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ABSTRACT 

DEVELOPMENT OF UNSTEADY MODELS FOR FLAPPING WINGS' 

CONTROLLER DESIGN APPROACH 

 

Ormancı, Filiz 

M.Sc., Department of Aerospace Engineering 

Supervisor: Assoc. Prof. Dr. Dilek Funda Kurtuluş 

Co-Supervisor: Assist. Prof. Dr. Kutluk Bilge Arıkan 

February 2016, 112 pages 

 

Among a wide variety of micro air vehicles (MAV) due to their sizes, shapes, 

mechanisms and remoting technique; insect scaled flapping wing vehicles offer 

potential advantages like; higher agility for collision avoidance by rapid 

maneuvering compared to fixed wing MAVs, less noise compared to rotary wing 

MAVs, number of similar species in nature to imitate while modeling. Therefore, 

they are mainly in favor for defense applications. 

Main scope of the thesis is to develop an unsteady model capable of calculating 

aerodynamic forces and moments for insect flight. Additionally, the total forces and 

moments are calculated at the body center of mass by rigid body dynamics equations. 

By this way, during the motion of the wings, the instantaneous angle and angular 

acceleration of the flapping body is found. These values are used in control 

applications to stabilize the system. 

Body maneuvers are possible when right and left wings are moving with different 

input frequencies and amplitudes. Different cases of time dependent wing motions 

which are sweeping, heaving and pitching can be tested by the current analytical 
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model. In this thesis, after analytical modelling, both a testing apparatus for 

analyzing only roll attitude and for analyzing all rotational body dynamics are 

designed. These wing systems can be used to test the model for real-time control 

applications. 

Keywords: Analytical Model for Flapping Wings, Unsteady Panel Method, Micro 

Aerial Vehicles, Attitude Control Insect Flight 
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ÖZ 

ÇIRPAN KANAT KONTROL SİSTEMİ İÇİN GELİŞTİRİLMİŞ ZAMANA BAĞLI 

ANATİLİK MODEL TASARIMLARI 

 

Ormancı, Filiz 

Yüksek Lisans, Havacılık ve Uzay Mühendisliği Bölümü 

Tez Yöneticisi: Doç. Dr. Dilek Funda Kurtuluş 

Ortak Tez Yöneticisi: Yrd. Doç. Dr. Kutluk Bilge Arıkan 

Şubat 2016, 112 sayfa 

 

Mikro hava araçları boyutlarına, şekillerine, mekanizma tasarımlarına ve kontrol 

tekniklerine göre çeşitlilik göstermektedir. Bunlar arasında çırpan kanatlı mikro hava 

araçları birçok avantaja sahiptir, örneğin sabit kanatlı mikro hava araçlarına göre 

daha hızlı manevra kabiliyetine sahip, döner kanatlı mikro araçlara göre ise daha az 

sesle çalışan bu mekanizmalar için bir diğer avantaj, model tasarımı yapılırken 

doğada esinlenecek birçok benzer tür olmasıdır. Bu sayede savunma sanayisi için 

önem taşıyan araçlar olmuşlardır. 

Bu çalışmanın asıl amacı; mikro boyuttaki çırpan kanat sistemi için kanadın 

hareketinden dolayı oluşan kuvvet ve momentleri hesaplamaktır. Buna ek olarak katı 

cisim dinamiği denklemlerine göre gövde hareket merkezindeki toplam kuvvet ve 

momentler hesaplanır. Böylece kanat hareketi boyunca anlık acı ve açısal ivme 

değerlerine ulaşılır. Bu değerler kontrol uygulamalarında gövdeyi kararlı bir harekete 

ulaştırmak için kullanılır. 

Sağ ve sol kanada farklı hareket girdileri verilmesiyle gövdenin manevra yapması 

sağlanır, yalnız bu durumda gövde hareketi kararsız hale gelecekir. Çırpma, süpürme 
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ve yunuslama gibi kanadın farklı hareket türleri bu çalışmadaki analitik model ile test 

edilebilir. Bu tez kapsamında hem sadece yalpalama hareketi hem de gövdenin 3-

Dönme ekseni etrafındaki hareketini incelemek amacıyla 2 test düzeneği 

tasarlanmıştır. Bu test düzenekleri analitik modelin gerçek zamanlı gövde yönelim 

kontrolünü test etmek için kullanılabilir. 

Anahtar Kelimeler: Çırpan Kanat Analitik Modeli, Zamana Bağlı Panel Metodu, 

Mikro Hava Araçları, Çırpan Kanat Gövde Yönelim Kontrolü 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Introduction to MAVs 

The micro-aerial vehicles (MAV) are mainly designed based on three types of lift 

generations; fixed, rotary and flapping wings. Since there are many examples of 

living species carrying a mechanism for the flapping motion, it has been mainly an 

experimental research area to study on by scientists. In addition to this, there are 

numerical methodologies for the steady state and unsteady flapping motion for the 

designed or imitated man-made flapping vehicles. 

Developing an unsteady model for flapping wings is a main requirement for 

manufacturing a MAV since corrective maneuvers are needed for control part. It is 

still a challenge to achieve to input variable flapping, sweeping and pitching angles 

and velocities over the flapping cycle to obtain desired thrust and lift forces while 

minimizing the required power for flapping wings at realistic frequencies and 

amplitudes. To do this, time dependent forces and moments due to important 

unsteady effects have to be found.  

To design a MAV with suitable kinematic inputs for the wings and stable body 

dynamics attitude; angles and angular velocities are controlled by feedback control 

system. For control systems, real-time analytic models are required which is the main 

aim of this study. 

1.2 Major Objectives 

The Major objectives of the current study are; 
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 To develop an unsteady model for calculation of aerodynamic forces on the 

wings due to different kinematic and geometric inputs. 

 To obtain rigid body dynamic forces and moments at the body center of 

gravity along a rotation axis. 

 To design a suitable symmetric double wing mechanism and body rotation 

mechanism for feedback control algorithms using a design tool. 

 To manufacture the designed mechanisms for the future test applications. 

1.3 Layout of the Thesis 

In Chapter 2, the literature review of different types of analytical models and their 

ways of calculating aerodynamic forces for different airfoil motions are presented. 

Many scientists have been working on developing a time dependent models for 

different wing kinematics and verified their work with different tools and 

experiments. 

Chapter 3 is about the theory of present analytic model developed. Due to kinematic 

and geometric inputs, 2-D analysis of wing’s unsteady motion is studied. All the 

values are updated due to time dependent velocity inputs in 2 translation and 1 

rotation dimensions. By this way, the span-wise integrated total forces due to 

pressure distribution acting on the wing is found. 

Chapter 4 is about rigid body dynamic analysis. The time dependent total forces and 

moments due to two wing system are found in body center of gravity to analyze the 

body attitude. 

Chapter 5 is about Simulink blocks used to build present model. 

In Chapter 6, the solid design and manufacturing procedure of two wing testing 

system to be used for future applications is represented.  

Finally in Chapter 7, the results of analytic model are compared with CFD results.  
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CHAPTER 2 

LITERATURE SURVEY 

 

2.1 Earlier Aerodynamic Models for Flapping Wings 

Many scientists analyzed motion of different flying insects and birds and obtained 

empirical coefficients which support prescribed models. Brodsky [1] used high speed 

filming of a specific insect in a wind tunnel and observed the vortex pairs. He 

discussed shape of vortex wake structure of flow depending on wing frequency, 

without wing pair interaction. Vortices are produced and shed respectively during 

pronation and supination. Before his work, Spedding [2] had followed same 

procedure for bats and birds. He worked on wake of many species like jackdaw 

Corvus moedula and kestrel Falco tinnunculus by multiple image stereo photographs 

in his series of articles. He estimated the rate of momentum generated in the wake for 

induced power requirement from the wake measurements. He obtained significant 

results for unsteady models and energetic predictions for design of flapping motion. 

Rayner [3] postulated a vortex ring model for slow-flying birds and analyzed so 

called “gait change” (sharp discontinuity in wing beat kinematics during kinematic 

flight), gave suggestions on number of ways for power reduction. He also outlined a 

flight model by conversion factor on classical momentum jet theory for both insects 

and birds.  

Early aerodynamic methodologies for blade motion includes many quasi steady 

models such as; momentum theory, blade element analysis, vortex wake models, 

hybrid models (blade element and momentum, blade element and vortex), lifting line 

and lifting surface (panel method) theories. Fogh [4] stated that the steady state 

approach does not fit properly with the natural flyers; this gives rise to research 

unsteady models which added mass and unsteady circulatory effects are included. 

However quasi steady models which are derived by steady analysis for instant time 



4 

 

are helpful for comparison with unsteady cases. The modeling methodologies found 

in literature for unsteady, 3-D motion of the wing varies based on different 

kinematics, boundary conditions, unsteady effects included, conservation rules and 

solution types.  

Steady state theories are used to compute lift and drag coefficients due to difference 

in geometry and speed of the wing as a snapshot for an instant, such models are 

transformed into quasi steady models depending on wing kinematics. Blade element 

method (BEM) is one of the most famous approaches to calculate the lift by 

discretizing the wing in span-wise strips and compute summation on aerodynamic 

force distribution. Ellington [5] used these static conditions and assumed that the 

instantaneous values that are equal to steady ones in his blade element analysis. 

Blade element theory ignores the vorticity approach; however, the relative velocity is 

found by superposing heaving velocity and bound and wake induced velocities.   

Momentum theory of Rankine-Froude is another quasi steady model which assumes 

the beating plane of flapping motion as actuator disc. Osborne [6] used this method 

to calculate induced velocity. Change in momentum due to acceleration of the 

surrounding air generates thrust to balance the weight and drag forces. In this 

method, flow is uniform across cross sectional “disc” area. With the contribution of 

Bernoulli equation, momentum theory results that vertical velocity attained in far 

wake is twice the velocity induced at the disc.  

Hybrid momentum method is combination of Momentum theory and BEM including 

consideration of unsteady wake effects is another quasi steady model. Kawachi [7] 

developed another hybrid method which is the combination of circulation theory and 

BEM. Compared to classical momentum theory based on uniform induced flow over 

rotor disc, he divided the rotor disc in annular sections and analyzed asymmetric 

flow field based on momentum balance considering apparent mass effect. Azuma 

and Watanabe [40] applied this method for the dragonflies modifying the quasi 

steady models like BEM and momentum theory with the local circulation method 

which is previously developed for rotary wings. The effect of the periodic shed 

vortices are included by Theodorsen function [27]. 
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Lifting Line theory is based on trailing edge vortices and such twisting and bending 

of span-wise quantities are taken into account, however, kinematic approach is weak. 

Betteridge and Archer [8] worked on lifting line theory with actuator disc theory to 

predict induced flow and optimize lift with a quasi-steady approach. Phlips [9] used 

lifting line theory with unsteady approach and calculated forces and power curves 

due to wing geometry and motion kinematics, obtained results compatible with 

Rayner’s experimental study [3]. 

Lifting surface (vortex lattice/panel) method takes wing geometry and wake 

representation into account compared to lifting line method. Sunada et al [21] used 

this method on flat plate for clap-and-fling mechanisms and modified their fluid 

dynamic model according to sinusoidal pitching and plunging experiments in water 

which resulted larger forces compared to calculations due to vortex capture 

phenomenon. 

Analytical studies on flapping wings are mainly based on sinusoidal pitch and plunge 

motion. Theodorsen [27] derived a function based on quasi-steady methods and he 

included added mass and wake effects; however, the leading edge vortex 

contribution and aerodynamic coupling between motions were missing. His work is 

based on lift and moment calculation of aileron and additional application for flutter. 

Garrick [26] modeled an extension to Theodorsen’s theory and derived propulsive 

forces on oscillating thin airfoil due to harmonic plunging motion using energy 

conservation.  He also proved that the results of frequency based model of 

Theodorsen fit with Wagners’ [28] time based analysis due to vortex distribution in 

the wake generated by the arbitrary oscillations of the airfoil. Lift generation time lag 

for sudden accelerated airfoil due to wake effects was calculated by Wagner [28]. 

Küssner [39] obtained this lag due to unsteady gust effects. 

