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Abstract
A growing market is the application of multi-rotor vehicles to niche delivery
services such as just-in-time spare parts delivery, real-time asset repositioning, rapid food
delivery, and remote medical supply delivery. These services are unique in their
requirements, meaning there is no single aerial vehicle configuration that is optimal for
every scenario. More importantly, these service providers do not have the expertise to
design and operate small multi-rotor vehicles that are now feasible due to advances in
technology. This is a complex design decision with non-linearities in the design-state-space.
This paper presents a decision-support tool to assist niche small package delivery service
providers in configuring the best multi-rotor vehicle for their payload application.
The decision-support tool for the design of multi-rotor small package delivery aerial
vehicles takes inputs such as payload range, maximum multi-rotor size, and minimum flight
distance, and recommends suitable configurations. The algorithm used to generate the
design-state-space consists of two separate models of multi-rotor aircraft: (1) a power
consumption model and (2) a full dynamic flight model. The power model evaluates the
steady-state performance of the battery, motor, and propeller combinations at hover, 80%,
and full throttle to determine multi-rotors that satisfy the service providers’ requirements.
A dynamic flight model is then applied to these configurations to further account for
airframe aerodynamics over a default flight path. A detailed example of the tool for a
George Mason University restaurant is provided.
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1.0 - Context
1.1 – Small Unmanned Aerial Vehicles with Commercial Application
The integration of small unmanned aerial vehicles for commercial application into our
National Airspace System is happening now. As the Federal Aviation Administration
continues to develop and adapt these new rules and regulations, many service providers
have already been developing ways to utilize this new technology in their operations.
Despite there being many companies with the dream of using small unmanned aerial
vehicles in their operation, the air space regulators are still working to develop a
framework that safely allows for this. In February of 2015, the FAA released a Notice of
Proposed Rule Making (NPRM) showing that the framework of rules and regulations has
come along way, but still has long to go.
The rules proposed in the FAA’s Small UAS NPRM that are most prohibitive to small
package delivery operations are:
 Maintaining VLOS (visual line-of-sight) during entire operation
 Operating vehicle above inhabited areas
 Operator certification despite predominantly autonomous operation
After hearing our senator Mark Warner speak at the conference: Poised for Flight:
Commercial Uses of Unmanned Aerial Systems hosted by Pillsbury, and seeing the amount of
groups and individuals readily lobbying their local rule makers, there is strong reason to
believe that these prohibitive regulations will be likely to change in favor of the market.
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1.2 – Multi-rotor Aerial Vehicles
Modern day advances in batteries, microcontrollers, and lightweight materials have led
the unmanned multi-rotor aerial vehicles market away from being hobbyists toys to now
mass produced aircraft with commercial applications. Multi-rotors, for the sake of this
paper, are rotorcraft with more than two propellers that do not have varying pitch and are
capable of vertical takeoff and landing. This allows for easier flight control because
movement is achieved by simply deviating the power to propellers, making programmable
flight control a viable capability. The reliability and maintainability is also superior to
traditional rotorcraft due to the simpler rotor mechanics from less required moving parts.
Multi-rotors are relatively small, with size ranging from one to ten feet tip-to-tip, making
them more responsive and easier to change direction. Most importantly, multi-rotors are
commercially off the shelf available with a wide variety in custom and pre-built
configurations.
A multi-rotor configuration is defined as follows:





frame measured in distance from the Center of Gravity to the end of the frame (mm)
propellers defined by diameter (mm) and pitch (N)
motors defined by weight and power
battery defined by weight and capacity (mAh)

The multi-rotor variations of interest are quad, hexa, and octo. This means we will be
dealing with configurations of four, six, and eight propellers. It is also important to note
that only fixed pitch propellers are utilized to maintain control of calculations pertaining to
the performance of the multi-rotor.
Despite being relatively simple in design when compared to other aerial vehicles, the
challenge for designing multi-rotors is due to the large amount of possible configurations
and the non-linear interactions in the design-space. As the vehicle weight increases from
additional payload, the torque required from the rotors increases. As the rotor torque
increases, it draws more current, requiring a larger battery. This non-linear interaction is
the cause of the design complexity.
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1.3 – Niche Small Package Delivery Service Providers
Large companies such as Amazon, DHL, and Google have recognized the capability of
multi-rotors as SPDAVs and have invested early on. However, with their financial and
intellectual resources, these companies are positioned to leverage this technology.
That being said there are still many niche service providers that do not have the in-house
expertise or financial resources to design a multi-rotor. Table 1 shows the different
markets of these niche small package delivery service providers and an example
application.
Market

Application

Maintenance

Just-in-time spare parts delivery

Medicine

Medical supply delivery

Warehouse

Real-time asset repositioning

Retail

Rapid delivery for non brick & mortar purchases.

Food

Rapid takeout delivery

Remote Supplies

Delivery to areas with minimal traditional infrastructure.

