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Abstract:  Airship shape is crucial to the design of stratosphere airships. In this paper, multidisciplinary design optimization
(MDO) technology is introduced into the design of airship shape. We devise a composite objective function, based on this tech-
nology, which takes account of various factors which influence airship performance, including aerodynamics, structures, energy
and weight to determine the optimal airship shape. A shape generation algorithm is proposed and appropriate mathematical models
are constructed. Simulation results show that the optimized shape gives an improvement in the value of the composite objective
function compared with a reference shape.
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INTRODUCTION

Stratosphere airships have been attracting in-
creasing attention for decades, for aerial exploration,
environmental monitoring, and surveillance purposes
(Colozza and Dolce, 2005). An airship is a
lighter-than-air vehicle which produces significant lift
resulting from buoyancy. The airship body, which
generates the lift, plays an important role in airship
design. The shape of an airship directly influences its
aerodynamic and structural characteristics. The pay-
load, maximum operating altitude, endurance and
location are determined by the body volume. The
aerodynamic drag, surface area of the envelope and
area of the solar array are determined by the shape.
Aerodynamic considerations are reflected in the
minimum drag coefficient, structural considerations
affect the minimum surface area, minimum solar
battery area and hoop stress, and energy considera-
tions influence the solar area, all of which have a
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direct affect on envelope weight. Thus, it is essential
to investigate shape optimization in airship design.

Generally, the design of airship shape has de-
pended mainly on the experience of the designer.
Some designers have chosen existing shapes without
optimizing the shape in the design process (Ozoroski
et al., 2003; Pant, 2003). Others have optimized the
shape in consideration only of aerodynamic charac-
teristics and have ignored other factors (Lutz and
Wagner, 1998; Nejati and Matsuuchi, 2003; Wang
and Shan, 2006).

In this paper, multidisciplinary design optimiza-
tion (MDO) technology is introduced into the design
of airship envelope shape for the purpose of obtaining
the optimum shape in relation to a number of factors.
A shape generation algorithm in accordance with
MDO is proposed. The factors, including aerody-
namics, structure, energy and weight, are analyzed
and appropriate mathematical models are constructed.
A composite objective function reflecting the mul-
tidisciplinary nature of the problem is devised and the
shape optimization of an airship is performed using an
adaptive simulation annealing algorithm.
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NATURE OF MULTIDISCIPLINARY ASPECTS

Aerodynamics, structures, energy and weight
directly influence the design of airships, each having
their own constraints and demands. From the per-
spective of aerodynamics, it is especially important to
find a drag-minimized envelope (i.e., with a minimum
volumetric drag coefficient) during the shape design
of an airship. From a structural perspective, the shape
design needs to reduce the hoop stress and from an
energy perspective, airship shape is designed with the
purpose of minimizing the surface area of the solar
array while satisfying the energy requirements of the
airship. Using the empirical expressions given by
Khoury and Gillett (1999), an increase in fineness
ratio can be shown to reduce the drag and resulting
fuel load, but induce an increase in hoop stress, which
causes higher structural bending moments and struc-
tural weight. This shows just one of the possible in-
teractions among various factors. It leads to the con-
clusion that, from the viewpoint of MDO, shape op-
timization needs to take account of all possible in-
teractions among different variables and find the op-
timum shape of the airship which satisfies the speci-
fications and requirements posed by diverse factors
that directly affect airship performance.

SHAPE GENERATION ALGORITHM

To explore the possibility of designing better
shapes using multidisciplinary optimization charac-
teristics, a new shape generation algorithm is pro-
posed to extend the range of design space. The equa-
tion of the airship body is denoted as

64(y? + %) = a(l — x)(bx — Ic ++/cl? —dIx), (1)

where X, y and z are x-, y- and z-coordinate of points
on airship curve, respectively, | is the length of the
envelope and a, b, ¢ and d are the shape parameters of
the airship.

The characteristics of optimal shapes obtained
are compared with a reference shape (Fig.1).

Since the complete airship body is obtained by
revolving the 2D shape by 360° about the x-axis, the
2D shape equation can be transformed as follows:

y=+all - x)bx—I1Vc +Jel2 —dix) /8. (2)
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Fig.1 Reference shape

MODELS OF DISCIPLINES DESCRIPTION

To minimize aerodynamic drag, weight and
structural requirements and to maximize energy gen-
erated by the solar array in the envelope design, the
objectives of shape optimization are to minimize the
volumetric drag coefficient, the surface area, hoop
stress and the surface area of the solar array. Since
high fidelity analysis is very time-consuming, low
fidelity models from the literature have been inte-
grated into the present optimizer to perform the op-
timization.

