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Abstract— Swing oscillation is widely observed among indoor
miniature autonomous blimps (MABs) due to their underactu-
ated design and unique aerodynamic shape. A detailed dynam-
ics model is critical for investigating this undesired movement
and designing controllers to stabilize the oscillation. This paper
presents a motion model that describes the coupled translational
and rotational movements of a typical indoor MAB with saucer-
shaped envelope. The kinematics and dynamic model of the
MAB are simplified from the six-degrees-of-freedom (6-DOF)
Newton—Euler equations of underwater vehicles. The model is
then reduced to 3-DOF given the symmetrical design of the
MAB around its vertical axis. Parameters of the motion model
are estimated from the system identification experiments, and
validated with experimental data.

I. INTRODUCTION

Indoor aerial robots are gaining increasing attention owing
to their promising applications including surveillance, build-
ing exploration, human-robot interaction (HRI), and search
and rescue [1]-[4]. However, most existing indoor aerial
platforms, such as quadcopters, have fast-spinning propellers
which may cause safety concerns in human-occupied indoor
environments [5]-[7]. Besides, these platforms usually have
limited flight endurance [4], [8], typically less than 10 min-
utes for nano drones [9], which restricts their applications.

We develop the Georgia-Tech Miniature Autonomous
Blimp (GT-MAB), a lighter-than-air robot specifically de-
signed for indoor applications [10]. The diameter of GT-
MAB is only around 0.7 meters, which ensures the agility in
confined indoor space. Despite the miniature size, GT-MAB
features omnidirectional actuation, and payload capacity that
can carry a wide range of onboard sensors [11]. As shown in
Fig. 1, GT-MAB has ducted main thrusters and is cushioned
with a helium-filled envelope, which makes the robot safe to
fly indoors, causing no threat to human and the surroundings
even when collision happens. With the lifting force provided
by buoyancy, GT-MAB has loiter time for more than 2 hours
[12]. The extended flight endurance makes GT-MAB well-
suited to many applications that require sustained airborne
presence [13].

We design the flight controller of GT-MAB by decompos-
ing its movement into a set of motion primitives [12]. This
decoupled modeling and control approach has successfully
supported many applications of GT-MAB including 3D field
mapping [12], [14], human-robot interaction [11], [15], and
testbed for deep-learning-based localization and multi-agent
path planning [16], [17]. However, lateral and longitudinal

The authors are with the School of Electrical and Computer En-
gineering, Georgia Institute of Technology, Atlanta, GA 30332, USA
{giuyang, mhou30, fumin}@gatech.edu

978-1-7281-7709-0/20/$31.00 ©2020 IEEE

Fig. 1. Photo of the indoor miniature blimp GT-MAB.

oscillation is often observed due to the underactuated design
and the unique aerodynamic shape of GT-MAB. This un-
desirable oscillation could cause inaccurate sensor readings,
unstable video streams from the onboard camera, and less
comfortable HRI experience. Our recent works [18], [19]
identified the rotational motion of GT-MAB and designed
a control system to stabilize the swing oscillation during
hovering flight. However, the control system introduced in
[18] cannot stabilize the oscillation in cruising flight. The
dynamics of the swing motion becomes significantly more
complicated for cruising, since there is a strong coupling
between the translational and rotational motion.

