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Abstract—This paper presents a boundary control formulation
for distributed parameter systems described by partial differential
equations (PDEs) and whose output is given by a spatial integral
of weighted functions of the state. This formulation is directly ap-
plicable to the control of small robotic aircraft with articulated
flexible wings, where the output of interest is the net aerodynamic
force or moment. The deformation of flexible wings can be con-
trolled by actuators that are located at the root or the tip of the
wing. The problem of designing a tracking controller for wing twist
is addressed using a combination of PDE backstepping for feed-
back stabilization and feed-forward trajectory planning. We also
design an adaptive tracking controller for wing tip actuators. For
wing bending, we present a novel control scheme that is based
on a two-stage perturbation observer. A trajectory planning-based
feed-forward tracker is designed using only one component of the
observer whose dynamics are homogeneous and amenable to tra-
jectory planning. The two components, put together, estimate the
external forces and unmodeled system dynamics. The effectiveness
of the proposed controllers for twist and bending is demonstrated
by simulations. This paper also reports experimental validation of
the perturbation-observer-based controller for beam bending.

Index Terms—Distributed parameter systems, nonlinear control
systems, robot control, robot motion, unmanned aerial vehicles.

I. INTRODUCTION

THERE is a considerable interest in developing robotic air-
craft, which is inspired by birds and bats [10], [16], [20],

[43] and insects [13]–[15], [60]. While insect wings can be mod-
eled as simple rigid wings, both wing flexibility and wing artic-
ulation are believed to play a key role in flight performance and
agility for bird and bat flight [43], [54]. A new concept to con-
trol microaerial vehicles (MAVs), which uses wing articulation
and is inspired by bird and bat flight, was introduced by Paran-
jape and coauthors [39], [40]. The concept lends itself readily
to aeroelastic tailoring, which is seen as an asset in the develop-
ment of agile MAVs [26], [39], [50], [55]. Wing flexibility not
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Fig. 1. Robotic bat testbed, where the control laws proposed in this paper can
be tested [10], [16].

only improves aircraft performance and stability passively, but
can also be actuated actively for control [1], [39], [55]. Fig. 1
shows a robotic bat testbed, which was developed at the Uni-
versity of Illinois at Urbana-Champaign (UIUC) by the authors
of [10] and [16]. Each wing is actuated at the root, and during
experiments, the motion of each wing as well as the body can be
measured in real time for feedback control. It provides a suitable
platform to test the controllers that are developed in this paper.

Broadly speaking, continuum distributed parameter systems
(DPS) such as flexible wings can be controlled in two ways:
distributed control and boundary control. The former approach
relies on a series or a network of actuators and sensors that are
distributed over the system. The latter approach relies on actua-
tors that are deployed only on the boundary of the system under
consideration. For practical engineering applications, the most
important benefit of boundary control is the reduction in the
number of actuators. Despite a number of bio-inspired exam-
ples of distributed actuation, it is evident in robotic applications
that implementing a distributed actuation scheme would incur
substantial penalties in weight as well as costs. A distributed ar-
ray of sensors is considerably cheaper and less cumbersome to
implement than an array of distributed actuators. The benefits of
distributed actuation can be made up, in part, by a combination
of good mechanical design and effective boundary control.

A. Literature Review

Structural stability of the wing is governed by its geome-
try and speed. Moreover, a typical flexible wing has at least
two elastic degrees of freedom for deformation—bending and
twisting—in addition to the rigid rotations at the root. The struc-
tural dynamics of the wing are coupled to the rigid body dynam-
ics of the aircraft [39]. It has been demonstrated in the literature
that aeroelastic instabilities such as wing divergence and flutter
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can be mitigated using flap-based effectors [3], [46] or passive
energy sinks for flutter [25].

There is a substantial amount of literature on boundary control
theory of partial differential equations (PDEs) (see [8], [9], [12],
[30]–[32], [47] for material pertinent to this paper and references
cited therein). There are two sets of methods for boundary con-
trol of PDEs. The first set consists of methods that convert the
PDEs into ordinary differential equations using approximation
methods such as those of Galerkin or Rayleigh-Ritz [9], [22],
or using operator theoretic tools [4], [5], [11], [27], [33], [34].
The second set of methods leaves the PDEs intact, and uses a
“model-following” approach as described in a recent book by
Krstic and Smyshlyaev [30].

A finite-state approximation to a PDE may wrongly render
fundamental system theoretic properties like controllability and
observability into functions of the approximation [8]. Stabil-
ity analysis that is based on a finite-state approximation is
vulnerable to spillover instabilities which arise due to inade-
quate accounting of the residual modes [2], [37]. On the other
hand, keeping PDEs intact makes the control law design more
intuitive. A PDE-based approach has been used for maneu-
vering robotic arms [30], [44], controlling the Navier–Stokes
model [58], and suppressing vibrations in a flexible beam [21].
A gain-scheduling-based approach for nonlinear PDEs has been
presented in [52], while Krstic and Smyshlyaev [31] derived an
adaptive controller for parabolic PDEs.

There are several PDE and ODE controller designs in the
literature to stabilize and control beam bending [17], [21], [28],
[33], [34], [52], [56], although the literature mostly concerns
bending that is encountered in loaded cables, structural beams,
or robotic arms. Flexible wings of robotic aircraft are unique
because they experience a closed-loop interaction with the flow
field around them. The loop closure happens due to the flow field
itself being dependent on the wing deformation, which creates
a highly nonlinear system whose modeling is susceptible to
significant structural and parametric uncertainties. This neces-
sitates a control design approach, where the control parameters
can be tuned with very limited information about the system,
and traditionally successful and applied methods for DPS, such
as [5], [33], [34], need to be replaced by a more “adaptive”
approach, which can tune the control parameters to appropriate
functions of the system parameters.

B. Main Contributions

This paper presents a boundary control problem for wing twist
(second-order hyperbolic PDE) as well as bending (fourth-order
Euler–Bernoulli beam PDE), which could be applied to a wider
class of PDEs, including flexible aircraft wings and robotic
arms. One highlight of our approach is that it requires minimal
information about the system dynamics, and the control laws are
themselves in quite a tractable form, which makes them easy to
apply to a real physical system. The stability of the controlled
system is analyzed rigorously.

The main contributions of this paper are as follows.
1) The PDE control objective that is considered in this paper

is unique since the controller minimizes a tracking error of

a time-varying net aerodynamic force or moment, rather
than following a deformed wing shape. An abstraction
of this control objective is to ensure that some weighted
integral of the twisting angle equals the prescribed value.
A similar idea for a more general class of PDEs has
been explored in [8] and [9] in the context of spatially
distributed control.

2) We design a tracking controller for wing twist based on
trajectory-planning and a PDE backstepping-based sta-
bilizer. The procedure is called backstepping because it
involves a Volterra operator with a lower triangular struc-
ture similar to backstepping transformation for ordinary
differential equations [29], [30], and allows the controller
acting at the boundary to compensate for the undesired
(unmatched) dynamics.

3) With the integral of wing twist as the output, and shear
force at the wing tip as the input, we show that the twist
dynamics have a finite relative degree, thereby permitting
a traditional ODE-based approach to control design. The
tracking controller increases the stability margin of the
twist dynamics by a factor of 16. An adaptive controller
for a limited class of parametric uncertainties is also de-
rived for tip-based actuators in general, and root-based
actuators, when the output is the rolling moment.

4) We present a novel perturbation-observer-based controller
to facilitate a trajectory-planning-based tracking con-
troller for bending. The output of interest is the displace-
ment of the wing tip. The perturbation observer, which
is designed here uses adaptation to estimate the external
forces acting on the system. The observer is split into a
“particular” component and a “homogeneous” component
(the notions are made more precise later). Since the ho-
mogeneous component is stable and not driven directly
by external feedback, it is simpler to design a control law
for it. The same control signal is sent to the actual sys-
tem, whose states then converge exponentially to a region
around the observer states.

5) We experimentally validate the perturbation-observer-
based controller for a beam, which is controlled at the
wing boundary.

This paper is organized as follows. The problem formulation
is explained in Section II. A backstepping-based tracking con-
troller for wing twist, which is inspired by [30], is derived in
Section III. A controller for wing twist with actuation at the
wing tip and its adaptive version are presented in Section IV.
A controller to track tip displacement commands is derived for
the bending dynamics in Section V, where an observer-based
approach is introduced. Numerical simulations are presented in
Section VI. Finally, experimental validation of the perturbation-
observer-based control of beam bending is presented in
Section VII.

II. MOTIVATION AND PROBLEM FORMULATION

The motivation to consider the problem of boundary control
of beams stems from the problem of controlling flexible wings
for agile aircraft maneuvers. Suppose that the wing has length
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Fig. 2. Figure showing the problems addressed in this paper.

L, a mass per unit span of m̃, and let y denote the spanwise

coordinate. Furthermore, let ξ
�
= ξ(t, y) and θ

�
= θ(t, y) denote

the bending and twist displacements, respectively, as shown in
Fig. 2. Let EIb and GJ̃ denote the bending and torsion stiffness,
respectively, where Ib is the second moment of area of the cross
section about the local bending axis, and J̃ is the torsional
constant. Let Ip denote the polar moment of inertia of the wing
cross section.

The resultant wind velocity at a given point on the wing
u is a sum of the aircraft flight speed uB (measured in the
body axis) and the wing vibration rate uf = [0 0 ξ̇]T so that
u = TWB uB + uf (y), where TWB is the rotation matrix from
the body frame to the local wing frame. Let c denote the wing
chord length. Let xec denote the distance between the center
of mass and the shear center of the wing, and xac the distance
between the aerodynamic center and shear center. The wing
is loaded transversely with a load Fb , which depends on the
wind velocity, inertial effects that arise from aircraft acceleration
and added mass effect, and gravity. An aerodynamic model to
calculate Fb , which is based on an ODE approximation for the
time-varying flow dynamics on the wing, can be found in [18].

