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Pointing stabilization of a gondola carried by a stratospheric balloon is a challenging problem due to upper

atmospheric winds and due to the multibody nature of the balloon system. The gondola provides a platform for a

scientific experiment that requires point stabilization. The experiment apparatus is inside a capsule attached to the

gondola base. The proposed actuator is a displacement mechanism that moves the capsule along the gondola base.

The current paper presents a feasibility study of this concept. The flight dynamic model of the balloon system is

formulated and analyzed, and a preliminary investigation of feasible control logic is presented and tested.

Nomenclature

A = system matrix
B = control matrix
b = length
Cba = rotation matrix (a! b)
CD = drag coefficient
D = drag
d = length
F = force
g = gravity acceleration
I = moment of inertia
I� = controller input
K = kinetic energy
K = stiffness matrix
L� = length
M = mass matrix
m� = mass
n = surface normal direction
p = roll rate
q = pitch rate
R = control weight matrix
R� = vectrix
r = yaw rate
S = state weight matrix
T = torque
t = time
U = potential energy
u = control vector
V = velocity
W = wind velocity
X = state vector
XI = balloon inertial coordinate
YI = balloon inertial coordinate
ZI = balloon inertial coordinate
� = control displacement
� = pitch angle
�a = air density
�� = length
� = roll angle
 = yaw angle
! = angular velocity
!� = angular velocity matrix

Subscripts

B = balloon
C = capsule
G = gondola
P = payload
T = tether
� = wild card

Superscripts

A=B = subscript A relative to subscript B
� = time derivative in the inertial frame
� = time derivative in the local frame

Introduction

T HEpresented problem ismotivated by an experiment for testing
the principle of equivalence in general relativity [1–3]. In this

experiment, an evacuated capsule is released from a stratospheric
balloon at an altitude of 40 km. A cofalling spinning detector inside
the capsule contains two proof masses and an extremely accurate
measurement system. Tight drop conditions are required: the capsule
orientation should be vertical with minimal angular rate. Attaining
these conditions is quite demanding, given the atmospheric winds
and gravity waves at that high altitude. In addition to these
disturbances, the balloon system (Fig. 1) is excited by its neutral
buoyancy oscillations. It is convenient to denote the main modes of
oscillations by bob, rotation, and swing (the vertical buoyant
oscillations, the yaw, and the pendular motion of the payload,
respectively). Obviously, passive stabilization is unfeasible and
active stabilization of the complete system is impractical. Although
the swing can be partially reduced by a damping mechanism and the
rotation can be regulated, attitude control of the gondola remains a
challenging task. Recall that we seek stabilization of the payload
rather than the whole system. Accordingly, one feasible approach is
to use reaction wheels [4]. This techniquemay have some drawbacks
and additional complications from the required thrusters for
desaturating the wheels. Another efficient, robust, and cost-effective
method was applied for pointing stabilization of artificial satellites.
The idea was to attach a tether with a ballast at its far end. The tether
produces a strong torque about the pitch and roll axes via its tension,
thereby augmenting the gravity gradient stabilization. A further step
is to move the attachment point along a surface, typically
perpendicular to the yaw axis, in discrete steps using a steppermotor.
This mechanism is desirable and effective for disturbance rejection.
Furthermore, it can be shown [5] that the energy required by the
steppermotor is far less than the energy consumed by other actuators.
This method was applied successfully by the author [6] for pointing
control under internal periodic excitations due to the eccentricity in
elliptic orbits. The resemblance of a gondola attached by a tether
suggests a similar concept in which internal disturbances also exist
but now come from the balloon dynamics. In the current design, the
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steppermotor is attached to the gondola andmoves the capsule in two
dimensions. Notice that the rigging point is fixed; thus, although the
stabilization mechanics are different from tether stabilization, the
concept is similar.

There are two rigid design requirements. At the drop epoch, the
capsule angular deviation and its angular rate should be less than 0.5
and 0.1 deg/s, respectively. Also, the control displacement and the
control displacement rate are limited to 0.2 and 0.1m/s, respectively.
All other states of this system are unconstrained, although it is
obvious that some state variables should be limited.

