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Abstract—Inspired by the self-rotating motion of the
descending maple seeds, we introduce a novel modular
aerial robotic platform—ARROWs. With customized wing
and control modules, ARROWs can be easily reassembled
into different configurations. Unlike conventional multirotor
aerial vehicles which rely on the direct thrust from pro-
pellers, ARROWs can generate more lift by their revolving
wings. However, the complex dynamics causes difficulties
in flight controller development. In this work, we first an-
alyze the flight dynamics by considering a combination of
effects from the propeller, aerodynamic force on the wing,
as well as self-rotating motion. As a result, a cascaded flight
controller with a unified framework is designed based on
reduced flight dynamics and relaxed hovering conditions
to achieve stable flights in all proposed configurations. In
addition, a set of inertial measurement units is employed
for each flight module to estimate the flight configuration to
overcome the dynamic uncertainties caused by manual re-
construction. Finally, our proposed platform and flight con-
trol strategy are validated using several flight experiments
in 12 different configurations (include both centrosymmet-
ric and centrally asymmetric cases). The results show an
average position error of 8.9 cm with a deviation of 2.4 cm
among all configurations in hovering tests.

Index Terms—Modular aerial robotics, motion control,
unmanned aerial vehicle.

I. INTRODUCTION

W ITH applications in a growing number of industries,
aerial vehicles have gathered increased interest from

scientists and engineers [1], [2]. Thanks to recent achievements
in robotic platforms and control technology, aerial vehicles are
expected to perform with more functionalities to accomplish
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more complex tasks. As a result, aerial robots capable of
reconfiguration [3], [4], [5], [6], [7], multiple modes of locomo-
tion [8], robotic swarm [9], self-navigation [10], resilience [11],
transformation [12], [13], [14], [15], [16], [17], and cooperative
working [18] have been widely studied with great achievements
in recent years. The significant potential of multiple
functionalities in robotic platforms can be also seen in ground
and water robots [19], [20], [21], [22], [23]. For example, in [20],
a large modular floating structure system (known as tactically
expandable maritime platform) was self-assembled by a team
of robotic boats in the open ocean for maritime applications.
Unlike ground and water robots, dynamic uncertainties caused
by reconfigurations pose a challenge for achieving modularity
in aerial robot platforms, leading to more difficulties in attitude
stabilization in flight. Still, some interesting studies have been
made [3], [4], [5], [6], [24]. Based on a quadrotor platform, a
modular flying structure (known as ModQuad) was developed
with the ability for self-assembly [4] and self-disassembly [24]
in midair. Other reported modular aerial robotic platforms such
as universal flying objects [3], distributed flight array [5], and
the “SplitFlyer” [6] can achieve stable flights, but require at
least two actuators to stabilize the flight attitude.

To seek a simpler flight unit, efforts have been made to explore
the control and attitude stabilization strategy for underactuated
flight systems. Study in [25] showed how a normal quadcopter
maintained a safe flight after one or two rotors had failed. More
severe underactuated aerial systems with only one actuator have
been developed and validated to be able to track 3-D position,
such as “monospinner” in [26], single actuator microaerial vehi-
cle in [27], and swashplateless microair vehicle in [28]. Instead
of actively stabilizing the flight attitude, the nature inspired
robotic samara [29], [30], [31] shows a different strategy by
making use of its winged body to obtain both extra lift force and
passive attitude stability in flight [32], [33], [34].

Even though the current publications on rotating winged
aerial robots indicated some promising abilities such as position
tracking, modularity, as well as high hovering efficiency, it still
remains challenging for practical implementation. One critical
reason is that their position tracking ability is highly rely on
the passive stability due to the severe underactuation. In other
words, extra payloads might change their mass or inertial distri-
bution, resulting in weak or absent of flight stabilization ability.
In addition, the single functionality also limits their potential
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applications to some simple scenarios. For example, those robots
can only work with their designed parameters such as footprint,
payload capacity, and rotating speed in hovering.

With the purpose of expanding the application of the single ac-
tuator monocopter, our previous study [34] introduced modular
single actuator monocopter that featured a cooperative mode and
a controlled passive separation. However, both the singular and
cooperative configurations rely on the inherited passive attitude
stability [32] in the flight. With the passive stability, the robot is
able to recover from disturbance to its equilibrium state without
active controlling. In this way, the positioning control can be
easily achieved by generating a cyclic controlling signal to the
propeller to drive the robot to move in the desired direction.

In this work, we introduce Adaptive Reconfigurable ROtary
Wings (ARROWs) with emphasis on modularity and reconfig-
urability [an example of prototype can be found in Fig. 1(c)].
With simple manual assistance, ARROWs can be reassembled
into various configurations by different combinations of basis
repeatable modules [in Fig. 1(a)]. This enables the ARROWs to
be adaptive to different types of the working environments and
user’s requirements. For example, a suitable footprint, payload
capacity, flight duration, and rotating speed can be selected
by different combinations of wing numbers and the pitching
angles. To this end, a close-looped attitude controller needs to
be developed to actively stabilize the flight posture. Motivated
by [25] and [35], we developed attitude controller to stabilize
the primary axis in the flight. Based on the reduced flight
dynamics and relaxed hovering conditions, a cascaded structure
is proposed for position control. For the implementation of the
proposed flight controller, the uncertainty of parameters caused
by reconfiguration is tackled by employing a set of inertial
measurement units (IMUs) and manual trim flights.

