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Dynamic Model and System Identification Procedure for Autonomous Ornithopter Bharani P. Malladi,1 Roman Y. Krashanitsa,2 Dmitry Silin,3 and Sergey V. Shkarayev.4 University of Arizona, Tucson, Arizona, 85721, USA



The study presented in this paper focuses on the development of a dynamic model for the flapping-wing air vehicle (ornithopter) and on the model parameters identification for this vehicle using in-flight data. The proposed dynamic model combines the flapping wings motion with the motion of the ornithopter’s center of mass. A set of six equations in the integral form was obtained for the motion of the center of mass of the ornithopter. The aerodynamic forces acting on the wing during one full stroke were presented as a sum of stroke-averaged forces acting during up-stroke and down-stroke. The dynamic model was linearized with respect to the state variables and the equations of motion were obtained for longitudinal mode in state-space form. Parameters of the linearized model are conventional stability and control derivatives. The system identification procedure is proposed based on a value of a scalar objective function in the least square sense. A 100cm ornithopter was built and equipped with the autopilot. The ornithopter was used to gather experimental data in-flight. Preliminary experimental results on flight dynamics of the ornithopter are presented and discussed.



Keywords: ornithopter, stability, control, model, experiment, system identification.



Nomenclature A, B, C, D = state-space model operators a = acceleration vector = wingspan b = span of tail bT



CD CL



= drag coefficient = lift coefficient



Cm *



= pitching moment coefficient derivatives



Cm c cT cR



= pitching moment coefficient = wing mean geometric chord = tail mean geometric chord = root chord



f



= flapping frequency



Fa Fg



= aerodynamic force = gravitational force



F f G



= force vector = internal force = inertia matrix of the wing
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LW , LB , LT = lift force of wing, body, and tail, respectively M = pitching moment = aerodynamic pitching moment MA M m q q r R Re S ST T u u U v w x



α α& β βT δe ϕ γ θ θT ζW ψ ω



= moment of force vector = mass = pitch rate = mean dynamic pressure = radius-vector = rotation matrix = Reynolds number = wing plan form area = tail plan form area = flapping period = perturbed horizontal velocity = control vector = instantaneous velocity of the blade element = velocity vector = perturbed vertical velocity = state vector = angle of attack = angle of attack rate of change = wing elevation angle = tail installation angle = elevator deflection = roll angle = wing rotation angle = pitch angle = tail installation angle = wing lead-lag angle = yaw angle = angular velocity vector



Subscripts = with respect to the body B E = with respect to the earth-fixed coordinate frame T = with respect to the tail = with respect to the wing W



I.



Introduction



Studies on biological flight employ complex data acquisition equipment, both, stationary, such as high-speed video cameras, and mounted on the subjects, including sensors acquiring data about trajectories, air pressure, and velocity fields during the flapping flight. Some notable works in this field are completed by Willmott and Ellington1 on kinematics of the flight of hawkmoth Manduca Sexta using two high-speed video cameras. The study revealed mechanics of the body motion and the range of wing flapping and feathering angles during flight. Pennycuick and Lock2 studied energy storing in pigeon wings during upstroke and downstroke for hovering and slow forward flights. Authors estimated the stored energy and its effect on the shape of the wake. Azuma et al.3 employed the blade theory to model and quantify the aerodynamics of wings of such insects as dragonflies and damselflies and to investigate effect of increased lift during the downstroke due to dynamic stall. Comparison of the results of the study with experimental data was done qualitatively. Larijani at el.4 obtained experimental data on a static flapping and taxiing of a full-scale ornithopter and two quarter-scale models. No real flight data were provided. The ornithopter models feature thick airfoil wing
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composed of a rigid and flapping parts. Numerical study was conducted featuring both structural and aerodynamic analysis. Finite element discretization breaks the wing structure into elements with torsional and bending degree of freedom and a classical Galerkin method is applied using a set of linear interpolation functions to form a system of dynamic equations. A modified strip theory is used whereas vortex wake effects are accounted for, as well as partial leading edge suction and post-stall behavior. This model is used for the calculation of average lift, thrust, power required, and propulsive efficiency of a flapping wing in a steady flight. The maximum error in the results of modeling compared to the experimental results associated with bending moment data was 15% and that for twisting moment data was about 20%. These predictions are interesting considering low quality of the experimental data and simple numerical models used. Frampton et al.5 experimentally investigated an articulation of one degree of freedom wing and the effect of translational and rotational motion of the wing on the generated thrust. Translational and rotational motions of the wing are achieved through elastic bending and twisting of the wing in phase or out of phase depending on the excitation frequency. Thrust to power ratios and efficiency parameters were determined. Initial results indicate that a wing, exhibiting bending and torsional motion in phase, generates a larger thrust, whereas wing with torsional motion lagging the bending motion by 90 deg results in a better power efficiency. The primary objective of the present study is to develop a dynamic model of flapping-wing air vehicle and to estimate parameters of the model using in-flight telemetry data.



