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Controlling agile and complex air-vehicle maneuvers requires knowledge of the full flight envelope and dominant
modes of motion. This paper presents a comprehensive approach for determining the full flight envelope and trim
map of minimally actuated flapping-wing micro aerial vehicles that are capable of a broad range of coupled
longitudinal-lateral-directional aerobatic maneuvers. By this approach, a representative set of realizable set
points and trim conditions can be determined from the flight dynamic model, including asymmetric and unstable
maneuvers. Data-driven dynamic mode decomposition is used to identify and analyze the dominant modes of motion
both in simulations and physical experiments involving the RoboBee. The dominant eigenplanes and stability
characteristics of this flapping-wing robot are successfully validated experimentally for both stable and unstable
asymmetric full-envelope maneuvers, including rapidly uncontrolled tumbling.

Nomenclature

A = wing attachment point

A = state-space matrix

a = acceleration vector

B = control input matrix

Cp = drag coefficient

Cpo, Cp1,Cro = aerodynamic drag parameters

Cy = lift coefficient

c = chord length

d = distance between wing attachment point and
body center of gravity

dF, = differential lift force

dy = spanwise width of a differential wing
element

er = unit vector in the lift force direction

{ei, e, el} = orthonormal basis for reference frame i

Fg Fy, Fi, Fr = inertial, body-fixed, left-wing, and right-
wing reference frames

F;,Fp = lift and drag forces

F,F, = total aerodynamic forces on the left and right
wings

fi fr = left- and right-wing forcing functions

G = body center of gravity
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g = acceleration due to gravity

1 = rigid-body inertial matrix about center of
gravity

ky = torsional wing hinge spring constant

L = left-wing center of gravity

M = mass matrix

M, = torsional hinge spring moment

M., = rotational damping moment

m, my, m, = masses of the robot body, left wing, and right
wing

N = stroke-plane deviation angle shape para-
meter

n,, n, = normal vectors to the lateral and longitudinal
eigenplanes, calculated from the model

n,n, = normal vectors to the lateral and longitudinal
eigenplanes, calculated from experimental
data

P, P, = left- and right-wing centers of pressure

P = % component of the body angular rate

) = robot physical parameters

q = e} component of the body angular rate

q = generalized coordinate vector

R = right-wing center of gravity

r = ¢} component of the body angular rate

ry = position of point A relative to the inertial
frame

T'sB = position of point B relative to point A

rg = position of point G relative to the inertial
frame

T = flapping period

t = time

to = initial time

U = trim map

U,x Vv = singular value decomposition matrices

u = e’ component of the body velocity

u = robot control input

Ugs Up, Uy, = amplitude, pitch, yaw, and roll control inputs

Vv = robot airspeed

v = e} component of the body velocity

v = robot-body velocity

vy = velocity of point A

Uy = ith component of the velocity of point A in

the wing frame
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vy, U, = lateral and longitudinal eigenvectors, calcu-
lated from the model

v, U, = lateral and longitudinal eigenvectors, calcu-
lated from experimental data

w = eg’ component of the body velocity

b = components of body position in inertial
frame

x = state vector

X, = wing state

Y., = spanwise center of pressure location

y command vector

Zep chordwise center of pressure location

a = angle of attack

p = sideslip angle

y = climb angle

Cw = wing damping ratio

(C) = robot-body orientation

0 = roll angle

0,,0, = left- and right-wing stroke-plane deviation
angles

& = turnrate

¢ = yaw angle

b1, b, = left- and right-wing stroke angles

v = pitch angle

VLY, = left- and right-wing pitch angles

W, = robot-body angular velocity

oy = flapping-wing forcing frequency

Wy, = wing natural frequency

V() lgrur = Jacobian matrix evaluated at a set point

I. Introduction

EW fabrication techniques have enabled the miniaturization of

flapping-wing micro aerial vehicles (FWMAVs) equipped with
both sensors and actuators at insect scale [1-9]. Besides being lower
in cost and allowing access to narrow and confined spaces, these
insect-scale robots are safer to operate near people and often survive
crash or collisions. As the robot scale decreases, however, many
propulsion methods, such as rotating propellers, become increasingly
inefficient. Several authors have shown that lower Reynolds numbers
and higher losses in the electromagnetic motors cause the reduction
in lift-to-drag ratio to become too significant for rotating propellers to
work in practice [9,10]. Biologically inspired flapping-wing robots,
such as the RoboBee, have become increasingly popular because
they are characterized by power-efficient highly maneuverable flight
at a record-small size and weight [11,12].

Although many flapping flight controllers have been proposed in
the literature [ 13—24], to date control designs have been demonstrated
primarily for hovering regimes and symmetric longitudinal flight
[24,25]. The reason is that modeling and analyzing the robot dynam-
ics away from these regimes is made difficult by the nonlinear,
periodic, and time-varying nature of asymmetric flapping flight
[26]. Moreover, many FWMAV designs are minimally actuated
due to stringent size and weight constraints, resulting in passively
actuated wing motions and nonminimum phase behaviors. There-
fore, although these robots are intrinsically more agile than larger
FWMAVs [9], robustly controlled asymmetric aerobatic flapping
flight has yet to be successfully demonstrated at this scale. Full-
envelope modeling and set-point analysis are at the basis of most
conventional fixed-wing or rotary-wing aircraft control systems. In
fact, they are key to achieving a systematic understanding and
analysis of dominant flight modes and, importantly, they allow the
pilot or navigation system to command coupled longitudinal-lateral—
directional maneuvers by providing corresponding trim control set-
tings [27-36].

Classic approaches for determining the vehicle flight envelope and
set-point mixing logic are not applicable to flapping-wing robots.
This is because, away from hovering, state and control variables are
time varying and, possibly, periodic even at set-point conditions.
Furthermore, propulsion is provided by flapping wings whose
motion is constrained by differential equations known as actuator

dynamics. Therefore, establishing the robot flight envelope, normally
obtained from available thrust/power curves, instantaneous load
factors, and absolute ceiling, requires a fundamentally new method.
This paper presents a systematic approach for determining the robot
trim map, comprising a set of representative stable and unstable set
points (Sec. V), and the flight envelope, representing the physical
limitations imposed by the flapping-wing design and kinodynamic
constraints (Sec. VI).

Although many flapping-wing flight models have been proposed
six-degree-of-freedom dynamics typically assume negligible wing
inertia[15,16,39]. Other methods derive new aerodynamic forces and
moments that capture unsteady flow effects on the wings by assuming
symmetric flapping and pure longitudinal or hovering flight
models are not amenable to full flight-envelope calculations or to
the analysis of asymmetric flapping and coupled longitudinal—
lateral-directional maneuvers, such as steady coordinated turns.
For example, stroke-averaged models fail to account for the effects
of perturbations in the body configuration on the wing dynamics and,
by extension, on the aerodynamic forces on the system [25].

The approach in this paper shows how to obtain the robot full flight
envelope and trim map by accounting not only for all of the robot
body’s six degrees of freedom (DOFs) but also for the three rotational
DOFs of each independent wing. The flight dynamic model incor-
porates a compact yet effective quasi-steady aerodynamic model
originally developed for modeling insect flight [54,55]. All methods
are demonstrated using the two-wing minimally actuated insect-scale
flapping robot known as RoboBee [56,57]. The same approach is
similarly applicable to other popular flapping robots such as the Cox
piezoflier [3], the Carnegie Mellon University (CMU) flapping-wing
robot [8,58], the U.S. Air Force Research Laboratory piezodriven
flapping-wing robot [6], and the designs in Refs. [59-61]. Further-
more, all methods can be easily extended to other flapping-wing
configurations characterized by multiple wing pairs [62]; rigid tails
[63]; and piezoelectric, electromagnetic, or motor-driven drive actua-
validated experimentally for a broad range of RoboBee stable and
unstable modes. Then, it is used to analyze the stability of symmetric
and asymmetric flapping dominant modes of motion that are identi-
fied from the set points both in simulations and physical experiments.

II. Problem Formulation

This paper presents an approach for modeling and analyzing the
full-envelope flight dynamics of a broad class of small-scale biologi-
cally inspired robots, also known as FWMAVs, that are minimally
actuated by pairs of periodically flapping wings attached to a rigid
body. The approach is presented and validated using the insect-scale
robot known as RoboBee (Fig. 1a) [2], butit can be easily extended to
other flapping robots with multiple wing pairs and tails (Fig. 1b), as
explained in Sec. III. Many methods have been proposed to date for
the modeling and control of flapping-robot dynamics, with standard
form

x(1) = flx(n),u(n). p.1].  x(tg) = xo (D
where x € R” is the state, u € R™ is the control input, p € Rlis a
vector of parameters, and x, is the initial condition [15-21,23—
successful FWMAV flights is that the robot is minimally actuated to
meet stringent size and weight constraints [26,39]. Although the
dynamics are not T periodic, flapping wings are obtained by peri-
odically varying actuation, such as piezoelectric, electromagnetic, or
motor-drive mechanisms that control one or more wing states, such as
the stroke angle, stroke-plane deviation, and angle of inclination

general, the actuator dynamics take the form

g['iu)(t)7 xu)(t)’ u(t)7 P’ T’ t] = 0 (2)
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a)

b)

Fig.1 Photographs of a) minimally actuated FWMA' known as RoboBee and b) example of other robot design characterized by fixed tails and multiple

pairs of wings also amenable to the methods presented in this paper.

where x,, € R’ is the wing state, and T is the wing-flapping period.
For a minimally actuated robot, however, only a small subset of the
possible wing states is controlled by the actuators and the remaining
ones are passive by design [26,39].

