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Abstract

An autonomous altitude adjustment system for a stratospheric satellite ( StratoSat ) platform is
proposed. This platform consists of a helium balloon, a ballonet, and a two-way blower. The helium
balloon generates lift to balance the platform gravity. The two-way blower inflates and deflates the
ballonet to regulate the buoyancy. Altitude adjustment is achieved by tracking the differential pres-
sure difference (DPD), and a threshold switching strategy is used to achieve blower flow control.
The vertical acceleration regulation ability is decided not only by the blower flow rate, but also by
the designed margin of pressure difference ( MPD ). Pressure difference is a slow-varying variable
compared with altitude, and it is adopted as the control variable. The response speed of the actuator
to disturbance can be delayed, and the overshoot caused by the large inertia of the platform is inhibi-
ted. This method can maintain a high tracking accuracy and reduce the complexity of model calcula-
tion, thus improving the robustness of controller design.
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0 Introduction

Static lift aerial vehicles have been proposed as
environment monitoring platforms due to their hovering
ability'"’. For environment monitoring, atmospheric ex-
periments require sensor readings across a wide range
of altitudes, so autonomous altitude regulation is neces-
sary to continue flying at different altitudes'**’.

The general structure of the majority of existing
static lift aerial vehicles is a balloon equipped with bal-
last, valves and a one-way blower *!. Altitude adjust-
ment is achieved indirectly by adjusting the buoyancy
by changing the ballast weight or inflating the ballonet
by using blower'””’. In these methods, accurate alti-
tude control cannot be obtained for lacking the relation-
ship of altitude with the buoyancy. During ascent and
descent, the temperature and pressure variations are
nonlinear time-varying functions of altitude. To date,
no adequate knowledge or data on thermal characteris-

tics are available to establish an elaborate thermody-

[8-10]

namic model of scientific balloons , so accurate al-

titude control for balloons is difficult. Thus, less re-
search has been conducted on the elaborate altitude

control of balloons compared with the research on alti-
[11-13]

tude control of airships . Airships, like balloons,

have a main balloon and ballonets, but their altitude
control methods involve not only buoyancy, but also el-

surfaces , masses, and vector
1416
thrusters' ',

evator moving

Most of the existing altitude control methods for
static lift aerial vehicles are designed based on vertical
acceleration dynamic equations directly and adopt com-
plex algorithms to accommodate model errors''7"'.
Some researchers have worked on artificial intelligence
(AT) to realize the model-free control of complex air

vehicles'?

! However, the training data that Al relies
on are from experimental data, which increases the
complexity of controller design.

Stratospheric satellite ( StratoSat) proposed in this
paper is a long-life balloon that flies at 20 km altitude
in near-space. The buoyancy changes by inflating and

deflating the ballonet via a two-way blower hanging un-
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der the platform. Altitude adjustment is achieved by
tracking the differential pressure difference ( DPD) ,
and a threshold switching strategy is used to achieve
blower flow control. For the pressure difference at giv-
en altitude can be accurately measured by sensors, so
this method can maintain a relatively high tracking ac-
curacy, and the reliability of control system is guaran-
teed by avoiding a complex dynamic model and control
algorithm.

This paper is organized as follows. Section 1 intro-
duces the platform net lift model. Section 2 gives pa-
rameter design of the StratoSat. Section 3 presents the
general controller structure. In Section 4, a simulation
is implemented, and the results are discussed. In Sec-
tion 5, a brief summary is provided, and future work

directions are put forward.
1 Net lift model of StratoSat

This platform consists of a helium balloon, a bal-
lonet, and a two-way blower, as shown in Fig. 1. The
main balloon is filled with helium. A two-way blower is
installed at the bottom of the ballonet, and it can real-
ize the inflation and deflation of the ballonet and
achieve air mass changes by controlling the flow rate
of the blower (air mass change per second in ballo-
net) . The static model of this platform is given as fol-

lows.

Helium
0
x
Air
S
Two-way blowcﬂ, ¥y

z

Fig.1 General structure of the StratoSat

The total mass composition of the platform is

m=mg, +m, +m, (1)

strue

is the structure mass, m, is the ballonet

struc a

where m
mass, and m, is the helium mass.

