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Abstract

This paper presents a comprehensive conceptual design for a solar-powered hybrid unmanned aerial vehicle
(UAV) specifically tailored for Mars exploration. The proposed configuration combines quadcopter vertical take-
off and landing capabilities with fixed wings for horizontal propulsion, supported by solar energy harvesting.
The study utilizes a design methodology derived from a literature review of a similar UAV configuration on Earth,
adapting it to the unique challenges and environmental conditions of Mars. Additionally, simulation parameters
are modified to accurately represent Martian conditions, including the incorporation of an illumination model
and solar cell methodologies. The design process involves the generation and evaluation of multiple design
points based on desired mass, payload capacity, and endurance, offering a range of feasible options for Martian
UAV missions. The selected configuration has four motors in a quadcopter configuration for Vertical Take-Off
and Landing (VTOL) along with fixed wings and a single motor for horizontal propulsion. Energy is harvested
using body-mounted solar cells over the duration of a Martian day to enable high endurance flight. The literature
review is conducted to obtain a design methodology (albeit without solar power) for a similar configuration of
vehicle for earth. This methodology is implemented and the code is validated. Design points are generated and
evaluated for feasibility. Several vehicle configurations are presented based on the desired mass, endurance
and assumed irradiance threshold. Simulations are performed for different mission profiles to study battery
State of Charge versus time. A sensitivity analysis is conducted for estimated parameters (Figure of Merit and
C_/Cp limit) to account for a degree of uncertainty.
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1. Introduction

The human ambition to explore other planets may be greatly augmented with the use of Unmanned
Aerial Vehicles (UAVs) enabling large areas to be studied significantly faster as compared to a
ground-based rover. With the successful flight of Ingenuity as part of the Mars 2020 mission, the
feasibility of sustained powered flight on Mars has been demonstrated and more comprehensive ve-
hicles may be envisaged. Any design under consideration must have sufficient endurance to carry
out surveys while carrying a payload of scientific instruments. It is important to determine an appro-
priate configuration for the UAV and obtain estimates through a preliminary design and sizing study
before progressing to detailed analysis.

Mars presents a challenging environment for aviation on account of the extremely low atmospheric
density (0.015 kg m3). Surface temperatures reach below -70°C at night necessitating heaters and
consequently an energy reserve to survive the inhospitable thermal environment. The solar irra-
diance received by Mars (586.2 W/m?) is severely diminished in comparison to the Earth (1361.0
W/m?) on account of the increased distance to the sun. Solar panels are assumed to be the sole
source of energy for this study and the reduced irradiance contributes to the challenges of flight on
Mars. Further, the climate on Mars is known for severe dust storms which may severely restrict if not
completely stop solar energy from reaching the surface.
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Additional considerations must be made for packaging the vehicle into a 2.65 m diameter Viking-
derivative aeroshell for entry, descent and landing. The low atmospheric density necessitates a large
wingspan greater than 5 m requiring a stowage mechanism. The exact configuration of the stowage
system is not considered in the preliminary sizing analysis but a mass budget must be allocated.

2. Literature Review

A detailed survey of literature of the various hybrid vehicles that have been proposed for the explo-
ration of Mars during the past 35 - 40 years was carried out and roughly 60 research papers/articles
and reports were thoroughly studied. Based on the operational capabilities of the UAVs, the vehicles
have been classified into four categories on the basis of their configuration:

2.1 Lighter-than-Air Systems:

As the name suggests, these vehicles use the concept of buoyancy to generate lift force and can
be deployed in the Martian atmosphere. These are lightweight as compared to fixed wing aircraft.
The main advantage of using an LTA system is that it can be airborne for a longer endurance as it
produces its lift from Buoyancy. We can store it in the launch vehicle in a short space and can be
deployed once it enters the Martian atmosphere. Some research has been done on this configuration
and provided in [1H7]. A conceptual image of Solar Powered LTA balloon is shown in Fig. [Ta][1].