Table 1: Markets of Niche Small Package Delivery Service Providers

Choosing a configuration that meets a set of requirements optimally is not possible without
expertise or a decision-support tool. For example, while evaluating the total payload, one
must ensure there is enough power to handle the increased weight. This will then require a
battery that is capable of keeping up with the increased need for power. In order to support
this larger battery, an adequate frame will be needed. With this now overall increase in
total weight one will need more power, and the cycle continues.

Figure 1: Complex Design Space
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2.0 – Problem & Vision Statement

2.1 – Problem Statement
The advances in multi-rotor aerial vehicle technologies have enabled applications
for small package delivery. Unlike the large logistics companies with financial and
intellectual resources to design and operate these vehicles from a complex and non-linear
design-space, enterprises with niche applications (e.g. asset repositioning, spare parts
delivery, rapid food or flower delivery) do not have the expertise to design the optimum
vehicle to meet the requirements of their application.
Gap: there is a market wide knowledge gap pertaining to performance and mission
suitability of multi-rotor aerial vehicles.

2.2 – Vision Statement
To design a decision-support tool that considers an end user’s requirements and
determines the most effective multi-rotor aerial vehicle for their particular application.
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3.0 – Stakeholder Analysis
3.1 – Objectives & Tensions of Stakeholders
3.1.1 – Primary Stakeholders
Service Provider (End-User)
 Objective:
o To communicate their set of requirements, and then receive a
recommendation of which multi-rotor vehicle configuration suits them best.
 Tension:
o With the desire to get their multi-rotor vehicle(s) in the air and operating as
soon as possible, some issues with regulations may arise between them and
the FAA.
Multi-rotor Manufacturers
 Objective:
o To maximize their profits from sales of multi-rotors.
 Tension:
o Possible small loss of profit due to the Decision Support Tool being the
middle-man/ interface between them and the end users.
3.1.2 – Secondary & Tertiary Stakeholders
Citizens
 Objective:
o To have the availability of multi-rotor small package delivery services, while
maintaining a safe living environment.
 Tension:
o Regulations from the FAA may cause some citizens to become unhappy with
the use of small unmanned aerial vehicles for commercial use.
Low Altitude Air Traffic
 Objective:
o To maintain a safe airspace to travel in and to minimize the risk of accidents
with small unmanned aerial vehicles.
 Tension:
o If small unmanned aerial vehicles pose a threat to any low altitude traffic
there will be tension between them and the FAA.
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Airspace Regulators (FAA)
 Objective:
o To maintain a high level of safety throughout the National Airspace System.
 Tension:
o Being held accountable for any issues that arise from the newly implemented
rules and regulations for small unmanned aerial vehicles for commercial use.

3.2 – Stakeholder Interaction Analysis
More importantly, the Decision-Support Tool creates an environment in which all
stakeholders of this systems benefit from one another creating a “win-win” scenario.

Figure 2: Stakeholder Interaction Diagram
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4.0 – Requirements
4.1 – Mission Requirements
 The DST-SPDAV shall recommend configurations of pre-existing multi-rotor aerial
vehicles that will be able to carry a user-defined payload for a certain distance over a
default flight profile.
 The DST-SPDAV shall recommend pre-existing configurations of multi-rotor aerial
vehicles that are reliable and operate at a high performance.

4.2 – Derived Requirements
Below is a block diagram that outlines the entire functionality of the DecisionSupport Tool. The input requirements coming in from the left side are processed through
the power and dynamic models. Finally, you can see the output of the DST, which are two
data sheets showing relationship between payload versus distance and payload versus
speed.

Figure 3: DST Functionality Diagram
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4.2.1 – Functional Requirements
 Power Consumption Model: The DST-SPDAV shall implement a power consumption
model, which evaluates the steady-state performance of battery, motor, and propeller
combinations to determine systems that satisfy the users’ requirements.
 Dynamic Model: The DST-SPDAV shall evaluate satisfactory pre-existing configurations
in a full dynamic model to account for airframe aerodynamics and default flight profiles
in order to recommend configurations.
 Utility Analysis: The DST- SPDAV shall present multiple recommendations ranked by
the user-defined weights to allow for cost versus utility analysis.

4.2.2 – Input Requirements
 The DST-SPDAV shall input minimum flight distance.
 The DST-SPDAV shall input payload range.
 The DST-SPDAV shall input the maximum size of the multi-rotor aircraft.