Then, the PDE model of the structural dynamics of the right
wing is given by

[
m̃ −m̃xec

−m̃xec Ip

] [
ξtt

θtt

]
+

[
ηEIbξtyyyy + EIbξyyyy

−ηGJ̃θtyy − GJ̃θyy

]

=
[

Fb(ξy , θ,u, u̇B )

−xacFb(ξy , θ,u, u̇B )

]
(1)

where the subscripts t and y denote partial derivatives, i.e.,
ξtt = ∂ξ

∂ t2 , ξtyyyy = ∂ξ
∂ t∂y 4 , and so on. A similar equation can be

derived for the left wing as well. The boundary conditions for
tip-based actuation are given by

ξ(t, 0) = ξy (t, 0) = ξyy (t, L) = 0

ξyyy (t, L) =
Ftip(t)
EIb

, θ(t, 0) = 0, θy (t, L) =
Mtip(t)

GJ̃
(2)

while those for root-based actuation (also shown in Fig. 1) are

ξ(t, 0) = ξyy (t, L) = 0 = ξyyy (t, L) = 0

ξy (t, 0) = δR (t), θ(t, 0) = θR (t), θy (t, L) = 0. (3)

Note that both root and tip control configurations have one Neu-
mann and one Dirichlet boundary condition. In (2) and (3), Ftip
and Mtip are the applied tip shear force and twisting moment,
respectively. The root actuation variables, δR and θR , are the
rigid dihedral (up and down motion) and wing incidence an-
gles. The term η denotes the Kelvin–Voigt damping coefficient.
It need not be the same for bending and twisting in general.

The right-hand side (RHS) of (1) depends on u̇B , which is
given by

m(u̇B + S(ωB )uB ) + m̃

∫
w

(u̇f + S(ωB )uf )dy = Fnet

Jω̇B + S(ωB )JωB +
∫

w

(Ip(y)ω̇f + S(ωB )Ip(y)ωf ) dy

= Mnet (4)

where m is the total mass of the aircraft, J is the moment of
inertia tensor for the aircraft,

∫
w denotes integration over the

wing, S(·) denotes the cross product, and Fnet and Mnet rep-
resent the net external (aerodynamic + gravitational) force and
moment on the aircraft. Furthermore, ωB and ωf = [0 θ̇ 0]T

are vector representations of the aircraft angular velocity and
the twist rate of the wing, with components in the aircraft body
axes. The dynamics of the motion of the center of gravity of
the aircraft, arising from the movement of the wings, have been
ignored. See [39] for a detailed and more general derivation of
the equations of motion. The important point, though, is that the
structural dynamics of the wing are coupled to the flight dynam-
ics of the complete aircraft, which are nonlinear in their own
right, which makes control design a challenging assignment.

Physically, Ftip and Mtip can be realized by using wing tip
flaps, not unlike the outboard feathers on the wings of a bird.
Indeed, trailing-edge effectors have been demonstrated to be
effective at wing flutter suppression as well [3]. On the other
hand, δR and θR are easier to control, and the capability for root
actuation is present naturally in flapping wing aircraft.

Problem Formulation
The control objective is to ensure that

lim
t→∞

(∫ L

0
θ(t, y)dy − H(t)

)
= 0 (net lift) (5)

lim
t→∞

(∫ L

0
yθ(t, y)dy − Hl(t)

)
= 0 (rolling moment) (6)

lim
t→∞

(∫ L

0
ξy (t, y)dy − R(t)

)
= lim

t→∞
(ξ(t, L) − R(t)) = 0

(bending displacement of the tip) (7)

where H(t),Hl(t), and R(t) are sufficiently smooth time-
varying signals. Although we state asymptotic convergence
as the objective, we will prove exponential convergence to a
uniform ultimate bound. The net lift produced by the wing is∫ L

0 0.5ρ‖u‖2cCL (y, α, θ)dy, where ρ is the air density, ‖u‖ is
the local wind speed, and CL is the coefficient of lift, which de-
pends on the angle of attack of the aircraft α, and the local wing
twist angle θ. Depending on the aerodynamic theory, CL may be
a nonlinear function of α and θ, and it is almost always a function
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of y for a finite-span wing [36]. The term
∫ L

0 ξy (t, y)dy = ξ(L)
is a measure of the effective wing dihedral, which is a key
yaw control parameter [39]. It is approximately the ratio of two
components of Fb . The first points are along the y direction in
Fig. 2, and the second points upward. Hence, it is a measure of
the amount of side (y-) force produced by the wing which, in
turn, produces a yawing moment on the aircraft.

Remark 1: The well-posedness of the closed-loop systems
considered here can be shown by proving that the input–output
map of the system exists and is bounded [7], [48]. For the
twisting dynamics actuated by root control, this is achieved by
designing the control to map the system onto well-posed and
exponentially stable dynamics. For twisting dynamics actuated
at the wing tip, the input–output map is actually a finite-order
ODE, and its well-posedness follows from the standard exis-
tence and uniqueness theorems for ODEs. The well-posedness
of the closed-loop bending dynamics can be shown using a
transfer function approach [7], [12].

Remark 2: It was shown in [12] that the boundary condition
EIbξyyy = Ftip in (2) needs to be replaced with EIb(ξyyy +
ηξtyyy ) = Ftip when the Kelvin–Voigt damping coefficient
η �= 0 in order to ensure the well-posedness of the PDE. Note,
however, that this replacement essentially creates a low-pass
filter for the control input Ftip . As long as the dominant fre-
quencies in Ftip are smaller than the cutoff frequency 1/η, the
boundary condition in (2) is sufficiently accurate for control
design. Moreover, the Kelvin–Voigt damping term is physically
akin to distributed load [Fb in (1)] on the wing, which does not
affect the boundary conditions.

III. ROOT-BASED TRACKING CONTROLLER FOR LIFT

In this section, we consider a twist PDE with constant coeffi-
cients. The PDE backstepping method is used to design a con-
troller, which ensures limt→∞(

∫ L

0 θdy − H(t)) = 0 [see (5)].
The twisting dynamics, with the angle of incidence at the wing
root as the control input and the wing tip free, are given by

θtt(t, y) − bθtyy (t, y) − aθyy (t, y) = Mθ(t, y)

θ(t, 0) = U(t), θy (t, L) = 0. (8)

We first make a coordinate transformation and define

w(t, y) =
∫ y

L

θ(t, x)dx. (9)

Physically, w(t, y) measures the lift, which is generated by the
outboard section of the wing starting at y and terminating at
the tip. Note that θy (t, L) = 0 at the free end y = L. Hence, it
follows that

wtt(t, y) =
∫ y

L

θtt(t, x)dx

=
∫ y

L

(bθtxx(t, x) + aθxx(t, x) + Mθ(t, x))dx

= bθty (t, y) + aθy (t, y) + Mw(t, y)

= bwtyy (t, y) + awyy (t, y) + Mw(t, y). (10)

Thus, the dynamics of w are described by the PDE

wtt − bwtyy − awyy = Mw, w(t, L) = 0, wy (t, 0) = U(t)
(11)

where U(t) is the control signal [θR in (3)], and recall that
a = GJ̃/Ip and b = ηa. Furthermore, we defined M so that
Mθ = −xacFb/Ip , where Fb is a linear function of θ. Note that
wy (t, y) = θ(t, y). The control objective is now recast to ensure
that limt→∞ w(t, 0) = −H(t).

The method presented in this section rests on the following
steps:

1) obtain a backstepping transformation w �→ v, which maps
the dynamics in (11) into desired stable dynamics;

2) compute the boundary condition v(t, 0); and
3) derive a trajectory planning-based design with the bound-

ary conditions of the v dynamics.
Step 1 (Volterra transform): Define the Volterra transform

v(t, y) = w(t, y) −
∫ y

L

k(y, x)w(t, x)dx (12)

and the v-dynamics

vtt−bvtyy − avyy = Mv − bpvt − apv, v(t, L) = 0, p > 0.
(13)

Note that we have prescribed only one boundary condition for v,
which follows from the fact that w(t, L) = 0. The second bound-
ary condition vy (t, 0) has to be calculated to ensure that the
limt→∞ w(t, 0) ≈ −H(t) (this is what we can guarantee in prac-
tice, in place of asymptotic convergence). The target dynamics in
(13) are very similar to those designed for the regulation problem
in [30, ch. 7, pp. 79–89]. However, the boundary conditions are
chosen to match the control objective in (5). For the regulation
problem (H = 0), we can prescribe vy (t, 0) = v(t, L) = 0 [30].
In contrast, in order to track a nonzero, time-varying H(t), we
choose vy (t, 0) by using trajectory planning.

We first establish the stability of (13) with homogeneous
boundary conditions, i.e., vy (t, 0) = v(t, L) = 0.

Proposition 1: The target dynamics (13) with vy (t, 0) =
v(t, L) = 0 are stable if and only if

p > max
(

M

a
− π2

4L2 ,− π2

4L2

)
. (14)

Proof: Using the method of separation of variables, it is easy
to check that the eigenvalues of the resulting system are the
solutions of

λ2 + b(ν2 + p)λ + (a(ν2 + p) − M) = 0

where ν =
2n + 1

2
π

L
, n = 0, 1, 2, . . . . (15)

The target dynamics are stable if and only if the control design
parameter p satisfies (14). �

Next, we solve for k(y, x) in the Volterra transform (12).
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Proposition 2: The gain kernel k(y, x) in (12) is the solution
of the Klein–Gordon PDE

kxx(y, x) − kyy (y, x) = −pk(y, x), k(y, L) = 0

k(y, y) =
p

2
(L − y) (16)

and given in terms of the modified Bessel function, I1(·)1

k(y, x) = p(L − x)
I1(

√
p((L − y)2 − (L − x)2))√

p((L − y)2 − (L − x)2)
. (17)

Proof: We can derive expressions for vtt and vyy from (12)

vtt = wtt −
∫ y

L

k(y, x)wtt (x)dx

= bwty y + awy y + Mw

−
∫ y

L

k(y, x) (bwtxx (x) + awxx (x) + Mw(x)) dx

= bwty y + awy y + Mw −
∫ y

L

k(y, x)Mw(x)dx

−
∫ y

L

kxx (y, x) (bwt (x) + aw(x)) dx

− k(y, y)(bwty (y) + awy (y)) + kx (y, y)(bwt (y) + aw(y))

+ k(y, L)(bwty (L) + awy (L)). (18)

The expression for vyy can be derived as follows:

vy (y) = wy (y) − k(y, y)w(y) −
∫ y

L

ky (y, x)w(t, x)dx

vy y (y) = wy y (y) − 2ky (y, y)w(y)

− kx (y, y)w(y)−k(y, y)wy (y)−
∫ y

L

ky y (y, x)w(t, x)dx.