II.



Statement of Problem and Assumptions



s with any other flying machine, the ornithopter obeys the same set of physics laws, so the classical approach to derive and solve the equations of motion may be applied. At the same time, there are some important features, arising from wing’s flapping motion, to be taken into account. For simplicity, the following assumptions are made in the development of the dynamic model: • The ornithopter is made of several moving solid bodies of constant mass; • Only a flight in the vertical plane is considered. The wings have a plan form area, S , and wingspan, b (see Fig. 1). The wings are fixed to the fuselage at the leading edge symmetrically with respect to the fuselage plane. They perform flapping or up-and down motion by changing the flapping or elevation angle, β , the rotation or wing pitching angle, γ , and the lead-lag or forward-backward angle, ζ, as shown in Fig. 1. The v-tail consists of two parts and the orientation of each part is defined with respect to the fuselage axis by two angles: βT and θT. The v-tail has a triangular plan form with area ST and span bT . Orientation of the fuselage with the tail is fully defined by the roll, φ , pitch, θ , and yaw, ψ angles, as described by Roskam,6 Etkin and Reid.7 The geometrical relationships between the coordinate frames used in this study are explained below. The inertial orthogonal frame, (XE, YE, ZE), with the origin at OE, is fixed to the Earth. An orthogonal frame (X, Y, Z) with the origin G at the center of mass of the aircraft is a body-fixed system (Fig. 1). The following expression holds:  XE  X     R Y = 1  Y  + rG  E  Z  Z  E   where R1 is the body-fixed orthogonal rotation matrix by Euler angles φ , θ , and ψ . The wing-fixed coordinate system (xw, yw, zw) is defined using vector transformation X  xw      Y = R w  yw  + rOW G   Z z     w where RW is the body-fixed orthogonal rotation matrix by elevation, lead-lag, and rotation angles. We define the coordinate system for the tail in a similar way. Define the radius-vector from the center of mass to the point of fixture of the tail as rOT G . Then transformation of the tail coordinate system (xT, yT, zT) with



A



respect to the coordinate system (X, Y, Z) is defined by X    Y  = RT Z  
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Fig. 1. Ornithopter geometry. The following forces act on the ornithopter: wing lift, LW , drag, DW , and pitching moment, M W , tail lift, LT , drag , DT , and pitching moment M T . Define the aerodynamic forces in terms of aerodynamic coefficients, dynamic pressure, q , and wing area, S as: LW = CLW qS , DW = CDW qS , M W = CmW qSc , LT = CLT qST , DT = CDT qST , M T = CmT qSc .