The platform satisfies the maximum volume con-
straint, maximum pressure difference constraint, and
constant helium mass condition. For a given altitude, it

has

oP

m,=p, V. (1 + P“)

m, =p,V, (1 +51]j")

V=V +V, (2)
5P, =P(2';2 _1)

8P,,:P(p:1;h “1)

where 6P, and 8P, are the pressure difference between
the internal and external pressures of the helium bal-
loon and the ballonet, respectively; p, and V, are the
air density and volume of the ballonet, respectively; p,
and V, are helium density and helium balloon volume,
respectively ; P is the pressure of the external reference
atmosphere; and V is the total volume of the platform.
The net lift (NL) F, of the platform is
F,=B -G =pgV-mg (3)
where B and G represent the buoyancy and gravity of the
platform, respectively; p is the density of the external
reference atmosphere. The detailed NL model generated
by the whole platform is
F,=gl(p,-p,(1+6P/P))V,
+(p, —p, (1 +6P/P))V,]
op,, opP (4)

a

:g[ (pa _ph)Vh ~ Py ?Vh ~P. P VdJ

M8

where g is the gravitational acceleration.

The traditional pressure difference altitude control
of aerostat is a kind of passive control ™. Within a
reasonable range of pressure difference, deflating or in-
flating the ballonet by using valve or blower to change
the net lift of the aerostat can change altitude, as
shown in Eq. (4). However, this method can not con-
trol the balloon to reach the specified altitude, as the
relationship between the differential pressure and alti-
tude is unknown, and there is no continuous pressure
difference measurement, only the maximum and mini-
mum differential pressure is designed without its limits.

2 Parameter design of the StratoSat

The platform parameters are designed for the task
of environment monitoring. Suppose the platform’s max-
imum hovering altitude is 20 km, and the structure
mass is m_,. =236.5 kg. The pressure difference at
20 km is designed to be 6P, =8p, =200 Pa. The maxi-
mum pressure difference for the balloon is AP, =
500 Pa . If the diameter of this platform is 20 m, then
the overall volume would be V = 4 188 m’ . Under the
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lift and gravity balance condition at 20 km, the total
volume remains the same:

op OP,
gl (p, =p )V =py Vi =2, 5"V
h =20 km
B (5)
- mslrutg - 0

Vi + Vilhosm =V

The calculation results are V, = 1 041,V, =
3 147, then m, =40 kgand m, = 96 kg are obtained at
20 km for balance. It is assumed that there is no gas
exchange during the ascent process, so at the initial al-
titude of 10 m, the helium mass and air mass are the
same as at 20 km altitude. Then the obtained buoyancy
at 10 m is 13 kg, which achieves the initial ascent.

The blower design provides the maximum amount
of inflation and deflation that can be achieved in a con-
trol cycle, which is the design basis for pressure differ-
ence change threshold (PDT) & . For this platform, the
control period is set to 1 s, and PDT of 2 Pa * s™' is
designed, then maximum flow rate of the blower is be-

low 0.8 kg * s~

in subsequent simulations. Overall parameters of the

" at arbitrary altitude; this is reflected

platform is shown in Table 1.

Table 1 Parameters of the platform
Parameters Value
Initial altitude 10 m
Total platform volume 4188 m’
Initial helium mass 40 kg
Initial ballonet mass 96 kg
Helium volume at 10 m 237 m’
Ballonet volume at 10 m 78 m’
Pressure difference at 20 km 200 Pa
Maximum pressure difference 500 Pa
Structure mass 236.5 kg
Buoyancy at 10 m altitude 13 kg
Gravity center position 4 m
Flow rate of the blower 0.8 kg s
Pressure difference change 2 P s

threshold

3 General controller structure

Complex controller algorithms are unsuitable for
engineering applications because achieving an accurate

Targetaltitude Pressure Differential pressure Threshold Commanded Air mass
— | difference at o b —» switching —» differential pressure  —
. difference . change
target altitude strategy difference
Pressure dlffe.r enee e StratoSat  [«— Net lift calculation Blower flow
at current altitude h control
Fig.2 General controller structure
dynamic model is difficult, so this study proposes an L mp,
altitude adjustment method based on DPD. This con- - m.p,
troller design is simply implemented by avoiding the V. = V/(1 +k) (6)
trouble of accurate modeling, and it is convenient for V. = V-V
h — a

adoption in practical controller design. The controller
structure is shown in Fig. 2.