(19)

The expression for vtyy is similar to that for vyy . We substitute
(18) and (19) into (13) and isolate the coefficients of w and
wy in the integrand as well as outside the integral. This yields
(16). �

Step 2 (Boundary condition, v(t, 0), for tracking): We have
already ascertained that v(t, L) = 0. From (12), it follows that

v(t, 0) = w(t, 0) +
∫ L

0
k(0, x)w(t, x)dx (20)

which does not yield an exact relationship between H(t) de-
fined in (5) and v(t, 0). Instead, we need to determine an ap-
propriate reference value for v(t, 0), denoted by Hr (t), which
ensures that w(t, 0) approximately tracks −H(t). For exam-
ple, we could approximate w(t, x) ≈ f1(x)w(t, 0), f1(0) = 1,
where f1(x) denotes the shape of the first twisting mode. Thus,
we set Hr (t) = −H(t)(1 +

∫ L

0 k(0, x)f1(x)dx). It is important
to appreciate that ignoring the higher modes has no repurcus-
sions for stability since it is guaranteed separately. At the same
time, it may be necessary to include more than one mode if there

1A modified Bessel function In (y) satisfies y2 I ′′n (y) + yI ′n (y) − (y2 +
n2 )In (y) = 0.

are tight bounds on the tracking error. A similar approach, which
is based on backstepping, but for constant reference signals, has
been derived in [49].

Step 3 (Trajectory planning for wing twist): We design a tra-
jectory planning-based algorithm (see [30], Ch. 12). We define
a new state vr , where the superscript “r” denotes the reference
value. The dynamics of vr are given by a PDE that is identical
to (13):

vr
tt − bvr

tyy − avr
yy = Mvr − bpvr

t − apvr , vr (t, L) = 0
(21)

where vr
y (t, 0) is the control input to be designed using trajectory

planning to ensure that vr (t, 0) tracks Hr (t).
Since vr (t, L) = 0, we expand vr (t, y) as a polynomial

vr (t, y) =
N∑

j=1

ηj (t)
(L − y)j

j!
. (22)

Substituting for vr into (21), we get

η̈j (t) + bpη̇j (t) + (ap − M)ηj (t) = bηj+2(t) + aηj+2(t).
(23)

The requirement that vr (t, 0) = Hr (t) gives

N∑
j=1

ηj (t)
Lj

j!
= Hr (t). (24)

The value of N can be chosen on a case-by-case basis. As an
illustration, if we truncate the series at N = 3, we get

η̈1(t) + bpη̇1(t) + (ap − M)η1(t) = bη̇3(t) + aη3(t). (25)

A similar equation can be obtained for η2(t), with the RHS equal
to zero. Therefore, η2 converges to zero exponentially fast and
can be ignored. The requirement that vr (t, 0) = Hr (t) gives

η1(t)L + η3(t)
L3

6
= Hr (t). (26)

Substituting η3(t) = 6
L3 (Hr (t) − η1(t)L) into (25) gives

η̈1(t) + b

(
p +

6
L2

)
η1(t) +

(
ap − M +

6a

L2

)
η1(t)

=
6
L3

(
bḢr (t) + aHr (t)

)
. (27)

Then, vr
y (t, 0) is calculated by differentiating both sides of (22)

vr
y (t, 0) = −η1(t) − η3(t)

L2

2
= 2η1(t) −

3Hr (t)
L

(28)

where vr
y (t, y) = ∂vr (t, y)/∂y.

Proposition 3: Based on Steps 1–3, we now define U(t) =
θ(t, 0) = wy (t, 0) as illustrated in the block diagram in Fig. 3.
First, we set the boundary condition vy (t, 0) = vr

y (t, 0). Let
ṽ(t, y) = v(t, y) − vr (t, y). It is straightforward to check that
the dynamics of ṽ are given by the exponentially stable PDE

ṽtt − bṽtyy − aṽyy = Mṽ − bpṽt − apṽ

ṽ(t, L) = ṽy (t, 0) = 0. (29)

Thus, in particular, it follows that v(t, 0) → vr (t, 0) exponen-
tially fast and v(t, 0) tracks Hr (t).
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Fig. 3. Block diagram showing the tracking controller for twist (θ) dynamics.
This structure is identical to the classic strict feedback structure for systems
described by ODEs [29].

An expression for vy (t, y) can be found by by differentiating
both sides of the Volterra tranform in (12)

vy (t, y) = wy (t, y) − k(y, y)w(t, y) −
∫ y

L

ky (y, x)w(t, x)dx.

(30)
Finally, the control input U(t) is calculated

U(t) = θ(t, 0) = wy (t, 0)

= vr
y (t, 0) + k(0, 0)w(t, 0) −

∫ L

0
ky (0, x)w(t, x)dx

︸ ︷︷ ︸
feedback

(31)

where vr
y (t, 0) → vy (t, 0) exponentially fast. The term vr

y (t, 0)
is a feed-forward tracking term in the control signal, while the
remaining two terms act as feedback stabilizers.

We now assert that the closed-loop system is stable in the
sense of L2 . Given a quantity Ω(t, y) ∈ R, define

‖Ω(t)‖L2 =

√∫ L

0
Ω(t, y)2dy.

Theorem 1: The closed-loop w-dynamics (11) and (31) are
stable in the sense of L2 , i.e., ‖w(t)‖L2 is bounded.

Proof: Using a Lyapunov stability argument, it can be shown
that ‖v(t)‖L2 is bounded at all times. Since (12) is a dif-
feomorphism, we can find another function l(y, x) (which is
expressed in terms of the Bessel function J1 [30]) such that
w(t, y) = v(t, y) −

∫ y

L l(y, x)v(t, x)dx, and l(y, x) is bounded
for all 0 ≤ y ≤ x ≤ L. Since the ‖v(t)‖L2 is bounded, it follows
that ‖w(t)‖L2 is bounded. �

Remark 3: The approach that is detailed in this section also
works when the RHS is nonlinear, i.e., M ≡ M(y). Lineariza-
tion can be used in the general case, where the RHS is of the
form M(y, θ1 , θ2). It has been shown in [38] that a regulator
based on (31) can stabilize the twisting dynamics in the presence
of these nonlinearities. The analysis is not repeated here.

Remark 4: A few observations are worth noting here.
1) For stability, it is essential that b > 0, i.e., the Kelvin–Voigt

damping coefficient is always positive. The aerodynamics
could introduce negative damping, but it can be compen-
sated by the term bpvt , and wing flutter can be prevented.

The need to compensate for negative damping imposes an
additional constraint on p.

2) Damping and stiffness cannot be added independently.
They are added in the ratio b/a.

3) The controller in (31) requires that the twist angle at all
points on the wing be known. This difficulty can be cir-
cumvented by designing a PDE-based observer [30] or,
practically, using a series of distributed sensors and fitting
their output with an a priori designed spline.

4) Finally, the control law does not require that a, b, or M
be known for the purpose of regulation. We only need to
know bounds on a and M to choose the gain p.

IV. BOUNDARY CONTROL OF TWISTING MOTION:
WING TIP CONTROL

Although backstepping can be employed when the twisting
moment at the wing tip is used as the control input, it turns out
that there is a simpler alternative, as described in this section. It
relies on the fact that the system has a finite relative degree for the
input–output combination of the tip moment and

∫ L

0 θ(t, y)dy,
respectively.

A. Tip Boundary Control When All Parameters Are Known

As in the previous section, one can design a backstepping
controller for the case where a control moment is applied to
the free end (y = L) of the wing, while the other end (y = 0)
is clamped. In fact, the procedure in both cases is identical, al-
though the final expressions for the control law differ slightly.
Alternately, in the case of MAVs, one may do without a sta-
bilizing controller. The “tracking half” of the controller may
be designed by using the output measurements. This method is
useful for adaptive designs as well. We consider the wing model

θtt − bθtyy − aθyy = Mθ, θ(t, 0) = 0, θy (t, L) = u(t)
(32)

where the control input is a moment that is applied at the wing
tip, (u(t) = θy (L, t) = Mtip in (2), and b = ηa = ηGJ̃/Ip .
Furthermore, we defined M so that Mθ = −xacFb/Ip , where
Fb is a linear function of θ.

Theorem 2: A dynamic controller of the form

bu̇(t) + au(t) = Ḧ(t) − MH(t) − (M + k)e(t) − kc ė(t)

+ aθy (t, 0) + bθty (t, 0) (33)

ensures the following control objective:

lim
t→∞

(∫ L

0
θ(t, y)dy − H(t)

)
= 0. (34)

Proof: Let e(t) =
∫ L

0 θ(t, y)dy − H(t) denote the error,
which needs to be regulated. Then,

ë =
∫ L

0
θtt(t, y)dy − Ḧ(t)

=
∫ L

0
(aθyy + bθtyy + Mθ) dy − Ḧ(t)

= aθy (t, L) − aθy (t, 0) + bθty (t, L) − bθty (t, 0)
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+ Me(t) − Ḧ(t) + MH(t)

= bu̇(t) + au(t) − aθy (t, 0) − bθty (t, 0)

+ Me(t) − Ḧ(t) + MH(t). (35)

The controller (33) renders the system into a globally expo-
nentially stable linear system with kc > 0, k > 0

ë(t) + kc ė(t) + ke(t) = 0. (36)

Hence proved. �
Remark 5: The control law in (33) suggests that θ need not be

monitored or measured at all locations on the wing. Instead, only
θy (t, 0) needs to be measured or estimated. The reference signal
H(t) is known. It may be difficult to inject damping because ė(t)
is the rate of change of the lift and, in practice, would require
differentiating noisy acceleration signals. Another interesting
observation is that although the PDE system had an infinite
relative degree when the root twist was chosen as the control
input, the relative degree is 2 when twisting moment at the wing
tip is considered as the input. Finally, the control law design that
is described is this section lends itself readily to adaptation if a
and/or M are unknown.

