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Abstract— A miniature robotic blimp, as one type of lighter-
than-air aerial vehicle, has attracted increasing attention in the
science and engineering field for its long flight duration and safe
aerial locomotion. While a variety of miniature robotic blimps
have been developed over the past decade, most of them utilize
the buoyant lift and neglect the aerodynamic lift in their design,
thus leading to a mediocre aerodynamic performance. This
letter proposes a new design of miniature robotic blimp that
combines desirable features of both a robotic blimp and a fixed-
wing glider, named the Robotic Gliding Blimp, or RGBlimp. This
robot, equipped with an envelope filled with helium and a pair
of wings, uses an internal moving mass and a pair of propellers
for its locomotion control. This letter presents the design,
dynamic modeling, prototyping, and system identification of
the RGBlimp. To the best of the authors’ knowledge, this is
the first effort to systematically design and develop such a
miniature robotic blimp with hybrid lifts and moving mass
control. Experimental results are presented to validate the
design and the dynamic model of the RGBlimp. Analysis
of the RGBlimp aerodynamics is conducted which confirms
the performance improvement of the proposed RGBlimp in
aerodynamic efficiency and flight stability.

I. INTRODUCTION

Miniature robotic blimps have attracted a rapidly growing
interest in the science and engineering communities with
their technological advances in actuation, sensing, and con-
trol [1]- [10]. The miniature robotic blimp, as one kind of
lighter-than-air (LTA) aerial vehicle, has unique advantages
such as long endurance in the air, enhanced safety in human-
robot interaction, and low acoustic noise level in locomo-
tive operation with great potential in applications including
search and rescue [6], environmental monitoring [7], and
interactive entertainment [8].

Whereas a miniature robotic blimp uses buoyant lift for
long flight duration and locomotion safety, the aerodynamic
performance of such a robot is quite limited, especially
in low-speed cruising scenarios. A case in point is that
the control surface such as the rudder, the elevator, and
the aileron, while often used in the control of high-speed
aerial vehicles such as large-scale airships and airplanes,
has significantly decreased effectiveness in control of low-
speed miniature robotic blimps. On the other hand, gliding
mechanism has been applied to aerial vehicles to achieve
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(d) Miniature Robotic Blimp 
      e.g. GT-MAB [1] 

(b) RGBlimp
(Robotic Gliding Blimp)

(c) Rotary-Wing
  e.g. DJI Drone [11] 

(a) Fixed-Wing
    e.g. Zagi 60 [12] 
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Fig. 1. The schematic of the conceptual design of the RGBlimp inspired
from existing miniature aerial vehicles. While with advantages in buoyant
lift, robotic blimps (d) are more durable, safer, and less noisy, their aero-
dynamic performance is rarely considered. In contrast, fixed-wing gliders
(a) are designed to take advantage of the gliding mechanism with a higher
lift-to-drag ratio but generally lose aerodynamic efficiency at low speed.
Combining the advantages of buoyant and aerodynamic lift, the RGBlimp
(b) as a hybrid aerial robot is designed to adapt to low-speed flight with
improved aerodynamic performance.

high aerodynamic efficiency. For example, fixed-wing gliders
[12] and hybrid airships [13]- [15] use a pair of wings to
provide aerodynamic lift for gliding, but generally require
high-speed flight to generate sufficient lift.

This letter proposes a new miniature robotic blimp, named
Robotic Gliding Blimp (RGBlimp) that is equipped with a
helium-filled envelope for buoyant lift and a pair of wings for
aerodynamic lift, aiming to combine the desirable features of
a conventional blimp and a fixed-wing glider. The RGBlimp
uses a pair of propellers for propulsion and their differential
thrusts for the heading control. In addition, the RGBlimp
adopts a moving mass for the attitude control, which is
expected to have an improved flight control performance
over control surfaces (elevators) at low-speed locomotion.
This letter presents the design and dynamic modeling of
the RGBlimp, which is, to our best knowledge, the first
miniature robotic blimp in the literature with hybrid buoyant-
aerodynamic lift and moving mass control. Following that,
this letter proposes a method of system identification. The
experimental results are presented to validate the proposed
design and the derived dynamic model. Analysis is conducted
upon the difference in the aerodynamic performance between
the proposed RGBlimp and the conventional aerial robots
such as the miniature robotic blimp and the fixed-wing aerial
vehicle.
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This letter has three main contributions as follows.
• First, the design of the RGBlimp, a novel miniature

robotic blimp, is proposed. Particularly, the RGBlimp
has a unique hybrid aerodynamic-buoyant lift design,
and a moving mass control for low-speed flight.