Closed-loop altitude control begins when the plat-
form reaches the maximum altitude of 20 km, there is a
pressure difference between the inside and outside of
the balloon. Thus, the platform has a fixed shape, and
its volume is at the maximum value. This is defined as
the steady state of the platform. Assume that the pres-
sure difference of the helium balloon and ballonet is
equal under the steady state for a given station keeping
altitude, which means the shape may be changed dur-
ing the height adjustment process. For the platform in
steady state, the volume ratio k of the helium balloon to
the ballonet is fixed. Volume ratio £ can be deduced

from Eq. (6).

The pressure difference 6P, at the target altitude
(TA) and the pressure difference P, at the current al-
titude (CA) can be deduced from the lift and gravity
balance condition at different altitudes, respectively,

as shown in Eqs (7) and (8).
— P[(pdl _pht)Vht - mstruc]

oP,, (7)
phl Vhl +pat Vat
Pl(p —p)V. —m_ 1
(SPah — (pa ph) h Mg (8)
pth +paVa

where p,, and V,, are the air density and volume of the
ballonet at TA, respectively, and p,, and V,, are helium
density and volume of the helium balloon at TA, re-
spectively.

The DPD between CA and TA is calculated as
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A = 6P,

W - 0P, 9)

The ballonet tracking pressure difference 6P, is
determined by A by using a threshold switching strate-
gy. A is compared with a threshold 8, which is defined
in the system design phase. If A is less than §, then the
target pressure difference is assigned directly to the
tracking pressure difference; if A exceeds &, then the
tracking pressure difference is the current pressure
difference plus or minus the threshold § depending on
the sign of A. This tracking commanded differential
pressure difference assignment logic is

6P, = 6P, |A| <&
oP,, = oP, -6 A>9 (10)
5P, =8P, +6 A<-6

On the basis of the condition that the pressure
difference between the helium balloon and ballonet is
equal ( 6P,, = 6P, ), the helium pressure difference
tracking command is obtained. It is assumed that only
the ballonet has gas exchange during the altitude ad-
justment process, and the required helium balloon vol-
ume is calculated through the conservation of helium
mass. Then, the ballonet volume is derived from the in-
variant total volume. Bosed on the helium mass conser-
vation, it can be derived as

V _ my,
e oP,,
p(1+=5%) (11)
Va(‘ = V - th
where V|, and V, are the commanded volumes to be
reached.

The required mass change of the ballonet is cal-
culated according to the tracking pressure difference
command. Then, the remaining air mass of the ballo-

net is
oP,.
m,, = pV (14755 (12)
The change in air mass is calculated as
Am =m, —m,, (13)

A two-way blower realizes the inflation and defla-
tion of the ballonet and achieves these air mass changes
by controlling the size of the blower flow.

The net lift (NL) of the platform, F,,, is deduced
from Eq. (4), in which the direct control variables act
on the aerial platform ( AP)to overcome structure grav-
ity and regulate the altitude. The DPD based threshold
switching strategy of tracking control is shown in Fig. 3.

In this scheme, the control strategy can be worked
out without access to an accurate dynamic model. Only
the pressure difference at different altitudes needs to be
determined. In Eq. (7) , the volume ratio at TA is un-

known, so the volume ratio at CA in Eq. (8)is used to
calculate ballonet volume V, and helium balloon volume
V.. at TA. This volume ratio gradually approaches the
target one as the platform approaches TA.

Fig.3 DPD based threshold switching strategy
4 Altitude regulation validation

4.1 Mass dynamics

The attitude of the platform is assumed to be small
and can be ignored. The mass model of the platform is
established in the body frame for simulation as follows.

Dx
a, = —

m

D,
a, = — (14)
Y om

B-G-D,
a, =—- ————

m

where a , a , a, are the accelerations; the external

force in the body frame are buoyancy B, gravity G and
aerodynamic drag components D, D, and D_, they are

expressed as

1
D, = 7P\wx -, [(w, =v,)S e,
1
Dy = Tp ‘ w} - 1}9’ ‘ (w), - Uy)Sm[C}, (15)

-0, ) Srefcz

(w

z z

1
D, =7p\wz—v

where S, is the reference area, which is equal to the



HIGH TECHNOLOGY LETTERSIVol. 30 No. 1 |Mar. 2024

cross-sectional area of the sphere; the isotropic aerody-
namic drag coefficients arec, = ¢, =¢, =0.5;v,,0,,
v, refer to the ground speed; and w, ,w, ,w, refer to the

wind speed.