4.2.3 – Output Requirements
 The DST-SPDAV shall output a graph showing the relationship between payload and
distance in order to be evaluated for utility analysis.
 The DST-SPDAV shall output a graph showing the relationship between payload and
speed in order to be evaluated for utility analysis.
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5.0 – Method of Analysis
5.1 – Simulation (DST) Overview
The simulation is conducted in two stages to limit the number of times the full
dynamic simulation needs to be run.
The user defines a maximum size, of the multi-rotor aircraft and payload range. These
factors are then put through a simulation that quickly approximates the power draw, motor
temperature, hover characteristics, and flight duration under normal loads. This portion of
the simulation is fed by currently manufactured multi-rotor configurations. Unreasonable
configurations (hovering requires greater than 80% throttle, exceeds maximum cost or
size, motor temperature at maximum throttle exceeding 80 degrees Celsius.) The
remaining configurations are then put through the full dynamic simulation. These
equations are the same as those for the dynamic equation, but only take into account
momentum theory derived thrust and power and the electrical system model.
The full dynamic model takes promising configurations which make it through the power
model along with minimum distance to travel given by the end user and subjects them to a
more detailed simulation. The model conducts a variety of simulations for each
configuration to determine maximum package delivery distance for a variety of package
weights. The program then outputs two data sheets showing relationship between payload
versus distance and payload versus speed to allow for utility analysis. Once the data is
outputted, it is plotted and curve fitted to define a utility value. End-user defined weights
for distance, speed, size, and MTBF are then calculated using the swing weight method.
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5.2 – Power Model
The power consumption model takes into account two inputs: defined
payload range and pre-existing configurations of multi-rotor aerial vehicles that
satisfy the maximum width given by the end user.
There are three major components that are involved in the power model: batteries,
motors, and propellers. The properties of these components can be seen in Table 2
below. The properties that are underlined are the ones that will be used within the
power model for make thrust and power calculations.
Batteries

Motors

Propellers

(1) Capacity (mAh)

(1) Kv (rpm/v)

(1) Size

(2) Output Voltage

(2) Weight

(2) Prop Constant

(3) Max Discharge

(3) Max Current

(3) Power Factor

(4) Weight

(4) Size

(4) Weight

(5) Size

(5) Max Voltage

Table 2: Multi-rotor Components & Properties for Power Model

The power consumption model starts with Newton’s Second Law in which a force of
an object is equal to the mass of that object multiplied by the gravity. The same
concept is applied to multi-rotor aerial vehicles. Now, we know that in order for the
aircraft to hover, the thrust generated from propellers must equal the total weight
of the multi-rotor(1).
Thrust = mg

(1)

The maximum thrust produced by a single propeller can be calculated using
equation (2) in which D is the diameter of the propeller (m), 𝜌 is density of air
(1.22 𝑘𝑔/𝑚3), and P is the power produced by a propeller (W)
𝜋

T = [ 2 𝐷2 𝜌𝑃2 ]

1
3

(2)

The power produced by a single propeller can be calculated through equation (3) in
which the PropConstant and Power Factor are constant come along with each
propeller is purchased from the market.
P = PropConstant ∗ 𝑟𝑝𝑚𝑃𝑜𝑤𝑒𝑟 𝐹𝑎𝑐𝑡𝑜𝑟

(3)

The power transmitted from the motor to the propeller can be calculated using
equation (4).
rpm = Kv ∗ Voltage
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5.3 – Dynamic Model
The dynamic simulation is a more detailed simulation for highly ranked
outputs of the preliminary simulation steps. The simulation models frame
aerodynamics; propeller thrust; motor, electronic speed controller, and battery
system performance; and inertial response to output a detailed picture of the multirotor’s performance. This information is used to approximate the flight
characteristics of the multi-rotor over a default flight profile and payload setup.
5.3.1 – Coordinate System
The dynamic simulation operates in a six degree of freedom environment.
The position of the body in space is both defined by translational motion in
the 𝑥 − 𝑦 − 𝑧 axis and by Euler angles 𝜓 − 𝜃 − 𝜙, commonly referred to as yaw,
pitch, and roll.

Figure 4: ψ-θ-ϕ Orientation Angles[S.1]

The simulation defines three coordinate systems in this 6-DoF environment: an
inertial North East Down (NED), a body frame, and a geodetic. The inertial frame is
fixed on the starting location of the simulated flight profile, and defines the location
and orientation in relative space. The body frame is fixed on the multi-rotor’s center
of gravity. This origin decouples actuation forces and moments and allows for a
constant moment of inertia tensor. The locations and orientations of the body and
inertial frame are shown below in Figure 5. [S.2]

Figure 5: Inertial and Body Frame Coordinate Axis [S.2]
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Transformation maticies are used to represent translation and rotation in both
coordinate systems. Motion in the body frame is transformed through 𝜓 − 𝜃 − 𝜙
rotations as shown in Figure 4 (5)(6)(7). Combining these transformations yeilds
the direction cosine matrix 𝐻𝐵𝐼 (8). For example, velocity measured in the body
frame is transformed to the inertial frame as 𝑣𝐼 = 𝐻𝐵𝐼 𝑣𝑏 .
cosψ sinψ
HI1 (ψ) = [−sinψ cosψ
0
0

0
0]
1

(5)

−sinθ
0 ]
cosθ

(6)

1
0
0
= [0 cosϕ sinϕ ]
0 −sinϕ cosϕ

(7)

cosθ
H12 (θ) = [ 0
sinθ
H2B (ϕ)

