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Abstract

The modeling and control design of a dragonfly-like flapping wing micro aerial vehicle (FWMAV) are studied in
this paper. The aerodynamic force model of flapping wings is presented first, which is obtained by the local air velocity
of the wing and local attack angle of the wing, unlike some existing works. Then, the complete mathematic model of
FWMAV is developed by combining the aerodynamic force model and a kinematic model in which the micro aerial
vehicle is regarded as a 6 degree-of-freedom rigid body. To mimic real dragonflies, the tail of the FWMAV swings
only, unlike fixed-wing aircrafts that possess conventional control surfaces in tail. This yields a control difficulty due
to the loss of the maneuverability in tail. To design an appropriate control mechanism, the complete FWMAV model,
which is highly nonlinear, is rewritten in a companion form. The controller is designed to iteratively solve for a desired
control signal profile by means of a dual-loop nonlinear dynamic inversion with Newton-Raphson solution. Numerical
simulation results show that the effectiveness and convergence performance of the nonlinear controller are obtained.

Keywords: Dragonfly-like flapping wing micro-aerial-vehicle;
Mathematical model; Non-linear dynamic inversion; Controller design

Introduction

The purpose of this research is to model and control a dragonfly-
like flapping wing micro aerial vehicle (FWMAV). It is well known
that micro aerial vehicle (MAV) designs can be classified as fixed wing,
rotary wing and flapping wing. Fixed wing MAV is capable of fast
forward flight, which is suitable for flying outdoor. Rotary wing MAV is
suitable for movement at low speed. Recently, flapping wing MAV has
drawn a great deal of attention owing to its biomimetic characteristics,
for instance the high energy efficiency during flight, flexibility in
maneuverability, agility at low speed, low actuation noise, etc., which
yield various potential applications, specifically for flying in a complex
environment, including indoor reconnaissance and surveillance,
exploration in woods, or in dull-dirty-dangerous environments. The
flight of flapping wing MAV, such as bird-like robot and insect-like
robot, is more complex than flight with fixed or rotary wing, because
the beating motion of flapping wings is the only means that can counter
the gravity force and propel themselves against aerodynamic drag.

There are many flapping wing creatures in the natural world. The
structure and function of biological systems evolved optimally through
a long period have many superior characteristics which scientists and
engineers still cannot fully discover and produce. Inspired by the
unique characteristics of the insects or birds, researchers have placed
a great emphasis on the development of insect-like or bird-like robots
[1-5]. In many existing works it was recognized that dragonflies are one
of the oldest flying species and are known to have particularly superior
flight abilities among the flying insects on earth [6-12]. Dragonflies can
control four natural wings and can make various flying patterns such as
fast flight, hovering, quick turn, etc.

Jung et al. identify the linear and nonlinear dynamics of the
Stanford DragonFly UAV using data taken from flight tests and
propose a discrete sliding mode control scheme to control and stabilize
the longitudinal dynamics [6]. However the Stanford dragonfly UAV is
not a flapping wing MAYV but a fixed wing MAV.

Thedynamics ofadragonfly-likerobotisstudied [7].Its performance
is analyzed in terms of time response and robustness by computational
simulation based on the mathematical model of dragonfly-like robot,

and an integer PID and a fractional PID controller were applied. It
is noted that the robot has only one pair of the flapping wings and a
traditional control surface tail. Quoc-Viet et al. present an insect-like
MAYV with two fixed wings, two flapping wings and a conventional-
control-surface tail [8]. These MA Vs all have the conventional-control-
surface tail, which can achieve the higher effect of longitudinal and
latitudinal control than tailless MAV, but differ from real dragonflies.

The effect of moment changes in the tailless flapping wing platform
is studied [9], in order to pave the way of utilizing the effect for flight
control of tailless flapping wing MAV. It shows that the nonlinearities
of the tailless flapping wing MAV could yield a huge challenge.

The primary challenge in controlling the dragonfly-like MAV is
due to the lack of a complete system model, which becomes necessary
when dealing with the inherent instability of the MAV system and the
complex fluid-structure interactions [13]. In this work, the complete
mathematic model of FWMAYV is developed by combining the
aerodynamic force model and a kinematic model in which the micro
aerial vehicle is regarded as a 6 degree-of-freedom rigid body. Due
to the limited deflection of the activities in head and tail, a nonlinear
dynamic inverse controller is adopted with Newton-Raphson solution.
Comparing with existing works, the main contributions of our work lie
in three aspects.

