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Performance Enhancement of a Solar Air Collector Using a
V-Corrugated Absorber

Angham Fadil Abed1 , Ruaa Braz Dahham2 , Noora Abdul Wahid Hashim1,* , Raisan Faris
Hamad1
1.University of Kufa — Engineering Faculty — Mechanical Engineering Department — Najaf — Iraq.
2.Directorate General of Education — Kufa/Najaf — Iraq.

ABSTRACT

~

Solar energy is one of the most efficient forms of renewable energy. Solar air collectors are promising
utilization of solar energy. The present study used unsteady three-dimensional Computational Fluid
Dynamic (CFD) analysis to investigate the heat transfer and fluid friction in solar air collectors with
smooth and v-corrugation absorber plates. The studied parameters are Reynolds number, v-
corrugation height, and pitch. Three Reynolds number (500, 1000, 1500) values were used with three
arrangements configuration of the v-corrugation of relative heights of 0.10, 0.16, and 0.23. Roughness
pitches varied between 1.33, 1.66, and 2. By comparing the simulated thermal efficiency with the
currently known experimental values, great agreement can be approved. Results show the superiority
of the performance of v-corrugated collector against the traditional or smooth type. The outlet
temperature obtained in case of relative roughness height = 0.23 and relative roughness pitch = 2 is 61
°C, while it is 53 °C for a smooth type. Also, a higher thermal efficiency of 46.7 % can be obtained
comparedto 33.01% for smooth type.

Keywords: Nusselt number; Solar air collector; CFD; Friction factor; Thermal efficiency

-

I. INTRODUCTION

Every day, energy demand grows. There are many distinct types of energy resources, including major
and minor, renewable and non-renewable, commercial and non-commercial energies. Solar energy is
one of the most practical forms of renewable energy. It has been regarded as a large and cost-effective
energy source due to its abundance. Also it can be harnessed after years of research. Solar air collector
systems were created with the primary goal of gathering as much heat energy as possible while reducing
pumping costs. In order to decrease the consumption of oil, gas, electricity, and other equivalent sources

of’heat, several different forms of solar heating systems have been devised (Kumaretal. 2017).

One of the most promising uses for air solar collectors is providing hot air for drying agricultural and
marine products, or air conditioning processes especially in winter. In these devices, solar energy is
converted to heat which is transferred to air. The most prevalent solar collectors used for domestic water
heating are the flat-plate collectors. Compared to solar water collectors, air collectors are less expensive
and require less maintenance. A traditional flat-plate collector is a metal box insulated with a plastic or

glass lid (termed as the glazing) with an absorber of dark color. Lower than 80 °C temperatures can be
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used to heat liquids or air. Traditional collectors have a lower thermal efficiency because of low heat
transfer convective coefficient through the absorber and the moving air stream (Amraoui and Aliane
2018; Yadav and Bhagoria 2013). By adding baffles or other impediments to the absorber surface of the
collectors, altering number of covers and passes of flow, dual glassing, or making corrugation in the
absorber, the system’s thermal performance can be enhanced. As a result, the absorber and the
coefficients of air heat transfer will be higher (Hakam etal. 2016; Hedayatizadeh etal. 2016). Numerous
researches have focused into the impact of various roughness geometries of absorber on heat transfer.
Numerical research of solar sloped collectors was carried out by Varol and Oztop (2007). The results
showed that transfer of heat increased with increasing aspect ratio and Rayleigh number but decreased
when length of wave increased. Chaube et al. (2006) employed CFD to predict the improvement of heat
transfer and characteristics of flow based on the rib-roughed absorber surface of a 2D air solar heater.
Karmare and Tikekar (2010) used Ansys Fluent to optimize numerically the geometric design of various
metal rib shapes for heat transmission of an absorber in air solar heater. The rib height and width of 2
mm, relative width gap of 1, relative pitch gap of 0.25, and Re ranging from (3000 to 18, 000 ) in
rectangular air solar heater. Heat transfer improvement carried on by inclined gap with continuous rib
arrangement was investigated by Aharwal et al. (2008). They found that the friction factor and Nusselt
number increased by 2.2-2.87 and 1.48-2.59 times, respectively, compared with smooth collectors.
Karmare and Tikekar (2010) utilized CFD to quickly and economically assess flow of fluid and
transmission of heat in air solar heaters. A collection plate with 600 ribs in the forms of circles, squares,
and triangles was used in their experiment. The direction of the airflow was inclined. On the surface, the
ribs were staggered out in a specified grid. The ribs maximized heat transfer due to their square cross-
section and 580 angle of attack. When a square plate was utilized instead of one with a smooth surface,
heat transmission is improved by 30%. Chaichan et al. (2016) raised the temperature of the surrounding
air by nearly 101 percent using an aluminum flat plate installed in a 1 m2 opaque heater Solar Air
Collector (SAC). The stream of air entered from top and exited from bottom of the collector. The
researchers showed that by absorbing heat from solar radiation, an aluminum absorber may be used as a
heating source which was essential to augment the thermal performance of the solar heater. Darici and
Kilic (2020) combined two SAC, an absorber corrugate in the form of trapezoidal and another flat
absorber. They examined how SAC thermal efficiency was impacted by the absorber form and air mass
flow rate. There were used three rate values of mass flow for air: 0.022, 0.033, and 0.044 kg/s. Results
indicated that when the rate of mass flow was reduced, SAC output temperature increased. The highest
difference of temperature in the SAC with a trapezoidal absorber was about 9 °C greater than in flat
absorber at a mass rate of 0.022 kg/s. SAC thermal performance increased as the rate of mass flow
increased when employing the trapezoidal absorber plate at 0.044 kg/s, with a daily average thermal

efficiency about 63%. Zheng et al. (2017) created mathematical models to evaluate the thermal
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| performance of corrugated model SAC in cold-climate environments. In contrast to the temperature of
the input air and the width of the corrugated plate, the collector thermal efficiency decreased as the
corrugation height, surface area, intensity of radiation, velocity of air, and temperature of ambient were
increased. Both exegetical and thermal efficiency attained 73 percent. Manjunath et al. (2018) used a
CFD analysis for a SAC with sinusoidal shape absorber. The values of Re used were 4,000 to 24,000. In
comparison to a typical air solar collector with a smooth plate, their studies showed that sinusoidal
waves greatly increased heat transmission and improved flow disturbances, leading to an increase in
average thermal efficiency by 12.5%. To enhance thermal performance in a solar heat exchanger duct,
Promvonge et al. (2022) tested a newly developed louver punched V-baffle (LPVB) vortex generator
analytically and experimentally. Air was employed in the test fluid, flowing through the continuously
heated duct at Reynolds numbers (Re) ranging from 5,300 to 23,000. According to their research, the
LPVB with PR (relative baffle pitches) = 1.5, (louver angle) = 45°, and LR (relative louver size) = 0.9
performs at its best. Two semicylinders, two flexible baffles, and alternately attached lower and upper
channel walls were used in Salih et al. (2023) study of a forced fluid flowing inside a horizontal channel.
The semi-cylinders, which are heated by constant temperature, are filled with a phase-change
substance. While the pressure drop throughout the channel significantly diminishes, the Nusselt number

is only marginally (0.9%) increased by the flexible baffles with a lower modulus of elasticity.

Based on the previous survey of the literature, it appears that relatively little researches employed a 3D
transient numerical studies analysis with variable climatic conditions of artificially roughened SAC
having an absorber in the form of v-corrugated plate, which makes the present work novel. Using a
unique CFD analysis, the current work intends to fill a knowledge gap by systematically analyzing the
unsteady, 3D flow and influence of v-corrugated absorber on heat transmission and fluid friction in
SAC. Additionally, this work examines the change of meteorological factors, including solar radiation,
temperature of environment, wind velocity, and temperature of inlet air, and how these parameters
affected the effectiveness of various solar air collectors’ arrangement (smooth absorber plate SAC and
v-corrugated absorber plate SAC). This study’s main objective is to find out how air solar collectors’
average Nusselt number, average friction factor, and thermal performance are influenced by factors like
Re, relative roughness height (e/H), and relative roughness pitch (p/H) of absorber plates. In order to
establish a parametric investigation, a v-corrugated absorber plate SAC was compared to a smooth flat
plate SAC using COMSOL SOFTWARE V5.5.

MODELDESCRIPTION
A schematic of the three-dimensional SACs are displayed in Fig. 1, which has a conventional flat plate
SAC (smooth absorber plate SAC). A collection of equal-sided triangles makes up the v-corrugated

plate geometry. The SAC is a box of metal with a bottom made of dark-colored aluminum absorber
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r plates, a top made of extremely transparent, anti-reflective glass called glazing, and a space between
them. The bottom surface of the absorber is insulated by using a glass wool layer to prevent losses of
heat. Air temperature rises as a result of heat transfer of the absorber caused by solar radiation that
penetrates the glassing layer, falls on the absorber, and causes increase in temperature. The collector
length and width are 1.2 m, 0.3 m, respectively. The other geometric specifications for the present SAC
are shown in Table 1. CFD simulations are conducted using various collections of height (e), pitch (p),
and Re. Each configuration of collectors is examined at three distinct values of Re ranging (500, 1000,

1500) corresponding to rates of mass flow
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Source: Elsborated by the authors.
Figure 1. Thermal schematics of the solar air collectors. (a) Smooth absorber SAC; (b) V-corrugated absorber SAC.

Table 1. Criteria for solar air collectors’ geometry.

Paramater Value Paramatar Value
Absorber plate thickness, & [m) 0.001 am) 0.003, 0,005, 0.007
Duct haight H [m) 0.03 Amm] 0.04, 0.05, 0.06
Insulation thickness, & (m) 0.01 a/H 0.10, 0.16, 0.23
Glass layer thickness [m) 0.004 p/H 1.33, 1.66, 2
Hydraulic diametar, 0, (m] 0.05454

Source: Elsborated by the authors.

NUMERICALANALYSIS
CFD Setup and Boundary Conditions
The present study used a model by COMSOL SOFTWARE V.5.5. This software is a robust interactive

environment that is used to model and solve science and engineering problems of all kinds. With this
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s program, a conventional model for one form of physics can be extended easily to Multiphysics models
that simultaneously solve combined physics phenomena. Incompressible three-dimensional transient
laminar flow model is considered. The flow is taken as laminar because of low values of inlet air
velocity, which depend on ambient speed that ranges from 0.1-0.4 m/s. In contrast to air, whose thermal
characteristics vary with temperature, the absorber plate, insulation, and transparent cover all have fixed
thermal properties. The convergence limit of relative deviations of continuity, velocity components, and
energy are assumed to be, 10-3, 10-3, and 10-6 respectively. The creation of the studied geometry is the
initial stage in CFD analysis. A further step is to create a mesh. The input variables are solar radiation G
ambient temperature Ta, inlet temperature Tin and wind velocity Vw. The various boundary conditions
can be written as follows for both configurations (Fig. 1a and b): At inlet: variable inlet air temperature
Tin (t) is taken. Velocity of air is considered uniform at inlet. Re is used to determine the average inlet
velocity. At the top clear glass cover, solar radiation flux is applied and will changes during the
simulated day, and the outer exchanges from the transparent cover to outside air are convective equal to
(hca(Tg—Ta)) and equal to (hrs(Tg—Ts)). The glass cover’s transmittance value is 0.9. Heat flux equals
to (tg aab G(t)) be applied in upper absorber surface. Aluminum plate heat absorption coefficient is 95
percent, at the lateral and bottom plates, which are designated as a “adiabatic wall” because they are
thought to be a good insulation. No-slip condition is applied on all walls. At the channel’s outlet,
pressure is assumed equal to 101325 Pa. Sky temperature, TS is calculated by the formula used by
Winbank (1963) (Eq. 1):

T, = 0.0552T1* (1)

Governing Equations
The unsteady incompressible laminar flow in a smooth and v-corrugated plate SAC is governed by the
continuity, momentum, and energy equations. The following is a description of the governing equations

for three-dimensional transient CFD simulations (Hassan 2022).

Continuity equation (Eq. 2):

op L v ow _

—_ = 2
ar  dx  dy  dz (2)

Momentum equations (Egs. 3-5) (Hassan 2022):
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Energy equation (Eq. 6) (Hassan 2022):
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Data Reduction and Grid Independence

In the current CFD model, the average Nusselt number (Nu) , average friction factor (Cf) and average thermal
efficiency (nth) in a smooth and v-corrugation absorber SAC are the primary research interests. For solar air
collectors, the average Nu is calculated by Eq. 7 (Choi H and Choi K 2020; Rouissi et al. 2021; Yadav and
Bhagoria 2013):

— hon 7
Nu == (7)

Cffora SACs (smooth and v-corrugation absorber) is computed by Eq. 8 (Choi H and Choi K 2020; Hassan 2022;
Yadav and Bhagoria 2013):

_ [aP/)Dy
T zpvd

cf (8)

The percentage between the thermal power that is actually transferred to air and the maximum theoretical power
isreferred to as the thermal efficiency of SAC and can be written by Eq. 9 (Rouissi etal. 2021)

T'IHI T e (%)

where (Eq. 10and 11)
Q= ?’I"If.'pﬂT {10}
Qmax = G(t)S (11)

The numerical domain has been discretized using elements in three dimensions. A finer meshing at v-roughened
has been done to be able to carefully investigate the flow characteristic and heat transmission in corrugated
zones. Table 2 shows the characteristics of the tested meshes. As seen in Fig. 2, coarser mesh has been
employed in various places. Near the heating wall, the boundary layers are fastened together. A test of grid
independence has been performed in order to reduce computation time while maintaining the precision of
the meshes, which is important for the quality of the findings. This test for the average output air temperature
of'v-corrugated SAC and smooth SAC is shown in Fig. 2b. As a result, the mesh refinement findings show a
difference between two sets of data that is less than 2%. Further refining has an impact on the output, but
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does not alter it by more than 1.25 percent, therefore this mesh quality is considered suitable for

calculation.
Table 2. Characteristics of the tested meshes.
Mesh Domain elements Boundary elements Edge elemants
siz8  gmpath SAC wcorrugated SAC Smooth SAC  vcorrugated SAC Smooth SAC  v-corrugated SAC
1 Grid 1 50855 56502 12118 14044 770 1653
2 Grd2 104001 104541 18548 20796 g52 2001
3 Grd3 234064 256331 35453 40006 1289 2804
4 Grid 4 1410114 1438827 141538 150400 2505 5603
5 Grd5 3849021 10220004 2687562 B29000 3423 11783
Souree: Blaboratad by the suthors.
(e} ()
BS 4
=B=-amoath absorber SAC
= ——\‘conguuted sbsorber SAC
B s
5 . - .
50
Smooth absorber SAC wcorrugated absorber SAC
= 454
40 T
1 2 | 4 5
Mesh size

Source: Haborated by the authars.
Figure 2. (a) Mesh of the solar collectors; (b) Grid independency test for outlet air temperature.