Compared to the conventional multirotor aerial vehicles,
which has ability to fully control its flight attitude, the winged
rotating robot need to sacrifice its yaw motion to obtain more
hovering efficiency or overcome the underactuation. As a result,
the potential application of ARROWs may be limited. Yet,
some recent studies show great promise by taking advantage of
the passive revolving motion, such as the Flydar–Flying Light
Detection and Ranging (Li-DAR) [36]. Besides, [31] also high-
lighted a wider view of a normal camera by using the rotating
wing robot, which indicates the potential of higher working
efficiency in unknown environment exploring and mapping.
More applications can be expected with reliable and robust
self-rotating winged aerial robotic platforms.

The rest of this article is organized as follows. In Section II, we
detail the modular design, prototype fabrication, and flight char-
acteristics of ARROWs. In Section III, an aerodynamic model
for propellers and wings is studied. Based on the relaxed hov-
ering condition, flight equilibrium, and reduced flight dynamics
are introduced. With these insights, we develop a cascaded
flight controller with an attitude controller and translational
controller in Section IV. Considering the difficulties caused
by the modular design, strategies such as parameter estimation
and trim flights are introduced to implement the proposed flight
controller as well. To verify the feasibility of the reported mod-
ular robotic platform and controlling law, a total of 12 different

Fig. 1. (a) illustrates the concept of modular design. ©a shows the wing
module. ©b, ©c, and ©d show different type of control modules. ©e, ©f,
©g, and ©h show examples of different combinations of control module
and wing module when the number of wing module n = 1, 2, 3, and 4
respectively. (b) shows details of the components of control module and
wing module. ©1 inertial measurement unit, ©2 flight controller, ©7 frame of
control module, and ©9 battery form the control module. ©3 wing profile,
©4 electronic speed controller, ©5 brushless motor, ©6 propeller, and ©8
connector compose the wing module. (c) shows a photo of prototype [n
= 3, centrally asymmetric configuration, details shown in Fig. 6(g)] in
flight. The tangential forces of propellers mounted on the wing provide
sufficient torque to drive the rotating motion. The rotating wings generate
most of the thrust for hovering. The torques generated by the normal
forces of propellers also stabilize the flight attitude.

configurations constructed by repeatable units are tested with
hovering, step, and helix trajectory flights in Section V. Finally,
Section VI concludes the article.

II. PLATFORM DESCRIPTION

A. Modular Design

ARROWs consists of one control module and multiple wing
modules n ≥ 1 (while the maximum n is limited by practicality).
The control module primarily includes a flight controller and
a battery. In addition, we employ an extra IMU (different to
the one used for attitude stabilization) for preflight parameter
estimation for an unknown configuration. We created three types
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of control modules suitable for showing examples of different
configuration (shown in Fig. 1. (a) b©, c©, and d©). The wing
modules [Fig. 1. (a) a©] are considered to be identical and
consists of a brushless motor, a wing, a propeller, an electronic
speed controller to drive the brushless motor as well as an extra
IMU with the same purpose as one in the control module.

In order to achieve the modularity and reconfigurability,
we design a T-shape male and female connectors with curved
surface [shown in Fig. 1(b)©8]. The control module and wing
modules can be manually disassembled and reconnected into
different configurations with sufficient rigidity for flight. The
combination of both the control module and wing modules form
the flight airframe of ARROWs.

B. Prototype Fabrication

The details of components of prototype fabrication can be
referred to in Fig. 1(b). The customized frame of the con-
trol module and wing module are modeled by CAD software
(SOLIDWORKS) and printed by a 3-D printer (Markforged)
with Onyx (a composite 3-D printing material) (©7 and ©8).
And the wing (©3) is fabricated from a piece of balsa wood
(230 mm × 100 mm × 2 mm) covered with Kapton tape. An
assembled prototype is shown in Fig. 1(c) with three repeatable
wing modules in flight.

C. System Characteristic

As discussed in previous sections, we have shown that the
flight mode of ARROWs is different from conventional multi-
rotor aerial robots. The tangential component of propeller thrust
causes the rotating motion, which allows the wing module to
produce higher thrust than using the propeller directly.

Furthermore, ARROWs is able to fly in 3-D space in a severely
underactuated condition with only one actuator. This is owing to
the passive stability of its attitude dynamics, which is a result of
the aerodynamic force produced by the wing in rotating motion.

Without loss of generality, we also consider the configuration
when pitching angle θ = 90 (degrees) and number of wing
modules n ≥ 3, which generates the lifting force directly from
the propeller. Since all propellers spin in the same direction
(clockwise), an unbalanced torque results in its z axis. We find
that the normalized average motor command used in configura-
tion (f) and (i) (refer to Fig. 6) are 48.2% and 58%, respectively,
indicating that ARROWs becomes more power efficient by
making use of the wing. The flight efficiency is also validated
by the flight duration test in Table II.