(1) Instead of adopting two flapping wings or conventional control
surfaces for the tail, we drive forces and torques with an active head,
four flapping wings, and an active tail without conventional-control-
surface, which is more like biological dragonflies.
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(2) The aerodynamic force and moment are derived analytically,
which are produced from the active head, active tail, wings, flapping
frequency, and stroke angle of wings. Furthermore, the aerodynamic
force is obtained by the local air velocity and local attack angle of the
wing, unlike the aerodynamic force [7,11,12] which is not suitable for
hovering due to using the freedom air velocity.

(3) The complete FWMAYV model, which is highly nonlinear, is
rewritten in a companion form. The controller is designed to iteratively
solve for a desired control signal profile by means of a dual-loop
nonlinear dynamic inversion with Newton-Raphson solution.

The outline of this paper is as follows. In Section 2, the aerodynamic
force model is proposed, and we develop the mathematical model of
dragonfly-like FWMAY based on the 6 degree-of-freedom kinematical
model of the rigid body. Section 3 gives the controller design for the
dragonfly-like FWMAYV. Numerical examples are carried out to validate
the effectiveness of the controller in Section 4. Section 5 concludes the
paper with a brief summary.

Modeling of the Dragonfly-like FWMAV

In this section, the model of the dragonfly-like FWMAY is given to
study its motion and control problem. In nature, the dragonfly obtains
the aerodynamic force by flapping wings, which is opposite to the
weight of the dragonfly. Although the wings do move relative to the
dragonfly’s body, their mass is within 1%~5% of total dragonfly’s mass
[2,10-11]. The inertia effect of dragonfly’s wings on dynamic model is
relatively small and can be neglected during flapping stroke. Thus we
assume that the dragonfly’s body motion evolves according to the rigid
body motion equations subject to external forces acting on its center
of mass.

Sketch map of dragonfly-like FWMAV

Figure 1 shows the top view of the dragonfly, which contains an
active head, an active tail, a body and four flapping wings. Coordinate
system 0x,),2, is defined as the body coordinate system of the
dragonfly as shown in Figure 1. For simplicity, we assume that the head
and tail of the dragonfly can swing in the level and vertical to change
the moments of the dragonfly.

The origin of the body coordinate system ‘o’ is fixed at the centre
of the dragonfly’s gravity. The x-axis of the body coordinate system
ox, is inside the symmetric plane of the dragonfly. The y-axis of the

Figure 1: Sketch map of the dragonfly.
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Wing’s chord

/ Free stream

Figure 2: Lateral view of the dragonfly.

body coordinate system oy, is perpendicular to symmetric plane of
the dragonfly and is rightward. oz, is the z-axis of the body coordinate
system. M M| M, are the moments in the body coordinate system.

Remark 1: In our model, the active tail is modeled like a stick,
which is more like a real dragonfly. On the contrast, in existing works
the active tail is modeled as the conventional-control-surface, which is
not realistic and generally used in fixed-wing UAV. It should be noted
that conventional-control-surface provides much more powerful
maneuverability with additional wings and control-surfaces. In
comparison, the realistic stick-like tail is much difficult to control.

Aerodynamic force

When there is relative motion between the dragonfly’s wings and
the surrounding air, the aerodynamic force is yielded. In order to
describe the force generation, some definitions are given below. The
projection in the symmetric plane of local air velocity of the wings is
shown in Figure 2.

V| is the projection in the symmetric plane of local air velocity of
the wings. V) is the projection in the symmetric plane of freestream
velocity. (2 is the flapping angular velocity. b is the equivalent span
length. a, is the angle between the longitudinal axis of dragonfly’s
body and the local air velocity in the symmetric plane of the dragonfly.
a_is the angle between the wing’s chord and the local air velocity in the
symmetric plane of the dragonfly. 6 denotes the angle from the x-axis
of body coordinate system to flapping direction.