Beddoes [10] performed an indicial lift model by deriving a transverse function for 

time dependent pitching motion. He approached the airfoil response to change in 

induced velocity and calculated the blade loads for arbitrary induced velocity with 

Duhamel Integration.  
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Zbikowski [11] worked on another indicial model depending on velocity potential 

and solution of ordinary differential equation for nonconstant free stream, and used 

two main techniques which are unsteady modeling of attached flow for helicopter 

blades and leading edge suction analogy in both time and frequency domain. Since 

insect scale flapping motion leads very high angle of attacks, separation of both 

leading and trailing edges hold key for accurate modeling. Ansari et al. [12] used 

conformal mapping transformations to model 2D flow around airfoil by BEM and 

both flow separations. 

All these analytical models approaches the results for forces and moments due to 

motion of a wing however some of them have limited ability to model 6 DOF motion 

or steadiness is not at desired level. Developments show that Unsteady Panel 

Methods for Flapping Airfoil is one of the best ways to obtain accurate results. Panel 

methods are such techniques to solve incompressible potential flow equation for 

thick geometries. The 2D airfoil surface is divided into line segments or boundary 

elements and vortex sheets are placed on these panels. 

2.2 Unsteady Panel Method  

Smith [20] summarized the main advantages of unsteady aerodynamic panel method 

and compared with the quasi steady models and stated that the method includes 

detailed analysis on trailing wake and dynamics effects. As Vest and Katz [23] 

stated, this method is unique in its ability to handle a time-dependent and even 

deformable flapping wings. There are many studies depending on unsteady panel 

methods for the flapping wing motion in the literature. 

Kamali and Ravesh [14] developed a computer code for unsteady panel method for 

the flow analysis and obtained results for design coefficients (for NACA 2410 and 

NACA 2412) and trailing edge wake shape for different flight conditions. Jimenez 

and Lopez [15] developed a computational model with Hess-Smith panel method (for 

NACA 4415) and used this aerodynamic model for the control mechanism. They 

updated the airfoil shape (coordinates of the aileron part) and feeding the control 

system with the forces and moments calculated for updated shape. Persson et al. [16] 
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compared their panel method and Navier stokes solution for the 3-D flapping wing 

(for α=0°, 5°, 10°) and emphasized the importance of supporting any inviscid model 

with a viscous simulation for high fidelity wing design. Anmar [17] developed a 

numerical method for arbitrary unsteady motion of thin airfoil, and applied for 

sudden change in angle of attack while airfoil is oscillating with a high frequencies 

and obtained influence of nonlinear wake on oscillation amplitude, wake rollup and 

aerodynamic forces (for NACA 0008). Mantia and Dabnichki simulated the 

harmonic oscillations of NACA 0012 airfoil in water and calculated the 

hydrodynamic forces with unsteady boundary element (panel) method. They mainly 

focused on added mass effect [18-19]. 

Smith [20] used realistic wing kinematics with 3-D panel methods including flexible 

wing structure by the finite element method and emphasized the importance of wake 

contribution for unsteady cases. Sunada et al. [21] used this method on flat plate for 

clap-and-fling mechanisms and modified their fluid dynamic model according to 

sinusoidal pitching and plunging experiments in water which resulted larger forces 

compared to calculations due to vortex capture phenomenon. 

Vest and Katz [22-23] worked on iterative procedure for 3-D panel methods due to 

trailing wake shape of deforming geometries and different avian flight types and 

compared high and low frequency of flapping motion cases. They also developed a 

fluid dynamic model depending on deformable trailing edge vortices by solving the 

Laplace equations with the boundary conditions due to wing kinematics and 

combining with the Kelvin’s theorem. The model was applied to wings with high 

advance ratios and pigeon wing (twisted) in a wind tunnel and averaged lift results 

matched with the experimental data within an error bound. Katz and Plotkin [24] 

obtained formulation for different cases of 3-D motion of flat plate wing. 

Prosser [25] performed a MATLAB model for unsteady panel method with chain of 

functions and used NACA 0006 airfoil shape with different chord lengths (1m, 0.2m, 

0.04m, the last one is compatible with MAVs). He compared the force coefficients 

obtained with FLUENT simulation and they match up other than a phase shift which 

caused by the difference between cycle-averaged and instantaneous forces. 
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Due to time varying 3-D wing kinematics, unsteady loads for various angular motion 

frequencies can be obtained by the unsteady panel method. Choosing the suitable 

coordinate system for calculations is very important for modeling the input motion 

and corresponding force dynamics. Positions, linear and angular velocities and time 

dependent derivations are defined due to new coordinate systems, and updated 

during the motion. 

In this thesis, first the analytic model is developed, which is based on trailing edge 

wake vortices whose effect is balanced by the influence of bound vortex on the wing 

at a position at any time. For the incompressible flow, the continuity equation is time 

independent; therefore, there is a need for time dependent boundary conditions to 

model unsteady aerodynamics. Two main boundary conditions for the model are; 

zero normal velocity at body surface and no flow sufficiently far away from the 

body. In addition to these, Kelvin and Kutta conditions provide two more equations 

to obtain wake circulation. When all these coordinate transformations, formulations 

and boundary conditions are used with the suitable kinematic description of any 

motion of wing, the resultant vortex distributions can be obtained. By this way, 

pressure distribution, lift and drag forces are found. 

Since the first model used only one collocation point on the chord, results do not 

fulfill the expectations. Because of this, a second model is developed which is based 

on Unsteady Panel Approach using many airfoil coordinates and placing collocation 

points in the middle of each two coordinate points over the surface. 

2.3 Control Applications 

The natural fliers have their own biological stabilization ability; for example, the tiny 

wasp stabilizes itself with the viscous drag on its body, extended long legs help the 

mosquito fly stable and woolly aphid has a fibrous coat for this purpose. In addition 

to these, Robotic fliers have different stabilization strategies: Harvard robot has 

external stabilization using wire guides; Cornell robot flies stable with its large sails; 

Mentor robot has sensory feedback control. Damping time scale and reaction time 
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needed analysis for flight stabilization were performed for these species and 

mechanisms [30]. 

 

Figure 2.1 Control requirements for hovering insects, hummingbirds and 

flapping-wing robots [30]. 

 

For both natural fliers and micro flapping vehicles generating lift force sufficient for 

body mass is not enough, but they need a balanced forces and torques during their 

flying period. Sensory neurons and motor neurons of the flight muscles of flying 

animals overcome with this problem [31]. However, robotic fliers have trouble in 

their balance without passive stabilization with a body drag or active control with a 

sufficiently rapid reaction [30]. 

Teoh et al. [33] worked on vertical take-off stabilization of the Harvard RoboBee, 

which is an insect-scale flapping-wing robot using the piezo-actuators having 230 V 

at RoboBee’s resonant frequency (105 Hz) to accelerate upward and 20mm damper. 

Their (proportional derivative) PD controller gathers the position information by a 

serial port and calculates feedback power at 10 KHz. 

Cheng et al. [31] obtained mathematical model for Calliphora like flying prototype 

and used analytical estimations for the stability derivatives and control derivatives 

using quasi-steady aerodynamics. They worked on closed loop control feedback 

algorithm for wing asymmetry and generated torque along roll, pitch, and yaw axes, 
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considering the body in 3 ellipsoid rigid parts and calculating their moment of 

inertia. 

Chang et al. [32] provided limit values for sensing rate and time delay between 

sensing and feedback motion. Their stabilization of flapping flight pitching motion is 

based on discrete time delayed linear control algorithm in the nonlinear regime 

without any prediction. 

Fearing et al. [34] modeled a micromechanical flying insect and using force sensors 

mounted on the wing spars and modifying the wing stroke patterns by closed loop 

wing controllers for reaction to wing forces. They used “daughter cards” which 

includes magnetic sensors, gyroscope and accelerometer. Yan et al. [37] developed 

closed loop control algorithm for Berkeley MFI design project with the optical 

position sensors. 

Similarly, Karásek et al. [35] developed a control mechanism to generate moments 

for attitude stabilization of their hummingbird prototype modulating wing twist, 

flapping amplitude and mean wing position. They stated that increasing the wing 

motion amplitude produces roll moment, moving wing offset forward backward 

creates pitch moment and changing mean wing position along opposite directions 

results in yaw moment on the body. 

Orlowski et al. [36] developed an open loop pitch control of a flapping wing micro-

air vehicle using a tail that is able to rotate about its pitch axis and control mass that 

is able to translate in longitudinal and vertical directions which provide additional 

generalized coordinates and derivatives for the model. 

Thomson et al. [44] developed 3 channel  PID controller in LabVIEW and used on a 

National Instruments (NI) CompactRIO Real-Time Controller (cRIO-9002) for 

flapping mechanism to track desired roll, pitch, yaw angles and tuned the control 

gains with experimental values. Duan and Lı [45] developed a novel nonlinear 

control method for flapping body attitude control based on Active Disturbance 

Rejection Control (ADRC) and used nonlinear PD controller with rotational 

accelerometers. Lindsey et al [46] controlled altitude, roll and pitch attitude 

independently in a PID controller by changing the flapping amplitudes of left and 
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right wings for rig and un-rig cases for piezo actuated flapping body and they also 

included the Gaussian Noise. They additionally studied indirect yaw control with 

pitch and roll angles. 

Deng et al [47] used LQR strategy for three mean torques and mean lift by four 

single input- single output subsystems and achieved stabilization despite the sensor 

noises. They also used pseudo inverse method to compute inputs of actuators for 

trajectory tracking. Bhatia et al. [48] used controller based on LQR and determine the 

control inputs as wing kinematic inputs with external disturbances (gust effect) for a 

flapping wing MAV.  

In addition, Zhang et al. [49] stated that PID methods precise to track the trajectories 

for large control inputs, while LQR strategy overcomes with large flapping 

amplitudes. They designed both PID and LQR controllers and implemented on a 72 

MHz cortex M3 board. 

There are two main challenges for controller design; one is coupled motions and the 

other is nonlinear terms in aerodynamic model; however, first can be solved by 

dynamic inversion or computed torque control, and second can be solved by adaptive 

approximation techniques. 

All these developments in stabilization and control mechanism of attitude dynamics 

for flapping micro air vehicles set light to the future developments. However, there 

are still many challenges to overcome which are power storage, compact hardware, 

light materials for construction, efficient mechanism design and to understand the 

unsteady aerodynamics of flapping motion better. Therefore control algorithms and 

analytic unsteady models support the developments of each other. [33]   
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CHAPTER 3 

ANALYTICAL MODEL 

 

3.1 Sudden Acceleration of an Airfoil 

Considering time dependent motions of the wing in 6 DOF, different modifications 

of the velocity potential equation are possible to obtain. Some of them are given by 

Katz and Plotkin [24]. They also give detailed solution for sudden acceleration case 

with a single collocation point model. 

 

Figure 3.1 Body and Inertial Coordinates 

The body fixed frame is shown as (x, y, z) when the inertial frame is shown as (X, Y, 

Z) as shown in Figure 3.1. At starting point they coincide and for the case t>0 the 

location of (x, y, z) with respect to the inertial frame is shown as R0(t) and its 

orientation is shown as ⊝ (t). 

𝑹𝟎(t)= (𝑿𝟎, 𝒀𝟎, 𝒁𝟎)      (3.1) 

  ⊝(t)= (Φ, θ, Ψ)      (3.2) 

The calculation of the wing forces due to trailing edge vortices given in the Katz and 

Plotkin’s book is repeated by MATLAB iterative code and the result for sudden 

acceleration of flat plate are found as the results given in the book. In this model the 

bound circulation is calculated on the wing just for one collocation point. 
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For this case the x component of the free-stream velocity is U∞, therefore the 

location vector gets the form R0(t) = (X0, Y0, Z0) = ( −U∞t, 0,0). The wing motion 

and the freestream velocity are opposite to each other, X component of wing velocity 

is defined as −U∞, and since there is no rotation, orientation vector gets the form 

⊝(t)=(0,0,0). 