• Second, the dynamic model that differs from the ex-
isting work by considering the dynamic effects of the
moving mass is derived using Euler’s equations of mo-
tion. System identification of the RGBlimp, particularly
aerodynamic identification, is proposed and tested using
nonlinear regression on steady flight data.

• Third, an RGBlimp prototype is developed and exper-
imentally tested to validate the proposed hybrid lift
design and the dynamic modeling. In addition, the
experimental results confirm our design in improving
the aerodynamic performances when compared with
other conventional aerial robots.

The remainder of this letter is organized as follows.
Section II proposes the design of the RGBlimp and derives
a first-principle dynamical model. Section III presents a
developed RGBlimp prototype and a system identification
method utilizing steady flight data when varying the moving
mass control. In Section IV, extensive flight experiments
are conducted, the results of which validate the proposed
design and established dynamics model. Comparison analy-
sis is presented pertaining to the aerodynamic performance
improvement of the RGBlimp design. Finally, the concluding
remarks are provided in Section V.

II. DESIGN AND DYNAMIC MODELING

In this section, we introduce the design of the RGBlimp
(Fig. 1(b)) and establish the first-principle dynamical model
of the robot.

A. Design of the RGBlimp

An RGBlimp combines the desirable features of both a
miniature blimp and a fixed-wing glider, designed for low-
speed flight applications with long endurance, high safety,
low noise, and enhanced aerodynamic performance. The
RGBlimp stays aloft using the buoyant lift with a lightweight
lifting gas (e.g., helium) and the aerodynamic lift with a pair
of fixed wings. While vertical thrusters provide altitude con-
trol in most existing miniature robotic blimps, the RGBlimp
does not include those thrusters but rather relies on gliding
with pitch regulation for altitude control aiming for a higher
lift-to-drag ratio (L/D) and higher aerodynamic efficiency.

The RGBlimp has two actuation systems for propulsion
and orientation control. Specifically, a pair of small-sized
propellers provide propulsion and yaw adjustment. The
moving mass controls the attitude by adjusting the mass
distribution of the robot.

B. Dynamic Modeling

This section derives the dynamic model of the RGBlimp.
The non-zero displacement of the center of gravity (CG)
from the center of buoyancy (CB) and the motion of the

moving mass will be considered, which is often ignored in
the dynamic modeling of most existing miniature robotic
blimps [1], [5].
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Fig. 2. Illustration of the RGBlimp model. (a) The mass distribution
(side view), including the stationary mass m and the moving mass m̄. (b)
The coordinate frames, differential propulsion, and aerodynamic forces.

We model the RGBlimp as a rigid-body dynamical system
of six degrees of freedom with external forces and moments
exerted by the moving mass, gravity, and surrounding passing
air. Figure 2(a) shows the mass distribution of the robot.
The moving mass is denoted as m̄ with a controllable
displacement r̄ with respect to CB; the mass of the stationary
body (excluding the moving mass m̄) is denoted as m with
a constant displacement r with respect to CB.

Figure 2(b) shows the reference frames as well as the
external forces. Following the literature [16], the pose of the
robot including the position and the orientation is defined and
represented with respect to the earth-fixed inertial reference
frame that is denoted by O-xyz. The translational and rota-
tional velocities of the RGBlimp are defined and represented
with respect to the body-fixed frame that is denoted by
Ob-xbybzb, whose origin Ob is defined at CB. The thrusts
Fl and Fr are assumed to be parallel to the xb-axis.

