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This paper describes a methodology for shape optimization of the envelope of an airship for long endurance missions at stratospheric altitudes. An existing shape generation scheme is selected for optimization studies, in which the envelope shape is parameterized by four shape coefficients and envelope length. The values of these shape coefficients are obtained by minimizing the sum of the squared residuals of the coordinates of the baseline shape listed in literature, and their predicted values using the equation of the profile. A composite objective function is formulated which incorporates the value of envelope volumetric drag coefficient (C DV ), circumferential hoop stress (σ hoop ) on the envelope, area of solar array and envelope surface area. The optimization is carried out using an open-source implementation of a robust stochastic algorithm, viz., Genetic Algorithm. The optimum obtained for minimum C DV , minimum σ hoop and the minimum value of the composite objective function are compared.

INTRODUCTION

There is a global interest in design and development of stratospheric airships [START_REF] Epley | Stratospheric Aircraft, Blimps, Balloons and Long Endurance Vehicles[END_REF], which can serve as a long endurance platform for deployment of equipment for several commercial and strategic applications e.g., next generation wireless broadband telecommunications [START_REF] Tozer | High-altitude platforms for wireless communications[END_REF],

digital broadcasting [START_REF] Grace | Broadband Communications via High-Altitude Platforms[END_REF], coastal surveillance [START_REF] Colozza | High-altitude, long-endurance airships for coastal surveillance[END_REF], remote sensing and GPS augmented navigation systems [START_REF] Tsujii | A Navigation/Positioning Service Based on Pseudolites Installed on Stratospheric Airships[END_REF]. These airships are designed to be able to maintain a quasi-stationary position at altitudes of around 20 km, where ambient winds are of low magnitude. Such airships function as low-altitude satellites, but offer much shorter transmission distances and ranges with high resolution, and lesser signal propagation errors. They are much more economical compared to satellites, as they can be relocated or brought down and refurbished with latest equipment.

Several researchers have proposed methodologies and approaches for conceptual design and sizing of stratospheric airships [START_REF] Lobbia | A modular sizing model for high-altitude/long-endurance airships[END_REF][START_REF] Yu | Configurations analysis for high-altitude/long-endurance airships[END_REF][START_REF] Chen | Analysis to Effects on Conceptual Parameters of Stratospheric Airship with Specified Factors[END_REF][START_REF] Alam | A Methodology for Sizing and Optimization of High Altitude Airship[END_REF]. The shape of the envelope is one of the most critical elements in the design of such systems, and envelope shape optimization is a key area of research in this field [START_REF] Zhang | Shape Optimization of Airship based on Constrained Particle Swarm Optimization[END_REF]. Concurrent subspace optimization techniques have also been applied to the conceptual design and sizing of airships [START_REF] Liang | Conceptual Design Optimization of High Altitude Airship in Concurrent Subspace Optimization[END_REF].

Due to long endurance missions, and the high altitude of operation, conventional propulsion systems may not be suitable for high altitude airships. Instead, it is proposed to mount Solar cell on the top of the envelope to meet the power requirements of the airship to maintain station, as well as that of the payload mounted onboard. The excess power generated by these solar cells during the daytime will be utilized to charge the onboard batteries, which then meet the needs during night-time, or occasions when the solar power is insufficient. This paper presents a methodology for shape optimization of an envelope for high altitude airship. On the lines of the work reported by Wang et al. [START_REF] Wang | A methodology for optimisation design and analysis of stratosphere airship[END_REF][START_REF] Wang | An Approach for Shape Optimization of Stratosphere Airships based on Multidisciplinary Design Optimization[END_REF] a composite objective function is devised which takes into account various factors that influence airship performance, including aerodynamics, structures, energy and weight. The envelope shape is parameterized in terms of some geometry related parameters; and the optimum shape that minimizes this composite objective function is obtained. Constraints are imposed on the volume of the airship, to ensure comparability of the design results. Optimal solutions are obtained using an evolutionary technique, viz., Genetic Algorithm

MODELS OF AIRSHIP SHAPE OPTIMIZATION

In the past, drag was often considered in airship optimization. When the coefficient of drag was smaller, the airship shape was considered more optimal [START_REF] Zhang | Shape Optimization of Airship based on Constrained Particle Swarm Optimization[END_REF]. In fact, the practical studies gradually show that many factors restrict the airship shape and resistance is only one of the several important factors, which also include weight, structural strength etc. After screening and contrasting to determine the most important factors on airship, coefficient of drag (C DV ), surface area of the airship envelope (A e ), minimum hoop's stress (σ min ) and area of the solar array (A sa ) are employed in the present study.

