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Abstract  
This study carries out the transient flight control simulation of a Flapping-Wing Micro Air Vehicle using Extended Unsteady Vortex-Lattice Method. This method uses the panel method and unsteady vortex-lattice (UVLM) method including the leading-edge suction analogy for leading-edge vortices (LEVs) effect and the vortex-core growth model for the effect of eddy viscosity in the vortex wake. This method has advantages in that it requires relatively less computational cost compared to CFD and provides more precise aerodynamic forces and moments than the conventional quasi-steady aerodynamic model. Based on the multibody dynamic analysis with the aerodynamic model, gain-scheduling LQR controller is designed for non-linear system to track reference input. 
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1. INTRODUCTION 
Many researchers have tried to mimic the insect’s agility and to overcome their own instability to develop various flapping-wing micro air vehicles. The dynamic stability and controllability of FWMAV using linearized equations of motion and small disturbance theory at each flight speed have been investigated. The flight control analysis has been conducted at only hovering flight or steady forward flight. For the aerodynamic model of FWMAV, quasi-steady aerodynamics or CFD has been generally used. However, simplified aerodynamic model is not enough to describe the unsteady aerodynamic components or the wake effects and the CFD requires a lot of computation resources for flight control simulation. This study carries out the transient flight control analysis and reference tracking control simulation with Extended Unsteady Vortex-Lattice Method. This method uses the panel method and unsteady vortex-lattice (UVLM) method. It includes the leading-edge suction analogy for leading-edge vortices(LEVs) effect and the vortex-core growth model for the effect of eddy viscosity in the vortex wake.1,2 This method has advantages in that it requires relatively less computational cost compared to CFD method and provides more precise aerodynamic force and moment than the conventional quasi-steady aerodynamic model. To solve the non-linear dynamic equations, the MSC. Adams software was used and the aerodynamic model mentioned above was applied as the user-defined subroutine functions. 
2. System modeling For simulation
FWMAV system modeling and coordinate definition
To construct the control method of FWMAV, the FWMAV model should be determined first. Although the characteristics of FWMAV varies with the size and actuator or other components, we can use a well-known Flapping-wing insect as an example. Since the morphological data are well-known from many studies, the Hawkmoth Manduca sexta was determined as a target model for control; the morphological data, used in this study, were taken from the measurement studies of O’Hara et al 3 and Ellington 4. 
Wings were assumed as rigid and massless, and the body was assumed to have the same mass and inertia as the measurement data of Hawkmoth Manduca sexta. The values of each parameter are shown in table 1. The overall shapes are shown in figure 1. The aerodynamic effect on body was ignored and the body consisted of three ellipsoidal solids. 
* jaehunghan@kaist.edu; phone 81 042 350 3701; fax 81 042 350 3701; sss.kaist.ac.kr

There are two representative coordinates. One of them is the ground-based coordinate (represented as blue arrows in figure 1) that is fixed to the ground, where the z-axis heads to the downward, gravity direction. The other is the body-fixed coordinate (represented as red arrows in figure 1) that is fixed to the center of gravity of FWMAV body and x-axis is parallel to the line between CG and head.
	Parameter
	Value

	Body mass
	46.87 mg

	Wing length
	48.50 mm

	Mean chord length
	16.81 mm

	Wing area
	815.33 

	Radius of the second moment of area
	0.53


Table 1. Margins and print area specifications.
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Figure 1 FWMAV(Manduca sexta)model.
Wing Kinematics

Wing kinematics were defined as simplified harmonic equations in a similar way with Willmott and Ellington’s work5. The stroke angle (
[image: image3.wmf]f

) means the forward/backward movement of wings, the rotation angle(
[image: image4.wmf]a

) means the geometrical angle of attack and deviation angle(
[image: image5.wmf]q

