝐼𝑝 𝑜𝑝𝜔𝑝 𝑜𝑝 

𝐼𝑝 𝑜𝑝𝜔𝑝 𝑜𝑝 
] 

  = 𝑞̅𝑆 [

𝑏𝐶𝑙𝛿𝑎  𝑏𝐶𝑙𝛿𝑟
 𝑐̅𝐶𝑚𝛿𝑒  

𝑏𝐶𝑛𝛿𝑎  𝑏𝐶𝑛𝛿𝑟

] + 𝑞̅𝒑𝒓𝒐𝒑𝑆 [

𝑑𝐶𝑙𝛿𝑎  𝑑𝐶𝑙𝛿𝑟
 𝑐̅𝐶𝑚𝛿𝑒  

𝑑𝐶𝑛𝛿𝑎  𝑑𝐶𝑛𝛿𝑟

] 
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𝛼 and 𝛽 denote angle of attack and sideslip angle. g is the 
gravitational acceleration and m is the mass of UAV. b, 𝑐̅, S, 
d, and   are the span of main plane, the mean aerodynamic 
chord, the wing area, the diameter of propeller, and the 
inertia tensor, respectively. The physical quantities regarding 
propeller are denoted by the subscript “prop”.  𝑞̅  is the 
dynamic pressure that generated by motion of UAV. 𝑞̅𝑝 𝑜𝑝 is 

the dynamic pressure generated by the propeller slipstream. 
Aerodynamic coefficients in terms of the angle of attack are 

expressed by such as 𝐶𝐿(𝛼), 𝐶𝐷(𝛼), and 𝐶𝑚(𝛼). 𝐂
𝐵/𝐼denotes 

the transformation matrix from an inertial coordinate system 
to body-fixed coordinate system using quaternion.  

III. FLIGHT CONTROL SYSTEM[7][8] 

The proposed flight control system consists of 
translational and rotational controllers. Dynamic inversion 
method is applied to both controllers to linearize the 
dynamics of a UAV. Fig.2 shows a block diagram of the 
proposed flight control system. 

A. Translational controller  

A position error   is obtained from the difference in a 
current position   and desired position  𝑐 . 

   =  −  𝑐 = [𝑥 − 𝑥𝑐　𝑦 − 𝑦𝑐　𝑧 − 𝑧𝑐]
  (3) 

The acceleration of UAV as shown in the following equation 
using the transform matrix BI

C and velocity vector V. 

  ̈ = 𝐂̇𝐼/𝐵𝐕 + 𝐂𝐼/𝐵𝐕̇ (4) 

Substituting this formula into the translational motion (1), 
the following equation is obtained. 

  ̈ = 𝐂̇𝐼/𝐵𝐕 − 𝐂𝐼/𝐵𝛚̃𝐕 − 𝐠 −
1

m
𝐂𝐼/𝐵𝐂(𝛼)𝐅 +

1

m
𝐓𝐼/𝐵

= 𝐳𝑡1 + 𝐠𝑡𝐓
𝐼/𝐵 

(5) 

Here 𝐓𝐼/𝐵 , which is represented as 𝐓𝐼/𝐵 = 𝐂𝐼/𝐵𝐓 =
[ 𝑥  𝑦  𝑧] , is the thrust vector in the inertial coordinate 
system. 𝐳𝑡1 is an nonlinear term that includes aerodynamic 
force  𝐅 . 𝐳𝑡1 is estimated by an observer that is based on 
disturbance accommodating control (DAC) method. When 
designing the DAC observer, 𝐳𝑡1 is defined as a polynomial 
of time t.  

 𝐳𝑡1 = 𝐜𝑡1𝐭 +𝐜𝑡0，𝐳𝑡2 = 𝐳̇𝑡1 = 𝐜𝑡1，𝐳𝑡3 = 𝐳̇𝑡2 =   (6) 

Equation (5) is rewritten using an estimated value by the 
DAC observer.  