The orientation of the RGBlimp is described by the Euler
angles including the roll angle ϕ, the pitch angle θ, and the
yaw angle ψ. Let ei = [ϕ, θ, ψ]T stand for the orientation.
Let pi = [x, y, z]T stand for the position vector, describing
the displacement of the origin of the inertial frame O relative
to the origin of the body-fixed frame Ob. Let vb = [u, v, w]T

and ωb = [p, q, r]T stand for the translational and rotational
velocity vectors of the body-fixed frame relative to the
inertial frame, respectively. The kinematics of the RGBlimp
is described by

ṗi = Rvb, ėi = Jωb. (1)

Here, R = RψRθRϕ represents the rotation operation from
the body-fixed frame to the inertial frame using the roll-pitch-
yaw (RPY) sequence. The angular velocity ωb and the Euler
angle changing rate ėi are related via the transformation
matrix J [18], i.e.,

J =

 1 sinϕ tan θ cosϕ tan θ
0 cosϕ − sinϕ
0 sinϕ/ cos θ cosϕ/ cos θ

. (2)

Based on Euler’s first and second laws of motion, the



dynamics of the RGBlimp are derived as follows

F b = m (v̇b + ωb×vb + a) , (3)
T b = Iω̇b + ωb×(Iωb) +mr×(v̇b + ωb×vb) . (4)

Here, m is the stationary body mass; I is the stationary body
inertia tensor about the origin of the body-fixed frame Ob.
F b and T b are the total external force vector and moment
vector acting on the stationary mass, respectively, expressed
in the body-fixed frame. a is the sum of Euler acceleration
and centripetal acceleration of the stationary body mass m,
expressed in the body-fixed frame [2] [17], i.e.,

a = ω̇b×r + ωb×(ωb×r). (5)

The total external force is calculated as

F b = (Fl+Fr)ib + (mg −B)RTk + F aero + f . (6)

Here, Fl and Fr represent the thrust forces generated by
the left and right propellers, respectively. ib=[1, 0, 0]T and
k = [0, 0, 1]T are the unit vectors along the Obxb and Oz
axes, respectively. B= ρgVHe stands for the buoyant force,
where ρ is the density of the air and VHe is the volume of the
helium gas. F aero represents the aerodynamic forces acting
on the robot expressed in the body-fixed frame, which will
be discussed in detail in Sec. II-C.

By D’Alembert’s principle, the term f in (6) is the total
force acting on the stationary mass, exerted by the moving
mass expressed in the body-fixed frame, i.e.,

f = m̄gRTk − m̄ ˙̄v, (7)

where ˙̄v is the time derivative of the velocity of the moving
mass m̄, expressed in the body-fixed frame, i.e.,

˙̄v = RT d

dt
R (vb + ˙̄r + ωb×r̄)

= v̇b + ωb×vb + ¨̄r + 2ωb× ˙̄r

+ ω̇b×r̄ + ωb×(ωb×r̄) .

(8)

The total external moment T b is calculated as

T b = (Fl+Fr)r̄zjb + (Fl−Fr)dkb
+ r×mgRTk + T aero + r̄×f .

(9)

Here, jb= [0, 1, 0]T and kb= [0, 0, 1]T are the unit vectors
along the Obyb and Obzb axis, respectively. r̄z is the third
element of the vector r̄. d is the distance from each propeller
to the Obxb axis (Fig. 2(b)). T aero is the aerodynamic
moment acting on the robot expressed in the body-fixed
frame, which will be discussed in detail in Sec. II-C.

Combining (1)-(9), we rewrite the full dynamic model of
the RGBlimp in terms of the system states pi, ei,vb,ωb, r̄, ˙̄r
and the control inputs Fl, Fr, F̄x, F̄y, F̄z in a vector form as
follows ṗė

˙̄r

 =

Rvb
Jωb
˙̄r

 , (10)

v̇bω̇b
¨̄r

 = A

 f̃
t̃

03×1

+B

FlFr
F̄

 , (11)

where
f̃ = (m+m̄)vb×ωb + (ωb×lg)×ωb +

(mg+m̄g−B)RTk + F aero + 2m̄ ˙̄r×ωb, (12)

t̃ = lg×(vb×ωb) +
(
I−m̄(r̄×)2

)
ωb×ωb+

lg×gRTk + T aero + 2m̄r̄×( ˙̄r×ωb), (13)

A =

(m+m̄)13 −l×g m̄13

l×g I−m̄(r̄×)2 m̄r̄×

03 03 13

−1, (14)

B =A

1 0 0 0 r̄z r̄y+d 02×31 0 0 0 r̄z r̄y−d
03×6 13

T

. (15)

Here, F̄ = [F̄x, F̄y, F̄z]
T = ¨̄r is the relative acceleration of

the moving mass m̄, considered as part of the control inputs.
lg=mr+m̄r̄ satisfies rg= lg/(m+m̄) where rg is the CG
of the robot. 0 is the zero vector or matrix. 1 is the identity
matrix. The determinant of A is always greater than zero,
hence A−1 is always well-defined.