The final goal of this work is stabilizing the capsule. Therefore,
loosely speaking, the other bodies can be viewed as a part of the
disturbance mechanism; it is expected that a successful stabilization
mechanism will work well with a slightly different system and with
different disturbances. Consequently, it will be assumed that the
system can be modeled by a simple discretization to four bodies: a
spherical balloon, tether, gondola, and capsule. All bodies are
considered rigid, including the massless tether, and are symbolically
connected by spherical joints. There is an option to add a dissipation
mechanism via a water tank attached to the balloon. The atmosphere
is standard and the atmospheric disturbances are acting through
density gradients, typical winds, and gravity waves. It is further
assumed that the variations of the balloon’s physical parameters are
slow relative to the system dynamics and thus can be ignored. The
only object perturbed by the atmospheric forces is the balloon; the
other objects’ dynamics are dictated by the multibody constraints.

The bodies are represented byB for the balloon, T for the tether,G
for the gondola, C for the capsule, and D for the payload. C is also
interchangeable with control, because the capsule can be considered
as a controller. There are four right-hand coordinate reference
frames: inertial, balloon, tether, and payload (the payload consists of
gondola and capsule). The attitude kinematics is formulated by using
vectrix algebra [7]. The basic symbol is the vectrix
Ra � �a1 a2 a3�T , where ai are the base vectors for the frame of
referenceRa. A vector v is expressed in terms of its column vector in
Ra as v� fvgTRa. The column vector is the projection (or
representation) of a vector on a particular reference frame,
fvg �Ra � v. Vectrix notation and vectrix algebra are convenient for
multiple reference frames, because a vector is independent of a
particular reference frame. The rotation sequences with Euler angles
are as follows. The balloon uses 1! 2! 3, the tether uses 2! 1,
and the payload uses 3! 2! 1. All geometrical parameters are
defined by Figs. 1 and 2. The standard roll, pitch, and yaw angles are
denoted by �, �, and  ; the corresponding rates are p, q, and r; and
!� represents the angular velocity matrix (an operator)

! � �
0 	!3 !2

!3 0 	!1

	!2 !1 0

2
4

3
5

(The rotation matrix rate, with !� terminology, is _C�	!�C.)
Additional assumptions and notations will be specified later.

Dynamic Model

Derivation of the Equations of Motion

Let us first consider the basic autonomous system in which the
capsule is fixed to the gondola. The balloon center is taken as the root
of the kinematical tree. We assume further that the tether’s restoring
twist torque is negligible; thus, the tether yaw has no dynamics.
Consequently, the distribution of the degrees of freedom is as
follows. The balloon has three translations (two horizontals and a
vertical) and three rotations (roll, pitch, and yaw), the tether has two
rotations (roll and pitch), and the payload has three rotations (roll,
pitch, and yaw). Accordingly, the autonomous system dynamics
consists of 11 degrees of freedom.

It is convenient to augment the system state by adding the control
displacements 
�1; �2�. Alternatively, 
�1; �2� could be considered as
control variables. But notice that the actuator (the capsule) is quite
massive compared with typical aircraft actuators. Consequently, the

control accelerations 
 ��1; ��2� are expected to appear in the equations

of motion. These accelerations should be modeled or considered as
external disturbances.Accordingly, the better approach is to consider

�1; �2� as intrinsic state variables. The natural and simplest model is
to assume a linearity between an input control (torque or electrical
power) and the capsule acceleration:

d2�j
dt2
� K�I�j j� 1; 2 (1)

The gain K� depends on the step-motor characteristics and on the
capsule mass. With reference to Fig. 2, it is straightforward to
proceed with the kinematical modeling, using the following vectrix
geometry:

Fig. 1 Schematic of the balloon system.

Fig. 2 Geometrical definitions.
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(2)

The rotation matrices are constructed by the particular rotations. The
angular velocities are computed directly from the rotation matrices

using the angular rotation operator !� � 	 _CCT . The rotations and
the rates for the balloon, tether, and payload are shown next:

C BI �
c�c s�s�c � c�s 	c�s�c � s�s 
	c�s 	s�s�s � c�c c�s�s � s�c 
s� 	s�c� c�c�

" #

B�

(3a)

C TI �
c� 0 	s�
s�s� c� s�c�
c�s� 	s� c�c�

" #

T�

(3b)

C PI �
c�c c�s 	s�

s�s�c 	 c�s s�s�s � c�c s�s�
c�s�c � s�s c�s�s 	 s�c c�c�

" #

P�

(3c)

p

q

r

2
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3
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B�

�
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	c�s c 0
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_’
_�
_ 

2
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3
5

B�

(4a)
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3
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0
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2
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3
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P�

�
1 0 	s�
0 c� s�c�
0 	s� c�c�

" #
_’
_�
_ 

2
4

3
5

P�

(4c)

