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KEYWORDS ABSTRACT

Hybrid octocopter, This research aims to conceptually and optimally design a hybrid-electric octocopter to carry cargo
Weight optimization, or passengers. The drone uses a Wankel engine connected to an electricity generator to drive the
Genetic algorithm, brushless motors or charge the batteries. A genetic algorithm is employed to optimize the total
Wankel engine. weight and thrust force. The design variables include the engine power, fuel tank capacity,

capacity and number of battery cells, brushless motor speed constant, speed controllers” amperage,
arm length, arms cross-section diameter, propeller radius, and propeller angular velocity. The
engine’s mass-to-weight ratio is considered a key input parameter of the algorithm used to study
the effect of technology on the final design. Two optimization objective functions are used: 1.
maximizing the fuel-to-gross weight ratio and, 2. maximizing the thrust-to-weight ratio.
Numerical results show that long flight ranges of order 1000 km are achievable with the designs
presented by the first objective function, thanks to their large fuel capacity. According to our
calculations, the overall performance of the octocopter configurations obtained by the second
objective function with engine mass-to-power ratios of a=0.3 and a=0.6 (kg/kW) is very close. In
other words, further advancement in Wankel engines’ mass-to-weight ratio does not result in
considerable improvements in short-range VTOL vehicles.

Extended Abstract
1. Introduction

ntercity and suburban transportation often consume significant time and energy for passengers. Issues such

as wasted time, energy concerns, traffic congestion, road construction costs, and the desire for enjoyable

travel experiences have brought air taxis into the spotlight. Multi-rotors have emerged as one of the best
options for air taxis due to their ability to fly autonomously and their smaller propellers compared to single-rotor
helicopters. This design difference enhances flight safety and reduces the risk of damage. Many existing multi-
rotors are fully electric and utilize lithium-polymer batteries for power storage. However, these batteries' limited
power capacity and high weight restrict their flight range. To address this limitation, hybrid multi-rotors
incorporate a combustion engine, electric generator, and electric batteries to extend their range. Although early
multi-rotors were introduced in the early 20th century, it took a long time for these aircraft to be used commercially
and militarily due to various technical challenges. In recent years, several engineering companies have successfully
developed passenger multi-rotor air taxis. Notable examples include the EHang 184, Volocopter 2X, Surefly,
Airbus's Vahana, Bell Nexus, and Lilium Jet.

In recent years, the design and construction of vertical take-off and landing (VTOL) vehicles have attracted
the attention of many scientific and academic centers. For example, NASA has introduced a program to design,
produce, and test multi-propeller flying machines [1-2]. Several studies in the literature have focused on comparing
different VTOL rotor configurations for various flight ranges (see Refs. [3-5]). Additionally, some researchers are
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concentrating on identifying the most effective power management systems for different flight missions (refer to
[6]). The optimal design and configuration of vehicle components have also been explored by numerous
researchers (see [7-12]). Furthermore, several studies have been published regarding the performance analysis and
optimization of short take-off and landing (STOL) aircraft (see Refs. [13-14]). A comprehensive review of the
current state of hybrid aircraft technology has been conducted by Ye et al. [15]. The design, evaluation and
optimization of vertical flight machines with different configurations is still the subject of study by various
engineers and researchers. As examples of recent studies, references [16] to [21] can be mentioned.

This research aims to conceptually and optimally design a hybrid-electric octocopter capable of carrying cargo
or passengers. The drone utilizes a Wankel engine connected to an electricity generator, which drives the brushless
motors or charges the batteries. The batteries are integrated to support the Wankel engine during takeoff and ensure
a safe landing in case of engine failure. Although gasoline-powered Wankel engines emit relatively high levels of
pollutants, they are lighter and more compact than traditional piston engines. These advantages help reduce the
overall mass of the hybrid urban aircraft, compensating for its lower efficiency and higher emissions. The use of
Wankel engines in aerial vehicles has been discussed in references [22-25]. In multi-rotor designs, the thrust-to-
weight ratio is the primary design factor. The objective is to identify a configuration that maximizes this ratio to
enable long-range and fast flights. A genetic algorithm is employed to optimize the total weight and thrust force.
The mass-to-weight ratio of the Wankel engine is regarded as a crucial input parameter for the genetic algorithm,
allowing for the examination of how this technology influences the final design. Genetic algorithms are commonly
used in various optimization problems related to multirotor design (for instance, see references [26-28]).