The wake around the wing is assumed as inviscid, incompressible and irrotational; 

therefore the continuity equation is; 

 ∇2Φ = 0 (Φ (X, Y, Z))     (3.3) 

Two boundary condition used for this approach is; normal velocity being zero at 

wing surface and wake rate approaching zero too far from the wing. These conditions 

are represented as; 

(𝜵Φ +v).n= 0                                     (3.4) 

lim
|𝐑−𝐑𝟎|→∞

𝛁𝚽 =0,    R=(X, Y, Z)                         (3.5) 

In addition to these, due to Kelvin condition, the angular momentum is conserved in 

a potential wake field. Hence, the circulation remains constant for the circle 

enclosing the wing, and the wake is conserved. 

dΓ

dt
=0 (for any t)                                            (3.6) 

The kinematic velocity of the wake due to wing motion is expressed as;  

    v= −[𝐕𝟎+𝐯𝐫𝐞𝐥+Ω × r]                     (3.7) 

Here V0 is velocity of the origin of the x, y, z system (X0,̇ Y0,̇ Z0̇), r is position vector 

(x, y, z) and Ω is vector of angular velocities around x, y, z axes (p, q, r). Surface 

normal vector n=n(X, Y, Z, t) is changing time dependently. And the relative 

velocity defined in body coordinates (x, y, z) is expressed as vrel=(x,̇ y,̇ ż), and 

included in the kinematic velocity [24]. 
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Sudden acceleration of the flat plate case is a good starting point for studying 

unsteady phenomena. Basically, the model based on the influence coefficients for 

circulation terms for one collocation point was most basic form of panel methods. 

The iterative code is obtained for periodic sweeping motion using MATLAB. The 

bound circulation value at any time on the airfoil is balanced by the wake 

circulations at ¾ of chord as in sudden acceleration case. Other cases like sinusoidal 

pitching and plunging motions can be defined kinematically and used in the unsteady 

boundary condition equations. 

3.2 Different Cases of Flapping Motion 

There are 3 main unsteady motion of the wing and sudden effects like gust effect as 

illustrated as Figure 3.2. 

 

Figure 3.2 Types of different Flapping Cases 

 

First the kinematic description of motion is obtained by determining; vector between 

body fixed frame and inertial frame. (R0(t) = (X0, Y0, Z0)), instantaneous orientation 

(⊝(t) = (Φ, θ, Ψ)) and angular velocities (⊝̇(t) = (p, q, r) ). 

Due to continuity equation for incompressible, irrotational and inviscid flow 

(Equation 3.3) and boundary condition of zero normal flow on the wing surface 
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(Equation 3.4) and coordinate transformation equations, the resultant expression for 

airfoil motion can be obtained 

Boundary conditions are updated due to these kinematics including components of 

unsteady motion. By this way, it is possible to model pure plunging, sweeping and 

pitching motions, and coupled form of these motions. Moreover, a translational 

motion of the airfoil is added by the linear velocity of total system. 

Table 3-1 Velocity Potential Equations for Flat Plate under uniform free stream 

and pure sweeping motion cases 

Flat Plate under uniform free stream Flat Plate under pure sweeping 

motion 

𝐕𝟎 = ( 𝐗𝟎,̇  𝐘𝟎,̇  𝐙𝟎 ̇ )= ( −𝐔∞, 𝟎, 𝟎) 𝐕𝟎 = (𝟎, 𝟎, 𝟎) 

Ω=0 (no rotation) Ω=(0,0, Ψ̇) 

n=(sinα,0,cosα) n=(sinα,0,cosα) 

(𝛁Φ−𝐕𝟎−𝐯𝐫𝐞𝐥 −Ω×r).n=(
𝛛𝚽

𝛛𝐱
+𝐔∞, 𝟎 , 

𝛛𝚽

𝛛𝐳
).(sinα,0,cosα)=0 

(𝛁Φ−𝐕𝟎−𝐯𝐫𝐞𝐥 −Ω×r).n=(
𝛛𝚽

𝛛𝐱
+

𝚿̇y ,
𝛛𝚽

𝛛𝐲
− 𝚿̇𝐱, 

𝛛𝚽

𝛛𝐳
).(sinα,0,cosα)=0 

∂Φ

∂z
=−(U∞ +

∂Φ

∂x
) tanα≈−U∞α 

∂Φ

∂z
=(Ψ̇y+

∂Φ

∂x
)tanα 

 

Developing an appropriate wake model is the second part after kinematic description 

of the system. In the wake analysis, it is predicted that downwash velocity due to 

bound circulation at a chord-wise position of airfoil, downwash velocity of the wake 

circulation and the velocity component of the kinematic motion are balanced 

depending on their directions for any time instant. The chord-wise position is taken 

as ¾ chord as previously performed by many scientists [24-25]. 

At each iteration time, a new wake vortex if formed and previous one is remaining 

far apart since there is a translational velocity of flat plate for the first case. Similarly, 

for the second case, due to linear velocity which is angular sweeping velocity times 

the radius of rotation, distances of each wake to the reference point, and their 

corresponding induced velocities changes. Table 3-1 is giving the expressions for flat 
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plate with uniform freestream and pure sweeping cases and Table 3-2 is illustrating 

boundary condition equation the first three iteration steps. 

Moreover, according to Kelvin Condition angular momentum due to circulation is 

conserved. (
𝐝𝚪

𝐝𝐭 
=0). This supplies second equation for each time step to obtain two 

unknowns which are bound circulation and wake circulation. Table 3-3 is illustrating 

Kelvin Condition equation the first three iteration steps. 

Table 3-2 Balance of the bound circulation effect with wake circulation at each 

iteration step and the motion kinematics 

Iteration 

Time 

Boundary condition 

t1 −Γ(t1)

2π(c/2) 
+

ΓW1

2π[(c/4) + (U∞𝛥𝑡 /2) 
= −U∞α  

 (𝐰𝐛+𝐰𝐰=−𝐔∞α) 

t2 −Γ(t2)

2π(c/2) 
+

ΓW2

2π[(c/4) + (U∞𝛥𝑡 /2) 
+

ΓW1

2π[(c/4) + (U∞3𝛥𝑡 /2) 
=

−U∞α 

t3 −Γ(t3)

2π(c/2) 
+

ΓW3

2π[(c/4) + (U∞𝛥𝑡 /2) 
+

ΓW2

2π[(c/4) + (U∞3𝛥𝑡 /2) 
+

ΓW1

2π[(c/4) + (U∞5𝛥𝑡 /2) 
= −U∞α 

 

Table 3-3 Kelvin Condition for 3 iteration steps 

Iteration Time Kelvin Condition 

t1 dΓ

dt 
= Γ(t1) + ΓW1=0 

t2 Γ(t2) + ΓW2 + ΓW1=0  

t3 Γ(t3) + ΓW3 + ΓW2 + ΓW1=0  



18 

 

 

For the pure sweeping case, the velocity U∞ is replaced with time derivative of 

harmonically changing sweeping angle multiplied by radius of rotation. Previously 

constant linear velocity in sudden acceleration case is now time dependent.  

A point to consider here is that the angle of attack for pure sweeping case is constant 

during the motion. That is, the angle is positive when going to one way and negative 

when turning back. 

 

Solving Boundary Condition and Kelvin Condition Equations for two unknowns 

(Γ(ti), ΓWi) at each step with the additional wake circulation for each iteration, 

unsteady bound circulation on the airfoil is obtained.   

The lift and drag forces can be found by the following formulas; 

L=ρ[𝑼∞ 𝛤(𝑡)+
𝜕𝛤(𝑡)

𝜕𝑡
*c]                                            (3.8) 

    D=ρ[𝐰𝐰(x, t) Γ(t)+
∂Γ(t)

∂t
*c*α]     (3.9) 

Although this approach gives insight to unsteady analytic modeling, it failed to 

satisfy the expectations since only one collocation point is not enough for different 

airfoil geometries. Therefore, Panel Method analysis took its place to overcome these 

problems. 

3.3 Unsteady Panel Method for Flapping Motion 

Similar to the previous algorithm, first the wing motion must be kinematically 

defined as in Figure 3.3. 
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Figure 3.3 Flapping motion kinematic definition (Flat Plate) 

Similarly for the wings with different profiles, we can calculate all the updated 

values of variables in distributed manner as illustrated in Figure 3.4. 

 

 

Figure 3.4 Flapping motion kinematic definition (Arbitrary Airfoil) 

Katz and Plotkin [24] obtained the expressions for velocity potential, and the 

velocities along X and Z directions for sink, doublet and vortex distributions or their 

combinations. In this approach, constant and linear increasing vortex distribution 

expressions are used and they are given in the Tables 3-4, 3-5 and 3-6. 

3.3.1 Velocity Potentials and Velocities along Motion Directions 

Table 3-4 and 3-5 show the velocity potential and velocities along X and Y 

directions for constant and linear increasing cases for vortex distributions. 
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Table 3-4 Velocity Potential and velocities along X and Z directions for constant 

vortex distribution 

 Constant Vortex Distribution 

Vortex Distribution γ(x) = γ 

Velocity Potential 
Φ = −

γ

2π
∫ tan−1

x2

x1

z

x − x0
dx0 

Velocity along X 
u =

γ

2π
∫ tan−1

x2

x1

z

(x − x0)2 + z2
dx0 

Velocity along Z 
w = −

γ

2π
∫ tan−1

x2

x1

x − x0

(x − x0)2 + z2
dx0 

 

Table 3-5 Velocity Potential and velocities along X and Z directions for linear 

increasing vortex distribution 

 Linear increasing Vortex Distribution 

Vortex Distribution γ(x) = γ1 ∗ x  , γ1:const 

Velocity Potential 
Φ = −

γ

2π
∫ x0 ∗ tan−1

x2

x1

z

x − x0
dx0 

Velocity along X 
u =

γ

2π
∫ tan−1

x2

x1

x0 ∗ z

(x − x0)2 + z2
dx0 

Velocity along Z 
w = −

γ

2π
∫ tan−1

x2

x1

x0 ∗ (x − x0)

(x − x0)2 + z2
dx0 

 

And also for the discrete vortices they are formulized as in the Table 3-6. 

Table 3-6 Velocity Potential and velocities along X and Z directions for discrete 

vortices 

Φ = −
γ

2π
tan−1

Z − Z0

X − X0
 

u =
γ

2π

Z − Z0

(X − X0)2 + (Z − Z)2
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Prosser [25] defined the vortex distribution as; γ(x) = γ0 + γ1 ∗ x, and obtained 

integrals which can be derived by using constant and linear increasing forms of the 

expressions of velocity potential and velocities. 

 

Figure 3.5 Vortex Panel – Discrete Vortex [25] 

According to these the resultant equations for the panel vortices and the discrete 

vortices get the form as in Tables 3-7 and 3-8; 

Table 3-7 Final Form of Expressions for Velocity Potential, and Velocities along X 

and Z directions for panel vortices [25] 

Φp = −
γj

2π
([x ∗ β1 − (x − d)β2 + z ln (

r1

r2
)] −

1

d
[xz ln (

r1

r2
) −

zd

2
+

x2−z2

2
β1 −

x2−z2−d2

2
β2]) −

γj−1

2π
(xz ln (

r1

r2
) −

zd

2
+

x2+z2

2
β1 −

x2−z2−d2

2
β2)  

up = −
γj

2πd
[z ln (

r2

r1
) + (x − d)(β2 − β1)] +

γj+1

2πd
[z ln (

r2

r1
) + x(β2 − β1)] 

wp = −
γj

2πd
[(x − d) ln (

r2

r1
) − d + z(β2 − β1)] +

γj+1

2πd
[x ln (

r2

r1
) + d − z(β2 − β1)] 

w = −
γ

2π

X − X0

(X − X0)2 + (Z − Z0)2
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Table 3-8 Final Form of Expressions for Velocity Potential, and Velocities along X 

and Z directions for discrete vortices [25] 

 

 

 

 

As seen from Tables 3.7 and 3.8, these equations are linear equations in terms of 

vortex values. They can be represented by constant coefficients as given by Prosser 

[25] (Table 3-9); 

Table 3-9 Velocity Potential and Velocity equations for panel and discrete vortices 

with influence coefficients [25] 

up = apγj + bpγj+1 ud = eγ 

wp = cpγj + dpγj+1 wd = fγ 

Φp = gγj + hγj+1 Φd = qγ 

 

Here only the terms ap, bp, cp, dp need coordinate transformations since other 

coeffients are already given in inertial coordinates. 