(a) Conceptual solar powered balloon [1]  (b) Conceptual solar powered balloon [7]

Figure 1 — Proposed lighter-than-air concepts

2.2 Fixed Wing UAV:

This is the simplest UAV which can be designed but the aircraft must be modular in nature to store it in
the shell or capsule of the launch vehicle, thus the aircraft must possess a folding mechanism or have
inflatable wings for its use. An image of MiniSniffer-Ill [8] is shown in Fig. [2al which was designed to
operate in the Martian atmosphere but tested in the Earth atmosphere, and detailed research were
carried out for fixed wing configuration and given in [8H35].
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(a) Mini-sniffer-111 [8] (o) MAGE [35]

(c) Fixed wing proposed by Colozza [35] (d) Kitty Hawk [35]

Figure 2 — Proposed fixed wing UAV concepts

2.3 Rotary wing Aircraft:

Rotary wing aircraft i.e., Ingenuity as shown in Fig. consumes more power than any other con-
figuration and relies on onboard storage systems thereby having limited operation time. Detailed
research has been carried out on this configuration and given in [36-41].

(a) Ingenuity helicopter [40] (b) MARV [41]

Figure 3 — Proposed rotary UAV concepts

2.4 Hybrid Vehicles:

These types of vehicles can be the combination of any two configurations i.e., Lighter-than-Air and
Fixed wing aircraft or combination of Fixed wing and Rotary wing aircrafts as shown in Fig. [42]
depending upon the mission requirements. This can be a promising configuration for a UAV on Mars.
An artistic CAD model is shown in Fig. Detailed research on hybrid Martian vehicles has been
carried out and provided in [42-48].
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The existing research papers and reports have been carefully analyzed and promising vehicle con-
figurations have been identified. These configurations are summarized in Table[f]

(b) Artistic CAD model for a hybrid VTOL
(a) VTOL based hybrid UAV [42] BWB with a tiltrotor

Figure 4 — Proposed hybrid UAV concepts

Table 1 — Promising configurations for Martian a UAV

Type of Vehicle | Vehicle Configuration

Rotary Wing UAV | Solar Powered Carbon-dioxide balloon
Fixed Wing Twin-boom Configuration

Hybrid UAV Quadcopter and fixed wing combination

3. Configuration Selection

Through an extensive literature survey, we have successfully identified several configurations that
hold great promise in addressing the research objectives. These configurations have been subjected
to a comprehensive comparative analysis, the results of which are presented in Table

Table 2 — Comparison of UAV configurations

Configuration Advantages Disadvantages
Simple control scheme, no transition
Rotary Wing UAV between flight modes required

High energy consumption

Already proven on Mars Limited endurance and payload

Simple control scheme, no transition Lack of smooth runway on Mars
Fixed-Wing Vehicle | between flight modes required for take-off and landing

High cruise velocity Wings are not compact
Lighter-Than-Air In general, have the greatgst endurance | Very large ir.1 volume

out of the given configurations Are susceptible to unfavourable

weather conditions

Higher endurance compared to purely High number of motors

Hybrid UAV rotary vehicles
Can operate from rough terrain unlike VTOL motors are dead weight
FW vehicles during FW flight

Based on the meticulous comparative analysis and in-depth study conducted, a hybrid UAV config-
uration has been determined as the most suitable choice. The comprehensive evaluation of various
factors and performance indicators has led to the conclusion that this configuration possesses the
desired attributes and capabilities necessary to fulfill the objectives of the research. An illustration of
a similar vehicle is provided in Figure 5|



SIZING OF SOLAR HYBRID UAV FOR MARS

The proposed design combines the ability of a quadcopter to operate on uneven terrain with the
greater endurance and reduced energy consumption of a fixed-wing aircraft. The control scheme for
quadcopters is well understood and there are no major attitude changes required while transition from
VTOL to fixed-wing flight. Additionally, a large wing area allows for greater solar power generation in
flight which serves to increase the endurance.