  ̈̂ = 𝐳̂𝑡1 + g
𝑡
T𝐼 𝐵⁄ + L𝑡( ̇ −  ̇̂ ) (7) 

where “^” denotes an estimated value, and L𝑡 is an observer 
gain. The following equation is derived from the polynomial 
(6) and the observer (7). 

 𝑑

𝑑𝑡
[
 ̇̂ 
𝐳̂t1

𝐳̂t2

] = [
𝟎3×3 𝐈3×3 𝟎3×3
𝟎3×3 𝟎3×3 𝐈3×3
𝟎3×3 𝟎3×3 𝟎3×3

] + [
𝐈3×3
𝟎3×3
𝟎3×3

] 𝐠𝑡T
𝐼 𝐵⁄ + [

L𝑡1

L𝑡2

L𝑡3

] ( ̇ −  ̇̂ ) (8) 

If estimated values converge immediately to actual values, 

the thrust 𝐓𝐼/𝐵can be obtained as follows:  

 T𝐼 𝐵⁄ = 𝐠𝑡
  (−𝐳̂t1 + 𝛖𝑥) (9) 

𝛖𝑥 can be considered as a new control input for the 
linearized system (8). The new control input 𝛖𝑥 is defined as 
a PD controller. 

 𝛖𝑥 = 𝐤𝑡1  + 𝐤𝑡2 ̇  (10) 

Here 𝐤𝑡1 and 𝐤𝑡1are feedback gains. Thrust magnitude T is 
obtained in the following. 
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Fig. 2.  Block diagram of flight control system. 
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Measured values from the sensors such as a GPS and an 
IMU include noise and errors. In addition, there exists a 
serious problem that accurate ground speed of UAV cannot 
be measured by the sensors. Therefore, we use the extended 
Kalman filter to estimate the current position   and its time 
derivative  ̇. The state equation and observation equation are 
given in the following equation. 

    1 = 𝐅  +   (12) 

   =    +    (13) 

Here    and    are defined independent Gaussian white 
noise. 𝐅,   and    are the system matrix, the observation 
matrix, and the state variable, respectively. 

   = [𝑥(𝑘), 𝑦(𝑘), 𝑧(𝑘), 𝑥̇(𝑘), 𝑦̇(𝑘), 𝑧̇(𝑘), 𝑥̈(𝑘), 𝑦̈(𝑘), 𝑧̈(𝑘)]  

𝑭 = [
𝐈𝟑×𝟑 ∆𝑻 × 𝐈𝟑×𝟑

∆𝑻𝟐

𝟐
× 𝐈𝟑×𝟑

𝟎𝟑×𝟑 𝐈𝟑×𝟑 ∆𝑻 × 𝐈𝟑×𝟑
𝟎𝟑×𝟑 𝟎𝟑×𝟑 𝐈𝟑×𝟑

] ,  = [

𝐈3×3 𝟎3×3 𝟎3×3
𝟎3×3 𝟎3×3 𝟎3×3
𝟎3×3 𝟎3×3 𝐈3×3

] 

Fig.3 shows a block diagram of the proposed translational 
controller. 

 

B. Rotational controller  

Commands for the rotational controller is generated by 

the thrust vector 𝐓𝐼/𝐵  because it is necessary to match the 

attitude of a UAV with the direction of thrust vector 𝐓𝐼/𝐵in 
the proposed control method. Commands of the pitch angle 
and heading angle are defined in the following equation.  

  c =   n  (    ⁄ ), c =  in  (   ⁄ ) (14) 

Transforming each command angle (14) into quaternion to 
avoid a singular point, the following new commands are 
obtained.  

  
 
= [  in( c  ⁄ )     ( c  ⁄ )]  (15) 

    
 
= [   in( c  ⁄ )    ( c  ⁄ )]  (16) 

The quaternion command is expressed by using (15) to (16). 

 

 
c
= [

q
c 

q
c 

q
c 

q
c 

] = [

−q
  

−q
  

−q
  

q
  

−q
  

−q
  

−q
  

q
  

−q
  

−q
  

−q
  

q
  

−q
  

−q
  

−q
  

q
  

] [

q
  

q
  

q
  

q
  

] (17) 

The rotational controller is designed in the similar 
procedure to translational controller. The kinematics relating 
to the quaternion is described using an angular velocity 
vector 𝛚 and a skew-symmetric matrix  ̅( ). 