C. Aerodynamic Model

To model the aerodynamics, we define the velocity refer-
ence frame Ob-xvyvzv . Specifically, the Obxv axis is along
the direction of the velocity, and the Obzv is perpendicular
to Obxv in the plane of symmetry of the robot, as shown
in Fig. 2(b). Rotation matrix Rb

v represents the rotation
operation from the velocity reference frame to the body-fixed
frame, i.e.,

Rb
v =

 cosα cosβ − cosα sinβ − sinα
sinβ cosβ 0

sinα cosβ − sinα sinβ cosα

 , (16)

where α = arctan(w/u) is the angle of attack, β =
arcsin(v/V ) is the sideslip angle, and V is the velocity
magnitude.

Expressed in the velocity reference frame, the aerody-
namic forces include the drag force D, the side force S,
and the lift force L , as shown in Fig. 2(b); the aerodynamic
moments include the rolling moment M1, the pitching mo-
ment M2, and the yaw moment M3. Then we have

F aero = Rb
v[−D, S ,−L ]T, (17)

T aero = Rb
v[ M1, M2, M3]

T. (18)

The aerodynamic forces and moments are dependent on
the angle of attack α, the sideslip angle β, the velocity
magnitude V [20] [21], i.e.,

D = 1/2 ρV 2A CD(α,β), (19)

S = 1/2 ρV 2A CS(α,β), (20)

L = 1/2 ρV 2A CL(α,β), (21)

M1 = 1/2 ρV 2A CM1
(α,β) +K1p, (22)

M2 = 1/2 ρV 2A CM2
(α,β) +K2q, (23)

M3 = 1/2 ρV 2A CM3(α,β) +K3r. (24)



Here, scalar A is the reference area, which characterizes the
design characteristic of the robot. K1, K2, K3 ∈ R− are
the rotational damping coefficients. The terms in the form of
C□(α,β) are the corresponding aerodynamic coefficients.

D. Steady-State Equations

Given fixed control inputs, we obtain steady-state equa-
tions that describe the steady flight motion of the RGBlimp.
Assuming the velocity of moving mass ˙̄r is zero, the steady-
state equations are obtained by setting the time derivatives
of (11) to zero, yielding

0 =F aero + (m+m̄)vb×ωb + (ωb×lg)×ωb +

(mg+m̄g−B)RTk + (Fl+Fr)ib, (25)

0 =T aero + lg×(vb×ωb) +
(
I−m̄(r̄×)2

)
ωb×ωb+

lg×gRTk + (Fl+Fr)[0, r̄z, r̄y]
T+ (Fl−Fr)dkb. (26)

The steady flight when Fl − Fr is nonzero corresponds
to a spiraling motion, similar to the steady spiraling of
underwater gliders [19]. There are six independent states for
describing the steady spiral motion, including θ, ϕ, ψ̇, V, α, β,
which could be uniquely determined by solving (25)-(26).
The steady spiraling flight changes into a planar straight-line
flight when Fl−Fr, ψ̇, and β are all zeros.

III. THE RGBLIMP PROTOTYPE AND
SYSTEM IDENTIFICATION

A. RGBlimp Prototype and Experimental Setup

We successfully developed a prototype of the RGBlimp
shown in Fig. 3. The net weight of the robot is 6.85 g and
the dimension is 1.0×1.1×0.5m, designed to accommodate
necessary hardware components and other required payload.
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Fig. 3. The RGBlimp prototype design includes an envelope, a pair of
main wings, a tail fin, two tailplanes, and a gondola that consists of a pair
of propellers, a controller unit, and a battery.

The mass distribution of the RGBlimp prototype is de-
tailed in Table I. The stationary mass m mainly includes an
envelope, a pair of main wings, a tail fin, and two tailplanes.
Specifically, the envelope is a Mylar balloon filled with 125
liters of helium, providing roughly 152.04 gf buoyancy. The
pair of main wings takes an aerodynamic shape with 400mm
wingspan and 15 deg dihedral angle, providing necessary
aerodynamic lift and rolling stability. The vertical tail fin and
horizontal tailplanes are mounted onto the tail section of the
prototype. Active markers (850 nm infrared LEDs) are used
for the motion capture experiments.