Because of the challenges presented by time-varying underactuated
dynamics, the large majority of modeling and control results to date
have focused on longitudinal and hovering stable flight, thus limiting
our ability to exploit the agility and broad range of behaviors available
to these robots, including quasi-steady maneuvers. Full-envelope flight
control in fixed-wing aircraft has been achieved over the years by
first identifying reduced-order models of dominant modes of motion
and, subsequently, by analyzing coupled longitudinal and lateral—
directional motions, including quasi-steady asymmetric maneuvers
such as coordinated turns [27,30-33,67]. The range of permissible
and operational maneuvers defined according to the vehicle’s physi-
cal limits on airspeed, altitude, and load factor is known as the aircraft
flight envelope. While the steady flight envelope of fixed-wing air-
craft can be determined from the curves of thrust/power required and
available (Ref. [27] chap. 2), the actual full flight envelope is also
restricted by other factors, such as stall, absolute ceiling, and instan-
taneous load factors. Based on the full flight envelope, forward
control inputs producing steady and quasi-steady equilibria, known
as set points, can be determined and used to develop full-envelope
feedback control systems that are robust and optimal for the full range
of maneuvers and behaviors achievable by the robot [27].

Traditionally, a set point (x*, u*) is defined by open-loop static or
quasi-steady equilibrium conditions corresponding to the desired
command vector y* € R", where

y(0) = hix(1),u(1)] 3

is the system’s output equation (Ref. [27] p. 509). The desired
command value, y*, may be provided by a human operator, such as
a pilot, or a guidance algorithm. Then, the desired set point (x*, u*)
can be obtained from dynamic equation (1) by setting selected time
derivatives of the state equal to zero. For a quasi-steady equilibrium,
one or more of the elements of x* are integrals of y*; therefore, the set
point must be determined by computing reduced-order equilibrium
conditions. For flapping-wing robots, the state and control variables
are typically time varying even at a set point because most of the state
elements are T periodic. Therefore, the classic approach for deter-
mining the mixing logic that converts desired command values into
set points only applies to hovering conditions [26]. Furthermore,
fixed-wing aircraft’s dominant modes of motion and flight envelope
design methods cannot be extended to minimally actuated flapping
robots because the thrust/power required and available, as well as all
other physical limits on altitude and maneuvering envelope, depend
primarily on the wing and actuator design.

This paper presents an approach for analyzing and computing the
full flight envelope and set points for the time-varying nonlinear
equation of motion [Eq. (1)] and actuator dynamics [Eq. (2)]. It was
originally shown in Ref. [33] that, for nonlinear and coupled flight
dynamics, the full flight envelope can be obtained from the vehicle

trim map. The trim map represents an inversion of the aircraft non-
linear equation of motion [Eq. (1)] aimed at producing forward
control settings #* that trim the aircraft about a desired maneuver
specified by the operator or guidance algorithm via y*. A subset of
trim state elements are directly specified by y*. The remaining
“secondary" values of the state are computed so as not to oppose
the maneuver commanded by y*. The boundary of the trim map
constitutes the full flight envelope and provides the limits of the full
operational domain, ) C R”, within which desired commands can be
realized by the vehicle. This paper develops a new method for
determining the FWMAYV trim map:

U(p) 2 {u*:y* =h(x*,u*),x(T) =x*, V y* € y} 4)

and its boundary oU numerically from the robot dynamics and output
equation. Subsequently, the trim map is used to identify longitudinal
and lateral dominant modes of motion and to analyze their stability.
Longitudinal, lateral, and coupled modes of motions in asymmetrical
flight are all verified experimentally using data-driven dynamic mode
decomposition (DMD) [68,69].

III. Full-Envelope FWMAY Dynamic Modeling

Many dynamic models of flapping-wing robots have been pro-
posed to date in the literature. One of the first comprehensive flight
dynamic model of minimally actuated flapping robots was developed
in Ref. [39] by neglecting the wing inertial effects and by computing
the aerodynamic forces and moments by a blade-element approach
and cycle averaging. By this approach, a set of six-degree-of-freedom
equations of motion analogous to those of rigid-body aircraft were
obtained in which the aerodynamic forces and moments consist of
periodic functions of time. Later studies developed unsteady non-
linear aerodynamic models applicable in hovering regimes by using
unsteady lift empirical formulas able to predict wing effects such as
leading-edge vortex [52,53]. Based on these aerodynamic models,
the nonlinear flight dynamic equations of hovering FWMAVs were
recently obtained in Refs. [24,25] by assuming symmetric flapping,
pure longitudinal flight, and constant wing pitch angle through each
half-stroke. By this approach, the generalized averaging theory can
be applied for analyzing the stability of periodic orbits in hovering
and longitudinal regimes. This section presents an approach for
deriving and formulating FWMAY kinodynamic equations amenable
to full flight envelope and trim-map computation, without imposing
prior assumptions on the flight regime or wing-flapping patterns. The
approach, presented and validated here for the RoboBee (Fig. 1a) [2],
can be easily extended to the aforementioned dynamic models as well
as to other minimally actuated robot designs with one or more pairs of
flapping wings.

The modeling approach presented in this paper considers the inde-
pendent motions of each wing (or tail) and the robot body in order to
account for the couplings between them, which are shown to play akey
role in flapping flight at small scales [70]. The configuration of each
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Stroke Plane

Stroke Angle ¢,

Fig. 2 Orthonormal basis corresponding to body and wing reference
frames F;, F,,and F;; and definition of (right) wing Euler angles ¢,., 6,
and y,..

articulated robot component consists of the position and orientation of
a moving frame of reference embedded in the rigid component, as
shown in Fig. 2. By this approach, the instantaneous positions and
orientations of the robot-body frame F;, and of the right- and left-wing
reference frames (denoted by F, and F, respectively) are described
relative to an inertial frame of reference F; (Fig. 2). Forces and
moments generated by each robot component are expressed by adopt-
ing an orthonormal basis for each reference frame denoted by set
{ei, e}, el}, where the superscript i is used to index the body b, the
right wing r, and the left wing /. The robot body is modeled as an oblate
object B C R3. The left and right wings are modeled as thin rigid
objects £ CR? and R CR3, respectively, whose shapes are
accounted for by the blade-element approach in Sec. IV. The wings
are attached to the robot body at a point A, located at a distance d from
the body center of gravity G, measured in the —eé’ direction.

The robot translational degrees of freedom are represented by the
coordinates of G with respect to the inertial frame J f, denoted by x,
v, and z. Then, the center-of-gravity position can be represented by
the vector rg = xe! + ye} + zeg, where {e], e}, eg } is the set of
orthonormal basis for F ;. The robot-body and wing orientations are
represented by the Euler angles originally proposed in the seminal
FWMAYV work in Refs. [15,39], which differ from those used for
conventional fixed-wing aircraft [27]. From Refs. [15,39], the
sequence of Euler-angle rotations from the inertial frame to the body
frame begins with a rotation about eg by an angle ¢, followed by a
rotation about an inertial axis coincident with the intermediate e? axis
by an angle 6, and finally arotation about €5 by an angle . Then, the
three rotational degrees of freedom of the robot body are represented
by three Euler angles known as yaw ¢, roll €, and pitch . The
orientation of each wing relative to the body is defined using the
nominal stroke plane (Fig. 2), defined as the set of all points r € R3
such that e§’ - (r —ry) = 0, where r, is the inertial position of A with
respect to F ;. As shown in Fig. 2, the orientation of the right wing
relative to the body frame F;, can be represented by three Euler angles
known as the stroke angle ¢, € [—x, x], the stroke-plane deviation
0, € [—r, n], and the wing pitch (or inclination) angle v, € [—x, x].
The left-wing orientation is similarly defined, except it begins with a
rotation about e by a fixed angle equal to #, such that €, points in the
positive spanwise direction of the left wing.

Although, in general the position and orientation of each compo-
nent in the inertial frame are specified by six variables, the wings’
hinge and actuator dynamics (Sec. IIL.A) constrain the position and
orientation of the wings relative to the robot body, respectively, such
that the total configuration vector consists of the robot-body position
and orientation augmented by the wings’ pitch and stroke angles, i.e.,

T
q=[xyz¢9w¢r v, ¢ l//z] )
——— e e ——————

body position body rotation wing rotation

Furthermore, since the wing stroke angles are constrained by the
actuators, the number of degrees of freedom may be reduced from ten
to eight.

