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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.

A B S T R A C T

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 (Kumar et al. 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 

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 

compared to 33.01% for smooth type.

Keywords: Nusselt number; Solar air collector; CFD; Friction factor; Thermal efficiency
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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 et al. 2016; Hedayatizadeh et al. 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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l 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 louverpunched 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.

MODEL DESCRIPTION

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

NUMERICAL ANALYSIS

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 (τg 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):

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):

Momentum equations (Eqs. 3–5) (Hassan 2022):
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Energy equation (Eq. 6) (Hassan 2022):

Data Reduction and Grid Independence
In the current CFD model, the average Nusselt number (Nu) , average friction factor (Cf) and average thermal 

efficiency (ηth) 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):

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

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

where (Eq. 10 and 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.

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

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.

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 to 49.7 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 (102oC) in the 

corrugated collector, but it is 95oC 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 

is shown in Naraghi and Blanchard (2015)).
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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.

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, at a 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.

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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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 Cf rises 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.

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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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) of 0.10, 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) of 0.10, and (p/H) of 2, at a Re of 500.
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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 Ct decreases while Nu increases.

• At a fixed 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 (e/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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A B S T R A C T

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., (i) rotary-wing and (ii) 

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 

Fixed-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 UAVs that can perform vertical take-off 

and landing (VTOL). Integrating a multirotor system with a fixed-wing UAV imparts VTOL 

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
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efficiently utilize power, resulting in longer endurance and better flying range (Bauersfeld et al. 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-Ion) 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 (Cwojdziński and Adamski 2014). While the theoretical 
limit of 370 Wh/kg for Li-Ion 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 et al. 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; Bhandari et al. 2017; Boon et al. 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) (Çakici and Leblebicioğlu 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 with an 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. After 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), (ii) 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., (i) vertical take-off, (ii) 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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                                                      Source: Elaborated by the authors.

                                            Figure 2. Mission Profile of Hybrid VTOL UAV.

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

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 (ii) and (iii).

                                 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. Körpe 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 XFLR5 software. Further, the semi-tapered wing is 

relatively easy to fabricate and provides good lift distribution.

                                Figure 4. Wing geometry of the fixed-wing system in XFLR 5

XFLR5 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 XFLR5. 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 XFLR5.

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/m2), 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).

                                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.

TAIL GEOMETRY 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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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(mα))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.

Where:S= wing reference area; c_ = wing mean aerodybamic; wf = average widith of fuselage section; 

Δx = length of fuselage increment; Aow = wing zero lift angle relative to fuselage ref. line in degrees 

(−4°); if = incidence 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); (δευ)/δ = change in local flow angle with angle of 
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attack.

                                                         Figure 8. 3D Fuselage Design.

                                                       Table 2. Fuselage Specifications

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

                                                                  Table 3. Continuation.
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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 Ixy, Iyz were negligible and, hence, taken as zero.

Four main performance parameters measured from test flights include (i) trim velocity, (ii) trim AOA, 

(iii) aerodynamic efficiency (L/D), and (iv) elevator trim (δε). 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. 9e 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.

Figure 9. performance plots for VTOL UAV (a) angle of attack α (b) Lift coefficient (CL) (c) 

Aerodynamic efficiency(CL/CD) (d) Power Required (PR) (e) Elevator required (δε)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 
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 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 5. Flight times and endurance with different combinations of Li-Po Battery.

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.

  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 of a 

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.

CONFLICT OF INTEREST

There is no conflict of interest.

AUTHORS’ CONTRIBUTION

Conceptualization: Sonkar S; Kumar P; Ghosh AK; Philip D; Puli YT; Methodology: Sonkar S; Kumar 

P; Ghosh AK; Software: Sonkar S; Kumar P; Validation: Sonkar S; Kumar P; Formal analysis: Sonkar S; 

Kumar P; Investigation: Sonkar S; Kumar P; Philip D; Resources: Sonkar S; Kumar P; Philip D; Puli 

YT; Data Curation: Sonkar S; Kumar P; Philip D; Visualization: Sonkar S; Kumar P; Philip D; 

Supervision: Philip D; Ghosh AK; George RC; Project administration: Philip D; Funding acquisition: 

Philip D; Writing – Original Draft: Sonkar S; Writing – Review & Editing: Philip D; George RC.

DATA AVAILABILITY STATEMENT

Some or all data used in this study are owned by the funding agency and may only be provided with 

restrictions.