The origin of the wing coordinate system and the velocity coordinate
system, o is defined at the centre of the dragonfly’s gravity. The axis ox,,
of the wing coordinate system is located inside the symmetric plane
of the dragonfly, which is parallel to the wing’s chord. The axis oy,
of the wing coordinate system is the same as the axis oy, of the body
coordinate system. The last axis oz, of the wing coordinate system is
determined by the right-hand screw rule. The axis ox, of the velocity
coordinate system is parallel to the air velocity. The axis oy, and oz, are
y-axis, z-axis of the velocity coordinate system respectively.

Coordinate system ox y w, is defined as the wing coordinate system
of the dragonfly as shown in Figure 3. The coordinate system ox,y w,
is defined as the velocity system of the dragonfly as shown in Figure 3.
The ground coordinate system ox y w, is shown in Figure 4.

The origin of the ground coordinate system, o is fixed at a point on
the ground. The axis ox,and oy, is located inside the horizontal plane,
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ymmetric plane of the Dragonfly

Figure 3: The relationship of the body coordinate system, the wing
coordinate system and the velocity coordinate system.

Vertical plane

Horizontal plane

z4(D)

Figure 4: The relationship of the body coordinate system and the ground
coordinate system.

which are aligned with true north (N) and true east (E) respectively in
this paper. The axis oz, is perpendicular to the horizontal plane, which
points downward (D).

The Euler angular transform matrix determines the orientation
of the velocity coordinate system with respect to the body coordinate
system,

cos@,,, cosf,, .

sinf,.,;

s abw.icosﬁbw./

Tv.b(a[m,x’ﬂ[w.i) = 70050‘1mr.15inﬂm«.i cosf,,,; 7Sina1)w.isinﬁhw,l i=1,2 (l)
—sing,,,; 0 €osa,, ;
*p ks
S Vo+Q7bsing,
Qi =18 VO b cosO i=1,2
T84 b; cos P
V. .
_ —1 v i=1,2
B =tg I

\/( V,~Qbeost,, ) +(V. +Q b sing, )

where @, B, are the angle of attack and sideslip angle of body and
fore-wing as shown in Figure 3. @,,., f3,, , are the angle of attack and
sideslip angle of body and hind-wing as shown in Figure 3. 0p, is the
flapping direction of the fore-wing. 6p, is the flapping direction of the
hind-wing. The detail deriving of the attack angle and the sideslip angle
of body and wings is presented in Appendix A.

According to the body coordinate system and the ground
coordinate system, the Euler angular transform matrix determines the
orientation of the body coordinate system with respect to the ground

coordinate system.
cospcosd singpcosd —sin@
cos@siny (2)

singsiny + cosgsinfcosy  —cosgsiny +singsinfcosy  cosdcosy

T, ((a, 9, ;/) =| —singcosy + cos@sin@siny  cosgcosy + singsinfsiny

where ¢,0,y are the heading, pitch and roll angles of dragonfly
respectively as shown in Figure 4.

In velocity coordinate system, aerodynamic force can be easily
decomposed into lift force, drag force and side force.

- _

L=2p, -5:Ca,,) I1,2 (3)
D,.:%p -s-Cya,,) i=1,2 (4)
C=yp PP s CLp,) 1212 )

V2 =(Vsing,, +V.cosd,, )2 +V} +(-V,cos,, +Vsing,, +Q, b, )2 i=1,2

where L, is the lift force of the fore-wing, D, is the drag force of the fore-
wing and C, is the side force of the fore-wing. V is the local air velocity
of the fore-wing. L, is the lift force of the hind-wing, D, is the drag force
of the hind-wing and C, is the side force of the hind-wing. V. is the local
air velocity of the hind-wing. All forces depend on the wing area s, the
density of air . V,,V,V are the velocity of body coordinate system on
x-axis, y-axis and z-axis respectively. C (a_ ), C,(a ), C (B, ) are lift,
drag and side force coefficients of the fore-wing, respectively. C (a,,),
Cy(a,,), C(B,,) are lift, drag and side force coefficients of the hind-
wing, respectively. ,is the angular velocity of the fore-wing. b, is the
equivalent span length of the fore-wing. Q2 is the angular velocity of the
hind-wing. b, is the equivalent span length of the hind-wing. we adopt
a simplified approximation of these force coefficients [12] as indicated
in Egs. (6), (7) and (8), respectively. The attack angle of the local fore-
wing, a_, the sideslip angle of the local fore-wing, B, the attack angle of
the local hmd -wing, (a,, the sideslip angle of the local hind-wing, B,
are indicated in Eq. (9) and Eq. (10). The detail deriving of the attack
angle and the sideslip angle of the wings is presented in Appendix B.