Formulating the equations of motion is now a straightforward task,
and we will choose the Lagrange method. By eliminating the
constraints, the Lagrangian is suitable for multibody dynamics.
Recall that the Lagrangian formulation is

d

dt

�
@T

@ _qi

�
	 @T
@qi
� @V
@q
�Qi (5)

where the generalized force Qi (for state i) is related to the
aerodynamic force Fk and to the torque Tk acting on each k body:

Q i �
X
k

Fk:
@ _Rk

@ _qi
�
X
k

Tk:
@!k
@ _qi

(6)

The state X is now of order 26 [states (12, 13) and (25, 26) are the
capsule displacements and their rates]:

X � �XI; YI; ZI; ’B; �B;  B; �T; �T; �P; �P;  P; �1; �2; _XI; _YI; _ZI; _�B; _�B; _ B; _�T; _�T; _�P; _�P; _ P; _�1; _�� (7)

Before proceeding with the Lagrangian formulation, let us
consider a special type of aerodynamic force related to the so-called
virtual mass [8]. It reflects the inertia of the surrounding fluid. Given
the hydrodynamic potential�, the virtualmass tensor depends on the
body shape as follows [8]:

mij �	∯
surface

�a�inj dS (8)

In general, a 3 by 3 virtual mass matrix [9] is required for airship
aerodynamics. Because the balloon is approximated as a sphere, the
virtual mass is simply [8]

ma � m11 �m22 �m33 � 2
3
�R3�a � 1

2
mair (9)

Now, having the virtual mass, the system mass distribution, and its
kinematics, the kinetic energy can be formulated as follows:

K � 1
2

mB �ma�V2

B � 1
2
mGV

2
G � 1

2
mCV

2
C

� 1
2
!B � 
IB � Ia� �!B � 1

2
!P � 
IG � IC� �!P (10)

where IB � diag
IB; IB; IB�, IG � diag
IGxx; IGyy; IGzz�, and IC�
diag
ICt ; ICt ; ICa �.
Ia reflects the rotational properties of the virtual mass tensor. It is

null for a spherical balloon and appears in the energy equation (10),
for formality. The velocity chain for the three massive bodies,
starting from the balloon center, is

V B �RT
I

_XI
_YI
_ZI

0
@

1
A (11a)

V G �RT
I 
fVBg �CIB!

�
Bf�Bg �CIT!

�
T f�Tg 	 CIP!

�
Pf�Gg�

(11b)

VC �RT
I 
fVBg �CIB!

�
Bf�Bg �CIT!

�
T f�Tg

�CIP!
�
Pf�G0Cg �CIPf�

�
Cg� (11c)

Notice that �
�
C is a time derivative inRC (and _� is a time derivative in

RI).
It is easy to see from Fig. 2 that the potential energy takes on the

form

U�
�
	mBZI 	mG

�
ZI � fCIBf�Bgg3 	 �B � fCITf�Tgg3 	 L

	 fCIPf�Ggg3 	 1
2
LC

�
	mC
ZI � fCIBf�Bgg3 	 �B

� fCITf�Tgg3 	 L�CIPf�G0Cg 	 d�
�
g (12)

Next, let us consider the applied force. Recall that the aerodynamic
force due to the virtual mass is already an intrinsic part of the system
dynamics. The other aerodynamic force is due to viscous drag acting
on a sphere:

D �	1
2
�aCDSBWreljWrelj (13)

where �a is the atmospheric density at altitude H, CD is the drag
coefficient that depends on Reynolds number (CD 
 0:5), SB is the
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balloon cross-sectional area, andWrel is the relative velocity between
the balloon and the windW:

W rel �
@X
@t
	WX

@Y
@t
	WY

@Z
@t
	WZ

2
4

3
5 (14)

Aerodynamic effects, including the balloon’s natural buoyancy [10],
are summarized in Eq. (15):


mB�ma�
d2XI
dt2

�
mair�ma�
@WX

@t
	 1

2
�aCDAB

�
dX

dt
	WX

�
jWrelj


mB�ma�
d2YI
dt2

�
mair�ma�
@WY

@t
	 1
2
�aCDAB

�
dY

dt
	WY

�
jWrelj


mB�ma�
d2ZI
dt2

�	
mair�ma�
@WZ

@t
	 1
2
�aCDAB

�
dZ

dt
	WZ

�
jWrelj 	mairg (15)

The aerodynamic drag acting on the tether and the payload was
neglected from the following reasons:

1) The drag force acting on the balloon is about 1000 times
stronger than the drag force acting on the tether/payload.