2. The vehicle configuration

Figure 1la schematically shows a view of the octocopter under consideration. Figures 1b, 1c, and 1d show the
arrangement of the rotors, the forces applied to the model in static flight mode, and the forces applied to the model
in horizontal flight at a constant speed, respectively. The main components of the vehicle include the frame
(consisting of the main chassis and arms), cockpit, rotors, controller, lithium battery, and power generation and
transmission system. The chassis, located in the center, houses the engine, fuel tank, cargo or passenger cabin, and
electrical and control components. The frame must be strong enough to minimize vibrations from the motors.
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Figure 1. a) a general schematic of the considered octocopter, b) the arrangement of the rotors, c) the forces applied to the model in
static flight mode, and the forces applied to the model in horizontal flight at a constant speed.
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3. Parametrization of the components

In this research, we assume the design parameters as bonded continuous variables and employ the genetic
algorithm method for design and optimization. For this purpose, we require a parametrization of the weight and
characteristics of the main components. There are statistical relationships between the mass and main properties
of the vehicle components. These relations allow algorithms to predict the components' weight.

Electric and hybrid air taxis often use brushless motors with a speed constant of less than 200. Table 1 shows
the specifications of 9 brushless motors from T-Motor Company [29]. According to these data and using the curve
fitting method, the relationship between the mass and speed constant is defined as m,,, = 10.693e~%%24%» The
relationship between the speed controller mass and maximum rated amperage is my. = 0.8421 A,,,,. Wiring,
including all signal and power lines, accounts for about 5% of the total weight. Several manned rotors typically
use lithium batteries due to their high power-to-weight ratio. The relationship between battery mass and capacity
for lithium-polymer batteries of 2 to 6 identical cells is my¢tery = (0.026373 s + 2.0499 * 107°)C, where, C is
the battery capacity and s is the number of battery cells [7].

To obtain the relationship between the weight and diameter of a propeller, we use the corresponding data of T-
Motor large propellers [29]. Information on the 12 large carbon fiber propellers is given in Table 2. Based on this
information, the mass of the propellers is estimated by m, = 0.7 x D? —0.39 %D + 0.0616, where D is the
propeller diameter. Examining several large multi-rotors, it appears that about 30% of the total weight is allocated
to the structure [1]. The structure consists of arms, a central support plate, a cabin, and landing gears. We consider
a carbon fiber structure with a density of p=1760 kg/m3. The total weight of the cockpit, landing gears, and
emergency parachute is estimated to be 150 kg. The arms' weight is obtained as mg.,, = pAL =

p G (d?—(d—2x t)z) L, where, L, d, and t are the length, diameter, and wall thickness of the cylindrical arms,
and b and h stand for the width and thickness of the base plate, respectively. Here we assume t=d/8.

Usually the engine mass-power relation is estimated by a linear equation. According to the catalogs of
Advanced Innovative Engineering [30], Table 4 reports the mass and power data for 4 Wankel engines. Based on
these data, the mass-power equation is estimated as m,,,,, = 0.2976 P + 1.2142. (R? = 0.9992). Here, mym and
P stand for engine weight and power, respectively, and R? shows the root-mean-squared value. We might simplify
the above equation by m,,,,, = a P, where, a is the mass-to-power ratio which depends on the manufacturer’s
technology and equals 0.3 for AIE Wankel engines.

Table 1. Speed constant of T-Motor brushless motors with kv<200 [29].
Speed constant (kv) 160 150 120 100 80 43 38 35 29
Mass (kg) 0.18 0.47 0.649 0.415 1.74 3.6 4.48 5.9 5.13

Table 2. Mass and diameter of the T-motor carbon fiber large propellers [29].