C[ (aw,i) = CIWH . Sil’l(z . aw,‘.) i=1,2 (6)
Co(@,,)=Cuo+ Cpp sin*(a,,,) i=1,2 7
C.(B.,)=Cope sin(2-B,,) i=12 ®)

B [J/A,cosap ,+Vsing, +Q, b,
tg . -

- —a,;, downstroke
Vsing . +V.cosé, .
a,, = s i=1,2 (9)
’ 7,{7chosap,+I/Zsin0p,+Qf~b,
4 . }

V.sing,, +V.cosd,

] +a,,  upstroke

B =te _b _|i=1,2 (10)
\/(V‘singp.l + Vzcose‘“) + (—V‘cosé’w +V.sind,, +Q, h)
,anda_,

The parameters a_; , in Eq. (9) are average torsional angles
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during downstroke and upstroke because of the characteristics of
wing’s deformation. We adopt the maximum lift coefficient C, =2
maximum drag coefficient C, =2 the maximum side force coefficient
C,..=0.5 and the zero drag coefficient C,=0.05 in simulations [12].

Remark 2: In our work, the aerodynamic force is a function of
the local air velocity of the wing and local attack angle of the wing.
In contrast, in some existing works [7,11,12], the aerodynamic force
is a continuous function of the freedom air velocity. The problem
associated with the existing aerodynamic force model is the loss of
ability in hovering. Note that the freedom air velocity is zero when the
dragonfly is hovering. Thus, according to this mathematical model, the
aerodynamic force is zero during hovering, and the dragonfly would
drop. To remove this unrealistic situation, we incorporate the local air
velocity of the fore-wing and hind-wing, V, and V, into the model of
aerodynamic force.

Mathematical model

According to the transform of ground coordinate system and
body coordinate system in Eq. (2), we obtain the kinematic equations
of dragonfly’s centroid and the kinematic equations of dragonfly’s
rotation around its centroid.

73&3 cosgpcosf  —singcosy + cosgsinfsiny  singsiny + cosgsinfcosy
Vg |=| singcos@  cosgeosy +singsinfsiny  —cosgsiny +singsindeosy |-V (1 1)
| 2. —siné cosBsiny cos@cosy
0 siny cosy
4 cosé cosé
O|=]0  cosy —siny |-W (12)
|7 1 siny-tg@ cosy-tgl

where x , y,, z_are the position of dragonfly in the ground coordinate
system. V' =[V_ V, V_]"isthe velocity of dragonfly in the body coordinate
system. .6,y are the heading, pitch and roll angles of dragonfly,
respectively. W =[w,w,w_.]" is the angular velocity of dragonfly in the
body coordinate system.

For simplicity, we adopt the following assumptions to model the
dragonfly.

Assumptionl: The aerodynamic forces are the average of a cyclic
aerodynamic force during the flapping stroke.

Assumption 2: Each pair of wings has the same sweeping direction
and flapping frequency.

Under above assumptions, the dynamic equation of the motion is
obtained according to the Euler angular transform matrices in Eq. (1),
Eq. (2), and Newton’s second law.

0
m(V+WxV)=F+F+T, (p.0.7) 0 | (13)
mg
-Dy -D,
F= Y:,b(abw,wﬂbw,l) -C | F= T:b (abw,zaﬂbw,z) -G,
-L —L

1 2

where D,,C,,L, (i=1,2) are given in Eq. (3), Eq. (4), Eq. (5), and @, ;,

Bywi (i=1,2) are given in Eq. (1). F, is the aerodynamic force of the
fore-wing in the body coordinate system. F, is the aerodynamic force

of the hind-wing in the body coordinate system.

The dynamic equations of dragonfly’s rotating around its centroid
are obtained in the body coordinate system by using the Euler angular
transform matrices in Eq. (1), Eq. (2) and the moment of momentum
theorem.

-1, I, -l [WAWxs|-I, I, I |-Wi=M (14)
_sz _[yz Iz _Izr _I) Z Iz

where [ [ I I I _I are the relative moment of inertia of the

xTyTz Txytyz T x
dragonfly. M =[M M M.]"is the moment in the body coordinate
system as shown in Figure 1. These moments are described as follows
according to the moment of momentum theorem.