[

a
b
c
d

] = [

cos (ζ) 0 sin (ζ) 0
0 cos (ζ) 0 sin (ζ)

−sin (ζ) 0 cos (ζ) 0
0 −sin (ζ) 0 cos (ζ)

]

[
 
 
 
ap

bp

cp

dp]
 
 
 
  (3.10) 

As defined in sudden acceleration approach, normal component of the velocity at the 

surface is zero and this is expressed as; 

(∇Φ +v).n= 0                                                        (3.11) 

If we insert the kinematic velocity defined as v=-[V0+vrel+Ω × r] to the Equation 

3.11; 

Φd = −
γ

2π
tan−1 βv  

ud =
γ

2π
[
z − z0

rv
2

] 

wd = −
γ

2π
[
x − x0

rv
2

] 
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(𝛁Φ −𝐕𝐚 −Ω × r).n= 0                                                     (3.12) 

This equation is solved for any mid panel - collocation points on the win surface. 

Any point on the wing surface has velocity components (X-Z) with respect to inertial 

frame. The X-Z components of surface normal vector is expressed as nx and nz. 

If p time interval is passed, for n collocation points on the wing, the velocity equation 

becomes; 

∑ [(ajγj + bjγj+1)nx + (cjγj + djγj+1)nz]
n
j=1 + ∑ [elγlnx + flγlnz]

p
l=1 −

(U + θ̇rz)nx − (W − θ̇rx)nz = 0                              (3.13) 

For all the vortex panels (n), there are 2 unknowns which are endpoints vortex 

values. Therefore, for each collocation points there are n equations but 2n+1 

unknowns. Due to continuity of the bound vortex distribution, the circulation at the 

end connection points of the sequential vortices must have the same values. This 

reduces the unknown number to n+2. Since Kelvin condition provides 1 more 

equation the equation number increases to n+1. However, n+2 unknowns need n+2 

equations to solve; therefore 1 more equation is needed. Kutta condition provides this 

final equation and makes the system solvable. 

These two conditions are given in detail in Sections 3.3.2 and 3.3.3. 

3.3.2 Kelvin Condition 

According to conservation of wake the circulation encircling the wing does not 

change. Therefore, the bound circulation is equal to the sum of the circulation due 

wake vortices. 

Therefore for p time period total circulation is; 

  𝛤𝑝=(∮ 𝛾(𝑠)𝑑𝑠)𝑝 + ∑ 𝛾𝑙 +𝑝−1
𝑙=1 𝛾𝑝     (3.14) 

 𝛤𝑝 − 𝛤𝑝−1 = 0      (3.15) 

(∮ γ(s)ds)p − (∮γ(s)ds)p−1 + γp = 0    (3.16) 
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The bound circulation is composed of linearly increasing vortex panels; 

(∑ γj
n+1
j=1 )p − (∑ γj

n+1
j=1 )p−1 + γp = 0    (3.17) 

3.3.3 Kutta Condition 

There is no discontinuity at the top and bottom point of the trailing edge, therefore 

the circulation value at the trailing edge gets zero value. 

  γ1 + γn+1 = 0      (3.18) 

Equations 3.13, 3.17 and 3.18 are used to obtain coefficient matrices to have system 

of equations in the form AX=B. A matrix has (n+2)x(n+2) dimension and composed 

of the coefficients of γ and γp, X matrix includes the unknown terms and its 

dimension is (n+2) x1 and matrix B includes all known terms of kinematic and 

geometric definitions and its dimension is (n+2) x1 too. 

Using this panel algorithm, a model is developed in MATLAB Simulink Base, and 

wake velocity and velocity potential are calculated at each collocation points.  

3.3.4 Unsteady Bernoulli Equation 

After finding velocity of the wake, the pressure is calculated using Bernoulli 

Equation with additional time dependency term. As Katz & Plotkin [24] derives, all 

formulas are transformed into body fixed coordinate system. 

𝑃∞−𝑃

𝜌
=

1

2
[(

𝜕∅

𝜕𝑋
)
2

+ (
𝜕∅

𝜕𝑍
)
2

] +
𝜕∅

𝜕𝑡
    (3.19) 

P∞−P

ρ
=

1

2
[(

∂∅

∂x
)
2

+ (
∂∅

∂z
)
2

] − (Va − Ω × ra)∇Φ +
∂∅

∂t
   (3.20) 

 

Here the potential term included both panel potential (Φp) and discrete potential 

(Φd). 
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For hovering micro air vehicles the lift force is important to balance the gravity 

force, and the drag force is important for control maneuvers. In addition to these 

forces, the moment around ¾ chord is calculated by the below integrals. 

3.3.5 Unsteady Force Integration 

The pressure distribution on the airfoil surface is integrated to obtain lift and drag 

forces and moment about the quarter chord. 

 

𝐹𝑥
′ = −∮𝑃(𝑠) 𝑛̂. 𝑖̂𝑑𝑠     (3.21) 

𝐹𝑧
′ = −∮𝑃(𝑠) 𝑛̂. 𝑘̂𝑑𝑠     (3.22) 

𝑀𝑞𝑐
′ = −∮ 𝑃(𝑠) 𝑟𝑞𝑐⃗⃗⃗⃗  ⃗ 𝑥 𝑛̂𝑑𝑠    (3.23) 

Here rqc⃗⃗ ⃗⃗  ⃗ is the vector drawn from the ¾ chord to wing surface. 

All these circulation, pressure, forces and moments are updated at the end of each 

time period and the new wake field is obtained [25]. 

Since the vortices are free to move in the wake field, their position are also updated 

by the velocity induced on them. By this way the wake pattern can be obtained too. 

 

Figure 3.6 Wake patterns for sudden acceleration and flapping cases respectively 

[24] 

After these all procedure, an external integration is needed to obtain total forces and 

moments on the wing after calculation of section-wise distributions. Simulink for 

subsystem is used to collect the data array for all forces, and summed after 

multiplying with unit span length. By this way, the total unsteady forces on the 
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flapping wing is obtained due to motion kinematics, airfoil geometry, span-wise 

wing shape, number of collocation points, unit time and number of span-wise 

sections.  
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CHAPTER 4 

ATTITUDE DYNAMICS OF FLAPPING BODY 

 

To design a flapping mechanism, rigid body dynamics due to wing(s) kinematics 

must be modeled. First the unsteady aerodynamic forces on the wings are calculated 

by the various methods found in literature; second effects of these forces at the body 

center are calculated in three dimensions to analyze body attitude dynamics. 

4.1 Rotation Matrices for Left Wing 

Time dependent values of yaw, pitch and roll angles (ϕ, θ, ψ) of the flapping wing 

body are obtained by the moments along rotation axes. To do this, the rotation 

matrices (R) for both right and left wings are used. For the left wing [42]; 

 

RfL = [

1 0 0
0 cos(fL) − sin(fL)
0 sin(fL) cos(fL)

]     (3.24) 

                         RpL = [
cos(pL) 0 − sin(pL)

0 1 0
sin(pL) 0 cos(pL)

]      (3.25)

 RsL = [
cos(sL) sin(sL) 0

− sin(sL) cos(sL) 0
0 0 1

]    (3.26) 

RL = RpLRfLRsL        (3.27) 

RL=

[

cos(pL) cos(sL) + sin(pL) sin(fL) sin(sL) cos(pL) sin(sL) − sin(pL) sin(fL) cos(sL) − sin(pL) cos(fL)
−cos(fL) sin(sL) cos(fL) cos(sL) − sin(fL)

sin(pL) cos(sL) − cos(pL) sin(fL) sin(sL) sin(pL) sin(sL) + cos(pL) sin(fL) cos(sL) cos(pL) cos(fL)
] 

(3.28) 
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The transpose of Equation 3.28 is; 

RL
T=

[

cos(pL) cos(sL) + sin(pL) sin(fL) sin(sL) −cos(fL) sin(sL) sin(pL) cos(sL) − cos(pL) sin(fL) sin(sL)

cos(pL) sin(sL) − sin(pL) sin(fL) cos(sL) cos(fL) cos(sL) sin(pL) sin(sL) + cos(pL) sin(fL) cos(sL)

− sin(pL) cos(fL) − sin(fL) cos(pL) cos(fL)
] 

(3.29) 

Here the terms f, p and s are for flapping, pitching and sweeping motions of the wing 

respectively. Subscripts; L denotes left wing; R denotes right wing.  

 

The angular velocities for the left wing are [42]; 

ω= RL [
0
0
sL̇

]+RpLRfL [
fL̇
0
0

]+RpL [
0
pL̇

0
]                                         (3.30) 

ω=[

pLeft

qLeft

rLeft

]= [

− cos(pL)fL̇ − (sin(pL) cos(fL))sL̇

pL̇ − sin(fL) sL̇

−sin(pL) fL̇ + (cos(pL) cos(fL))sL̇

]                     (3.31) 

4.2 Rotation Matrices for Right Wing 

For the right wing the rotation matrices are [42]; 

 

RfR = [

1 0 0
0 cos(fR) sin(fR)

0 −sin(fR) cos(fR)
]     (3.32) 

RpR = [
cos(pR) 0 − sin(pR)

0 1 0
sin(pR) 0 cos(pR)

]     (3.33) 

RsR = [
cos(sR) − sin(sR) 0

sin(sR) cos(sR) 0
0 0 1

]     (3.34) 

RR = RpRRfRRsR      (3.35) 
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RR=

[

cos(pR) cos(sR) + sin(pR) sin(fR) sin(sR) −cos(pR) sin(sR) + sin(pR) sin(fR) cos(sR) − sin(pR) cos(fR)
cos(fR) sin(sR) cos(fR) cos(sR) sin(fR)

sin(pR) cos(sR) − cos(pR) sin(fR) sin(sR) −sin(pR) sin(sR) − cos(pR) sin(fR) cos(sR) cos(pR) cos(fR)
] 

(3.36) 

The transpose of Equation 3.36 is; 

RR
T=

[

cos(pR) cos(sR) + sin(pR) sin(fR) sin(sR) cos(fR) sin(sR) sin(pR) cos(sR) − cos(pR) sin(fR) sin(sR)

−cos(pR) sin(sR) + sin(pR) sin(fR) cos(sR) cos(fR) cos(sR) −sin(pR) sin(sR) − cos(pR) sin(fR) cos(sR)

− sin(pR) cos(fR) sin(fR) cos(pR) cos(fR)
] 

(3.37) 

 

Here the transformation matrices RL
Tand RR

T are used to translate the forces and 

moments of the left and right wings calculated due to kinematic and geometric 

inputs. By this way, the difference in the Euler angles and angular accelerations are 

found and will be used for stabilization analysis and change in frequency of the 

motion of any wing is found which is needed for stabilization analysis. 
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CHAPTER 5 

SIMULINK MODEL 

 

5.1 Wing Aerodynamics Module of Present Simulink Model  

In the first part of present Simulink model (Flapsim), the unsteady aerodynamic 

forces on the wing is calculated. Initial step of the Simulink model was writing a 

script for initial calculations due to geometry of the airfoil. MATLAB Simulink 

provides opportunity to define callbacks. By this way, the model runs the script once 

at the beginning of the simulation. In this init function the airfoil coordinates are used 

to calculate initial positions of collocation points in X and Z directions, trailing edge 

and quarter chord locations, panel lengths, panel angles, panel normal vectors and 

influence coefficients. Also the upstream conditions are included in this script. 

 

Figure 5.1 For Iterator Subsystem to select parameters for current station 

Then the simulation model is placed in for iterator Subsystem shown in Figure 5.1., 

whose inputs are defined also in an init function as a vector and its dimension 
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depends on how many sections will be used. These vectors are station-wise chord 

lengths, radius from the rotation center, and unit span length. Each element of these 

vectors are selected one by one in time iteration. For example for t=0, the lift values 

for all stations are obtained and integrated to find the total lift force on the wing. In 

the For Iterator Subsystem, 3 Variable Selector block are used to select these 

parameters. 