Model of volumetric drag coefficient

The volumetric coefficient of drag (Cpy), which
is calculated based on V?*, was given by Khoury and
Gillett (1999) as a function of fineness ratio (I/D) and
is described as follows:

~0.172(1/ D)*® +0.252(D / 1)*? +1.032(D / 1)*’

CDV Rel/G
3)
ALY )
Y7,

where D is the maximum diameter of the envelope, Re
is Reynolds number, v is the velocity of wind, p, is the
density of air and u is the dynamic viscosity of air.

Model of surface area
The surface area of the envelope can be calcu-
lated as follows:
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A =2nj:y[1+(g—i) j dx. (5)

Model of minimum hoop stress

The minimum hoop stress per unit thickness is
obtained using Eq.(6). The minimum inner pressure
(AP) in Eq.(6) consisting of static pressure (Pstatic),
Munk pressure (payn) and internal differential pressure
(paitr) is shown in Eq.(7). Static pressure caused by
static bending moments, Munk pressure caused by the
dynamic bending moments and internal differential
pressure are calculated using Eq.(8), Eqg.(9) and
Eq.(10), respectively.

o, =APD/2, (6)
AP = Pyyic + Payn + Poitr (7
P = 2:263p,1,,4%, ®)
Py = 2V, (K, —k)(sIn 22) / (nrl), (9)

Py =1.7229p,RAsine, (10)
where g is the acceleration because of gravity, ry is
the radius of the envelope at the mass center, A=I/D is
the fineness ratio, k; and k, are the Munk inertial
factors of longitudinal and transverse directions, re-
spectively, a is the angle of attack, and R is the
maximum radius.

Model of surface area of solar array

The power required to run an airship and its
payloads consists mostly of control systems (Petris),
payload systems (ppays) and propulsion systems
(Pprops). Of these, the propulsion systems use by far
the greatest amount of energy. Around 100 kW of
propulsion power is required when flying at 25 m/s.
The payload systems use around 10 kW and the con-
trol system about 11 kW (Natio et al., 1999), both of
which can be assumed to be constant during design.
The total power required can be described as follows:

ptotal = ppays + pctrls + pprops' (11)

The energy used for propulsion can be calcu-
lated as

pprops = |:propv / nprop' (12)

F. =pVC, V. 12,

prop

(13)

V, = n'[ol y2dx, (14)

where v is the speed of the airship, #yp is the effi-
ciency of the propulsion systems, | is the length of the
airship, and V, is the volume of the envelope.

The total energy is denoted as

Qtotal = kenergy ptotalt' (15)

where Kenergy IS the factor of energy and t is the time in
days.

For the purpose of calculating the area of the
solar array, the shape of the airship can be assumed to
approximate a cylinder. The radius of the envelope at
the mass center (ry) is adopted as the radius of the
cylinder. Thus, a vector which defines any point on
the surface can be created as a function of the radius
of a cylinder (ry), location (x) and angle along the
circumference (y), and is given by

P(x,y,2) = (X,r,siny,r, cosy). (16)

Using EQq.(16), the normal vector of the sur-
face is

n(x,y,z)=(0,siny,cos y). a7

The sun elevation angle (5) and the azimuth
angle () are changing with time, changing the direc-
tion of the solar incidence ray (Fig.2). The normal
vector of solar radiation is

sinacos
cosSa cos f |.

sin g

IsunO =

(18)

The solar radiation vector can be resolved into
two parts: one perpendicular to the solar array surface
and one parallel to it. Of these two parts, only the
perpendicular part of the solar radiation vector is
effective in producing electrical energy. This perpen-
dicular part can be calculated using the dot product of
the solar vector and the local normal vector of the
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Fig.2 Sketch of sun angles

solar array surface, providing that these two vectors
are relative to the same axis system. For this purpose,
the solar radiation vector is transformed to the local
airship axis system using Eq.(19):

sina cos S
L =T Lo =Ty | COS@zCOS B |, (19)
sin g8

where T, is a transformation matrix, which trans-
forms the vector from the universal axis system to the
local airship axis system. The contents of this matrix
depend on the attitude and direction of the airship, and
are expressed as Eq.(20) and shown at the bottom of
this page, where @ is the airship pitch angle, @ is the
airship roll angle and ¥ is the airship yaw angle (0°
for east, 270° for north).

When an airship is flying eastwards without any
pitch and roll (©=0, @=0, ¥=0), the matrix becomes

(21)

o - O
= O O

Thus, the solar radiation perpendicular to the
surface (Ip) can be obtained from

where I, is the intensity of the sunlight.