Derive the dynamic equations of motion for the center of mass of the ornithopter. Consider a small element of the wing, i (Fig. 1). Define the position vector of the wing element, i as



ri = rG + rOW G + riOW



(1)



ri = rG + R1 (rOW ) XYZ + R1 R W (riOW ) xW yW zW



(2)



or using the coordinate system transformation



Differentiating twice and multiplying the equation by a mass of the element, dm , to write the equation of motion 2 && (r ) + dm d (R R )(r ) dmW && rG + dmW R W iOW xW yW zW = ∆Fa ,W + ∆Fg ,W + f iW 1 OW XYZ 1 W dt 2



(3)



where ∆Fa ,W is aerodynamic force, f iW is internal force, ∆Fg ,W is gravitational force acting on one element of the wing. Integrate over the total area of the half-wing and multiply by two, since there is two halves of the wing



 &&  d2 mW r&&G = 2 FaW + 2 FtrW + 2 FgW − 2 ∫  R (R1R W )(riOW ) xW yW zW  dmW 1 ( rOW ) XYZ + 2 dt  W



(4)



where ∆Ftr ,W are reaction forces. Obtain the equation of motion for the tail in a similar manner



 && d2 mT r&&G = 2 Fair ,T + 2 Ftr ,T + 2 Fg ,T − 2 ∫  R (R1R T )(riOT ) xT yT zT 1 ( rOT ) XYZ + dt 2 T
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  dmT 
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The external forces acting on the fuselage are the aerodynamic force, gravitational force, reaction force from the wings, and reaction force from the tail. Then the dynamic equation of motion for the fuselage body is



mB r&&G = 2 Fair , B − 2 Ftr ,T − 2 Ftr ,W + Fg , B



(6)



Assume that the aerodynamic forces generated by the fuselage of the ornithopter are small compared to ones generated by the wing and tail, and can therefore be disregarded. Summing equations (4), (5), (6) gives the equations of translational motion for the center of mass of the ornithopter.



 &&  d2 mTO && rG = 2 Fair ,T + 2 Fair ,W + Fg ,TO − 2 ∫  R (R1R W )(riOW ) xW yW zW  dmW 1 ( rOW ) XYZ + 2 dt  W 2  &&  d −2 ∫  R ( R1R W )( riOT ) xT yT zT  dmT 1 ( rOT ) XYZ + 2 dt  W



(7)



Next, form the moment of forces about the center of mass of the ornithopter. Derive expressions for moments of each part of the ornithopter about its center of mass and sum them. The general form of the sum of moments acting on the element of the wing, i about the center of mass of the ornithopter is



(M ) W G



i



  N = riG ×  Fi + ∑ fij  = riG × mi ai   i =1   i≠ j



(8)



where Fi are external, and fij are internal forces acting on element. Acceleration of the wing element



ai = aG + aiG = aG +



dviG dt



(9)



defined in the (XE, YE, ZE) coordinate system. Summation over all wing elements gives



M GW = ∑ riG × mi a i = mW rGW G × aG + H& GW



(10)



& W (t ) ≡ d G (t )ω (t ) = G H ( ) & (t )ω (t ) + G (t )ω& (t ) + ω (t ) × G (t )ω (t ) G dt



(11)



N



where,



and G(t) is inertia matrix of the wing with respect to the center of mass of the aircraft. In a similar manner, the moment equation for the tail is a summation over M elements of the tail



M GT = ∑ rjG × m j a j = mT rGT G × aG + H& GT



(12)



M GB = rAB G × FaB = mB rGB G × aG + H& GB



(13)



M



And finally, for the fuselage



where FaB is the aerodynamic force acting on the fuselage applied at the aerodynamic center of the body AB. Sum of the moments about the center of mass of the ornithopter yields



M GW + M GT + M GB = mW rGW G × aG + H& GW + rGT G × aG + H& GT + rGB G × aG + H& GB



(14)



M GW = rAwG × FaW + rGwG × FgW + M WAw



(15)



where,
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M GT = rAT G × FaT + rGT G × FgT + M ATT



(16)



M GB = rAB G × FaB + rGB G × FgB + M ABB



(17)



and M WAw , M ATT , and M ABB are aerodynamic moments, and FaW , FaT , and FaB are aerodynamic forces applied at the aerodynamic centers of wing, fuselage, and tail of the ornithopter, respectively (see Fig. 1).