4.2 Simulation results

The simulation is divided into three phases: open
ascending, autonomous descending, and autonomous
ascending. The target altitude is designed as

20 km 0=<1:<8000
, =110 km 8000 < < 15000 (16)
15 km 15 000 < ¢ < 20 000
The simulation of the entire process of the plat-
form is given in Figs 4 —8. In Fig. 4, h is the altitude
of the platform, 8P, is the pressure difference of the
ballonet, dm, is the flow rate of blower in the ballonet,

dw is the vertical acceleration of the platform.

h

"
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Fig.4 Aliitude and control

variables in whole process
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In Fig. 5, m, is the air mass of the ballonet, V is
the total volume of the platform, V, is the volume of the
helium balloon, and V, is the volume of ballonet.

In Fig. 6, B is the total buoyancy of the platform,
Dz is the drag in the vertical direction, 8P, is pressure
difference of the helium balloon and w is the vertical
speed of the platform.

In the first flight phase, the platform filled with a
certain amount of air and helium rises from the ground
and reaches an altitude of 20 km (Fig. 4 (a)) at
6 000 s, which is the limit altitude designed for the plat-
form. The pressure difference is 200 Pa (Fig.4(b) ). The
helium and air fill the entire volume, and the platform is
in an over-pressured steady state (Fig.5(b)). The heli-
um balloon volume is 3 124 m’, and the ballonet vol-

ume is 1 040 m’(Fig.5(c¢),(d)). The initial ascend-

X 14988
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[ ]
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2
£
500 *—
X 1176 X 18252
Y 958955 Y 539.5180
°
o [ , , ,
0.0 0.5 1.0 1.5 20
tls x10¢
(a) Air mass
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1000
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tls <10

(c) Helium volume

Fig.5 Remaining air mass and volume in whole process

ing rate of the platform is 0.35 m - s~' and reaches
2.77m s " at30 s (Fig.6(d). At the same time, the
vertical drag also increases to 131 N (Fig. 6(b)); the
s at 5919
(Fig.6(d) ), at the same time the pressure difference
is generated from 5 919 s. Then, the ascent speed be-
gins to decrease (Fig.6(c) ), and the platform speed
decreases to 0 from 5 919 s to 5 997 s; afterward, it
stabilizes at a stationary altitude for a period of time.

maximum ascending speed is 4. 26 m *

The second descending phase begins at 8 000 s.
The target altitude is 10 km, and it is achieved by in-
flating the ballonet and increasing the weight of the
platform. The platform reaches 10 km at 11 001 s
(Fig.4(a)) ; the helium volume is 695 m’(Fig.5(¢)),
and the ballonet volume is 3 493 m’ (Fig.5 (d)). The

5000
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X 11548
4000 Y 3493.01
[
3 000 \ |
._
X 17266
”g 2000 ) Y 2719.64
N X 5919
Y 1040.82
100G o—O
X 8024
Y 1073.07
0
0.0 0.5 1.0 1.5 2.0
tls x10¢

(d) Ballonet volume
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Fig.6 Force, pressure difference and vertical velocity of the platform

s™ (Fig. 6(d)),

-2

maximum descent speed is =5.05 m °
and the maximum descent acceleration is —0.068 7 m * s
(Fig.4(d)). The steady-state pressure difference is light
damping oscillated up and down at around 200 Pa
(Fig.4(b) ). The air mass is 1 456 kg at a stable alti-
tude (Fig.5(a)), and the pressure difference during
the descent process reaches a limit value of 500 Pa
(Fig.4(b) )from 8 001 s to 8 150 s. The flow rate of the
blower occurs at 8 150 s with 0.450 kg * s ' (Fig.4(¢c)),
which is corresponding to maximum descent acceleration
—-0.0680m - s (Fig.4(d)); the maximum flow rate is
0.631 846 kg - s™' at 10 503 s, when the pressure
difference of ballonet is 500 Pa( Fig.4(b)).