TABLE I
Mass distribution of the RGBlimp prototype.

Component Weight

Buoyancya −B (Helium) -152.04 gf
Stationary Mass m 104.81 g

Helium 21.19 g
Envelop 40.73 g
Main Wings 9.42 g×2
Tail Wings (Tail Fin & Tailplanes) 2.29 g×3
Guide Rail (for Moving Mass) 15.13 g
Motion Capture Markers (Infrared LEDs) 2.05 g

Moving mass m̄ (Gondola) 54.08 g
Battery 16.80 g
Control Unit & Thrusters 32.31 g
Additional Weight 4.97 g

Total (Netb) 6.85 g
aThe total buoyancy of helium in gram force (gf). bThe total net mass refers to the
total weight remaining after deducting buoyancy, i.e., m+m̄−B.

A battery, a control unit, and a pair of propellers are
integrated into the gondola serving as the moving mass m̄
that uses a linear actuator to move back and forth along a 3D-
printed guide rail mounted onto the bottom of the RGBlimp
prototype. The position of the moving mass is represented
by r̄= r̄0+∆r̄xib where r̄0 is the designated initial position
vector of the moving mass, ∆r̄x is the displacement along the
longitudinal axis of the robot xb, and ib is the unit vector
in the direction of xb. The pair of propellers, mounted on
the left and right sides of the gondola, provide differential
propulsion for forward motion and yaw adjustment, with a
distance of d=150mm from the x-O-z plane.

The propellers are powered by brushless DC motors
SE0802-KV19000 and electronic speed controllers (ESC).
The control unit uses a low-cost microcontroller ESP8266
running the Robot Operating System (ROS).

B. System Identification

First, we determine the system parameters excluding the
aerodynamic coefficients. The gravitational constant g is
9.80m/s2. The air density ρ is 1.219Kg/m3, and the
Reynolds number Re is 3.4×104. We calculate the CG r by
hanging the stationary part of the robot (without gondola) at
selected points, then taking the intersection of these hanging
strings, resulting in r = (−43.2, 0.3, 7.9)mm. The moving
mass (gondola) m̄ is treated as a point mass. Its initial
position r̄0 is gauged by the motion capture system r̄0 =
(74.7, 0.6, 238.0)mm. We model the mass distribution of
the robot using computer aided design (CAD) and calculate
the inertia tensor I = diag(0.030, 0.015, 0.010)kg·m2. The
mapping from the ESC throttle to thrust forces is calibrated
experimentally.

With the developed prototype, extensive flight experiments
were conducted to identify the aerodynamic coefficients.
Specifically, the robot was flown in a motion capture arena
(L5.0×W4.0×H2.5m) with ten OptiTrack cameras. The
system captures data at 60Hz, with an accuracy of 0.76mm
RMS in position estimation error. A router facilitates real-
time communication between the robot and a PC through



ROS. In each trial, an electromagnetic releaser ensures
consistency in the starting pose.

The aerodynamic model of the RGBlimp is different from
conventional miniature robotic blimps [22] and fixed-wing
aircraft [23]. We conducted aerodynamic model identification
using a series of steady flight tests with different displace-
ments of the moving mass ∆r̄x.

In the steady straight-line flight, we varied ∆r̄x at 11 dif-
ferent positions including −5, ..., 4, 5 cm while holding the
thrust Fl and Fr constant at 2 gf . We repeated the flight ex-
periment 10 times for each displacement setting, totaling 110
trials. In the steady spiral flight, we varied ∆r̄x at 6 different
positions including −1, ..., 3, 4 cm and Fl−Fr at 6 differen-
tial values including −3.2,−3.7,−4.2,−4.3,−4.4,−4.9 gf
while holding the Fl+Fr constant at 7 gf . We repeated the
spiraling experiment 4 times for each experimental setting,
totaling 124 trials. All the experiments were recorded and
analyzed using the motion capture system. Experimental
results of the angle of attack and the sideslip angle at the
steady state are shown in Fig. 4.
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Fig. 4. Experimental results of the angle of attack and the sideslip angles
in the steady flight of straight-line and spiral motions. (a) In straight-line
motion, α changes with ∆r̄x, and β ≈ 0. (b) In spiral motion, α and β
both change with ∆r̄x (and Fl−Fr as well) β is mainly considered in this
letter.