After the init function and the outer For Iterator Subsystem are built; a Time Iterator 

Subsystem is modelled. The inputs for this Subsystem are defined in init function 

and selected by for iteration. In configuration parameters tab, the solver is defined as 

fixed step ode1 (Euler) with step size defined in the init function. 

The time dependent velocities are calculated during runtime with a user defined 

function block. Inputs are basically; time, radial position of station, amplitude and 

frequency. The output velocity vector includes linear velocities of the airfoil in X and 

Z directions and rotational velocity along its quarter chord. Since the model is mainly 

tested for flapping motion, the other velocities are taken as zero; however, the model 

is capable of translating in X direction and pitching motion. 

The next step is to update all time dependent values due to kinematic inputs. The 

airfoil can be initially positioned due to initial pitch angle, then the locations are 

updated according to this using another user defined function block. The current 

panel and collocation points, influence coefficients, new trailing edge and quarter 

chord locations are calculated. 

Another block is used for calculations of circulations, velocity potentials and 

integrated sectional pressure forces. At each iteration time a new wake is formed at 

the current trailing edge position. And positions of all wakes are updated during time. 

By this way, the effect of all wake circulations on the bound circulation of each panel 

is calculated. Once the bound circulations, wake circulations and influence 

coefficients are obtained, the velocities in x and z directions, the velocity potentials 

and time derivative of velocity potentials are found with the effects of both vortex 

panels and wake vortices. Using unsteady Bernoulli Equation, the pressure values on 
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each vortex panel are calculated. After that, the panel drag and lift forces and 

moment about quarter chord are obtained integrating surface pressure. 

During this procedure, the size of wake-related vectors is increasing with the step 

number; therefore, they are defined as persistent variables. 

The final block is added for span wise force integration and it is chosen as 

Interpreted MATLAB Function. The total lift, drag and moment values on the wing 

are defined as global variables. Due to For iterator Subsystem index and a permanent 

time count, sectional forces and moment are multiplied with corresponding unit span 

length of station and summed. By this way, the total forces and moment on the wing 

due to different airfoil shapes and velocity input functions are found. Figure 5.2 is 

illustrating the whole procedure for calculation total forces the wing for a station-

wise section. 

 

Figure 5.2 Time Iteration Flow-chart for calculation of variables due to wing 

kinematics and geometry 
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5.2 Rigid Body Dynamics Module of Present Simulink Model  

Second part of the model is to obtain rigid body dynamic forces on the body center 

of gravity. Transformation matrices are coded in a specific block for both left and 

right wings. Different input frequencies and amplitudes may be defined for left and 

right wings; however the aerodynamic part for two different wings has to be 

separated for this purpose.  

After calculating total forces and moments in all directions; MATLAB 6 DOF rigid 

body dynamics module can be used to obtain angles and angular accelerations of 

flapping body as shown in Figure 5.3.  In this study, the model is developed for 

future stabilization applications of roll dynamic analysis of double-flapping wing 

system. Depending on Euler angles, and corresponding angular accelerations, the 

flapping motion amplitude and frequency can be controlled to stabilize the system. 

 

 

Figure 5.3 Rigid Body Dynamic Analysis due to different Kinematic Inputs on 

Flapping Wings 
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CHAPTER 6 

DESIGN AND MANUFACTURING OF DYNAMICS TESTING 

MECHANISM 

 

6.1 Solid Design for Rolling Control Mechanism 

For experimental analysis of the roll dynamics of flapping body, a mechanism is 

designed using CATIA. To do this previously designed four-bar mechanism needed 

for flapping motion is used; however, this time the weight of the wing mechanisms is 

more important.  

The flapping wing mechanisms are decided to attach from lateral surfaces of their 

supporting parts to bring the center of mass of the total moving body to rotation 

center. Also the height of the part under the bearing is increased to prevent flapping 

mechanisms to touch the ground. 

Two symmetric flapping wing mechanisms are balanced around a rotational axis 

using 2 parallel plexiglass parts with free rotating bearings. The roll moment around 

this bearing is planned to be analyzed due to difference in frequencies and 

amplitudes of the motions of the wings. 

 

Figure 6.1 Design for roll dynamics including two symmetrical flapping mechanisms 
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In Figure 6.1 the final design for test mechanism for roll control is illustrated from 3-

Different perspectives. The parts from supportive base and lateral components are 

taken out for weight reduction as seen in Figure 6.2.  

 

 

Figure 6.2 Four-bar Mechanism used for Flapping System 

 

The four bar flapping wing mechanism used in this study is inspired and sized due to 

LIPCA actuated flapping device [29]. In Figure 6.3, the preliminary design with 

double-wing four bar mechanism with piezo-actuator is shown. However, it is 

decided to design a seesaw mechanism instead to make the rolling analysis easier. 

 

Figure 6.3 Preliminary Design of mechanism and parts of the four bar mechanism 
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The rolling mechanism consists of two parallel plexi parts as seen in Figure 6.4. A 

middle steel rod is used with two bearings and two segments to provide rotation and 

holding respectively. 

 

Figure 6.4 Roll Dynamic Testing Mechanism for Two-wing Flapping System 

The points on the rods are determined for segments which help the mechanism not 

slide on the steel rods while flapping motion as seen in Figure 6.5. 

 

 

Figure 6.5 Designed Rode Types for Rotational Motion of Mechanisms 
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6.2 Final Design of Testing Mechanism and Manufacturing Procedure  

Spherical Bearing, also known as ‘ball and socket’ joint, is a useful mechanism 

constraint for analyzing and control in 3 rotational dimensions. Figure 6.6 is 

illustrating this system and determined to use in double wing flapping mechanism as 

seen in Figure 6.7 as an assembly for testing roll, pitch and yaw attitude of body due 

to heaving, sweeping and pitching motion of the wings. 

 

Figure 6.6 Spherical Bearing Assembly 

 

Figure 6.7 Final Mechanism Design for examining body rotations along 3 axes using 

Spherical Bearing (Ball and Socket) 
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The example for the design is observed at Atılım University [43] and given in Figure 

6.8. However, it is designed for body dynamics attitude of 2 rotors system. Future 

plan for present work is to test the analytic code for flapping wings with 3 rotational 

motion control similar for double rotor system with the current design of double 

flapping wing systems. 

 

Figure 6.8 Example of a Double- Rotor Mechanism for Body Attitude Dynamics [43] 

After solid modelling of each part of the mechanism, the 2-D face shapes are 

extracted and cut with the help of laser machine (Ayka Laser Technology) and its 

software (Phsoft 7.01). First the inner shapes are cut by selecting from the software, 

then the outer shapes are cut from plexi glass otherwise the part slides while cutting 

inner holes. The thickness for wings and four bar mechanism (Figure 6.11), 

supporting parts and rolling mechanism are determined as 1mm, 3mm and 5mm 

respectively. For each four bar mechanism 5 bearings having 4mm outer 1,5mm 

inner diameters are used as shown in Figure 6.11. 

 

Figure 6.9 Plexi Parts and Bearings used in 4-bar mechanisms and Plexi Calliphora 

Wing 
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In Figure 6.12 the servo attachment is illustrated. The additional plexiglass part is 

used to screw the servo on the supporting part of flapping mechanism and first part 

of four bar mechanism for input motion which are shown as 1 and 2 in Figure 6.12.  

 

Figure 6.10 Servo attachment and 2-Different 4-bar types 

 

For the rolling mechanism two symmetric seesaw parts (Figure 6.13) are 

manufactured and sticked from the inner sides of supporting assembly of flapping 

mechanisms. 

 

Figure 6.11 Parts used in Rolling Mechanism 
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Preliminary design for IMU attachment is considered as shown in Figure 6.14 which 

is desired to move with seesaw mechanism to sense the rolling angle and 

corresponding acceleration. 

 

 

Figure 6.12 IMU attachment design 

6.3 Roll Dynamics Control Algorithm 

After forces and moments calculated by wing aerodynamics are translated to body 

roll center, the unstable behavior of the body can be stabilized by a control algorithm 

by estimating the frequency or amplitude differences required to balance the 

moments around a rotation axis. 

The reference roll angle of the mechanism is known and the time dependent values 

of the angles and angular accelerations are measured using an IMU including a gyro 

meter and an accelerometer on it.   

The transformation matrices obtained in Chapter 4 are for all 3-D angular motion of 

the body; however, for the roll analysis, many terms in the matrices are zero. 

The average values of calculated or measured aerodynamic forces and moments are 

widely used for prediction of motion of FMAVs. This serves less complexity in 

computation for control strategies. 

There are many different control algorithms used in previous studies for an 

implementation mainly based on PI, PD or PID for attitude control, tracking or 
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regulation.  The more robust models depending on aerodynamic interactions use 

control methodologies like LQR.  

PID controller calculates the error between the reference and instant value of the 

variables and decreases this error value. In the full form of PID; “Proportional” is 

standing for current error, “Integral” is for the sum of previous errors and 

“Derivative” is for prediction of future errors. These all three actions are performed 

to adjust the system attitude.  

For LQR controllers, the system dynamics are represented by linear differential 

equations and a LQ problem is obtained by a quadratic (cost) function. This cost 

function is obtained by the sum of key measurements of desired values as given in 

Equation 3.3 where the Q an R are weighting matrices for state and control. The 

optimal control problem is finding the state input minimizing this performance index 

or cost function. 

In Figure 6.13, the control algorithm planned to be used for rolling attitude testing 

apparatus is shown. The controller is open-loop which is also known as non-feedback 

controller since it computes the input of the system but not the direct feedback 

(output) due to current input state.  For the present case, the inputs of the systems can 

be frequencies and amplitudes of the wings’ flapping motions. Hence, depending on 

the rolling angle difference from the reference, the change in motion inputs will be 

modeled. 

When left and right wings are flapping with nominal amplitude values (𝐴𝑅𝑛,𝐴𝐿𝑛), the 

roll moment of the body about rotation axis is found and measuring the current roll 

velocity of body, we decide change in amplitudes (𝛿𝐴𝑅 , 𝛿𝐴𝐿) for stabilization with 

the current algorithm. 
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Figure 6.13 Schematic of Attitude Dynamics Control  

 

 

R∅ : Reference Roll Angle for testing apparatus 

∅   : Roll Angle 

∅̇   : Roll velocity   

M  :The total roll moment around rotation axis 

𝛿𝐴𝑅,𝐿   : Control input (amplitude) for Right and Left Wing Systems 

𝐴𝑅𝑛,𝐿𝑛  : Nominal Amplitudes of Right and Left Wing Systems 

 

After modelling and testing rolling attitude with corresponding control algorithm, it 

is aimed to improve control algorithm for 3 rotational motions (roll, pitch and yaw). 

Both the Euler angles and angular velocities of the flapping body can be sensed by 

appropriate electronic device (inertial measurement unit) and the motion can be 

stabilized by real time control of wings’ flapping frequencies and amplitudes. 
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CHAPTER 7 

RESULTS AND DISCUSSION 

 

7.1 Basic Sweeping Model with Sudden Acceleration Algorithm 

Before starting to Unsteady Panel code, a simple model for a basic airfoil motion 

which is “sudden acceleration” is performed, which is mentioned in Section 3.1. The 

results of this model are illustrated in Figure 7.1 and nearly same as the results given 

by Katz & Plotkin [24].  

 

Figure 7.1 Time dependent Circulation and Force Values for Sudden Acceleration of 

Flat Plate Case (𝛼 = 5°,∆𝑡𝑈∞/𝑐 = 0.25) 

The periodic sweeping case is analyzed by this sudden acceleration algorithm using 

only 1 collocation point at the quarter chord location. This case is given in detail in 

Section 3.2. 
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Defining a “for loop” for span-wise location of the section, the model for periodic 

sweeping case is developed in a MATLAB script. In Figure 7.2, the result for 

sweeping motion using sudden acceleration algorithm with single collocation point is 

shown.  

 

Figure 7.2 Time dependent Circulation and Force Values for Periodic Sweeping of 

Flat Plate Case (𝛼 = 5°,∆𝑡𝑈∞/𝑐 = 0.25) 

After sectional calculation, in a time loop the forces are integrated and total lift force 

and span-wise distribution is obtained which are given by Figures 7.3 and 7.4. 