Figure 5 — Quad-rotor fixed wing hybrid UAV [49]

4. Mission Overview

The launch vehicles employed in Mars exploration generally comprise a Lander, which is deployed
from a Mother Ship and approaches the Martian surface at an atmospheric entry speed of approxi-
mately 7.3 km/s. However, if a UAV is launched from the Lander during the atmospheric entry phase,
it must undergo deceleration to attain subsonic velocities. Consequently, during this deceleration
phase, the Lander will have advanced considerably ahead of the UAV. To facilitate examination of
the landing vicinity, the Lander incorporates an onboard gimbal-mounted camera. This camera en-
ables the Lander to survey the surrounding area and determine the optimal heading for exploration
on Mars. The envisioned UAV for this mission will be solar-powered, constructed using lightweight
and non-corrosive materials. It will also be equipped with a small surveillance camera and an RF link
to communicate with satellites. To enable versatile flight capabilities, the UAV will feature adjustable
propellers that facilitate both forward flight and vertical flight for hovering.

4 1 Mission Profile

The proposed vehicle conducts a vertical take-off, using the four motors mounted in a quadcopter
configuration. As it ascends to the cruising altitude, the fifth motor which provides propulsion in the
fixed-wing mode is activated and the horizontal velocity reaches the cruise speed. This is sufficient to
generate lift from the wing airfoil and the VTOL motors can be deactivated. In cruise mode, the vehicle
flies at the cruise velocity using the single motor drawing energy from the battery. This accounts for
the majority of the flight duration. Once the mission is completed and a suitable landing site identified,
the VTOL motors are activated and the horizontal velocity is allowed to drop below the stall speed.
The vertical landing is carried out in quadcopter mode. A reserve of endurance in the hovering mode
is maintained to account for any difficulties experienced while identifying a landing zone. This mission
profile is illustrated in Figure 6]
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FW mode

VTOL mode

Cruise in
FW mode

Climb to 100 m
Descent to ground level

Figure 6 — Mission profile of the proposed UAV

4.2 Mission Requirements

After conducting an extensive review of the available literature on unmanned aerial vehicles (UAVs)
and their associated mission requirements, a rigorous and systematic analysis was undertaken to
identify the key parameters essential for attaining optimal performance and gaining a competitive
advantage in our vehicle. The critical requirements identified through this process have been consol-
idated and presented in Table 3} encapsulating the essential aspects that must be considered for our
proposed vehicle.

Table 3 — Design constraints and requirements for Martian VTOL UAV

Parameter Value
Total Weight <100 kg
Operating Altitude | 100 m
Payload Weight > 5kg

Endurance > 60 seconds
Modularity Fit within a 2.65 m diameter Viking-derivative aeroshell shape
Atmosphere Martian Reference Atmosphere

5. Methodology

The methodology employed for the development of a hybrid quadcopter fixed-wing UAV is derived
from the work presented by Maxim Tyan et al. [49] (Fig. [7). A preliminary estimate of the vehicle
mass is obtained from initial guess values by analyzing individual subsystems including the VTOL
propulsion, fixed-wing propulsion, and the battery. The vehicle is then resized iteratively until conver-
gence is achieved. This approach encompasses various modules designed to ensure the selection
of feasible design points based on constraints analysis. The methodology proposed by Tyan et al.
relies on an external charging source whereas the present study focuses on an independent vehicle,
resulting in the need to include a solar energy module. An irradiance model proposed by VanderMey
[50] has been adapted to represent the variation in solar irradiance over the duration of a sol. Mass
estimates of solar cells and the maximum power point tracking (MPPT) system are obtained utilizing
the methodology presented by Noth [51]. From the irradiance and solar cell models, the energy gen-
erated by the UAV is obtained which is compared to the energy consumed in flight activities. This
ensures that the generated design points maintain a net energy balance over a given sol, enabling
daily flights.
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Figure 7 — Design methodology given by Tyan et al. [49]

5.1 Design Point Generation and lteration Loop
The initial step of the methodology is the generation of potential design points through a systematic
process involving parameter iteration. This process encompasses various vehicle parameters such
as the Aspect Ratio (AR), wing loading, and mission-specific factors including cruise velocity, en-
durance, and maximum solar irradiation for a given day. The upper and lower bounds for the iteration
parameters used are provided in Table 4] Additional input parameters used are enumerated in Table