B. Tracking and Stability

The problems of tracking and stabilization are distinct be-
cause the PDE system (32) is infinite dimensional. Nevertheless,
a tracking controller improves stability as described presently.
One way to measure the influence of a tracking controller on the
stability of the closed-loop system is to set H = 0. Make a co-
ordinate transformation w(t, y) =

∫ y

L θ(t, z)dz, similar to (9),
so that achieving H = 0 is equivalent to achieving w(t, 0) = 0.
It follows that the transformed dynamics, with H = 0 obtained
by the tracking control algorithm, are given by

wtt(t, y) − bwtyy (t, y) − awyy (t, y)

= Mw(t, y) − bwtyy (t, 0) − awtyy (t, 0)

w(t, L) = w(t, 0) = 0, w′(t, 0) = 0. (37)

The third boundary condition is not entirely independent. Let
w(t, y) = η(t)φ(y). Then, we get

η̈(t) − Mη(t)
bη̇(t) + aη(t)

=
φyy (y) − φyy (0)

φ(y)
= −λ2 (38)

where λ is a constant. It follows that the condition for stability
(exponential stability to be precise, since the present system is
linear) is M/a < λ2 . The differential equation for φ(y) in (38)
can be solved to get

φ(y) = A sin(λy) + B cos(λy) + φyy (0)/λ2 . (39)

The boundary conditions φ(0) = φy (0) = 0 lead to φ(y) =
B(cos(λy) − 1). Finally,

φ(L) = 0 =⇒ λ = 2nπ/L, ∵ φ(L) = 0, n = 1, 2, . . . .
(40)

Had we not imposed the condition H(0) = 0, we would have
obtained M/a < π2/(4L2) as the condition for (exponential)
stability. Since the condition for closed-loop stability is given

by M/a < λ2 = 4π2/L2 , it follows that the stability margin
improves by a factor of 16 by using only the tracking controller,
although it does not stabilize the wing for all values of M and
a as backstepping does. In principle, the tracking controller
converts the wing from a cantilever beam to a clamped-clamped
beam. In practice, this translates to the ability to increase the
wing flexibility by an order of magnitude, or increase the wing
divergence speed fourfold.

C. Adaptive Control for a Wing Tip Actuator

Consider the dynamics in (32) with the objective in (34), and
suppose that M is unknown. The control law in (33) is modified
so that

bu̇(t) + au(t) = Ḧ(t) − M̂(t)(H(t) + e(t)) − ke(t)

− kc ė(t) + aθy (t, 0) + bθty (t, 0) (41)

where M̂(t) is the estimated value of M , and e(t) =∫ L

0 θ(t, y)dy − H(t) denotes the tracking error. The closed-loop
tracking error error dynamics are described by the ODE

ë(t) + kc ė(t) + ke(t) = −M̃(t)(H(t) + e(t)) (42)

where M̃(t) = M̂(t) − M(t). We design a projection-based
adaptive law for M̂(t) to ensure that the error e(t) remains
bounded with as small a bound as possible. The projection op-
erator, which is denoted by Proj(·, ·), is used commonly in the
adaptive control literature [6], [35] for parameter estimation.

Theorem 3: Let x(t) = [e(t), ė(t)]T . Suppose that there exist
positive constants B1 and B2 such that |M | < B1 and |Ṁ | <
B2 . Then, the following adaptive law

˙̂
M(t) = γProj

(
M̂(t), xTP

[
0

1

]
(e(t) + H)

)
(43)

with |M̂(t)| < B1 ensures that there exists a positive constant
K(B1 , B2) and a time T > 0 such that

‖x(t)‖∞ ≤ ‖x(t)‖2 ≤ K(B1 , B2)√
γ

∀ t ≥ T. (44)

Proof: see [38].
Remark 6: The bound on ‖x(t)‖∞ can be made arbitrarily

small by choosing a large γ. The steady-state beam shape of
the wing depends on the steady-state value of the error M̃(t).
Finally, it is worth noting that although a and b were assumed
to be known, the aforementioned analysis can be repeated to
accommodate an unknown a and b as well.

D. Control of Rolling Moment

An abstract measure of the rolling moment is
∫ L

0 yθ(t, y)dy,

which is defined in (6). Let el(t, y) =
∫ L

0 yθ(t, y)dy − Hl(t),
where Hl(t) denotes the reference value of the rolling moment
to be tracked, and el(t) is the tracking error. Differentiate el(t)
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twice with respect to time

ël(t) =
∫ L

0
yθtt(t, y)dy − Ḧl(t)

=
∫ L

0
y(bθtyy (t, y) + aθyy (t, y))dy

+ M

∫ L

0
yθ(t, y)dy−Ḧl(t)

= L(bθty (t, L) + aθy (t, L)) − b(θt(t, L) − θt(t, 0))

− a(θ(t, L) − θ(t, 0)) + Mel(t) + MHl(t) − Ḧl(t).

(45)

An interesting observation is that el(t) has a relative degree of
2 with respect to θy (t, L) (tip control) as well as θ(0) (root
control). Therefore, a considerably simpler controller than the
backstepping controller, on the lines of the adaptive controller
in the previous section, can be implemented for a root-based
actuator as well. Indeed, in aicraft, the lift is controlled using
the horizontal tail, while wing-based flaps (ailerons and spoilers)
are used primarily for roll control.

V. ROOT BOUNDARY CONTROL OF WING BENDING

In this section, we first determine the conditions under which
there is a significant time-scale separation between the bending
and twisting dynamics. When the time-scale separation is suf-
ficient, the control laws for bending and twist can be designed
separately, which simplifies the design process considerably in
practice. Time-scale separation is used quite routinely to design
flight control laws [24], [45], [53], [59]. We introduce one of the
main results of this paper—the new perturbation-observer-based
method to design a bending controller. In particular, we design
a root-based bending controller [δR in (3)] using a combina-
tion of the perturbation-observer-based approach and trajectory
planning. The design of a tip controller [Ftip in (2)] is straight-
forward using the approach that is established in this section,
and we demonstrate it experimentally.

The bending PDE in (1) can be written as

m̃ξtt + ηEIbξtyyyy + EIbξyyyy = Fn (t, y, ξt , θ, θtt)

ξ(t, 0) = ξyy (t, L) = ξyyy (t, L) = 0, ξy (t, 0) = u(t) (46)

where the control input u(t) = δR (t) in (3) is designed to ensure
that ξ(t, L) = R(t) in (7). The acceleration term corresponding
m̃xecθ̈ in (1) has been moved to the RHS and merged into Fb

so that Fn = Fb + m̃xecθ̈. The RHS (46) is independent of ξ,
and θ is an average value that is obtained from the faster twist
dynamics. Therefore, unlike the twisting dynamics, the onset
of instability in the bending dynamics will correspond to the
damping becoming negative.

A. Time-Scale Separation in Microaerial Vehicles With
Flexible Wings

In [39], it was shown that the time-scale separation between
the twisting and bending dynamics is given by the following

approximate relation, when the speed is less than the torsional
divergence speed

ωθ

ωξ
≈ 1.5

1 + ν

L

c
(47)

where ωθ and ωξ denote the angular frequencies of torsion and
bending, respectively, ν denotes the Poisson ratio (typically in
the range 0.1–0.4), and the ratio L/c is called the aspect ratio of
the wing (of the half wing, to be precise). Therefore, the twisting
dynamics are faster than the bending dynamics, and moreover,
the time-scale separation increases with the aspect ratio, and
reduces with increasing flight speed [39]. In most practical sit-
uations, a time-scale separation of 3–5 is considered sufficient
to design and implement decoupled control laws, i.e., decou-
pled controllers for bending and twist can be safely designed
for wings with aspect ratio L/c ≥ 3.

Remark 7: Wings with smaller aspect ratios would have to
be modeled as plates rather than beams. Although several MAV
wings do have aspect ratios smaller than 3 (such as the one built
by the authors [40]), their structure consists of a skin wrapped
around or on a more traditional beam-like structure. The control
design explained in this paper can still be employed for such
wings. The two-time-scale approach is rigorously applicable to
coupled infinite-dimensional systems, as illustrated for thermal-
fluid dynamics in [57], and for flexible structure dynamics in
[51]. Moreover, although the coupled dynamics overlap over an
infinitely wide frequency range, the slower subsystem has only a
tiny fraction of its energy in the (semi-infinite) frequency range,
where it overlaps with the faster dynamics (whose entire energy
is in that range).

B. Open-Loop Stability of Bending

Assume that the boundary conditions are homogeneous, i.e.,
ξ(t, 0) = ξy (t, 0) = ξyy (t, L) = ξyyy (t, L) = 0 for all t. Let
ab = EIb/m̃ and bb = ηab . Let F (t, y) = Fn (t, y)/m̃, where
Fn (t, y) succinctly denotes the RHS of (46). Assume that the
flight speed ‖uB ‖ is constant.

Proposition 4: Subject to the aforementioned assumptions,
the bending dynamics (46) with u ≡ 0 are stable if

∫ L

0
(F (t, y))2dy <

(
ηEIbπ

4

16mL4

)2 ∫ L

0
(ξt(t, y))2dy.

Proof: Consider the Lyapunov function (in this case, the total
L2 energy of the beam)

V (t)
�
= V (t, y) =

1
2

∫ L

0

(
ξ2
t + abξ

2
yy

)
dy. (48)

It is quite straightforward to derive the following expressions
for V̇ (t):

V̇ (t) = −bb

∫ L

0
ξ2
tyy dy +

∫ L

0
ξtF (t, y)dy. (49)
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A repeated application of Poincaré’s inequality2 yields

V̇ (t) ≤ − bbπ
4

16L4

∫ L

0
ξ2
t dy +

∫ L

0
ξtF (t, y)dy.

Using the Cauchy–Schwarz inequality, we get

V̇ (t)≤− bbπ
4

16L4

∫ L

0
ξ2
t dy+

√(∫ L

0
ξ2
t dy

)(∫ L

0
(F (t, y))2dy

)
.

Clearly, if
∫ L

0
(F (t, y))2dy <

(
bbπ

4

16L4

)2 ∫ L

0
ξ2
t dy

=
(

ηEIbπ
4

16mL4

)2 ∫ L

0
ξ2
t dy (50)

then the bending dynamics are stable. �
The expression for F (t, y) in the simplest case is of the form

F (t, y) = −(κ1ξt + κ2ξ
2
t )CL (θ), where κ1 , κ2 > 0 are essen-

tially constant. If CL > 0 (a reasonable assumption), it follows
that κ1CLξt injects damping into the system and counters the po-
tentially destabilizing contribution from κ2ξ

2
t θ for sufficiently

small values of ξt . However, if CL (θ) is not uniformly posi-
tive, and if it is out-of-phase with ξt , F (t, y) could potentially
cause the damping to become negative, leading to oscillatory
instability in the bending dynamics and trigger wing flutter.

Furthermore, since κ1 ∝ ‖uB ‖, the flight speed, it follows
that (50) can be used to derive a stable envelope for the flight
speed and Young’s modulus. However, unlike the analysis for
wing twist in Section V-A and [39], the analysis is considerably
more complicated because of the potentially strong nonlinear
contribution from ξ2

t at low flight speeds.