The third ascending phase begins at 15 000 s. The
target altitude is 15 km, and the weight of the platform
is reduced by ballonet deflation, which is constrained
by the minimum pressure difference of O Pa. The plat-
form reaches this altitude in 17 250 s (Fig.4(a) ) with
a helium volume of 1 464 m’ (Fig.5(c¢))and a ballo-
net volume of 2 719 m®(Fig. 5(d) ). The maximum as-
s " (Fig. 6(d)). The steady
state pressure difference is light damping oscillated up
and down at around 200 Pa (Fig.4 (b)), and the air
mass is 539 kg at a stable altitude (Fig.5(a)). The

cent speed is 2. 85 m -

maximum flow rate of the blower during the ascent
process occurs at 15 100 s with — 0. 518 kg * s~'
(Fig.4(c) ), which is corresponding to the maximum
s 7 (Fig.4(d)).

Furthermore, different target altitudes are set to

ascent acceleration 0.025 3 m °

validate the altitude regulation ability as shown in
Figs 7 — 8. In this simulation, with different descending
target altitudes in the second phase, shown as TA =
9 000,TA =10 000,TA = 13 000, the remaining air
masses are different with different TAs, as shown in
Fig. 6. However variations of other control variables
change with the same regularities; with different TAs,
the control durations are different, as shown in Fig. 7.

From above simulation results, it can be seen that
arbitrary altitude regulation is obtained with this simple
control logic shown in Fig. 3. Given different TAs, the
maximum flow rate is 0. 630 kg * s™', which satisfies
the design condition of 0. 800 kg * s~' as shown in
Table 1. The control variable in this scheme is DPD,
which is a slow-varying variable. The control response
to differential pressure difference is delayed, and the
overshoot caused by the large inertia of the platform is

inhibited (Fig.7(a)).
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Fig.7 Different TAs and remaining air mass
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Fig.8 State variations with different TAs

4.3 Further discussion
4.3.1 Constant pressure difference at station-keeping
altitude

In descent phase from 8 000 s to 11 000 s (Fig.4(a)),
the pressure difference of ballonet is increasing from
200 Pa to 500 Pa, then decreasing to 200 Pa (Fig.4(b)).
In ascent phase from 15000 s to 17 000 s (Fig.4(a) ), the
pressure difference of ballonet is decreasing from 200 Pa
to O Pa, then increasing to 200 Pa (Fig.4(b) ). The de-
signed pressure difference at 20 km is 6P, = ép, = 200 Pa.
The pressure difference between the helium balloon and
ballonet varies during the altitude adjustment process, but

it reaches the designed value of 200 Pa when stabilizing at a
given station-keeping altitude (Fig.7(a), Fig.8(a)), this
is because the DPD is regulated to compensate the altitude
difference only, the platform will restore its original over-
pressure state to satisfy the lift and gravity balance condi-
tion as it reached the target altitude.
4.3.2 Factors affecting flow rate analysis

The real blower flow rate (air mass change rate)is de-
pendent on the altitude variation and pressure difference

variation as described in Eq. (12), so:

6P’
dn, =pv, 1420 | —pv 2501 ()

h h’

Eq. (17)is a multivariate expression and no ana-
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lytical solution. So the factors affecting flow rate are
studied by simulations. In this section only altitude reg-
ulation phases are taken into consideration, so open as-
cending phase from ground to 20 km is not shown in
the following simulation results.

x10*

1.5

h/m

1.0

0.5 1
tls

(a) Altitude variation

1.5 2

x104

m, kg

The blower flow rate is decided by the PDT 6 di-
rectly. Here 6 = 0.5 Pa, 6 = 2 Paand 6 = 10 Pa are
given for evaluaing the relationship of PDT with blower
flow rate, as shown in Figs 9 and 10.
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Fig.9 Aliitude and remaining air mass with different PDTs
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Fig. 10 State variations with different PDTs

There are not obvious differences in altitude regu-
lation and remaining air mass with different PDTs, as
shown in Fig. 9. The other states is shown in Fig. 10.
There are different maximum values of vertical speed,
accelerations and blower flow rates when the commands
is switched, where the PDT of § = 10 Pa induces more
abrupt changes in acceleration and blower flow rate
when the pressure difference has sudden change; the
PDT of 6 = 0.5 Pa induces more oscillation at the sta-
tion keeping altitude. So reasonable choice of PDT
helps improve the control quality, however it does not
affect the overall altitude control results. It demon-

strates the robustness of the controller.