The robot equations of motion are derived using the Newton—Euler
equations for linear and angular momentum balances. The equations
are applied to both the robot body and to each flapping wing so as to
capture both longitudinal flight and asymmetrical lateral-directional
dynamics. Let m denote the mass of the robot body, and let m; and m,
denote the masses of the left and right wings, respectively. Then, the
wing inertia can be accounted for by introducing the influence of
gravity g along with the total aerodynamic forces F; and F, gen-
erated by the left and right wings in nonsymmetric nonhovering
nonlongitudinal flight. The blade-element approach previously pro-
posed for insect flight modeling in Ref. [37] is adopted in order to
obtain a compact model of significant aerodynamic forces and
moments. Although this approach makes several simplifying
assumptions, such as neglecting body aerodynamic effects and
unsteady flow interactions between the body and the wings, the
experimental results in Sec. VIII show that the model adequately
captures the aerodynamics of the RoboBee. Other aerodynamic
models already available in the literature, including Refs. [53,71],
can be similarly adopted and introduced in the flight dynamic model,
provided they are first extended to nonlongitudinal nonhovering
maneuvers.

Linear momentum balance for the system is written in terms of all
gravitational and aerodynamic forces; the linear acceleration of the
robot-body center of gravity ag; and the linear accelerations of the
centers of gravity of the left and right wings, denoted by a; and ap
respectively, as follows:

(m~+m+m)g+F, +F =mag+ma, +map (6)

where the subscripts L and R refer to the centers of gravity of the left
and right wings, respectively.

External moments on the system include rotational damping
moments of the left and right wings denoted by M,,, and M, ,,
respectively. These external moments depend on the positions of the
wings’ centers of pressure, P; and P,, relative to G, denoted by rgp,
and rgp, , respectively, and on the positions of the wings’ centers of
gravity relative to G, denoted by r; and rgp, respectively. Then, the
angular momentum balance about G can be written as

M., +rep XF+rg Xmg+ My, +rep, XF, +rggXm.g
=H,+H +H, )

where H b H ;» and H » denote the time derivatives of the angular
momentum about G of the robot body, left wing, and right wing,
respectively. Because G is a noninertial point, the acceleration of each
point mass relative to the inertial frame must be accounted for as
follows. Let I, I;, and I, denote the mass moments of inertia of the
robot body, left wing, and right wing, respectively, and let the
corresponding angular velocities be denoted by @, @;, and w,. Then,
conservation of angular momentum leads to the following equations:

Hb =}55oxmba3+1bd)b+a)bxlbwb (8)
H, =rgpxmag + 1o, + o, x 1,0, ©)
H,=rGL><mlaL+Ild)l+w,><I,wl (10)

where F,, F;,M,, .,and M, are all significant aerodynamic forces
and moments derived using blade-element theory (Sec. IV).
Independent equations for the stroke angles, stroke-plane
deviation angles, and wing pitch angles are obtained in order to
model the possibly asymmetric motion of the wings. As noted
previously, the flight model in this paper assumes no direct control
authority over the wing pitch angles. To determine their values,
angular momentum balance is computed for each wing about the
wing attachment point, A, in the spanwise directions (e} and e}):

ey - (M,g;+rap, X Fi+ry xmg) + M)

=eb - (rag xmay + Lo, + o, X Liw) 1n
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e - (M, +1ap, XF, + 14 Xm,g + My,)

=eb- (rag xmuag + Lo, + o, x 1w, (12)

where r,p, and r,p_ are the position vectors of the wings’ centers of
pressure relative to A, and r4; and r 5 are the position vectors of the
wings’ centers of gravity relative to A. My ; = —k,y; and M, , =
—k,,y, are the moments caused by torsional springs in the hinges of
each wing, characterized by a spring constant k,,. For completeness,
all kinematic terms in Eqs. (6—12) are provided in Appendix B.

A. Actuator Dynamics

The precise form of actuator dynamics [Eq. (2)] depends on the
design of the wing, the hinge geometry, and the drive mechanism,
which may involve piezoelectric, electromagnetic, or motor-driven
actuation. As a first step, the control input vector must be determined
from the chosen actuation mechanism. In the case of the RoboBee
(Fig. 1a), the control drive signals consist of the amplitude input #,,,
pitch input u,,, yaw input u,, and roll input u, such that

u=[u, u, u, ul’ (13)
Other drive signals, including those relying on the split-cycle tech-
nique in Refs. [16,56,72,73], can be similarly adopted.

In the RoboBee, the robot drive signals affect roll, pitch, and yaw
torques by adjusting only the mean stroke angle and stroke amplitude
of both wings. In this Raibert-like control method, pitch and roll are
controlled similarly to many existing designs, such as in Ref. [56], but
yaw torque is controlled by adjusting the mean stroke angle of the
right and left wings (RW and LW, respectively) in opposite directions,
as shown in Fig. 3. This method generates a yaw torque by affecting
the relative phase shift between the pitch angles of the left and right
wings [74], as will be shown in Sec. VIII. As aresult, the robot flaps at
the resonant frequency of the wing and actuator assembly and does

Nominal Stroke

E A I;T
ey

a) Hover

Nominal Stroke

I ||
| o fur N

= EET |

¢) Roll

not require wing rotation stops, eliminating unwanted vibrations and
increasing overall efficiency [6,75].

The control input directly affects the amplitude and mean offset of
the right- and left-wing stroke angles through a forcing function with
amplitude u,. The roll input u, increases the amplitude of the force on
one wing while decreasing the amplitude on the other. The flapping-
wing forcing frequency, o, = 1/T, is typically chosen to be con-
stant, near the resonant frequency of the actuator assembly for
increased efficiency. The pitch input u, biases the stroke angles
symmetrically, and the yaw input u, biases one stroke angle forward
and the other rearward. Biasing the stroke angles in this manner
creates a yaw torque, under proper assumptions, as shown in
Appendix A. The wing stroke angles (¢, and ¢,) are determined
entirely by u# and do not depend on any state variables. Previous
studies have demonstrated that linear models can capture key aspects
of the wing-actuator dynamics without relying excessively on knowl-
edge of hinge-mechanism parameters [7]. Decoupling the stroke
angle dynamics from external forces is valid only if the advance
ratio, defined as the ratio of the flight speed over the mean wingtip
velocity, is less than one. Because the advance ratio typically is less
than one, even at maximum flight speed, the wing stroke angles can
be assumed governed by second-order linear dynamical systems with
lumped parameters w,, and {,, chosen to match the natural frequency
and damping ratio of the physical actuators [76], i.e.,

bri(1) + 20,0, /(1) + 0hb, (1)

— Mgn(mﬂ) — u, (1)  u, (1) (14

It can be seen that the forcing functions in the actuator dynamics
[Eq. (14)], representing the actuator drive signals, are determined
solely by the flapping-wing forcing frequency parameter @ and the
control inputs u.

RW

Nominal Stroke A )
e,
e

b) Pitch

Lw

Nominal Stroke

/é/////g I

. ! t)T

d) Yaw

Fig. 3 In addition to a) hovering and b) longitudinal pitch motions, flapping wings with asymmetric wing strokes (bias) achieve lateral-directional

control of ¢) roll and d) yaw motions.
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The wing stroke-plane deviation angles are constrained by the
geometry of the wing hinge and actuator assembly. In the case of
the RoboBee, these constraints can be characterized by the harmonic
function originally proposed in Ref. [37]:

0,“[(1‘) = 90 —+ l9m COS(N(th + 59), N = 1, 2 (15)
where the nominal offset 6, the deviation amplitude 6,,, and the
phase shift 6, are robot parameters contained in p. Also, N = 1 when
a single vertical oscillation occurs per stroke, and N = 2 when the
wingtip traces a figure eight. Finally, the wing pitch angles (y, and
) are passively controlled; thus, they are included in the state vector
x. Therefore, the dynamic constraint [Eq. (14)] and the algebraic
constraint [Eq. (15)] together comprise the actuator constraints,
which can be cast in standard form [Eq. (2)] by bringing all of the
terms to the left-hand side of the equations.

The approach can also be extended to designs with multiple wing
pairs and/or tails by introducing constraint equations for the wing
and/or tail Euler angles and by expressing them in terms of the control
vector u whenever the angles are actuated. All of the wing Euler
angles and their time derivatives are then included in the robot state
vector as shown in the next subsection. Aerodynamic interactions
between wings may also need to be accounted for in robots with many
closely spaced wing pairs.