The unique aerodynamic shape, the non-smooth envelope,
and the slow-flying nature of indoor blimps are the major
difficulties in modeling the motion of GT-MAB. In contrast
to outdoor airships with cigar-shaped envelope, GT-MAB has
a “saucer-shaped” envelope for omnidirectional maneuver-
ability and adequate buoyancy with smaller footprint. Also,
due to the high agility and safety requirements for indoor
operation, there is no trail fin or control surface on GT-
MAB. As a result, analytical methods for modeling outdoor
airships such as [20], [21] cannot be applied. Indoor blimps
usually use Mylar film for lower gas permeability [22].
However, as seen in Fig. 1, folding is usually inevitable
on this non-stretchable envelope. The imperfect shape may
cause inaccuracy when calculating model parameters from
the geometry of the blimp [23]. The complex geometry of
the non-smooth envelope also makes it hard to estimate
model parameters with CFD (computational fluid dynamics)
simulations like [24]. Moreover, wind tunnel experiments for
outdoor airships like [25], [26] cannot be conducted on the
slow-flying indoor MABs since the tests are usually designed
for high-speed vehicles.
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The existing approaches for modeling the dynamics of
indoor miniature blimps can be categorized into two groups,
analytical and data-driven. The analytical methods investi-
gate the aerodynamics from the specific shape of the blimp
[27]. [28] presented the 6-DOF motion model of a cigar-
shaped indoor blimp. The model was then simplified to only
containing the decoupled movements on the horizontal plane
for the convenience of studying the control strategy under
wind disturbance. [29] established the 6-DOF mathematical
model of a cigar-shaped indoor blimp. The model was then
simplified by removing the dynamics of the roll and pitch
motion. [27] also presented the 6-DOF model of a cigar-
shaped indoor blimp. The model parameters were analyti-
cally derived from the geometry of the envelope. Pragmatic
experiments were also introduced to evaluate the damping
coefficients. Unfortunately, analytical methods may only be
valid for a specific class of envelope shapes [24]. As a
result, existing analytical methods on determining model
parameters for traditional cigar-shaped blimps cannot be
applied to saucer-shaped GT-MAB. Data-driven approaches
identify the model parameters of MABs from measurements.
[30] established the 1-DOF motion model of an indoor
blimp for altitude control, and identified the parameters
from the height measurement under step input. Our previous
work [12] simplified the motion model of GT-MAB into
decoupled translational and steering movements, and each
motion primitive was identified separately. The recent work
[31] simplified the 6-DOF model of an indoor blimp as
decoupled altitude and planar movements. However, the roll
and pitch motions were not considered in both works [12],
[31]. Our recent works [18], [19] investigated the swing
oscillation of indoor blimps by modeling and identifying
the rotational motion of GT-MAB. [32] established the 6-
DOF motion model of an indoor MAB, and introduced the
experiment for identifying the translational drag coefficients.

In this paper, we extend our previous efforts on modeling
the swing motion of GT-MAB by including the coupling
between the translational and rotational movements into
consideration. We incorporate the generic kinematics and
dynamic model of underwater vehicles given that the density
of GT-MAB is identical to the surrounding fluid. The 6-
DOF motion model of GT-MAB is derived based on its
mechanical design. The full model is then reduced to 3-DOF
given the symmetry of GT-MAB around its vertical axis.
Parameters of the simplified model are identified and verified
with experimental data. The swing oscillation is a common
problem among indoor miniature blimps. Finless bottom-
heavy underactuated design is widely adopted by many
indoor MABs such as [22], [33]. Therefore, the proposed
methods in this paper could be applied to other indoor
miniature blimps.

This paper is organized as follows: in Section II, we
establish the 6-DOF motion model of GT-MAB. In Section
III, the model is reduced to 3-DOF given the symmetric
design of the blimp. In Section IV, we identify and validate
the parameters of the simplified model. In Section V, we
draw conclusion and discuss future work.
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II. MOTION MODEL FOR GT-MAB

In this section, we establish the dynamic model of the
miniature indoor blimp, GT-MAB, driven by the gondola-
mounted thrusters located underneath the symmetric saucer-
shaped envelope.

A. Coordinate Frames and Kinematics
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Fig. 2. Tllustration of the coordinate frames.

Fig. 2 shows the definition of the inertial frame, the
coordinates of the motion capture system, and the body-fixed
frames that separately attached at the center of buoyancy
(CB) and the localization markers. The inertial frame is
denoted by {n} with north-east-down (NED) convention.
Given the fact that indoor blimps always operate in confined
environments at low speed, we apply flat-earth approximation
and neglect the movement of the earth. Positioning devices
usually have different coordinate systems other than {n}.
Therefore {l} is defined to represent the frames used in
the motion capture system. The definition of {/} will help
convert the pose of the blimp to {n}. Given that most
localization devices have fixed installation, we assume {/} is
also earth-fixed. In this paper, we use the OptiTrack system
with Y-up convention. For simplicity, O, is defined at the
same position as O;, and the x-axes of both frames are
aligned. The body frame {b} is established at the CB of GT-
MAB, which is the geometric center of the envelope. The
localization markers are installed at the top of the envelope
for the best visibility to the ceiling-mounted motion tracking
system. The frame attached at the marker position is denoted
as {m}. The marker frame has the same Y-up convention as
{l} for the convenience of pose calibration in the motion
capture system.