2) The worst case of angular deviation �T , due to surface winds
perturbing the payload, is less than 0.01 deg.

Linear Approximation

Now consider the case in which the state variables are small, and
let us write the equations ofmotion in a linear form. The linearization
assists us in viewing the system modal dynamics and is essential for
the controller design. Realization of Eqs. (5) and (6) with Eqs. (10)
and (12) results in the following 13 equations of motion:


mB�ma�mG�mC� �XI �
mG�mC��B ��B�
mG�mC�L ��T

�
mG�G�mCd� ��P�mC�
��

1

�
mair�ma�
@WX

@t
	 1

2
�aCDAB
 _XI 	WX�jWrelj (16)


mB�ma�mG�mC� �YI �
mG�mC��B ��B 	 
mG�mC�L ��T

	 
mG�G�mCd� ��P�mC�
��

2

�
mair�ma�
@WY

@t
	 1

2
�aCDAB
 _YI 	WY�jWrelj (17)


mB�ma�mG�mC� �ZI�
mair�ma�
@WZ

@t

	 1
2
�aCDAB
 _ZI 	WZ�jWrelj� 
mB�mG�mC 	mair�g (18)

	 
mG �mC� �YI �
�
mG �mC �

IB
�2B

�
�B ��B � 
mG �mC�L ��T

� 
mG�G �mCd� ��P � 
mG �mC�g�B 	mc�
��

2 � 0 (19)

	 
mG �mC� �XI �
�
mG �mC �

IB
�2B

�
�B ��B � 
mG �mC�L ��T

� 
mG�G �mCd� ��P � 
mG �mC�g�B �mc�
��

1 � 0 (20)

� B � 0 (21)

	 
mG �mC� �YI � 
mG �mC��B ��B � 
mG �mC�L ��T

� 
mG�G �mCd� ��P � 
mG �mC�g�T 	mC�
��

2 � 0 (22)

	 
mG �mC� �XI � 
mG �mC��B ��B � 
mG �mC�L ��T

� 
mG�G �mCd� ��P � 
mG �mC�g�T �mC�
��

1 � 0 (23)
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�
�
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�
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�
2
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IGxx � ICt
d2

�
d ��P

�
�
mG

�G
d
�mC

�
g�P 	mC�
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2 	
mCg

d
�2 � 0 (24)

	
�
mG

�G
d
�mC

�
�XI �

�
mG

�G
d
�mC

�
�B ��B

�
�
mG

�G
d
�mC

�
L ��T

�
�
mG

�
�G
d

�
2

�mC �
IGyy � ICt
d2

�
d ��P

�
�
mG

�G
d
�mC

�
g�P �mC�

��

1 �
mCg

d
�1 � 0 (25)


IGzz � ICa � � P|�������{z�������}
linear

	

IGxx � ICt ��P ��P � 
IGyy 	 IGzz � ICt 	 ICa ��P ��P � 
IGyy 	 IGxx 	 IGzz 	 ICa � _�P _�P|���������������������������������������������������������������������{z���������������������������������������������������������������������}

slightly nonlinear
�MP

 (26)
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�� 1 � K�I�1 (27)

�� 2 � K�I�2 (28)

Notice the small nonlinearity that was kept in the equation for the
payload yaw. It was retained because it may be at the same order of
magnitude as the small external yaw torque. An interesting
possibility, which was not investigated in this work, is to try
regulating the yaw via the nonlinearity with roll-pitch maneuvers. It
is a challenging problem for future research.

The linear equations are rewritten in the following standard form
(q 2 R13):

�q�	M	1Kq�M	1Q�M	1U (29)

The 13 � 13 mass matrixM and the 13 � 13 stiffness matrixK can
be easily constructed by inspecting Eqs. (16–28).

Q is a 13-element columnof applied forces, forwhich only thefirst
three elements are nonzero:

Q �


mair �ma� @WX

@t
	 1

2
�aCDAB
 _XI 	WX�jWrelj


mair �ma� @WY

@t
	 1

2
�aCDAB
 _YI 	WY�jWrelj


mair �ma� @WZ

@t
	 1

2
�aCDAB
 _ZI 	WZ�jWrelj � 
mB �mG �mC 	ma�g

011�1

2
664

3
775 (30)

U is a 13-element column of applied controls in which the first 11
elements are zero:

U �
011�1
I�T�1
I�T�2

2
4

3
5 (31)