FUNDING



 Journal of Aerospace Technology and Management (Volume - 15, Issue - 01, January - April 2023)                                               Page No. 32

This project was funded by Gas Authority of India Limited.

ACKNOWLEDGEMENTS

Not applicable

REFERENCES

1.Bauersfeld L, Spannagl L, Ducard GJJ, Onder CH (2021) MPC Flight Control for a Tilt-Rotor VTOL 

A i r c r a f t .  I E E E  T r a n s  A e r o s p  E l e c t r o n  S y s t  5 7 ( 4 ) : 2 3 9 5 - 2 4 0 9 .  

https://doi.org/10.1109/TAES.2021.3061819

2.Bhandari S, Navarro P, Ruiz A (2017) Flight Testing, Data Collection, and System Identification of a 

Multicopter UAV. Paper presented AIAA Modeling and Simulation Technologies Conference. AIAA Sci 

Tech Forum: Grapevine, Texas. https://doi.org/10.2514/6.2017-1558

3.Boon MA, Drijfhout AP, Tesfamichael S (2017) Comparison of a fixed-wing and multi-rotor UAV for 

environmental mapping applications: A case study. Int. Arch. Photogramm Remote Sens Spatial Inf Sci 

42:47-54. https://doi.org/10.5194/isprs-archives-XLII-2-W6-47-2017

4.Çakici F, Leblebicioğlu MK (2016) Control System Design of a Vertical Take-off and Landing Fixed-

Wing UAV. IFACPapersOnLine 49(3):267-272. https://doi.org/10.1016/j.ifacol.2016.07.045

5.Cwojdziński L, Adamski M (2014) Power units and power supply systems in UAV. Aviation 18(1):1-18. 

https://doi.org/10.3846/16487788.2014.865938

6.Dwivedi YD, Waykar TMS, Varun L (2020) Aerodynamic Characterization Of Albatross-Inspired 

Airfoils/Wings. Int J Adv Sci Technol 29(12s):801-815.

7.Ebeid E, Skriver M, Jin J (2017) A Survey on Open-Source Flight Control Platforms of Unmanned 

Aerial Vehicle. Paper presented 2017 Euromicro Conference on Digital System Design (DSD). IEEE: 

Vienna, Austria. https://doi.org/10.1109/DSD.2017.30

8.Garcia-Nieto S, Velasco-Carrau J, Paredes-Valles F, Salcedo JV, Simarro R (2019) Motion equations 

and attitude control in the vertical flight of a VTOL bi-rotor UAV. Electronics 8(2):208. 

https://doi.org/10.3390/electronics8020208

9.Ge J, Liu L, Dong X, He Y (2021) A trajectory optimization method for reducing magnetic disturbance 

of an internal combustion engine powered unmanned aerial vehicle. Aerosp Sci Technol 116:106885. 

https://doi.org/10.1016/j.ast.2021.106885

10.Girishkumar G, McCloskey B, Luntz AC, Swanson S, Wilcke W (2010) Lithium-Air Battery: Promise 

and Challenges. J Phys Chem Lett 1(14):2193-2203. https://doi.org/10.1021/jz1005384

11.Goetzendorf-Grabowski T, Tarnowski A, Figat M, Mieloszyk J, Hernik B (2021) Lightweight 

unmanned aerial vehicle for emergency medical service – Synthesis of the layout. Proc Inst Mech Eng G 

J Aerosp Eng 235(1):5-21. https://doi.org/10.1177/0954410020910584



 Journal of Aerospace Technology and Management (Volume - 15, Issue - 01, January - April 2023)                                          Page No. 33

12.Gur O, Rosen A (2009) Optimizing Electric Propulsion Systems for Unmanned Aerial Vehicles. J 

Aircr 46(4):1340-1353. https://doi.org/10.2514/1.41027

13.Jing L, Tang W, Wang T, Ben T, Qu R (2022) Performance Analysis of Magnetically Geared 

Permanent Magnet Brushless Motor for Hybrid Electric Vehicles. Trans Transp Electrification 

8(2):2874-2883. https://doi.org/10.1109/TTE.2022.3151681

14.Körpe DS, Kanat ÖÖ, Oktay T (2019) The Effects of Initial y plus: Numerical Analysis of 3D NACA 

4 4 1 2  Wi n g  U s i n g  γ - R e  θ S S T  Tu r b u l e n c e  M o d e l .  E J O S AT  1 7 : 6 9 2 - 7 0 2 .  