Properties of Air
Air’s thermophysical parameters are influenced by pressure, temperature, and humidity. The following
thermophysical properties, which hold true for temperature ranges between 280 and 470 K, will be

incorporated into the present model for the accuracy of the simulation results

p =3.9147 —0.016082T + 2.9013 x 107°T* — 1.9407 x 107°T* (12)
u = (16157 4 0.06523T — 3.0297 x 1075T?) x 107° (13)

K = (0.0015215 + 0.097459T — 3.3322 x 107°T*) x 10~* (14)

€, = 1009.26 — 0.0040403T + 0.00061759T2 — 0.0000004097T* (15)

RESULTS AND DISCUSSIONS

Numerical Results Validation

Thermal efficiency of the smooth absorber SAC is compared with experimental findings provided by
Hameed et al. (2021) in order to confirm the CFD outcomes obtained in this work at various air flow

rates, as seen in Fig. 3. In the present model, the used climatic variables such as solar radiation, ambient
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temperature and wind velocity, are the as in experimental investigation of Hameed et al. (2021) for this
validation setup in order to assess and contrast the system’s energy performance. The average absolute

difference between the experimental and estimated values of thermal efficiency is 6.44 percent.

m Resulks of Hassanain et al
504 & Present study

F
]
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i

i

Thermal efficemncy (9
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1]
(4]
1

b
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Source: Bsborated by the authors.

Figure 3. Average thermal efficiency variation with mass flow rate: a comparison of
the experimental research of Hameed et al. (2021) and present work.

Weather Conditions
The numerical simulation was run on a sunny September day (2/9/2019) at Kufa, Iraq, using
experimental climatic data. On a sunny day, the solar radiation intensity peaks between 12:00 and 13:00

and exceeds 1000 W/m2. The outside temperature and wind speed were 40 t049.7 0C and 0.1 to 0.4 m/s,

respectively.

Velocity and Temperature Distribution

Figure 4 displays the plots of the temperature distribution contour for the two SAC types (smooth and v-
corrugated) at various periods at (Re 1500). As air moves over the hot absorber surface, heat is
transmitted to air, and the temperature of moving fluid slowly rises with distance along the duct. As can
be seen at 15 p.m. the corrugation in the absorber causes the highest temperature (1020C) in the
corrugated collector, but it is 950C in the smooth, indicating an improvement in the recommended
collector. Due to modeling, when using thermal storage of an absorbing plate, the temperature in two
collectors is low in the morning (9 a.m.) and starts to rise to high values at around 3 p.m. (the same trend

1s shown in Naraghi and Blanchard (2015)).
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Figure 4. Temperature distribution for the two collectors. (a) Re = 1500 Smooth absorber solar
air collector; (b) Re = 1500, ¢/H = 0.23 V-corrugated absorber solar air collector.

Figure 5 shows the streamlines and velocity distribution for the smooth and corrugated absorber solar
air collectors at values of (e/H =0.23) and various values of periods for (Re =1500). Because the flow is
expected to be laminar and the velocity increases at the corrugated collector rather than the smooth
collector, the airflow is nearly uniform inside the two collectors. The velocity profiles are not
comparable, and a corrugated absorber is found to have a higher velocity at a rate of around 1.5 times the

inlet velocity. As the sun radiation increased, the magnitude of the velocity increased.
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Figure 5. Streamlines and velocity distribution for the two collectors. (a) Re = 1500 smooth absorber
solar air collector; (b) Re = 1500, &/H = 0.23 v- corrugated absorber solar air collector.

Heat transfer

Figure 6 pares a smooth absorber SAC with a v-corrugated absorber SAC using average Nusselt number
and average output air temperature values for various (e/H) and (p/H) as function of Reynolds number.
Because the v-corrugation local velocity, the corrugation in the absorber can produce better heat transfer
performance than a smooth plate. The results show as Re rises, the average Nu also rises, which
improves the transfer rate of heat. For constant values of (p/H) and Re, the average Nugrows when (e/H)
increases. This is because, at a given amount of Reynolds number, the local air velocity increases more
rapidly as the height (e/H) increases, leading to improved heat transfer performance. It is also evident

from the data given, ata fixed value of (e/H) and Re, the average Nu rises as the (p/H) drops. The number
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The number of corrugations rises when pitch (p/H) decreases. The flow acceleration area expands as the
number of corrugations rises, as a result the average Nu increases. The inclusion of in the absorber

enhances the collector area as compared to a smooth duct and a rise in temperature of the outlet air

occurs.
(sl {b) [c]
50 50 50
—g/H=0.10, p/H=1_66 —g/H=0.10. p/H=1_66 —g,/H=0.10, p/H=1_66
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Figure B. Average Nusselt number variation for smooth and v-corrugated SACs. (a) (p/H) = with different
values of (e/H); (b) (p/H) = with different values of (e/H); (c) (p/H) = with different values of (e/H).

The average outlet air temperature is shown in Fig. 7 as a function of the Re for the chosen values of
(e/H) and (p/H). The results demonstrate that, regardless of the shape of the absorber, the outlet
temperature will decrease as the Reynold number rises. In addition, it is evident the average temperature
of outlet air rises with height (e/H) for a given pitch (p/H) and Reynolds number as discussed above, and
is generally higher than smooth because corrugated plates have the significant advantage of better solar
radiation absorption than smooth ones, which improve the coefficients of heat transfer between the
absorber and the flow of air. As compared to a smooth absorber plate SAC, which has an average

temperature of 53 °C, a SAC of (e/H = 0.23 and p/H = 2) achieves a maximum average outlet
temperature of roughly 61 °C.
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Figure 7. Variation of average temperature of outlet air for smooth and v-corrugated SACs at different values of height and pitch with Reynolds
number. (a) (p/H) = 1.33 with different values of (e/H); (b) (p/H) = with different values of {e/H); (c) (p/H) = with different values of (e/H).
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Friction Loss

One of the great challenges in designing a solar air collector is selecting the suitable parameters like
average Nusselt number, average friction factor, and thermal performance of the collector components
to achieve the best performance while keeping the lowest cost possible. Figure 8 displays the change of
the average friction factor with Re at various heights (e/H) and pitches (p/H) for corrugated and smooth
collectors. In every situation, installing v-corrugation causes the average friction factor to be higher than
in a smooth collector. The flow is obstructed by the corrugation. The results show that when the Re rises,
the average Cf falls. Additionally, it is observed for a given value of the Re and (p/H), the average Cf
increases dramatically as the (e/H) increases. It is brought on by the rise in flow route disruptions
brought on by the rising value of (e/H). Additionally, it is observed that for fixed values of Re and height
(e/H), the average Cfrises as (p/H) decreases. This is due to the fact that as pitch (p/H) drops, the number

of corrugation zones grows and more flow blockage results.
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Figure 8. Variation of average friction factor for smooth SAC and v-corrugation SAC at distinet values of height and pitch with Reynolds
number. (a) p/H) = 1.33 with different values of (e/H}; (b) p/H) = with different values of (e/H); (c) p/H) = with different values of (e/H).

Thermal Efficiency

Figure 9 shows the influence of Reynolds number on the average thermal efficiency of the corrugated
and smooth SAC during the simulated day. It is demonstrated that the thermal efficiency of the two SAC
rises as Reynolds number increases, and that corrugated absorber plates have greater thermal
efficiencies than smooth ones. It is discovered that, at a given value of the Re and (p/H), the average
thermal efficiency increases dramatically as (e/H) increases. The highest thermal efficiency is seen for

(e/H=0.23), (p/H=2), and is around 46.7%, as opposed to 33.1% for a smooth collector.
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Figure 9. Variation of average thermal efficiency for smooth SAC and v-corrugation SAC at different values of height and pitch with Reynolds
number (a) (pH) = 1.33 with different values of (e/H); (b) (p/H) = with different values of (e/H); (c) (p/H) = with different values of (e/H).

Thermohydraulic Performance Parameter (THPP)

Total performance of SACs, taking into account both an improvement in heat transmission and an
increase in friction factor. Variation of THPP with Reynolds number is present in Fig. 10 for various
heights (e/H) and pitches (p/H) for corrugated air collector. For a height (e/H) 0f0.10,0.16, and 0.23, the
values of THPP ranged from 1.118 to 1.220, 1.079 to 1.161, and 1.058 to 1.157, respectively. In each
case, the THPP values rised as the Reynolds number decreased. The results show that the values of
THPP increased as the (e/H) decreased. Additionally, these values increased as the pitches (p/H)
increased. Therefore, it can be said that for low Re, low (e/H), and higher (p/H), the v -corrugation in
absorber plate SAC is more effective. In the range of parameters examined, greatest THPP value is
1.220 for (e/H) 0f 0.10, and (p/H) of 2, ata Re of 500.
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Figure 10. Variation of THPP for v-corrugation SAC at different values of height and pitch with Reynolds number. (a)
(p/H) =1.33 with different values of (e/H}); (b) (p/H) = with different values of (e/H); (c) (p/H) = with different values of (e/H).

Journal of Aerospace Technology and Management (Volume - 15, Issue - 01, January - April 2023) Page No. 12



CONCLUSIONS

The main findings of this investigation can be summarized as follows:

* The best ways to increase heat transfer rates from heated plates are observed to be v-corrugated
roughened surfaces with varying height and pitch.

* The Nu and Ct are significantly influenced by the corrugation’s parameters. It is obtained as Re grows,
the Ctdecreases while Nu increases.

* Atafixed value of (p/H) and Re, the average Nu and Ct rise when the height (e/H) increases, while they
reduce as (p/H) rise.

* The highest average outlet temperature is found in the v-absorber SAC, where it is around 61 oC for a
(e/H=0.23 and p/H =2) as opposed to 53 oC for the smooth absorber SAC.

* The thermal efficiency is at its highest level for a v-corrugation absorber SAC at (¢/H=0.23 and p/H=
2) and it is about 46.7% compared to 33.01% for smooth absorber SAC, which indicate the optimal
configuration for a v-corrugation absorber SAC is at (e/H=0.23) and (p/H=2), verify a high

performance.
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ABSTRACT
T O

ixed-wing unmanned aerial vehicles (UAVs) offer the best aerodynamic efficiency required for long-

distance or high-endurance applications, albeit their runway requirement for take-off and landing in

comparison with quadcopters, helicopters, and flapping-wing UAV's that can perform vertical take-off
and landing (VIOL). Integrating a multirotor system with a fixed-wing UAV imparts VIOL

capabilities without significantly compromising fixed-wing aerodynamic efficiency, endurance,

payload capacity or range. Documented system design approaches to address various challenges of
such fusion processes are sparse. This research proposes a holistic approach for designing,

prototyping, and testing an electric-powered fixed-wing hybrid VTOL UAV. The proposed system

design approach augments the standard aircraft design process with additional steps to integrate
VTOL capabilities. Separate fixed-wing and multirotor designs were derived from the frozen mission

requirements, which were then fused. The process used simulation for modeling and evaluating
alternatives for the hybrid UAV created using standard aircraft design equations. We prototyped and
instrumented the final design to validate operational capabilities through test flights. Multiple flight
trials identified the ideal combination of Lithium-Polymer (Li-Po) batteries for VTOL (8000mAh) and
fixed-wing (14000mAh) modes to meet the endurance and range requirements. The redundant power
supplies also increased the survivability chances of the hybrid UAV during failures.

Keywords: Hybrid; UAV; VTOL; BLDC; Fuselage; Aircraft design

- /
I. INTRODUCTION

UAVs are becoming popular in avenues like aerial photography, surveying, monitoring, border patrol,

surveillance, etc. (Sonkar et al. 2020; 2021). Researchers identified applications of UAVs in precision
agriculture, package delivery, disaster management, etc., to improve efficiency and commercial
viability (Sun et al. 2016; Kumar et al. 2020). Two types of UAV platforms, viz., (1) rotary-wing and (i1)
fixed-wing, are famous for such applications (Ebeid et al. 2017; Zhang et al. 2021). Rotary-wing
systems possess enhanced maneuverability (Matsumoto et al. 2010), vertical take-off and landing
(VTOL) capability, and midair hovering ability during flight (Sonkar et al. 2020). However, their

inefficient operational nature severely limits both endurance and range. In contrast, fixed-wing UAVs
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efficiently utilize power, resulting in longer endurance and better flying range (Bauersfeld etal. 2021).

However, their requirement for a runway or catapult launch/arrest system for take-off and landing restricts their
operations to locations with such infrastructure. The recent concept of the hybrid UAV capable of VTOL is
popular among the research community, while not very popular in real-world applications (McCormick
1999; Stone et al. 2008).

Combining features of both types result in tail-sitter (Lyu et al. 2017), tilt-rotor (Matsumoto et al. 2010), and
hybrid VTOL UAVs (Wan et al. 2019). A tail-sitter UAV does its vertical climb on the empennage and then
tilts the entire airframe horizontally for its level flight, accomplishing both tail-sitting and level flying using
the same engines (Kubo and Suzuki 2008). But, the tilt-rotor UAVs only tilt their propulsion systems
(motors) vertically and horizontally to achieve both take-off and forward flight, respectively (Bauersfeld et
al. 2021). This research proposes an augmented, holistic approach based on the standard aircraft design
process to design a hybrid VTOL UAV as a fusion of rotary and fixed-wing systems. This iterative process
allows quickly processing of design alternatives and converges them to a viable design that can be flight
tested.