Numerical Examples

Consider a standard atmosphere at 40 km, typical winds, and
gravity waves. The surface winds were modeled as a rotating
ellipsoid with frontal and side wind amplitudes of 60 and 20 kt,
respectively, and a rotation period of 2 min. The vertical winds were
modeled with multiple periods of 30, 60, and 120 s and with an
amplitude of 2 kt. The gravity-wave model was adopted from
meteorological literature [11,12], traditionally formulated as a
sinusoid with a constant period and a constant amplitude. These
atmospheric disturbances models are convenient for high-altitude
balloons, just as the Dryden model is convenient for atmospheric
flight. The gravity-wave amplitude, length, and period are 1 m/s,
10 km, and 10min, respectively. These atmospheric disturbances are
quite conservative; the test will be performed in calmer and
“controlled”weather conditions. Our balloon system parameters are

mB�1600 kg; mG�800 kg; mC�1000 kg

mair�3400 kg RB�66 m; �B�66 m; LG�1 m

�T�70 m; �G�0:5 m; LC�2:3 m IB�2:8�106 kg �m2

IXXG� IYYG�300 kg �m2; ItG�600 kg �m2 I��1 kg	1 �m	2

The longitudinal modal response based on the preceding
configuration is shown in Fig. 3 as a frequency spectrum. Four
dominant frequencies are denoted: Frequency 1 reflects the balloon
natural buoyancy oscillations. Frequencies 2 and 3 are related to the

balloon and tether pendular motions, respectively. Frequency 4, the
highest, represents the payload librations.

Introducing a damping mechanism attenuates the balloon/tether
librations amplitudes and even locks their frequencies, as Fig. 4
suggests. It is a welcome result because it assists in modal
stabilization, whereas the remaining mode, the payload librations,
will be stabilized with active control. Note that the energy-
dissipation mechanism is common in satellite applications, usually
bymeans of viscous ring dampers. This concept has been applied (by
our institution) to damp balloon oscillations. The mechanism
consists of a steel ball placed on a concave glass, both inside a
pressure container filled with oil. It will be mounted on top of the
payload platform.

In Fig. 4, is difficult to detect the spectral component of the wind
because its frequency is low relative to the system modes.
Investigations concluded that the wind, rather than the initial

Fig. 3 Frequency spectrum of the payload pitch (without balloon

damper).

Fig. 4 Frequency spectrumof the payloadpitch (with balloondamper).
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conditions, is the dominant mechanism for the oscillations. It was
observed that the amplitudes of the librations are in the linear
domain. Accordingly, stabilization via a linear controller is a feasible
approach.

Pointing Stabilization

Control Logic

The stabilization task is to bring the disturbed linear system, given
by Eq. (29), from an arbitrary initial state to a required terminal state
using acceptable control displacement. The terminal time is not
specified; the drop is executed at the right epoch that satisfies the
pointing conditions. The corresponding state vector is defined based
on Eq. (7):

X �
�
q

_q

�
2 R26 (32)

This state is associated with the linear system structure

_X�AX�D
X; t� �Bu (33)

such that A 2 R26�26 is the system matrix

A � 013�13 I13�13
	M	1K 013�13

� �
(34)

B 2 R26�2 is the control matrix

B �
013�2

K�M
	1 011;2

I2;2

� �2
4

3
5 (35)

D 2 R26�1 is the disturbance matrix (aerodynamic forces)

D �
�

013;1
M	1Q

�
(36)

and u 2 R2�1 is the control vector

u �
�
I�1
I�2

�
(37)

As expected, a controllability test shows that the full state is
uncontrollable. Nevertheless, because the goal is restricted to

gondola pointing stabilization, we are mainly concerned with output
controllability. The controllable output state vectorY consists of �T ,
�T , �P�P, �1, �2, and their rates. We can furthermore restrict the
output state vector to �P �P, �1 , �2, and their rates.

A further technical step before the assignment of a control law is
eliminating the redundantmodes. In addition to the elimination ofZI ,
 B and  P and �XI and �YI can be eliminated as follows:

�XI �
1

M1;1

�
	M1;5

��B 	M1;8
��T 	M1;10

��P 	M1;12
��1

� 
mair �ma�
@WX

@t
	 1

2
�aCDAB
 _XI 	WX�jWrelj

�
(38a)

�YI �	
1

M2;2

�
M2;4

��B �M2;7
��T �M2;9

��P �M2;13
��2

� 
mair �ma�
@WY

@t
	 1

2
�aCDAB
 _YI 	WY�jWrelj

�
(38b)

After substituting �XI and �YI into the other equations of motion (19),
(20), and (22–25), we are left with a set of eight states, all observable
and controllable.