III. FLIGHT DYNAMICS

A. Force and Torque Generation

In this study, we show a modular aerial robotic platform,
which consists of a control module and n (n ≥ 1) wing modules.
The rotating motion of the robot allows both propeller and wing
to generate force and torque. In this section, we aim to show how
the force and torque are produced by the propeller and wing,
respectively, in the wing module’s frame. As shown in Fig. 2(a),
a motor with a propeller is rigidly attached to the leading edge

Fig. 2. Forces and torques generated by ARROWs. (a) shows the
details of how the forces are generated by the propeller and the rotating
wing. (b) shows how the torques are generated due to precession
motion and propeller. (c) is the top view of (a), illustrating how the torque
generated on wing module 3 by a propeller is approximated by defining
parameters ε and λ.

of the wing and the force generated by the propeller is parallel
to the y axis of the wing’s frame. Let fm and τr denote the force
and reaction torque generated by the propeller, formulated by

fm = cFΩ
2, τr = cTΩ

2 (1)

where cF and cT are propeller’s force and torque coefficients,
respectively, Ω is the scalar angular rate of the propeller. Unlike
other aerial robots, ARROWs also experience a significant aero-
dynamic force due to the revolving wing profile. By employing
Blade element theory [37], the lift (fl) and drag (fd) forces
generated by a wing element dr at the radial position r can be
modeled by

dfl =
1
2
ρClc(r)V

2(r)dr, dfd =
1
2
ρCdc(r)V

2(r)dr (2)

where ρ is the air density; c(r) is the chord function of wing
geometry; Cl and Cd are lift and drag coefficients, respectively.
V is translational velocity related to the inertia frame. To sim-
plify the consideration, we use lift fl and drag fd force acting
on center of pressure of the wing to approximate the sum of
aerodynamic forces. As fl and fd are dependent on lift Cl, drag
Cd coefficients, and the relative air speed V . In the vertical
configuration when θ = 90◦, both the relative air speed (V )
and lift coefficient Cl in (2) become small [38]. Therefore,
in this case, we assume the lift force fl ≈ 0. Thereafter, the
aerodynamic forces can be decomposed into normal (fn) and
tangential (ft) components, as

fn = fl cos θ + fd sin θ, ft = fl sin θ + fd cos θ (3)

where θ is the pitch angle of the wing [Fig. 2(a)].
The spinning motor-propeller also rotates with the body frame

around its primary axis at a non-zero speed, generating an
extra torque τ p due to the precession motion [39]. To model
this torque, let Ip denote the moment of inertia of the motor-
propeller, Ω denote the spin vector, Ωp denote the precession
vector, then the precession torque can be formulated by

τ p = Ωp × IpΩ (4)
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which shows that the magnitude of precession torque is related
to spinning speed of motor-propeller, rotating speed of robot’s
body frame and the angle between spin vector Ω and precession
vector Ωp. Its direction is perpendicular to both the spin vector
and precession vector and follows right-hand rule.

B. Translational Dynamics

With the force and torque described in Section III-A, we derive
the full translational dynamics. Let Rb

i , a 3 × 3 rotation matrix,
represent the rotation from ith wing module to control module.
Similarly, let Rw

b = [i, j,k], a 3 × 3 rotation matrix, map the
rotation from body frame to world frame, where i, j,k are the
corresponding vectors of three body axes in the inertia frame.

We use vectors fm,i = [0, fm,i, 0]T and fa,i = [0,−ft,i,

fn,i]
T to denote the forces generated by propeller and wing

respectively in ith wing module’s frame. Let r = [rx, ry, rz]
T

denote the position of the robot in the world frame and m denote
the total mass of the robot. Then, the translational dynamics can
be simply written by applying Newton’s law, as

mr̈ = Rw
b

∑
Rb

i (fm,i + fa,i)−mge3 (5)

where g represents gravitational constant, and e3 = [0, 0, 1]T is
a basis vector.

C. Attitude Dynamics

To formulate the torque produced by ith propeller’s thrust
fm,i and wing’s aerodynamic force fa,i, we use lm,i and la,i
to denote the location of propeller and center of pressure with
respect to control module’s frame. The torques can be calcu-
lated by τm,i = lm,i × (Rb

ifm,i) and τ a,i = la,i × (Rb
ifa,i),

respectively.
Let Ωn denote the rotation axis in robot’s body frame, then

the torque caused by precession motion can be obtained by
modifying (4), as τ p,i = Ωn ×Rb

iIp,iΩi, where the moment of
inertia of all motor-propellerIp,i are considered as identical. The
reaction torque produced by ith propeller in body frame can be
simply given as τ r,i = Rb

i [0,−τr,i, 0]T , where τr is introduced
in (1).

Like other rigid bodies, the attitude dynamics of ARROWs
can also be written by Euler’s equation∑

i

(τm,i + τ a,i + τ p,i + τ r,i) = Iω̇ + ω×Iω (6)

where I = diag(Ix, Iy, Iz) is the total moment of inertia of the
robot andω = [ωx, ωy, ωz]

T is the angular velocity with respect
to the body frame.