Diameter (m) 15748 14478 13208 11938 1.016 0.762  0.6604 0.33 0.3048 0.254 0.2286
Mass (kg) 1.052 0.99 0.87 0.702 0.237 0.13 0.087 0.024 0.022 0.015 0.011

Table 3. The mass and power of 4 sample Wankel engines [30].

Power (kW) 30 11.2 37 90
Mass (kg) 10 5 2 28

The generator weight is predicted using the NDARC parametric equation m,; =TF x 0.4536 X
0.5382 Q7247 (kg) , where Qqy) is the generator’s peak torque in ft-Ib and TF is the technology factor to account
for the entire generator system weight. TF is taken at 1.65 for large engine/ generator sets [1]. Tank capacity is a
significant factor in boosting flight time and length. Table 4 shows the mass and capacity of 10 composite fuel
tanks of Tek-Tanks Inc [31]. Converting these data into metric units and considering the gasoline density equal to
680 kg /m"3, the mass of the full tanks in terms of their volume is approximated by ms, = 0.836 V — 0.689 (kg).
The weight of the passenger or the payload is considered m_payload=100(kg).

Table 4. The mass and the volume of Tek-Tanks Inc. fuel tanks [31].
Volume (liter) 10 16 22 30 55 67 85 90 160 200
Empty tank weight (kg) 0.7 12 19 2 7 11 15 16 25 28
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4. Governing Equations and Optimization

The equations governing the various components are as follows:

Arms: The arm length depends on the number of arms and the diameter of the propellers. Figure 1b shows the

arrangement of the propellers in an octocopter. According to this figure, we can write D + K = +/2R, where, D,
K, and R denote the propeller dimension, the propellers’ distance, and arm length, respectively. To design the
structure, the material, length, and diameter of the arms must be determined and optimized. Here, we consider
carbon fiber arms of the hollow circular cross-section with length L, diameter d, and thickness t. The drone weight
W (N) is applied to its center of mass (Figure 1c). The bending torque Mg (N.m) in the arms center equals
Mg=WR/4, and the maximum normal stress is a,,, = M%.

Propellers: the propeller's thrust and output power is defined as T = n,. x pc,n®*D* ,and P = n, x pc,n®D%,
where, ny is the number of the rotors and T[N], P[W], p[kg/m"3 ], n[rps], D[m], ¢, and ¢, stand for air thrust force,
propeller power, volume density, motor speed, propeller diameter, thrust coefficient, and power coefficient,
respectively [1]. The thrust and power coefficients are not constant and depend on flight velocity and the propeller
speed, pitch, and diameter. Manufacturers commonly obtain these coefficients by testing propellers at 4000 rpm
at static flight.

Batteries: Flight time depends on the power consumption of the propellers. In series hybrid multi-rotors, the
efficiency of brushless motors nm is over 95%, and the efficiency of the speed control units 1_s is close to 98%.
Considering the efficiency coefficients corresponding to the propellers and the speed control units, the propellers’
power is a portion of the batterys’ electric power (Pp=nm ns Pg). On the other hand, battery discharge time is

obtained from the ratio of battery capacity to the electric current. As a result, when flying with the maximum motor
. . _CB _ Cp _ MmnsVBCB
power, the battery discharge time can be calculated as t, = ol = e Ve mepComdDS where, to, Cg, Vg, and

| are the battery discharge time, battery capacity, battery voltage, and maximum propeller amperage [7].

Total mass: The total mass of the drone is the sum of the masses of the structure, the engine, the fuel tank, the
propellers, the batteries, the arms, the payload, and other weights.

The design constraints are: 1) The torque of the propeller and brushless motor must be equal, 2) Maximum
normal stress of the arms must be less than the allowable limit, 3) Arm deflection must not exceed the maximum
allowed value, 4) Arm length must be proportional to propeller diameter, 5) Known upper and lower mass limits
for all components, 6) Known weight of the cabin, passenger, and landing blades. The optimization objective
functions in this research are as follows:

a) Maximizing the ratio of tank weight to total weight (Max(my,/m;o;)),
b) Maximizing the ratio of lifting force to total weight (Max (T /(m;,:9)))-