Although single collocation point model gives good insight on modelling unsteady 

aerodynamics and understanding the influence coefficients used in algorithm, it is 

insufficient for an analysis model. Therefore, multiple collocation points-unsteady 

panel method is favorable for analyzing different kinematic and geometric inputs. 
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Figure 7.3 Time Dependent Total Lift on the Wing by Periodic Sweeping Motion 

 

Figure 7.4 Total Span wise Lift Distribution by Periodic Sweeping Motion 
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7.2 Flat Plate Airfoil Coordinates 

Determination of airfoil coordinates for a specific section of a wing is important part 

of Panel Algorithm. Flat plate section is nothing but a rectangle.  

Since the sections of Calliphora have different chord lengths depending on its span-

wise shape, the section surface coordinates differ as in Figure 7.5. However, the 

thickness of the section is same for all stations. This thickness is contributing to the 

pressure drag since the surface normal vector has chord-wise component at just these 

edges. The vertical force is similarly affected by upper and lower surfaces of the 

section.  

 

Figure 7.5 Different Sections of Calliphora Wing Shape 

It is also important to identify the trailing edge point. For example for the case 

c=0.029 shown in Figure 7.5, the points (0.029, 0.0005), (0.029, 0) and (0.029, -

0.0005) are all examined as trailing edge point. In the panel algorithm it is the point 

that the wake is formed for the corresponding instant time. The results with selection 

of trailing edge point as (0.029, 0.0005) and (0.029, -0.0005) are favorable due to 

CFD results; however, selecting the point (0.029, 0) resulted in diverged solution, 
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since it is not a sharp edge to satisfy the Kutta Condition. Also the trailing edge part 

can be re-shaped with a triangle ending to have sharp edge for better analysis with 

Panel algorithm. 

Results are obtained for both Calliphora and Flat wings for a specific flapping 

motion defined as a sine function with two different amplitudes and frequencies. 

Then, the velocities are found as its first derivation as below. 

X=A*sin(𝜔t)                                                            (7.1) 

V= R*Aω*cos(ωt) for angular flapping motion                                (7.2) 

V= Aω*cos(ωt) for linear flapping motion                                  (7.3) 

The results of present analytic model are compared with results obtained from 

ANSYS. ANSYS uses CFD Solver which uses a numerical method solving Navier-

Stokes Equations. In other words, it applies conservation of mass, momentum and 

energy equations. Due to complexity of the solution and large meshing numbers, it is 

computationally expensive. However, it is widely applicable and reliable tool. 

The flapping motion is defined by user-defined function (UDF) using dynamic mesh 

option in CFD by the C code. The 3-D double precision pressure-based solver is used 

with Least Squares Cell Based method for computing gradient and standard pressure 

interpolation. Due to grid refinement, the 2 million mesh data set is chosen for 

comparison [41]. 

Since ANSYS uses laminar viscous flow, not only pressure forces but also 

contribution of viscous forces are included. As stated by Prosser [25] the viscous 

forces mainly act as drag in horizontal direction. Therefore the drag force is affected 

much more than lift in current comparison cases. 

7.3 Results for Heaving Calliphora Wing 

The model parameters for Calliphora wing both defined in present Simulink model 

and UDF functions of Fluent Analysis by Şenol [41], which the results are compared, 

are shown in Table 7-1. 
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Table 7-1 Calliphora Wing Parameters 

Span b= 0.05847 [m] 

Surface Area A=1.3752*10−3 [m2] 
Max Velocity V=1.35 [m/s]  

Density 𝜌 =1.225 [kg/m3] 
 

The lift coefficient is defined as; 

cL =
L

1

2
ρV2A

                                                      (7.4) 

 

The denominator of the Equation 7.4 is found as; 1.5351* 10−3N for Calliphora 

Wing Model. Therefore all force results found in Simulink model is divided by this 

value and multiplied with the trigonometric expression according to Figure 3.3 to 

compare with the results of aerodynamic force coefficients obtained by CFD.  

To calculate the total forces, the wing is divided into 3, 5 and 11 subsections and 

aerodynamic forces are integrated using these stations for both Calliphora and Flat 

Plate Wings. 

7.3.1 Comparison of Force Coefficients from CFD and Simulink Model due to 

Heaving Frequency 

For two flapping cases (A=41.52°, f=11.2 Hz and A=85.90°, f=5.85 Hz) shown by 

Figure 7.6 and 7.7, the specific period data for pressure distribution are aimed to 

compare with CFD results. For the first case 10th period and for the second case 4th 

period are decided to use since CFD results are affected by impulsive start in earlier 

periods. 
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Figure 7.6 Sectional Polylines defined in CFD for pressure distribution of First Case 

(10th period of the motion with A=41.52°, f=11.2Hz) (blue: 1st half upstroke; 

magenta: downstroke; orange: 2nd half upstroke) 

 

 

 

Figure 7.7 Sectional Polylines defined in CFD for pressure distribution of Second 

Case (4th period of the motion with A=85.90°, f=5.85Hz) (blue: 1st half upstroke; 

magenta: downstroke; orange: 2nd half upstroke) 
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Figure 7.6 and 7.7 illustrates two flapping cases with the Calliphora wing. First, the 

linear flapping velocities of the polylines are compared to be same as Simulink 

model to reduce the error depending on locations. Then the sectional pressure 

distributions on these polylines are compared with the Simulink model. The time 

delay between the force results is considered and due to this the pressure 

distributions on corresponding sections are compared to verify the pressure forces.  

Since velocity profiles are different at these sections, the pressure distributions also 

show alteration. 

 

Figure 7.8 Linear Flapping Velocities of Three Different Calliphora Sections 

(A=41.52° , f=11.2Hz) 
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Figure 7.9 Linear Flapping Velocities of Three Different Calliphora Sections 

(A=85.90°, f=5.85Hz) 

 

Figure 7.10 Comparison of Lift Coefficient for the First Case 10th period (A=41.52 °, 

f=11.2 Hz) in Hover (# of span wise sections: red:11, green:5, magenta:3) 
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The results for lift coefficients (Figure 7.10, 7.12) are more consistent with the CFD 

data with a time delay and the difference is more accountable; however, the drag 

results (Figure 7.11, 7.13) are more complicated to explain. Parasite drag, viscous 

forces dominating in chord-wise direction and trailing edge re-shape for Kutta 

Condition in Panel Method are main reasons in difference of drag results. Leading 

edge vortices are another reason for difference in force results, which will be taken 

into account as improvement of the model. 

 

 

Figure 7.11 Comparison of Drag Coefficient for the First Case 10th period (A=41.52 

°, f=11.2 Hz) in Hover (# of span wise sections: red:11, green:5, magenta:3) 
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Figure 7.12 Comparison of Lift Coefficient for the Second Case 4th period 

(A=85.90°, f=5.85Hz) in Hover (# of span wise sections: red:11, green:5, magenta:3) 

For the first case, maximum value of the lift coefficient from is around 6 and for the 

second case it is nearly half of the first case. This shows us frequency is more 

effective on force production than flapping amplitude. Because although the 

amplitude is double the first case, in second case the reduction of frequency to half 

caused the force coefficients to reduce by half. Comparing the lift coefficients 

obtained by Simulink Model (Flapsim), the same reduction s observed; the 

coefficient is around 4 in first case and 2 for second one with the same time delay. 

The lift response is a single peak and drag is smaller two peaks as previously 

experienced in literature and given by CFD results. However, the amplitudes of two 

drag peaks are seemed to be interchanged for the first case.  The reason is difficult to 

explain since there are many effects in drag which is not scope of Panel Method 

Algorithm. For the second case, two drag peaks are seemed to have same amplitudes 

for both CFD results and Flapsim. Therefore, the first case amplitude differences 

may be caused by viscous effects. 
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Figure 7.13 Comparison of Drag Coefficient For the Second Case 4th period 

(A=85.90°, f=5.85Hz) in Hover (# of spanwise sections: red:11, green:5, magenta:3) 

7.3.2 Comparison of Force Coefficients from CFD and Simulink Model due to 

Number of Span wise Sections 

Since all the span-wise stations have different radial locations, they have different 

linear flapping velocities. Figures 7.6 and 7.7 are illustrating the section velocities for 

3 span-wise stations for two comparison cases. Therefore, the pressure and force 

distributions on these sections differ. Figures 7.10, 7.11, 7.12 and 7.13 are also 

included results for different sections of Calliphora Wing which the parameters are 

given by Tables 7-2, 7-3 and 7-4.  
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Figure 7.14 Calliphora Wing with 3 Span-wise Sections 

 

Table 7-2 Chord values, Radial Distances and Unit lengths for Calliphora Wing for 

Case 1 

Station # 1 2 3 

c 0.03m 0.029m 0.019m 

R 0.034m 0.054m 0.074m 

dx 
0.01949m 

(0.05847/3) 
0.01949m 0.01949m 

 

Table 7-2 gives the properties of 3-Different sections of Calliphora wing. As seen in 

Figure 7.14 the chord lengths and linear velocities due to radial location differ for 

each station. The chord length does not have strong effect on the results for 

calculation using panel method algorithm and even the 3 stations are sufficient to 

obtain mean chord value. However, each station has different linear velocities for 

radial flapping case. Due to this, the more the span-wise stations are taken on the 

wing, the more accurate the results will be. This consideration can be observed on lift 

graphs however for the drag values this is not much possible since drag forces are 

affected more strongly by the viscous forces and leading and trailing edge shapes. 

Also the drag forces include a parasite drag contribution which is not calculated. 
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Figure 7.15 Calliphora Wing with 5 Span-wise Sections 

 

Table 7-3 Chord values, Radial Distances and Unit lengths for Calliphora Wing for 

Case 2 

Station # 1 2 3 4 5 

c 00.021m 00.03m 0.029m 0.026m 0.016m 

R 0.035m 0.044m 0.053m 0.062m 0.074m 

dx 
0.011694m 

(0.05847/5) 
0.011694m 0.011694m 0.011694m 0.011694m 

 

Table 7-3 gives the properties of 5 different sections of Calliphora wing as shown in 

Figure 7.15. Similarly, Table 7-4 gives the properties of 11 different sections of as 

shown in Figure 7.16. Therefore, the linear velocities and radial locations of stations 

are found due to these numbers of span-wise sections. It is possible to write a 

function for chord lengths with respect to span-wise location due to span-wise wing 

shape and determine the unit length between stations as an input variable. However, 

this study will be a part of real time control algorithm and the execution speed is very 

important. Therefore, the number of stations sufficient for accurate results has to be 

found. 
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Figure 7.16 Calliphora Wing with 11 Span-wise Sections 

 

Table 7-4 Chord values, Radial Distances and Unit lengths for Calliphora Wing for 

Case 3 

Station # 1 2 3 4 5 

c 00.02m 00.029m 0.0293m 0.0293m 0.0295m 

R 0.031m 0.036m 0.041m 0.046m 0.051m 

dx 0.005272m 0.005272m 0.005272m 0.005272m 0.005272m 

 

6 7 8 9 10 11 

0.029m 0.0285m 0.024m 0.022m 0.017m 0.010m 

0.056m 0.061m 0.066m 0.071m 0.071m 0.081m 

0.005272m 0.005272m 0.005272m 0.005272m 0.005272m 0.00527m 

 

 

11 stations are determined to be sufficient since the results for lift forces are almost 

impossible to identify the differences between the results using higher numbers of 

stations. However, for the drag force results, it is difficult to reach the same 

conclusion since drag force is affected by many other factors in comparison with 

CFD results. 
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7.3.3 Comparison of Force Coefficients from CFD and Simulink Model due to 

Hover and Forward Flight Cases 

The comparison due to Flight Condition (Hover and Forward Flight) with CFD is 

performed only for the second case.  The force coefficients are closer to the CFD 

data compared to hover cases. Because in hover the leading edge effect cannot be 

ignored. Since the wing has rectangular sectional profiles, for pure plunge case 

(hover), the leading edge vortices are formed symmetrically as the trailing edge ones. 

Therefore, the results for force coefficients are nearly the half of CFD data.  