D. Relaxed Hover Solution

Instead of using a set of specific angles (such as Euler angles),
we define a body fixed rotation axis to represent its attitude in
the flight, Ωn = Ωnn, where n is a unit vector, Ωn represents
the scalar rotation speed. When the robot rotates at a relatively
high speed Ωn, the force components which are perpendicular
to n are considered to be zero on average over a rotation cycle,
which allows us to use the force components parallel to n to

Fig. 3. (a) shows the relaxed hover condition of ARROWs with ro-
tating axis n∗. ξ∗x and ξ∗y denote the angular deviation of n∗ and zb.
(b) shows how the attitude error (δx, δy) is defined near the relaxed
hovering condition. Axis xb, yb, and zb are with respect to body frame.

represent the collective force in body frame. As a result, the
relaxed hovering condition necessitates

Rw
b n

∗ = e3, (7)

(n∗)T
∑

Rb
i (f

∗
m,i + f ∗

a,i) = mg, (8)
∑
i

(τm,i + τ a,i + τ p,i + τ r,i) = 0 (9)

where (·)∗ denotes the equilibrium value of (·) in relaxed hov-
ering condition [shown in Fig. 3(a)].

E. Reduced Flight Dynamics

As it is difficult to derive a practical translational controller
from such a complex aerodynamic model (5). Here, we use a re-
duced flight dynamic model to approximate the full translational
dynamics based on the relaxed hover condition. With previous
analysis, the robot under relaxed hovering conditions can be
regarded as a rigid body that rotates at a speed of Ω∗

n around its
primary rotating axisn∗ and produces a collective thrustT along
the rotating axis. Furthermore, we limit our consideration to
n∗ ≈ [ξ∗x, ξ

∗
y, 1]T with ξ∗x � 1, ξ∗y � 1. This means the rotation

axis n∗ has a small angular deviation from its z axis in the body
frame [shown in Fig. 3(a)]. That enables us to approximate the
collective thrust T with

T = (n∗)T
∑

Rb
i (fm,i + fa,i) (10)

≈
∑

fm,i sin θi +
∑

fl,i (11)

where θi is the pitching angle of ith wing module. This implies
that the collective force T is related to the sum of motor thrust
(fm,i) and the lift force (fl,i). Again, we take the small deviation
assumption (ξx � 1, ξy � 1) of n∗ and assume the pitching
angles are identical for all wings, θi ≈ θ. Therefore, it is fair to
use the following relation, as Cl,i =Cl, Cd,i =Cd, meaning the
lift and drag coefficient for each wing can be regarded as constant
values in flight. Combining with (2), we get fl,i =

Cl

Cd
fd,i.

With the relaxed hover condition, the torque produced by the
tangential component of motor thrust should balance the torque
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Fig. 4. Proposed flight controller with cascaded structure. (a) illus-
trates the initialization process for the attitude controller. (b) is the control
loop.

caused by drag force, given by

∑
fm,i cos θlm =

∑
fd,ila =

∑
fl,i

Cd

Cl
la (12)

where la and lm denote the distance from the rotating axis to the
center of pressure and motor respectively. Substituting (12) into
(11), we get

T ≈ cf,T
∑

fm,i (13)

where cf,T = cos θCllm
Cdla

+ sin θ, is a constant coefficient de-
scribing the relationship of propeller thrust and T . With (13),
we obtain reduced translational dynamics from (5), as

mr̈ = TRw
b n

∗ −mge3 (14)

which implies that the position can be controlled by maintaining
a desired direction of the rotating axis with respect to world
frame (Rw

b n
∗) and the collective thrust T .

IV. FLIGHT CONTROLLER DESIGN

In this section, we develop a unified flight control strategy
for all different configurations of ARROWs. The controller is
designed to be a cascaded structure (shown as Fig. 4). The
higher level is a simple proportional controller to minimize the
horizontal position error. The lower level is a Lyapunov function
candidate-based attitude controller. An altitude controller is
created independently by employing a standard proportional-
integral-derivative (PID) controller to track the desired height.

A. Attitude Control

1) Attitude Error: In previous section, we introduced a unit
vector n∗ with respect to the body-fixed frame to represent the
attitude of ARROWs under relaxed hover state. Let nd (a 3 × 1
unit vector) denote the desired rotation axis in the world frame,
then the aim of the attitude controller is to makeRw

b n
∗ converge

to nd, as Rw
b n

∗ → nd. Then, the attitude error defined in the
body frame can be derived from

e = (Rw
b )

Tnd − n∗ =

⎡
⎢⎣
ex

ey

ez

⎤
⎥⎦ =

⎡
⎢⎣
jT · nd − ξ∗x
iT · nd − ξ∗y

0

⎤
⎥⎦ (15)

where i and j are 3 × 1 unit vectors to denote the x and y
axis of the robot respect to world frame (introduced in Section
III-B). We use ex and ey to present the angular error inxb andyb,
respectively, (while ez is not the control objective and considered
as zero), even though we notice that the dot product jT · nd and
iT · nd return cosine of the angles. This is because the flight is
assumed to be near the hovering state such that the small angle
approximation (by employing Taylor series expansion) can be
applied, as

jT · nd = cos
(π

2
+ δy

)
≈ −δy,

iT · nd = cos
(π

2
+ δx

)
≈ −δx (16)

where δx and δy are small angular deviation ofzb andnd [shown
in Fig. 3(b)].