0
1
0

HBI (ϕ, 𝜃, 𝜓) = 𝐻𝐼1 H12 H2B
cosθsin𝜓 sinϕsinθcos𝜓 − 𝑠𝑖𝑛𝜓𝑐𝑜𝑠𝜙
= [cosθsinψ sinϕsinθsinψ + cosϕcosψ
−sinθ
sinϕcosθ

cosϕsinθcosψ + sinϕsinψ
cosϕsinθcosψ − sinϕsinψ]
cosϕcosθ

(8)

A similar transformation (9) is performed for angular velocities and accelerations
where 𝑝, 𝑞 and 𝑟 are rotational velocities around each translational axis (10).
0
p
0
ϕ̇
B
B
2
̇
[q] = I3x3 [ 0 ] + H2 [θ] + H2 H1 [ 0 ]
r
ψ̇
0
0
LIB (ϕ, θ, ψ)

1
= [0
0

sinϕtanθ cosϕtanθ
cosϕ
−sinϕ ]
sinϕ/cosθ cosϕ/cosθ

(9)

(10)

It should be noted that this transformation matrix yields singular results
𝜋
around 𝜃 = 2 . We deem this limitation acceptable as small package delivery does
not typically encounter such aggressive flight maneuvers. Should such maneuvers
be desired, a switch to a quaternion representation as by [S.3] could be
implemented.
Finally, a geodetic axis is used to more accurately approximate local gravity
conditions. Transformations are approximated using the WGS84 standard using the
following formula (11) [S.4].
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x = (N + h)cosϕ′ cosλ′
y = (N + h)cosϕ′ sinλ′
b2
z = (( 2 ) N + h) sinϕ′
a
a
where N =
√1 − e2 𝑠𝑖𝑛2 ϕ

(11)

5.3.2 – Body Geometric and Inertial Calculations
The dynamic simulation begins with the definition of the current vehicle
simulation. This definition includes mass, dimensions, and performance properties
of the motors, central hub, arms, payload, and propellers. These components are
modeled as simple solids to approximate the overall mass, moments of inertia, and
geometric conditions.
Below is the model of a representative hexacopter (Figure 6). Motors and the central
hub are modeled as cylinders and the arms and payload as cuboids. Propellers are
represented as thin rectangles for the purpose of these approximations.

Figure 6: Simple Solids Model Approximation

The first characteristic of the model approximated is the overall vehicle mass. This is
simply the sum of the individual components (12).
mtot = mc + mp + na ma + nm mm + nr mr

(12)

This sum is then used to define the center of mass for the representative model. For
the purposes of this simulation, the multirotor vehicles are assumed to be
symmetrical in the vertical and horizontal planes. The following defines the distance
from the center of the central cylinder to the center of gravity on the z axis (13). All
component locations are then redefined on the new body origin at this location.
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G=

zp
z
z
z
z
nr [mm ( 2a + 2m ) + mp ( 2a + zm + zs )] − mp ( 2c + 2 )
mtot

(13)

The simple solids model is then used to calculate the overall inertial moments for
the vehicle. This involves first calculating the moment of inertia for each individual
component (Table 1), transforming it to be parallel to the main body axis (14) (15),
and then using the parallel axis theorem to form the complete moment value (16).
Cylinder
Cuboid
𝟏
1 2
(ℎ + 𝑤 2 )
𝑰𝑿𝑿 =
𝒎(𝟑𝒓𝟐 + 𝒉𝟐 ) 𝐼𝑋𝑋 =
𝟏𝟐
12
𝟏
1 2
(ℎ + 𝑙 2 )
𝑰𝒀𝒀 =
𝒎(𝟑𝒓𝟐 + 𝒉𝟐 ) 𝐼𝑌𝑌 =
𝟏𝟐
12
𝟏
1
(𝑤 2 + 𝑙 2 )
𝑰𝒁𝒁 = 𝒎𝒓𝟐
𝐼𝑍𝑍 =
𝟐
12
Table 3: Local Moments of Inertia of Simple Solids

IL = TILR T T
cosθ sinθ
T = [−sinθ cosθ
0
0

(14)
0
0]
1

IO = IL + md2

(15)
(16)

This solids approximation is also used to estimate the surface area for use in drag
calculations. For a quadcopter example, the following is the projected side and
vertical surface area (17).
AX = AY = 2rc hc + 2la ha + 4rm hm + lp hp
2
AZ = wp lp + 4la wa + 4πrm

(17)

Lastly, the approximate centroid is calculated (18) to define the point of drag action
using the corner points of the approximated multi-rotor shape.
k

1
C = ∑ xi
k

(18)

i
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5.3.3 – Atmospheric Model
The atmospheric model is the MATLAB aerospace toolbox implementation of the
ISA atmospheric model for altitudes below 20000 m.