 
  ̈ =

 

 
 ̇̅( )𝛚 +

 

 
 ̅( )𝛚̇ (18) 

  ̅( ) = [

𝑞 −𝑞3 𝑞2
𝑞3 𝑞 −𝑞1
−𝑞2 𝑞1 𝑞 

] 

Substituting this formula into the rotational motion (2), the 
motion can be expressed by using the quaternion. 

   ̈ =
1

 
{Ė̅(q)ω− E̅(q)J 1ω ̃J ω+ E̅(q)J 1M}+

1

 
E̅(q)J 1Muu  

= 𝐳r1 + gru 
(19) 

The nonlinear term 𝐳r1 is assumed as a polynomial of time t. 

 𝐳 1 = 𝐜 1𝐭 + 𝐜 0 

𝐳 2 = 𝐳̇ 1 = 𝐜 1，𝐳 3 = 𝐳̇ 2 =   

(20) 

Equation (19) is rewritten using an estimated value when we 
treat the DAC observer. 

  ̈̂ = 𝐳̂ 1 + g
 1
T𝐼 𝐵⁄ + L (  ̇ −  ̇̂ ) (21) 

The control input u , which is to linearize the nonlinear 
equation (19), can be derived as follows: 

  = 𝐠 
 1(−𝐳̂ 1 + 𝛖𝑞) (22) 

Here 𝛖𝑞 is a new control input for the linearized system (23). 

 𝑑

𝑑𝑡
[
   
  ̇ 
] = [

𝟎3×3 𝐈3×3
𝟎3×3 𝟎3×3

] [
   
  ̇ 
] + [

𝟎3×3
𝐈3×3

] 𝛖𝑞 (23) 

The control input 𝛖𝑞  is defined as the following equation. 

The   control method is employed to decide the feedback 

gain  ( ). 

 
𝛖𝑞 =  ( ) [

   
  ̇ 
] (24) 

If the estimation error of the DAC observer is not sufficiently 
small, the nonlinear term is not completely canceled when 
using the dynamic inversion method. Then the error 𝚫  is 
treated as an uncertainty. 

   ̈ = 𝐳 1 + 𝐠 𝐠 
 1(−𝐳̂ 1 + 𝛖𝑞)

= (𝒛𝒓 − 𝒛̂𝒓 ) + 𝛖𝑞
= 𝚫 + 𝛖𝑞  

(25) 

 𝑑

𝑑𝑡
[
   
  ̇ 
] = [

𝟎3×3 𝐈3×3
𝟎3×3 𝟎3×3

] [
   
  ̇ 
] + [

𝟎3×3
𝐈3×3

] 𝛖𝑞 + [
𝟎3×3
𝐈3×3

] 𝚫 (26) 

   

𝒒 𝑐 

𝒙̂, 𝒙̇̂ 𝐱, 𝐱̇ 

+ 

𝐳̂t1 

T𝐼 𝐵⁄  𝛖𝑥 

+ 

𝐱𝑒, 𝐱̇𝑒 𝒙𝑐 PD 
Controller 
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Fig. 3.  Block diagram of translational controller. 
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It is clear from the error quaternion (26) that each quaternion 
can be rewritten as the following equations. 

 𝑑

𝑑𝑡
[
q̅  
q̇̅  

] = [
 1
  

] [
q̅  
 
] + [

 
1
] υ𝑞 + [

 
1
]  ,  i=1,2,3 (27) 

The   controller is designed to suppress not only the 
influence of the uncertainty but also disturbances such as 
gust of wind. The block diagram of the   controller and the 
rotational controller are shown in Figs.4 and 5.   𝑛 as shown 
in Fig.4 denotes weighting function for a multiplicative 
uncertainty.  𝑛  and  𝑞  are weighting functions for sensor 

noise and the error between the quaternion command  
c
 and 

the current quaternion  , respectively. 