Recently, electric propulsion applications for various transportation modes have increased significantly (Zong et
al.2021). Electric-powered fixed-wing UAV systems (Gur and Rosen 2009; Roskam 1985b) are becoming
increasingly popular, with specific models being mass-produced. Small and medium-sized electric UAVs
are gaining market popularity (Lyu et al. 2017), albeit having a much shorter range and endurance in
comparison with the internal combustion engines (ICEs) propelled models (Ge et al. 2021; Oh et al. 2021).
Existing technologies in Lithium-Ion (Li-lon) and Lithium-Polymer (Li-Po) batteries allow energy
densities up to 300-500 watt-hours/kg (Wh/kg) (Girishkumar et al. 2010). However, UAVs with ICEs
burning aviation fuel offer more than 1400 Wh/kg (Cwojdzinski and Adamski 2014). While the theoretical
limit of 370 Wh/kg for Li-lon batteries is rapidly approaching (Li et al. 2017), two UAVs, viz., (i) “Zephyr”
and (ii) “ALTI” demonstrated long endurances with energy densities between 350-380 Wh/kg (Rapinett
2009). Lithium—Sulfur (Li-S) and Lithium—Oxygen (Li-O) batteries offer futuristic promise with their
theoretical energy densities of ~2570 and ~3500 Wh/kg,respectively (Luongo etal. 2009).

The electric motor is an essential component of electric propulsion. Lightweight brushless direct current (BLDC)
electric motors under 360 kW are now available in the market (Jing et al. 2022). In the near future, small and
medium electric UAVs will be able to compete with traditional ICE-powered UAVs (Xie et al. 2022).
Simultaneously, multi-copter UAVs are gaining popularity due to maneuverability, controllability, and
VTOL characteristics (Prouty 1995; Bhandarietal. 2017; Boon etal. 2017).

Multi-copter UAVs are easily manufacturable, with major sub-systems being a chassis, control board
(autopilots), direct drive motors, batteries, and propellers. Simple alteration of the motor voltages can
control the propeller rotation speed (RPM) (Cakici and Leblebicioglu 2016). However, the high energy
consumption of multi-copters results in shorter operational times. Alternatively, fixed-wing systems possess
higher cruising efficiency (Garcia-Nieto et al. 2019), which translates to increased endurance and payload

capacity.

The desire to combine the advantages of the fixed-wing and multi-copter systems resulted in the development of
the hybrid VTOL system depicted in Fig. 1, which integrated the multi-copter propulsion into a conventional
fixed-wing system. M1, M2, M3, and M4, in Fig. 1, represent the four vertical motors of the hybrid VTOL
UAV. Such hybrid VTOL systems are ideal for aerial mapping, surveillance, and precise delivery
applications. For example, small hand-launched fixed-wing UAVs such as PrecisionHawk Lancaster,
senseFly eBee, and medium-sized catapult-launched UAVs like Penguin BE, currently dominate the aerial
mapping and surveillance industry. We conducted multiple flight tests using the prototyped design of the
final configuration to quantify range, endurance, and fail-safes. The payload integration occurred after such
test flights established the design’s robustness. Sonkar et al. (2022) have published the results of such
experimental flights using the payload-integrated prototype
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Fixed-wing aircraft design relies heavily on methods that calculate the size, mass, and power
requirements, where numerous well-known scaling techniques exist. Raymer (2018) introduced the
first weight estimation method using the mission profile and a set of empirical equations for the ICE-
powered aircraft. Earlier, McCormick (1999) created recommendations for the UAV mass breakdown
and determined the battery mass percentage required for fixed-wing cruise flight of an electric fixed-
wing UAV. Then, Bhandari et al. (2017) provided an integrated approach to assess the size of crewed
electric fixed-wing aircraft. Zong et al.(2021) proposed a system for sizing heavy ICE-powered VTOL
aircraft with maximum take-off weights (MTOW) of up to 27.5 tons. The designer’s experience and
suggestions from manufacturers primarily determine the propeller-motor combination. Recent research
interests in commercial hybrid VTOL UAVs focus more on the control logic (Saeed et al. 2018).
Researchers have reported a commercial hybrid VTOL UAV for medical applications withan MTOW of
25kg using ICE propulsion (Goetzendorf-Grabowski et al. 2021), which provided the impetus for the
proposed design process of this research. This research also offers additional design process innovations
like empennage modifications, boom-mount vertical propulsion, lightweight manufacturing process,

etc.

This research proposes an alternative design process for fixed-wing hybrid VTOL UAVs with electric
propulsion. Creating separate and different designs for the fixed-wing and rotary-wing systems based
on the mission and performance requirements becomes the preliminary step of our process, as explained
in the airframe design section. Then, the selection and fusion of these designs occurred as the next step
that created multiple realizations of the electric fixed-wing hybrid VTOL UAV. A fter selecting design(s)

that fulfill the basic functionality requirements, design sizing of the wing, fuselage, tail, and control
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surfaces happened as part of the next to attain optimal performance against specific choices of various
components of UAV sub-systems. The designed hybrid UAV has five sub-systems, viz., (i) airframe
(multirotor and fixed-wing), (i1) propulsion, (iii) control, (iv) communications, and (v) payload (camera
and gas sensor). Specific component choices in each sub-system influence the overall system
performance, requiring iterative re-design. The intended application of the designed fixed-wing hybrid
VTOL UAV was natural gas pipeline monitoring along with onboard leakage detection. Our work also
documents the evaluation of the configuration’s efficiency, validation of the selected sizing/resizing
technique, and testing of the control algorithms. The following sections first discuss the preliminary
design, followed by the actual design of the experimental hybrid UAV. The final sections detail the

testing and performance benchmarking.

Airframe design

This section describes the intended mission profile, which formed the foundation for designing the
fixed-wing hybrid VTOL UAV. The intended usage of the UAV is monitoring natural gas pipelines with
additional capability of leakage detection. Major subsections are mission requirements, wing, tail,

fuselage designs and the VTOL section.

Mission requirements

The design space for the fixed-wing hybrid VTOL UAVs is a continuum created to conduct autonomous
surveillance, asset monitoring and leakage detection of underground natural gas pipelines. The need to
take off and land along the underground gas pipeline without runway infrastructure necessitates VTOL
capability. Further, long pipeline stretches warrant extended operational ranges, which translates to
extended endurance to cover such distances. A fixed-wing system’s efficiency helps fulfill such
endurance and range requirements. Thus, the categories identified from the mission requirements
include weight, size, flying altitude, survivability, the need to combine the fixed-wing and rotary-wing
systems, etc. The mission profile of the hybrid fixed-wing VTOL UAV has five main flight segments
viz., (1) vertical take-off, (i1) forward transition (switch to quad mode from fixed-wing mode), (iii)
cruise, climb, and loiter, (iv) back transition (switch from fixed-wing mode to quad mode), and (v)
vertical landing as depicted in Fig. 2. Table 1 summarizes the initial design parameters derived from the

mission requirements.
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Figure 2. Mission Profile of Hybrid VTOL UAV.

Table 1. Hybrid UAV design parameters derived from the mission requirements

Maximum Take-Off Weight ([MTOW]) <12 kg
Payload capacity <1.8 kg
Runway length for the take-off Om

Rate of ascend [multirotor mode) 2.5m/s

Rate of descend [multirotor mode) 3.5m/s
Climb rate in the fixed-wing mode >2.5 m/s at Mean Sea Level [MS5L]

Operational altitude [from take-off point) 200 m Above Ground Level [AGL)
Endurance =45 min
Range =20 km
Propulsion System Electric Motors

Source: Elaborated by the authors.

Preliminary Design & Sizing

The preliminary design process focused on broadly identifying the weight, shape, and propulsion
system from the mission requirements. Further, fine-tuning of these parameters using additional
information about other sub-systems/components, including various choices of BLDC motors,
batteries, etc., helped finalize designs. Figure 3 illustrates the analytical process of the fixed-wing
system design phase, having three sub-phases, viz., (i) configuration selection, (ii) conceptual design,

and (iii) development and validation of the conceptual design. Figure 3 also depicts the iterative
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iterative refinements made to the conceptual design between phases (i) and (iii).
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Figure 3. Design process of the fixed-wing hybrid VTOL UAV
Identifying specific performance and mission requirements during phase (i) initiated the design process.
We assumed that components viz., motors, propellers, and batteries that match the computed
specifications are available in the market. First, we estimated the propulsion system’s initial geometry,
mass, thrust parameters, etc., followed by a numerical investigation similar to that of Oktay and Eraslan
(2021) of the multirotor VTOL UAV propellers to determine the impact of airspeed and rotational speed
on thrust coefficient. All these facilitated the selection of the actual models of BLDC motors, composite
propellers, and Li-Po batteries for the hybrid UAV. Continuous updation of the hybrid UAV’s MTOW

occurred according to such choices of sub-systems.

WING DESIGN

Wing primarily generates the required lift for a fixed-wing aircraft along with drag and moment (nose
down generally) simultaneously. Hence, factors such as performance requirements, stability, ease of
control, manufacturability, system costs, flight safety, etc., are essential for wing design. Major
performance requirements of the hybrid UAV include stall speed, maximum speed, range, and
endurance. Korpe et al. (2019) presented the turbulence model to perform a numerical analysis of the
impact of the dimensionless wall distance on the aerodynamic coefficient of an aerofoil. Next,
longitudinal and lateral directional stability constitute the major stability requirements. Other
parameters influencing the wing design process include wing area, airfoil selection, aspect ratio, taper
ratio, tip chord, sweep angle, dihedral angle, incidence angle, aileron sizing, servo mounting position,

etc. Size and weight constraints mainly limit the minimum wing size.
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We considered four different wing designs viz and after comparisons, we reached the following

conclusions:

* Rectangular wing generates the lightest wing loading for the given constraints, resulting in the lowest
lift coefficient (CL) value for cruise flight. Further, the lift distribution pattern and substantial tip losses
ruled out this design.

* Tapered wing provides better lift distribution than the rectangular wing. But, larger wing loading
coupled with a higher CLrequirement for cruise makes this design less preferred.

* Elliptical wing offers the best lift distribution and negligible wing tip losses. However, this design also
suffers from high wing loading CL requirements and added manufacturing difficulty.

* Semi-tapered wing has similar lift distribution as that of a tapered wing while eliminating the need for
wing tip modification to reduce tip losses. The wing loading is less than both tapered and elliptical

wings, as the CL required for the cruise is also less.

Though the research suggests that an elliptical wing offers better lift distribution with minimal drag, its
manufacturing is costly and time-consuming. Further, the Reynolds Number towards the elliptical wing
tip becomes relatively small, causing significant deviations in its lift estimations. Choosing the semi-
tapered wing shown in Fig. 4, it resulted in a more straightforward design with better aerodynamic and
structural advantages, as evaluated using the XFLRS software. Further, the semi-tapered wing is

relatively easy to fabricate and provides good lift distribution.

R _;_)_(qg = - Ref line

Source: Elaborated by the authors.

Figure 4. Wing geometry of the fixed-wing system in XFLR 5
XFLRS5 is a design and analysis tool for wing, tail, and airfoils at low or high Reynolds numbers
(Dwivedi et al. 2020). Figure 5 depicts the resulting elliptical lift distribution curves after using the
Horseshoe Vortex method for estimating lift in XFLRS. The final wing design resulted in a span of 2.6m,
wing area of 0.9m2, mean aerodynamic chord of 0.35m, and cruise speed of 17m/s. We conclude from
Fig. 5 that the lift is maximum at the root chord and minimum at the tip chord of the wing. Specific
attention during design avoided the over-tapering of the wing, thereby eliminating its associated
complications. A strong taper of the wing causes the local lift coefficient, CL(wing), to have a maximum
value near the root (Fig. 5), creating the adverse possibility of tip stall during flight. Moreover, it also
causes small chords Reynolds Number near the tip, thereby reducing the maximum achievable CL of the
wing. Wing loading is the ratio of the aircraft’s MTOW to its wing area, which is a critical parameter of

the fixed-wing aircraft design.
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Figure 5. Lift distribution along the wing estimated using XFLRS.

Figure 6a shows the wing loading while operating at the maximum lift coefficient (C(LMax)

) for various altitudes, viz., 100, 300, and 500 meters. Factors like the UAV wing’s size, shape, and
attachment angle on the fuselage determine its take-off and landing performance, stall speed, and
maneuverability. Greater wing loading helps to maintain smaller wing sizes with respect to the aircraft’s
mass. If all other factors remain constant, the UAV with smaller wings will have a lower stall speed
(making it quicker at cruising speed) than one with larger wings. In addition, UAVs with greater wing
loading will be more stable in steady flight than those with lower wing loading.The mission
requirements mandate a low cruise speed (about 16-18 m/s), thereby freezing the maximum wing
loading for a given stall speed (estimated around 18-20 kg/m?2), and determining the wing sizing. Also,
researchers advise maintaining wing loading that realizes nearly 20% structural safety (Roskam 1985b).
Figure 6b depicts the V-n diagram that plots the load factor against the velocity. Maintaining lower loiter
or cruise speeds are generally advised to lower the dynamic pressure, thus generating lesser loads on the
structure. Lower wing loading helps achieve lower stall velocity, resulting in lower cruise speed. We can
achieve lower wing loading by reducing the weight for a given wing area, which in turn results in a load

lower than the usual on the wing during maneuver (L=nW, where n is the load factor).
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Figure 6. (a) Wing loading vs. velocity for fixed-wing design at (C(Lmax)
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The wing incidence angle is the pitch angle of the wing to the fuselage. In the case of an untwisted wing,
it is simply the angle between the airfoil chord line and the fuselage reference line. Usually,
minimization of drag during cruise flight drives the choices of wing incidence angle. This implies that
when the wing is at the desired angle of attack (AOA) for the chosen design condition, the fuselage is at
the AOA that minimizes the total drag.