C. Perturbation Observer for Root Control of Bending

In this section, we design a high-gain observer-based con-
troller to facilitate a trajectory-planning-based tracking con-
troller for bending. The perturbation observer does not predict
the system states. It uses projection-based adaptation to esti-
mate F (t, y) which would be unknown in practical situations,
although one may estimate its spatial profile from the wing
geometry [36]. The perturbation observer is split into a “partic-
ular” component and a “homogeneous” component (the notions
will be made more precise in this section). In particular, the
homogeneous component is stable and not driven directly by
external feedback. Thus, it is simpler to design a “tracking”
control law for it. The same control signal is sent to the actual
system, whose states then converge exponentially to a bounded
envelope around the observer states. Fig. 4 shows a block dia-
gram of the perturbation observer-based controller. It is the PDE
analog of feed-forward and feedback control for systems that
are described by ODEs. Notice that the reference input, R(t)
from (7), enters only the homogeneous component of the per-
turbation observer, while the feedback from the actual system
only enters the particular component.

2Poincaré’s inequality
∫ L

0
w2 dx ≤ Lw2 (0) + 4L 2

π 2

∫ L

0
w2

x dx.

Fig. 4. Block diagram for the perturbation observer coupled to the system
dynamics. The control signal u(t) is generated from trajectory planning, while
R(t) is the desired reference signal from (7).

Let F (t, y) = W (t)Tφb(y) + σ(t), where W (t) and σ(t) are
unknown and bounded with known bounds. We assume that Ẇ
and σ̇ are also bounded with known bounds. The set of functions
φb(y) can be chosen to get a satisfactory bound on σ, and using a
knowledge of the wing geometry [36] (e.g., the force distribution
on an elliptical wing is rectangular, and vice versa).

The perturbation observer for the bending dynamics in (46) is
designed as a combination of two components, which are called
the “particular” component and the “homogeneous” component,
for reasons that will become apparent presently. Let ξ̂p and ξ̂h

denote the states of the particular and homogeneous compo-
nents, respectively. The dynamics of ξ̂p and ξ̂h are described by
the following PDEs:

ξ̂p,tt(t, y) + bb ξ̂p,tyyyy (t, y) + ab ξ̂p,yyyy (t, y)

= −bbpξ̃p,t(t, y) − abpξ̃p(t, y) + Ŵ (t)Tφb(y) + σ̂(t)

ξ̂p,yy (t, L) = ξ̂p,yyy (t, L) = ξ̂p(t, 0) = ξ̂p,y (t, 0) = 0 (51)

for the particular component, where ξ̃p = ξ̂p − ξ, and

ξ̂h,tt + bb ξ̂h,tyyyy + ab ξ̂h,yyyy = −bbpξ̂h,t − abpξ̂h

ξ̂h,yy (t, L) = ξ̂h,yyy (t, L) = ξ̂h(t, 0) = 0, ξ̂h,y (t, 0) = u(t)

(52)

for the homogeneous component. Note that the homogeneous
half is a stable system, and its dynamical equation does not
depend on ξ or ξ̂p (which is why it is called the “homogeneous”
component). Moreover, the reference signal R(t) is sent only to
the homogeneous component.

We now put together the two components. Define ξ̂ = ξ̂p +
ξ̂h . Then, the dynamics of ξ̂ are given by

ξ̂tt(t, y) + bb ξ̂tyyyy (t, y) + ab ξ̂yyyy (t, y)

= Ŵ (t)Tφb(y) + σ̂(t) − bbpξ̃t(t, y) − abpξ̃(t, y)

ξ̂yy (t, L) = ξ̂yyy (t, L) = ξ̂(t, 0) = 0, ξ̂y (t, 0) = u(t) (53)

where ξ̃ = ξ̂ − ξ, and p > 0 is chosen to ensure desirable
convergence properties. Recall that ab = EIb/m and bb =
ηEIb/m. Choose projection-based adaptive laws for Ŵ (t) and
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σ̂(t)

˙̂
W (t) = γaProj

(
Ŵ (t),−

∫ L

0
(ξ̃t + δξ̃)φb(y)dy

)

˙̂σ(t) = γaProj
(

σ̂(t),−
∫ L

0
(ξ̃t + δξ̃)dy

)
(54)

where γa > 0 is the adaptation rate, and the bounds on Ŵ and
σ̂ are chosen to be equal to the known bounds on W and σ,
respectively.

We are now ready to state our main result, which asserts that
ξ̂, which is the sum of the states of the two observer components,
tracks ξ, i.e., the system state.

Theorem 4: The error between the system (46) and the per-
turbation observer (53), in the sense of ‖ξ̃(t, y)‖L2 , is globally
uniformly bounded, and the bound can be made arbitrarily small
by increasing γa .

Proof: To streamline the proof, we introduce some useful
notation. We define numbers s1 , s2 , δ1 , δ2 , which depend on the
gain p, as follows:

s1 = min {(bbp − δ), δabp, δab}

s2 =
1
2
max {1 + δ, (ab + δbb), ((ab + δbb)p + δ)}

WTW + σ2 ≤ δ2

4
, |WTẆ | + |σσ̇| ≤ δ1

2
(55)

where δ > 0 is an arbitrarily small constant, which is introduced
in the proof. Equation (55) reflects the fact that W (t), σ(t), their
time derivatives, and predicted values are bounded with known
bounds.

Consider the Lyapunov function

V (t) =
1
2

∫ L

0

(
ξ̃2
t + (ab + δbb)ξ̃2

yy + (ab + δbb)pξ̃2
)

dy

+
1
γa

(
W̃TW̃ + σ̃2

)
+ δ

∫ L

0
ξ̃ξ̃tdy (56)

where W̃ = Ŵ − W , and σ̃ = σ̂ − σ. The constant δ is chosen
to be small enough so that the Lyapunov function is positive
definite. Differentiating both sides with respect to time and per-
forming integration by parts a few times, we get

V̇ (t) ≤ −(bbp − δ)
∫ L

0
ξ̃2
t dy − δabp

∫ L

0
ξ̃2dy

− δab

∫ L

0
ξ̃2
yy dy − bb

∫ L

0
ξ̃2
tyy dy

− 1
γa

(
W̃ (t)TẆ (t) + σ̃(t)σ̇(t)

)
. (57)

Define a constant V0 = δ2
γa

+ s2 δ1
s1 γa

. From (57), we get

V̇ (t) ≤ −s1

s2
V (t) +

δ1

γa
+

s1δ2

s2γa
= −s1

s2
(V (t) − V0) . (58)

It follows that V (t) converges to V0 exponentially fast. Thus,
the error dynamics between the perturbation observer and the

actual system are globally uniformly bounded, and the bound
reduces uniformly with increasing γa . �

The two halves of the observer, put together, thus function
as a standard perturbation observer whose job is to estimate the
unknown nonlinearities and disturbances using full state feed-
back. In standard adaptive control methodologies, a control law
is first designed assuming a complete knowledge of the system.
Thereafter, the unknown system parameters, which appear in the
control law, are replaced by estimated values that are supplied
by the adaptation law.

In contrast, we decompose the original system into a “par-
ticular” and a “homogeneous” half, whose states are predicted
by the two components that are described briefly; thereafter, a
controller is designed for the homogeneous half alone so that its
output tracks the difference between the system output and the
output of the particular component. The homogeneous half is a
linear time-invariant system with desirable convergence prop-
erties, and a feed-forward tracking control law can be readily
designed for it.

Recall that the output of interest is
∫ L

0 ξy (t, y)dy = ξ(t, L),
from (7). It represents the integrated value of the wing dihedral
which, in turn, is a measure of the side force produced by the
wing. In order to ensure that this output tracks the desired ref-
erence signal R(t), the control signal u(t) [also = ξ̂h,y (t, 0)] is
designed using trajectory planning to ensure that ξ̂h(t, L) tracks
R(t) − ξ̂p(t, L). In particular, ξ̂h is approximated via a polyno-
mial expansion that involves powers of y, and the coefficients
are solved using the PDE and the boundary conditions.

Remark 8: The observer-based approach that is presented
here can be used for a wide class of functions F (t, y) which,
as we argued earlier, are usually nonlinear in ξy . Therefore,
it is difficult to construct a polynomial expansion for F (t, y).
Although trajectory planning involves a polynomial expansion,
it is only done for the homogeneous half, and consequently,
there is no need to obtain a polynomial expansion for F (t, y).

Remark 9: The error between the perturbation observer and
the system is uniformly bounded, and the bound can be made
arbitrarily small by increasing γa . The trajectory planning ap-
proach creates a low-pass-filtered control signal, as shown in
the next section, and therefore, the stability and the robustness
of the system are not affected if a large value is chosen for γa .

Remark 10: One limitation of using a perturbation observer in
the present form is that it requires a knowledge of ξ(t). However,
ξ(t) can be obtained using an array of sensors and spline fitting.
Such an array of sensors is light and cheap enough to implement
in a practical setting, and more so compared with a distributed
actuation scheme.

D. Trajectory Planning for the Homogeneous Component of
the Observer (ξ̂h )

For a reference signal R(t) from (7), let Rh(t) = R(t) −
ξ̂p(t, L) denote the reference signal that has to be tracked by
ξ̂h(t, L), as shown in Fig. 4. It may be possible to use more than
one method to design a control signal u(t), which ensures that
the output of the homogeneous half tracks the reference signal.
This freedom results largely from the fact that the homogeneous
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component is an exponentially stable linear time-invariant sys-
tem with desirable convergence properties (by design). In this
section, we illustrate a trajectory-planning approach, as we did
for wing twist.

The term ξ̂h(t, y) can be approximated by a polynomial of
the form

ξ̂h(t, y) =
N∑

j=1

ηj (t)yj

j!
(59)

where N needs to be chosen to ensure desirable tracking prop-
erties. Note that the coefficient of y0 is zero because ξ̂(t, 0) = 0.

Substituting (59) into the ξ̂h dynamics in (52) yields the set
of ODEs

η̈j + bbpη̇j + abpηj = −bb η̇j+4 − abηj+4 . (60)

The boundary conditions, together with ξ̂h(t, L) = Rh(t), yield
the following algebraic equations:

N −2∑
j=0

ηj+2(t)Lj

j!
= 0,

N −3∑
j=0

ηj+3(t)Lj

j!
= 0

N∑
j=1

ηj (t)Lj

j!
= Rh(t). (61)

The value of N can be chosen to ensure good tracking. Note
that the ξ̂h dynamics are of fourth order in y. Therefore, we
need to choose N > 5, and the gain p must be chosen to ensure
stability of the resulting set of ODEs. For any choice of N ,
we have N − 4 differential equations (for η1 to ηN −4) and 3
constraints, a total of N − 1 equations. The underdetermined
problem may be resolved by setting one variable among ηN −3 ,
ηN −2 , and ηN −1 to zero, or imposing an additional constraint
on the system.