Comparison of Fig.9(a)with Fig. 10(a) indicates
that in the descending phase, the pressure difference
reaches the maximum of 500 Pa to descend. In the as-
cending phase, the pressure difference reaches the mi-
nimum of O Pa to ascend. Thus, the vertical accelera-
tion regulation ability is decided not only by the blower
flow rate, but also by the designed margin of pressure
difference ( MPD ). MPD is the difference of the de-
signed pressure difference with the maximum or mini-

mum pressure difference.

Here AP, =500 Pa, AP, =400 Pa, AP , =
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300 Pa, which are corresponding to MPD =300 Pa,
MPD =200 Pa, MPD =100 Pa, are given for evalua-
ting the relationship of MPD with blower flow rate, as
shown in Figs 11 and 12. The flow rate, vertical speed
and vertical acceleration are related with MPD closely.

m, /kg

With increase of the MPD, the flow rate, vertical
speed and vertical acceleration are increasing. Thus the
transition time for altitude tracking and air mass change
rate are different.

1500

1000

500

tls
(b) Air mass variation

x10¢

Fig.11 Altitude and remaining air mass with different MPDs
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0.5
%
&
=
£ 00
-0.5
0.5 1.0 1.5 2.0

tls x10*

(c) Air mass change rate

Fig.12 State variations

4.3.3 Alitude tracking with vertical wind disturbance

In order to verify the tracking stability of DPD as a
control variable, the random vertical wind disturbance
with maximum amplitude of 3 m - s™' is given as
shown in Fig. 13, and the state variations and altitude
tracking results are shown in Fig. 14.

From Fig. 13, it can be seen that the vertical wind
induced vertical drag on the airship, causing the verti-
cal acceleration disturhance to oscillate between

£0.5m - s> (Fig. 14(f) ), the controller makes air

2
% 0
g
=
2
4
0.5 1.0 1.5 2.0
t/s x10*
(b) Vertical velocity
0.05
£ 0.00
I
S
MPD=100 Pa
= = =+ MPD=200 Pa
-0.05 -
s MPD=300 Pa
0.5 1.0 1.5 2.0
tls x10*

(d) Vertical accleratim

with different MPDs

the disturbance
(Fig. 14 (d)), as a result the altitude tracking is
smooth as before. So the designed controller has strong
anti-interference ability.

mass exchange frequently to resist

5 Conclusions

Altitude adjustment of a StratoSat is carried out
with DPD as the control variable. The pressure differ-
ence change threshold is set based on the ability of the
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blower, and the control command is switched in ac-
cordance with the threshold to realize blower flow con-
trol. Then, the altitude is adjusted autonomously. The
vertical regulation ability is decided by the blower flow
rate and the designed MPD.

-4

0.0 05 1.0 15 2.0

tls x104
(a) Wind field

200

100

Dz /N

-100

-200

-300 - - -
0.0 05 1.0 15 2.0

t/s x104
(b) Vertical drag

Fig.13 Vertical wind and vertical drag disturbance

Different factors affecting the control ability are
analyzed by simulations. This controller can keep con-
stant pressure difference at arbitrary station-keeping al-
titude. Compared with altitude as the control variable,
the control variable in this scheme is DPD, which is a
slow-varying variable. It can maintain a high tracking
accuracy by avoiding the complexity of model calcula-
tion, at the same time, the control response to differen-
tial pressure difference is delayed, and the overshoot
caused by the large inertia of the platform is inhibited,
which is suitable for the motion control of large-mass
vehicles, such as StratoSat , within a wide range of al-
titude regulation. Therefore, the designed controller has
strong anti-interference ability and is suitable for engi-
neering applications.

This controller is based on the assumption that the
pressure difference between the helium balloon and
ballonet is equal under the steady state, thereby igno-
ring the transition time of gas expansion and compres-

sion. The commanded pressure difference is decided by
the volume ratio, atmosphere density, and pressure at
the target altitude, which may be inaccurately deter-
mined. Thus, future work could establish an experi-
mental model of atmosphere density and pressure in re-
lation to altitude in a certain experimental area to elim-
inate altitude errors when the commanded pressure
difference is reached.

x10*
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0.0 0.5 1.0 1.5
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(a) Altitude variation

OP /Pa

— N W
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= (=]
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Fig.14 State variations with vertical wind disturbance
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