Table 4 — Parameters used for design point generation
Parameter Lower Bound | Upper Bound
Wing Loading 16 N/m? 49 N/m?
Cruise Velocity 68 m/s 120 m/s
Aspect Ratio 5 20
Cruise Endurance | 60 seconds Maximum achievable
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Table 5 — Parameters that are constant or assumed constant

Parameter | Value Unit Description

g 3.72 [m/s?] | Gravity of Mars

p 0.015 [kg/mq®] | Air density of Mars

u 1.4x 107> | [Pa.s] | Air viscosity of Mars

Imax 586.2 [W/m?] | Maximum irradiance

Katt 0.7 - Solar attenuation coefficient

e 0.8 - Oswald’s efficiency factor

Coo 0.1 - Zero-lift coefficient of drag

ClLmax 0.8 - Maximum value of coefficient of lift
(CL/Cp)max | 4 - Maximum ratio of coefficient of lift to coefficient of drag
Nprop 0.75 - FW propeller efficiency

FM 0.55 - Figure of Merit

MFgtruct 0.40 - Mass fraction of structure

MF avionics 0.05 - Mass fraction of avionics

MFgbsys 0.15 - Mass fraction of miscellaneous subsystems
MFstowage | 0.10 - Mass fraction of stowage system

Espec 1803600 | [J/kg] Energy density of battery

Nbatt 0.95 - Battery efficiency

Ncharge 0.95 - Battery charging efficiency

Nelectric 0.87 - Electric motor efficiency

fusable 0.75 - Battery usable fraction (reserve capacity)
ksc 0.32 [kg/m?] | Mass density of solar cells

Ken 0.26 [kg/m?] | Mass density of encapsulation

Nsc 0.169 - Efficiency of solar cells

Ncbr 0.90 - Efficiency of curved panels

Kmppt 0.00042 [kg/W] | Mass to power ratio of MPPT

Nmppt 0.97 - MPPT efficiency

il 0.8 - Fraction of wing area with solar cells

The take-off mass of each potential design point is calculated iteratively. This iteration continues until
either convergence is achieved or the value diverges, resulting in the rejection of the design point.
Within each iteration of the loop, distinct modules are employed to address specific aspects of the
design process. An aerodynamics module is utilized to determine the necessary thrust during flight.
Additionally, fixed-wing and VTOL propulsion modules appropriately size the motors and associated
components such as propellers and electronic speed controllers (ESCs). A solar power module
estimate the mass and peak energy production of the solar cells and maximum power point tracking
(MPPT) system. Furthermore, an overall mass module generates the take-off mass as the final output
of the iteration,

By incorporating these modules into the iterative loop, the design process for the hybrid quadcopter
fixed-wing UAV is systematically guided, enabling the exploration of various design points and the
optimization of critical parameters.

5.2 Aerodynamics Module

The aim of the aerodynamics module is to specify constraints based on the aerodynamics of the
vehicle. Two constraints are imposed in this module. the first specifying that the cruise velocity
should exceed the stall velocity by at least 20% to provide a sufficient safety margin during flight. The
second constraint mandates that the ratio of the lift coefficient to the drag coefficient (C,/Cp) must
not surpass 4, aiming to address potential RPM issues with the motor. Design points failing to meet
these criteria are considered invalid and are consequently rejected.

Parameters such as the stall velocity and the optimal velocities for climb and endurance, are com-
puted based on the wing loading and aspect ratio values provided during the design point generation

8
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step. The optimal velocity values are used for the cruise and climb phases if these satisfy the stall
margin constraint. The cruise velocity value specified by the iteration loop is used instead if the
constraint is not met.

The thrust-to-weight ratios during cruise and climb are required to determine the power consumed
during the respective phases. These values are obtained using the following equations:

(W/S) s = P ViraiClmax (1)
1
(T/W)Crmse qCDO (W/S) q(W/S) (2)
R/C
(T/W)Cllmb V RoC +qCD0 W/S) (W/S) (3)
Where g and k are given by:
L R
9= 5PVk= TR

These equations enable the precise evaluation of thrust requirements relative to the weight of the
hybrid quadcopter fixed-wing UAV during different flight phases. By incorporating these calculations
into the overall methodology, a comprehensive understanding of the aerodynamic characteristics and
propulsion needs of the vehicle is obtained, leading to informed decision making during the design
process.