Xee " X1 Xoe X2 Xee ™ Xrait 0 Xee ™ Xoose
M=y =Y XE+| Vo= Voo [XFH | Voo = Y AT (2:0,7)] 0 14| Ve = Voo
Zge T Za Zge T2y Zge ™ Zrait m..8 Zge T Znose

0
AT (p.0,7) 0
M, 8

In above equations of aerodynamic moment, x . y,. z, are
positions of the fore-wing aerodynamic pressure. x,,v,,z,, are
positions of the hind-wing aerodynamic pressure. X,V Z, are
positions of the central of dragonfly’s gravity. X,,;V,; Z.. are positions
of the central of dragonfly tail’s gravity. X,V Zuse are positions of
the central of dragonfly head’s gravity. Then the positions of the central
of dragonfly tail and head gravity, which are shown in Figure 5, are
described as follows.

Xoait = Xopie +0.5 7,008 0,408 P,y

Vi = =0.5 1,080,810 @,
Ztail = _05 rtai[Sln glm’l
xrwse = xu/]hase - 05 r;m.\ecos Hnmecos (pnoxe

ynose = 05 rnosccos enoseSlnwnose

z =-05r sinf

nose nose' nose

Xopser is the offset between the tail and the centre of body gravity.
7. is the length of the tail. ¢,,; is the yaw angle of the dragonfly’s tail.
6, is the pitch angle of the dragonfly’s tail. Xopos is the offset between
the head and the centre of body gravity. r,__ is the length of the head.

®,05 is the yaw angle of the dragonfly’s head. 8, is the pitch angle of

ose

the dragonfly’s head.

Controller Design for the Dragonfly-like FWMAV
From Egs. (11)~(14), the mathematical model of dragonfly is highly

Centre of body gravity

Tail axis

l Body axis

Figure 5: Sketch map of the centre of tail, head and body gravity.
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nonlinear. Nonlinear control is one of the biggest challenges in control
theory and applications. To control the dragonfly-like FWMAYV, the
target variables are the flapping angular velocity, flapping direction of
fore-wings and hind-wings, the yaw and pitch angle of tail, and the
yaw angle of the dragonfly’s head accordingly to the angle error and
velocity error.

Modeling of control system

According to the above aerodynamic force and mathematical
model of dragonfly, the state-space equations are

%=f (x)+h(x,u) (15)

Where x=[x Ve z, @ O y V.V, V. w.oow, wZ] is the
state vector, #=[Q,6,,,,Q, 0,2 Vi Ou V.l'is the control vector. We
choose I =0and I = 0 because the body of dragonfly is symmetric.
f(x) and h (x,u) are descrlbed in Appendix C in detail.

This is a system of first order non-linear differential equations,
where the right hand side depends on the control vector u.

Remark 3: This remark is the reason that the control vector is
[Q 9(1)1) Q H(p 2) l//fml Hlar[ l//rwse] N

Firstly, Michael H. Dickinson et al mention the wings’ movement
of an insect [14]. They suggest that the wing stroke of an insect is
typically divided into four kinematic portions: two translational phases
(upstroke and down stroke), when the wings sweep through the air
with a high angle of attack, and two rotational phases (pronation and
supination), when the wings rapidly rotate and reverse direction. It also
point out that two degrees of freedom in each wing of most insects are
used to achieve flight in the nature: flapping and feathering [15,16].
Flapping is rotation of a wing about longitudinal axis of the body.
We consider it as the flapping angular velocity. Feathering is angular
movement about the wing longitudinal axis. We consider it as the
flapping direction of the wings. Secondly, Robert M Olberg mentions
the head movement of dragonfly during preying the target [17]. He
suggests that the target distance estimation is obtained by using motion
parallax information from a head bob during preying, because the head
rotates to stabilize the prey image. We consider it as the yaw angle of the
dragonfly's head. Lastly, by our observation and common knowledge,
we can also find that the yaw and pitch angle of tail are adjustable or
deformable during the dragonfly flight in the nature. So we consider
them all to be control input.

Controller design

The design method of nonlinear dynamic inversion is applied to
our system due to the character of the high nonlinearity. Define the
state error and its derivative

e=x-x,
e=X-X,z (16)
where x_ is the desired state vector.