5.3.4 – Gravitational Model
The Gravitational Model (19) uses the second order EGM96 model for gravitational
potential [S.4] using the geodetic coordinate system.
nmax

n

G
a n
V = [1 + ∑ ∑ ( ) ̅
Pnm 𝑠𝑖𝑛(ϕ′ ) (C̅nm cosmλ + S̅nm sinmλ)]
r
r
n=2 m=0

(19)

5.3.5 – Electrical System Model
The electrical system model consists of the motor model, the battery model, and the
throttle curve model. These models are necessarily coupled as motor current draw
changes the battery voltage output, which then changes the motor current draw etc.
At each time step, the systems are modeled until they converge on a value (within
0.1%).
5.3.5 – Motor Model
The motor model approximates the performance of a brushless dc (BLDC) electric
motor. These motors were chosen for their high power to weight ratios, efficiency,
and low maintenance requirements and are standard components in current multirotor UAVs. The model is based on Kirchoff’s voltage law (20) and Newton’s second
law (21) as described by Movellan [5] with some alterations.
V=L
J

dI
+ RI + K𝛺
dt

d𝛺
= KI − λ𝛺 − τload
dt

(20)
(21)

The inductance of the motor is very difficult to measure and is, in any case, very
small for this type of motor, so it will be neglected (22). The load torque has
quadratic dependence on motor and propeller angular velocity, so 𝜏𝑙𝑜𝑎𝑑 = 𝑑Ω2 (23).
V = RI + K𝛺
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J𝛺̇ = −

K2
K
𝛺 − d𝛺 2 + V
R
R

(23)

The BLDC motors used in this application reach steady state very quickly due to low
inductance and rotational inertia. The time constant for no load is approximately
0.03 s, significantly smaller than the simulation step time. The model is therefore
further simplified to assume steady state operation (24).
K2
K
𝛺 +
𝛺−
V=0
Rd
Rd
2

(24)

Rearranging shows the voltage required to reach a desired motor speed (25):
V=

Rd 2
𝛺 + K𝛺
K

(25)

5.3.6 – Battery Model
The battery model approximates the non-linear power draw of a lithium polymer
battery (LiPoly). This battery type is chosen for its high power density. This BLDC
and LiPoly setup is standard for commercial multirotor designs. This model is
currently implemented using the simMechanics Simulink block-set, but a more
detailed representation will be integrated into future simulation iterations.

5.3.7 – Throttle Curve Model
The throttle curve model approximates the electronic speed controller response to a
given controller output. This is in the form of a curve match based on reference ESC
data.

5.3.8 – Aerodynamic Model
The aerodynamic model uses the projected surface area calculated before as
described by Moyano [S.6] to calculate the airframe drag. The general form of the
drag equation (26) is modified for this purpose as below.
1
C ρAv 2
2 d

(26)
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Fd =

GMU: SEOR

This general form is first modified to take into account the varying surface area and
drag coefficient based on relative orientation (27).
Fd =

1
2
ρC (𝛽 , α)A(𝛽𝑆𝑆 , α)V∞
2 d 𝑆𝑆

(27)

We can therefore calculate the individual components of the drag as follows (28):
Fdx = Fd cosβSS cosα
Fd = { Fdy = Fd sinβss cosα
Fdz = Fd sinα

(28)

The area function is approximated based on the sideslip and angle of attack of the
vehicle. This simplification is used due to the relatively crude geometric
representation and computational difficulties of estimating instantaneous frontal
surface area. We therefore approximate the area as a ratio of the frontal and side
areas (29).
A ≅ Ax cosβSS cosα + Ay sinβSS cosα + Az sinα

(29)

The 𝐶𝑑 value is much more difficult to approximate. An accurate calculation would
involve a CFD analysis on a specific frame geometry and propeller wake properties an analysis far beyond the scope of this simulation. We therefore estimate the drag
coefficient as a function between a max and min 𝐶𝑑 value based on experimental
data.
Lastly, the relative centroid based on airflow direction must be calculated to
complete the aerodynamic force characterization. The drag moment is
approximated in a manner similar to the frontal surface area (30)(31).
Md = rd (βss , α) × Fd
Md = rd (βSS , α)sinθd Fd

(30)

rd ≅ rdx cosβSS cosα + rdy sinβSS cosα + rdz sinα

(31)

The simplifications above may result in significant deviations from experimental
data collected in the validation stage. Further work may be needed to more
accurately approximate this phenomenon.
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5.3.9 – Propeller Model
The propeller model is the most complex portion of the simulation. A combination of
Blade Element Theory (BET) and Momentum Theory (MT) are used to model the
rotor performance characteristics. This method of analysis was chosen as a balance
of computational intensity and accuracy, and has been used frequently in helicopter
and other multirotor studies. The following is based heavily on the work of Martinez
[S.7] and Mansson [S.2].

5.3.9.1 – Rotor Blade Motion
The various forces and moments generated as the rotor moves through the air are
shown on Figure 7. The two main forces acting on the blade are the lift force and the
drag force which will create a drag moment to oppose the BLDC motor. Real blades
also exibit additional motions due to material deformation, namely flapping, lagging,
and feathering. Feathering and lagging are not modeled in this project based on the
results of Martinez [S.7] and others who showed only small effects due to these
phenomenon.