It is assumed that key factors including the maximum coefficient of lift (Cmax), zero-lift drag coefficient
(Cpo), and Oswald efficiency factor (e) remain constant across all design points.

5.3 Fixed-Wing Propulsion Module

The fixed-wing propulsion system consists of a single motor and propellor. In each iteration, the
required thrust output is obtained from the thrust-to-weight ratio provided by the aerodynamics mod-
ule along with the mass estimate from the previous iteration. The maximum power consumption is
calculated based on the generated thrust using equation 4]

TVcruise

nprop

P=

(4)

5.4 VTOL Propulsion Module

The Vertical Take-Off and Landing (VTOL) propulsion module is similar to the fixed-wing propulsion
module. It consists of four rotors in a quadcopter configuration with two blades per motor. The
maximum thrust-to-weight ratio of 1.5 is chosen to provide a sufficient reserve margin in the event
of gusts. The power consumption in VTOL mode is calculated using the desired rate-of-climb using
equation [

Tv;
Py =1 ®

Where v; is the induced velocity in axial climb and vy, is the induced velocity during hover.

vi = —(VAEOL/2) 4 (VYEOL j2)2 412 (6)
T

= 7

=1/ 3ps, (7)

Empirical relations derived for terrestrial conditions cannot be used to determine the Figure of Merit
(FM) of the VTOL propellers on account of the vastly different conditions of the Martian atmosphere.
Experimental performance figures from Shrestha et al. [52] for a rotor in an evacuation chamber at the
appropriate atmospheric density and Reynolds number range are used to estimate an appropriate

9
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FM. A FM > 0.55 is attainable at Reynolds numbers greater than 20,000 with respect to the rotor
tip speed. Furthermore, an increase in the FM is observed with an increasing value of Re. Using
figures from Fuijita et al. [53], a rotor blade of radius 1.8 meters, aspect ratio of 6 with a blade tip
Mach number of 0.75 would result in a Reynolds number of approximately 50,000. This ensures
that a value of 0.55 for the FM can be safely assumed. An additional sensitivity study to capture the
variation in the vehicle mass for changes in the FM is conducted in Section[6.3

5.5 Solar Power Module

The wing-mounted solar cells generate power during flight and recharge the battery on the ground
between missions. The solar cells are assumed to cover a fixed proportion of the overall wing area.
The mass per unit area of the cells along with the encapsulation hardware is known, giving the total
mass. The mass of the Maximum Power Point Tracker (MPPT) is determined using an empirical
relation, with the peak power generated by the cells as the input. This value is found using the
solar cell area and the illumination model as discussed below. The illumination model used assumes
the solar irradiance to vary sinusoidally across the duration of the day, with the value of the solar
irradiance being zero at dawn, the maximum irradiance achieved at midday and dropping to zero by
sunset. This allows for the irradiance to be calculated as a function of the time elapsed since sunrise.
The irradiance model is represented by equation

1(t) = Lyaxsin(n——) (8)
Lday

Where t is the elapsed time since sunrise and tq,, is the total sunlight duration (from sunrise to
sunset).
The curve presented in Figure (8| provides an explanation for the irradiance model used. A Martian
day (or sol) lasts for 24 hours, and 39 minutes with sunlight lasting for 12 hours. The sinusoidal
irradiance model assumes a peak value of 586.2 W/m? before atmospheric attenuation. Due to
seasonal variation and atmospheric phenomena such as dust storms, the actual intensity received is
expected to be significantly less than the ideal value. To account for this, the vehicle is designed with
a constant irradiance (eg. 100 or 200 W/m?), At greater intensities of solar radiation, the endurance
and number of flights per sol increases significantly.