Also for pure hover case trailing edge vortices are not following a path and the 

collision of fluid particles causes complicated flow pattern. However, in forward 

flight case, effect of the trailing edge vortices on pressure and force distributions on 

wing section dominates.  Therefore, the results in forward flight case are closer to the 

data obtained by CFD, but still the viscous and parasite forces are missing.   

 

Figure 7.17 Comparison of Lift Coefficient for the Second Case 4th period 

(A=85.90°, f=5.85Hz) in Forward Flight (U=-3m/s) (# of span wise sections: red:11, 

green:5, magenta:3) 
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Figure 7.18 Comparison of Drag Coefficient for the Second Case 4th period 

(A=85.90°, f=5.85Hz) in Forward Flight (U=-3m/s) (# of span wise sections: red:11, 

green:5, magenta:3) 

 

As seen in Figure 7.17 and 7.18 the model is consistent with the CFD results. 

However, there are many unsteady effects to be considered such as; leading edge 

vortices, viscous effects, and added mass effects. Nevertheless, the model gives good 

insight on modelling the aerodynamics compatible with different flight conditions. 

The other effects can be provided with the tuning parameters for control applications 

but they are still in the list for future improvements of the present analytic model. 

After comparing the results with CFD for the forward velocity -3m/s, the Simulink 

model is run to obtain a comparison between near hover and forward velocities. Also 

for these cases, the flow pattern code provided by Prosser [25] is run to observe the 

trailing edge wake vortices after 1 sec flapping motion. 



62 

 

7.3.3.1 Comparison of 2-D Flow Pattern and Total Force Coefficients for Near 

Hover Cases of Calliphora for Second Case 

Figures 7.19, 7.20, 7.21, 7.22 are illustrating the flow pattern obtained by second 

flapping case for near hover forward velocity range. Similar code given in appendix 

by Prosser [25] is used for wake simulation. 

 

Figure 7.19 Flow Pattern obtained by mid-section (blue line) of Calliphora Wing 

(A=85.90°, f=5.85Hz, U=0 [m/s]) 

 

Figure 7.20 Flow Pattern obtained mid-section (blue line) of Calliphora Wing 

(A=85.90°, f=5.85Hz, U=-0.1 [m/s]) 
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Figure 7.21 Flow Pattern obtained by mid-section (blue line) of Calliphora Wing 

(A=85.90°, f=5.85Hz, U=-0.2 [m/s]) 

 

Figure 7.22 Flow Pattern obtained by mid-section (blue line) of Calliphora Wing 

(A=85.90°, f=5.85Hz, U= -0.3 [m/s]) 

Figure 7.23 and 7.24 gives comparison of lift and drag force coefficients obtained 

due to near-hover forward velocities. Higher velocity results in higher peaks for lift 

graphs. Also the Figure 7.23 is illustrating the bumpiness at very earlier strokes in lift 

graph. 
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Figure 7.23 Comparison of Total Lift Coefficient on Calliphora having different near 

hover velocities (A=85.90°, f=5.85Hz) (U=0,-0.1, -0.2, -0.3 [m/s]) 

The drag graphs have 2 peaks changing its amplitude periodically and have higher 

amplitudes for earlier strokes and peaks are getting equal after 4 strokes. The near-

hover forward velocity affects the lower drag peaks only.  

 

Figure 7.24 Comparison of Total Drag Coefficient on Calliphora having different 

near hover velocities (A=85.90°, f=5.85Hz) (U=0, -0.1, -0.2, -0.3 [m/s]) 
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7.3.3.2 Comparison of 2-D Flow Pattern and Total Force Coefficients for 

Forward Flight Cases of Calliphora for Second Case 

Figures 7.25, 7.26 and 7.28 are illustrating the flow patterns for different forward 

velocities for the second case. 

 

Figure 7.25 Flow Pattern obtained by mid-section (blue line) of Calliphora Wing 

(A=85.90°, f=5.85Hz, U= -2 [m/s]) 

 

Figure 7.26 Flow Pattern obtained by mid-section (blue line) of Calliphora Wing 

(A=85.90°, f=5.85Hz, U= -3 [m/s]) 
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Figure 7.27 Flow Pattern obtained by mid-section (blue line) of Calliphora Wing 

(A=85.90°, f=5.85Hz, U= -4 [m/s])  

 Figure 7.28 gives comparisons for lift coefficients for different forward velocities. 

Double the forward velocity results in nearly four times the value of maximum peak 

in lift coefficient results. 

 

Figure 7.28 Comparison of Total Lift Coefficient on Calliphora having different 

forward velocities (A=85.90°, f=5.85Hz) (U=-2, -3, -4 [m/s]) 

In Figure 7.29, the drag force coefficients are shown for different forward velocities. 
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Figure 7.29 Comparison of Total Drag Coefficient on Calliphora having different 

forward velocities (A=85.90°, f=5.85Hz) (U=-2, -3, -4 [m/s]) 

7.3.3.3 Comparison of 2-D Flow Pattern and Total Force Coefficients for Near 

Hover Cases of Calliphora for First Case 

Since the frequency of the motion is higher compared to previous comparisons, this 

time for near-hover cases the pattern is more complicated. Figures 7.30, 7.31 and 

7.32 are belong to near-hover flow pattern obtained by the first case. 

 

Figure 7.30 Flow Pattern obtained by mid-section (blue line) of Calliphora Wing 

(A=41.52 °,  
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f=11.2 Hz, U= 0 [m/s]) 

 

Figure 7.31 Flow Pattern obtained by mid-section (blue line) of Calliphora Wing 

(A=41.52 °, f=11.2 Hz, U= -0.1 [m/s]) 

 

Figure 7.32 Flow Pattern obtained by mid-section (blue line) of Calliphora Wing 

(A=41.52 °, f=11.2 Hz, U= -0.2 [m/s]) 
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Figure 7.33 Flow Pattern obtained by mid-section (blue line) of Calliphora Wing 

(A=41.52 °, f=11.2 Hz, U= -0.3 [m/s]) 

Similarly, the lift and drag force coefficients were compared as seen in Figures 7.34 

and 7.35. Lift force coefficients have smaller peaks earlier strokes than previously 

illustrated 10th stroke. However, for the drag force coefficients only peaks on the 

negative side show higher amplitudes.  For more detailed comments, more cases 

should be tested by the analytical model and the model should be improved due to 

other unsteady effects. 
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Figure 7.34 Comparison of Total Lift Coefficient on Calliphora having different near 

hover velocities (A=41.52 °, f=11.2 Hz) (U=0, -0.1, -0.2, -0.3 [m/s]) 

 

Figure 7.35 Comparison of Total Drag Coefficient on Calliphora having different 

near hover velocities (A=41.52 °, f=11.2 Hz) (U=0, -0.1, -0.2, -0.3 [m/s]) 
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7.3.4 Comparison of Sectional Pressure Distributions from CFD and Simulink 

7.3.4.1 Pressure Distribution Comparison with CFD Results for 10th period 

data of First Case for Hover (A=41.52° , f=11.2Hz) 

To explain the differences in force coefficients, sectional pressure distributions were 

compared for 3 span-wise stations of Calliphora wing. Figures 7.36, 7.37, 7.38, 7.39, 

7.40, 7.41 and 7.42 are illustrating sectional pressure distributions obtained by the 

wing positions at specific times for hover for the first case from root to tip.  

 

Figure 7.36 Pressure Distribution Comparison at 0.905 [sec] 
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Figure 7.37 Pressure Distribution Comparison at 0.915 [sec] 



73 

 

 

Figure 7.38 Pressure Distribution Comparison at 0.94 [sec] 
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Figure 7.39 Pressure Distribution Comparison at 0.975 [sec] 
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Figure 7.40 Pressure Distribution Comparison at 0.965 [sec] 
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Figure 7.41 Pressure Distribution Comparison at 0.925 [sec] at CL max 
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Figure 7.42  Pressure Distribution Comparison at 0.97 [sec] at 𝐶𝐿 min 
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7.3.4.2 Pressure Distribution Comparison with CFD Results for 4th period data 

of Second Case for Hover (A=85.90°, f=5.85Hz) 

Similarly Figures 7.43, 7.44, 7.45, 7.46, 7.47 and 7.48 are showing sectional pressure 

distributions in hover for the second case from root to tip. 

 

Figure 7.43 Pressure Distribution Comparison at 0.7 [sec] 
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Figure 7.44 Pressure Distribution Comparison at 0.725 [sec] 
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Figure 7.45 Pressure Distribution Comparison at 0.77 [sec] at 𝐶𝐿 max 
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Figure 7.46 Pressure Distribution Comparison at 0.81[sec] 



82 

 

 

Figure 7.47 Pressure Distribution Comparison at 0.83 [sec] 
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Figure 7.48 Pressure Distribution Comparison at 0.845 [sec] at 𝐶𝐿 min 
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7.3.4.3 Pressure Distribution Comparison with CFD Results for 4th period data 

of Second Case for Forward Flight (A=85.90°, f=5.85Hz) 

Since the hover cases are affected by leading edge vortices strongly, it is decided to 

compare pressure results for forward flight. Figures 7.49, 7.50, 7.51, 7.52, 7.53, 7.54, 

7.55, 7.56, 7.57 and 7.58 are illustrating sectional pressure distributions for forward 

flight (U=-3m/s) from root to tip. 

 

Figure 7.49 Pressure Distribution Comparison at 0.68 [sec] 
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Figure 7.50 Pressure Distribution Comparison at 0.70 [sec] 



86 

 

 

Figure 7.51 Pressure Distribution Comparison at 0.72 [sec] 
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Figure 7.52 Pressure Distribution Comparison at 0.73 [sec] 
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Figure 7.53 Pressure Distribution Comparison at 0.75 [sec] 
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Figure 7.54 Pressure Distribution Comparison at 0.77 [sec] at 𝐶𝐿  max 



90 

 

 

Figure 7.55 Pressure Distribution Comparison at 0.79 [sec] 
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Figure 7.56 Pressure Distribution Comparison at 0.80 [sec] 
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Figure 7.57 Pressure Distribution Comparison at 0.82 [sec] 
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Figure 7.58 Pressure Distribution Comparison at 0.84 [sec] at 𝐶𝐿 min 

As seen in pressure distribution results for forward flight case, the more numbers of 

panel points compared to hover cases are used on the wing section to gather pressure 

data. The reason for that is; in the forward flight case, the distribution has 

fluctuations while in hover cases the pressure values are stable through upper and 

lower surface. Also the trailing edge is sharpened a little bit, to reach a converged 

results since the Kutta Condition should be satisfied. 
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The pressure distributions are typical for zero angle of attack case obtained by panel 

algorithm. Higher angle of attack causes the peak in leading edge to be higher. 

7.4 Results for Heaving Flat Wing 

The model parameters for Flat wing both defined in present Simulink model and 

UDF functions of Fluent Analysis by Senol [41], which the results are compared are 

shown in Table 7-5. 

Table 7-5 Flat Plate Wing Parameters 

Span b= 0.05847 [m] 

Surface Area A=1.7044*10−3 [m2] 
Max Velocity V=1.35 [m/s]  

Density 𝜌 =1.225 [kg/m3] 
 

The lift coefficient is defined as; 

cL =
L

1

2
ρV2A

                                                      (7.5) 

The denominator of the Equation 7.5 is found as; 1.9023* 10−3N for Flat Wing 

Model. Therefore all force results found in Simulink model is divided by this value 

and multiplied with the trigonometric expression according to Figure 3.2 to compare 

with the results of aerodynamic force coefficients obtained by CFD. 