2) Lyapunov Function Candidate: Let κp = diag(κpx, κpy)
be a nonnegative gain matrix, we define a vector containing
both angular error and angular velocity as s = κp[ex, ey]

T +
[ωx, ωy]

T . In addition, we introduce a 2 × 1 vector τ o =
[τo,x, τo,y]

T , to denote a constant torque applied on x and y
axis in body frame, which is further discussed in Section IV-D.
Let τ̃ o denote the estimation error, which yields τ o = τ̂ o + τ̃ o.
We propose the Lyapunov function candidate as

L =
1
2
sTs+

1
2
τ̃T
o Λ

−1τ̃ o (17)

whereΛ is a 2× 2, positive defined adaptive gain matrix. Taking
time derivative to L, we obtain

L̇ = sT ṡ+ ˙̃τT
o Λ

−1τ̃ o

= sT (κpωxy + ω̇xy) + ˙̃τT
o Λ

−1τ̃ o (18)

where ωxy = [ωx, ωy]
T = [ėx, ėy]

T . Considering the attitude
dynamics given by (6), ω̇xy = [ω̇x, ω̇y]

T = I−1
xy(τxy − τ o −

[ω×Iω]xy), where Ixy = diag(Ixx, Iyy), τxy = [τx, τy]
T ,

[ω×Iω]xy is the first two terms of ω×Iω. Submitting ω̇xy into
L̇, (18) becomes

L̇ = sT (κpωxy + I−1
xy(τxy − τ̂ o − τ̃ o − [ω×Iω]xy))

+ ˙̃τT
o Λ

−1τ̃ o

= sT (κpωxy + I−1
xy(τxy − τ̂ o − [ω×Iω]xy))

− sT I−1
xy τ̃ o + ˙̃τT

o Λ
−1τ̃ o. (19)

To guarantee L̇ = −sTκds ≤ 0, we derive the control torque
from (19), as

τxy = τ̂ o + [ω×Iω]xy − Ixyκpωxy − Ixyκds, (20)
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where κd is a nonnegatively defined gain matrix, and τ̂ o is
updated by

˙̃τT
o = sT I−1

xyΛ. (21)

B. Horizontal Translational Control

The horizontal translational controller is designed to eliminate
planar position error by controlling the attitude of the robot.
Let epx and epy represent the position error in x and y axis,
respectively, in world frame. We use magnitude α and direction
β to represent the planar error, yielded by

α = kα

√
e2
px + e2

py, β = arctan(
epy
epx

) (22)

where kα is position gain, β ∈ (−π, π]. Considering the con-
dition of near-hovering assumption and the reduced flight dy-
namics will become difficult to meet when the desired torque
goes high, we introduce a parameter to saturate the maximal
attitude deviation from the primary rotating axis in the flight, as
|α| ≤ αmax. That is because the differential force of propellers
perpendicular to the rotating axis (the residual force projected
in the horizontal plane when the spinning speed of propellers
is unequal) becomes nonnegligible to generate a high torque.
To feed the position error (α, β) into the attitude controller, the
desired attitude in (15) is calculated as

nd =

⎡
⎢⎣
cosβ sinα

sinβ sinα

cosα

⎤
⎥⎦ . (23)

C. Altitude Control

In this case, the altitude control needs to be considered in-
dependently to eliminate the altitude error epz . With the near-
hovering flight condition, we can simplify the considerations
by regarding the rotation axis is nearly upright in the flight,
which allows us to consider only the collective force T . As a
linear-second-order system, a standard PID controller is applied
to eliminate the altitude error, which is formulated by

T = kpepz + ki

∫
epz + kdėpz (24)

where kp, ki, and kd are nonnegative gains.

D. Mapping of Control Inputs

In order to implement the attitude controller and translational
controller proposed in the previous section, we introduce the
mapping of force T , torque τ and control inputs fm,i. The
pitching angle and rotary angle of ith of the wing module
with respect to the control module are denoted by θi and φi,
respectively (shown in Fig. 2).

In the equilibrium state, the aerodynamic forces and torques
from the wings are independent of the control signal and bal-
anced with each other, leaving only propeller force fm, reaction
torque τr and precession torque τp for consideration. Using φ
and θ, the torque acting on x and y axes can be calculated as

τx =
∑

((fm,ilm,isθi + τr,icθi)sφi
+ τp,icφi

), (25)

τy =
∑

(−(fm,ilm,isθi + τr,icθi)cφi
+ τp,isφi

) (26)

where s(·) and c(·) are short for sin (·) and cos (·), respectively.
Other parameters can be referred to in Fig. 2. Recalling (1),
we get the expression of input-related reaction torque, as τr,i =
cT
cf
fm,i. In the near hovering state, the rotation rate of the robot

can be considered as constant value Ω∗
n. Referring to (1) and (4),

the magnitude of precession torque can be modeled as

τp,i = Ω∗
nIp sin

(π
2
− θi

)
Ωi = Ω∗

nIp cos θi

(
fm,i

cF

) 1
2

(27)

where Ip and Ωi are the moment of inertia along the
spinning axis and the spinning speed of ith motor respec-

tively. By employing Taylor series, we can linearize f
1
2
m,i

around its equilibrium point f ∗
m,i, as f

1
2
m,i = fm,i|fm,i=f ∗

m,i

+ 1
2f

− 1
2

m,i|fm,i=f ∗
m,i

(fm,i − f ∗
m,i) = c0 + c1fm,i, where c0 =

f ∗
m,i − 1

2 (f
∗
m,i)

1
2 , c1 = 1

2 (f
∗
m,i)

− 1
2 are regarded as constant. Fi-

nally, we obtain the linear relationship of τp,i and fm,i, as

τp,i = Ω∗
nIp cos θi

(
c0√
cF

+
c1√
cF

fm,i

)
(28)

where the first term is independent to control inputs fm,i,
which can be balanced by other input-independent torques in
the equilibrium state. Taking the same assumption θi = θ which
we introduced in previous Section III-E, and considering that all
the wing modules are identical, leading to lm,i = lm, we derive
the linear expression of τx and τy to control inputs fm,i, as

τx =
∑((

lmsθ +
cT
cF

cθ

)
sφi

+
Ω∗

nIpcθc1√
cF

cφi

)
fm,i,

(29)

τy =
∑(

−
(
lmsθ +

cT
cF

cθ

)
cφi

+
Ω∗

nIpcθc1√
cF

sφi

)
fm,i.