Irradiance vs. Time Curve
600 . :

T
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Sinusoidal Variation
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o o
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N
o
o
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0 5 10 15 20 25
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Figure 8 — Martian irradiance model

5.6 Energy Module

The sizing and mass estimation for the battery is performed in this module. The battery capacity
is calculated to provide sufficient energy for one flight in addition to a energy reserve expressed as
a fraction of the overall capacity. The energy consumption per flight is obtained as the sum of the

10
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energy requirements during each phase of flight (vertical take-off, transition to FW flight, cruise in FW
mode and landing) minus the simultaneous energy generation from the solar cells.

5.7 Mass Module

The mass of the remaining elements of the vehicle must be estimated to obtain the mass estimate
which is used as the input for the next iteration of the loop.

Using empirical relations provided by Tyan et al., the masses of the motors, propellers and Electronic
Speed Controllers (ESCs) can be obtained from the maximum power consumption of both the VTOL
and FW motors. The following relations are used to calculate the masses of the motors, propellers
and ESCs. Note that all propellers are assumed to be fabricated from composite materials.

W,
o = PP U (9)
max
D P 0.782
— ro rop,max
Mpr()p =6.514 x 10 3KmaterialKpr()pnpropsngkz?{}gs —ProP_ PP (1 0)
1000
Mgsc = FescPhy, (11)

The airframe, avionics components and other subsystems (unaccounted for in this study) are as-
sumed to have a fixed mass fraction. Conversely, the sum of the masses of the solar cells FW and
VTOL propulsion and battery accounts for the remainder of the mass fraction of the vehicle.

The wingspan of the UAVs studied are on the order of 10-15 m which is significantly more than can
be accommodated in a 2.65m diameter Viking-style aeroshell. Greater wingspan enables increased
endurance for a desired mass limit. A mechanism to stow the wings in an aeroshell is required.
The exact design of such a mechanism is beyond the scope of the present study. To account for
this omission, a mass budget of 10% is included. Since the exact mass and mass fraction of these
components is known, the total take-off mass of the vehicle can be obtained at the end of an iter-
ation using equation [{2l This value is used as the input for the next iteration loop and so on until
convergence is obtained.

MVTOL +MFW +Mpayload + Mjoiar

propulsion propulsion

Mro =
1-—- (MFbatt + MFstruct + MFsubsyst + MFavion + MEvtowage)

(12)

6. Results

A design point is feasible if the take-off mass converges within a certain number of iterations. Further,
it is evaluated based on various criteria for it to be deemed viable. For example, the total mass of
the vehicle should not exceed a certain threshold value, the selected cruise velocity must be at least
20% greater than the stall velocity and the energy generated over the course of a day by the solar
cells should be greater than the energy consumed in flight. If all conditions are met, the design point
can be taken forward for a detailed design study.

6.1 Comparative Analysis

Comparative analysis plots of the wingspan versus vehicle mass as displayed in Fig. [9 were gen-
erated for different input values of the threshold irradiance parameter. The graphs contain only the
optimal vehicles for a target endurance and not every feasible design point. Multiple vehicles are
displayed for certain endurance values where alternate configurations may offer reduced mass at the
cost of increased wingspan or vice versa. Note that endurance refers to the duration of fixed wing
cruise in a flight.

11
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Wingspan vs. Vehicle Mass Wingspan vs. Vehicle Mass
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Figure 9 — Sample comparative analysis curves generated using preliminary methodology

Two design points for a threshold irradiance of 100 W/m? are provided in Tables |6 and [7]to illustrate
the trade off between mass and endurance. Subsequent analysis is carried out only for the high
endurance configuration.

Table 6 — Sample specifications for high endurance UAV

Parameter Value
Vehicle Mass 92.50 kg
Payload 5 kg
Irradiance Assumed (Constant Value) | 100 W/m?
Endurance (in FW cruise) 160 sec
Reserve hovering capacity 30 sec
Wingspan 8.84 m
Wing Loading 22 N/m?
Aspect Ratio 5

Cruise Speed 79 m/s
Rate of Climb (FW and VTOL) 2m/s
Propeller Diameter (FW) 1.07m
Maximum Power per Motor (FW) 9.99 kW
Propeller Diameter (VTOL) 3.70m
Maximum Power per Motor (VTOL) 4.46 kKW