Figure 7: Rotor Blade Motion

5.3.9.2 – Momentum Theory
Momentum theory forms the basis of the blade simulation. This method applies a
mass and energy balance approach to the rotor. Flow through the propeller disk is
approximated as an incompressible unidimentional fluid. Work introduced by a
moment through the rotor axis applies kinetic energy to the fluid stream. The
resulting airflow results in an upward thrust on the rotor. Momentum theory in this
project is based on Leishman [S.8] and results in equations for applied moment,
thrust, and power.
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5.3.9.3 – Hovering Flight
Figure 8 shows the MT model for hovering flight. Line 0 is a point where the rotor
has no effect on the air velocity. For hover, 𝑉0 = 0. At the full contraction plane ∞,
the flow is fully developed with velocity 𝑉∞ = 𝑤.

Figure 8: Momentum Theory for Hovering Flight [S.9]

As mass is conserved within the contracting tube, the air velocity is increased below
the rotor plane (32).
𝑚̇ = 𝜌𝐴∞ 𝑤 = 𝜌𝐴𝑣𝑖
(32)
By applying the principle of fluid momentum conservation between the 0 and ∞
planes, the rotor thrust force can be expressed as (33):
𝑇 = 𝑚̇𝑤

(33)

Power can similarly be calculated by applying conservation of energy to the 0 and ∞
planes (34).
𝑃 = 𝑇𝑣𝑖 =

1
𝑚̇𝑤 2
2

(34)

Combining these results shows the following (35):
𝑇 = 2𝜌𝐴𝑣𝑖2
𝑃 = 2𝜌𝐴𝑣𝑖3
𝑤 = 2𝑣𝑖
1
𝐴∞ = 𝐴
2

(35)

The induced velocity 𝑣𝑖 , in this case 𝑣ℎ , can be written in terms of rotor radius, rotor
rotational speed, and the induced inflow ratio (36) resulting in the expressions
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shown below (37). Nondimentional coefficients are further defined as in common
practice in helicopter engineering (38).
𝑇
𝑣ℎ = 𝑣𝑖 = 𝜆ℎ Ω𝑅 = √
2𝜌𝐴

(36)

𝑇 = 2𝜌𝐴𝜆2ℎ 𝑅 2 Ω2
𝑄 = 2𝜌𝐴𝜆3ℎ 𝑅 3 Ω2
𝑃 = 2𝜌𝐴𝜆3ℎ 𝑅 3 Ω3

(37)

𝑇
𝜌𝐴𝑅 2 Ω2
𝑄
𝐶𝑄 =
𝜌𝐴𝑅 3 Ω2
𝑃
𝐶𝑃 =
𝜌𝐴𝑅 3 Ω3

(38)

𝐶𝑇 =

5.3.9.4 – Forward Flight
Forward flight is achieved by tilting the rotor forward, introducing an angle of
attack on the airflow as shown in Figure 9.

Figure 9: Momentum Theory for Forward Flight [S.9]

Analysis continues as before with the introduction of the term 𝑈 to represent the
perpendicular and parallel components of the airflow (39)(40).
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𝑚̇ = 𝜌𝐴𝑈

(39)

𝑈 = √(𝑉∞ 𝑐𝑜𝑠𝛼)2 + (𝑉∞ 𝑠𝑖𝑛𝛼 + 𝑣𝑖 )2

(40)

Conservation of fluid momentum in again applied with a different 𝑚̇ term (41).
𝑇 = 𝑚̇(𝑤 + 𝑉∞ 𝑠𝑖𝑛𝛼) − 𝑚̇𝑉∞ 𝑠𝑖𝑛𝛼 = 𝑚̇𝑤

(41)

Power (42) and thrust (43) can similarly be computed by applying conservation of
energy and combining the above equations.
1
𝑃 = 𝑇(𝑣𝑖 + 𝑉∞ 𝑠𝑖𝑛𝛼) = 𝑚̇(2𝑉∞ 𝑤𝑠𝑖𝑛𝛼 + 𝑤 2 )
2

(42)

𝑇 = 2𝜌𝐴𝑣𝑖 √(𝑉∞ 𝑐𝑜𝑠𝛼)2 + (𝑉∞ 𝑠𝑖𝑛𝛼 + 𝑐𝑖 )2

(43)

The inflow velocity is computed based on the hover induced velocity (44) again by
combining the above equations.
𝑣ℎ2
𝑣𝑖 =
(44)
√(𝑉∞ 𝑐𝑜𝑠𝛼)2 + (𝑉∞ 𝑠𝑖𝑛𝛼 + 𝑣𝑖 )2
Finally, the inflow ratio can be solved for cases where MT is valid. The advance ratio
𝑉 cos 𝛼
is defined as the velocity parallel to the rotor disk, or 𝜇 = ∞Ω𝑅 . Using the above,
both the induced inflow ratio (45) and the inflow ratio (46) can be calculated.
𝜆𝑖 =