The aerodynamic forces (D,S,L) and aerodynamic mo-
ments (M1,M2,M3) are calculated from the experimental
data by solving the set of equations (25)-(26) and (17)-(18).
We identify the mapping from the aerodynamic angles α
and β to the aerodynamic force and moment coefficients
C□ and the damping coefficients Ki in (19)-(24). Based on
the experimental results, we model the aerodynamic force
and moment coefficients as polynomial functions of the
aerodynamic angles α and β, and use polynomial regression
to identify the model parameters or aerodynamic coefficients,
leading to

CD(α,β) = C0
D+ CαDα

2 + CβDβ
2, (27)

CS(α,β) = C0
S + CαSα

2 + CβSβ , (28)

CL(α,β) = C0
L + CαLα + CβLβ

2, (29)

CM1
(α,β) = C0

M1
+ CαM1

α+ CβM1
β , (30)

CM2
(α,β) = C0

M2
+ CαM2

α+ CβM2
β4, (31)

CM3(α,β) = C0
M3

+ CαM3
α+ CβM3

β . (32)

Here, all the constants C□
□ are aerodynamic coefficients

identified from the experimental data.
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Fig. 5. The system identification results of the aerodynamic force and
moment coefficients modeled as polynomial functions of the aerodynamic
angles α and β. The drag coefficient CD is quadratic in both aerodynamic
angles. The lift coefficient CL and the pitching coefficient CM2 are linear
in α as in conventional aerial vehicles, but quadratic and quadruplicate with
β respectively. The side force coefficient CS is linear in β but independent
of α, which characteristic is also observed in the rolling coefficient CM1

and the yawing coefficient CM3
.

Solving (19)-(24) and (27)-(32), the aerodynamic and
damping coefficients are determined using the steady flight
experimental data, with the reference area A= (VHe)

2/3 =
0.25m2. We used the nonlinear least squares optimiza-
tion method, specifically the trust-region-reflective algorithm
[24], to fine-tune the coefficients, the results of which are
shown in Table II.

TABLE II
Identified aerodynamic coefficients of the RGBlimp prototype.

C□
□ 0 α β

D 0.243 4.419 rad−2 7.508 rad−2

S 0.001 −0.074 rad−2 −2.113 rad−1

L 0.159 2.938 rad−1 4.554 rad−2

M1 0.001 −0.030 rad−1 −0.526 rad−1

M2 0.057 0.093 rad−1 5.236 rad−4

M3 0.001 −0.001 rad−1 −0.093 rad−1

K1,K2,K3 −0.050, −0.026, −0.014 N·m·s/rad

We want to point out that the adopted aerodynamic model
with aerodynamic coefficients is only valid within a certain
range of the aerodynamic angles α and β. For example,
an excessive angle of attack α (e.g., larger than 16 deg)
typically leads to a flight stall, making the aerodynamic
model ineffective.

IV. EXPERIMENTAL VALIDATION AND ANALYSIS

A. Model Validation

Extensive experiments of steady and dynamic flights were
conducted to validate the established dynamics model and
system identification of the RGBlimp prototype.

1) Steady flight: first, we used the planar straight-line flight
test, characterized by two variables including the pitching



angle θ and the velocity magnitude V . We varied the moving
mass displacement ∆r̄x and kept both thrusts Fl and Fr
the same to obtain various steady flight trajectories. Figure 6
shows the comparison results between the model prediction
and the experimental data.
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(a) Pitch Angle θ vs. the moving mass displacement ∆r̄x.
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(b) Flight speed V vs. the moving mass displacement ∆r̄x.

Fig. 6. Experimental results of the steady straight-line flight with a good
match between the model prediction and the experimental data. The box
charts show the medians, maxima, minima, and quartiles of θ and V over
10 tests given a fixed ∆r̄x.

We observe that θ and V from the model prediction match
the experimental data reasonably well. In addition, there
exists a significant mismatch between the model prediction
and the experimental results when the moving mass moves
far back, resulting in a flight stall.
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Fig. 7. Experimental results of the steady spiraling flight with a good
match between the model prediction and the experimental data. The error
bar shows the average and standard deviation of radius R over 4 tests given
a fixed ∆r̄x.