Substituting Eq. (15) into Eq. (16) yields
é=x-x,=f(x)+h(xu)-x,, -

In order to assure an exponential error convergence, the control
input should be design to meet the following relationship

f(x)+h(xu)-x,,=-2-e (17)

where A is a positive constant.

The objective is now to find control u that can manipulate the
dragonfly’s wings, tail and head. Here we employ a Newton-Raphson
solver to obtain control input u in Eq. (17). The iteration formulation
of control input is described as follow.

we=u, (7, 0) T [ F(x)+h(xm) %, +2e] (18)

€ =Xy T Xy
Oh(x,u)
J =
Ou
X=X U=
where j, is the Jacobian matrix. When the precision of control input is

—u,| <& the control input is obtained.

By substituting Egs. (11)~(13) and (14) into Eq. (18), we obtain the
Jacobian matrix. However, the Jacobian matrix J, is singular because
many elements h(x,u) are zeros. Thus it is not possible to obtain the
control vector u by Eq. (18). To capture the insight into the control
system design, we transform the Eq. (15) into a control companion
form since the state vector is reduced by removing the position and the
y-axis velocity of dragonfly.

X :fl(xlsxz) (19)
{%2}—fz(xl,xz,x3)+hz(xl,xz,xS,u) (20)

X3
where x, = [(p 2 7]‘ is the first set of the states;

[x'z x3] :[W\' w, ow, V. V. ] is the second set of the states;

X, = |:Wx w, W, ] and x; =[V,V)]". The right function, f, (x,,xz) R
of Eq. (19) is consist of the 4-th, 5-th and 6-th elements of the right
function, f(x) of Eq. (15) respectively. The right function, f;(x,,x,,x;), of
Eq. (20) is consist of the 10-th, 11-th, 12-th, 7-th and 9-th elements
of the right function f(x) of Eq. (15) respectively. The right function,
hy(x,,x,,x;,u), of Eq. (20) is consist of the 10-th, 11-th, 12-th, 7-th
and 9-th elements of the right function, h(x,u) of Eq. (15) respectively.

Note that x, in Eq. (19) is a virtual control input the x, sub-
dynamics. Thus we adopt a dual loop iteration, where outer loop solves
for the actual control input u, and inner loop solves for the virtual
control input x,. Based on Eq. (19) and Eq. (20), we derive the outer
and inner loop control vectors respectively as

J‘u'l:fz(xlwxzwxs.A)*hz(xlwxz.l.’xs.A’”A) { > /}Jrﬂz € A}

, -1
Wy =Uy 7(‘]“ 'Jz.A) .
Xy

Xyt =X _(le‘/‘ 'JI.A )7I 'J;,k [ﬁ (xl,uxz,k)_j‘m/ + j’1 'el,k]

of,(x,x
5, -0
2 X=X s X2 =Xk
ahz(xl,xz,x3,u)
T

X=X g5 X FX g, X3 T Xy UMy

Xirer = |:¢re/ 9’9/ Vres :|

X,y = |:(pre/ ére/’ Vrer :|

—sinéd 0 L | @
X, =| cos@-siny cosy O H'ref
cos@-cosy —siny 0] |7,
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X,,, =| —sin@-siny cos@-cosy —siny || @, ¥, v .
: . 5 - Vz
—sinf-cosy —cos@-siny —cosy | |6, 7, 04
' 4
x3,ref =|:Vx,ref Vz,r'g/‘] - _,'(;
> «
. ; ; ' ) -0.
x},rﬁ/:[VY,rﬁf Vzre/:. ol
Where ], and ], are the corresponding Jacobian ¥ 04
matrices, A, and A, are positive constants,€; =X, — X, and o os
0 10 20 30 40 o 10 20
time(s) time(s)

e, = [xz.k x“] —[xz,ef xMJ are the state error vectors. When

<¢& , the control input

—u,
u, +u, . .
= —k+l "k jg obtained.