6.2 Battery Consumption Study

The variation in the battery state of charge with the time of day is studied for various mission profiles
including flying at dawn, flying at noon, flying at dusk and multiple flights per sol. In each scenario,
the vehicle first climbs to the cruise altitude in VTOL mode before flying in FW mode until the energy
required for descent would exceed the battery capacity excluding 25% held in reserve. The energy
calculations include 30 seconds of hovering flight which may be used during the transition to FW flight
or during powered descent. The vehicle configuration selected (described in Table [6) is designed
with a threshold irradiance of 100 W/m? to guarantee a minimum cruise duration. For this analysis,
a sinusoidal irradiance model (Equation [8) with a peak intensity of 586.2 W/m? before atmospheric
attenuation is selected to obtain the endurance under realistic illumination conditions.

6.2.1 Single Flight Analysis

The battery State of Charge across the duration of a sol is graphed in Fig. [10] for multiple simulated
mission profiles. In the first scenario (Fig. [10a), the vehicle begins flight immediately at dawn while the

12
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Parameter Value
Vehicle Mass 56.20 kg
Payload 5 kg
Irradiance Assumed (Constant Value) | 100 W/m?
Endurance (in FW cruise) 60 sec
Reserve hovering capacity 30 sec
Wingspan 590 m
Wing Loading 30 N/m?
Aspect Ratio 5

Cruise Speed 93 m/s
Rate of Climb (FW and VTOL) 2m/s
Propeller Diameter (FW) 0.98 m
Maximum Power per Motor (FW) 7.12 kW
Propeller Diameter (VTOL) 2.88m
Maximum Power per Motor (VTOL) 2.71 kW

irradiance is less than the threshold value. The endurance marginally decreases though recharging
is completed before noon, potentially enabling multiple flights per sol. In the second scenario (Fig.
[10b), the vehicle takes off only after the irradiance has exceeded the threshold value, enabling the
target endurance to be achieved. Similar to the previous case, recharging is completed by noon
enabling further missions in the sol. For the third scenario (Fig. [10c), the flight is centred about
noon. The endurance increases to 173 seconds due to the increased irradiance provided by the
realistic sinusoidal curve compared to the constant threshold assumption. In the fourth scenario (Fig.
[10d), the vehicle is flies just before sunset where the irradiance has dropped below the threshold
value. Recharging cannot be completed before sunset. Though heat loss and heating requirements
during the Martian night are not modelled in this study, the importance of reserve battery capacity is

highlighted here.

EEEEEE

(a) Flight immediately at dawn

(b) Flight at dawn when irradiance threshold is

met

sssssssss

(c) Flight at noon

P .

(d) Flight just before sunset

Figure 10 — Battery state of charge for different mission profiles
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6.2.2 Battery Consumption Study: Multiple Flight Analysis

From the results obtained in Section it is evident that multiple flights may be conducted per sol.
This possibility was studied using the same vehicle configuration (Table [6) and irradiance model as
the single flight analysis.

The vehicle first takes off after sunrise once the irradiance threshold of 100 W/ms is crossed. Missions
are conducted as per the same guidelines as the previous section except the vehicle is permitted to
take off again once the battery is fully recharged. This process continues until insufficient daylight
remains to recharge the battery should another flight occur. Using this methodology it was determined
that up to five flights are possible over the course of a sol. The cruise endurance and subsequent
recharging times are provided in Table |8/ and the variation of the battery State of Charge with time
is displayed in Fig. A total cruise duration of 843 seconds per sol was obtained through this
approach. This level of endurance is impractical to achieve in a single flight due to the high power
requirement for flight on Mars and consequently the large battery mass fraction required.
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Figure 11 — Battery state of charge for multiple flights

Table 8 — Summary of multiple flights over a sol

Flight Number | Cruise Endurance | Recharging time
1 159 sec 2.65 hours
2 169 sec 1.49 hours
3 172 sec 1.33 hours
4 173 sec 1.40 hours
5 170 sec 1.89 hours

6.3 Sensitivity Analysis

A sensitivity analysis study is conducted for two input parameters, namely the Figure of Merit (FM)
for the vertical propulsion propellers and the maximum limit for the ratio of the coefficient of lift to
the coefficient of drag (C_/Cp). Estimates for these parameters are used in the above sections which
introduces a degree of uncertainty. Performing a sensitivity analysis allows for the effects of variations
to be known before proceeding further to a more comprehensive design study.