Shape Generation Algorithm

Exploring the possibility of better shapes in view of multidisciplinary optimization, a shape generation algorithm was proposed by Wang et al. [START_REF] Wang | A methodology for optimisation design and analysis of stratosphere airship[END_REF][START_REF] Wang | An Approach for Shape Optimization of Stratosphere Airships based on Multidisciplinary Design Optimization[END_REF]. The geometry of the airship envelope is governed by four shape parameters a, b, c, d and length l.

The equation of the airship body is expressed as,

64(y 2 +z 2 ) = a (l-x) (bx-l + ) (1)
Since the complete airship body is obtained by revolving the 2D shape by 360 o about the Xaxis, the 2D shape equation can be transformed as follows:

y = (2)
The reference shape is shown in Fig. 1. 

Model of Volumetric drag coefficient

In order to seek the drag of the airship envelope, C DV is calculated as per the formula quoted by Cheeseman in [START_REF] Cheeseman | Propulsion[END_REF].

C DV = (3) 
Where, l is the envelope length D is the maximum diameter

The Reynolds Number can be estimated using Eq. ( 4) as:

Re = (4)
Where,

D is the maximum diameter of the envelope

Re is the Reynolds number v is the velocity of wind ρ is the density of air μ is the dynamic viscosity of air

Model of surface area

The surface area of the envelope 'A e ' can be calculated using Eq. ( 5) as:

A e = 2π (5)

Model of Minimum Hoop Stress

Several researchers have estimated the circumferential hoop stress σhoop by assuming the airship body to approximate a thin cylinder with hemi-spherical ends. In this study, the pressures are obtained by considering the Elastic Engineering theory. A generalized moment equation is derived based on the Elastic theory with an assumption of linear distribution of mass along the length of the airship.

In order to maintain positive internal pressure, the minimum inner pressure (ΔP) consisting of static pressure (P static ), Munk pressure (P dyn ) and internal differential pressure (P diff ) are calculated using Eqns. ( 6) to (9) as:

ΔP = P static + P dyn + P diff (6) 
P static = 4.227ρ a r gc λ2

P dyn = 2ρa v 2 Ve (k 2 -k 1 )(sin 2α)/π r gc 3 (7) 
P diff = 1.722gρ a Rλ sinα (9) (8) 
Where, g is the acceleration due to gravity r gc is the radius of the envelope at the mass center λ=l/D is the envelope fineness ratio k 1 and k 2 are the Munk inertial factors of longitudinal and transverse directions, which are 0.33 and 0.77, respectively α is the angle of attack (assumed to be 6 degrees) R is the maximum radius of the envelope.

The static pressure is caused by static bending moments, Munk pressure caused by dynamic bending moments and internal differential due to differential gradients.

The hoops stress can be calculated using Eq. ( 10) as:

σ hoop = ΔP.D/2 (10)

Model of Power requirement

The total power requirement (P total ) of an airship consists of payload systems (P payload ), control systems (P ctrls ) and propulsion systems (P thrust ). The payload power and the control systems power are assumed to be constant at 10 W and 11 kW, respectively. P total = P thrust + P payload + P ctrls [START_REF] Liang | Conceptual Design Optimization of High Altitude Airship in Concurrent Subspace Optimization[END_REF] The energy used for propulsion system can be calculated as,

P thrust = D total v/ƞ prop (12) 
Drag 'D' acting on the airship can be obtained using Eq. ( 13) as:

D = ρ a v 2 C DV V 2 /3/2 (13)
Where, v is the speed of the airship ƞ prop is the propulsion system efficiency C DV = volumetric drag coefficient, and V = envelope volume, estimated using Eq. ( 14) as:

V = π (14) 
The total energy Q total is estimated using Eq. ( 15) as:

Q total = P total t day + P total t night /ƞ convert [START_REF] Garg | Solar Panel Area Estimation and Optimization for Geostationary Stratospheric Airshipˮ[END_REF] Where, t day and t night are the duration of day and night time respectively and ƞ convert is the conversion efficiency for storing the energy.

Model of Solar Area requirement

The surface area of the solar array can be calculated in numerous ways. In an approach developed by Garg et al. [START_REF] Garg | Solar Panel Area Estimation and Optimization for Geostationary Stratospheric Airshipˮ[END_REF], the solar panels are considered to be mounted symmetrically or asymmetrically with respect to the three planes, also they can be placed in discrete patches or continuously on the surface of the airship hull. In their study, the solar panels were assumed to be placed on the top surface of the airship. The orientation of the solar panel is defined by two parameters, the height h from the equilateral plane/geometric axis of the airship and the width w along the span length of the airship.