TAILGEOMETRY AND SIZING

The tail provides stability to the UAV. Zero-loaded tails are usually preferred so that the lift coefficient
for the designed configuration is zero, thereby keeping the induced drag zero. Numerous tail
configurations exist identical to that of the manned aircraft that can have single or multiple attachment
points. Before finalizing the tail configuration, we compared the advantages and disadvantages of major

tail designs reported in the literature, like U, inverted U, V, inverted V, T, inverted T, H, etc.

Both U and inverted U tails possess the same number of surfaces, viz., two vertical and one horizontal.
Further, both tail designs do not obstruct the wing downwash, prop wash, wakes, and vortices. However,
they suffer from a destabilizing effect at higher AOAs as aerodynamic loads on the horizontal tail get
transferred to the vertical tails and booms. Additional strengthening of the vertical tails solves this issue
but increases the total weight. H-tail design has one horizontal surface between two vertical tails,
combining the advantages while eliminating the disadvantages of both U and inverted U tails. However,
careful determination of the relative location of the horizontal tail is necessary to negate any deep stall,
thereby making the design process more complex. The added weight due to additional strengthening
further makes this design costly. Finally, both V and inverted V-tails have only two slanted surfaces that
realize the same functions as the elevator and rudder of a conventional tail configuration, thereby
reducing the drag and weight. Conversely, its control system is more complex due to the simultaneous
occurrence of elevator and rudder components during various maneuvers compared with other

configurations.

We chose the inverted U-tail design with a pusher configuration for the fixed-wing UAV design, having
a twin-boom connection to the fuselage. Figure 7 depicts the tail design, including the tiny tappers on the
vertical control surfaces. Both horizontal and vertical tail sections of Table 3 summarize the principal
design parameters of both surfaces. The simplicity of this design resulted in better manufacturability,
maintainability, and overall efficiency. Further, the horizontal tail tends to provide more drag and
stabilizing effects at high angles of attack. The structural heaviness and its associated marginal costs

vastly outnumbered the benefits of this design.
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Source: Elaborated by the authors.

FUSELAGE DESIGN

Fuselage design is a complicated process involving several factors like payload capacity, avionics,
battery sizes, propulsion, and other parameters depending upon the UAV’s applications. Hence, we used
the guidelines of Roskam (1985a) and Nelson (1989) to analyze the design parameters. We chose a
simple symmetric fuselage geometry and analyzed it to obtain a rough estimate of the pitching moment
due to the fuselage at an AOA (C(m))f and pitching moment with zero AOA (C(mo))f. Throughout the
design iterations, Eqs. 1 and 2 facilitated the revision of fuselage geometries and the corresponding
values of (C(ma))f and (C(mo)frespectively (Roskam 1985b). Figure 8 indicates the oval shape of the
UAV’s fuselage, which also integrates two square hollow tubes to facilitate the attachment of the tail
booms. Table 2 compiles all major fuselage specifications of the hybrid UAV. Since the intended
application of the UAV is surveillance, reconnaissance, and asset monitoring, the primary payload
consists of a gas sensor and a gimbal camera. These payload considerations also determined the access

points location along with the width and length of the fuselage.

_ (p—Ky) x=Lf

(Cm“)f ~ 36.55c Lix=0 sz(aow i if)Ax (1)

_ 1 wx=lf W2f(9€y)
Cm“f_3:5..5552J‘f=0 Tuﬂx (2)

Where:S= wing reference area; c = wing mean aerodybamic; wf = average widith of fuselage section;
Ax = length of fuselage increment; Aow = wing zero lift angle relative to fuselage ref. line in degrees
(—4°); if=1ncidence of the fuselage camber line relative to the fuselage reference line at the entre of each
fuselage increment; K2 — K1 is the correction factor used for designing the overall shape of a

streamlined body (fixed-wing hybrid VTOL UAV); (6ev)/6 = change in local flow angle with angle of
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Figure 8. 3D Fuselage Design.
Table 2. Fuselage Specifications

Parameter Symbol Values
Length of fixed-wing UAV[m) Ly 1.78m
Length of the cockpit(m) | — 1.0m

Max width of the cockpit(m] I — 0.15m
Max width of the tail boom[m) Wonom 0.025m
Fuselage depth d 0.17m

Fuselage side area(m?) Sfu 0.143Bsg.m
Fuselage pitching moment Coeff. at « = 0 (C)s 0.0178

Source: Elaborated by the authors.

DESIGN SUMMARY AND CHARACTERISTICS

This section summarizes the complete UAV geometry by compiling all pertinent information from the
previous sections. Standard values published in textbooks and documents helped in sizing the control
surfaces. The validation and verification of the geometry occurred through necessary parameter
estimations, and stability and control derivatives while making iterative design changes. Fixed-wing
systems efficiently recover from stall during forward flight by lowering the nose to gain airspeed. The

presence of the independent quadcopter VTOL system provides an additional safety net.

Further, the separate VTOL system can slow the fixed-wing flight to hover, providing an added benefit.
Table 3 summarizes the fixed-wing hybrid VTOL UAVs’ primary design and control parameters in five
parts. The first part tabulates the major missionrelated and physical parameters, while the second details
the wing-related parameters. The third and fourth parts of Table 3 contain the horizontal and vertical tail
parameters, respectively. The last part of Table 3 summarizes the parameters for the independent rotary-

wing VTOL section.
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Table 3. Full Parameter List of the Fixed-wing Hybrid VTOL UAV

Parameter Hybrid UAV
Total Weight of Aircraft (kg) 12
Cruise Velocity of Aircraft (m/s) 17~18
Ambient Air Density (kg/m?) 1.2
Position of Centre of Mass w.r.t. wing L.E. [m) 0.131
Position of Neutral point w.r.t. wing L.E. [m) 0.205
Wingspan [m) 2.6
Length of wing root chord [m) 0.38
Length of wing tip chord [m) 0.27
Wing
Wing Airfoil E214
Wing Setting angle [deg.] 0
Sweep of wing mid-chord points (deg.) 0
Continue. ..
Table 3. Continuation.
Parameter Hybrid UAV
Lift at zero angle of attack 0.3260
Setting angle of Wing a
Aileron span [m) 0.8
Aileron chord [m] 0.085
Horizontal Tail
Horizontal Stabilizer Span [m) 1
Length of horizontal stabilizer root chord [m) 0.18
Length of horizontal stabilizer tip chord [m) 0.18
Horizontal Stabilizer airfoil NACADO12
Tail setting angle [deg.) =-2
Length of the horizontal tail arm [m) 1.08
Horizontal tail volume efficiency 0.6
Elevator span [m) 0.92
Elevator chord (m) 0.06
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Vertical Tail

Vertical Stabilizer Span (m) 0.2
Length of vertical stabilizer root chord [m) 0.22
Length of vertical stabilizer tip chord (m) 0.18
Vertical Stabilizer airfoil NACAOD12
Sectional lift curve slope of vertical stabilizer airfoil 5.9689
Rudder span (m) 0.18
Rudder chord [m) 0.068
Length of vertical tail arm [m) 1.06
Vertical tail volume efficiency =0.04

Vertical Thrusters

M1, M2, M3, M4 Weights [kg) 1.2
Distance between M1, M2 and M3, M4[axial] (m) 0.94
Distance between M1, M2 and M3, M4[Parallel) [m) 1

Source: Elaborated by the authors.

Now, we document the performance testing of the prototyped fixed-wing hybrid VTOL UAV. Table 4
details the exact physical parameters of the prototype having a wing area of 0.88 m2, a wingspan of
2.6m, and a mean aerodynamic chord of 0.34m. Figure 1 indicates that the x-axis is in the forward
direction along the nose, the y-axis is along the wing, and the z-axis is facing downwards. Ixx, Iyy, Izz &
Ixz. Together, they represent the moment of inertia values of the system about the x, y, and z-axis.
Calculating the moment of inertia utilized the 3D CAD model of the fixed-wing hybrid VTOL UAV. The

values of Ix), Iyz were negligible and, hence, taken as zero.

Parameter Value
Mass 12 Kg
MAC 0.34 m

Wingspan 2.6m
Area 0.87 m?
d 3.551 kgm?
Ly 4.4221 kgm?
I 7.4841 kgm?
i 0.1274 kgm?

Source: Elaborated by the authors.
Four main performance parameters measured from test flights include (1) trim velocity, (i1) trim AOA,
(ii1) aerodynamic efficiency (L/D), and (iv) elevator trim (0¢€). The estimation of range and required

power depends on these parameters. Figure 9 compares the performance plots of the fixed-wing hybrid
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VTOL UAV prototype. As observed from Fig. 9a, the trim AOA is approximately 4.5 degrees, and the
lift coefficient at the trim CLtrim. The condition is 0.6877 from Fig. 9b. Further, Fig. 9c and d provide
the aerodynamic efficiency and power required at trim conditions. Figure 9e depicts the elevator needed
to trim the UAV, which indicates the required elevator values at the UAV’s center of gravity (CoG) to
determine elevator deflection limits. The CoG locations of elevator deflections are about the wing’s
leading edge reference line shown in Fig. 4. Thus, Fig. 9¢ allows the checking of the elevator limits
against CoG location for different airspeeds. Since the elevator can deflect between +6 to -25 degrees in
either direction from the trim conditions, Fig. 9e also helps to determine the forward and backward
limits of CoG. Figure 9f plots the relation between the pitching moment (Cm) and the lift coefficient
(CL) for different elevator deflections at Xcg = 0.131m and neutral point Xnp = 0.205m, as reported in
Table 3.
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Figure 9. performance plots for VTOL UAV (a) angle of attack a (b) Lift coefficient (CL) (c)
Aerodynamic efficiency(CL/CD) (d) Power Required (PR) (e) Elevator required (d¢)versus velocity

with CoG variation(f) Pitching moment versus lift coefficient with elevator variation.

Table 5 compiles the prototype’s multiple test flights with various Li-Po battery combinations. The
second and third columns of Table 5 provide the VTOL and fixed-wing endurance in minutes,
respectively, for a specific Li-Po battery combination. The information contained within curly braces in
the second and third columns identifies the number of cells (resultant voltage) and energy stored in the
particular battery. The fourth column combines the VTOL and fixed-wing flight times, while the last
column details the intended application of the UAV configuration. Flight tests eight and nine suggested

Journal of Aerospace Technology and Management (Volume - 15, Issue - 01, January - April 2023) Page No. 29



d that similar total endurance is possible with a 40% lighter VTOL battery (8,000 mAh) while keeping
the same 14,000 mAh battery for the fixed-wing flight.
Table S. Flight times and endurance with different combinations of Li-Po Battery.

Test e Fixed-wing flighttime for  Total flight time of S
Fliaht endurance for different di e 2 e i L UAV Application
ig ry options ifferen ttery options e hybrid VTO
. ; . Surveillance,
1 (5.25min), {2x6S,5500mAh}  (17min), {6S,6000mAh} 22.5min it R
. ) ) Surveillance,
2 (Bmin), {2xBS,6000mAh}) (22min), {6S,B000mAh} 28min PR el O
3 (B.2min), {2x65,8000mAh}  (33min), {6S,10000mAh} 41 2min Survellance, gasdeak
detection
4 (9.3min), {2x65,9000mAh}  (2Bmin), {6S,9000mAh} 41.2min b il
etection
10.4min), . . .
5 {Exa[s,m:r:nﬂgjm Ab) (28min), {6S,9000mAh) 37.3min Mapping
: ; : Surveillance, gasleak
3 (Bmin), {2x6S,6000mAh}  (33min), {BS,10000mAh} 39min i
. : ; Surveillance, gasleak
7 (Bmin), {2x6S,6000mAh}  (S53min), {BS,14000mAh} 58min il
. : . Surveillance, gasleak
8 (8.2min), {2x6S,8000mAh}  (S3min), {BS,14000mAh} 61.2min el
g IS Aol (53min), {6S,14000mAh} 63.4min Survellance, gas-eok

{2x6S, 10000maR} detection

Figure 10a illustrates the mission plan displayed on the ground control station (GCS), including two
loiters during the flight test. The flight plan consistently subjected the hybrid UAV prototype to various
maneuvers along with shorter duration level flights, estimating a reasonably worst-case endurance. It
also facilitated the stress test of the control surfaces. Next, Fig. 10b captures the flight of the hybrid UAV
high-density foam (HDF) prototype in the VTOL mode.
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Source: Elaborated by the authors.

Figure 10. Flight testing (a) Mission plan from the GCS (b) Actual VTOL flight of the HDF prototype.
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CONCLUSION

This research documents the analytical design, analysis, prototyping, and performance flight testing ofa
fixed-wing hybrid VTOL UAV with four vertical thrusters (rotary-wing) and one pusher (fixed-wing)
propulsion. This research was motivated by the existing lacuna in design approaches for hybrid UAVs
that integrate fixed-wing and quadcopter (rotary wing) systems. First, we iteratively determined the
hybrid UAV’s overall geometry and aerodynamic design for the desired speed and endurance. The entire
airframe has three parts, viz., (i) wing, (ii) tail, and (iii) fuselage. Wing design focused on lift distribution
and wing loading analysis. Next, we documented the selection approach of the inverted ‘U’ tail
geometry. Finally, standard design equations facilitated the fuselage design to carry specialized
payloads. Table 3 summarizes the final design parameters of the resultant fixed-wing hybrid VTOL
UAV. Then, we prototyped the fixed-wing hybrid VTOL UAV using HDF, which got instrumented with
autopilot, batteries, propulsion units, communication, and payloads. Multiple test flights of the
prototyped UAV allowed us to quantify the actual endurance, airspeed, and mission capabilities for
different battery combinations, thereby evaluating the design’s performance. The combination of an
8,000 mAh battery for VTOL and a 14,000 mAh battery for cruise delivered the desired endurance of 60
minutes with sufficient power remaining in both batteries. Thus, the proposed approach provides a
simpler alternative for the quick design and development of a fixed-wing hybrid UAV with VTOL

capabilities.
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ABSTRACT

\
Cusped-field Hall thrusters (CFHT) have significant potential for use in many space missions due to

their simplicity, long life and high efficiency. CFHT-27, designed and developed at the Bogazici
University Space Technologies Laboratory (BUSTLab), a prototype CFHT with a 27-mm diameter
discharge channel. CFHT-27 utilizes samarium-cobalt (SmCo) permanent magnets. The thrust and
efficiency of a cusped-field thruster is closely related to its size and design parameters. In this study, in
order to understand the relationships between the design parameters and the thruster performance,
the performance tests of the CFHT27 are carried out for a given magnetic field topology. The thruster
was operated at discharge voltages ranging from 250 to 500V with argon propellant with up to 3,000 s
of specific impulse. The measurements show that CFHT-27 can achieve thrust values from I to 46 mN.
Thus, this thruster can be used for a wide range of thrust values allowing throttle capabilities for
different missions.