Numerical Simulation Examples

In order to verify the validity of the dynamic model and the control
algorithm, simulation study is performed in this section. There are
three scenarios in the section. In the first scenario FWMAYV is under
open-loop control. The reference is a set-point in the second scenario
and a time-varying trajectory in the third scenario. The dynamic model
parameters are given as X g = 0.12m, r = 065m,x = 0.06 m,
r, =0.08m, m = 0.20843 kg, m :OOIkg, —002kg,s—015m,
X, —002m Vo= OOm,z —0005m X, —009m y2 0.0 m, zg—OOOSm,
X =0.03556 m, y, =0.0 m, z.= 0005 m, [ = 00005 kg-m?, I— 0.0068
kgm2 I —00059l(gm2 I —OOOOOIZkng b=0.32m,A, 75 A=25.
The precision of control 1nput is € = 0.0001.

Open-loop control

To evaluate the validity of the dragonfly-like FWMAYV model,
open-loop control with constant control inputs is applied, in which
three different pitch angles are given. In the first test the pitch is 1.0 rad,
namely FWMAV is nose-up. In the second test the pitch is -0.5 rad,
namely FWMAV is nose-down. In the third test the pitch is 0.0 rad,
namely FWMAYV is horizontal. The simulation results are depicted in
Figures 6a-6¢. The control input vector is u(t) = [11.2951 rad/s, 1.6049
rad, 13.7869 rad/s, 1.6120 rad, 0.0 rad, 0.0 rad, 0.0 rad ]’. The initial
states vector are x, (0) = [ 0.0 rad, 1.0 rad, 0.0 rad J’, x, (0) = [0.0 rad/s,
0.0 rad/s, 0.0 rad/s]’ and x, (0) = [6.0 m/s, 0.0 m/s]’ in Figure 6a. The
initial states vector are x, (0) = [ 0.0 rad, -0.5 rad, 0.0 rad |’, x, (0) = [0.0
rad/s, 0.0 rad/s, 0.0 rad/s]” and x, (0) = [6.0 m/s, 0.0 m/s]” in Figure 6b.
The initial states vector are x, (0) = [0.0 rad, 0.0 rad, 0.0 rad ], x, (0) =
[0.0 rad/s, 0.0 rad/s, 0.0 rad/s]” and x, (0) = [0.0 m/s, 0.0 m/s]” in Figure 6c.

It can be observed that there exists steady state or a stable phase, in

6 — 1.4
—/X ~@-heading
Vy pitch
- e \z 1. weeerol]

I
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o o

»
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time(s) time(s)

Figure 6a: Velocity and angular curves of FWMAV, x, (0)=[0.0 rad 1.0 rad 0.0
rad]', x, (0)=[0.0 rad/s 0.0 rad/s 0.0 rad/s], x, (0)=[6.0 m/s 0.0 m/s]'.

Figure 6b: Velocity and angular curves of FWMAYV, x, (0)=[0.0 rad -0.5 rad 0.0
rad]', x,(0)=[0.0 rad/s 0.0 rad/s 0.0 rad/s]' x, (0)=[6.0 m/s 0.0 m/s]'.
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Figure 6¢: Velocity and angular curves of FWMAV, x, (0)=[0.0 rad 0.0 rad 0.0
rad]', x, (0)=[0.0 rad/s 0.0 rad/s 0.0rad/s]', x, (0)=[0.0 m/s 0.0 m/s]'.

which the velocities and pitch angle converge to constant values. The
values of steady state velocities and pitch angle are determined by the
control input signals.

Next we observe transient phase behavior. First, it can be easily
found that the pitch angle of FWMAV rises during the initial stage,
then the pitch angle drops in Figures 6a and 6c, while the pitch angle
keeps increasing in Figure 6b. The reason for pitch up during the initial
stage is because the moment of the hind-wings is less than the summed
moment of the fore-wings and the tail. After the initial phase, pitch
angles in Figures 6a and 6c¢, which exceed 0.3 rad, will drop or converge
to the stable phase angle that is around 0.3 rad.