The first objective function seeks to maximize flight time. In this case, as one of the constraints, the minimum
thrust-to-weight ratio of 1.3 is considered. The second objective function seeks to maximize the thrust-to-weight
ratio and increase the flight speed or cargo-carrying capacity. In this case, the minimum fuel to gross weight of
0.1 has been applied as one of the constraints. The other constraints are

c1(x):SF x oy < Oallowable(carbon—fiber) » c2(X): Moy < 800(kg) ,
c3(x):P < Pym cy(x):tg = 6 min , cs(x): k=0, (1)
c6(x): Qm — Pp(:w , c7(x): 5 < 5maxl x Lower Bound <x< x Uper Bound

In the equation, SF is the safety factor, Qm is the brushless motor torque, ® is the propeller's angular velocity,
oy is the arms' normal stress from lifting force, and k is the distance between propeller tips. The first constraint
ensures normal stress does not exceed allowable limits, with carbon fiber tensile strength around 3.5 GPa and a
safety factor of 10 for fatigue considerations. The second constraint sets a maximum weight of 800 kg. The third
requires the Wankel engine to meet the power demand of all eight rotors. The fourth constraint mandates a
minimum battery discharge time of 6 minutes for optimal engine performance during takeoff and safe landing in
case of failure. The fifth ensures a positive distance between propeller tips, while the sixth requires brushless
motors to provide necessary torque. The seventh limits arm deflection to 6 mm. Finally, design variables must stay
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within specified upper and lower bounds, detailed in Table 5, based on market components and rotor specifications.

Parameters and the genetic algorithm are outlined in Table 6.

Table 5. Upper and lower bound of design variables

. . Lower Upper . . Lower  Upper
Design variable bound bopupnd Design variable bound bopupnd
Wankel engine power (kW) 100 200 Propeller Diameter (cm) 80 250
Fuel tank capacity (gallon) 5 50 Arm length (cm) 200 450
Battery capacity (Ah) 35 100 Cross-section diameter of the arms (cm) 4 20
Brushless motors speed constant Kv 30 150 Propeller angular velocity (rpm) 1000 4000
Speed controllers amperage (A) 100 400 Number of battery cells 15 30
Table 6. Problem parameters and genetic algorithm parameters
GA parameters Problem parameters
Number of design variables 10 Safety factor 10
Initial population 10000 Propellers’ tip distance k 50 (cm)
Initial population selection Random Air density 1.2 (kg/m®)
Maximum generations 180 Carbon fiber density 1760 (kg/m®)
Selection mechanism Tournament Thrust coefficient 0.11
Tournament coefficient 3 Power coefficient 0.03
Mutation rate 0.2 Fiber carbon allowable stress 3500 (MPa)
Crossover rate 0.8 Penalty factor 1000

5. Results

GA was used to optimize the weight of the manned octocopter with four mass-to-power ratios for the Wankel
engine: 0.3, 0.4, 0.5, and 0.6 (kg/kW). The algorithm converged to optimal values after 180 iterations, as shown
in Table 7. Design variable values were similar across ratios, except for fuel tank capacity. Equivalent weights for
the parameters are in Table 8, and Table 9 outlines the specifications of the designed octocopters. For the first
objective function (maximum fuel to gross weight ratio), thrust-to-weight ratios approached the minimum
constraint of 1.3. For the second objective function (maximum thrust-to-gross weight ratio), fuel-to-gross-weight
ratios neared the minimum of 0.1. Since thrust ratio is crucial for flight stability in multi-rotor applications, the

second design criterion is chosen as preferred.

Table 7. Optimal design variables defined by GA for the suggested objective functions