The pose of GT-MAB is denoted as 1; , = [pZ/Tn,(BIb]T,
which is the pose of {b} with respect to {n} expressed in the
inertial frame. pj, n € R? and ©,,;, € S? represent the position
and orientation separately. The instantaneous velocity of the
blimp decomposed in the body frame {b} is described by
b _ [ bT

bTIT b 3 b 3
Yi/n h/n,wh/n] , where v, € R’ and w/, € R’ are

the linear and angular velocities. From [34], the relationship
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b

between v} In and the rate of change of 7, /n is given by:

KL [?Z/n] _ [RZ(@nb) 033 } Yhin
bin 1 @, 033 To(Ow)| |wp,| (1)
= J®(n2/n)ul€/n’

where R}(©,;) is the rotation matrix. ©,, = [¢, 0, v]'", and
9,0,y are the Euler angles between {b} and {n}. With the
simplified notation ¢- = cos(+), s- = sin(-), and #- = tan(-),
R} (©,;) has the form of:

RZ((')nh) =
cycO —sycd+cysOsp  sysP 4-cysOco @)
sycO cycd +sysOs¢p  —cyso +sysOco
—s0 cOs¢ cOco
The term T(O,;) in Eq. (1) can be represented as:
1 s¢t6  cotb
To(@w)= |0 cp  —sp 3)
0 s¢/cO cd/cO

B. 6-DOF Dynamic Model and Simplification for GT-MAB

Indoor MABs are usually ballasted to the same density as
the surrounding fluid to enable altitude control solely with
motor thrust. Thus, the volume-to-mass ratio of an indoor
blimp is very large compare to other types of aerial robots.
As a result, the aerodynamic damping and added mass cannot
be neglected. Moreover, there exists restoring torque due to
the displacement between CB and the center-of-gravity (CG).
Therefore, given the similar operating conditions between
MABs and underwater vehicles, the generic 6-DOF motion
model from [34] is described as:

Tb = MCBVh/11+CCB(Vh/n)Vh/n+D (Vh/n)y}l;/n 4
CB( ) ( )
nb/n :
1) Inertia matrix: M 66 1s the total inertia matrix at CB:
M8 = MEE 4+ MB S

where MSE and MSP represent the rigid-body and added
inertia matrix. Given that the gondola has neglectable volume
and CB is at the center of the symmetric envelope, the added
inertia matrix can be simplified with only diagonal terms:

(6)

The rigid-body inertia matrix of GT-MAB is diagonal at CG,
which is defined as:

CB :
MA = dlag(mAx; May, MAz, IAX7IAy7 IAZ) .

)

where mpgp is the rigid-body mass of GT-MAB. Since MS¢
is defined at CG, it needs to be transformed to CB with the
system transformation matrix [34]:

Mg = diag(mgp, mrg,mrs, IR [RBy, IRB:)

Mg =H'(r g/b)MR H(r /)

)= [I3X3 S'(r A’/”)]
033 I3,3

®)

b

H( g/b
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where S(-) is the skew-symmetric cross-product operator.
rb 7o, 1 the position of CG in body frame {b}. Owing
to the symmetric design of GT-MAB, 7° ofb = = [0, O,rfg/h] .

Therefore, the inertial matrix at CB can be derived as:

M = Mg + MgP =

[ my 0 0 0 mrgr?,, O]

0 my 0 —mggrl,, 0 0

0 0 m; 0 0

0 —mggrl,, 0 I 0 0

mRBr 2,8/b 0 0 0 Iy 0
. 0 0 0 0 0 L]
©)

where the diagonal terms contain both the rigid-body and
added-mass components. Thus, m; = mgp +my;, i € {x,y,2}.
I; =1R3i+mRB(rf,g/b)2+IAi, i€ {x,y}; and I = Igp; + ..
2) Coriolis-centripetal matrix: C 616 also contains compo-
nents from both rigid-body and added inertia. With the
operator C (M ,v) defined in [34], C°? can be found as:
C = C(Mgg,vy,)+C(MSPvp,). (10)
3) Aerodynamic damping: The aerodynamic damping can
be approximated as proportional to the linear and angular
velocities for low-speed indoor blimps [26]. Moreover, owing
to the symmetric envelopes used in most indoor MABs, the
damping matrix is diagonal at CB:
DEB pCB pCB pCB pCB CB

vx 2 vy vz WX @y

DP(w)),) = diag( 5).
4) Restoration torque: Given that CG is below the center
of buoyancy, there exists restoring torque that stabilizes the
blimp back to the leveled attitude. Denote rz and ré’ be the
position of CG and CB in the body-frame, and f? = —f}
be the gravitational and buoyancy force decomposed in {b},
the restoring torque can be simplified from [34] as:

(12

(1)

0

PR
rgx Jg

r X fg +rb X fb
5) Control effort: T € R® is the summary of all external
forces and moments asserted at CB. In this paper, 77 is
induced by the motor thrust forces:

T = [fx 7fy )
C. 3-DOF Model Reduction

gCB(T’Z/n) -

T Tb Tb

T
Z’ X0 by Z}

13)