It is noted that V_ namely the z-axis velocity in the body coordinate
system, rises more rapidly in Figures 6b and 6c, because in case (Figure
6a) FWMAV is nose-up with the largest absolute pitch angle, hence
the gravity incurs a smallest push force along the direction of V, as the
gravity projects onto V, with a factor of the cosine of the pitch angle.
Next by observation, the x-axis velocity V_in the body coordinate
system drops more rapidly in Figure 6a than that in Figure 6b. This
is because the absolute attack angle in Figure 6a is larger than that in
Figure 6b, hence incurs a large air resistance along the longitudinal
direction. In the case of Figure 6c, the initial V_is zero, and increases
quickly because the wings’ flapping generates a thrust along the
direction of V_

The tail and head of our dragonfly-like FWMAYV are not deflected
according the control input in this scenario. The side force and the
moments M, M are zero. It results in that the V_1is zero due to zero
side force, the headlng angle is zero due to zero moment M, and zero
initial heading angle, the roll angle is zero due to zero moment M, and
zero initial roll angle.
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The above discussions illustrate the consistency between the model- ) o
based simulation results and motion behaviors of FWMAV derived e d}b\ ;0"’ 4
! 4 '
from physical principles, thus verify the validity of the FWMAV model A i,‘g\ f{ A o8| \‘\ m/ o\ A K
derived in this work. 1 g 1 . j , ? :1 0l @\ 4 b 7 b\ L
/| \ ¥ Wa ! \ )
. ! 4 \ AU\ B P
Set-point control g ° L ‘; j i ] AR
s 0.l = 0. % ® b”‘
In this scenario the reference vector is constant. In this scenario we \) J 4
evaluate the basic capability of the dragonfly to quickly respond to the L bt o
given reference with the proposed control algorithm. The simulation 0. e 0.1 —L
results are depicted in Figures 7a-7c. The initial states vector are x, (0) = o \'@—@M‘ 0 \ﬂﬂl
0 50 100 150 200 250 0 50 100 150 200 250

[0.0rad, 0.01 rad, 0.0 rad |, x, (0) = [ 0.0 rad/s, 0.0 rad/s, 0.0 rad/s]’ and
x, (0) = [0.01 m/s, -0.01 m/s]" u(t) = [11.2951 rad/s, 1.6049 rad, 13.7869
rad/s, 1.6120 rad, 0.0 rad, 0.0 rad, 0.0 rad ]’ is the initial control input
vector. The reference pitch angle is 6, = 1.3 rad, and the reference roll
angle is y .= 0.3 rad. The reference velocityis V. =2.0m/sand V.
=0.0 m/s.

Trajectory tracking

To evaluate the tracking performance of the proposed control
algorithm the time-varying reference vector is considered in this
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Figure 7a: Velocity response curves of FWMAV, V. _=2.0 m/sand V, =0.0 m/s.
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Figure 7b: Angular response curves of FWMAYV, 6_=1.3 rad, y,,=0.3 rad.
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Figure 7c: Response curves of angular velocity of FWMAV.
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Figure 8: Response curves of angle of FWMAV and reference angle,
0_=0.8+0.4 sin (0.1t), y,_=0.5+0.2 sin (0.1t).

ref

scenario. Figure 8 shows the actual angle of dragonfly and reference
angle trajectory. In this scenario initial states of the flapping wings
MAYV are the same as the second scenario. The desired pitch and roll
angle are 6_=0.8+0.4 sin(0.1t) , y, =0.5+0.2 sin(0.1t)

We can find that the states of our flapping wings MAV rapidly
converge to the references respectively from Figures 7a and 7b with
the constant references, and Figure 8 with the time-varying reference
values. It is indicated that the proposed controller is feasible and valid.
Figure 7b shows that the angles of dragonfly-like FWMAYV are stable
at the desired values. From Figures 7a and 7c, the velocity and angular
velocity fluctuate slightly around their desired values. The reason
for fluctuation is due to the aerodynamic forces and moments of the
FWMAYV that fluctuate during the upstroke and the down stroke of a
flapping cycle, as well as the changing aerodynamic direction and value
of wings.

Conclusion

This paper focuses on the nonlinear modeling and control of a
dragonfly-like flapping wing MAV. Due to the nonlinear character
of the model, the control design method incorporating nonlinear
dynamic inversion and Newton-Raphson solution is employed.
Numerical results show the effectiveness and convergence performance
of dragonfly-like FWMAY flight controller.

In the future we expect to explore the coupling effect of
aerodynamic force and moment between the fore-wing and hind-
wing in order to improve the aerodynamic model of the dragonfly-like
FWMAV. In addition, we will address the issue on how to design the
controller of dragonfly-like FWMAY in which two pairs of wings can
be manipulated independently [17-19].
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