𝜆2ℎ
√𝜇 2 + 𝜆2

𝜆 = 𝜇𝑡𝑎𝑛𝛼 +

=

𝐶𝑇
2√𝜇 2 + 𝜆2
𝐶𝑇

2√𝜇 2 + 𝜆2 )

(45)
(46)

5.3.9.5 – Blade Element Theory
Blade element theory is based on dividing the propeller airfoil into sections which
are each treated as uniform 2-d airfoils to calculate the lift and drag moments and
forces as shown in Figure 10. These partial forces and moments are then integrated
over the length of the blade over one revolution.
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Figure 10: Forces and Moments on Infinitesimal Blade Element [S.9]

The infinitesimal lift and drag forces (47) act perpendicular and parallel to the local
airflow velocity.
𝑑𝐿 = 𝑞𝐶𝑙 𝑐𝑑𝑟
𝑑𝐷 = 𝑞𝐶𝑑 𝑐𝑑𝑟
1
𝑤ℎ𝑒𝑟𝑒 𝑞 = 𝜌𝑈 2
2

(47)

Simplifications are added as follows to simplify the force and moment calculations:
 𝐶𝑑 is assumed constant
 Chord length is assumed constant
 Velocity parallel to the plane is assumed to be much larger than velocity
perpendicular
 The pitch angle is assumed to vary linearly
 The airfoil is assumed to follow thin-airfoil theory
These assumptions yield the following expressions for lift and drag force (48). These
forces are then realized as perpendicular and parallel to the hub plane. As the
induced angle was assumed to be small, this results in the following simplified
expressions (49).
1
𝜃1 𝑟 2
𝜌𝑐𝐶𝑙𝛼 ((𝜃0 +
) 𝑈𝑇 − 𝑈𝑃 𝑈𝑇 ) 𝑑𝑟
2
𝑅
1
𝑑𝐷 = 𝜌𝑈𝑇2 𝑐𝐶𝑑 𝑑𝑟
2
𝑑𝐿 =

𝑑𝐹𝑍 = 𝑑𝐿𝑐𝑜𝑠𝜙 − 𝑑𝐷𝑠𝑖𝑛𝜙 ≅ 𝑑𝐿

GMU: SEOR

DST-NSPDAV

(48)
(49)

31

𝑑𝐹𝑥 = 𝑑𝐿𝑠𝑖𝑛𝜙 − 𝑑𝐷𝑐𝑜𝑠𝜙 ≅

𝑈𝑃
𝑑𝐿 + 𝑑𝐷
𝑈𝑇

These expressions are then multiplied by the number of blades to find the final
infinitesimal forces and moments over the rotor (50). Finally, non-dimentional
coefficients are introduced following helecopter theory convention (51)(52).
𝑑𝑇 = 𝑁𝑏 𝑑𝐹𝑧
𝑑𝐻 = 𝑁𝑏 𝑑𝐹𝑥
𝑑𝑄 = 𝑁𝑏 𝑦𝑑𝐹𝑥
1
𝑟
𝑁𝑏 2 𝜌𝑐𝐶𝑙𝛼 ((θ0 + 𝜃1 𝑅 ) 𝑈𝑇2 − 𝑈𝑃 𝑈𝑇 )
𝑑𝑇
𝑑𝐶𝑇 =
=
𝑑𝑟
𝜌𝜋𝑅 4 Ω2
𝜌𝜋𝑅 4 Ω2
𝑈𝑝 1
𝑟
1 2
2
𝑁
(
𝑏
𝑑𝐻
𝑈𝑡 2 𝜌𝑐𝐶𝑙𝛼 ((θ0 + 𝜃1 𝑅 ) 𝑈𝑇 − 𝑈𝑃 𝑈𝑇 ) + 2 𝜌𝑈𝑇 𝑐𝐶𝑑
𝑑𝐶𝐻 =
=
𝑑𝑟
𝜌𝜋𝑅 4 Ω2
𝜌𝜋𝑅 4 Ω2
𝑈𝑝 1
𝑟
1
𝑁𝑏 ( 𝑈 2 𝜌𝑐𝐶𝑙𝛼 ((θ0 + 𝜃1 𝑅 ) 𝑈𝑇2 − 𝑈𝑃 𝑈𝑇 ) + 2 𝜌𝑈𝑇2 𝑐𝐶𝑑
𝑑𝑄
𝑡
𝑑𝐶𝑄 =
=
𝑑𝑟
5
2
𝜌𝜋𝑅 Ω
𝜌𝜋𝑅 5 Ω2

𝑟+𝑒
+ 𝜇𝑠𝑖𝑛𝜓
𝑅
𝑟
𝑟
𝑈𝑃 = Ω𝑅 (−𝜆𝑐 + 𝜆𝑖 (1 + 𝐾𝑐 𝑐𝑜𝑠Ψ) − (𝑎1𝑠 𝑠𝑖𝑛Ψ − b1s Ψ)
𝑅
𝑅
− 𝜇(𝑎0 − 𝑎1𝑠 𝑐𝑜𝑠Ψ − 𝑏1 𝑠𝑠𝑖𝑛Ψ)𝑐𝑜𝑠Ψ)
+ (𝑟 + 𝑒)(𝑞𝑤 𝑐𝑜𝑠Ψ + 𝑝𝑤 𝑠𝑖𝑛Ψ)