The amount of electrical energy generated

from an area ds can be calculated as

dw = Ib 'nsolards' (23)

where ds is the product of the length along the
x-direction and the length along the circumference

ds =dx-rdy. (24)

The total amount of energy received on the solar

array is
1y,
qun = .”.[ In —I—nsolar I“gcdtdydx‘

Xyt |ﬁ|

(25)

sun

For the airship to work normally, the energy
should satisfy

qun = Qtotal' (26)

The surface area of the solar array can be ob-
tained easily using Egs.(15), (25) and (26) with nu-
merical method, and is described as

A, =[] dydx. (27)

SHAPE OPTIMIZATION OF AIRSHIP

Design vector

There are four shape coefficients in Eq.(1),
namely a, b, ¢, d. To investigate the effect of relaxing
the length constraint, the length is kept in the design
vector. Thus, the design vector of the concerned

problem is described as X, =(a,b,c,d,I).

Constraints

n-l
l,=1,— Ii”” , (22) The volume of the airship is fixed for the
|n|~ sun comparability of the design results. The range of the
cos@cos¥ cos@siny? —sin®
T, =| —cos®sin¥ +sin®@sin@cos¥  cosPcos? +sinPsinOsin¥  sin@coso |, (20)

sin®@sin¥ + cos®sin @ cos¥

—sin@cos¥ +cosPsin@sin¥?  cosdcosO
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length is set taking into account the shape and length
of airships in general. The constraints are shown as

V =25x10° m*®,160 m <1< 200 m.

Objective function

To consider the influences of various factors on
the optimization of shape, a composite objective
function involving Cpy, Ae, Omin, and A, is devised as
follows:

Foomposite = 1 x (C& T A 4 Fmin_ &j %100,
4 (Cowe Ar onr As

(28)

where Cpvr, Aer, omine, and Age are the respective
initiation values of Cpy, Ae, Omin, and As, corre-
sponding to the reference shape.

Other objective functions adopted for compari-
son with the composite function described above are
as follows:

F, _ Cov 100, (29)
DVF
F, =-2mn 100, (30)
O

minF

ADAPTIVE SIMULATION ANNEALING ALGO-
RITHM

Adaptive simulated annealing (ASA) is em-
ployed to perform the shape optimization. ASA
(Ingber, 1993) is a variant of simulated annealing
(SA). SA is a random-search technique which ex-
ploits an analogy between the way in which a metal
cools and freezes into a minimum energy crystalline
structure (the annealing process) and the search for a
minimum in a more general system.

To force some material into a low energy state,
we heat it and make it reach a high temperature T, by
imparting high energy to it. Then we cool it slowly,
allowing it to come to thermal equilibrium at each
temperature. This strategy of a controlled decrease in
temperature leads to a crystallized solid state, which
is stable and corresponds to a minimum of energy.
The physical process described above was associ-
ated with combinatorial optimization problems

(Kirkpatrick et al., 1983). An objective function is
associated with the energy of a physical system and
system dynamics are imitated by random local modi-
fications of the current solution. In SA, the annealing
process is simulated at several such temperature steps
by letting the system reach equilibrium at each tem-
perature. To simulate how the system reaches ther-
modynamic equilibrium at each fixed temperature in
the schedule of decreasing temperatures, the Me-
tropolis algorithm (Metropolis et al., 1953) is em-
ployed. Thus, the SA algorithm not only accepts
changes that decrease the objective function (assum-
ing a minimization problem), but also some changes
that increase it, which makes it avoid being trapped in
local minima. In the SA algorithm, key parameters are
the initial temperature, the annealing schedule which
mandates how the temperature is decremented, and
the number of iterations at each step (Banerjee and
Dutt, 2004).

Compared to standard SA algorithms, ASA
employs a new annealing schedule for each tem-
perature as

T (k) =T, exp(-ck"™), (31)

where T(k) is the temperature of the annealing
schedule in annealing-time steps k, Ty is the starting
temperature and is large enough, c is a constant and N
is the number of parameters.

The annealing schedule is faster than fast
Cauchy annealing (Szu and Hartley, 1987), where
T=To/k, and much faster than Boltzmann annealing
(Kirkpatrick et al., 1983), where T=Ty/Ink. ASA al-
gorithm is well suited to solving high non-linear
problems with short running codes, when finding the
global optimum is more important than a quick im-
provement in the design (Ingber, 1993), and so suits
very well the optimization problem described above.

To ensure that the optimizer performs efficiently,
some control parameters in ASA (Table 1) had to be
adjusted to suit the objective function. Inappropriate
parameter settings can make the algorithm extremely
inefficient and may even result in failure to arrive at
the global optimum.

The values of ‘Max. number of generated de-
signs’ and ‘Convergence epsilon’ are determined by
numerical experimentation while the values of other
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parameters are those recommended by Ingber (1993)
based on previous experience. A higher penalty is
forced on the objective function for an undesirable
shape resulting from the shape generation algorithm.

Table 1 Control parameters of ASA

Control parameter Value
Max. number of generated designs 10 000
Convergence epsilon 1x1072
Number of designs for convergence check 5
Relative rate of parameter annealing 1.0
Relative rate of cost annealing 1.0
Relative rate of parameter quenching 1.0
Relative rate of cost quenching 1.0
Max. number of failed designs 5

RESULTS AND DISCUSSION

In this section, we describe the results from per-
forming optimization using an adaptive SA algorithm
to resolve the problem described above.