(30)

However, in practice, it is difficult to obtain all the pre-
cise parameters to calculate τx and τy . In order to minimize
the impact due to parameter uncertainty, we define λ sin ε :=

lm sin θ + cT
cF

cos θ, λ cos ε :=
Ω∗

nIp cos θc1√
cF

. Substituting them
into (29) and (30), we obtain a simplified expression, τx =∑

(sin ε sinφi + cos ε cosφi)λfm,i, τy =
∑

(− sin ε cosφi +
cos ε sinφi)λfm,i. In this way, λ becomes a scalar of motor
thrust, which can be handled by adjusting the proportional gain
of the controller. ε is a constant denoting the ratio of the collective
torque caused by τr, fm and the torque caused by precession
motion τp (shown in Fig. 2), and is determined experimentally.
Combining (13), we obtain the linear mapping to control input
u, as

⎡
⎢⎣
τx

τy

T

⎤
⎥⎦ =

A3×n︷ ︸︸ ︷⎡
⎢⎣

sεsφ1 + cεcφ1 , sεsφi
+ cεcφi

, ..

−sεcφ1 + cεsφ1 ,−sεcφi
+ cεsφi

, ..

1, 1, ..

⎤
⎥⎦

un×1︷ ︸︸ ︷⎡
⎢⎣
f1

fi

..

⎤
⎥⎦ (31)

where A is the configuration matrix, u is the motor input vector.
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E. Implementation Considerations

To implement the proposed flight controller in different con-
figurations, we discuss the situation in the following aspects:

1) Attitude Controller Modification: The attitude controller
designed in Section IV-A considers two parts: 1) the attitude
error; and 2) the constant torque due to the asymmetric con-
figuration [refer to (17)]. However, in practice, only the con-
figurations with vertical installed rotors (θ = 90◦) need to use
the adaptive term to actively compensate the unbalanced torque
τ o. For the configurations with self-rotation motion (θ � 90◦),
the unbalanced torque τ o is cancelled in its relaxed hovering
condition. Thus, in those cases, the adaptive gain Λ is set to
zero.

In addition, the control torque (20) derived from the proposed
Lyapunov function (17) consists of both angular error and the
angular velocity. In practical implementation, it is difficult to
make use of the angular velocity to stabilize the flight attitude.
That’s because the high self-rotating speed (around 30–60 rd/s)
has significant components on xb and yb axis when zb is not
aligned with the rotating axis n. Even the small angle deviation
assumption has been made to ξx and ξy; the components of the
rotating speed Ωn on each primary axis of body frame are still
nonnegligible and have critical impact on attitude control. As a
result, we consider only the attitude error practically, and (17)
becomes

τxy = −Ixyκp[ex, ey]
T . (32)

On the other hand, the high self-rotating speed also allows the
robot to benefit from the gyroscopic effect, which offers the
passive damping ability to the attitude stabilization [40].

2) Implementation on the Case When N < 3: For the con-
figurations when wing number n < 3, the system is not able
to generate enough independent control signals to all the τx,
τy , and T due to the severe underactuation. Thanks to the
fast rotation motion, the control signal for attitude stabilization
is nearly cyclic, which limits the impact of the motor speed
on altitude dynamics over a cycle. This also motivates us to
control the position and attitude with different controller in
parallel, as

Cm = Ch + Ca (33)

where Ch is the command generated by altitude controller
[shown in (24)], Ca is the command generated by attitude
controller [shown in (20)]. And A becomes a 2 × 2 matrix.

3) Implementation on the Case When N ≥ 3: When the
number of wing module n ≥ 3, the proposed system is able to
produce at least 3 independent controlling signals. In this case,
τx, τy , and T are calculated by attitude and altitude controller,
respectively. And the actuator input u can be directly calculated
by inverting (n = 3) or pseudoinverting (n > 3) matrix A.

4) Implementation on the Case When the Rotors are Ver-
tically Installed: When the wing modules are perpendicularly
installed to the control module, the input mapping can be
directly obtained from (29) and (30) by substituting θ = π

2
(in radians).

Fig. 5. φ estimation for configuration B, I, and K. Red color is the
groundtruth, blue color represents estimations.