We also conducted steady spiral flight tests where we
focused on the radius of curvature of the projected flight
trajectory onto the horizontal plane, denoted by R. The
experimental results with different moving mass displace-
ments ∆r̄x and propulsion thrusts Fl and Fr are shown
in Fig. 7. The error bar shows the averaged value and
standard deviation of the turning radius of curvature R
over 4 independent trials. With modeling uncertainties and
environmental disturbances, we consider the match between
the model predictions and experimental results satisfactory.

2) Dynamic flight: spiral flight experiments with time-
varying control inputs were conducted to validate the estab-
lished model. We used a staircase function for the right thrust
Fr while keeping the left thrust Fl a constant, expecting to
generate spiral trajectories with time-varying turning radius
R. The experimental results along with the model prediction
are presented in Fig. 8.
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(a) Flight trajectory. Left: top view, right: 3D view.
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Tu
rn

in
g 

R
ad

iu
s,

 R
 [m

]

Ve
rti

ca
l S

pe
ed

, V
Z [

m
/s

]

0 2 4 6 8 10 12 14 16
Time [s]

0

1

2

3
-0.2

0

0.2

0.4

0.6
Thrust

Thrust

Thrust

|R| Vz

Vz

Vz

|R|
|R|

Experiment Data
Model Predication (Our)
Model Predication (Existing)

(c) Turning radius R and vertical speed Vz .

Fig. 8. Experimental results of the dynamic flight under a time-varying
thrust input along with model prediction. (a) The flight trajectories in top
view and 3D view. (b) The trajectories of the thrust control inputs Fl and Fr ,
while holding ∆r̄x = −1 cm. (c) The comparison in the turning radius R
and vertical speed Vz between the experimental results of two independent
tests, the simulation results of the proposed model in this paper, and the
commonly-used model in the literature that does not consider the non-zero
displacement of the CG from the CB.

From the experimental results, we observe the proposed
model predicts well the dynamic motion of the RGBlimp in
both the powered phase and the unpowered gliding phase.
Moreover, the commonly-used model for miniature blimps
[1] is simulated as a comparison, which ignores the Coriolis
force and centrifugal force that are caused by the separation
between the CG and CB, leading to a decreased modeling
accuracy, compared to our established dynamic model.

B. Aerodynamic Analysis

The design of the RGBlimp utilizes both a lighter-than-
air robot body and a pair of fixed wings to generate the
lift, which is expected to benefit not only the aerodynamic
efficiency but also the aerodynamic stability of the robot.
This section conducts an analysis of the RGBlimp aerody-
namics based on the RGBlimp prototype and a comparison
counterpart prototype of the same design with no wings.

1) Gliding performance: an aerial robot is called gliding
when it takes advantage of aerodynamics for its forward
motion and maintains a relative stable descending flight.
Depending on whether the robot uses propulsion power
or not, we have powered gliding and unpowered gliding,
respectively. The gliding performance is typically measured
by the relationship between forward speed and descending
speed. Figure 9 shows the gliding trajectories of the RG-
Blimp and the comparison counterpart in the sagittal plane



and the calculated L/D ratio with different moving mass
displacements ∆r̄x. It is observed that the fixed wings of
the RGBlimp prototype significantly improve the gliding
performance compared to the conventional robotic blimp
with no wings.
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(b) L/D ratio vs. the moving mass displacement ∆r̄x.

Fig. 9. The comparison results of the gliding performance between the
RGBlimp and its counterpart following the conventional design of no wings.

2) Aerodynamic efficiency: the coefficients of aerodynamic
lift and drag CL and CD are used as indicators to investigate
the aerodynamic efficiency of the robot. Figure 10 shows
the experimental results and the model prediction of CL
and CD as functions of the angle of attack α, when tested
at a flight speed of 1m/s. It is observed that the fixed
wings of the prototype lead to a significant increase in the
aerodynamic lift and a slight increase in the aerodynamic
drag when compared to the conventional robotic blimp that
has no wings. The aerodynamic lift drops sharply after the
angle of attack is greater than 16 deg, which corresponds to
the stall phenomenon when the moving mass is positioned
far back shown in Fig. 6.
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Fig. 10. The comparison results of the lift and drag coefficients between
the RGBlimp and its counterpart following a conventional design with no
wings. (a) The fixed wings significantly improve the lift coefficient in the
RGBlimp when compared to conventional blimps. (b) The drag coefficient
of the RGBlimp is slightly greater than that of conventional blimps for the
additional drag from the wings. Note that the dotted lines indicate possible
curves in the stall.