Keywords: Electric propulsion; Plasma thrusters; Thrust stand; Performance measurements.

v

I. INTRODUCTION

In recent years electric propulsion systems are increasingly being employed for the propulsive needs of
satellites and spacecraft due to their much higher specific impulse levels when compared with chemical
thrusters (Lev et al. 2019; Martinez-Sanchez and Pollard 1998, Mazouffre 2016). Among various
electric propulsion concepts, Hall-effect thrusters are the most used electric thrusters (Lev et al. 2019).
Hall-effect thrusters use electric and magnetic fields for both the ionization of the neutral propellant gas,
hence creating a plasma, and the acceleration of the charged atoms of this plasma to produce thrust. In
Hall thrusters, the imposed magnetic field affects both the electrons and the ions. However, due to their
much larger masses, the ions move mostly unaffected by the field and are accelerated away from the
thruster by the applied axial electric field, whereas the electrons follow an azimuthal that is
perpendicular to both the applied axial electric field and the radial magnetic field (Martinez-Sanchez
and Pollard A cusped-field Hall thruster (CFHT) is a modified Hall thruster which was first studied by
THALES Electron Devices in Germany (Koch et al. 2007; Kornfeld et al. 2003; 2007). This concept is
also patented by Airbus Defence and Space GmbH (Hey et al. 2019). Based on the original design of
THALES, researchers in academia have also investigated this thruster concept; at MIT (Courtney 2008;
Courtney and Martinez-Sanchez 2007; Gildea et al. 2013; Matlock et al. 2010), at Stanford University
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(MacDonald et al.2012), and at Harbin Institute of Technology (Liu etal. 2014a; b; Ma et al. 2015; Zhao
etal. 2013). In this type of Hall unlike a single region of radial magnetic field of a typical Hall thruster,
multiple regions of radial magnetic field are created by adopting alternating polarity permanent
magnets. These radial magnetic field regions confine electrons that would normally move upstream to
the anode. The electrons confined in the high radial magnetic field regions cause electron impact
ionization of the neutral gas that is introduced to the discharge channel at the anode region. For these
thrusters, due to the presence of multiple cusped regions, the discharge voltage can be much higher than
that of a typical Hall thruster which only has a single cusped region (Courtney 2008; Kornfeld et al.
2006). Hence, in CFHTs, a wider range of thrust values can be obtained (Kornfeld et al. 2005).
Furthermore, other researchers claimed that the cusped magnetic field in these thrusters can be effective
in reducing the plasma wall interaction resulting in an increase in the thruster life (Gildea and Matlock
2013; Harmann et al. 2007).

Different studies have been conducted in order to understand the performance characteristics of CFHTs
(Fahey et al. 2017; Hu et al.2016; Liang et al. 2019). These characteristics have been investigated
depending on the magnetic field strength in the discharge channel (Hu et al. 2016) or on key design
parameters that are set to obtain maximum efficiency, thrust and Isp. Four different configurations are
analyzed for the permanent magnet rings with varying outer diameters. Results show that increasing
magnetic field strength has a limiting effect on the radial cross-field electron current and it decreases the
radial-width of the ionization region. Hence, the increase in the magnetic field strength reduces the
propellant utilization as well as the performance of the thruster. It is also shown that the thrust and anode
efficiency are positively affected in the case of weaker magnetic field strength in the discharge channel
(Hu et al. 2016). Furthermore, an optimization with five different performance parameters are
considered which include anode voltage, anode current, mass flow rate, magnet inner diameter and
magnet outer diameter. For the anode current, an optimal value can be determined with the contribution
of maximum anode potential and maximum mass flow rate. The results illustrate that the anode current
and outer magnet radius have a significant effect on the performance. Regarding the location of the
ionization regions, the differences in the discharge characteristics between cylindrical Hall thrusters and
cusped-field thrusters using PIC-MCC simulations are investigated (Liang et al. 2019). The
investigation indicates that the ionization regions of cusped-field thrusters move to the near-axis region
and it has additional ionization in the plume region. In addition to these studies, also experimental
measurements have been conducted on a divergent cusped-field thruster with a Faraday cup and a
retarding potential analyzer to measure the ion current density and the ion energy distributions of the
plume of the thruster (Gildea et al. 2013). The analyses show that the higher current density areas have
more energetic and uniform ion groups. Nevertheless, it is also shown that these energetic ions are also

thrown out at larger angles and cause an increase in the plume divergence. In the further stages of the
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of the plume measurements, different cathode operating conditions are set and it is found that the
cathode and the thruster operating conditions are closely linked. Also, time dependent anode current
measurements indicate a significant difference for the high and low-current operation modes of the
thruster. It is seen that in the case of lower current operation modes, the anode current seems to be less

oscillatory.

For the cylindrical Hall thruster, the ionization and acceleration regions are both near the anode and are
coupled to each other (Raitses et al. 2010). However, for the cusped field thruster, the acceleration
region and the ionization region are separated from each other. The cusped field thruster also has wider

throttling ability due to lower anode electron energy deposition (Cuietal. 2018).

Previous research show that magnetic topology plays an important role in the performance and
efficiency of CFHTs (Maetal.

2015; Hu et al. 2016; Liang et al. 2019; Ma et al. 2013). In CFHTs, electrons emitted from the cathode
reach the discharge channel and motion of the electrons are impeded by the cusped magnetic field
regions. From the literature, a typical CFHT contains three radial magnetic field regions, which could be
considered as the ionization regions. The first one is located at the exit plane of the thruster ionization
chamber and the other two of these regions are located inside the ionization chamber. The optimal
location of the two inner ionization regions is not very well understood. Hence in the literature the length
between these ionization regions vary for different cusped-field thrusters (Koch et al. 2007; Courtney
and Martinez-Sanchez 2007; MacDonald etal. 2012, Hu et al.

2016; Liangetal. 2019). Even though there are three separate cusped regions, the region at the exit of the
cylindrical discharge chamber affects the divergence of the plume and a relatively lower number of
electrons are trapped in this region. Because of that, the effective cusped regions are the ones inside the
chamber. The topology of the exit magnetic cusp can be modified to control the plume divergence and

can be used to increase thrust efficiency (Liuetal. 2014b).

For a CFHT, the paths of electrons are illustrated in Fig. 1, which shows the electrons leaving the
cathode move upstream towards the positively biased anode. The presence of the cusp shaped radial
magnetic field created by the permanent magnets impedes the motion of these backstreaming electrons
creating an azimuthal electron current due to Hall effect in the regions of perpendicular electric and

magnetic fields
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Figure 1. Schematic of the electron flow in a typical CFHT with double cusped region.

Based on the research presented in the literature, a prototype CFHT with a cylindrical discharge
chamber diameter of 27 mm was designed and manufactured. The magnetic topology and the strength of
the magnetic field is determined after a thorough review of the scientific literature in this field.
Performance measurements of this thruster, called CFHT-27, are conducted inside the Bogazici
University Space Technologies Laboratory (BUSTLab) vacuum chamber using an in-house built thrust
stand. The operational parameters of the thruster were investigated for varying discharge voltage and
propellant flow rate values. In this study, the range of thrust values that can be obtained with this thruster

and its throttling ability, for determining its suitability for space mission, are investigated.

CFHT-27 CUSPED-FIELD HALLEFFECT THRUSTER

CFHT-27 has quartz discharge chamber walls. The 1.5-mm thick chamber walls has an inner diameter of
27 mm and an outer diameter of 30 mm. The thruster employs 6 mm thick axially polarized samarium-
cobalt (SmCo) permanent ring magnets with an inner diameter of 30 mm and an outer diameter of 40
mm. Between the ring magnets 1018 steel spacers are used because of their high permeability at low cost
compared to alternatives such as pure iron or Hiperco-50A. Similarly, for the base plate 1018 steel is
used. An aluminum casing is used to protect the magnetic circuit and to hold the parts in place. A
schematic of CFHT-27 is shown in Fig. 2.
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Figure 2. Schematic of CHFT-27 Hall effect thruster with materials used for each component.

The anode is made of graphite and is placed at the back wall. The diameter of the anode disc is 20 mm.
The neutral gas enters the discharge channel through a 25-mm diameter porous quartz frit with a
porosity of 100 microns. In most other similar cusped field thrusters, the propellant gas flows to the
discharge chamber through the holes in the anode which is made of a conducting material (Ma et al.
2013;2015; Pengetal. 2020). In the presented design, the porous nature of the quartz frit allows uniform

distribution of neutral gas as it enters the discharge channel.

The CFHT-27 was operated using a LaB6 hollow cathode that is developed at BUSTLab (Kokal et al.
2021; Kurt et al. 2017). The cathode employs a 2-mm inner diameter, 4-mm outer diameter, LaB6 tube
of 10 mm length placed inside a graphite cathode tube of 6 mm outer diameter 48 mm of length. The
cathode is heated using a tantalum wire heater of a special design (Kurt et al.2017). For the operation of
the thruster, the exit orifice of the hollow cathode is located 22 mm axially and 38 mm radially away
from the center point of the thruster exit plane. For the tests discussed in this paper, the cathode mass
flow rate is set to 4 standard cubic centimeters per minute (sccm) and cathode keeper current is kept at
1.5A.

For simulating the magnetic field topology, COMSOL Multiphysics AC/DC module was used. Since
the magnets are permanent SmCo magnets, the physics is chosen to be magnetic fields, no currents and
meshing is done with physics-controlled finer mesh. Considering the permanent magnets, magnetic
flux conservation for each magnet is defined separately and the remanent flux densities are identified
from the material properties of SmCo and this value is given as 1.05 Tesla. Figure 3 shows the magnetic
field topology of CFHT-27. Effect of the magnets closest to the discharge chamber exit plane on the
magnetic field lines in the plume region magnetic topology are observed closely, since the magnetic

field lines in this region direct the electrons flowing from the cathode to the discharge channel
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Figure 3. Magnetic field topology of CFHT-27.

The 2-2-2 magnetic field configuration is investigated for the SmCo permanent magnets and ferrite
spacers. The magnetic topology results are presented in this study. In this configuration, the green parts
are the SmCo magnets and the blue spaces in between are the ferrite spacers. One can observe that there
are two separatrix lines between the cusped regions. These cusped regions are for the sufficient
ionization of the gas. The cathode is placed along the diverging plume at the magnetic field lines along
the exit of the thruster but not close to the main separatrix region, which is directly in the middle of the
thruster. Nearly no divergence is observed for the 2-2-2 configuration in the middle part of the thruster.
However, the magnet configurations can be changed to decrease the plume divergence at the outer exit
in further study, since this leads to a decrease in the thrust because of the thrust vector. The magnetic
field strength in a given stage increases as the total length of that magnet stage is increased. In the
configuration presented in Fig. 3, the magnetic field strength at the cusp regions goes up to 1400 Gauss.
A more detailed report about the effect of alternative magnetic field topology configurations and the

strength at the exit to decrease the plume divergence will be presented as a separate study in the future.

EXPERIMENTALMEASUREMENTS AND DISCUSSION

The tests of the CFHT-27 are conducted inside the BUSTLab vacuum chamber, which is 1.5 m in
diameter and 2.7 m in length (Korkmaz et al. 2015). The picture of the BUSTLab vacuum chamber used
for the tests of the CFHT-27 is shown in Fig. 4. During the tests, the pressure inside the vacuum chamber
was 6.2 x 10—5 torr when operating the thruster at 1 7 sccm anode flow and 4 sccm cathode flow of argon
propellant. Picture from the tests of the thruster is shown in Fig. 5. The plume divergence angle
decreases, when the separatrix gets a slope perpendicular to the direction of the electric field created due
the anode voltage (Ma et al. 2015; Zhurin et al. 1999). Based on the discussion from the literature, the
main plasma regions are between the bright edges of the plume regions (Ma etal. 2015). Thus, the region
between the bright edges of the plume can be considered as the main ion beam region. From the visual

inspection of the plume, the divergence angle is estimated to be about 32°.
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Figure 4. BUSTLab vacuum chamber.
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Figure 5. Picture of CFHT-27 in operation inside the vacuum chamber.