IV. NUMERICAL SIMULATION 

A wind disturbance, which is expressed by using 

Dryden model, is applied to the dynamical model of a UAV. 

The mean speed of the wind is set to be 2.5 (m/s). The 

moment of inertia and the product of inertia in the inertial 

tensor are identified experimentally. We compare the flight 

control system using a PD controller for the rotational 

motion with the proposed flight control system. Tables I and 

II show initial conditions and constraints on control inputs 

in this numerical simulation, respectively. Results of 

numerical simulations are shown in Figs.6 to 8.  

The UAV using the PD controller for the rotational 

motion cannot reach the desired position due to the 

influence of the wind disturbance. On the other hand, the 

UAV using the control system reached the desired point 

within about 20 seconds. It is clear from Figs.7(b) and 8(b) 

that the quaternions of the proposed system converge to 

constant values in comparison with quaternions of the 

system using PD controller. The control input of the 

proposed system did not exceed those limits shown in Table 

II. These indicate that the   controller is useful for the 

suppression of the wind disturbance in this case. 

V. EXPERIMENTS 

We perform an experiment to verify the validity of the 

proposed flight control system. In Also in this experiment, 

we compare the flight control system using a PD controller 

with the controller in the same manner as the numerical 

simulation. 

The overview and the specification of the developed 

UAV are shown in Fig.9 and Table III. GPS, IMU, 

microcomputer, and a radio module are equipped in the 

UAV. The radio module is used to transmit state variables 

and control inputs to the ground station. The desired position 

was set to  𝑐 = [   −  ] (m). The wind speed was 

about 4 (m/s). 

It can be seen from Figs.11(a) and (b) that the UAV 

arrives around the desired position although the attitude 

become unstable over time. It is shown from Fig.11(c) that  

control inputs exceed those constraints on the developed 

UAV. The thrust never exceed its upper bound during the 

control of the UAV. Control inputs were saturated as shown 

in Figs.12(c) and (d) when using the PD controller for the 

rotational motion. The controller was not able to reach the 

desired position and to keep attitude as shown in Figs.12(a) 

and (b). 

VI. CONCLUSION 

In this study, we proposed the flight control system using 
the dynamic inversion method. The design concept is no 
switching controller and dynamics of a fixed-wing UAV 
during transition flight to guarantee the stability of the 
system. The    controller was treated to suppress the wind 
disturbances. Numerical and experimental results showed the 
validity of the proposed flight control system. 
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T ble I. Ini i l   ndi i n  

A  i ude  ngle  𝐪0 [-] [   1]𝑇 

Vel  i ie  𝐕0 [m/s] [1 .5      ]𝑇 

Angul r r  e  𝛚0 [rad/s] [       ]𝑇 

P  i i n  𝐱0 [m] [       ]𝑇 

De ired p  i i n  𝐱𝑐 [m] [6      − 6 ]𝑇 

 

T ble II. C n  r in    n   n r l inpu  

Ailer n  ngle  𝛿𝑎 [deg] ±   

Rudder   ngle  𝛿𝑒 [deg] ±54 

Elev   r  ngle  𝛿𝑟 [deg] ±58 

Thru       [N] 9 
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Fig. 6.  Tr je   rie   f UAV. 
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Fig. 7.  Time re p n e  f UAV u ing pr p  ed   n r ller 

(     n r ller). 

 

Fig. 8.  Time re p n e  f UAV u ing PD   n r ller. 
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Fig. 9.  Overview  f devel ped UAV. 

 

T ble III. Spe ifi   i n  f UAV 

Wing span  [mm] 900 

Length [mm] 1020 

Mass [kg] 0.66 

Material EPP 

 

Fig. 10.  Avionics of UAV. 
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Fig.   .  Experimen  l re ul    f UAV u ing pr p  ed   n r ller 

(     n r ller). 

 

Fig.   .  Experimen  l re ul    f UAV u ing PD   n r ller. 
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