Fig. 2. Components of the aerodynamic forces. Note that accelerations of the local coordinate systems (xW, yW, zW) and (xT, yT, zT) with respect to the (X, Y, Z) coordinate system are non-zero, because the position of the center of mass depends on the current orientation of the wing. Define lift and drag coefficients for the airfoil in the following way. The coefficient of lift is proportional to the angle of attack αW, given by αW = γ + tan −1 (h& / V ) , as shown in Fig. 2, and can be approximated by CL = 2παW , as suggested by Azuma et al.3 The coefficient of drag is CD = 7 Re −0.5 , as suggested by Willmott and Ellington,1 where Re is the Reynolds number based on a wing chord, so that it will vary along the wing, and with wing section velocity. Assume the mean moment about the aerodynamic center of the cross-section to be zero. Present the total aerodynamic force acting on the right wing, FWa in a vector form



b 2  b 2  1 1 FWa =  ∫ CL (t , y ) ρV (t , y ) 2 c( y ) dy  l −  ∫ CD (t , y ) ρV (t , y ) 2 c( y )dy  d     2 2 0  0 



(18)



where l and d are unit vectors of the coordinate system momentary fixed to the wing, such that d coincides with the instantaneous velocity vector for the current wing cross-section, and l is perpendicular to the velocity vector (Fig. 2). In order to employ a better control over the wing geometry during the flapping motion, define average lift, drag, and thrust coefficients for up-stroke and down-stroke. According to the blade theory, the mean lift, drag, and thrust coefficients for up-stroke and down-stroke are obtained as a solution of the system of linear equations 12



FWaT = CLu



d ∫ q(t )ldt + CL 0



12



1



1



1 1 1 ρ ∫ q(t ) ldt − CDu ρ ∫ q (t )d dt − CDd ρ ∫ q(t )d dt 2 12 2 0 2 12



(19)



where the u-superscript stands for up-stroke and d-superscript stands for down-stroke, T is a stroke period, and b 2



1 ρ V (t , y ) 2 c( y )dy is the instantaneous dynamic pressure. 2 ∫0 Define an average angle of attack, α for the wing of the ornithopter as an angle between the fuselage centerline and the air stream velocity vector incident to the fuselage. Assume that the average lift and drag are functions of average angle of attack, and rate of change of the angle of attack. Then expand those values in Taylor series as q (t ) =



CLu = CLuα α + CLuα& α& + CLuδ δ e + CLuE E



(20)



CLd = CLdα α + CLdα& α& + CLdδ δ e + CEd E



(21)



e



e
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CDu = CDu min + K (CLu ) 2



(22)



CDd = CDdmin + K (CLd ) 2



(23)



where E is the stiffness of the wing spar, and K is a coefficient. In this way, wing lift coefficients for the up- and down-stroke are additionally controlled through wing stiffness, effectively changing lift and drag forces to allow, in turn, longitudinal control of the aircraft. The aircraft aerodynamic pitching moment, MA, is non-dimensionalized as follows:



M A = Cm qSc where



(24)



Cm is the total aircraft aerodynamic pitching moment coefficient, and M A is a projection of the total



moment M GW + M GT + M GB onto the Y-axis of the aircraft coordinate system. For an ornithopter with an elevator, the pitching moment coefficient is expressed in the form of first order Taylor series



Cm = Cm0 + Cmα α + Cmα α& + Cmδ δ e



(25)



e



In order to study the dynamics of the ornithopter, a perturbed model about steady state flight is needed, which will also be the nominal model used for control design and analysis. From the aerodynamic forces and moments, the stability derivatives are obtained and the longitudinal equations of motion are cast into the following linear state-space model,



C0 x& = Ax + Bu



(26)



x& = C0 −1 Ax + C0 −1 Bu



(27)



x& = A ' x + B ' u



(28)



where x is a state vector, u is a control vector, and A and B are system matrices. The state vector for the longitudinal system is x ≡ [u , w, q, θ ]T .