Thrust MeasurementsAs mentioned before, thrust measurements of the CFHT-27 were conducted using
in-house built inverted pendulum type thrust stand (Kokal and Celik 2017a; b). The resolution for the
thrust measurements was = 0.296 mN. The thrust stand system uses a Linear Variable Differential
Transformer (LVDT) sensor to measure the displacement of the inverted pendulum structure due to the
force produced by the thruster. This displacement information with the premeasured stiffness value of
the system gives the created thrust value. The thrust is measured in such a way that the LVDT
displacement value is recorded when the anode voltage, hence the electric field, is applied. Thus, thrust
due to the momentum of the Argon gas before the application of the voltage to the anode is accounted
separately. Since the BUSTLab vacuum chamber employs cryogenic pumps for keeping the chamber
background pressure at reasonably low levels during the thruster’s operation, perturbations caused by
the operation of the cryopumps cause noise during LVDT signal data reading. Because of that for certain
thrust measurements, the cryopumps were turned oft for short periods of time without affecting the

pumping capacity and hence the chamber background pressure.
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The measured thrust levels versus the applied anode voltage for various flow rates are shown in Fig. 6.
As expected, with increasing anode voltage the generated thrust increases. This is expected, as the ions
are accelerated to higher exit velocities. In addition to the increased ion exit velocities, increase of anode
voltage would also increase the rate of ionization inside the ionization chamber of the thruster due to
increase in the frequency of ionization collisions with the increase of both in the temperature of
electrons as well as the energy of the created ions. Similarly, increase in the propellant flow rate to the
anode results in increased thrust. As the flow rate is increased, the slope of the thrust versus anode
voltage line shows slight increase. Figure 7 shows the measured thrust levels versus the propellant flow
rate to the anode for various anode voltages. As seen in this figure, the slope of the thrust versus anode
flow rate curve becomes steeper as the applied anode voltage is increased. Hence, at higher applied

anode voltages, the range of thrust values that can be obtained becomes wider, as seen in Fig. 7.
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Figure 6. CFHT-27 thrust versus anode voltage.
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Figure 7. CFHT-27 thrust versus anode flow rate.

Based on the measured anode current and thrust values, the anode efficiency, y__, . is calculated using:

T.Al.
= ee——— l
Nanode 2igVala (1)

where T is the measured thrust, m.a is the set anode mass flow rate, Va is the set anode voltage and Ia is

the measured anode current. Similarly, the specific impulse of anode only, Isp is calculated using:
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where g is the earth’s specific gravity.

In Fig. 8, the general behavior of the anode current, anode power, specific impulse of anode only, Isp,
and the anode efficiency, nanode, versus applied anode voltage can be seen for varying anode propellant
flow rate. Similarly, in Fig. 9 the same performance characteristics are presented versus the anode
propellant flow rate for varying applied anode voltage. In Fig. 8a, it is seen that the anode current
remains almost constant for varying anode voltages for a set anode flow rate value. As the anode flow
rate increases, the anode current increases, as would be expected. On the other hand, Fig. 9a shows that
the change in the anode voltage has a small effect on the anode current for a set of anode propellant flow
rate value valves whereas the increase in the discharge current is almost linear with the change in the
flow rate.

As seen in Figs. 8b and 9b, the power increases with increasing anode flow rate, and this increase is
steeper for higher flow rates. As seen from these figures that this thruster has been operated at a very
wide range of power values. The calculated Isp values, except for the 12 sccm flow rate are shown in
Figs. 8c and 9c. As expected, the specific impulse increases for increased anode voltage. The observed
Isp values vary between 500 to above 3,000 s, indicating a wide range of propellant utilization efficiency
levels for varying discharge voltage and propellant flow rate values. With the selection of an appropriate
Isp value, hence appropriate discharge voltage and propellant flow rate, a better performance can be
expected from CFHT-27. This feature can be important when making decision on what type of a mission
a specific thruster would be suitable for.As shown in Fig. 8d, CFHT-27 displays a general trend of
increasing efficiency with increasing anode voltage. Thus, the figure shows that as the anode voltage is
increased, the thruster performance increases. This is an expected result since as the discharge voltage is
increased the ionization rate increases which improves the anode efficiency. Similarly, Figure 9d shows
that as the anode flow rate increases the efficiency increases. The relationship between the thrust and the
anode propellant flow rate is almost linear. Hence, it can be inferred from the figures that the flow rate
where the leveling of the measured thrust was not reached in the scope of the experiments conducted as
part of this study. The flow rates where the thrust value levels off must be at higher flow rates, hence it
can be inferred that the thruster can handle higher flow rates and hence higher thrust values. Therefore, a
wide working range thrust values than measured as part of this study can be expected from this thruster
making it a suitable candidate for a wider range of space missions.Figures 8d and 9d show that the
efficiency tends to increase with increasing anode flow rate. These two graphs can point that CFHT-27

can produce higher thrust values, and again this would widen the range of thrust values and hence its
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It is a desired result for CFHT 27, because even if it is a small thruster in size, it can be used in a wider
range of space missions than would be expected for such a small thruster. It is observed that for higher

discharge voltages the efficiency is also improved, hence a higher performance thruster is achieved.
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Asseen in Fig. 8b and Fig. 7, as the flow rate increases the anode current and the thrust increase. For the
configuration tested in this report, for 52 sccm anode flow rate at 500 V discharge voltage, the measured
thrust is 46 mN corresponding to a specific impulse of 3,037 s at an anode power of 2,320 W with 29.6%
anode efficiency. As observed, the increase in the anode flow rate increases the thrust; however, if the
flow rate is further increased, after a certain flow rate it is expected that the rate of increase in thrust will
drop.

In addition to changing the anode voltage and the anode flow rate for the investigation of the
performance of this thruster, via altering the magnetic topology and the separatrix angle at the cusped
region near the exit plane of the discharge chamber a better performance characteristic can be found.
However, the focus of this study was limited to presenting a predetermined magnetic field topology and

alteration to magnetic field topology is left as a separate study.

CONCLUSION

This paper presents the performance measurements of the CFHT-27 for a predetermined magnetic field
topology. The thruster was operated using Argon as the propellant. During the tests, the anode flow rate
was varied from 12 to 52 sccm with 5 sccm increments and the discharge voltage was varied from 250 to
500 V with 50 V increments. The measured thrust values have a wide range from 1 to 46 mN indicating
an almost continuous range of thrust values obtainable for this thruster. Such a wide range of thrust
values at reasonable anode efficiency values make this thruster an attractive candidate for space
missions where high throttleability is desired.

A more detailed report about the effect of alternative magnetic field topology configurations will be

presented as a separate study in the future.
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ABSTRACT

In order to intercept hypersonic vehicles in near-space, a head-pursuit cooperative guidance law is
proposed in this paper. Firstly, interceptors are regarded as multi-agents, and the communication
relationship between them is represented by graph theory. Based on the time consistency theory of
multi-agent system and sliding mode theory, a guidance law is designed along line-of-sight (LOS) to
ensure the time cooperation of interceptors. Secondly, considering the requirement of the head-pursuit
theory to the lead angle, a finite-time guidance law is designed perpendicular to LOS to ensure that
each interceptor can complete head-pursuit interception. For the purpose of improving the intercept
precision, extended state observers are used to estimate the system disturbances. The correctness of
the guidance law is analyzed by Lyapunov stability theory. Finally, numerical simulations are
presented and the results further verify the correctness of the guidance law.

Keywords: Multiagent system; Time consistency theory; Extended state observers; Finite-time

guidance law.

v

I. INTRODUCTION

With the maturity of near-space technology, the advantage of hypersonic vehicle is becoming more and
more obvious. Characteristics such as long flight distance, fast flight speed and strong maneuvering
ability make the hypersonic vehicle have a strong ability of penetration. However, the traditional
methods such as tail-chase interception and head-on interception have different deficiencies in the
process of intercepting such targets. At the same time, with the development of antimissile system, it is
difficult for a single interceptor to complete the combat tasks independently in the complex battlefield.
In order to improve the interception probability for hypersonic vehicle, the cooperative interception of
multiple interceptors is paid more attention to in the military field. As an important basic theory of
multiagent cooperative guidance, the multiagent consistency theory achieved good results in the
cooperative control of pilotless aircraft, autonomous vehicle, robot and other fields, which provides a
theoretical basis for the study of head-pursuit cooperative guidance against hypersonic vehicles in near-
space. Therefore, the research on head-pursuit cooperative guidance law based on multiagent

consistency theory for near-space interceptor has great strategic value.

For the purpose of intercepting hypersonic vehicle effectively, a new interception method was proposed
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by Golan and Shima (2004). This method required the interceptor to fly in the same direction as the
targetata low speed in front of the target trajectory, so that the target can hit the interceptor from behind.
Because the interceptor is in front of the target, this method is called head-pursuit interception. They
used sliding mode control theory to design the guidance law and completed the headpursuit interception
of the target. In order to attenuate the chattering phenomena caused by sliding mode control theory, Liu
K et al. (2015) improved the head-pursuit guidance law based on double-power reaching law. For the
purpose of improving the convergence rate of the guidance system, Si and Song (2017) proposed a head-
pursuit guidance law based on fast double-power reaching law, which not only attenuated the system
chattering, but also accelerated the convergence rate of the system. Since target maneuvering is
unknown, Zhang et al. (2018) used an adaptive algorithm to estimate the system disturbance and
presented a head pursuit guidance law based on time-scale separation which can improve system

intercept accuracy and have strong robustness.

Taking into account the autopilot dynamics, Zhu and Guo (2019) proposed a head-pursuit guidance law
based on back-stepping sliding mode, which further improved the interception accuracy. Based on this,
Zhu (2021a) combined fractional order theory with sliding mode theory and proposed a head-pursuit
guidance law based on fractional order sliding mode theory, which further weakened the chattering of
the system. At the same time, Zhu (2021b) introduced the finite time disturbance observer into the
design of head-pursuit guidance law, which ensured the system converge in finite time and improved the
accuracy of the system.Cooperative guidance law for multiple missiles means that interceptors
cooperate with each other in time and space complete the combat mission. Lee et al. (2007) proposed a
guidance law that constrained both the attack time and angle with given values, which can intercept
targets with low speed. Based on the optimal control theory, Sun and Xia (2012) proposed an optimal
cooperative guidance law. L Feng et al. (2014) combined sliding mode theory with target strategy
switching and proposed a cooperative guidance law based on two-layer design scheme, which carried
out the cooperative control of attack time and angle. Cho et al. (2015) proposed an adaptive cooperative
guidance law with a wide range of expected collision angles which can deal with the unknown target
maneuver. Zhao et al. (2016) proposed a cooperative guidance law based on the finite-time consistency
theory to ensure that multiple interceptors hit the target simultaneously. Based on this, Shi et al. (2018)
introduced the second order sliding mode theory into the design of cooperative guidance law which
weakened the chattering of the system effectively. Considering the communication between
interceptors, Liu X and Liang (2019) designed a cooperative guidance law based on multiagent
consistency principle to control the collision time and line-of-sight (LOS) angle. Up to now, most of the
studies on cooperative guidance law focus on tail-chase interception and head-on interception, which is

not suitable for the near-space interceptor, so that the interception rate against hypersonic vehicles in
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near-space is not enough. Therefore, this paper studies this field and puts forward a head-pursuit

cooperative guidance law for near-space interceptor.

BACKGROUND INFORMATION AND PRELIMINARIES
Figure 1 is the relative motion schematic of head-pursuit interception in longitudinal plane, where
points T and M are the target and the missile, r is the missile-target range, q is the LOS angle, 6t and 6m

the lead angles, Vtand Vm velocities, the subscripts t and m denote the target and missile.

Source: Retrieved from Zha (202 1a)

Figure 1. Relative motion schematic.

Figure 2 is the relative motion schematic between multimissiles and target, where points T and Mi are
the target and the missile i (i=1, 2, 4 n), where n is the number of missiles. ri is the distance between
missile 1 and the target, qi is the LOS angle of missile I, 6t and Omi are the lead angles of target and the

missile I, Vtand Vmi are the velocities of target and the missile I.

Source: Elaborated by the authors.

Figure 2. Relative motion schematic.

The control input can be projected along the LOS coordinate system. The projection along LOS is ul,
and the projection perpendicular to LOS is u2. The control input can also be projected along the velocity
coordinate system, aml along velocity direction, and am2 perpendicular to velocity

direction.According to Fig. 1, the relative equations of head-pursuit interception can be obtained in Eqgs.
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r=V cosd, —V cosé, (1)

g=(F, sind, —Vsin)/r {2)
- oa, .
G=0—4 (3)
A g .
g =—=_ 4
R=y 4 (4)

where a, is the target acceleration.
Differentiating Eq. 1 with respect to time and combining with equation Eq. 2, Eq. 5 is given:

F-rg’ =(F_cos8, —a_,sinf,)—(V,cosé —a,sinb) (3)

Letu, = ‘;-'m cosfl —a_, sinfl,, and it is the projection of the control input along LOS.

The time-to-go of missile i is equal to the ratio of ri to .ri, where .ri represents the relative distance
between missile 1 and the target, and .ri represents the change rate of the relative distance. Therefore, the

time-to-go of missile i can be denoted by tgoi as Eq. 6

(i=1,2n) (6)

o

._
|
|
e R

where ri can be measured and .ri satisfies .ri = Vmi cosmi — Vt sinOnBecause of the need for
multimissiles to collide with the target at the same time, the predicted collision moment can be denoted

bytfiasinEq. 7.

.
t,=f—4 i=1,2,-- :
P . (#=12,n) (7)

Differentiating tfi with respect to time, Eq. 8 is given

i o TL iy, T(asing, —Vos6) )5 ®)

Letd, = (r, (a,sind, \«’! cosf, })/( r7) be the unknown system disturbance, then Eq. 8 can be written as in Eq. 9.