F. Parameter Estimation

Owing to the reconfiguration, the relative attitude (φ, θ) of
the control module and wing module may change, leaving some
dynamic uncertainties to the robot. With previous analysis, the
uncertainties caused by θ is covered by introducing parameter
ε. To obtain matrix A, here, we leverage multiple IMUs for
estimating angle φ. Let ωb represent the angular velocity in
robot’s body frame (control module) and ωi represent the angu-
lar velocity of the ith wing module. Considering each module
experiences the same angular velocity with respect to body
frame, we then have the relations as shown by

ωb = Rb
iω

i. (34)

By employing multiple variable regression, we can calculate the
rotation matrix Rb

i . It is fair to assume that the y axis of the
wing module is pointing to the center of the control module and
parallel to the plane formed by x–y axes. Then, the angle φi can
be derived by calculating the angle between x axis of control
module and y axis of the wing module with respect to the body
frame, as

cosφi = e1 · (−Rb
i (:, 2)) (35)

where e1 = [1, 0, 0]T , Rb
i (:, 2) is the second column of Rb

i ,
which represents the y axis of ith wing module in control module
frame.

V. EXPERIMENTAL VALIDATION

A. Preflight Estimation

In order to obtain a suitable range of gyroscopic readings for
all the IMUs, the prototype was handheld and manually rotated
in each trial, similarly in [3]. All the IMU data were collected
and saved by running a Python (Pycharm) script with multiple
threads on the ground-station via WIFI. The data collection
period was 20 s with a sampling frequency at around 100 Hz.
Since the data of each modules were saved with different time
stamp, we first need to create a common timeline by combining
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Fig. 6. Details of a total of 12 different configurations which are tested in flight experiments. The number of wing modules n varies from 1 to 4.
Different rotary angle φ and pitching angle θ are combined.

all the saved time stamp together. Let ti represent the time stamp
of the ith IMU module, then the common time line is defined
as tc = [t1, t2, ti, ..]. Next, each recorded IMU reading needed
to be interpolated to align with the common time line, tc. Let
the gyroscopic reading of ith IMU be gi, then the interpolation
is processed as, g′i = interp(ti, gi, tc), where interp is a inter-
polation function. With g′i and tc, we can calculate the relative
rotary angle by processing via (34) and (35).

The estimation results as plotted in Fig. 5 validated the
proposed estimating method. The average absolute errors for
configuration (b), (i), and (k) is 1.3◦, 2.4◦, 3.4◦, respectively. The
possible factors could come from the data processing, such as
the linear regression and interpolation, and the IMU installation
error.

B. Flight Experiment

To quantify the flight performance, we carried out several
types of flight experiments including hovering, helical-trajectory
tracking, and step trajectory tracking. In total, there were 12
different platforms tested with various of combinations of the
number of wing module, pitching angles, and rotary angles,
details shown in Fig. 6.

1) Experimental Setup: All flight experiments were con-
ducted in an indoor environment equipped with motion capture
cameras. The communication between onboard flight controller
(Crazyflie Bolt) and ground-station is through radio communica-
tion (Crazyradio PA). Other details can be found by our previous
publication [34].

TABLE I
ROTATING AXIS IN RELAXED HOVERING STATE

2) Trim Flights: With preflight estimation introduced in
Section V-A, φ angles for each configuration were obtained.
Trim flights needed to be carried out to determine the value of
ξ∗x and ξ∗y in (15) and parameter ε in matrix A. Details of ξ∗x and
ξ∗y are listed in Table I. εwas roughly decided experimentally. We
found that the attitude can be stabilized when choose ε = π

3 ± π
10

(in radians) for all the configurations except (i) and (j).
3) Hovering Flights: We conducted a 90-s hovering flight for

all the configurations given in Fig. 6, including takeoff, hovering,
and landing. With experimentally determined parameters, we
tested the hovering flight with a desired position at [0, 0, 1.2] in
order to be free of ground effect. The flight performance of both
position and attitude control was evaluated by the average and
standard deviation of absolute position and attitude error. Since
takeoff and landing was initialized manually by a transmitter,
the time interval selected for evaluation was taken from 20–80 s.
And each flight was repeated for five times. Details of position
and attitude plot can be found in Fig. 7.

Compared to other configurations, Fig. 7(i) and (j) have much
simpler force model thanks to the vertical installed wing modules
and slow rotating speed (around 0.1 m/s, gyroscopic effect can
be ignored). As a result, Fig. 7(i) and (j) have better capability
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Fig. 7. Average and standard deviation of absolute position and atti-
tude error in hovering flights. The plots are calculated from five flights
with the time intervals of 20–80 s.

Fig. 8. Trajectories and attitude plots of helical tracking for Section
V-B-4. First three subplots show the trajectories with three flights in x,
y, and z axis, respectively. Next two subplots show the desired flight
attitude (rotation axis nd) calculated by planar translational controller
(black dashed line) versus z axis of robot with respect to the inertia
frame. The last plot shows the normalized motor signals.

(in contrast to other rotating configurations) to respond to the
position error. However, the unbalanced reaction torques from
propellers (all are in the same spinning direction) cause the
uncertain and varying yaw value in the hovering flight, which
results in unexpected attitude errors [see (15)]. Consequently,
the flight performance of Fig. 7(i) and (j) shows high attitude

Fig. 9. Trajectories and attitude plots of step tracking for Section V-B-5.
First three subplots show the trajectories with three flights in x, y, and
z axis, respectively. Next two subplots show the desired flight attitude
(rotation axis nd) calculated by planar translational controller (black
dashed line) versus z axis of robot with respect to the inertia frame.
The last plot shows the normalized motor signals.

error but relatively small position error compared to other con-
figurations.