https://doi.org/10.31590/ejosat.631135

15.Kubo D, Suzuki S (2008) Tail-Sitter Vertical Takeoff and Landing Unmanned Aerial Vehicle: 

Transitional Flight Analysis. J Aircr 45(1):292-297. https://doi.org/10.2514/1.30122

16.Kumar P, Sonkar S, Ghosh AK, Philip D (2020) Real-time vision-based tracking of a moving terrain 

target from Light Weight Fixed Wing UAV using gimbal control. Paper presented 2020 7th International 

Conference on Control, Decision and Information Technologies (CoDIT). IEEE: Prague, Czech 

Republic. https://doi.org/10.1109/CoDIT49905.2020.9263896

17.Li Y, Yang J, Song J (2017) Design principles and energy system scale analysis technologies of new 

lithium-ion and aluminum-ion batteries for sustainable energy electric vehicles. Renew Sust Energ Rev 

71:645-651. https://doi.org/10.1016/j.rser.2016.12.094

18.Luongo CA, Masson PJ, Nam T, Mavris D, Kim HD, Brown GV, Waters M, Hall D (2009) Next 

generation more-electric aircraft: A potential application for HTS superconductors. IEEE Trans Appl 

Supercond 19(3):1055-1068. https://doi.org/10.1109/TASC.2009.2019021

19.Lyu X, Gu H, Wang Y, Li Z, Shen S, Zhang F (2017) Design and implementation of a quadrotor tail-

sitter VTOL UAV. Paper presented 2017 IEEE International Conference on Robotics and Automation 

(ICRA). IEEE: Singapore. https://doi.org/10.1109/ICRA.2017.7989452

20.Matsumoto T, Kita K, Suzuki R, Oosedo A, Go K, Hoshino Y, Konno A, Uchiyama M (2010) A 

hovering control strategy for a tail-sitter VTOL UAV that increases stability against large disturbance. 

Paper presented 2010 IEEE International Conference on Robotics and Automation. Anchorage, United 

States. https://doi.org/10.1109/ROBOT.2010.5509183

21.McCormick BW (1999) Aerodynamics of V/STOL flight. North Chelmsford: Courier Corporation.

Nelson RC (1989) Flight Stability and Automatic Control. New York: WCB/McGraw Hill.Oh S, Park C, 

Nguyen D, Kim S, Kim Y, Choi Y, Lee J (2021) Investigation on the operable range and idle condition of 

hydrogen-fueled spark ignition engine for unmanned aerial vehicle (UAV). Energy 237:121645. 

https://doi.org/10.1016/jenergy.2021.121645

23.Oktay T, Eraslan Y (2021) Numerical Investigation of Effects of Airspeed and Rotational Speed on 

Quadrotor UAV Propeller Thrust Coefficient. J Aviat 5(1):9-15. https://doi.org/10.30518/jav.872627

Prouty RW (1995) Helicopter performance, stability, and control. Malabar: Krieger Publishing.



 Journal of Aerospace Technology and Management (Volume - 15, Issue - 01, January - April 2023)                                           Page No. 34

24.Prouty RW (1995) Helicopter performance, stability, and control. Malabar: Krieger 

Publishing.Rapinett A (2009) Zephyr: A High Altitude Long Endurance Unmanned Air Vehicle. 

(doctoral dissertation). Surrey: University of Surrey. In English.

25.Raymer DP (2018) Aircraft Design: A Conceptual Approach, Sixth Edition. 

26.Reston: AIAA. https://doi.org/10.2514/4.104909

2 6 . . R o b o t i c s  a n d  A u t o m a t i o n .  A n c h o r a g e ,  U n i t e d  S t a t e s .  

https://doi.org/10.1109/ROBOT.2010.5509183Roskam J (1985a) Airplane design. Lawrence: 

DARcorporation.

27.Roskam J (1985b) Airplane Design Part VII: Determination of Stability, Control and Performance 

Characteristics. Lawrence: DARcorporation.Saeed AS, Younes AB, Cai C, Cai G (2018) A survey of 

h y b r i d  U n m a n n e d  A e r i a l  Ve h i c l e s .  P r o g  A e r o s p  S c i  9 8 : 9 1 - 1 0 5 .  

https://doi.org/10.1016/j.paerosci.2018.03.007

28.Sonkar S, Kumar P, Philip D, Ghosh AK (2020) Low-Cost Smart Surveillance and Reconnaissance 

Using VTOL Fixed Wing UAV. Paper presented 2020 IEEE Aerospace Conference. IEEE: Big Sky, 

United States. https://doi.org/10.1109/AERO47225.2020.9172554

29.Sonkar S, Kumar P, Philip D, Ghosh AK (2021) Real-Time Video Processing System for Fixed-Wing 

UAV. Paper presented Proceedings of the International Conference on Optics and Electro-Optics. 