6.3.1 Figure of Merit

The Figure of Merit assumed for all vehicle configurations is 0.55 from the experimental results ob-
tained by Shrestha et al. [52]. Increasing the rotor Reynolds number results in an improvement in the
value of the FM and for Re >50,000 the FM approaches a maximum of 0.62. The effect of varying
the Figure of Merit on the vehicle mass is plotted in Fig. [T2]for a constant cruise endurance of 160
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seconds. For this analysis the value of FM was treated as an additional iteration parameter and the
feasible design point with the lowest mass is displayed. Note that the maximum mass constraint of
100 kg was relaxed to showcase the effects of reduced FM.

Sensitivity Analysis
Vehicle Mass vs. Figure of Merit

180

160

140

120

Vehicle Mass (in kg)

[
o
o

80+ S\&ﬁ\@\<

60 I I I I I I I I
0.44 046 0.48 0.5 052 054 056 058 0.6 0.62

Figure of Merit

Figure 12 — Sensitivity analysis for figure of merit

6.3.2 C,/Cp

A restriction on the ratio of the coefficient of lift to the coefficient of drag is imposed due to dynamics
and controls considerations. This limit is set to 4 for the present preliminary design study, although
a more detailed analysis may increase or decrease this value. The constraint imposed on C,/Cp
results in a limitation on the maximum permissible coefficient of lift and hence the minimum flight
velocity (separate from the stall velocity). Alternate configurations are not analysed in this section
since this limitation is not inherent to the design of the vehicle in terms of the parameters examined
in this study. The effects of varying the maximum permissible C./Cp on the cruise endurance are
showcased in Table [9using same vehicle configuration outlined in Table [gin all cases. Note that the
single flight at noon case is analysed as shown in Figure [T0c|

Table 9 — Sensitivity analysis for C_/Cp limit

CL/Cp Limit | Cruise Endurance | Required Cruise Velocity | Vcruise/Vstan
3 105 sec 94.97 m/s 1.57

4 173 sec 78.96 m/s 1.30

5 272 sec 65.26 m/s 1.08

6 316 sec 60.55 m/s (Flying at Stall) | 1

The constraint on C./Cp may be converted to a quadratic inequality (Equation[14) by expressing Cp in
terms of C,_ (Equation[13). Should the quadratic equation have a negative discriminant (Equation[15),
the inequality is always satisfied and the vehicle may fly up to the stall velocity without encountering
any dynamics and controls limitations. For the configuration under consideration, this results in a
minimum required limit of 5.6 to allow for flight at stall.

Cp = Cpo +kC} (13)
C
2 L
- >
KCE— [ +Cpo 2 0 (14)
o 1
limit > e (15)
V DO
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7. Conclusions

A preliminary design study for a solar powered quadrotor fixed wing hybrid UAV has been performed
which indicates the feasibility of the configuration. Multiple feasible designs are proposed for a 5
kg payload capacity for a takeoff mass up to 100 kg. A cruise endurance of 170 seconds may be
achieved under favourable illumination conditions along with 50 seconds of ascent, 30 seconds of
hovering and 50 seconds of descent for a total flight duration of 300 seconds. The vehicle perfor-
mance was investigated for different irradiance conditions across various times of the sol. It was
determined that conducting multiple flights in a sol enables a total cruise endurance in excess of 800
seconds over up to five flights without any additional mass penalty. A sensitivity analysis study is
included to account for any uncertainties while estimating input parameters. Further scope includes
refining the aerodynamic parameter estimation (C., C_max, Cpg) and the airframe mass estimation.
A stability analysis and empennage sizing may be performed in a subsequent investigation. Further,
an energy consumption model for the transition phase between vertical and horizontal flight would
improve the battery size estimation.
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