Unlike Fig. 7(i) and (j), the rest of platforms have much
smaller pitching angle and higher rotating speed. Note that the
higher rotating speed introduces higher angular momentum [40],
which requires higher torque generation for attitude stabiliza-
tion, accordingly. What’s more, the lower pitching angles will
decrease the torque generation ability based on (29) and (30).
As a result, platform (c) in Fig. 7 has more difficulties when
stabilizing the flight attitude (explained in Section IV-B), and
that’s why platform (c) shows both higher attitude and position
error than (b) even with asymmetric configuration in Fig. 7.

To avoid the large torque generation and maintain the reduced
flight dynamics assumption, the angular deviation saturation
value αmax and position gain kα are set relative smaller in some
configurations such as (d) and (e), to achieve a stable flight. As
a result, the position holding performance becomes worse while
the attitude error maintains small.

When the number of wing modules n ≥ 3, the ARROWs
is able to stabilize its flight attitude without relying on pas-
sive stability. However, extra wing modules also increase the
total mass, the moment of inertia, and rotating speed, which
requires high torque generation to overcome the damping effect
caused by the high angular momentum [40]. Combined with
our previous analysis in Section IV-B, that explains why the
flight performance does not show better by simply increasing
the number of wing modules when comparing platforms (f),
(g), (h), (k), (l) to (a), (b), (c). It seems that the configuration
with two symmetrically installed wing modules shows better
flight performance among all as it has a relatively large torque
generation capacity (compared to n = 1) and small moment of
inertia (compared to n = 3, 4).
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TABLE II
FLIGHT DURATION TEST

In order to show the power efficiency with different numbers
of wing modules, we also carried out the flight duration test
(with a 300-mAh Li-Po battery for all flights) for configurations
(a), (b), (f), (i), (k). Each flight has been repeated three times.
Average flight duration is given in Table II. During the test, the
robots are controlled at the same reference position [0, 0, 1.2].
Compared to configuration (i), which generates the lifting force
directly by the propeller, (f) shows around 30% longer flight
time without particular optimization.

4) Helical Trajectory Tracking: A helix-like trajectory (with
radius of 1.2 m) was chosen for configurations (a), (b), (c),
(d), and (e), to evaluate the flight performance in slow speeds
(with average horizontal translational speed at 0.25 m/s). In the
first 30 s, the robot took off from ground and hovered at 1-m
height. From 30 to 60 s, robot tracked the helical trajectory with
constantly moving height setpoints from 1 to 1.5 m.

We have chosen configuration (c) to show the flight details
of helical trajectory tracking as it has unequal pitching angles.
The flight was repeated three times, and one of them is chosen
to show the attitude control performance and the corresponding
normalized motor command signal as shown in Fig. 8.

5) Step Trajectory Tracking: A step trajectory with different
altitude setpoints was developed for configurations (f), (g), (h),
(i), (j), (k), and (l). For the first 30 s, the robot was manually
triggered to takeoff and hovered at [−1,−1, 1.5]. For 30 s to 60
s, the setpoint was shifted to [1, 1, 1]. Each flight was repeated
three times. We select configuration (g) to show the details of
flight in Fig. 9 as it has unequal rotary angles φ. The average
speed of translational motion was around 0.3 m/s.

VI. CONCLUSION

In this work, we have developed a modular aerial robotic
platform: ARROWs. With simple human assistance, ARROWs
can be reconstructed into different configurations with various
wing numbers, and rotary and pitching angles. With some nec-
essary assumptions, we modeled and studied the reduced flight
dynamics of the proposed robots. The insights motivate us to
design a practical flight controller with a cascaded structure.
To overcome the possible dynamical uncertainties caused by
the nature of reconfiguration, we also introduced an IMU-based
rotary angle estimation strategy. To evaluate the proposed plat-
forms and flight controller, 12 configurations with different
wing numbers and pitching angles were tested in actual flights.
All configurations showed stable flight performance and the
potential of the applications.

The findings of the experiments validate the advantage of
the proposed modular aerial robotic platform in the following
aspects. First, the ability of reconfiguration enables ARROWs
to work with selected features, such as the footprint, flight

duration, and payload capacity. In addition, the huge airfoils
allow ARROWs to become more power efficient than those
traditional multirotors generating thrust directly with propellers.
Lastly, the inherited passive rotating motion can provide con-
venience to some of the potential applications. For example,
the Li-DAR and camera would obtain a wider view with a
proper rotating speed. As the flight controller is developed
based on the near-hovering state to simplify the complexity
caused by the aerodynamics and rotary motion, the main lim-
itation of ARROWs is its insufficiency of agility. On the other
hand, the existence of inherited self-rotating motion can also
become a problem when the payload is sensitive to rotation.
Another limitation of this research is the proposed cascaded
flight controller necessities the decoupling of the attitude dynam-
ics and translational dynamics. However, this condition is diffi-
cult to satisfy in some configurations. Details are explained in
Section IV-B.

To break those limitations of this research as discussed above,
future works can be expected as follows. First, an optimized
flight configuration including wing numbers, wing geometry,
and pitching angle can be studied to balance the payload capac-
ity, hovering efficiency as well as control authority. Besides, a
robotic platform with multiple flight modes can be explored
to address the problem caused by the insufficient agility of
ARROWs.
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