To evaluate the combined effects of both lift and drag on
aerodynamic efficiency, the L/D ratio and the drag polar are
plotted in Fig. 11. It is observed that the L/D ratio of the
RGBlimp reaches a maximum value of 1.78 when the angle
of attack α is 10.7 deg, while that of the counterpart design

with no wings is only about 1/3 at 0.66. The drag polar via
the tangent line to the curve through the origin demonstrates
that there exists an increased lift in the RGBlimp when
compared to its counterpart at every drag coefficient. The
maximum L/D ratio stands for optimal flight efficiency.
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Fig. 11. The comparison results of the L/D ratio and the drag polar between
the RGBlimp and its counterpart following a conventional design with no
wings. The maximum L/D ratio of the RGBlimp is 1.78 when the angle of
attack α is 10.7 deg, which is twice higher than conventional blimps. Note
that the dotted lines indicate possible curves in the stall.

The aerodynamic lift Laero is a solid supplement to the
buoyant lift Lbuoyant of the RGBlimp. Take the flight with
the maximum L/D ratio of 1.78 and a cruising speed at 1m/s
as an example. The total lift is calculated as the sum of Laero

and Lbuoyant, i.e.,

Ltotal = Laero + Lbuoyant = 11 gf + 152 gf = 163 gf.

The aerodynamic lift takes 6.7% of the total lift.
3) Aerodynamic stability: we consider the flight stability

in the pitch and yaw motion, also known as the longitudinal
and directional stability of aerial robots. The pitch and yaw
moment coefficients CM2

and CM3
are used to measure the

aerodynamic stability, as shown in Fig. 12.
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Fig. 12. The comparison results of the pitch and yaw moment coefficients
between the RGBlimp prototype and its counterpart following a conventional
design with no wings. (a) The main wings effectively reduce the rise of
pitch moment with the angle of attack, thus improving the longitudinal
stability concerning pitch motion. (b) The yaw moment shows a similar
effect, improving the directional stability concerning yaw motion.

Both the RGBlimp prototype and its counterpart design
with no wings possess a positive CαM2

and a negative
CβM3

, which have a negative effect on the longitudinal and
directional stability, respectively. The addition of the fixed
wings leads to a more gentle slope in the CαM2

and CβM3

graphs as shown in Fig.12, thus improving the corresponding
flight stability. For both the steady straight-line and spiral



flights, we investigate the local stability of the dynamic
system by checking the linearized system about the eigen-
value distribution. While the system is locally asymptotically
stable at each of the steady flight equilibrium points with
the linearization matrix A Hurwitz, the RGBlimp system,
compared to the counterpart system with no wings, has a
larger magnitude in the negative real parts of the eigenvalues
of matrix A, corresponding to a faster convergence speed
towards the system equilibrium or the steady flight. For
example, consider the straight-line flight motion with inputs
Fl = Fr = 2gf and ∆r̄x = 0 cm, the slowest mode of the
RGBlimp dynamic system has an eigenvalue of −0.37 s−1,
providing a much faster convergence compared to the system
with no wings that has an eigenvalue of −0.06 s−1. As
a result, the undesired long-standing swinging motion of
a conventional robotic blimp due to the poor longitudinal
stability, as reported in [25], is not observed as a concern in
the RGBlimp.

V. CONCLUSIONS

This letter presented a novel design and derived the dy-
namic model of a miniature robotic blimp named RGBlimp.
Aiming to combine the strengths of both the aerodynamic
and buoyant lift, the RGBlimp combined a pair of fixed
wings and an LTA body for lift generation, and a moving
mass and a pair of propellers for actuation control. An
RGBlimp prototype was developed and system identification
was conducted using nonlinear regression over steady flight
test data. Extensive flight experiments were conducted to
validate the proposed design and the derived model. Com-
parative analysis between the aerodynamics of the RGBlimp
prototype and that of a counterpart design with no wings
was presented, revealing a considerable performance im-
provement of the RGBlimp in aerodynamic efficiency and
aerodynamic stability.

In future work, we plan to instrument the RGBlimp with
some inertial measurement units and a vision sensor, and
investigate the closed-loop control in low-speed cruising. We
will take the wind disturbance into account when designing
the controller so that the RGBlimp will have a robust
performance in real-world applications.
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