Objective Function 1 Objective Function 2
Engine mass to power ratio (kg/kW) 0.3 0.4 0.5 0.6 0.3 0.4 0.5 0.6
Wankel engine power (kW) 165.75 161.04 164.10 159.05 163.79 163.76 162.57  144.90
Fuel tank capacity (liter) 250.47 225.77 215.84 184.66 62.61 65.27 68.21 68.84
Battery capacity (Ah) 24.88 24.51 24.43 23.99 15.78 16.90 17.88 18.67
Brushless motors speed constant Kv 38.41 38.18 37.05 38.24 43.06 42.87 42.17 42.48
Speed controllers amperage (A) 316.34 32351 318.83 306.10 317.76 321.42 318.04  284.26
Propeller diameter (cm) 145.39 145,54 146.63 144.20 140.25 140.72 141.32 138.25
Propeller angular velocity (rpm) 2672.14 2640.13 2625.27  2673.15 2828.80  2812.74 278597 2781.31
Arm length (cm) 276.50 277.20 278.80 274.73 268.65 269.39 270.29  266.09
Cross-section diameter of the arms (cm) 9.09 9.10 9.21 9.05 8.14 8.25 8.36 8.29
Number of battery cells 18.67 18.55 18.98 18.77 17.67 17.66 17.76 17.62
Table 8. Optimal weights (kg) of octocopter components according to the introduced objective functions
Objective Function 1 Objective Function 2
Engine mass to power ratio (kg/kW) 0.3 0.4 0.5 0.6 0.3 0.4 0.5 0.6
Wankel engine 49.72 48.31 49.23 47.71 49.14 49.13 48.77 43.47
Generator 14.20 13.87 14.09 13.73 14.06 14.06 13.98 12.73
Full fuel tank 217.21 194.82 185.84 157.80 50.78 53.04 55.55 56.09
Battery 97.99 95.92 97.81 95.00 58.84 62.97 67.02 69.41
Brushless motors 34.02 34.22 35.15 34.16 30.43 30.57 31.09 30.86
Speed controllers 2.13 2.18 2.15 2.06 2.14 2.17 2.14 191
Propellers 7.79 7.81 7.96 7.64 7.13 7.19 7.27 6.88
Arms 55.32 55.54 57.15 54.42 43.10 44,32 45.72 44,19
Structure + etc. 150 150 150 150 150 150 150 150
Payload 100 100 100 100 100 100 100 100
Total 728.40 702.67 699.37 662.53 505.62 513.44 52153 51554
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Table 9. Fuel weight and trust ratio defined by GA for the suggested objective functions

Objective Function 1 Objective Function 2
Engine mass to power ratio (kg/kW) 0.3 0.4 0.5 0.6 0.3 0.4 0.5 0.6
Fuel weight/total weight 0.298 0.277 0.2657 0.238 0.100 0.103 0.107 0.109
Trust/total weight 1.31 1.331 1.362 1.394 1.831 1.807 1.775 1.639

6. Flight time and specifications

A general aerodynamic and energy study is required to assess the flight specifications of the designed
octocopters. The flight mechanism of multi-rotors is almost similar to the flight of a helicopter. In a forward flight,
the vehicle takes a pitch angle shown in Fig. 1d. The forward pitch angle equals 8 = cos™'(m,,.g/T). The
maximum pitch angle corresponds to the angle where the total weight balances the vertical component of the full
available thrust. For example, the maximum pitch angle for the thrust ratio of 1.831 (which corresponds to OF2 &
a=0.3 and is the largest among the different designs) is 56.7 degrees. Assuming that the drone flies at a constant
cruise velocity, the horizontal flight velocity is determined by balancing the drag force with the driving force (the

horizontal component of the thrust force) i.e. V,,, = ,z";‘;’f%”, where p, cp, and Aes are air density, the drag
DAeff

coefficient, and the effective area, respectively [32]. The effective area of the multi-rotor in a horizontal flight is
estimated by the vertical projection of the vehicle top and front area (A.s; = (Aeop + 4m12) oSO + Apron, Sind).

In this study, we consider the cockpit as a sphere body connected to the arms and the rotors to have a simple
estimation of the drag coefficient. This assumption lets us take help from the Theys and De Schutter experimental
results [28]. They tested the forward flight dynamics of a sphere-body quadcopter to study the relations between
pitch angle, forward velocity, and consumed power. They used different body diameters and vehicle weights and
measured the steady-state forward speed and consumption power at different pitch angles. Using their obtained
data for body diameters of 25, 30, and 40 cm and setting the drag coefficient of 0.47 for spheres, we defined a drag
coefficient of approximately 0.5 for the entire projected frontal area. Accordingly, we use this drag coefficient
value to approximate the flight range and velocity at different flight pitch angles. In addition, we use the top and
front body areas of A;,p, = Afront = 1.5m? in further calculations. In the pitch angle range 5~55 degrees and for
the design case OF2 & a=0.3 (see tables 7-9), the D/q ratio (D /q = cpA.ss) increases monotonically as the pitch
angle increases, and it equals D/q=3 at pitch angle 6=39°, which is identical to that reported in Ref. [1] for the
conceptual diesel octocopter.