B. Standard Forms of FWMAY Flight Dynamics

Equations (6—12) together constitute the equations of motion of the
robot that are subject to the actuator dynamic constraints [Eqgs. (14)
and (15)]. They can be cast in standard form [Eq. (1)] by expressing
the control inputs in the vector form [Eq. (13)] and by organizing all
of the state variables in the vector:

x=lp, w, by, ¢y, i xyzpOyuvwpaqrl
(16)

where x, y, and z are the inertial coordinates of the body center
of gravity G. Also, ¢, 6, and y are the robot-body Euler angles.
Note that u, v, and w are the components of the robot velocity in
the body frame. Also, p, ¢, and r are the components of the
robot angular rate in the body frame. The complete state of the
flapping-wing robot also includes all elements of the wing state
vector:

x?l«’=[¢r Yy ¢1 v q}r l/}r ésl l/./l]T (17)

The masses, moments of inertia, aerodynamic coefficients, center-
of-gravity position vectors, and actuator parameters can be organ-
ized into the vector p, which depends solely on the robot design
and fabrication and, in this paper, is assumed constant.

Using the generalized configuration coordinates in Eq. (3), it can
be easily shown that the equations are linear in ¢, and can be
expressed in terms of the mass matrix M(g) € R®/2X/2) the non-
linear terms C(q. §) € R"/? and the input matrix B(z) € R/
as follows:

M(q)§ + C(q.9) = B(u (18)

Solving Eq. (18) for ¢(7), an expression is obtained in terms of the
state time derivative:

g1 _[o 17 0 0
[a] = [0 0]"(’) [M(q)-laq, q)} + [M(q)*B(r)]"(”
(19)

Therefore, it can be seen that the FWMAV dynamics are in the affine
form

x(1) = f(x) + G(x, Du(r) (20)

The precise form of the vector and matrix functions in Egs. (18)
and (20) depends on the aerodynamic forces and moments derived in
the next section and is omitted in this paper for brevity.

IV. Blade-Element Calculations of Aerodynamic Forces
and Moments

Modeling wing aerodynamic forces for flapping-wing robots is
complicated due to the periodic nature of flapping and the presence of
unsteady aerodynamic effects caused by the acceleration of the wing
during stroke reversal. During flapping, wings periodically experi-
ence high angles of attack, stall, and high rates of rotation. Many
studies have been performed to better characterize the aerodynamic
forces and moments during flight [54,77,78]. Quasi-steady models
have been proposed in an effort to approximate the stroke-averaged
forces and moments acting on the wings without incurring the high
computational costs associated with computational fluid dynamic
approaches [39,79,80]. The quasi-steady models adopted in this
paper obtain local wing lift and drag forces by considering differ-
ential elements of the wing, as shown in Fig. 4, and by integrating the
resulting forces over the entire wing surface [54,78].

For simplicity, consider the translational aerodynamic forces and
their dependence on the lift and drag coefficients C; (@;) and Cp(«;),
each implicit functions of the angle of attack a; of the left (i = /) or
right (i = r) wing. The equations for the lift and drag coefficients
determined from experiments and numerical calculations are

Cr(a;) = Cprpysina;) 21)
Cp(a;) = Cpg — Cp; cos(2a;) (22)

as shown in Refs. [54,71]. What follows is the computation of
aerodynamic forces and moments for each wing. A point Q is defined
to lie in the spanwise center of each differential element on the €, axis.
The angle of attack «; is defined as the angle between the velocity v,
relative to the surrounding fluid and €} in the plane normal to the
spanwise direction of the wing e} such that

vjel
a; = —arctan| —— (23)
vl

The differential lift force acting on a differential wing element is

1
dF, = (EPUEUQCL(U‘[)C(}’)d}’)eL (24)

where p is the density of the surrounding fluid, ¢(y) is the chord
length of the element, and dy is the spanwise width of the element.
The lift force acts in the e; direction, which is normal to the relative
velocity v:

e, = —cos(a;)e] — sin(a;)el (25

Then, the total lift force acting on the wing can be obtained by
integrating Eq. (24) along the wing span:

1 Y
F, = (E/JCL((xi)/ ' vngc(y) d}’)eL (26)
Yo

dy

Yy —

Fig. 4 Two-dimensional view of the left wing showing a single differ-
ential blade element used for the calculation of aerodynamic forces on the
wing.
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The local velocity can also be written as the sum of the velocity v,
at the hinge point A and the velocity v, of the differential element
relative to the hinge such that v = v, + v,,. Substituting this
expression for local velocity into Eq. (26) yields

1 Vi
F, = EP Cr(a;) (vava / c(y)dy
Yo

Yt
T / (207040 + V0 ua0)c () dy)eL @7)
Yo

where both integrals in Eq. (27) depend on the wing geometry and v .
The preceding expression requires repeated evaluations, and there-
fore is simplified as follows. Let

AT,
U, = Uy

denote the wing-frame components of the velocity, and
£ plel

WDy,

denote the wing-frame components of the wing angular rate. Then,
the integrals in Eq. (27) can be decomposed and simplified to

1
F, = EpCL(ai)(vZ\-vACl + 2(v4, 0w, = V4, @0,)Ca
+ ((sz] —+ a)ﬁ,S)CﬂL (28)

where

Vf Yf Yf
C é/ c(y)dy, G é/ ye(y)dy, Cs é/ y2e(y) dy
Yo Yo

Yo

(29)
Similarly, the drag is computed as follows:
1 T
Fp = EPCD(C’)(UA')ACI + 2(Vp, 0, — V4,0,,)C
+ (@}, + 03,)C)ep (30)
and acts along the direction of the unit vector
ep = —sin(q;)e} + cos(a;)e;, 31)

which represents the direction of the velocity of the surrounding fluid
relative to the wing. Then, the total aerodynamic force acting on each
wing F; is given by the sum of the wing lift and drag forces.

The lift and drag forces both can be assumed to act at the wing’s
center of pressure with position

rAP(, = cheé + Zcp(ai)eé (32)

relative to A, where Y, and Z,, are the spanwise and chordwise
locations of the center of pressure, respectively. Previous studies in
fruit flies [21] and robotic wings [81] showed that Y, is relatively
constant with respect to changes in angle of attack and that Z., obeys
the empirical relationship

Ze,(@) = / () (0 82ail | 005) dy (33)
Yo

Finally, local aerodynamic forces cause rotational damping effects
about the spanwise direction of the wing eé [21,78,81]. The rotational
damping moment is found by integrating the local drag on a rectan-
gular differential element of the wing in both the chordwise and
spanwise directions:

1 Z1 R X . .
Moai = (3ocor [ [*upeiivietzaraz)et Go
20

Together, Eqgs. (28), (30), (32), and (34) describe the wing aero-
dynamic forces and moments and the locations of the centers of
pressure used in the robot dynamic equations [Eq. (20)]. The Robo-
Bee parameters described in Ref. [56] and the flapping frequency of
®; = (7/60) rad/s, are adopted in this paper.

V. FWMAY Set-Point Mixing Logic and Trim Map

This section develops a new approach for obtaining the FWMAV
mixing logic that converts desired values of the command variable y*
into a feasible quasi-steady set point (x*, u*). Because of the periodic
nature of flapping flight, existing approaches for computing vehicle
set points are not applicable to flapping insect-scale robots. By
developing the set-point mixing logic, a trim map can be obtained
for the robot, thus establishing the boundaries of the flight envelope
based on the nonlinear dynamic and output equations (1-3). Also, the
trim map U, defined in Eq. (4), provides a forward controller able to
stabilize the robot under ideal conditions. In practice, modeling errors
and other uncertainties can be accounted for by augmenting the trim
map with a nonzero-set-point regulator that can be written directly in
terms of y* to provide insight into the partitioning between robust
feedback control and steady-state maneuvers (Ref. [28] p. 14), as
demonstrated in Refs. [14,26] for longitudinal FWMAV flight.

As afirst step, the robot state vector [Eq. (16)] is partitioned into a
vector of variables that are T periodic at the set point

X} (14 T) = x} (1) (35)

and a vector of time-varying variables x3 () that are not periodic and,
typically, are integrals of one or more variables in xj (¢). It is common
practice to assume that the flapping period 7 is the least value for
which the equality in Eq. (35) holds; thus, Eq. (35) also holds for any
multiples of 7. The T-periodic state vector x; includes the wing state
[Eq. (17)] so as to allow the flapping robot to maintain quasi-steady
maneuvers. For the RoboBee, the T-periodic state is

x,=[xL 6 v u v w p g r|” (36)
Therefore, it follows that
=[xy z ¢ (37)

The mixing logic that determines the desired state x* as a function
of the desired command input y* is determined from the output
equation [Eq. (3)] and the flapping flight dynamic model (Sec. III),
as shown in Secs. V.A-V.D. Subsequently, the desired (trim) control
settings u* are determined numerically from the nonlinear dynamic
equation [Eq. (1)]. When a solution for #* cannot be obtained, the
commanded maneuver exceeds the physical limitations of the robot;
thus, it is excluded from its trim map U.