III.



System identification



The solution of the inverse problem of system identification is found in a least-squares sense by minimizing the real-valued scalar objective function t2



η ( s ) = ∫ x( s,τ ) − x% (τ ) dτ 2



(29)



t1



where s is the current set of parameters for the state-space model (26), x( s,τ ) is a state vector obtained as a solution of the direct problem for the current set of parameters, x% (τ ) represents the experimental data, and t1 and t2 are the time domain of integration. The algorithm proposed by Nelder and Mead8 is used for minimizing the objective function, η ( s ) , for s ∈ ℜ n . At the beginning of kth iteration (where k>0) a non-degenerate simplex, ∆ k , is given along with its n+1 vertices; each of the vertices is a point in ℜ n space. Each iteration generates a simplex, which is different from the one generated during the previous iteration. Iterations continue until the characteristic size of the simplex is less than threshold value. The Nelder-Mead algorithm is characterized by a rapid convergence at the first iteration, while the Jacobian of the objective function is not required for the method.



IV.



Experimental results and discussion



In order to be able to record an in-flight telemetry data, and to control ornithopter automatically, the ornithopter was equipped with the Paparazzi autopilot and software.9 Only a time history analysis and parameter estimation based on the telemetry data are presented here.
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A. Autopilot integration into the 100-cm ornithopter Utilizing previous experience in the autopilot integration,10,11 the Paparazzi autopilot was integrated into the 100-cm ornithopter in the present project. Ornithopter geometry data are listed in Table 1. For this project a thin 0.8 mm autopilot controller printed circuit board with no connectors was manufactured. The ready-to-install autopilot board has dimensions of 7 × 31.5 × 63.5 mm and 16.9 gram of weight. Table. 1. Ornithopter geometric data. Parameter



Values



Wingspan



1m



Wing Area



0.1571 m2



Mass



369g



Wing root chord



200 mm



The Paparazzi autopilot and ground station are a set of software and hardware assets, flexible enough to work with various types of flying vehicles. The custom controller uses a Phillips ARM7 microprocessor, a builtin U-Blox GPS processor with an 18-mm patch antenna mounted on the controller PCB, and an infrared sensor board to determine the current attitude of the vehicle. A pair of X-Bee Pro wireless modems by Maxstream Inc., provides communication between the vehicle and the ground station. The flight control software consists of several subsystems — configuration files, flight plan, map, autopilot, and GPS tools—and two major parts—the autopilot software on-board the airplane and the ground station software. In flight, the autopilot sends telemetry data back to the ground station. Currently, the telemetry data include: GPS-based data; speed, altitude, and climb rate of the airplane; attitude of the aircraft provided by infrared sensors; autopilot status data; and position of the control surfaces. These data play a major role in performance analyses during the flight tests and adjustments of gains. Longitudinal control of the ornithopter is accomplished by proportional control for altitude hold, with an inner pitch attitude loop. Similarly, lateral-directional control is accomplished by an outer heading hold loop and the inner bank angle control loop, both using proportional control.



Fig. 3. Autopilot hardware integration in the 100-cm ornithopter. The autopilot board was installed on the top of the frame right behind the wing (Fig. 3). In order to protect the board from vibrations, it was installed using two T-shaped mounts with soft rubber foam pads. All the radio control components are located right under the board in the frame cutouts, thus the weight of the wiring is also minimized. Taking into account results of the flight tests for our previous ornithopters,12 the current prototype has an increased area for the elevator for better pitch control, and smaller opening angle of the v-tail for more efficient roll control. After necessary adjustments of the center of mass position, the ornithopter is able to withstand up to a 3 m/sec wind, can do a series of sharp turns while maintaining altitude, and has a flight time at moderate throttle in excess of 7 min. Flight tests using an autopilot showed good stability of the aircraft while having enough maneuverability to do basic waypoint navigation in-plane and keeping commanded altitude. Telemetry data were gathered by in-
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flight data logging system built into the autopilot and transmitted to the ground station via wireless link at the rate of 30-35 messages per second and stored on the ground station computer. The flapping frequency of the ornithopter was estimated from the static measurements and presented in Table 2. The flapping frequency is measured using a digital tachometer HCAP0401. Table. 2. Static measurement of flapping frequency. Throttle setting