In order to estimate the solar energy incident on the airship, the available solar panel area was resolved into three perpendicular planes. The angles of the incidence for respective planes were analytically determined and the incident energy was resolved in three perpendicular planes i.e., XY, YZ and ZX planes. The power calculated for each plane was added, and the total power estimated was being integrated to determine the total energy incident on the airship for a given day and given orientation of the solar panel.

Liang et al. [START_REF] Liang | Conceptual Design Optimization of High Altitude Airship in Concurrent Subspace Optimization[END_REF] have suggested an approach in which the actual geometry of the airship can be considered for solar array area estimation. But, this approach can work only for simple geometries, and is not feasible for complex geometries.

In the present study an approach similar to Liang et al. [START_REF] Liang | Conceptual Design Optimization of High Altitude Airship in Concurrent Subspace Optimization[END_REF] is adopted. But for simplicity, the airship geometry is assumed to approximate a cylinder. The radius of the envelope at the mass center r gc is taken as the radius of the cylinder.

Elementary solar area (dA) can be calculated using Eq. ( 16) as:

dA = r gc dξdx (16) 
Where, dx is elementary length along length and dξ is angular width of elementary area of solar panel along circumferential direction.

So, total area of solar array (A sa ) required can be estimated by using Eq. ( 17) as: ξ

To find the total length of solar panel x s and included angle ξ, as a limit of Eq. ( 17), energy supplied (Q sup ) can be equated to total energy required (Q total ) as in Eq. (18) as:

Q sup = Q total (18)
Where, Qsup can be calculated by Eq. (19) as:

Where, and are solar conversion efficiency and normal solar irradiance values respectively calculated by Global Irradiance Model explained by Ran et. al [START_REF] Ran | A Comprehensive Global Model of Broadband Direct Solar Radiation for Solar Cell Simulation[END_REF] for the date of Aug. 08. And is angle between surface normal vector and I n.. Integral of Eq. ( 19) was integrated for the whole day time (t day ) to get total power supplied.

SHAPE OPTIMIZATION OF AIRSHIP

Several attempts have been made to optimize the shape of the airship envelope. Zhang et al.

[10] have carried out multidisciplinary optimization using a weighted composite function.

The designer can input the weighting parameters to optimize airship shape according to different design requirements. The objective functions considered for minimization are C DV , σ hoop and the envelope slenderness ratio l/D. An improved Constrained Particle Swarm Optimization (CPSO) algorithm was used by them to solve the airship shape optimization problem.

Some attempts have also been made to minimize the envelope surface area and the solar array area, in addition to above objective functions. Wang et al. [START_REF] Wang | A methodology for optimisation design and analysis of stratosphere airship[END_REF][START_REF] Wang | An Approach for Shape Optimization of Stratosphere Airships based on Multidisciplinary Design Optimization[END_REF] have used a composite objective function which minimizes the volumetric drag coefficient, Hoop stress, surface area of the airship envelope and area of the solar array. The same set of objective functions were used in the present study.

Design Vector

The design vector consists of four shape coefficients a, b, c, d and the length of the airship l.

Thus the design vector is described as

X D = (a, b, c, d, l).
The appropriate values of the shape coefficients a,…d for the reference shape shown by Wang et al. [START_REF] Wang | A methodology for optimisation design and analysis of stratosphere airship[END_REF][START_REF] Wang | An Approach for Shape Optimization of Stratosphere Airships based on Multidisciplinary Design Optimization[END_REF] are obtained by Newton's least squared method, in which the sum of the squared residuals is minimized. The residuals are obtained by obtaining the difference between the ordinate of the reference shape (obtained by digitizing Fig. 1) and their predicted values using Eq. ( 2). The values for the shape parameters are validated by comparing the envelope surface area and envelope volume with that of the reference shape of length of 194 m listed in [START_REF] Wang | A methodology for optimisation design and analysis of stratosphere airship[END_REF][START_REF] Wang | An Approach for Shape Optimization of Stratosphere Airships based on Multidisciplinary Design Optimization[END_REF].

Constraints imposed while obtaining optimum shape

The volume of the airship is fixed to be 250,000 m 3 , to enable a fair comparison of various envelope shapes. Appropriate side constraints on the values of design variables are imposed taking into account the shape and length of airships in general. Also, the solar cell coverage area is constrained to be less than 45 % of the Envelope surface area. An additive penalty function approach is used to handle the constraints [START_REF] Metropolis | Equation of state calculations by fast computing machines[END_REF].

Objective functions for Optimization

Several objective functions can be selected for determining the optimum envelope shape, e.g., minimum volumetric drag coefficient, minimum hoop stress and a composite objective function incorporating more than one objective function. To consider the influences of various factors on the optimization of the shape, a composite objective function involving C DV , A e , σ min and A sa is devised as follows:

F comp = (17) 
Where C DV,ref , A e,ref , σ min,ref and A sa,ref are the values of these parameters corresponding to the reference shape.