A. Coordinated Flapping Turn

The coordinated turn, illustrated in Fig. 5, is the most general
quasi-steady flight maneuver [27]. For flapping-wing flight, a quasi-
steady maneuver can be defined as a robot trajectory for which the
body-frame components of the linear and angular velocities are T’
periodic. The geometry and parameters of the coordinated turn can be
specified by the command input

y=[v y & pI" (38)

where V is the robot airspeed, y is the climb angle p is the sideslip
angle, and 5 is the turn rate. When the turn rate 5 is nonzero, it can be
used in conjunction with the commanded forward speed to obtain the
robot turn radius
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Fig. 5 Representations of a) geometry of the robot trajectory in a coordinated turn and b) visualization of the sideslip angle.

p =~ 39)

Vv
¢
From the coordinated turn definition, the special cases of longi-
tudinal, lateral, and hovering flight can be obtained by virtue of the
same command input [Eq. (38)], as explained in the remainder of this
section.

The output equation [Eq. (3)] can be obtained by establishing a
functional relationship between the full command input y, defined in
Eq. (38), and the robot state x defined in Eq. (16). Letting
v=[u v w]" denote the body-frame robot velocity, the robot
airspeed is given by

V=] = /(?+v*+uw?) (40)

and the climb angle is

y = arctatan[ “41)

7]

(& +3%)

The turn rate is equal to the time rate of change of the yaw angle
E=¢ “2)

and the sideslip angle is given by
p = arctan (—_v) (43)
u

completing the definition of the nonlinear vector function in the
output equation [Eq. (3)].

When computing the set points for fixed-wing aircraft, the desired
command input y* directly specifies a subset of the state variables in
x*, whereas the remaining state values are computed so as not to
oppose the steady maneuver commanded by y*. When a flapping-
wing robot performs a coordinated turn, the robot linear and angular
velocities, v and @, are constrained to rotate about e‘g at the desired
turn rate £. This rotation is computed using the rotation matrix
R*2R (e'§ ,TEY, according to the convention in Appendix C. With-
out loss of generality, let 7, = 0 denote the initial time at which the
maneuver is initiated by a command input value y* provided by an
operator or guidance algorithm. Constraints on the body Euler angles
and the body position vector follow from the constraints on body
angular rate and velocity, and they are written using an intermediate
frame ), that coincides with the inertial frame F ; rotated about e} by
the robot-body yaw angle at the onset of the maneuver, i.e., ¢(0).
Then, at the end of a flapping period 7, the desired state for a
coordinated turn command y* is given by

x* (1) = [, O (M [0 (] [R9OF R0, OF |
(“4)

where the desired orientation is
0" (1) =0(0) +[1& 0 o] (45)

the desired position is
5 (T) = 0) — V*T'si ) of * * h_R*h 46
re(T) = rg(0) = V*T'sin(*)e] + p* cos(r*) (el — R*e})  (46)
and el = R[e_é, d)(O)]eé.

B. Longitudinal Flapping Flight

Longitudinal flight consists of robot motions that are confined to
its sagittal plane, namely, the plane normal to €5 through G. There-
fore, longitudinal flight is a special case of the coordinated turn in
which both the turn rate and sideslip angle are zero. The airspeed is
nonnegative and the climb angle can be either positive (ascent) or
negative (descent), such that longitudinal command inputs are in the
form

Vis0.  p*S0.  &=0, =0 @

and the flapping robot is said to be flying steady level when y* = 0.
The desired center-of-gravity position in Eq. (46) is formulated in
terms of the turn radius which goes to infinity for longitudinal
maneuvers. Therefore, the longitudinal set point is obtained by
decomposing rf;, into its e and e components:

ri(T) = rg(0) — V*Tsin(y*)e)

+p* cos(}/*)[e’g — el cos(E°T) + e sin(&* T)] (48)

Then, r¢; can be reformulated solely in terms of the desired air-
speed V* as follows. The vector r(0) is subtracted from both sides of
Eq. (48), and the equation

[rE(T) —r6(0)] - el = p* cos(y*) sin(€T) (49)

is obtained by taking the inner product with e/. Then, since E=0,the
desired position can be simplified to

[r&(T) —rg(0)] - el = V*T cos(r*) (50)

which defines the difference in position after a single flapping period
based on the commanded speed V* and the length of time T traveling
at that speed. From Egs. (48) and (50), it can be easily shown that the
following holds:
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r&(T) = rg(0) — V*Tsin(}/*)e'g + V*Tcos(y*)e’{ (51)

Then, the set-point state of a longitudinal quasi-steady maneuver
specified by the command input in Eq. (47) is given by

(M) =[50 FEmIT 070 V'O of©o] 62

C. Lateral Flapping Flight

Lateral flight consists of robot motions that are confined to its
coronal plane, namely, the plane normal to e? through G. For the
RoboBee, lateral flight can be achieved by setting the sideslip angle
equal to /2, thereby restricting the dominant flight motions to the
coronal plane. Then, lateral command inputs take the form

. T
V* >0, r =0, =0, pr = 5 (53)

and allow the robot to maintain a sideslip angle as shown in Fig. 5b,
which may be useful, for example, for maintaining sensory orienta-
tion with respect to a moving target. Then, the desired state can be
obtained from y* as shown in Eq. (52), only now the velocity vector v
points in the €} direction; therefore, the center-of-gravity position is
given by

ri(T) = rg(0) — V*Tsin(y*)e} + V*Tcos(y*)el  (54)

D. Hovering Flapping Flight

Flapping hovering flight can be viewed as a special case of
longitudinal flight in which the robot has zero airspeed and zero
climb angle. Therefore, hovering command inputs take the form

y =0 (55)

In this case, it is assumed that at the initial time 7, = 0, the robot is
already at the desired altitude and orientation and must remain there
by hovering. If changes in any of the robot position and orientation
variables are desired, then they must be achieved by means of one of
the aforementioned maneuvers. In other words, when hovering, the
robot state after one flapping period 7 must remain equal to the initial
condition:

x*(T) = x(0) (56)

Atany given time, the desired command input y* is provided by an
operator or guidance algorithm so as to specify a desired maneuver,
and it is held constant until the next step change in y* to allow the
robot to reach steady state. The robot dynamic stability and dominant
modes of motion analyzed in Sec. VII show that the aforementioned
maneuvers (Secs. V.A-V.D) are stable; thus, steady state can be
achieved for the desired state value x*. The mixing logic that deter-
mines the trim control settings u* is obtained by integrating the
dynamic equation [Eq. (1)] numerically, i.e.,

T
x(T) = A flE@).u(2). p.1] + x(0) 57)

subject to the terminal constraint
x(T) = x*(T) (58)

where x*(T) is the desired state specified by the command input
obtained from Eq. (44), Eq. (52), or Eq. (56). In this paper, the
numerical integration in Eq. (57) is performed using the separated
Hermite—Simpson rule [82] (Ref. [§3] chap. 4). Then, the constant
trim control vector that simultaneously satisfies Egs. (57) and (58)
completes the definition of the desired set point (x*, u*) € U. When
no solution exists, the desired maneuver falls outside of the flight
envelope, and therefore cannot meet the physical limitations of the

FWMAV. The full trim map U, defined in Eq. (4), is obtained by
discretizing the range of possible values of every command input
variable in Eq. (38) and by computing the corresponding set points,
including them in the set U whenever a solution is found.

Because the robot dynamics are nonlinear, it is both possible and
common for set points to exist but be unstable. In this case, any small
perturbations from the set point will cause the robot trajectories to
move away from the unstable equilibrium. The dominant mode
analysis in Sec. VII provides a foundation for understanding stable
and unstable flight conditions and, eventually, how unstable condi-
tions may be stabilized by a feedback controller [14,83].

VI. FWMAY Flight Envelopes

The propulsion, design, and physical parameters of the robot
impose physical limitations on the achievable operating conditions,
as well as the set points for which commanded maneuvers are
possible. The boundary of the trim map oU provides the minimum
and maximum values of trim control settings from which the flight
envelope may be obtained. In designing autonomous controllers for
flapping-wing robots, the flight envelope defines the range of con-
ditions within which a forward flight controller is capable of main-
taining the robot at a desired set point. Once a robot is built and
operational, the flight envelope is used to determine the operating
conditions at which the robot can safely operate without damaging
the actuators. Also, by analyzing the sensitivity of the flight envelope
boundaries to the physical parameters of a robot, the flight envelope
can be used to help design new robots and ensure that they meet
minimum performance requirements.

Because propulsion is provided entirely by flapping wings, one of
the key physical limitations in FWMAV flight consists of the wing-
motion range imposed by the wing joint. In the case of the RoboBee,
for example, the joint limits determine the maximum allowable
values of wing stroke angle. Thus, the flight envelope is obtained
by evaluating the wing trajectories required to achieve a desired set
point. For a given set point (x*,u*), the maximum stroke angle
required for each wing i, denoted by max(|¢;|), is obtained by
integrating the equations of motion [Eq. (59)]. The maximum stroke
angle required for longitudinal and lateral flight is plotted as a
function of the commanded airspeed V* and climb angle y* in Fig. 6.
The radial distance from the center of the plot indicates the values of
commanded speed V* in meters per second, and the angular coor-
dinate indicates the values of commanded climb angle y* in degrees.
In the case of the RoboBee, from the fabrication steps, the maximum
allowable stroke angle is found equal to 55 deg, leading to the
envelopes plotted by the black solid lines in Fig. 6.