Suppose that we set N = 5, i.e., η6 = η7 = · · · = 0. We also
set η4(t) = 0.3 This yields the differential equation

η̈1(t) + bbpη̇1(t) + abpη1(t) + bb η̇5(t) + abη5(t) = 0. (62)

Constraint (61) can be solved to obtain η5(t) in terms of η1(t)
and Rh(t)

η5(t) =
12
L4

(
−η1(t) +

Rh(t)
L

)
. (63)

From (59), it follows that the main bending control input is given
by

u(t) = ξ̂h,y (t, 0) = η1(t) (64)

where η1(t) is obtained by integrating the following ODE, ob-
tained in turn by substituting (63) into (62):

η̈1(t) + bb

(
p − 12

L4

)
η̇1(t) + ab

(
p − 12

L4

)
η1(t)

= −
(

12
L5

)
(bbṘh(t) + abRh(t)). (65)

3Motivation: if Rh is a constant, then η4 = 0 is in the steady-state solution.
Therefore, this approximation works, at least, for a class of slow time-varying
signals.

Note that the gain p has to be chosen so that p > 12/L4 for
η5(t) to be stable. This completes the design of a trajectory
planning-based tracking controller for bending.

VI. SIMULATIONS

Simulations are carried out in MATLAB by using a Galerkin-
based approach to convert the PDE system into ODEs. The
Galerkin truncation is not used as a basis for control law design;
therefore, no danger of “spillover instability” arises. The twist
θ(t, y) is expressed as a weighted sum of basis functions φi(y),
i = 1, 2, . . . , n and ψ(y)

θ(t, y) = s(t)ψ(y) +
n∑

i=1

ηi(t)φi(y)

φi(0) = φ′
i(L) = 0 (66)

where s(t) is the boundary control input. If boundary control is
applied at the wing root, then ψ(y) has to be chosen to satisfy
ψ′(L) = 0 and ψ(0) = 1. On the other hand, if the boundary
control is applied at the wing tip, we choose ψ to satisfy ψ(0) =
0 and ψ′(L) = 1.

The PDE in (32) can be rewritten as

ψ(y)s̈(t) +
n∑

i=1

η̈i(t)φi(y) −
n∑

i=1

φ′′
i (y) (bη̇i(t) + aηi(t))

− ψ′′(y)(bṡ + as)

= M

(
ψ(y)s +

n∑
i=1

ηi(t)φi(y)

)
. (67)

Using Galerkin’s method, (67) is converted to a set of ODEs

c(s̈(t) − Ms(t)) + d(bṡ + as(t))

+ [A](η̈(t) − Mη(t)) + [B](bη̇(t) + aη(t)) = 0 (68)

where

c =
∫ L

0
ψ(y)φ(y)dy, d = −

∫ L

0
ψ′′(y)φ(y)dy

[A] =
∫ L

0
φφT dy, [B] = −

∫ L

0
φ(φ′′)T dy. (69)

The reader will recall that ψ is a scalar, and φ = [φ1 , φ2 , . . . φn ]T

is a vector. The control s(t) is expressed similarly in terms of
φ, ψ, and η to obtain a set of ODEs, which are simulated to
approximate the response of the system.

A. Root Control of Wing Twist

Fig. 5 demonstrates the regulation of twist dynamics us-
ing the backstepping controller that is derived in (31), with
the transformation in (12) and (17). The value of M/a was
set to 8, where a = GJ̃/Ip . A value of p = 4 yielded an
unstable response, while the response was stable for p = 8.
Recall the following condition for stability with L = 1: p >
M/a − π2/4 ≈ 5.5. The backstepping controller works even
when M(y) = M(1 − y2) is used (to mimic an elliptical lift
distribution over the wing) instead of a constant M(y) ≡ M .



636 IEEE TRANSACTIONS ON ROBOTICS, VOL. 29, NO. 3, JUNE 2013

Fig. 5. Regulation of the twist dynamics using the backstepping controller in
(31). The plots were obtained for M/a = 8, while p was increased to ensure
stability. Each plot is a collection of appropriately chosen snapshots in the
interval 0 < t < 30 s, with the lines getting darker with time. In plots (b) and
(c), θ(t, y) converges to zero exponentially. (a) Unstable response with p = 4.
(b) Stable response with p = 8. (c) Stable response with p = 8 for spatially
varying M (y).

The backstepping controller can be added on top of a tracking
controller.

Each plot in Fig. 5 is a collection of snapshots that are ap-
propriately chosen in the interval 0 < t < 30 s, with the lines
getting darker with time. The system state θ(t, y) converges to
zero exponentially when p = 8.

B. Tip Control of Wing Twist

Fig. 6 shows simulation results for the twist dynamics, when
the actuator is located at the wing tip. The value of M/a was
chosen so that stability is assured without the need for a ded-
icated stabilizing controller. The first plot was obtained for a
system, where the aerodynamics were assumed to be linear but
unknown. The second plot was assumed linear unknown aero-
dynamics such that the system was unstable in the open loop,
but within the enhanced stability margin that is described in
Section IV-B. The third plot (bottom row) was obtained for the
case where the aerodynamics were additionally spatially vary-

Fig. 6. Twist profile of the wing as a function of time when the the adaptive
controller in (41) is applied at the wing tip. Three cases have been examined

here, with
∫ L

0
θ(t, y)dy = 0.05 as the desired output. The first three plots are

appropriately chosen snapshots in the interval 0 < t < 30 s, with lines get-
ting darker with time. The error metric e(t) converges to zero exponentially.
(a) M unknown, constant, open loop stable. (b) Unknown M , constant,
open loop unstable. (c) Spatially varying, unknown M (y), unstable dynamics.
(d) Time history of e(t), u(t).

ing. The fourth plot depicts the time histories of the tracking
error e(t) and the control signal u(t), respectively. In all cases,
the twist amplitude converges to the steady-state value with
satisfactory transients. The error metric (5) converges to zero
exponentially.

C. Comparison of Finite-State Approximation-Based and
Trajectory Planning-Based Controllers for Bending

Using Galerkin’s method, the beam bending dynamics (46),
with the control input u(t) and its derivative u̇(t) as additional
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Fig. 7. Comparison of controllers derived from finite-state approximations of
the open loop and the homogeneous component, respectively, with a controller
obtained using trajectory planning [41]. (a) Traditional ODE control. (b) PDE
perturbation observer with trajectory planning.

states, can be recast into the form

ẋ = Ax + Bū + f(x), y = Cx (70)

where ū(t) equals the highest derivative of u(t), i.e., ü(t) =
ū(t). The system can be stabilized if (A,B) is stabilizable. In
particular, vectors B and C depend strongly on the choice of the
basis functions. The unmatched nonlinearity f(x) can affect the
tracking error as well as the stability of the closed-loop system
if not compensated adequately. The unmatched nonlinearity can
be tackled using backstepping, or a more direct approach such
as in [23, Ch. 3, pp. 140–174].

Fig. 7 compares the performance of two controllers. The first
is based on [23] and designed using a finite-state approximation
of the beam, and the other is based on the perturbation observer
and trajectory planning approach in Section V. The beam is
assumed to be loaded uniformly, but for the purpose of control
design, this load is treated as an unknown. This simple loading
condition is enough to create an unmatched uncertainty in the
finite-state approximation.

Fig. 7(a) shows the performance of a controller, which is de-
signed using the finite-state approximation. The tracking error
is less than 5% of the signal amplitude, and there is a phase lag
in the system output when compared with the reference signal.
The tracking error as well as the phase lag arises due to the use
of a low-pass filter in the generation of the control signal. On the
other hand, Fig. 7(b) [41] shows the tracking performance of the
proposed controller which is derived from trajectory planning
using a seventh degree polynomial and the perturbation observer
in Section V-C. The amplitude of the tracking error is consid-
erably smaller than the previous approach, and the phase lag is
almost eliminated. For the system that is considered in this il-
lustration, the proposed controller outperforms the conventional
ODE-based controller. Note that the trajectory planning-based

Fig. 8. Experimental setup showing the beam and power supply.

control signal, which is generated using (62) and (64), is it-
self a low-pass filter, albeit one that ensures, by design, a small
tracking error.

VII. EXPERIMENTAL RESULTS

In this section, we describe some successful experiments,
which were performed to validate the efficacy of the pertur-
bation observer-based controller in Section V. Fig. 8 shows
the experimental setup. A long thin beam with a rectangular
cross section is utilized for experiments. It is rigidly clamped
at one end, while the other end is free to be controlled. Two
small permanent magnets attached to the tip are acted on by an
electromagnet whose magnetic field can be controlled by spec-
ifying a current and varying the voltage using a programmable
power supply (Agilent Technologies E3642A) that interfaces
with MATLAB. The interaction between the permanent mag-
nets and the magnetic field of the electromagnet produces a
force that acts on the beam tip.

Retroreflective markers are placed at seven specific points
along the length of the beam, and the VICON motion capture
system is used to track the coordinates of those markers. Bending
displacement is determined by calculating the distance between
the markers on the beam in the deformed state, and the coor-
dinates of the corresponding markers in the undeformed state.
The bending displacement is interpolated from the data that are
obtained from the VICON system to obtain the deformation pro-
file. This information is used to calculate the tip force, which is
the control variable.