As in Calliphora Case, the wing is divided into 3, 5 and 11 station-wise strips for 

span-wise force integration as in Figures 7.59-7.60 and 7.61. The results are 

compared with the CFD simulations given by Senol [41] 
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Figure 7.59 Flat Wing with 3 Span-wise Sections 

Table 7-6 Chord values, Radial Distances and Unit lengths for Flat Wing for Case 1 

Station # 1 2 3 

c 0.02915m 0.02915m 0.02915m 

R 0.034m 0.054m 0.074m 

dx 0.01949m 0.01949m 0.01949 

 

 

Figure 7.60 Flat Wing with 5 Span-wise Sections 

Table 7-7 Chord values, Radial Distances and Unit lengths for Flat Wing for Case 2 

Station # 1 2 3 4 5 

c 0.02915m 0.02915m 0.02915m 0.02915m 0.02915m 

R 0.029m 0.038m 0.005m 0.062m 0.074 

dx 0.011694m 0.011694m 0.011694m 0.011694m 0.011694m 
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Figure 7.61 Flat Wing with 11 Span-wise Sections 

 

Table 7-8 Chord values, Radial Distances and Unit lengths for Flat Wing for Case 3 

Station # 1 2 3 4 5 

c 0.02915m 0.02915m 0.02915m 0.02915m 0.02915m 

R 0.031m 0.036m 0.041m 0.046m 0.051m 

dx 
0.005272m 

 

0.005272m 

 

0.005272m 

 

0.005272m 

 

0.005272m 

 

 

6 7 8 9 10 11 

0.02915m 0.02915m 0.02915m 0.02915m 0.02915m 0.02915m 

0.056m 0.061m 0.066m 0.071m 0.076m 0.081m 

0.0052727 0.0052727 0.005272m 0.005272m 0.005272m 0.005272m 

 

Similar to the procedure performed for the Calliphora wing, Flat plate wing is 

divided into span-wise stations for the integration of pressure forces. However, this 

time the chord lengths were same for all stations but they differ in linear velocities 

due to radial positions of stations. The force comparison due to number of span-wise 

sections are not much different thank comparison for Calliphora wing. This supports 

the idea that the pressure forces obtained by unsteady panel algorithm are not 

strongly affected by the chord length as also stated by Prosser [25]. 
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Although the lift coefficients comparably agree well with CFD simulations, drag 

force does not fit properly. This is due to viscous effects and combination of other 

wake effects that are included in CFD Solver. Therefore, the validation of pressure 

values on a section at a time is performed as in Calliphora case. The results are very 

close to Calliphora since 2-D Panel algorithm is not affected by the chord length too 

much as also stated by Prosser [25]. 

 

 

Figure 7.62 Comparison of Lift Coefficient for the First Case 10th period (A=41.52 °, 

f=11.2 Hz) in Hover due to Span-wise Wing Shape 
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Figure 7.63 Comparison of Drag Coefficient for the First Case 10th period (A=41.52 

°, f=11.2 Hz) in Hover due to Span-wise Wing Shape 

7.5 Discussion 

The present analytic model for flapping wings depends on unsteady panel method 

and capable of calculating pressure forces on the wing section and the moment about 

the quarter chord of the airfoil. The different airfoil shapes and motion kinematics 

are possible to analyze with the current study. Two linear velocities (parallel and 

perpendicular to the chord line) can be input as periodic or constant depending on the 

motion type. For example, the periodic motion defined in forward direction results in 

periodic sweeping motion.  

The model is tested by comparing the results with the CFD Simulations given by 

Senol [41]. The same frequencies and amplitudes and wing parameters used as in 

CFD. The surface positions of the airfoil sections and wake points are updated during 

the motion period. 
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Results for two different periodic flapping motions (having different frequencies and 

amplitudes) are compared both in hover and forward flight. Since the force results 

obtained by the analytical model are pressure forces on the wing section, there are 

differences in the results mainly due to viscous effects, leading edge vortices and 

integration error. To explain these reasons; first the hover and forward flight cases 

were compared to understand the leading edge effect since leading edge vortices are 

expected to be stronger for hover case. As the airfoil section is rectangular and the 

angle of attack is zero, there occur leading edge vortices symmetrical to the trailing 

edge vortices. However, the leading edge vortices are not in the scope of this study. 

Therefore, it is expected to obtain nearly half of the result obtained by hover cases in 

CFD and the result of comparison was as expected. 

In Figure 7.64, the clock-wise (green) and counter clock-wise (red) wake vortices are 

illustrated for 1 flapping cycle by the vorticities obtained by CFD simulations due to 

Equation 7.6. If there is no free stream for flapping motion, the free wake distribution 

is nearly symmetric on leading and trailing edges. Therefore to develop the analytic 

code, first the leading edge vortices have to be taken into consideration for pure 

plunging case. However, as seen in Figure 7.65, for the forward flight case the 

trailing edge vortices are dominating. Therefore, the performance of panel method is 

higher for high speed forward flight compared to hover cases.  

 

Figure 7.64 Iso-vorticity contours for hover visualized by CFD (green: cw, red: ccw) 
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Figure 7.65 Iso-vorticity contours for forward flight visualized by CFD (green: cw, 

red: ccw) 

γX = ı̂ (
dv

dz
−

dw

dy
)                                                   (7.6) 

In forward cases, both the lift and drag graphs are closer to the CFD results 

compared to hover cases. Although the lift has periodic graph oscillating around zero 

as in hover cases, the drag has oscillations totally in positive side both in CFD results 

and the analytic model. This means the drag values are shifted by a positive value 

due to forward motion of the wing.  

Second, to understand the effect of integration error, the results for different numbers 

of span-wise sections are compared. For the lift graphs, more the number of span-

wise stations used in integration, closer the results are to the CFD Simulations. The 

chord length does not have strong effect on the results; however, all the stations have 

different linear velocities. Since execution speed is important for a model to be used 

in control applications, analyzing with more number of sections than 11 is thought 

not to be required. 

When all these factors are taken into consideration although the lift forces show 

similarity, the differences in drag forces are difficult to explain. This is because, the 

viscous effect is stronger in horizontal direction as mentioned by the studies in the 

literature. In drag forces two peaks are observed. For hover cases, if the frequency is 

high, first peak in drag is obtained above, and second peak in drag is obtained under 

the CFD graph. However, if the frequency is low but amplitude is high, the drag 
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peaks both have equal peaks both in CFD results and results obtained by the current 

model. 

Since there are many factors affecting the total force results, the analytic model has 

to be improved or the outputs can be tuned for the control applications especially for 

the hover cases. As can be seen from the visualization, the hover cases have 

dispersed flow patterns while the forward cases have regular mushroom-like patterns 

depending on wake- rollup algorithm included in the model. This is also affecting the 

results as the leading edge effect. 

Comparison with flat plate wing shows that the reason of differences between results 

for different stations mainly is not the difference in chord lengths but the difference 

in linear velocities of different sections. Because, increasing the number of station 

for flat plate case, the results are closer to CFD results too. 

Using ANSYS Fluent (2m dynamic mesh), unsteady data for 2-D pressure 

distributions, forces and moments are obtained. After comparing the force data, it is 

observed that although the lift value was more close to data gathered by CFD solver, 

the drag force was comparably very low. Therefore it was important to validate 2-D 

pressure distribution at a section and at a specific time on the wing. Because the idea 

was that since the drag force found by the present model is induced drag due to lift, 

which the corresponding component of force obtained by integrating pressure 

distribution on a 2-D surface, the difference could be due to parasite drag which is 

not calculated by this model. Hence, validating the sectional pressure distribution 

would provide validation of aerodynamic forces. 

To do this, using CFD Post, comparison is made at sufficiently later period since 

initial periods are affected by impulsive start in CFD. For the first case (f=11.2Hz, 

A=41.2°) the 10th period and for the second case (f=5.82 Hz, A=82°) 4th period data 

are used. Loading all wing positions (0.005 sec apart) and defining iso-surfaces 

which are intersecting the wing walls at certain locations (R=0.034745 m, 0.054235 

m, 0.073725 m) which are used by also Simulink model for 2-D sections to be 

integrated, the pressure distribution over a polyline of boundary intersections of iso-

surfaces and wing walls are obtained. 
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Angular flapping is that the Flapping axis is fixed and allows only rotation; however, 

for linear motion, the wing is not rotating, but translating up and down. The two 

cases are obviously different for lift and drag production. Since the present model 

uses 2-D analysis and total force is found by span-wise integration, the angular 

flapping effect is provided by adjusting the linear velocities of 2-D sections 

depending on their span-wise locations. 

The current model is also capable of changing the pitch angle during time period 

according to defined function; however, the cases for CFD results are all for constant 

angle of attack since the experimental mechanism used in the project does not have 

pitch control. Therefore, to follow same procedure, the fixed angle of attack is 

defined and the rate of change of pitch angle is taken as zero. Also since there is no 

free-stream for the hover cases, the velocity in x direction is also taken as zero.  

For the comparison cases, since there is no time dependent pitching motion and the 

wing is a flat plate, while integrating pressure forces along the wing sections, there is 

no chord-wise component of normal vectors for upper and lower surfaces. Therefore 

the drag force is just obtained by sides of the wing sections and he lift force is 

obtained by upper and lower surfaces only. Because of this, the drag forces also 

affected by the trailing edge re-shape procedure for satisfying the Kutta Condition. 
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CHAPTER 8 

CONCLUSION 

 

8.1 General Conclusions 

In this thesis, an analytical model to calculate the unsteady aerodynamic force is 

developed and implemented on a single degree of freedom model that represents the 

roll dynamics in MATLAB / Simulink Tool. In addition, this model simulates the test 

setup which is designed to study the control by flapping wing mechanisms. The 

present analytic model uses unsteady panel method algorithm and span-wise 

integration of these 2-D results. The unsteady lift and drag force coefficients are 

verified with the CFD data obtained by ANSYS Workbench v14.0 Package 

Software. 

The model developed is able to obtain the total forces for different kinds of wing 

sections (different NACA profiles), however; the main aspect of this thesis is to work 

with MAVs. Different cases are investigated using both Calliphora Wing Model and 

Flat Plate Model with 1mm thickness, having frequencies 11.2 Hz and 5.85 Hz, and 

amplitudes 41.52° and 85.90°.  

The wing forces were obtained for two-wing system to analyze roll motion of the 

flapping body. Then the Rigid Body Dynamics equations were used to obtain body 

angular accelerations and velocities. 

The solid model was designed by CATIA package software. Then each part of the 

model was cut by LASER machine. The mini servos were used to provide input 

motion to the flapping mechanisms. Total angular velocity and acceleration along the 

roll motion of the manufactured flapping body are aimed to be used to correct the 

instability along roll axis by the help of an IMU contains accelerometer and gyro 
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combination. The resultant instability is planned to correct by changing the 

frequencies and amplitudes of the motion of the wings during the runtime.  

In addition, Instead of using sensors, the simulation outputs will be used for 

balancing the forces and moments at roll center.  

The calculation method for Panel Algorithm and CFD Solver are totally different. 

The Panel Algorithm calculates only pressure forces on the wing; however, the CFD 

solver included laminar viscous effects too. Therefore, the more detailed comment on 

the results can be done by comparing more cases. However, in this study, also the 

pressure distributions are compared and verified with the explanations.  

In this thesis, the study is limited to analysis of trailing edge wake vortices since 

unsteady panel method algorithm is used. The effect of leading edge vortices are 

planned to be modelled for improvement in future studies which is very important 

especially for hover cases. 

The comparison cases include pure plunge or plunge with forward velocity although 

the model is capable of other motions like periodic sweeping, pitching or combined 

motions like figure of eight motion. This is because, this study is a part of TUBITAK 

Project which is based on application of piezoelectric materials in flapping wing 

MAV design. Therefore, the input motions are determined due to piezoelectric 

actuator capability. Nevertheless, in further studies, other type of motions will be 

analyzed and the model will be improved. 

Additionally, Calliphora and Flat Shaped wings are manufactured using plexi glass. 

However, in analytic model other types of wing sections (NACA profiles) can be 

analyzed to obtain pressure forces on the wing. However for future experimental 

tests with force sensors of manufactured flapping mechanism, the results are 

obtained for these rectangular (or modified rectangular) wing sections.  

8.2 Recommendations for Further Studies 

 Different software tools such as C++, FORTRAN or PYTHON can be used while 

modeling unsteady panel methods to obtain faster executions. 
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 A new aspect of the study can be conducted by combining both closed loop 

control algorithms with the current model. 

 The wing dimensions can be optimized by using the present algorithm to 

manufacture efficient MAVs.  

 In order to reduce the weight of the total body, different materials can be used to 

manufacture the flapping design. 

 The control mechanisms can be developed to give inputs to the wing mechanisms 

in 3-Dimensions. 

 The model can be improved due to aerodynamics interactions between right and 

left wings. 

 Ground effect in flapping motion can be studied. 
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