The longitudinal flight envelope in Fig. 6a shows that the joint
limits, imposed by the robot fabrication, constrain the maximum
ascending flight speed to approximately 1.5 m/s. It can also be seen
that, in descending flight, higher speeds can be achieved and the wing
joint design imposes no limitations. From the lateral flight envelope
in Fig. 6b, it can be seen that the maximum stroke angle mainly limits
the maximum vertical flight speed and that it is only a weak function
of the climb angle because the black solid line in Fig. 6b remains
almost horizontal. This is noticeably different from the longitudinal
case, in which the nonzero climb angle required to maintain forward
flight varies significantly with the climb angle, as illustrated by the
black solid line in Fig. 6a curving sharply downward toward the
edges of the envelope.

VII. FWMAY Stability and Dominant Modes of Motion

All of the flapping-robot maneuvers described in Sec. V, with the
exception of hovering flight, consist of quasi-steady equilibria. This
is because the body-frame velocities, angular rates, and wing state
variables in x; are T periodic, whereas the state variables in x, change
over time, for example, because they are integrals of x;. This section
shows that dynamic mode decomposition can be used to identify
stable and unstable dominant modes of motion that are locally
linear and can be identified in both numerical and physical full-
envelope experiments on the RoboBee. Due to the periodic nature
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Fig. 6 Robot a) longitudinal and b) lateral flight envelopes provide boundaries on allowable airspeed V* in meters per second and climb angle y* in
degrees as a function of maximum stroke angle (color bar), which for the RoboBee is found to be max(|¢;|) = 55 deg (black solid line).

of flapping-wing flight stability is first analyzed numerically by
discretizing the dynamic equation [Eq. (1)] with respect to time,
and, then, by linearizing the dynamics about the dominant modes
of motion that can be described as attractors in the robot eigenplanes
(Sec. VIII).

Let the discrete-time step be denoted by ¢, = kT, k =0,1,2,...,
and the discrete-time state and control vectors be denoted by x;, =
x(t;) and u; = u(ty), respectively. Then, the FWMAYV dynamics in
discrete time can be approximated by the difference equation:

X1 = fp(k, g, p) + Xy, x(t) = xg (59)

where
Foler . p) & / " fle().u(). p. s (60)

For an actuated system, an equilibrium condition consists of a set
point (x*, #*) at which all of the state time derivatives vanish; thus,

o u*,p) =0 (61)

At a quasi-steady equilibrium, all time derivatives of x; vanish butx,
varies in time, for example, because it contains integrals of x;. For
both steady and quasi-steady equilibrium conditions, the FWMAV
set point (x*, u*) can be computed as shown in Sec. V.

Then, the robot linear modes of motion and their stability are
analyzed by linearizing the difference equation [Eq. (59)] about the
set point

Xir1 = VIl ur)Xn (62)

where V fp | 4 is the Jacobian matrix evaluated at the set point.
Eigendecomposition is used to express the solution of Eq. (62) in
terms of the eigenvalues 4; = o; £ iw; and eigenvectors v; = u; +
iw; of the Jacobian as follows:

X, = ZKI'/'[{»{U,' (63)
i=1

where k; € R are coefficients that depend on the initial conditions x,
and the index i labels the dominant mode.

Throughout the flight envelope two dominant linear modes were
identified both in experiments and simulations: 1) a quasi-oscillatory
motion dominated by pitching and forward motions called the longi-
tudinal mode; and 2) a quasi-oscillatory motion dominated by lateral
motion and body roll oscillations called the lateral mode, coupled
with yawing and pitching motions in forward flight.

The aforementioned modes were found to be stable or unstable
depending on the flight regime. All other modes were found to
dampen out relatively quickly and to be stable throughout the flight
envelope. Thus, the rest of the discussion focuses on the longitudinal
and lateral modes defined earlier in this paper. Figures 7 and §
illustrate the unstable motions associated with these modes at the
hovering equilibrium point. The trajectories plotted in these figures
are solutions to Eq. (62), given initial conditions that lie in the spaces
of the longitudinal and lateral eigenvectors, v, and v,, where the
subscripts o and a denote the longitudinal and lateral modes, respec-
tively. As shown in Fig. 7, the longitudinal mode is primarily char-
acterized by oscillations in pitch rate ¢ and forward velocity u. The
lateral mode near hovering, instead, is characterized primarily by
oscillations in roll rate p and lateral velocity v, as shown in Fig. 8. As
forward flight speed increases, the lateral mode also couples with
pitch rate ¢ and yaw rate r.

2000

Velocity [m/s]
=)

Angular rate [deg/s]
[}

-2000 ' ' '
0 0.5 1 1.5
t[s]

t[s]

Fig.7 Unstable longitudinal mode in hovering flight illustrated by a robot trajectory (top) and time histories of body-frame pitch rate (left) and forward

velocity (right).
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Fig.8 Unstable lateral mode in hovering flight illustrated by a robot trajectory (top) and time-histories of body-frame roll rate (left) and lateral velocity

(right).

To visualize changes in the eigenvalues for the longitudinal mode
throughout the flight envelope, the longitudinal damping ratio {, =
—cos[Z£ lw(4,)] [where Z denotes the angle in the complex plane,
e.g., ZA; = atan(w;/o;)] is plotted for longitudinal flight as a
function of commanded airspeed V* and climb angle y* in Fig. 9a
(with & = p* = 0) and for a level coordinated turn as a function of
V* and turn rate £ in Fig. 9b (with y* = p* = 0). Near hovering
flight and in most regimes of low-speed flight and climbing flight, the
longitudinal mode is unstable, having two complex conjugate eigen-
values each with a magnitude greater than unity. As indicated by
the red region in Fig. 9a, the longitudinal mode becomes a stable,
underdamped mode at moderate flight speeds when y* < 0. A third
regime exists for nearly vertical high-speed flight, outlined in

N
WS
SR =

0 0.5 ) [m/S}

a) Longitudinal flight

the upper-right-hand corner of Fig. 9a approximately where y* >
60 deg and V* > 1.3 m/s. In this regime, the longitudinal mode is
characterized by an unstable exponentially divergent motion and has
two distinct purely real eigenvalues. For level turning flight, the
longitudinal mode is unstable except for low turn rates at high speed
(& <120deg /s and V* > 1 m/s), where it is characterized by
underdamped stable oscillations, plotted by the red area in Fig. 9b.
The transition from unstable to stable flight occurs at higher flight

speeds as £ increases.

The lateral mode eigenvalues are visualized throughout the flight

envelope by plotting the lateral damping ratio, {, =

—cos[Z£ ln(4y)],

as a function of commanded airspeed and climb angle, as shown in
Fig. 10. The lateral mode in the longitudinal flight regime can be
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Fig. 9 Longitudinal damping ratio for level turning flight, where the unstable regions are plotted in blue and the stable regions are plotted in red.
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Fig. 10 Lateral damping ratio for longitudinal flight and level turning flight, where the unstable regions are plotted in blue and the stable regions are

plotted in red.
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divided into stable and unstable regions, as shown in Fig. 10a. The
unstable region occupies the majority of the flight envelope and is
characterized by two complex conjugate eigenvalues with magnitude
greater than one. Above moderate forward flight speeds, the lateral
mode is characterized by stable underdamped solutions, plotted by
the red region in Fig. 10a. In the level turning flight regime, the
transition from unstable to stable lateral flight occurs at lower flight
speeds as & increases, as shown in Fig. 10b.