Many indoor blimps including GT-MAB, usually have
symmetric envelopes around the vertical axes, and capable
of pointing the thrust vector omnidirectionally. Therefore, we
can approximate the 6-DOF motion of GT-MAB to 3-DOF
movement on a vertical plane. As demonstrated in Fig. 3,
if the blimp starts from rest at position A, and targets at
waypoint B, the ideal trajectory can be contained within a
vertical plane that includes both points. For the convenience
of parameter identification, we assume there is no initial
lateral velocity, and the initial heading of the blimp is aligned
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with the inertial frame. Therefore, the 3-DOF motion on the
vertical plane can be written as:

pb/n [pxb/wo pz b/n}
©,,=10,0,0]" (14)
™ =[f,0,£2,0,72,0]".
With ©,;, =[0,0,0]", Eq. (2) and Eq. (3) can be simplified
as:
c6 0 s6 1 0 16
RY®uw)=| 0 1 0| To®y)=[0 1 0
—s6 0 c6 0 0 1/co

Then, the velocities in the body-fixed frame {b} are:

vZ/n = RZ(gnb)ile/n = [v)lz,b/n’07vlz),b/n]—r (16)
Wy =To(Ow) 'O =[0,6,0]

Therefore, the equations of the simplified 3-DOF movement
can be derived from the 6-DOF motion model in Eq. (4) as:
12 = (mpgp +may)vb bt mRBr g/bwrb/n

+ (mgp +ma V" zb/n yb/n+Dvx x.b/n
12 = (mgp+maz)v? Veb/n — MRBT; g/b( y,b/n)z

— (mgB +max)Vv )b(b/n yb/n +sz Vz b/n
0 =10 b/n+mRBr g/b( xb/n+vzb/n yb/n)

Z’g/meBgsin(G).

a7
Due to the underactuated design of most indoor blimps
including GT-MAB, 1) =r’ b 2, where 17, sp i the vertical

position of the longltudlnal thruster in {b}

+ (max = ma )V V2 + Dy @, +

Fig. 3. Motion of GT-MAB reduced to 3-DOF on a vertical plane.

III. PARAMETER IDENTIFICATION

This section identifies the parameters of the motion model
described in Eq. (17). Specifically, we aim to ﬁnd the

CB 1CB 1CB
parameters mgg, Max, Maz, Iy, Dy, D57, Dw}, and rZ /b’

A. Data Preparation

Miniature blimps use indoor localization systems due to
the GPS-denied environment. These devices usually have
different coordinate systems compare to the desired inertial
frame. Therefore, measurements from the positioning sys-
tems need to be first converted to the inertial frame.

We define the pose of the localization markers measured
by the motion capture system as:

[p,ln/p ®lm]T7

where pfn /I and ©y, represent the position and attitude
separately. Next, we calculate the positions of O,, and O,
in the inertial frame as:

= P;l/n + R (enl)pin/l

Mt = (18)

71

Pmn (19)

pb/n
where p;’/n represents the position of O; in the inertial
frame. In this paper, origins of {/} and {n} are at the
same position. pZ”/m is the position of CB in the body-fixed
frame {m}. For indoor MABs, p}, is usually a constant
that solely determined by the geometry of the blimp. ®,;
and R}(©,;) denote the orientation and the corresponding
rotation matrix between {/} and {n}. The angles are usually
constant due to the fixed installation of the motion capture
systems. R, (®,,) is the rotation matrix between {m} and
{n}, which can be presented as consecutive rotations among

{n}, {I} and {m}:

R:ln(enm) = R"(@nl)Rin((Blm). (20)

CB CB
B. Parameters mgp, may, ma;, D, and Dy,

The added mass and aerodynamic dampmg coefficients
of GT-MAB are both diagonal at CB, which characterize
the motion along body-frame axes. System identification
experiments are designed to estimate these parameters from
the motion of GT-MAB along X;, and Z, axes separately.

In the scenario where the movement of GT-MAB is solely
along X, or Z, axis, the motion model described in Eq. (17)
can be represented as:

fb:f +fbx (mRB+mAX) xb/n+Dvx x,b/n Q1)
F2 = fo+ 1y, = (mrp+ma)l,, + DSV,

Furthermore, if the movements in Eq. (21) are both along
Zy,, as demonstrated in Fig. 4, we can describe the motion

in the inertial frame as:

p:.l,b/n _ [0 1 ] zb/n { ]

[ﬁg,b/n] |0 _sz /ml ';lb/n l/m (fgz+sz)

(22)

where pz b/n is the Vertlcal position of the blimp in {n}. m; =
mgp +my;, i € {x,z}. v, and sz are the total gravitational
and buoyancy forces expressed in the inertial frame.

