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ABSTRACT 

This paper investigates the stabilization and control for flapping-wing flight of a simple flapping-wing vehicle. The 
aerodynamic forces and moments of flapping-wing flight are estimated by modified strip theory. From the resultant 
forces of the aerodynamics the flight dynamic analyses have been performed. For simulating cruising flight, one of the 
proper conditions has been chosen through parametric study and is assigned to the dynamics. As a result the trajectory 
and the body orientation of the vehicle are obtained which shows phugoid and short period motion in trim condition. 
With an adequate tail-wing pitch control, the vehicle simulated level-up movement from a trim condition to another. 

Keywords: bio-inspired, flapping-wing flight, aerodynamic modeling, stabilization, optimization 

1. INTRODUCTION 
The maneuverability and the stability of birds and insects have attracted biologists and engineers to discover their flight 
mechanisms and develop bio-inspired flying vehicles. There have been numerous attempts to develop flapping-wing 
vehicles which are capable of flying with flapping wings similar to the nature’s flyers. However, most have been based 
on intuitive design of observation and trial-and-error approach to mimic a certain type of creatures. In order to develop 
more systematic design and control processes and to improve the performance of the flapping-wing vehicle, it is 
necessary to establish an effective and reliable aerodynamic model and simulation.  

Computational fluid dynamics requires too much calculation time and cost, and thus, are not suitable for controlling 
time-varying systems such as a flapping-wing air vehicle. One of the distinguished empirical study is the dynamically 
scaled model of Dickinson(1999) [1]. Some studies about the control of flight force in flapping flight are based on the 
empirical data. From the dynamically-scaled model, the translational force coefficients are defined as a function of angle 
of attack, thus, the estimated values are used for analyzing the aerodynamic forces [2,5,6]. Another approach to evaluate 
the aerodynamic forces is assuming the aerodynamic forces by prevailing methods: momentum methods, panel methods, 
thin airfoil theory, or lifting-line methods [3]. One of the methods, modified strip theory, divides the wing into chord-
wise strips for calculating the sectional aerodynamic force, then the sum of sectional forces is regarded as the total force 
[4]. In addition, Kim has improved this aerodynamic model by taking into consideration a high relative angle of attack 
and dynamic stall effects. Furthermore, the model was verified with an experimental data of a rigid wing and a fluid-
structure interaction analysis of a flexible wing is proposed [7].  

Basically, the stability stands for tendency of an air vehicle to return to its equilibrium position after it has been disturbed. 
Since the flapping-wing flight inherently produces time-varying motions and is a very unstable system, the control inputs 
of stabilizers such as a tail wing should be reorganized according to each phase of flapping cycle. It means that in order 
to maintain the trim condition of the flapping-wing vehicle, it is necessary to control the pitching moment by adjusting 
the pitch of the tail wing. 

The external forces working on a flying animal or an air vehicle are gravitational forces and aerodynamic forces. In the 
present study, a simplified flapping-wing vehicle with lumped mass is assumed. Based on this vehicle model the 6 d.o.f 
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equation of motion including the effect of time variant wing motion is derived. The gravitational force is applied on the 
center of gravity of each wing and the body. On the other hand, the aerodynamic forces are applied on the aerodynamic 
center. As a preliminary research, the longitudinal stability of this model was examined when its flapping motion is 
assumed as a sinusoidal function with a dynamic pitch motion.  

2. SYSTEM MODELING 
2.1 Flapping-wing Vehicle Modeling 

A vehicle model geometrically scaled based on Cybird P1(Neuros) is assumed. The length of the body is about 20cm, the 
total weight is about 92.7g and the main wing has rectangular shape with 50cm of span and 5.58 of aspect ratio(AR). 
This wing size is similar to the Kim's wind tunnel test flapping body [7]. With this scheme, application of the static 
aerodynamic parameters measured in the wind tunnel test is made possible.  

 
Fig. 1. Flapping-wing vehicle model. 

The position of mass is defined based on a Cybird P1 (Fig. 1). The mass center of each wing is assumed to be placed at 
the mid span and the 1/3 chord(not 1/2 chord) from the leading edge because of the stiffened leading edge. Since the 
flapping angle is varied over a period, the center of gravity(c.g.) with respect to the body fixed point is time-varying(Fig. 
2). As the center of gravity is constantly updated, the moment of inertia of the body with respect to the c.g. is also 
recalculated(Fig. 3). 
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Fig. 2. The center of gravity in body fixed frame. 
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Fig. 3. Moment of inertia in body frame. 