. it o .
o= Berd, (=1,20m) ©)

Then, the relative motion equation of missile I to the target can be obtained as in Eqs. 10 and 11:
(F =V, cosd, -V cosf,
g, =V, sin@ —Vsing,)/r

ér.lz_'l_‘!.'r (10)

A
=i Mg (an
r L
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1i1'r|11’_.l‘.,r —i,)= 0y (i=12n j=12-un) (12)
According to the requirement of head-pursuit interception proposed by Golan and Shima (2004), each
missile should satisfy the following formula (Eq. 13):
limd, =0; limf, =0; 6, =x6, (=12,n) {13)

where « is a lead factor and satisfies k > Vt/Vmi.In order to satisfy Eq. 12, the missiles can be seen as
multiagents, the communication network of them can be represented by an undirected graph G = (v, (,
C), where v represents a set of all nodes in G, z represents the lines that exist between all nodes in G, and
€ is the weight matrix of G. The entry of C is represented by Cij, if the information can be exchanged
directly between agent i and agent j, the value of ¢ij is 1, otherwise the value of cij is 0. In particular, cii =
0. If there is a line for information exchange between any agent, the undirected graph is defined as
connected. Before giving the cooperative guidance law, some lemmas related to the finite-time
consistency of multiagent are introduced.Lemma 1 (X Feng and Long 2007): For the following first-

order multiagent system (Eq. 14):

i=u (i=12,-n) (14)

where xi and uiare the state and control input of agent i respectively. When the undirected graph G is
connected, and if the control input ui satisfies vi = sigdi [Y nj=1 cij (xj - x1)], where 0 <(i < 1. Then there
exists a finite time T*, such that when the time satisfies t >T*, the state of any agent j satisfies xj(t) = x*,
where x* is a real number. The control input vi is called the finite-time consistency protocol for multiple

agents.Lemma 2 (Yuetal. 2005): For the following nonlinear time-varying system (Eq. 15):

2(t)= flzn).zeR (15)

z is the system state and t is the time. Supposing that there is a continuous positive-definite function

V(x), and this function satisfies the following differential inequality (Eq. 16)

"{:J<—|u1'{:}—ﬂ-"'(:] (16)
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where p,A > 0,0 <o <1 are constants, and z (0) = z0. The convergence time T of the system satisfies the

following inequality (Eq. 17):

Alalf_ % s
- ] lnp z)+

T pll-a) i o

Note 1: The target and missile are point masses, and the target velocity is a constant.

Note 2: The interceptor is in free flight if the distance satisfies r < 100.

Note 3: Ifthe distance satisfies 0.1 <r<0.25, it is considered that the missile has collided with the target.
Note 4: The function sigdi(*) is defined as sigdi(*) =|¢|o1 sig(*) .

DESIGN OF HEAD-PURSUIT COOPERATIVE GUIDANCE LAW
In this part, a head-pursuit cooperative guidance law is proposed based on time consistency theory of

multiagent system and sliding mode theory, and the stability is analyzed by Lyapunov stability theory.

Design of guidance law along LOS

In this section, the guidance law along LOS is designed to ensure that the collision time of each missile
tends to be consistent. At the same time, the disturbance is estimated by the extended state observer to
improve the accuracy of the guidance law. Firstly, an extended state observer is designed as follows to

estimate the disturbance diin Eq. 11 (Eq. 18)

L= :.J.-ﬂ:ufu L ."'_ + IF_'-" I::] E‘}

where eti and edi are the estimation errors, zti and zdi the estimated values of tft and di, B11,821 and 0 <
v11<1 the observer parameters to be determined. According to Z Zhu et al. (2013), the disturbance di in
Eq. 11 can be well estimated by Eq. 18.According to the time consistency theory of multiagent system,

the integral sliding mode surface is designed in Eq. 19:
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T

5, =1(t)- !_ﬁ{l}} + J—-sig"‘ [icﬂ{rr - X, ]}fr (19)
e

i

where 0 <o, < L.

Differentiating Eq. 19 with respect to time yields, Eq. 20 is given.
&, =1 (t) —sig" [EL‘,.'[-?, = -‘f,}] (20)
J=l
Substituting Eqs. 11 into Eq. 20 yields, Eq. 21 is given.
2.2 n
5, =r'—fi|é+’;l¢—sig"' |:Ec"{_r_r—xl}|i|+dr (21)
3 N =
Define a fast power reaching law as Eq. 22:
&

u= _kjr'li'-]r —ﬂle_-.'jgi'-'{s"] {22‘}

where k11 and k21 are positive constants, 0 < ali < 1.Therefore, according to Eqgs. 21 and 22, the control

input can be obtained as shown in Eq. 23

14 e

';;? {_kl.jh . k:.'-'"jgi" (5,,)+s1g" "IE.EJ{I N x':l“ ~ }

H K

=

Theorem 1
Consider Eq. 11, the guidance law Eq. 23 along LOS direction will make the estimated collision time
converge to a same constant with in a finite time. The proof is shown below:Consider a Lyapunov

functionin Eq. 24:

v, =—5, (24)

According to Egs. 19 and 23, the derivative of Eq. 24 can be got by Eq. 25:

I'.;- =5,8,

=4, {%+%+c{. —sig™ [Z‘lcﬁl{rJ -x, }“
i i i

(25)
=3|;|: kS, "‘-?l'!'I;EJH ENES-FE ds:l
= _kn""llj = k:.-'“:g'l"”{-'ﬁ.}

Al el
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According to Lemma 2, the sliding variable s1i and its derivative .s11 will converge to zero in finite-time
T1liwhich satisfies Eq. 26:

_.-'.||—| gkl

il

: I Voo (s,.)+2 7k,
I, = = In ':i‘.l:‘III] ; -
2 I:i:]r [ 1- I-:, ] 2k k.“.
Then, differentiating Eq. 19 with respect to time, Eq. 27 is given:
ia(0) ‘Siﬂﬁif};“ﬂ -x}|. (1>1) (27)

According to Lemma 1, the estimated collision time of each missile will converge to a same constantina

finite time.

Design of guidance law perpendicular to LOS
In order to ensure that each missile can collide with the target in the way of head-pursuit interception, a
guidance law perpendicular to LOS is designed in this part. According Eq. 13, a new variable xi is

introduced n Eq. 28:

x, =8, —xb, (28)

Then, the following system can be got as Eq. 29:

-, a“h [ ' ,a
X, m - +‘."'_l]tf|_hl_,r (29)
] I

Let wi=-k at/Vtbe the unknown disturbance of system, and estimate it with the following extended state
observer (Eq. 30).
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(30)

where exi and ewi are the estimation errors, zxi and zwi the estimated values of xi and wi, $31, B4iand 0 <

v21<1 the observer parameters to be determined. Define the sliding surface as follows (Eq. 31)

Differentiating Eq. 19 with respect to time yields, Eq. 32 is given:
=X,
Substituting Eq. 29 into Eq. 20 yields, Eq. 33 is given:

&, = %+{u‘— L}g, —K‘f—{

e

Define a fast power reaching law in Eq. 34

§y, ==k, —k,sig™(sy,)

where k., and k,, are positive constants, 0 < 1,; < 1. According to Egs. 33 and 34, Eq. 35 can be got:

s, =V, [ o, —kysig ™ (5,) ~ (x-1)g, - 2,.]

(31)

(32)

(33)

(34)

(35)

According to the relation between LOS coordinate system and velocity coordinate system, there exists

the following transformation relationship (Eq. 36):
al'.lll G Cos HHJ.I Siﬂ 9]'“' III.'
., —-sind . cos@ || n,
Therefore, Eq. 37 can be obtained based on Egs. 23,35 and 36:

Vo[ s, — ko sig™(5,) (k- 1)g, - z,, |+ u, sin8,,
cosd

L)

u, =

(36)

(37)
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Theorem 2
Consider Eq. (10), the guidance law Eq. (37) perpendicular to LOS will make the lead angles satisfy Eq.
(13), which ensures that each missile collide with the target in the way of head-pursuit interception in

finite time. The proofis shown below:Consider a Lyapunov function in Eq. 38

V.o=—53, (38)

Ha-1)g +a
L] - {39}
- .':,,|_ k5., —k, sig™(s,)-2, 4 ag,J

ko2, — kysig T (s,)
Ayl A4l

=2k V, -2 kV,*

i

According to Lemma 2, the sliding variable s2i and its derivative .s2i will converge to zero in finite-time
T21,and T2isatisties Eq. 40:

o - /Z_:L-rlj .&;;l'l
e (7T i
2k, ( At 1 J 27 k,

{40)

Then, according to Golan and Shima (2004), the lead angle 6mi will be consistent with k6ti and
converge to zero. Therefore, the interceptor will collide with the target in the way of head-pursuit
interception. Theorem 2 is proved.Note 5: Because uli and a2mi are not orthogonal, if they are used as
the control input of the system directly, there will be cancelation. Therefore, uliand u2ias shown in Egs.
23 and 37 are used as the control inputs of the system.Note 6: Depending on the head-pursuit

cooperative guidance law, the interceptor velocity can no longer be assumed to be constant.

SIMULATIONS

In this section, the correctness of the head-pursuit cooperative guidance law is verified by mathematical
simulation. Suppose that there are three missiles to intercept a hypersonic vehicle in near-space, missile
1 and missile 2 can communicate directly, missile 2 and missile 3 can communicate directly also.

However, missile 1 can communicate with missile 3 only missile 2 indirectly. Therefore, based on graph
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theory, the weight matrix of communication network is shown in Eq. 41.

1
0 (41)

f-'_

=2 = o
= = o

When the origin of the inertial coordinate system is shifted to the target, the information of the target is
Xt(0)=0,Yt(0)=0, Vt=1600 m/s, 6t1 (0) = 10°, at = 50 sin(0.25xt) m/s2 , missile 1 is Xm1 (0) =
3000,YmI (0)=4000,Vm1 (0)=1200 m/s, Bm1 (0) = 10°, missile 2 is Xm2(0) =2000, Ym2 (0) = 6000,
Vm2 (0)=1200 m/s, Bm2 (0) =-20°,missile 3 is X _m3 (0)=2500,Ym3 (0)=3000, Vm3 (0) = 1200 m/s,
O6m3 (0) = 50°. The parameters of the head-pursuit cooperative guidance law are k=2 , a1 =0.95, A11 =
0.9,221=10.35,kli=k31=10, k2i =k41= 0.4, Bli=p31= 50, 21 = f4i = 150, y1i=y2i = 0.35. Figures

3—10 are the simulation results.
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Figure 3. Range between missile and target

15,000

10,0004

¥{m)

5,000 1 — Missile M,
A0 T Missile M,
’ - Missile M,
. - TRMQEL
0 : . . .
0 2000 4000 6000 8,000

H[m)
Source: Elaborated by the authors.

Figure 4. Relative motion orbit.
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Figure 5. Change in the X-coordinate.
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Figure B. Change in the Y-coordinate.
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Figure 3 shows the distances between the three missiles and the target, from which although the initial
ranges of three missiles are different from each other greatly, they can all decrease gradually and
converge to 0 at the same time. Figure 4 shows the relative motion orbit of the three missiles and the
target, it can be seen that the three missiles colliding with the target at the same time. Figures 5 and 6
show the changes of missiles and target in X-coordinate and Y-coordinate. Although it can be seen from
Fig. 4 that the missiles and target pass through the same coordinate position before the collision, they
will not collide with each other in advance, which can be seen from Figs. 5 and 6. Because they pass
through the same location at different times, the missiles do not collide with each other or with the target
until the final point of encounter. Figure 7 shows the time-to-go of the three missiles, from which it can
be seen that even though the time-to-go have a maximum gap of nearly 9 s at the initial moment, they
reach a cooperative state after about 3 s.Figure 8 shows the lead angles of missiles and target. It can be
seen from this figure that when the missile lead angle is similar to the target, it will increase to twice the
target firstly, and then converge to zero in line with the target, such as missile 1. When the missile lead
angle is equal to twice the target basically, it will reach twice the target lead angle quickly, and converge
to zero consistent with the target, such as missile 2. When the initial missile lead angle is very different
from the target, it will need to be adjusted for a long time by the guidance law to reach twice the target
lead angle, and then it will converge to zero with a similar trend to the target, such as missile 3. Figure 9
shows the acceleration command along LOS. As can be seen from the figure, in the initial period of
terminal guidance, the acceleration command of each missile varies greatly due to the difference of
time-to-go at the initial time, but it will not change dramatically after about 3 s. That is because the time-
to-go of each missile basically tends to be the same after 3 s, which can also be confirmed by Fig. 7.
Figure 10 shows the acceleration command perpendicular to LOS, which indicates that each missile
basically keeps the same trend after the initial adjustment, and there is no obvious chattering. At the
same time, it also can be seen that the adjustment time of missile 2 is the shortest, and missile 3 is the
longest, that is because the difference of initial lead angle, which also corresponds to Fig. 8. In addition,
it can be seen from Figs. 9 and 10 that there is discontinuity in the commands ul andu2, which is not
acceptable in the real guidance and control system. However, the guidance law studied in this paper is
based on the ideal hypothesis and is used to lay the groundwork for subsequent research, so it is
acceptable here. Besides, the author will explore the problem of head-pursuit cooperative guidance law
with dynamic characteristics in the further study.In addition, the guidance law proposed in this paper is
represented by G1, and the head-pursuit guidance law of single missile system for comparison is

represented by G2, which has the form as Eq. 42.

G, =V, | ks —kysig*(s) - (x-1)§, | (42)
where Vm=1200m/s , k1=10,k=0.4,A1=0.9.
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The statistical results of miss distance under different times of Monte Carlo simulation are shown in
Table 1.

Table 1. Results of Monte Carlo simulation.

Times of Monte Carlo simulation 30 50 100
Miss dist.am:e_t—i,I [m]) 0.051 0.058 0.061
Miss distance_G, [m] 0.147 0.158 0.164

Source: Elaborated by the authors.

It can be seen from the data in the table that the miss distance of the guidance law proposed in this paper
is superior to that of the comparative guidance law under different times of Monte Carlo simulation.In
conclusion, the simulation results show that the guidance law proposed in this paper can make multiple
missiles that have lower speed than the target carry out the head-pursuit cooperative interception against
hypersonic vehicle in near space, which can provide effective theoretical guidance for the research on

cooperative guidance law for near space interceptor.