As illustrated in Fig. 4, system identification experiments
are designed to create the motion solely along X, or Z,

axis. We adjust the position of the gondola to ensure that
CG is on the X}, or Z, axis. After the gondola is ballasted
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to neutral buoyancy, we add test weights on the gondola
to create accurate and constant traction force with direction
along Z, axis. The test weights are pre-calibrated such that
the total gravity is exactly one and two gram-force larger than
the buoyancy for the movements along X}, and Z, separately.
The blimp is then released with zero velocity and the initial
attitude of GT-MAB is demonstrated in Fig. 4. The exper-
iments are conducted inside a laboratory with neglectable
airflow perturbation. A total of 10 ceiling-mounted OptiTrack
cameras capture the movement of the localization markers
at the top of the envelope. The raw measurements from the
motion tracking system are recorded and then converted to
the position of the blimp in the inertial frame with the method
discussed in Section III-A.

The experiments for the motion along X, and Z, axes
are both repeated 21 times where the GT-MAB is released
from different altitudes. Total flight duration is 152.73 sec-
onds for the motion along X, and 143.88 seconds for the
movement along Z,. All flight data is captured at sampling
rate of 120Hz. We use the first 20 datasets for parameter
identification and reserve the last one for validation. The
average estimate for the parameters in Eq. (22) are listed in
Table I. The standard deviation of each identified parameter
is approximately one magnitude smaller than the mean value.
Fig. 5 demonstrates the close alignment between the valida-
tion data and the reconstructed response with the identified
model. Given that mgp was identified to be 0.1249kg in
our previous works [18], [19], we get my, = 0.0466kg, and
my; = 0.0545kg.

Op | Xp Z 0,
Yp/ /

Zh %",

)

@
0, X, +«——— Gondola N
"z, ! ™
Fig. 4. Experimental setup for identifying the added mass and the drag

coefficients for the motion along GT-MAB’s body axes. The direction of
the movement is annotated with blue arrow.

TABLE I
PARAMETERS IDENTIFIED FROM THE EXPERIMENTAL DATASETS

Parameter Mean Standard Avg. NRMSE Fit
Deviation
0.1715 0.0111
- 99.34%
Di; 0.0125 0.0019
m; 0.1794 0.0102 98.09%
DS 0.0480 0.0037

The parameters and the normalized root mean square error (NRMSE) are
obtained from 20 datasets for the motion along X, and Z;, separately.
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Fig. 5. Comparison between the validation data and the reconstructed

response with identified model parameters. NRMSE fit is 98.61% for the
motion along Z, (upper), and 98.82% for the movement along X}, (lower).
The magnitude of the error is enlarged 10 times for better illustration.

b
8/

Our previous works [18], [19] have identified the center-
of-mass position, and the rotational inertia and damping
coefficient at CG:

C. Parameters r I, and Dgf;

Z

2y = 0.09705m
I§9 = 0.005821kg - m*
DEC = 0.000980N - m - s /rad.

wy

(23)

Thus, the rotational inertia at CB, I}, can be derived from the
parameters in Eq. (23). With system transformation matrix
described in Eq. (8), we first represent the inertia at CG as:

MO MM )
]fG = mAx(ng/b)z +IAy +IRBy~

From Eq. (9), we know that the rotational inertia at CB is:

I :[fB =1R3y+mRB(FZg/b)2+IAy, (25)
Then, the parameter /, can be calculated as:
CG b \2 b \2
Ly =17 —max(r] )" +mrp(r; ) 26)
= 0.0066kg - m?.

Similarly, DG} can be found by representing the rotational
aerodynamic damping coefficient at CG as:

D = HiT(’"l;/b)DCBHil (Tg/b)
DG5S =DSE b2

CB
y +Dvx (rz,g/b
Therefore, from the damping coefficient at CG in Eq. (23),
we can find DZ® = 0.000862N - m - s /rad.

27)
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IV. CONCLUSIONS AND FUTURE WORKS

This work establishes the motion model of the minia-
ture indoor blimp, GT-MAB. The full model of this
symmetrically-designed blimp is reduced to 3-DOF to sim-
plify the representation and identification of the coupled
translational and rotational movements. Parameters of the
reduced motion model are identified and validated with
experimental data.

We plan to design flight controllers to stabilize the swing
oscillation while simultaneously keep the blimp cruising at

the

desired velocity. The modeling and controller design

efforts will be extended to full 6-DOF. We will also ex-
plore data-driven methods that identify both structure and
parameters of the motion model at the same time.
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