The electromagnet is characterized to determine a relation-
ship between the required voltage and the commanded tip force.
The tip deflection ξtip of a cantilever beam as a function of the
applied tip force, Ftip(= EIbξyyy (t, L)), is given by

ξtip
�
= ξ(t, L)=

FtipL3

3EIb
=⇒ u(t) = ξyyy (t, L)=

3ξtip

L3 . (71)

The electromagnet is calibrated by measuring the steady-state
tip deflection as a function of the input voltage so that

ξtip ≈ 1.33 × 10−3W 1.5 (72)

where W denotes the voltage of the signal, which is sent to the
electromagnet. Combining (71) and (72) with the fact that the
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Fig. 9. Time histories of the tip displacement (ξ(t, L)), when a sinusoidal
reference signal was sent to the system. An impulse-like disturbance was also
administered to the beam. The controller was disabled in the first case to provide
a comparison between the open- and closed-loop systems. (a) Open loop with
an impulse perturbation. (b) PDE boundary control with impulse perturbation.

control input u(t) = ξyyy (t, L) = Ftip/EIb results in

u(t) =
4 × 10−3

L3 W 1.5 =⇒ W = 39.67L(u(t))2/3 . (73)

The control law u(t) is obtained from an equation, which is
analogous to (64) [19]

u(t) =
5 η2(t)

L
− 18Rh(t)

L3 , Rh(t) = R(t) − ξ̂p(t, L)

η̈2(t) +
(

p +
60
L4

)
(bb η̇2(t) + abη2(t))

=
180
L6

(
bbṘh(t) + abRh(t)

)
. (74)

The gain was set to p = 500 for the experiments. Fig. 9 shows
the time history of the tip displacement for two cases. In both
cases, the system was given an impulsive disturbance midway
through the experiments at t = 17 s, in addition to persistent
external disturbances in form of a mild breeze in the experimen-
tal area. The open-loop response is noisy due to the persistent
external disturbances. The amplitude takes a very long time to
converge after the impulsive perturbation at 17 s. In comparison,
the closed-loop response shows a negligible tracking error and
rapid convergence to the reference signal after the impulsive
perturbation. Additional experimental results, including those
for root control of beam bending, can be found in [19] and [42].

VIII. CONCLUSION

This paper has introduced a boundary control formulation for
a class of PDEs whose output consists of a spatial integral of
the state variable. Although the primary focus of this paper was
on the control of flexible wings, this boundary control problem
is directly relevant to the control of flexible continuum robotic
arms described by PDEs.

In order to control wing twist using a root-based actuator,
a tracking controller, which was based on PDE backstepping
was designed to handle the output that has an infinite relative
degree with respect to the root actuation. On the other hand,
when twisting moment at the wing tip was the control input,
it was shown that the system had a relative degree of 2 with
respect to the input–output combination, which facilitated the
design of a robust adaptive tracking controller. It was shown that
the tracking controller alone could yield a 16-fold improvement
in the stability margin of the system.

The force distribution that drives bending is far too com-
plicated to be handled by backstepping alone, which motivated
the development of a new perturbation-observer-based approach
that is presented in Section V. The two-stage-observer-based
tracking controller was designed to ensure that the wing tip
tracked the desired reference profile with the bending PDE. The
first component of the observer compensated for the nonlinear-
ities and unmodeled dynamics, while the other was used exclu-
sively for deriving the control signal. The proposed perturbation-
observer-based controller was implemented in an experimental
setup, which allowed us to control the bending displacement
of the tip of a beam by applying a force at the wing tip. The
controller performed as expected, and demonstrated reference
signal tracking as well as disturbance rejection.

ACKNOWLEDGMENT

The authors would like to thank Prof. H. Hilton and Prof. L.
Bergman at UIUC for the stimulating discussions from which
this paper benefitted. The authors thank the anonymous review-
ers for their constructive criticism and helpful comments.

REFERENCES

[1] M. Abdulrahim, H. Garcia, and R. Lind, “Flight characteristics of shaping
the membrane wing of a micro air vehicle,” J. Aircraft, vol. 42, no. 1,
pp. 131–137, 2005.

[2] M. J. Balas, “Feedback control of flexible systems,” IEEE Trans. Autom.
Control, vol. 23, no. 4, pp. 673–679, Aug. 1978.

[3] S. Bieniawski and I. M. Kroo, “Flutter suppression using micro-trailing
edge effectors,” presented at the 44th AIAA/ASME/ASCE/AHS Struc-
tures, Structural Dyn., Materials Conf., Norfolk, VA, USA, 2003, AIAA
Paper 2003-1941.

[4] F. Bucci and I. Lasiecka, “Optimal boundary control with critical penal-
ization for a PDE model of fluid–solid interactions,” Calculus Variat.,
vol. 37, pp. 217–235, 2009.

[5] C. Byrnes, I. Lauko, D. Gilliam, and V. Shubov, “Output regulation for lin-
ear distributed parameter systems,” IEEE Trans. Autom. Control, vol. 45,
no. 12, pp. 2236–2252, Dec. 2000.

[6] Z. Cai, M. S. de Queiroz, and D. M. Dawson, “A sufficiently smooth
projection operator,” IEEE Trans. Autom. Control, vol. 51, no. 1, pp. 135–
139, Jan. 2006.

[7] A. Cheng and K. Morris, “Well-posedness of boundary control systems,”
SIAM J. Contr. Optim., vol. 42, no. 4, pp. 1244–1265, 2003.

[8] P. D. Christofides and P. Daoutidis, “Feedback control of hyperbolic PDE
systems,” AIChE J., vol. 42, no. 11, pp. 3063–3086, 1996.



PARANJAPE et al.: PDE BOUNDARY CONTROL FOR FLEXIBLE ARTICULATED WINGS ON A ROBOTIC AIRCRAFT 639

[9] P. D. Christofides and P. Daoutidis, “Finite-dimensional control of
parabolic PDE systems using approximate inertial manifolds,” in Proc.
36th IEEE Conf. Dec. Control, San Diego, CA, USA, Dec. 1997, vol. 2,
pp. 1068–1073.

[10] S.-J. Chung and M. Dorothy, “Neurobiologically inspired control of en-
gineered flapping flight,” J. Guidance, Contr. Dynam., vol. 33, no. 2,
pp. 440–453, 2010.

[11] R. F. Curtain and H. J. Zwart, An Introduction to Infinite-Dimensional
Linear Systems Theor, (Texts in Applied Mathematics, vol. 21). New
York, NY, USA: Springer-Verlag, 1995.

[12] R. Curtain and K. Morris, “Transfer functions of distributed parameter
systems: A tutorial,” Automatica, vol. 45, pp. 1101–1116, 2009.

[13] X. Deng, L. Schenato, and S. S. Sastry, “Flapping flight for biomimetic
robotic insects: Part II. Flight control design,” IEEE Trans. Robot., vol. 22,
no. 4, pp. 789–803, Aug. 2006.

[14] X. Deng, L. Schenato, W. C. Wu, and S. S. Sastry, “Flapping flight for
biomimetic robotic insects: Part I. System modeling,” IEEE Trans. Robot.,
vol. 22, no. 4, pp. 776–788, Aug. 2006.

[15] D. B. Doman, C. P. Tang, and S. Regisford, “Modeling interactions be-
tween flexible flapping-wing spars, mechanisms, and drive motors,” J.
Guidance Contr. Dynam., vol. 34, no. 5, pp. 1457–1473, 2011.

[16] M. Dorothy, A. A. Paranjape, P. D. Kuang, and S.-J. Chung, “Towards
bio-inspired robotic aircraft: Control experiments on flapping and glid-
ing flight,” J. Valasek, Ed., in Advances in Intelligent and Autonomous
Aerospace Systems, Progress in Astronautics and Aeronautics. Reston,
VA, USA: Amer. Inst. Aeronaut. Astronaut., 2012.

[17] M. P. Fard and S. I. Sagatun, “Exponential stabilization of a transversely
vibrating beam by boundary control via Lyapunov’s direct method,” J.
Dyn. Syst. Meas. Control, vol. 123, pp. 195–200, 2001.

[18] M. Goman and A. Khrabrov, “State-space representation of aerodynamic
characteristics of an aircraft at high angles of attack,” J. Aircraft, vol. 31,
no. 5, pp. 1109–1115, 1994.

[19] J. Guan, “Design and control strategy of a flexible, hyper-redundant robotic
arm using electroactive dielectric polymers,” M.S. thesis, Dept. Aerospace
Eng., Univ. Illinois at Urbana-Champaign, Urbana, IL, USA, 2012.

[20] M. Hamamoto, Y. Ohta, K. Hara, and T. Hisada, “A fundamental study of
wing actuation for a 6-in-wingspan flapping microaerial vehicle,” IEEE
Trans. Robot., vol. 26, no. 2, pp. 244–255, Apr. 2010.

[21] W. He, S. S. Ge, B. V. E. How, Y. S. Choo, and K. S. Hong, “Robust
adaptive boundary control of a flexible marine riser with vessel dynamics,”
Automatica, vol. 47, pp. 722–732, 2011.

[22] D. H. Hodges and A. G. Pierce, Introduction to Structural Dynamics and
Aeroelasticity (Cambridge Aerospace Series, vol. 15). Cambridge, U.K.:
Cambridge Univ. Press, 2002.

[23] N. Hovakimyan and C. Cao, L1 Adaptive Control Theory: Guaranteed
Robustness with Fast Adaptation (Advances in Design and Control).
Philadelphia, PA, USA: SIAM, 2010.

[24] N. Hovakimyan, E. Lavretsky, and A. Sasane, “Dynamic inversion for
nonaffine-in-control systems via time-scale separation. Part I,” J. Dyn.
Control Syst., vol. 13, no. 4, pp. 451–465, 2007.

[25] S. A. Hubbard, D. M. McFarland, L. A. Bergman, and A. F. Vakakis, “Tar-
geted energy transfer between a model flexible wing and nonlinear energy
sink,” J. Aircraft, vol. 47, no. 6, pp. 1918–1931, 2010.

[26] P. G. Ifju, D. A. Jenkins, S. Ettinger, L. Yongsheng, W. Shyy, and M. R.
Waszak, “Flexible-wing-based micro air vehicles,” presented at the AIAA
Aerospace Sci. Meeting Exhibit., Reno, NV, USA, 2002, AIAA Paper
2002-0705.

[27] A. Isidori and C. I. Byrnes, “Output regulation of nonlinear systems,”
IEEE Trans. Autom. Control, vol. 35, no. 2, pp. 131–140, Feb. 1990.

[28] M. Krstic, B.-Z. Guo, A. Balogh, and A. Smyshlyaev, “Control of a tip-
force destabilized shear beam by observer-based boundary feedback,”
SIAM J. Control Optim., vol. 47, no. 2, pp. 553–574, 2008.

[29] M. Krstic, I. Kanellakopoulos, and P. V. Kokotovic, Nonlinear and Adap-
tive Control Design. New York, NY, USA: Wiley, 1995.

[30] M. Krstic and A. Smyshlyaev, Boundary Control of PDEs: A Course on
Backstepping Design, (Advances in Design and Control). Philadelphia,
PA, USA: SIAM, 2008.

[31] M. Krstic and A. Smyshlyaev, Adaptive Control of PDEs. Princeton, NJ,
USA: Princeton Univ. Press, 2010.