An important special case of longitudinal flight is level forward
flight, where V* > 0 and y* = 0. In level forward flight, the lateral

90 1
60
Unstable Flight
30t
)
(]
S0 ecaaCaEamas
*F* . - - .
30+ ’ Stable Flight
\
\
-60 | S L
-90 :
0 0.5 1 1.5
V* [m/s]
a) Longitudinal flight

£* [deg/s]

mode is stable above flight speeds of V* ~ 0.7 m/s, and the longi-
tudinal mode is stable above flight speeds of V* =~ 1.0 m/s. At
forward flight speeds greater than 1.0 m/s, all linear modes of
forward level flight are stable. The regions of stability for all regimes
of longitudinal flight and level turning flight are found by taking the
union of the stable regions for both the longitudinal and lateral modes
from Figs. 9 and 10. The result of this union is plotted in Fig. 11.
In stable flight regimes, the longitudinal and lateral modes exhibit
different motions compared with their motions near hovering (Figs. 7
and 8). Figures 12 and 13 illustrate the stable motions associated with

360
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Unstable Flight
240

180 /

120 4

’ ’ Stable

60 ! Flight

0 0.5 1 1.5
V*[m/s]

b) Level turning flight

Fig. 11 Regions of stable and unstable a) longitudinal and b) level turning flight obtained from the transition boundaries in Figs. 9 and 10.
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Fig. 12 Longitudinal mode in forward level flight at 1.5 m /s illustrated by a robot trajectory (top) and time histories of body-frame components of

angular (left) and linear (right) velocities.
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Fig. 13 Lateral mode in forward level flight at 1.5 m /s illustrated by a robot trajectory (top) and time histories of body-frame components of angular

(left) and linear (right) velocities.
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a)

b)

Fig. 14 Comparison of open-loop longitudinal unstable flight in a) the physical robot and b) the model showing qualitatively similar behaviors.

a)

b)

Fig. 15 A second comparison of open-loop asymmetrical unstable flight in a) the physical robot and b) the model, also showing qualitatively similar

behaviors.

the longitudinal and lateral modes for forward level flight with
V* = 1.5 m/s. Compared with the mode shape at hovering, the
longitudinal mode in forward flight couples more strongly with the
5 component of body velocity w such that the magnitude of oscil-
lations in w is roughly twice the magnitude of the oscillations in u.
Near V* = 1.5 m/s, the longitudinal mode is very lightly damped,
thus requiring on the order of hundreds of wing beats to dampen out
all oscillations and reach steady state. In forward flight, the lateral
mode resembles the Dutch roll mode characteristic of fixed-wing
aircraft [27]. In fact, the robot exhibits coupled rolling and yawing
motions that result in passively stable banked turns. The oscillations
in p and r are approximately 180 deg out of phase, whereas the same
oscillations are nearly in phase with one another near hovering flight
(Fig. 8). Also, in forward flight the lateral mode is more highly
damped than the longitudinal mode and settles to steady state in
under 100 wing beats.

VIII. Experimental Results and Validation

Validating FWMAYV models against experimental data is compli-
cated due to the nonlinear and unstable nature of flapping-wing flight,
even in the vicinity of hovering and other stable maneuvers. In this
section, the RoboBee dynamic model described in Sec. III is vali-
dated by examining both dominant linear modes and nonlinear
unstable behaviors obtained in simulations and experiments con-
ducted at the Harvard Microrobotics Laboratory. As a first step,
several open-loop flight trials were conducted on the RoboBee near
hovering, starting at a zero body velocity and an upright vertical
position. Then, a constant control input was applied to the robot using
the set point corresponding to the desired hovering flight condition.

2020].

Fifteen tests were conducted in this manner and the sequences of
images recorded from two representative experimental trials are
shown in Figs. 14a and 15a. Using the same initial conditions and
parameters as those used in these experiments, the sequences of
images rendered from the RoboBee dynamic model, plotted in
Figs 14b and 15b, show that the model adequately captures nonlinear
behaviors observed in the RoboBee. Although it is challenging to
recreate the set of initial conditions and disturbances of every exper-
imental trial, overall the dynamic model was found to exhibit most of
the same qualitative open-loop behaviors as the physical robot.

Following the dynamic model validation, data-driven dynamic
mode decomposition [68,69] was used to extract the longitudinal
and lateral dominant modes of motion from the RoboBee numerical-
simulation and experimental data obtained via the Vicon system.
Assuming the dynamics are approximately linear near hovering, the
state observed at one time step depends on the state observed at the
previous time step, according to the linear relationship

X, = AX, 64

where A is a state-space matrix learned from data and, for N = 15
experiments,

xyo1] and X, 2[x, x3 ... xy]
(65)

X &2[x x

The experimental eigenvalues and eigenvectors of A correspond to
the linear modes of the physical robot near hovering flight, to be
compared to the linear modes of the model obtained from the
Jacobian matrix V fp|+ ). evaluated at the hovering set point.
The matrix A is learned from data using Singular Value Decompo-
sition (SVD):


https://youtu.be/qj-VbJiVVk4
https://youtu.be/qj-VbJiVVk4
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A= X,Vvly# (66)

where (-)# denotes the Hermitian transpose, U € C™", £ € C™,
V € CM", and r < n is the rank of the SVD approximation of X .
Measurement noise can be suppressed by restricting the rank r so that
the decomposition includes only the dominant singular modes. The
eigenvectors of A are found to correspond to the longitudinal and
lateral modes identified in the RoboBee dynamic model. Further-
more, when the trajectories obtained from the experimental data are
plotted in the phase plane, they can be seen to live in the longitudinal
and lateral subspaces and to match the phase portraits obtained from
the dynamic model, as shown in Fig. 16. These qualitative results are
further validated by quantitative comparisons of the robot eigenvec-
tors and eigenplanes, as follows.

v [m/s]

1) [rad] dy/dt [rad/s]

a) Simulated trajectories in the longitudinal subspace

0.5
E o
>><

-0.5 A

/ 40
e =
-1 0 1 -40
¥ [rad] dy/dt [rad/s]

c) Experimental trajectories in the longitudinal subspace

The longitudinal mode comprises predominantly terms corre-
sponding to the state variables v, v,, and dy/dt. Let v, € R? and
v, € R? denote the longitudinal mode eigenvectors obtained from
the RoboBee model and the experimental data, respectively. Then,
the unit normals of the model and experimental eigenplanes are
given by

n, = Re(v,) xIm(v,), and nr, =Re(v,) xIm(v,) (67)

respectively, where Re(-) and Im(-) denote the real and imaginary
parts of the vector. As shown in Fig. 17a, the experimental trajectories
in the longitudinal mode lie near the eigenplane normal to 7,,. This
occurs because the longitudinal mode dominates the evolution of v,
v,, and dy /dt near hovering; thus, the state trajectories remain near

0.5
ERE
3 /
>
0.5 -
\\/ 40

0 [rad] dé/dt [rad/s]

b) Simulated trajectories in the lateral subspace

o5 §
E o
>%
-0.5 4
\/ 40
-1 0 1 -40
0 [rad] dé/dt [rad/s]

d) Experimental trajectories in the lateral subspace

Fig.16 The phase portraits obtained using the RoboBee model are qualitatively very similar to those obtained experimentally for a,c) longitudinal and b,

d) lateral modes.
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a) Eigenplane corresponding to longitudinal flight mode
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Fig. 17 Experimental phase portraits obtained near open-loop hovering conditions show trajectories lie near dominant eigenplanes (black lines)

corresponding to a) longitudinal and b) lateral modes.
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Tablel Natural frequency and damping ratio of dominant
modes obtained numerically and experimentally

Mode ,, rad/s ¢

Longitudinal (experiment) 22.8 —0.35
Longitudinal (simulation) 19.0 -0.17
Lateral (experiment) 11.1 —0.67
Lateral (simulation) 14.3 -0.61

the space spanned by the real and imaginary parts of the longitudinal
mode eigenvector.

Similarly, the lateral mode contains dominant terms corresponding
to the state variables 6, v,,, and d6/dt, implying that the trajectories of
these variables must remain near the space spanned by the real and
imaginary parts of the lateral mode eigenvector. Let v, € R? and
v, € R? denote the lateral mode eigenvectors obtained from the
RoboBee model and experimental data, respectively. Then, the unit
normals of the model and experimental eigenplanes are given by

n, = Re(v,) xIm(v,), and n, =Re(v,) xIm(v,) (68)

respectively. As shown in Fig. 17b, the experimental trajectories in
the lateral mode lie near the eigenplane normal to 72,,. Therefore, for
both dominant modes, the experimental trajectories lie very near the
eigenplanes identified via DMD.

The eigenplane unit normals obtained from experimental data (72,
and n,) are compared to those obtained from the model (r, and n,)
by taking the dot products

n! i, =098, n! i, =0.99 (69)

Because the preecding dot products are close to one, it follows that
the experimental eigenplanes are close to parallel to the model eigen-
planes. Additionally, the dominant mode natural frequency of @w; =
| b (4;)/T| and the damping ratio of {; = —cos(Z (n(4;)), obtained
from the model are compared to those obtained experimentally.
As shown by the results in Table 1, both parameters are matched
satisfactorily by the RoboBee model in both longitudinal and
lateral modes.

Asdiscussed in Sec. VII, an important characteristic of asymmetric
flapping-wing flight is the coupling between roll and yaw motions in
lateral flight mode. To validate this characteristic, the RoboBee was
clamped vertically and its wings were commanded to flap at a
constant amplitude corresponding to hovering flight, while a high-
speed camera mounted above the robot captured wing stroke and
pitch angles. To measure the effects of forward flight on wing pitch
angles, 10 baseline trials were conducted with a headwind of v =
0.5 m/s along the e’l’ axis (f = 0 deg). Ten more trials were con-
ducted at the same wind speed and a sideslip angle of f = 30 deg.
Figure 18 shows several still frames from the baseline, with the wing
from the nonzero-sideslip study overlaid in red. These images show
that the right- and left-wing pitch angles are affected asymmetrically

when the sideslip angle between the e? axis and the wind direction is
nonzero.