) describes up/down motion of wings.
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Aerodynamic modeling
The extended UVLM(Unsteady Vortex Lattice Method) which was developed in the studies of Ngyuen et al1 was used to compute the aerodynamic loads on the wings. This method is based on the conventional UVLM, however it was complemented by a leading-edge suction analogy model from Polhamus’s theory to consider the effect of leading-edge vortices. It also contains the viscous diffusion using the vortex-core growth model by letting the vortex-core size increase. 
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Figure 2 the panel mesh of the aerodynamic model and flight simulation capture
3. Control system design
To design a controller, the system should be identified first. FWMAV has high non-linearity; however, it can be linearized near the trimmed condition. Therefore, the trim conditions at each forward speeds should be found first, and then optimal gain matrices are calculated using the linearized system equations.
Trim search algorithm
Using the gradient-based trim search algorithm studied by Kim et al6, the trim conditions were found at each given forward flight speed. The wing stroke frequency f, mean stroke angle 
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 , and mean rotation angle 
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 were chosen as wing kinematics parameters for trim searching. The control effectiveness matrix B was constructed with those wing kinematic parameters (Equation 2). 
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Figure 3 the trajectory of 1m/s forward flight trim solution
Figure 3 shows the trajectory of trim solution of 1m/s forward flight during the one stroke. From the left side, it consists of displacement of CG, x-z direction velocity, and the body pitch rate versus the body pitch angle. Since the velocity and pitch rate-pitch angle trajectory show the closed loop within a tolerance, the FWMAV goes back to the initial state after one cycle. 
Linearized equation of motion
In the trim condition, the FWMAV moves slightly around the equilibrium flight state and the nonlinear equation of motion can be linearized by the small-disturbance theory and cycle-average method. Equation (3) shows the linearized equation of longitudinal motion in matrix form. Here, the over-bar denotes the wingbeat-cycle average values.
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(3)
With control input matrix u, this system can be represented in state-space form as Equation (4). In equation (4), A matrix is 4 by 4 matrix of equation (3) and B matrix is control effectiveness matrix in equation (2). 
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LQR problem and Control Simulation
At each trim condition, the linearized equation of motions are expressed in state-space form like equation (4). And using A and B matrices, the optimal control gain matrices K that minimize the cost function J, defined in equation (5), can be calculated, using algebraic Riccati equation and weighting matrices Q and R. This is known as LQR control method. 
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Figure 4 shows the case of 1m/s as forward flight speed, the FWMAV model starts at the 1m/s forward flight speed, 0m/s up/down speed, 0.88 rad (50degree) body pitch angle and 0 rad/s pitch rate. The simulation begins with the wing kinematics of trim condition, however, it starts to deviate from the reference (black dashed line). Because the trimmed state are satisfied at only specific initial velocity and angular velocity, FWMAV can deviate from the trimmed state even with the wing kinematics of trim condition, when it starts moving in zero or other velocity. Therefore, to keep FWMAV staying in the trimmed state, the control input was applied once in a cycle. Control input values were determined from deviation value matrix X and optimal control gain matrix K like equation (6). Here P is the stabilizing solution to the Algebraic Riccati Equation(ARE) Equation (7)
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With similar procedure at each forward flight speed, the optimal gains were calculated at each trim conditions. If the interval between trim forward flight speeds are dense enough, the optimal gains for any forward flight speed input can be obtained by interpolating the optimal gains of two nearest forward flight speeds.
[image: image18.emf]
Figure 4 Forward flight control in case of 1m/s
4. Summary and Conclusion
This paper introduces the control method for forward flight of FWMAV, which is a highly non-linear system. At each forward flight speed, trim conditions were found and used for linearization. With the linearized equations of motion, the optimal gains obtained by the LQR method make the FWMAV follow the reference input. Furthermore, for the reference changing, that is, transition flight, the gains should be scheduled by obtaining the optimal gains in each forward flight speeds. If the interval among the forward flight speeds of trim conditions is dense enough, the interpolated gain between the nearest forward flight speeds can make the FWMAV follow the continuously changing flight speed input.
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