CONCLUSION

For the purpose of intercepting hypersonic vehicle in near-space, a head-pursuit cooperative guidance
law based on multiagent consistency theory and sliding mode control theory is proposed in this paper,
which not only intercepts the hypersonic vehicle, but also implements the coordination between
missiles, thus improving the interception rate. At the same time, the selection of the reaching law and the
introduction of the extended state observer not only ensure the convergence speed, but also weaken the
chattering. The correctness of the guidance law is verified by Lyapunov stability theory and numerical
simulations. Compared with the traditional cooperative guidance law, the head-pursuit cooperative
guidance law proposed in this paper can reduce the requirement on the interceptor velocity when
intercepting hypersonic targets, avoid the influence of acrodynamic thermal corrosion on the guidance

accuracy, and thus achieve effective interception of hypersonic vehicle in near-space.

However, the head-pursuit cooperative guidance law is only studied in the two-dimensional plane, and
its applicability in the three-dimensional case has not been verified yet. Meanwhile, the research in this
paper is still at the theoretical level. Therefore, the focus of the next research will be the research on the
applicability in three-dimensional environment, and the validity of the guidance law will be further

verified through the hardware-in-loop simulation.
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Recent Advances in Solar Cells for Aerospace Applications:
Materials and Technologies
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This editorial provides a comprehensive overview of the latest advances in solar cell material research
and the potential applications of these materials in space. The overview highlights the need for a
multidisciplinary approach that considers materials, manufacturing and integration to further promote
the use of solar energy in space and support the growth of programs like megaconstellations of satellites.
Solar cells play a critical role in the shift towards a future with cleaner and more sustainable energy. As
the demand for renewable energy sources grows, solar cells are being increasingly utilized in various
industries, including aerospace and terrestrial solar power plants, as well as in portable electronic
devices (Safyanu et al. 2019). However, operating solar cells in space poses significant challenges,
particularly for aerospace applications. These challenges include exposure to intense radiation, which
canreduce solar cell performance and its lifespan, as well as sudden and extreme temperature changes in
space, which can cause damage to the cells or malfunctions. Furthermore, space debris, such as
micrometeoroids, can cause physical damage to the cells and affect their ability to produce energy. To
ensure the reliability and longevity of solar cells in space, it is essential to overcome these challenges via
the continued advancement of their technology.

Solar cells are widely used to supply electrical power to space missions that can last for several years.
Some examples of applications are illustrated in Fig. 1. As the space exploration industry grows and
more satellites are deployed for various purposes, including telecommunications and earth observation,
the need for high-performance and more durable solar cells has become increasingly urgent. To meet
this demand, the field of solar cell technology has invested in continuous research and development
(R&D), focusing on improving photovoltaic materials and the processes used to synthesize them.
Nowadays, the most widely used photovoltaic materials in solar cells include silicon-based materials,
such as monocrystalline and polycrystalline silicon, and thin-film materials, such as copper indium
gallium selenide (CIGS) and gallium arsenide (GaAs) (Safyanu et al. 2019; Verduci et al. 2022). Despite
their widespread use, these traditional photovoltaic materials have limitations, such as high production
costs, low light-to-electricity conversion efficiency, and low durability. To overcome these challenges,
researchers are exploring using new materials with the potential to revolutionize the solar cell industry

through their low cost and high efficiency (Fig. 2).
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Figure 1. [llustrations of potential solar cell applications: (a) International Space Station powered by
solar panels (Solar Cell, 2022), (b)NASA’s InSight Lander robot, powered by solar energy, and holder of
the off-world record of power generation (Bernardes et al. 2021) , (c) Air Force Research Laboratory’s
Arachne flight experiment in orbit (Space News, 2022) and (d) a lunar lander vehicle with sequential in-

space printing of a perovskite solar module (McMillon-Brown et al. 2022).
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Figure 2. Comparison among photovoltaic material technologies. PCE = Power Conversion Efficiency,

Jsc=Solar cell short-circuit density, and FF = Fill Factor.

One such material that has garnered much attention in recent years is perovskite (Verduci et al. 2022).
These crystals are synthesized from low-cost and abundant elements, such as lead and tin, and have
shown exceptional promise in solar cell research and development. Perovskites boast a high absorption
coefficient, can absorb a wide range of light and have a high light-toelectricity conversion efficiency of
around 25.5%. Additionally, perovskite-based solar cells have emerged as promising candidates for
aerospace power systems due to their appealing properties, such as flexibility, cost-effective
manufacturing, lightweight and exceptional radiation resistance (McMillon-Brown et al. 2022).

In recent years, using 2D materials, such as graphene and MXenes (e.g., Ti3C2Tx), in solar cell
electrodes has garnered significant attention. They have been tested under space-relevant conditions as

components of electronic devices such as transistors and sensors. Despite their thin structure, they have
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shown remarkable resistance to high-energy particles, including electrons, protons, and gamma rays.
This resistance, combined with their potential for high-efficiency photovoltaic conversion, makes 2D
material-based solar cells a promising technology for future space applications (Solar Cell, 2022).

The technology used in solar cell fabrication is of paramount importance in producing solar cells for the
aerospace industry. Two of the most widely used techniques are screen printing for silicon-based cells
and deposition for thin-film cells. Screen printing involves the transfer of a layer of conductive material
onto a substrate using a stencil or mesh screen. This method is particularly suitable for creating large,
intricate designs with consistent accuracy and precision. On the other hand, deposition utilizes physical
or chemical processes to deposit thin layers of materials, such as silicon, oxides and metals, onto a
substrate, which are essential components of solar cell fabrication. Recently, new and innovative
fabrication techniques, such as roll-to-roll processing and solution processing, have emerged through
advances in technology. These state-of-the-art methods offer improved efficiency, cost-effectiveness,
and the ability to produce large-area solar cells, thus making them ideal for aerospace applications
where weight and cost are critical factors. Incorporating advanced fabrication techniques has opened
new avenues for integrating solar cells into aerospace systems, a crucial step towards the growth of
market segments such as mega-constellation programs and telecommunications satellites.

The design and integration of solar cells are critical factors in maximizing their efficiency in aerospace
applications.State-of-the-art III-V multijunction solar cells are widely considered the most advanced
photovoltaic technology for space use due to their high power conversion efficiency (PCE) and
radiation resistance (Verduci et al. 2022). Integrating these solar cells with other essential components,
such as energy storage systems, can enhance the reliability and autonomy of satellite and propulsion
systems, thus leading to seamless and efficient performance. The combination of materials, fabrication
techniques, and integrated design is crucial in ensuring the optimal performance of solar cells in the
demanding environment of aerospace applications.In conclusion, the role of solar cells in the shift
towards a greener future for energy production cannot be overstated. These cells are vital in various
industries, especially aerospace, where they power satellites and other space missions. The unique
conditions in space, such as intense radiation, extreme temperature changes, and space debris, pose
significant challenges to solar cell performance and durability. To tackle these challenges, the field of
solar cell technology is constantly evolving, with researchers exploring new materials like perovskites
and 2D materials that offer improved efficiency and cost-effectiveness. The development of advanced
fabrication techniques, such as roll-to-roll processing and solution processing, has paved the way for
integrating solar cells into aerospace systems, making them a critical component of the space industry.
The interplay of materials, fabrication techniques and integrated design is crucial for ensuring the
optimal performance of solar cells in the harsh environment of aerospace applications. As we continue

to move towards a more sustainable energy future, solar cells will play a vital role in powering our world
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and beyond.

REFERENCES

1.Bernardes S, Lameirinhas RAM, Torres JPN, Fernandes CAF (2021) Characterization and Design of
Photovoltaic Solar Cells That Absorb Ultraviolet, Visible and Infrared Light. Nanomaterials. Vol 11, nl,

p78. hitps://doi.org/10.3390/nano 11010078

2.McMillon-Brown L, Luther JM, Peshek TJ (2022) What Would It Take to Manufacture Perovskite

Solar Cells in Space? ACS Energy Letters vol. 7, no. 3 pp 1040-1042.

https.//doi.org/10.1021/acsenergylett.2c00276

3.Safyanu BD, Mohd NA, Zamri O (2019) Review of Power Device for Solar-Powered Aircraft
Applications. Journal of Aerospace Technology and Management, vol.ll,

https://doi.org/10.5028/jatm.v11.1077

4.Solar Cell, 2022. EMWorks.https.//www.emworks.com/application/solar-cell. Acessed on 2oth Feb

2023.

5.8Space News, 2022. Space news. https://spacenews.com/northrop-grumman-tests-space-solar-

power/. Acessed on 20th Feb 2023.

6.Verduci R, Romano V, Brunetti G, Nia NY, Di Carlo A, D ’Angelo G, Ciminelli C (2022). Solar Energy
in Space Applications: Review and Technology Perspectives. Advanced Energy Materials vol. 12, no.

29. https://doi.org/10.1002/aenm.20220012

Journal of Aerospace Technology and Management (Volume - 15, Issue - 01, January - April 2023) Page No. 70



Instructions for Authors

Essentials for Publishing in this Journal

1 lSub}rlnitted articles should not have been previously published or be currently under consideration for publication
elsewhere.

2 Conference papers may only be submitted if the paper has been completely re-written (taken to mean more than 50%) and
the author has cleared any necessary permission with the copyright owner if it has been previously copyrighted.

3 Allourarticles are refereed through a double-blind process.

4 All authors must declare they have read and agreed to the content of the submitted article and must sign a declaration
correspond to the originality of the article.

Submission Process

All articles for this journal must be submitted using our online submissions system. http://enrichedpub.com/ . Please use the
Submit Your Article link in the Author Service area.

Manuscript Guidelines

The instructions to authors about the article preparation for publication in the Manuscripts are submitted online, through the
e-Ur (Electronic editing) system, developed by Enriched Publications Pvt. Ltd. The article should contain the abstract with
keywords, introduction, body, conclusion, references and the summary in English language (without heading and subheading
enumeration). The article length should not exceed 16 pages of A4 paper format.

Title

The title should be informative. It is in both Journal's and author's best interest to use terms suitable. For indexing and word
search. If there are no such terms in the title, the author is strongly advised to add a subtitle. The title should be given in
English as well. The titles precede the abstract and the summary in an appropriate language.

Letterhead Title

The letterhead title is given at a top of each page for easier identification of article colpies in an Electronic form in particular. It
contains the author's surname and first name initial .article title, journal title and collation (year, volume, and issue, first and
last page). The journal and article titles can be given in a shortened form.

Author's Name

Full name(s) of author(s) should be used. It is advisable to give the middle initial. Names are given in their original form.

Contact Details

The postal address or the e-mail address of the author (usually of the first one if there are more Authors) is given in the
footnote at the bottom of the first page.

Type of Articles

Classification of articles is a duty of the editorial staff and is of special importance. Referees and the members of the editorial
staff, or section editors, can propose a category, but the editor-in-chief has the sole responsibility for their classification.
Journal articles are classified as follows:

Scientific articles:

I. Origiﬁla(l1 scientific paper (giving the previously unpublished results of the author's own research based on management
methods).

2. Survey paper (giving an ori%in_al, detailed and critical view of a research problem or an area to which the author has made a
contribution visible through his self-citation);

3. Sl}llort or preliminary communication (original management paper of full format but of a smaller extent or of a preliminary
character);

4. Scientific critique or forum (discussion on a particular scientific topic, based exclusively on management argumentation)
and commentaries. Exceptionally, in particular areas, a scientific paper in the Journal can be in a form of a monograph or a
critical edition of scientific data (historical, archival, lexicographic, bibliographic, data survey, etc.) which were
unknown or hardly accessible for scientific research.




Professional articles:

1. Professional paper (contribution offering experience useful for improvement of professional practice but not necessarily
based on scientific methods);

2. Informative contribution (editorial, commentary, etc.);

3. Review (ofabook, software, case study, scientific event, etc.)
Language

The article should be in English. The grammar and style of the article should be of good quality. The systematized text should be
without abbreviations (except standard ones). All measurements must be in SI units. The sequence of formulae is denoted in
Arabic numerals in parentheses on the right-hand side.

Abstract and Summary

An abstract is a concise informative presentation of the article content for fast and accurate Evaluation of'its relevance. It is both
in the Editorial Office's and the author's best interest for an abstract to contain terms often used for indexing and article search.
The abstract describes the purpose of the study and the methods, outlines the findings and state the conclusions. A 100- to 250-
Word abstract should be placed between the title and the keywords with the body text to follow. Besides an abstract are advised to
have a summary in English, at the end of the article, after the Reference list. The summary should be structured and long up to
1/10 of the article length (it is more extensive than the abstract).

Keywords

Keywords are terms or phrases showing adequately the article content for indexing and search purposes. They should be
allocated heaving in mind widely accepted international sources (index, dictionary or thesaurus), such as the Web of Science
keyword list for science in general. The higher their usage frequency is the better. Up to 10 keywords immediately follow the
abstractand the summary, in respective languages.

Acknowledgements

The name and the number of the project or programmed within which the article was realized is given in a separate note at the
bottom of the first page together with the name of the institution which financially supported the project or programmed.

Tables and Illustrations

All the captions should be in the original language as well as in English, together with the texts in illustrations if possible. Tables
are typed in the same style as the text and are denoted by numerals at the top. Photographs and drawings, placed appropriately in
the text, should be clear, precise and suitable for reproduction. Drawings should be created in Word or Corel.

Citation in the Text

Citation in the text must be uniform. When citing references in the text, use the reference number set in square brackets from the
Reference list at the end of the article.

Footnotes

Footnotes are given at the bottom of the page with the text they refer to. They can contain less relevant details, additional
explanations or used sources (e.g. scientific material, manuals). They cannot replace the cited literature.

The article should be accompanied with a cover letter with the information about the author(s): surname, middle initial, first
name, and citizen personal number, rank, title, e-mail address, and affiliation address, home address including municipality,
phone number in the office and at home (or a mobile phone number). The cover letter should state the type of the article and tell
which illustrations are original and which are not.

Address of the Editorial Office:

Enriched Publications Pvt. Ltd.

S-9,IInd FLOOR, MLU POCKET,

MANISH ABHINAV PLAZA-II, ABOVE FEDERAL BANK,

PLOT NO-5, SECTOR -5, DWARKA, NEW DELHI, INDIA-110075,

PHONE: - + (91)-(11)-45525005




	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76