The control gain G was computed based on the linear quadratic
regulator (LQR) algorithm [13], in which the control minimizes a
weighted quadratic performance function. The optimal control gain
for this LQR is related to the solution of the algebraic Riccati
equation [13], and the linear control law is u�GY.

There are a variety of commercial off-the-shelf (COTS) sensors to
provide the state feedback measurements. The angular orientation of
the platform with respect to the vertical (the nadir) can be estimated
by means of a sun-sensor/star-tracker. The typical angular
measurement accuracy is of a few arc seconds with a bandwidth of
2–6 Hz. Note that a star tracker is adequate at 40 km (stars are
detectable). Although this sensor is sufficient, it is possible to include
an inertial navigation system that consists of three rate gyros, three
orthogonal accelerometers, and possibly three magnetometers. The
inertial navigation system and the sun-sensor/star-tracker are fused;
the former is in the inner loop and the latter is in the outer loop. The
magnetometers’ role is mainly for prior estimation and backup,
because their typical accuracy is only 0.1 deg, with a satisfactory
bandwidth of 3Hz. The angular inclination of the tether relative to the
gondola can be measured by a rotary encoder with a precision of a

Fig. 5 Controlled pitch.
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couple of arc seconds and a count rate of 20MHz. Information on the
actuator displacement (position and velocity) at each sample time is
available without estimation [14]. Because of the sensors’ high
performance with relation to the design requirement and to the
closed-loop bandwidth, we assumed perfect measurement for this
study.

Numerical Example

Numerous simulations with different initial conditions, various
disturbances, and few weight matrices were run. Essentially, all
scenarios were regulated with satisfactory pointing precision,
acceptable control movements, and a reasonable response time. The
next couple of figures demonstrate the control performance for

particular weight ratios of 1:10:0:1:1:4:0:1 for �T :�P:�1:I�1 :
_�T : _�P:

_�1: _I�1 and the same ratios for the equivalent lateral weights. Adamper
was not included to test the conservative case. Figure 5 shows the
tether pitch, the payload pitch and pitch rate, and the actuator
displacement for a 200-s simulation. The system is uncontrolled
during the first 100 s with an initial payload pitch of 2 deg. The main
excitation, however, is by the wind. Although the tether oscillations
are not affected by the control action, the pitch oscillations are
regulated in less than 40 s. This disturbance rejection is impressive,
considering the gusty conditions.

In addition to satisfying performance, the actuator displacement
stays in the acceptable tolerance. After the initial rise, it oscillates
with the highest modal frequency (0.55 Hz), with low amplitude
(�1 cm). The available bandwidth of COTS actuators is at least
2 Hz, sufficient for this task. Figure 6 shows a phase plot for 100 s of
control action. The initial and final positions are marked by a circle
and a star, respectively. Although the displacement rate reaches
saturation at the first cycle, it operates within limits during the
remaining time. Recall that the weight matrices are arbitrary.
Increasing the control weight will relax the control agility at the
expense of the performance. Conversely, reducing the controlweight
will improve the performance at the cost of violating the capacity of
the stepper motor.

Conclusions

A dynamic model for a multibody balloon system was
constructed, and the feasibility of an active control for pointing
stabilization and disturbance rejection was tested. The design was
verified by exciting the system via challenging atmospheric
disturbances, with resulting adequate pointing regulation response
and satisfactory control actions. Although we assumed perfect
measurements, we do not expect a deterioration of the pointing
performance when sensors are included. This is due to the expected
high performance of the sensors as well as our conservative tests. It
was found that a balloon dissipation mechanism assists in damping
the balloon and the tether pendular motion. Possible dampers are a

ring damper for damping the yaw and a special damper for damping
the pendular motion. Both can be mounted on top of the payload
platform. Dampers also have an important role in attenuating the
elastic modes. The yaw is dynamically decoupled (in the linear
sense) and may be controlled by a reaction wheel. In any case, the
regulation of the yaw is not a tight design requirement and probably
can be tolerated by dampers, with no need for active control. In
general, there are approximations in modeling the dynamics and
uncertainties in modeling the atmospheric disturbances. Never-
theless, this imprecision can be considered as a form of internal
disturbance exciting the gondola dynamics. As long as the
unmodeled frequency spectrum is not too high relative to the
modeled frequency spectrum (indeed, the tether longitudinal
flexible-mode vibration frequency is less than 0.5 Hz), it is believed
that the proposed dampers and controller will reject the unmodeled
disturbances.
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