f (Hz)



25%



2-2.5



50%



4.5-5



75%



5.5-6



100%



7-7.5



B. Flight data analysis for longitudinal mode The following is an example for the longitudinal flight parameter estimation carried out with actual flight data of the ornithopter. The time history data used in this analysis are position of the ornithopter in terms of its trajectory points measured by the GPS unit and given as a set of three-dimensional vector components {XE, YE, ZE}. Orientation of the ornithopter in terms of pitch and roll angles was measured with respect to the horizontal plane. The trajectory followed by the ornithopter during the test flight is shown in Fig. 4.



Fig. 4. Trajectory of the ornithopter Oscillatory response of the aircraft was analyzed during the “hands-off” flight tests. A typical response of the ornithopter during such a flight was recorded for 10 sec. There was no pilot input on the elevator and aileron controls during this time. Throttle was held constant at a cruise flight setting of 35%. Variation of altitude during the flight is shown in Fig. 5. The flight altitude data was smoothed for the purposes of velocity calculations (Fig. 5). Measured climb rate for the duration of the test flight was no higher than 0.4 m/s. Variation of the airspeed, V, is shown in Fig. 6. Angle of attack variation was calculated from measured pitch, trajectory, and velocity, and presented in Fig. 7. Even though velocity and altitude of flight change slowly, the pitch (Fig. 8) and angle of attack values show significant oscillations.
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Fig. 5. Variation of altitude with time



Fig. 6. Variation of speed with time



Fig. 7. Variation of angle of attack with time.
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Fig. 8. Time history of the pitch angle. A dynamic behavior of the ornithopter similar to the short-period oscillatory motion was observed with the time period of about 1 sec and time required for the oscillations in angle of attack and pitch to decay to one-half of initial amplitude of about 2 sec (2 – 5 sec time period in Figs. 7 and 8). After the oscillations decayed, response in angle of attack and pitch was non-oscillatory for about 2 sec, and after that oscillation started again with approximately same period. Even though this dynamic effect was established qualitatively and oscillation parameters can not be accurately estimated based on the available data, this dynamic mode can be regarded as similar to short period oscillations. Long period oscillations, which could be treated as phugoid mode, were not observed during the test flights. Spectral analysis is applied to the recorded pitch history. The data corresponding to the variation of pitch angle, θ , (Fig. 8), with respect to time were considered in the spectrum analysis. The recorded data were analyzed using the fast Fourier transform algorithm in Matlab.® The frequencies of the pitch angle in Fig. 9 show how much of the signal lies with each frequency band over a range of frequencies. The data depict the fundamental frequency of the pitching angle in the major peak at 0.23 Hz. Another peak can be seen in the range of 1-1.25 Hz that corresponds to the noticed short period oscillations.



Fig. 9. Frequency corresponding to the pitch angle data.



V.



Conclusions



A multi-body dynamic model of the ornithopter was developed in this study and a procedure for the estimation of the parameters of this model was proposed. The experimental ornithopter was built and the autopilot controller was integrated into the vehicle. Flight tests showed that the ornithopter is capable of a controlled sustained flight in the autonomous mode. In-flight real-time telemetry data were collected and initial analysis was conducted on this set of data. Preliminary analysis shows that the ornithopter exhibits a dynamic behavior that is similar to short period oscillations.
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