2.2 Wing Kinematics 

In a cruising flight of a flying animal, the wing motion must be harmonic. Even though it is not exactly sinusoidal the 
flapping motion is assumed as a sinusoidal with amplitude of 1maxθ  and frequency f  for simplifying the wing motion. To 
combine dynamic pitch angle δθ  (twisting angle) into the flapping motion, it is assumed that the twisting angle is 
linearly varying along span. At the root of the wing the twisting angle is assigned to be zero, whereas the maximum 
twisting 0 maxβ  is assumed at the wing tip. The sectional twisting occurs in phase with the phase ofψ with respect to the 
flapping motion. Therefore the sectional wing pitch angle is defined as the following: 

 ( ) ( )1max sin 2
i iy yt f tθ θ π δθ= ⋅ +  (1) 

 
( ) ( )0max sin 2

i

i
y

yt f t
b

δθ β π ψ= ⋅ +
 (2) 

where the subscript iy is the spanwise position of the section and b is the wing span. These are considered to be the input 
parameter of the aerodynamic model for calculating total aerodynamic forces. It is assumed that the total aerodynamic 
force is acting on the mid span and quarter chord position, whereas the gravitational force is acting on the mass center of 
each wing and body.  

 
Fig. 4. Wing kinematics: flapping and dynamic pitching. 
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In physics, the amplitude of dynamic pitching angle and the phase between flapping and pitching motion indicate the 
degree of chord-wise flexibility of the wing.  

2.3 Flight Dynamics 

In general the equation of motion for air vehicle assumes that the airplane is inherently rigid, in another word, the 
relative displacement and velocity of each part with respect to the center of mass is zero. However, flapping-wing 
vehicle has inherently time-varying relative motion, thus the motion of each mass with respect to the c.g. must be 
considered.  

Translational motion 

The displacement vector consists of two parts. Let R is the displacement vector of c.g. in inertial frame and, ρ  is the 
displacement vector of a mass in body frame. Since the instant c.g. is depending on the displacement of each mass, it is a 
time-varying function of flapping angle 1θ and tail-wing pitch angle 3θ . ρ is also time dependent variable. To add one 
vector to another, one must be transformed into the other frame. The direction cosine matrix is defined as the rotational 
matrix which transforms a vector in inertial frame into the body frame. From Newton’s 2nd law, the applied force induces 
the change of momentum. In this study we considered gravitational force and aerodynamic force.  

Rotational motion 

Similarly, the rotational motion is defined. Because the moment is defined with respect to the c.g., it is only induced by 
the aerodynamic forces only. As forces and moments are applied on the vehicle, its translational motion and rotational 
motion is changed. The coordinate systems are required to be carefully considered since the equation of motion is 
organized in the inertial frame, but the desired resultant relative velocity and angle of attack must be defined in the wind 
coordinate for analyzing the aerodynamic forces. 

2.4 Aerodynamics 

The input parameters can be sorted into three classes: flight condition, flapping motion and dynamic pitching motion. 
Among the flight condition parameters, air density and viscosity are constant. The static aerodynamic parameters 
obtained from the experimental data of Kim’s experiments are discrete, thus the values from the experimental results 
were interpolated [7]. Other flight conditions such as the relative velocity and the angle of attack are related to the flight 
dynamics, and thus the updated flight condition from the previous step determined in the wind coordinate affects the 
aerodynamics. The angle of attack can be considered as the angle of flapping axis aθ  since the flapping axis 
correspondingly lies on the fuselage. The flapping motion can be described by the frequency f and the amplitude of 
flapping angle 1maxθ . In practical flapping vehicle the flapping motion is conducted by a certain flapping mechanism 
such as a linkage system, the flapping motion can be defined as a periodic function.  

        

Fig. 5. Mean lift(yellow) and thrust(green) distribution 1max 30θ = o (left), 1max 45θ = o (right)  

when the flight speed is 8m/s, the flapping axis angle is 10o and flapping frequency  is 8Hz. 
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In order to figure out the effect of dynamic pitching motion, the flapping motion is assigned continuously as a sinusoidal 
function with constant flapping angle amplitude and flapping frequency, whereas the maximum dynamic pitch 0 maxβ  is 
varied between 0o and  40o , and the phase ψ  is varied between 180o  and 360o . Fig. 5. displays a comparison between 
two cases. The two different amplitudes of flapping angle is assigned when the flight speed is 8m/s, the initial angle of 
attack is 10o  and the flapping frequency is 8Hz in common(Fig. 5.). The lift and thrust are distributed as shown in Fig.5. 
When 1max 30θ = o  comparably higher lift is generated, however, the mean thrust remains only negative. It is necessary 
for the vehicle to generate mean lift not less than the weight to maintain its level flight. In order to decide appropriate 
input parameters for cruising flight, we have selected the conditions in which the mean lift is comparable to the weight 
and the thrust is close to zero (Fig. 5. right, Fig. 6.)  