Springer: Dehradun, India. https://doi.org/10.1007/978-981-15-9259-1_67

30.Sonkar SK, Kumar P, George RC, Philip D, Ghosh AK (2022) Detection and Estimation of Natural 

Gas Leakage Using UAV by Machine Learning Algorithms. IEEE Sens J 22(8):8041-8049. 

https://doi.org/10.1109/JSEN.2022.3157872

31.Stone RH, Anderson P, Hutchison C, Tsai A, Gibbens P, Wong KC (2008) Flight Testing of the T-Wing 

Tail-Sitter Unmanned Air Vehicle. J Aircr 45(2):673-685. https://doi.org/10.2514/1.32750

32.Sun J, Li B, Jiang Y, Wen C-Y (2016) A Camera-Based Target Detection and Positioning UAV System 

for Search and Rescue(SAR) Purposes. Sensors 16(11):1778. https://doi.org/10.3390/s16111778

33.Wan AN, Sim GMS, Koh RWL, Koh RKF, Teo GT, Yap TH, Nilju T, Srigrarom S, Holzapfel F, 

Marvakov V, Bhadwaj P, Tantrairatn S, Sakulthong S (2019) Development of UGS-TUM Vertical Take 

off Landing (VTOL) Drone with Flight Control. Paper presented 2019 1st International Symposium on 

Instrumentation, Control, Artificial Intelligence, and Robotics, ICASYMP. IEEE: Bangkok, Thailand. 

https://doi.org/10.1109/ICA-SYMP.2019.8646176

34.Xie Y, He S, Savvaris A, Tsourdos A, Zhang D, Xie A (2022) Convexification in energy optimization of 

a hybrid electric propulsion system for aerial vehicles. Aerosp Sci Technol 123:107509. 

https://doi.org/10.1016/j.ast.2022.107509

35.Zhang H, Wang L, Tian T, Yin J (2021) A Review of Unmanned Aerial Vehicle Low-Altitude Remote 

Sensing (UAV-LARS) 



 Journal of Aerospace Technology and Management (Volume - 15, Issue - 01, January - April 2023)                                                 Page No. 35

Sensing (UAV-LARS) Use in Agricultural Monitoring in China. Remote Sens 13(6):1221. 

https://doi.org/10.3390/rs13061221

36.Zong J, Zhu B, Hou Z, Yang X, Zhai J (2021) Evaluation and Comparison of Hybrid Wing VTOL UAV 

w i t h  F o u r  D i f f e re n t  E l e c t r i c  P ro p u l s i o n  S y s t e m s .  A e ro s p a c e  8 ( 9 ) : 2 5 6 .  

https://doi.org/10.3390/aerospace809025



 Journal of Aerospace Technology and Management (Volume - 15, Issue - 01, January - April 2023)                                             Page No. 36

Experimental Investigation of the CFHT-27 Cusped-Field Hall 
Thruster Performance

Emin Saridede1 , Selcen Yediyildiz1 , Murat Celik1,*
1.Bogazici Universitesi – Department of Mechanical Engineering – Istanbul, Turkey

A B S T R A C T

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 

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 1 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.
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(MacDonald et al.2012), and at Harbin Institute of Technology (Liu et al. 2014a; b; Ma et al. 2015; Zhao 

et al. 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 (Cui et al. 2018).

Previous research show that magnetic topology plays an important role in the performance and 

efficiency of CFHTs (Ma et al.

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 et al. 2012, Hu et al.

2016; Liang et al. 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 (Liu et al. 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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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 HALL EFFECT 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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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; Peng et al. 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 

1.5 A.

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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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.

EXPERIMENTAL MEASUREMENTS 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 × 10−5 torr when operating the thruster at 17 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 et al. 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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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 off 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.