The projected angle between the first wing spar and the leading
edge is used to compute the wing pitch angle from the high-speed
video using the known geometry of the wing. The box and whisker
plots in Fig. 19 show that the mean pitch angles of the right and left
wings, denoted by v, and v, differ from the zero-sideslip baseline
when the sideslip angle is increased to 30 deg (mean values across
trials shown by red bar). In fact, as the wind direction shifts to one
(left) side of the robot and the sideslip angle increases, the magnitude
of the corresponding (left) wing’s mean pitch angle decreases to zero,
whereas the other (right) wing’s mean pitch angle remains largely
unchanged. For a constant wind speed, the dynamic model predicts
that the magnitudes of the mean pitch angles of both wings are largest
when there is a direct headwind, i.e. # = 0 deg. As the sideslip angle
increases, the magnitudes of the mean pitch angles decrease asym-
metrically, as demonstrated by the experimental results plotted
in Fig. 19.

To further explore the roll-yaw couplings in lateral mode, the
RoboBee model is used to study the mean pitch angles of the right
and left wing as a function of increasing wind speed while holding the
sideslip angle constant at f = 30 deg. The results in Fig. 20 show
that the mean wing pitch angle directly affects the stroke-averaged
aerodynamic forces acting on each wing and, in turn, the stroke-
averaged aerodynamic roll and yaw torques acting on the robot body
while in flight. The relative stroke-averaged aerodynamic forces
between the right and left wings are given by

AFI.é/T[F,(t)—Fl(t)]-efdt. i=1,23 (70
0

For a positive sideslip angle f, both AF; and AF5 decrease with
increasing wind speed, as shown in Fig. 20, resulting in positive roll
and yaw torques acting on the robot body. This phenomenon explains
the coupling between roll and yaw motions observed in the lateral
mode because any perturbation in the lateral velocity v, induces a
nonzero-sideslip angle that, in turn, generates restorative roll and yaw
torques on the robot body.

: JB g

o0 9 2
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= l
|
|
€L

== == 2
B=0deg [ =30deg B=0deg [ =30deg

Fig. 19 Mean right- and left-wing pitch angles (y, and ;) obtained
from 10 trials conducted with a 0 deg sideslip angle, and then with a 30 deg
sideslip angle, for a constant 0.5 m /s headwind.
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Fig.18 Comparison between the wing trajectories obtained at a 0 deg sideslip angle (shown in grayscale) and at a 30 deg sideslip angle (shown in red), for

a constant 0.5 m /s headwind.
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Fig.20 Influence of increasing headwind velocity on a) wing mean pitch angle and b) resulting relative stroke-averaged aerodynamic forces between the

two wings.

IX. Conclusions

Controlling insect-scale flapping-wing robots requires knowl-
edge of the trim map and full flight envelope so as to account for
asymmetrical command inputs and for the physical bounds afforded
by the actuators. This paper presents an approach for deriving the
nonlinear flight dynamic model of minimally actuated flapping-
wing robots so as to capture the six degrees of freedom of the robot
body and the degrees of freedom of each independent wing in a form
amenable to set-point and flight envelope analysis. Because of the
periodic nature of flapping flight, existing approaches for comput-
ing flight set points are not directly applicable to these robots.
Therefore, command inputs corresponding to coordinated flapping
turns and to longitudinal, lateral, and hovering flight are introduced
and used to solve the equations of motion for steady and quasi-
steady set-point conditions. A new approach is also presented for
determining the full flight envelope of flapping-wing robots based
on the robot dynamic model and on the dynamic actuator constraints
imposed by the wing and hinge designs. The quasi-steady maneu-
vers and set points are used to identify and analyze dominant modes
of motion and their stability in both numerical and physical experi-
ments conducted on the RoboBee. As a result, the stability regions
of the two dominant linear modes, referred to as longitudinal and
lateral modes, are determined within the robot flight envelope.
Furthermore, the time-domain specifications of the longitudinal
and lateral modes and roll-yaw coupling effects observed in
lateral flight are first determined numerically and then validated
experimentally.

Appendix A: Yaw Control Through Shifted Mean
Stroke Angles

The actuator dynamics described in Sec. IIILA can be shown
capable of controlling the robot yaw torque. This requires the wing
pitch kinematics that govern y, and y; to be monotonic in the
corresponding mean stroke angle (¢, and ¢,); thus, the actuator is
designed to follow a stroke-plane trajectory such as Eq. (15). Under
this assumption, a positive change to the mean stroke angle of both
wings creates a positive yaw torque on the body by simultaneously
creating a net positive aerodynamic force Fy (7) in the ¥ direction on
the left wing and a net negative aerodynamic force on the right wing
during a complete wing stroke. It can be shown that the integral of
F (1) on the right wing in the €% direction over the total period 7 of a
stroke is monotonic in the mean stroke angle, and a similar argument
can be made for the left wing.

For the right wing, the average aerodynamic force in the e?
direction over the course of a wing stroke is

A [T T
F, =/ Fy(t) - e} dt+/ Fy(t) - ebdt (A1)
0 T/2
It can be shown that F; is a strictly decreasing function of ¢, because

T/2
Fl,déA FN(t)'e?dt

and
N T
Fl,uz/ FN(t)‘elbdt
T/2

each are strictly decreasing functions of ¢,. It is convenient to split
the wing stroke into the downstroke 7, = [0, T'/2), during which the
stroke angle ¢,(t) € [-x/2,x/2] is strictly decreasing, and the
upstroke 7, = [T/2,T), during which the stroke angle ¢,(¢) is
strictly increasing. For this analysis, assume hovering flight with
zero body velocity.

Restricting the analysis to hovering flight, it is reasonable to
assume that the wing pitch obeys the range (1) € [-x/2,0] for
all 1 € T ; and that y,.(0) = y,.(T/2) = 0. With these assumptions,
the force Fy(f) - €} is a strictly decreasing function of the angle of
attack @, € [z /2, =/2]. For small stroke-plane deviations, the right-
wing angle of attack can be approximated as

a, ~ —atan[cos(y,)/sin(y,)] =w, +n/2, VYteT, (A2
If y, is a strictly decreasing function of (f),, then, by extension, a, is
strictly decreasing in ¢, for all ¢ € 7. Any positive changes to ¢,
will increase F; ; and any negative changes to ¢, will decrease F 1d
and F; ;. Similarly for the upstroke, F'; , is a strictly decreasing
function of ¢),. Assume now that v, (1) € [0,z/2] for all t€ T,

and that y,(T/2) = w,.(T) =0. Under the small stroke-plane
deviation assumption, the angle of attack during the upstroke is a, ~

w,—n/2forallt € T,. If y, is a strictly decreasing function of (7),,
then by extension, a, is strictly decreasing in ¢, for allz € 7 ,,. Thus,
F,, is also a strictly decreasing function of ¢,, as is F;.

Appendix B: Kinematic Terms
The position vectors used in the equations of motion are

rga = —deé’ (Bl)
rarL =lle12+hlel3 (BZ)
Far = lleﬁ + hleg (B3)

where de€R, [, €R, and h; € R are distance parameters
determined from the robot geometry. The angular rates of the
body, as well as the left and right wings with respect to the inertial
frame, are

W, = gbeg + 98{/ +yeb (B4)
o, = g€} + Oe] +ines +w, (BS)
o, = p.e} +0,¢ +y,e; +w, (B6)
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where the basis vectors of the intermediate frames are
e| = R(e},p)e], e = R(e}, p)el, and €] = R(e}, p)e’. The
rotation matrices, denoted with R(-), are defined in Appendix C.
The relative velocity vectors are obtained from the positions and
angular rates of the corresponding rigid bodies:

VG = @p XTGy (B7)
VAL = W XTyL (B8)
VAR = @, XT4R (B9

Then, the accelerations of the body center of gravity G, the left-wing
center of gravity L, and the right-wing center of gravity R can be
written in terms of Eqs. (B1-B9) as follows:

ag = ie| + ye, +'z'e£ (B10)
a; = ag+ @y XTIy + @, XVga +@; X1y + @ Xvy (Bll)

aR=aG+(bberA +wbvaA +d)r><rAR +mrvaR
(B12)

Appendix C: Rotation Matrices

A rotation matrix R € SO(3) can be computed from the axis of
rotation represented by the unit vector n € R? and from the angle of
rotation 5 € [0, 27):

R(n,n) 2[1 —cos(y)|nnT + cos(y)I; + sin(n)S(n) (CDhH

where Iy € R¥ is the identity matrix, and S(n) denotes the skew-
symmetric matrix

0 —n3 ny
S(n) 2| ny 0 -n (C2)
—n, n 0

obtained fromn =[n, n, n;]’.
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