 

 Fig. 6. Mean lift and thrust distribution when 1max 45θ = o , 0max 30β = o  

when the flight speed is 8m/s, the flapping axis angle is 10o and flapping frequency  is 8Hz. 

2.5 Simulation  

The following figure (Fig. 7.) shows the scheme of the simulation. The process consists of several modules. In order to 
obtain the aerodynamic forces the flight condition and flapping motion must be assigned. The flight condition is defined 
from results of the previous iteration except the initial condition. The flapping motion and the dynamic pitching motion 
are consistently assigned independently as a sinusoidal function. Then the resultant forces and moments are applied to 
the flight dynamic module. The evaluation of acceleration, velocity, position and the orientation of the body are 
transformed to the body frame and wind coordinates. This wind coordinate is required to decide the input parameters for 
the aerodynamic module for the subsequent calculation. Since we have assumed a simple model, 0wθ = o , we need to 
consider only aθ  and δθ  [7].  

 a wθ θ θ δθ= + +  (3) 

δθ is already assumed by the dynamic pitching motion and aθ  is same as the angle of attack in wind coordinate.  

In flight dynamic module the velocity and angular rate of body orientation are calculated, then the resultant flight 
trajectory and the body orientation are obtained. The flight trajectory and the body orientation are calculated from the 
initial condition during simulation time. The entire trajectory and the history of body orientation is displayed after the 
whole process. All these process is generalized in Fig. 7. 
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Fig. 7. The block diagram of simulation. 

3. SIMULATION RESULTS 
3.1 Moment equilibrium (trim condition) 

The parameters decided in Sec. 2.4 Aerodynamics have been applied to the simulation. Fig. 8. shows the results of the 
simulation. When the tail-wing pitch angle is 5o the moment is not in equilibrium (Fig. 8., left). The vehicle can be in 
trim condition when the tail-wing pitch angle is 9.6o (Fig. 8., right). In trim condition the vehicle displays two 
longitudinal modes in which the short period is 0.125 seconds and the long period is 2.5 seconds. 
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Fig. 8. Tail-wing pitch angle 5o : not trimmed(left),  
tail-wing pitch angle 9.6o : trim condition(right) (short period: 0.125sec, long period: 2.5sec). 
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Most air vehicles display two basic longitudinal modes: (1) long period phugoid motion in which the total energy and the 
angle between the velocity vector and the x-axis are assumed to remain constant. (2) short period pitching motion in 
which the velocity is assumed to remain constant [8]. 

3.2 Level-up flight 

If appropriate control is assigned, then the flight level can be changed. Fig. 9 displays an example of level-up flight since 
the performance of the vehicle is affected by the tail-wing pitch control. The flapping-wing vehicle was in a trim 
condition at a height of 10.5m at the beginning. As the tail-wing pitch angle is changed the body orientation and the 
velocity are modified, and thus the flight level is shifted to 14.7m. Although the same control is assigned the resultant 
height can be differed with the instant over the long period motion.  
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Fig. 9. Level-up flight: tail-wing pitch control at t=7.5sec and t=12.5sec. 

4. CONCLUSION 
The flight simulation of a flapping-wing vehicle is achieved when the aerodynamic forces are measured by modified 
strip theory. A proper flight condition, flapping motion and dynamic pitching motion can be selected through varying the 
control variables. The updated flight condition in the simulating process is applied to the subsequent evaluation. From 
the results of the simulation in trim condition, we could determine a proper tail-wing pitch control for flapping-wing 
vehicle under a specific constraint. In trim condition, the results show two modes: phugoid and short period motions. The 
vehicle can maintain its static stability by periods if an appropriate tail-wing pitch control is assigned while it generates 
fluctuating resultant forces due to flapping. By means of the present simulating method we can predict the flight 
characteristics of a vehicle, and thus it can be reflected on the preliminary design of a flapping-wing vehicle. 
Furthermore, this methodology can be implemented by optimal flapping-wing vehicle design. 
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