Figure 2 shows the variation of propeller power consumption versus pitch angle for the design case OF2 &
a=0.3. The maximum cruise speed occurs at the pitch angle where the required power is 90% of the maximum
generated power, slightly below the peak pitch angle. The highest cruise speed is Vh=55.08 m/s=198.29 km/hr at
a pitch angle of 52.3°. In comparison, fixed-rotor air taxis like the E-Hang 184, Surefly, and Volocopter have top
speeds of around 100 km/h. At a forward pitch angle of 20 degrees, this octocopter achieves a horizontal cruise
speed of approximately 139 km/h.
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Figure 2. Variations of the consumed power ratio (consumed power/maximum achievable propeller power) vs. pitch angle for
constant cruise speeds. Maximum cruise speed is attributed to the power ratio of 0.9 (i.e. the red circle in the figure).
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Figure 3. Flight specifications of the octocopter designs obtained using the first and the second objective functions for the engine
mass-to-power ratios of 0.3 and 0.6 (kg/kW): (a) maximum propellers’ consumption power

. . . . _ T-M¢otg 2 .
The maximum vertical flight speed is V,,, = /Z—MD(AprW]g), where, A, + 4mr; is the effective top

surface of the octocopter. For example, the effective top surface with the propeller diameter D,=140.25 cm and
Aop = 1.5m? equals 7.68 m2. Substituting this value into Eq. (22), the maximum vertical speed for the design
case OF2 & a=0.3 is 42.27 m/s.

During the flight, the vehicle consumes fuel, and its weight decreases gradually. To estimate the flight time
and the flight range of a designed octocopter, we assume that the VTOL vehicle flies with its average weight, i.e.
half the weight of the fuel tank. The flight time is calculated as trj;gn; = Wengine + Woattery)/ Pavs WHEre, Wep gine
is the useable electrical energy produced in the engine-generator set from gasoline fuel, wpqytery, is the useable
energy stored in the batteries, and P, is the average consumption power of the propellers [33-34]:

Wengine = nwmngenEgasmftl Wbattery = 77m773:Ebatttz7‘y"1'blatter3/ (2)

In the above equations, Egqs, Epatterys Mwm» Ngen, Tm, @nd 7, are the energy density of gasoline, the energy
density of lithium battery, the efficiency of the Wankel engine, the efficiency of the generator, the efficiency of
the electric motors, and the efficiency of the speed controllers, respectively. According to the datasheet of the
Rotron RT600-XE Wankel engine, the energy efficiency of Wankel engines can be over 50% [35].

In the subsequent calculations, we use a Wankel engine efficiency of n,,, =0.4, with E . =
12.5(kWh/kg)), Epattery = 0.25(kWh/kg), Ngen = 0.95,, 1, = 0.95, and ny, = 0.98. Figure 3 illustrates the
maximum propeller power consumption, horizontal velocity, flight time, and flight range versus pitch angle for
octocopter designs with engine mass-to-power ratios of 0.3 and 0.6 (kg/kW), based on the first and second
objective functions. The average vehicle weight was used to estimate these parameters. Overall, the changes in
these parameters with pitch angle are similar across configurations. Figures 3a and 3c show that propeller power
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consumption and flight velocity increase with pitch angle, while flight time decreases. Maximum flight range
occurs at a pitch angle of 6=23° (Fig. 3d).