INPUT PARAMETERS AND DESIGN VARIABLES

The input parameters consist of the initial values of the shape coefficients, user requirements and the design constants. The input parameters are summarized in Table 1. The input design variables are consistent with the mission scenario shown in Table 1 and the parameters discussed in subsystems. 

RESULTS

In this section, the results after performing optimization using Genetic Algorithm (GA) are presented. Firstly, we optimized the airship envelope shape using the objective function as envelope C DV . An improvement of ~1.8 % in C DV is noticed in comparison with reference value. Then, the airship envelope shape is optimized for minimum hoop stress σ hoop . The optimal solution obtained is seen to have ~15% lower σ hoop compared to the reference shape. 

CONCLUSIONS

It is seen that the results obtained by GA are slightly better than those reported by Wang [START_REF] Wang | A methodology for optimisation design and analysis of stratosphere airship[END_REF][START_REF] Wang | An Approach for Shape Optimization of Stratosphere Airships based on Multidisciplinary Design Optimization[END_REF] for all the three objective functions. It has been observed that, GA shows a good convergence to find the optimal solution for given constraints. It is also observed that the numerical values of the four shape parameters (viz., a, b, c and d) are very sensitive. For the given constraints, many combinations of design values to imaginary solution. To take care of the same, an additional penalty functions were imposed, to overlook the values which results in imaginary output of the shape function. The methodologies explained have some limitations especially in solar area calculation and structure modelling. There is a need to develop an all-encompassing methodology consisting of different models, which would be able carry out sizing and arrive at the more realistic optimal configuration fulfilling any given requirements with low cost, high payload capability, and least size and weight.
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 1 Figure 1.Reference shape for the envelope[START_REF] Wang | A methodology for optimisation design and analysis of stratosphere airship[END_REF][START_REF] Wang | An Approach for Shape Optimization of Stratosphere Airships based on Multidisciplinary Design Optimization[END_REF] 
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 2 Fig. 2 shows the optimized shape for minimum hoop stress, and minimum drag in comparison with reference shape. The comparison of optimized shape and reference shape for F comp listed in Eq. (17), is shown in Fig 3.

Figure 2 .Figure 3 .

 23 Figure 2. Comparison of profile for Min. CDV, Min. σ hoop with Reference shape

TABLE I :

 I Input Parameters

	Input Parameter	Value
	Design Altitude	20,000 m
	Maximum design speed, v	25 m/s
	Payload mass	1000 kg
	Power required by Payload	10 kW
	Power required by Control Systems	11 kW
	Ratio of C DV , total / C DV , env	2
	Propulsive efficiency	90 %
	Solar array efficiency	9 %
	Energy factor	1.2

TABLE II :

 II Key Output Parameters

	Parameter	Reference	Minimum	Minimum	Minimum
		Shape	C DV	σ hoop	F Comp
	Shape Parameter, a	7.447	1.5398	9.5719	9.2203
	Shape Parameter, b	2.072	2.8010	1.7511	1.6417
	Shape Parameter, c	9.010	6.7470	5.6779	5.9622
	Shape Parameter, d	7.981	2.9808	4.7935	4.4432
	Envelope Length (m)	194.0	208.47	175.109	175.004
	Envelope Area (m 2 )	23211	25153	23212	23280
	Envelope Vol. (m 3 )	234640	250010	249990	249990
	Envelope Dia. (m)	50.12	47.87	53.32	52.844
	Slenderness ratio	3.870	4.355	3.2839	3.3117
	Reynolds No. (10 6 )	30.03	32.27	27.11	27.09
	Envelope C DV	0.01965	0.0192	0.0206	0.206
	Static Pressure (Pa)	138.67	168.85	106.54	107.54
	Dyn. Pressure (Pa)	36.55	43.80	32.05	32.78
	Diff. Pressure (Pa)	15.07	16.197	13.605	13.60
	Total Pressure, (Pa)	190.30	228.85	152.20	153.92
	Hoop Stress (Pa)	4769.7	5477.7	4057.94	4066
	Total C DV	0.03930	0.0385	0.0413	0.0412
	Tot. power req. (kW)	149.48	152.28	161.80	161.49
	Tot. energy req. (kWh) 4593.8	4679.9	4972.3	4962.7
	Solar array area (m 2 )	6189.90	6305.84	6699.94	6686.96
	Solar Coverage ratio	0.2667	0.2507	0.289	0.2872
	% Improvement	----------	1.78	14.9	1.6
	compared to baseline				
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