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, ηanode, 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 CFHT27, 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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As seen 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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A B S T R A C T

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 

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.
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 by Golan and Shima (2004). This method required the interceptor to fly in the same direction as the 

target at a 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, θt and θm 

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

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, ¼ n), where n is the number of missiles. ri is the distance between 

missile i and the target, qi is the LOS angle of missile I, θt and θmi are the lead angles of target and the 

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

The control input can be projected along the LOS coordinate system. The projection along LOS is u1, 

and the projection perpendicular to LOS is u2. The control input can also be projected along the velocity 

coordinate system, am1 along velocity direction, and am2 perpendicular to velocity 

direction.According to Fig. 1, the relative equations of head-pursuit interception can be obtained in Eqs. 
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The time-to-go of missile i is equal to the ratio of ri to .ri, where .ri represents the relative distance 

between missile i 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

where ri can be measured and .ri satisfies .ri = Vmi cosθmi – Vt sinθnBecause of the need for 

multimissiles to collide with the target at the same time, the predicted collision moment can be denoted 

by tfi as in Eq. 7.

Differentiating tfi with respect to time, Eq. 8 is given
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According to the requirement of head-pursuit interception proposed by Golan and Shima (2004), each 

missile should satisfy the following formula (Eq. 13):

where κ is a lead factor and satisfies κ > 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 = (ν, ζ, 

C), where ν represents a set of all nodes in G, z represents the lines that exist between all nodes in G, and 

ζ 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 cij 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):

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 υi = sigδi [∑nj=1 cij (xj - xi)], where 0 < ζi < 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 νi is called the finite-time consistency protocol for multiple 

agents.Lemma 2 (Yu et al. 2005): For the following nonlinear time-varying system (Eq. 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)
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where μ,λ > 0,0 < α < 1 are constants, and z (0) = z0. The convergence time T of the system satisfies the 

following inequality (Eq. 17):

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: If the distance satisfies 0.1 ≤ r ≤ 0.25, it is considered that the missile has collided with the target.

Note 4: The function sigδi(•) is defined as sigδi(•) = |•|δi 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 di in Eq. 11 (Eq. 18)

where eti and edi are the estimation errors, zti and zdi the estimated values of tft and di, β1i,β2i and 0 < 

γ1i < 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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Define a fast power reaching law as Eq. 22:

where k1l and k2l are positive constants, 0 < αli < 1.Therefore, according to Eqs. 21 and 22, the control 

input can be obtained as shown in Eq. 23

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 

function in Eq. 24:

According to Eqs. 19 and 23, the derivative of Eq. 24 can be got by Eq. 25:
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According to Lemma 2, the sliding variable s1i and its derivative .s1i will converge to zero in finite-time 

T1i which satisfies Eq. 26:

Then, differentiating Eq. 19 with respect to time, Eq. 27 is given:

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

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:

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

Let ωi = -κ at/Vt be the unknown disturbance of system, and estimate it with the following extended state 

observer (Eq. 30).
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where exi and ewi are the estimation errors, zxi and zwi the estimated values of xi and ωi, β3i, β4i and 0 < 

γ2i < 1 the observer parameters to be determined.Define the sliding surface as follows (Eq. 31)

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

the following transformation relationship (Eq. 36):

Therefore, Eq. 37 can be obtained based on Eqs. 23, 35 and 36:
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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 proof is shown below:Consider a Lyapunov function in Eq. 38

According to Eqs. 23, 31, 35 and 37, the derivative of Eq. 38 can be got (Eq. 39)

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

T2i, and T2i satisfies Eq. 40:

Then, according to Golan and Shima (2004), the lead angle θmi will be consistent with κθti 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 u1i and a2mi are not orthogonal, if they are used as 

the control input of the system directly, there will be cancelation. Therefore, u1i and u2i as shown in Eqs. 

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.

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, θt1 (0) = 10°, at = 50 sin(0.25πt) m/s2 , missile 1 is Xm1 (0) = 

3000,Ym1 (0) = 4000 ,Vm1 (0) = 1200 m/s, θm1 (0) = 10°, missile 2 is Xm2(0) = 2000, Ym2 (0) = 6000, 

Vm2 (0) = 1200 m/s, θm2 (0) = -20°,missile 3 is X_m3 (0)=2500 ,Ym3 (0) = 3000, Vm3 (0) = 1200 m/s, 

θm3 (0) = 50°. The parameters of the head-pursuit cooperative guidance law are κ=2 , αi = 0.95, λ1i = 

0.9, λ2i = 0.35, k1i= k3i = 10, k2i = k4i = 0.4, β1i = β3i = 50, β2i = β4i = 150, γ1i = γ2i = 0.35. Figures 

3–10 are the simulation results.
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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 u1 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.

where Vm = 1200 m/s , k1 = 10, k = 0.4, λ1 = 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.

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 aerodynamic 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: 
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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 

can reduce 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. Illustrations 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).

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.
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