Fig. 3b shows that the configurations for OF1 & a=0.3 achieve higher cruise velocities at the same pitch angle
than other designs, despite having the highest gross weight due to their larger fuel tank capacity. All designs had
similar cockpit dimensions, leading to comparable drag forces at the same pitch angle and cruise velocity. Designs
with greater mass require larger thrust forces to balance weight, resulting in higher horizontal velocities. Figure
3d indicates that VTOL designs for OF1 & a=0.3 or a=0.6 can achieve flight ranges around 1000 km due to their
large fuel capacity, though their thrust ratios are relatively low when full (T/W=1.31 for a=0.3 and T/W=1.39 for
a=0.6). Tilt-rotor vehicles are recommended for better fuel efficiency on long flights. Overall, the performance of
designs with OF2 & a=0.3 or a=0.6 is similar, indicating that advancements in the mass-to-weight ratio of Wankel
engines do not significantly improve short-range VTOL vehicles.

7. Comparison study

Table 10 compares the specifications of the octocopter designed in this research (OF2 & a=0.3) with NASA's
conceptual diesel quadcopter [1], using indirectly calculated data for some of NASA's specs. While many features
of the designs are similar, with comparable total weight and carrying capacity, the low mass-to-power ratio of the
Wankel engine allows our octocopter to achieve significantly higher cruise speed, flight range, and thrust-to-
weight ratio than NASA’s concept.

Table 10. Comparing the conceptual Wankel engine octocopter of this work to the conceptual diesel quadcopter of Ref. [Error!

Reference source not found.]

Characteristic Ref. [1] This work Characteristic Ref. [1] This work
Engine mass-to-power (kg/kW) 1.9 0.3 Fuel weight/total weight 0.018 0.1
Fuel tank weight (kg) 15 50.78 Disk loading (Ib/ft2) 2.5 15.355
Engine power (kW) 61.89 163.79 Propeller diameter (cm) 360 140.25
Rotor group weight (kg) 55.7 37.56 Thrust (N) 6738* 9081
Batteries weight (kg) 0 58.84 Thrust/weight 1.36* 1.83
Payload weight (kg) 113 100 Maximum speed (m/s) 52.4 62.69
The total weight (kg) 505 505.62 Maximum rotor speed (rpm) 523* 2828.8
Fuel tank capacity (liter) 10.93 62.61 Range (km) 92.6 396

* Calculated indirectly using the reported data

8. Conclusion

Weight optimization of a single-passenger hybrid octocopter with a Wankel engine was performed using a
genetic algorithm. Design variables included engine power, fuel tank capacity, battery specifications, motor speed
constant, speed controller amperage, arm length, cross-section diameter, propeller radius, and angular velocity.
The objective functions were maximum fuel capacity and maximum power-to-weight ratio. We simplified the
nonlinear optimization problem using penalty functions, and the algorithm converged after 180 iterations. The
results indicated that the second objective function led to a design with lower weight and higher thrust ratio, making
it preferable for urban transportation. Compared to NASA's single-passenger conceptual quadcopter, our design
showed significant improvements in thrust ratio and maximum horizontal speed, despite similar total weight.
Currently, components for multi-rotors are primarily available for small unmanned vehicles, necessitating custom
designs or selection of components for passenger hybrid octocopters based on the genetic algorithm's
specifications.

Mechanics of Advanced and Smart Materials Journal 4(3) (2024) 425 — 448
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. . Lower Upper . . Lower Upper
Design variable bound bound Design variable bound bound
Wankel engine power (kW) 100 200 Propeller Diameter (cm) 80 250
Fuel tank capacity (gallon) 5 50 Arm length (cm) 200 450
Battery capacity (Ah) 35 100 Cross-section diameter of the 4 20
arms (cm)
Brushless motors speed :
constant Kv 30 150 Propeller angular velocity (rpm) 1000 4000
Speed controllers amperage (A) 100 400 Number of battery cells 15 30
i i 595 (5o il 3 Wlano (sla il )y 7 Jgor
GA parameters Problem parameters
Number of design variables 10 Safety factor 10
Initial population 10000 Propellers’ tip distance k 50 (cm)
Initial population selection Random Air density 1.2 (kg/m3)
Maximum generations 180 Carbon fiber density 1760 (kg/m3)
Selection mechanism Tournament Thrust coefficient 0.11
Tournament coefficient 3 Power coefficient 0.03
Mutation rate 0.2 Fiber carbon allowable stress 3500 (MPa)
Crossover rate 0.8 Penalty factor 1000
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G (x): SF On < aallowable(carbon—fiber) ' C2 (X): Mot < 800(kg) )
c3(x):P < Pym s cy(x):ty = 6min cs(x): k =0, )
c6(x): Qm — PP(‘:OP , c7(x): 5 < 6maxv y Lower Bound < x < xUper Bound
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Objective Function 1 Objective Function 2
Engine mass to power ratio (kg/kW) 0.3 04 0.5 0.6 0.3 0.4 0.5 0.6