[32] W. Lohmiller and J. J. E. Slotine, “Contraction analysis of nonlinear dis-
tributed systems,” Int. J. Contr., vol. 78, no. 9, pp. 678–688, 2005.

[33] Z. Luo, “Direct strain feedback control of flexible robot arms: New the-
oretical and experimental results,” IEEE Trans. Autom. Control, vol. 38,
no. 11, pp. 1610–1622, Nov. 1993.

[34] Z. Luo and B. Guo, “Further theoretical results on direct strain feedback
control of flexible robot arms,” IEEE Trans. Autom. Control, vol. 40, no. 4,
pp. 747–751, Apr. 1995.

[35] R. Marino and P. Tomei, “Robust adaptive state feedback tracking for
nonlinear systems,” IEEE Trans. Autom. Control, vol. 43, no. 1, pp. 84–
89, Jan. 1998.

[36] B. W. McCormick, Aerodynamics, Aeronautics and Flight Mechanics,
2nd ed. New York, NY, USA: Wiley, 1994.

[37] L. Meirovitch and H. Baruh, “On the problem of observation spillover
in self-adjoint distributed-parameter systems,” J. Optim. Appl., vol. 39,
no. 2, pp. 269–291, 1983.

[38] A. Paranjape, S.-J. Chung, and M. Krstic, “PDE boundary control for flex-
ible articulated aircraft wings,” presented at the AIAA Guidance Navigat.
Contr. Conf. Portland, OR, USA, 2011, AIAA Paper 2011-6486.

[39] A. A. Paranjape, S.-J. Chung, H. H. Hilton, and A. Chakravarthy, “Dy-
namics and performance of tailless micro aerial vehicle with flexible ar-
ticulated wings,” AIAA J., vol. 50, no. 5, pp. 1177–1188, 2012.

[40] A. A. Paranjape, S.-J. Chung, and M. S. Selig, “Flight mechanics of a
tailless articulated wing aircraft,” Bioinspirat. Biomimet., vol. 6, no. 2, p.
026005, 2011.

[41] A. A. Paranjape, “Dynamics and control of robotic aircraft with articulated
wings,” Ph.D. dissertation, Dept. Aerosp. Eng., Univ. Illinois Urbana-
Champaign, Urbana, IL, USA, Dec. 2011.

[42] A. A. Paranjape, J. Guan, S.-J. Chung, and M. Krstic, “PDE bound-
ary control for Euler–Bernoulli beam using a two stage perturbation ob-
server,” presented at the 51st IEEE Conf. Dec. Control, Maui, HI, USA,
2012.

[43] A. A. Paranjape, J. Kim, and S.-J. Chung, “Novel dihedral-based control of
flapping-wing aircraft with application to perching,” IEEE Trans. Robot.,
2013, submitted.

[44] M. D. Queiroz, D. M. Dawson, M. Agarwal, and F. Zhang, “Adaptive
nonlinear boundary control of a flexible link robotic arm,” IEEE Trans.
Robot. Autom., vol. 15, no. 4, pp. 779–787, Aug. 1999.

[45] P. K. Raghavendra, T. Sahai, P. A. Kumar, M. Chauhan, and
N. Ananthkrishnan, “Aircraft spin recovery, with and without thrust vec-
toring, using nonlinear dynamic inversion,” J. Aircraft, vol. 42, no. 6,
pp. 1492–1503, 2005.

[46] M. Rais-Rohani, R. T. Haftka, B. Grossman, and E. R. Unger, “Integrated
aerodynamic-structural-control wing design,” Comput. Syst. Eng., vol. 3,
no. 6, pp. 639–650, 1992.

[47] D. L. Russell, “Controllability and stabilizability theory for linear partial
differential equations: Recent progress and open questions,” SIAM Rev.,
vol. 20, no. 4, pp. 639–739, 1978.

[48] D. Salamon, “Realization theory in hilbert space,” Math. Syst. Theor.,
vol. 21, pp. 147–164, 1989.

[49] H. Sano, “Output tracking control of a parallel-flow heat exchange pro-
cess,” Syst. Control Lett., vol. 60, no. 11, pp. 917–921, 2011.

[50] W. Shyy, H. Aono, S. K. Chimakurthi, P. Trizila, C.-K. Kang,
C. E. S. Cesnik, and H. Liu, “Recent progress in flapping wing aero-
dynamics and aeroelasticity,” Progr. Aerosp. Sci., vol. 46, pp. 284–327,
2010.

[51] A. A. Siranosian, M. Krstic, A. Smyshlyaev, and M. Bememt, “Motion
planning and tracking for tip displacement and deflection angle for flexible
beams,” J. Dyn. Syst. Meas. Control, vol. 131, p. 031009, 2009.

[52] A. A. Siranosian, M. Krstic, A. Smyshlyaev, and M. Bememt, “Gain
scheduling-inspired boundary control for nonlinear partial differential
equations,” J. Dyn. Syst. Meas. Control, vol. 133, p. 051007, 2011.

[53] S. A. Snell, D. F. Enns, and W. L. Garrard Jr., “Nonlinear inversion flight
control for a supermaneuverable aircraft,” J. Guidance Control Dyn.,
vol. 15, no. 4, pp. 976–984, 1992.

[54] A. Song, X. D. Tian, E. Israeli, R. Galvao, K. Bishop, S. Swartz, and
K. Breuer, “Aeromechanics of membrane wings with implications for
animal flight,” AIAA J., vol. 46, no. 8, pp. 2096–2106, 2008.

[55] D. T. Tran and R. Lind, “Parameterizing stability derivatives and flight
dynamics with wing deformation,” presented at the AIAA Atmospheric
Flight Mech. Conf. Toronto, ON, Canada, 2010, AIAA Paper 2010-8227.

[56] M. W. Vandegrift, F. L. Lewis, and S. Q. Zhu, “Flexible-link robot arm
control by a feedback linearization/singular perturbation approach,” J.
Robot. Syst., vol. 11, no. 7, pp. 591–603, 1994.

[57] R. Vazquez and M. Krstic, “Explicit integral operator feedback for local
stabilization of nonlinear thermal convection loop PDEs,” Syst. Contr.
Lett., vol. 55, pp. 624–632, 2006.

[58] R. Vazquez and M. Krstic, “A closed-form feedback controller for sta-
bilization of the linearized 2-D Navier–Stokes Poiseuille system,” IEEE
Trans. Autom. Control, vol. 52, no. 12, pp. 2298–2312, Dec. 2007.

[59] Q. Wang and R. F. Stengel, “Robust nonlinear flight control of a high-
performance aircraft,” IEEE Trans. Contr. Syst. Technol., vol. 13, no. 1,
pp. 15–26, Jan. 2005.

[60] R. J. Wood, “The first takeoff of a biologically inspired at-scale robotic
insect,” IEEE Trans. Robot., vol. 24, no. 2, pp. 341–347, Apr. 2008.



640 IEEE TRANSACTIONS ON ROBOTICS, VOL. 29, NO. 3, JUNE 2013

Aditya A. Paranjape (M’12) received the B.Tech.
and M.Tech. degrees from the Indian Institute of
Technology Bombay, Mumbai, India, in 2007 and
the Ph.D. degree from the University of Illinois at
Urbana-Champaign (UIUC), Urbana, IL, USA, in
2011, all of them in aerospace engineering.

He is currently a Postdoctoral Research Asso-
ciate with the Department of Aerospace Engineering,
UIUC. His research interests include nonlinear dy-
namics and control and multiagent systems.

Jinyu Guan received the Bachelor’s degree in me-
chanical engineering from the University of Florida,
Gainesville, FL, USA, in 2010, and the Master’s de-
gree in aerospace engineering from the University of
Illinois at Urbana-Champaign, Urbana, IL, USA, in
2012.

He is currently a Guidance, Navigation, and Con-
trol Systems Engineer with the Lockheed Martin Cor-
poration, Orlando, FL, USA.

Soon-Jo Chung (M’06–SM’12) received the B.S. de-
gree (summa cum laude) from the Korea Advanced
Institute of Science and Technology, Daejon, Korea,
in 1998 and the S.M. degree in aeronautics and as-
tronautics and the Sc.D. degree in estimation and
control from the Massachusetts Institute of Tech-
nology, Cambridge, MA, USA, in 2002 and 2007,
respectively.

He is currently an Assistant Professor with the
Department of Aerospace Engineering and the Coor-
dinated Science Laboratory, University of Illinois at

Urbana-Champaign, Urbana, IL, USA. His research interests include nonlinear
control theory, aerial robotics, bioinspired flight, flight controls, spacecraft for-
mation flying, and estimation theory for vision-based navigation.

Prof. Chung is a senior member of the American Institute of Aeronautics
and Astronautics (AIAA). He received an Air Force Office of Scientific Re-
search Young Investigator Award, a National Science Foundation CAREER
Award, National Aeronautics and Space Administration Jet Propulsion Labora-
tory Summer Faculty Fellowships, and two best paper awards from the IEEE
and the AIAA.

Miroslav Krstic (S’92–M’95–SM’99–F’02) re-
ceived the Ph.D. degree from the University of
California (UC), Santa Barbara, CA, USA, in 1994.

He was an Assistant Professor with the University
of Maryland, College Park, MD, USA, until 1997. He
is the Daniel L. Alspach Professor and founding Di-
rector of the Cymer Center for Control Systems and
Dynamics at UC San Diego, La Jolla, CA, USA. He
has held the appointment of Springer Distinguished
Visiting Professor of Mechanical Engineering at UC
Berkeley. He is a co-author of nine books: Nonlinear

and Adaptive Control Design (Wiley, 1995), Stabilization of Nonlinear Un-
certain Systems (Springer, 1998), Flow Control by Feedback (Springer, 2002),
Real-Time Optimization by Extremum Seeking Control (Wiley, 2003), Control
of Turbulent and Magnetohydrodynamic Channel Flows (Birkhauser, 2007),
Boundary Control of PDEs: A Course on Backstepping Designs (SIAM, 2008),
Delay Compensation for Nonlinear, Adaptive, and PDE Systems (Birkhauser,
2009), Adaptive Control of Parabolic PDEs (Princeton Univ. Press, 2009), and
Stochastic Averaging and Stochastic Extremum Seeking (Springer, 2012).

Dr. Krstic is a Fellow of the International Federation of Automatic Control
and has received the Axelby and Schuck Paper Prizes, and the National Science
Foundation Career, Office of Naval Research Young Investigator, and Presiden-
tial Early Career Award for Scientists and Engineers Awards.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