Firstly, we optimized the shape using objective
function Fo;. Fig.3 shows the optimized shape in
comparison with the reference shape. Comparisons
with respect to Cpy, Ae, omin, Asa and objective func-
tion Foy are shown in Table 2. Little improvement was
gained in terms of Cpy or Ag. The reason is that the
design of the reference shape focused on the lowest
volumetric coefficient of drag Cpy under the given
operating conditions. Thus, it had an objective func-
tion similar to that of the optimization above, giving
little improvement in Cpy,.

507 Objective function Fy,
E 40! Reference shape
- 5 Optimized shape
2
S 301
c |
S | T
R N
P NS
(2] ..
S 10t
O ~
O0 50 100 150 200

Airship length (m)

Fig.3 Comparison between the shape optimized with
Fo; and the reference shape
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A similar optimization was carried out with ob-
jective function F,. The shape obtained was com-
pared to the reference shape (Fig.4). The comparison
in terms of Cpy, Ae, Omin, Asa and Fq, is shown in Table
3. From Fig.4 we conclude that the shape generation
algorithm prefers to have a minimum airship length
for minimum hoop stress.

Table 2 Results from comparisons between the refer-
ence shape and the optimized shape (F,1)

Reference  Optimized Improvement
shape shape (%)

Cov 0.02397 0.02370 1.13
Ae 23644.6 24249.7 —2.56
Onmin 6044.1 6293.3 —4.12
Asa 10182.2 10070.9 1.09
Fo 100.00 98.87 1.13

50; Objective function Fo,
g 0! — Reference shape
s\ T Optimized shape
€ 30/
i P e,
i) -
ERI
8 10r \\\

0 ‘ ‘ Lt ‘

0 50 100 150 200

Airship length (m)
Fig.4 Comparison between the shape optimized with
F.2 and the reference shape

Table 3 Results from comparisons between the refer-
ence shape and the optimized shape (F,)

Reference  Optimized Improvement
shape shape (%)
Cov 0.02397 0.02565 -7.01
Ae 23644.6 22429.6 5.14
Onmin 6044.1 5093.2 15.73
Asa 10182.2 10870.1 —6.76
Fot 100.00 84.27 15.73

So far, the optimizations described were carried
out using only a single objective function. To appre-
ciate the multidisciplinary aspect of optimization, the
composite objective function described as Eq.(28)
was incorporated into the optimizer. The comparison
between the optimized shape and the reference shape
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is shown in Fig.5. The numerical values of four ob-
jective functions compared with the reference shape
are presented in Table 4. The results show that the
optimal shape has a 2.10% improvement in the value
of the composite objective function compared with
the reference shape.

50 Objective function Feymposice
E 40} Reference shape
N Optimized shape
2
S 301
S = paa =
S | T S
8200 .
2 / .
2
8 10
© \
0 ‘ ‘ AN
0 50 100 150 200

Airship length (m)

Fig.5 Comparison between the shape optimized with
the composite objective function and the reference
shape

Table 4 Results from comparisons between the refer-
ence shape and the optimized shape (Fcomposite)

Reference  Optimized Improvement
shape shape (%)
Cov 0.02397 0.02460 -2.63
A 23644.6 23117.7 2.23
Onmin 6044.1 5368.9 11.17
Ag 10182.2 10425.9 -2.39
Fo 100.00 97.90 2.10

To demonstrate more clearly the advantages of
an MDO approach to this problem, the optimized
shapes corresponding to the objective functions Fy;
and Foy in terms of Feomposie Were calculated using
Eq.(28). Comparisons with respect t0 Feomposite DE-
tween the reference shape and the optimized shape
using different objective functions are shown in Ta-
ble 5.

Table 5 Comparisons between the reference shape and
the shapes optimized with different objective functions

Feomposite  Improvement (%)
Reference shape 100.00
Optimized shape Fo; 101.12 -1.12
Optimized shape Fo, 98.23 1.77
Optimized shape Feomposite 97.90 2.10

The results show that the composite objective
function value with the objective function Fcomposite
turns out to be lower than the objective functions Fq;
and Fo,.

CONCLUSION

In the process of designing stratosphere airships,
some designers do not consider optimization of the
airship shape while others optimize the shape using an
objective function related to only a single factor. In
this paper, MDO is introduced into the shape design
of airships for considering the influence of various
factors and obtaining the best shape. A shape genera-
tion algorithm is proposed and models of each factor
are constructed. A composite objective function is
devised based on the optimum targets of minimum
drag, minimum surface, minimum hoop stress and
minimum surface of solar array. An adaptive SA
algorithm is adopted for the optimization, and the
result of simulations show the validity of this method.
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