Wankel engine power (kW) 16575 161.04 164.10 159.05 163.79 163.76 162.57 144.90
Fuel tank capacity (liter) 25047 22577 21584  184.66 62.61 6527 68.21 68.84

Battery capacity (Ah) 24.88 2451 24.43 23.99 1578 1690 17.88 18.67
Brushless motors speed constant Kv 38.41 38.18 37.05 38.24 43.06 4287 4217 4248
Speed controllers amperage (A) 316.34 32351 31883  306.10 317.76 321.42 318.04 284.26
Propeller diameter (cm) 14539 14554 146.63 14420 14025 140.72 14132 138.25
Propeller angular velocity (rpm) 2672.14 2640.13 2625.27 2673.15 2828.80 2812.74 2785.97 2781.31
Arm length (cm) 27650 27720 278.80 27473  268.65 269.39 270.29 266.09

Cross-section diameter of the arms (cm) 9.09 9.10 9.21 9.05 8.14 8.25 8.36 8.29
Number of battery cells 18.67 18.55 18.98 18.77 1767 1766 17.76 17.62

ouls ypadine Bud 2ilgi bl p addo—clid 5132 61y ool Caway (55 alS) ity W 39 A Jouz

Objective Function 1 Objective Function 2

Engine mass to power ratio (kg/kW) 0.3 0.4 0.5 0.6 0.3 0.4 0.5 0.6
Wankel engine 49.72 48.31 49.23 47.71 49.14 49.13 48.77 43.47
Generator 14.20 13.87 14.09 13.73 1406 14.06 1398 1273
Full fuel tank 217.21 194.82 18584 15780 50.78 53.04 5555 56.09
Battery 97.99 95.92 97.81 95.00 5884 6297 67.02 69.41
Brushless motors 34.02 34.22 35.15 3416 3043 3057 31.09 30.86

Speed controllers 2.13 2.18 2.15 2.06 2.14 2.17 2.14 1.91
Propellers 7.79 7.81 7.96 7.64 7.13 7.19 7.27 6.88
Arms 55.32 55.54 57.15 54.42 43.10 44.32 45.72 44.19

Structure + etc. 150 150 150 150 150 150 150 150

Payload 100 100 100 100 100 100 100 100
Total 728.40 702.67 699.37  662.53 505.62 51344 52153 515.54
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Objective Function 1 Objective Function 2
Engine mass to power ratio (kg/kW) 0.3 0.4 0.5 0.6 0.3 0.4 0.5 0.6
Fuel weight/total weight 0.298 0.277  0.2657 0.238 0.100 0.103  0.107 0.109
Trust/total weight 1.31 1.331 1.362 1.394 1.831 1.807 1775 1.639
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Characteristic Ref. [1] This work Characteristic Ref. [1] This work
Engine mass-to-power (kg/kW) 1.9 0.3 Fuel weight/total weight 0.018 0.1
Fuel tank weight (kg) 15 50.78 Disk loading (Ib/ft2) 25 15.355
Engine power (kW) 61.89 163.79 Propeller diameter (cm) 360 140.25
Rotor group weight (kg) 55.7 37.56 Thrust (N) 6738* 9081
Batteries weight (kg) 0 58.84 Thrust/weight 1.36* 1.83
Payload weight (kg) 113 100 Maximum speed (m/s) 52.4 62.69
The total weight (kg) 505 505.62 Maximum rotor speed (rpm) 523* 2828.8
Fuel tank capacity (liter) 10.93 62.61 Range (km) 92.6 396

5o sosthe yysSols L a=0.3

* Calculated indirectly using the reported data
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