(50)

(51)

𝑈𝑇 = Ω𝑅

(52)

After calculating the infinitesimal forces and moments, the results are integrated
over the length of the blade and averaged over one blade rotation (53). For this
purpose, the blade root is assumed to be the hinge offset position as described in
Prouty [S.9] and it has been assumed to be much less than the rotor radius. This
finally results in the expressions for 𝐶𝑇 , 𝐶𝐻 , 𝑎𝑛𝑑 𝐶𝑄 (54).
1 2𝜋 𝑅
∫ ∫ 𝑑𝐶 𝑑Ψ
2𝜋 0 𝑟0 𝑇
1 2𝜋 𝑅
𝐶𝐻 =
∫ ∫ 𝑑𝐶 𝑑Ψ
2𝜋 0 𝑟0 𝐻
1 2𝜋 𝑅
𝐶𝑄 =
∫ ∫ 𝑑𝐶 𝑑Ψ
2𝜋 0 𝑟0 𝑄
𝐶𝑇 =
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𝐶𝑇 =

𝐶𝑙𝛼 𝜎
𝑒
2
1
(1 − ) (( + 𝜇 2 ) 𝜃0 + (1 + 𝜇 2 )𝜃𝑡𝑤 − 𝜆)
4
𝑅
3
2

𝐶𝐻 =

𝐶𝑙𝛼 𝜎 𝐶𝑑
𝜇𝑎1𝑠 − 𝜆
3
1
1 3
( 𝜇−
𝜇 (( 𝜇 2 − ) 𝜃0 + ( 𝜇 2 − 1) 𝜃𝑡𝑤 + 𝜆 − 𝜇𝑎1𝑠 )
3
4
𝐶𝑙𝛼
2
3
2 2
1 + 2 𝜇2
𝜇
𝑎02 1 𝜇 2
1
1
+
( ( + ) + 𝜇𝑎0 𝜆𝑖 + 𝜆2𝑖 ))
1 2 2 2 2
3
8
1 + 2𝜇
(54)

𝐶𝑙𝛼 𝜎 1 𝐶𝑑
(1 + 𝜇 2 )
𝐶𝑄 =
(
4
2 𝐶𝑙𝛼
−

𝜇𝑎1𝑠 − 𝜆 1
1
𝜇2
( (2 − 𝜇 2 )𝜃0 + (1 − ) 𝜃𝑡𝑤 + (𝜇𝑎1𝑠 − 𝜆)2 )
3
2
2
1 + 2 𝜇2 3

𝜇
𝑎02 1 𝜇 2
1
1
−
( ( + ) + 𝜇𝑎0 𝜆𝑖 + 𝜆2𝑖 ))
1 2 2 9 2
3
8
1 + 2𝜇
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5.3.9.6 – Blade Flapping
The flapping motion of the blade was included in the simulation. This flapping is
caused by an uneven incident air velocity creating uneven lift over the length of the
blade. During forward flight, advancing and retreating propeller blades will have
different flapping angles due to the difference in incident velocity causing tilts in the
rotor forces and moments. The blades also exhibit an upwards bend under thrust
load, referred to as coning. Simulating a fully flexible blade was deemed too complex
for this simulation, so the blade is instead modeled using rigid blades and a
simulated spring loaded hinge offset from the rotor center as shown in Figure 11.
The spring stiffness and offset are matched to experimental results. The below
outlined formulation is based on the work of Pounds [S.10] and Leishman [S.8].

Figure 11: Offset Flapping Hinges

The flapping angle of the rotating blade is calculated using a partial differential
equation, where the first order solution (55) can be expressed below as a function of
azimuthal angle.
𝛽 = 𝑎0 − 𝑎1 𝑐𝑜𝑠Ψ − 𝑏1 𝑠𝑖𝑛Ψ
(55)
The three flapping angles 𝑎0 , 𝑎1 , 𝑎𝑛𝑑 𝑏1 (coning, longitudinal, and lateral) are
determined based on the gyroscopic moments, lift and centripetal forces, and
weights around the hinge offset (56). The following equations perform the balance
around the flapping hinge with 𝑀𝑝𝑞 𝑎𝑛𝑑 𝐹𝑝𝑞 added to account for body pitch and roll
(57).
𝑎0
(𝑀 + 𝑀𝑝𝑞 ) [𝑎1𝑠 ] = 𝐹 + 𝐹𝑝𝑞
𝑏1𝑠
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1
𝑒 2𝜇𝑒
𝛾𝐼𝑦𝑏 Ω2 (1 − )
0
2
𝑅 4𝑅
1
𝑒 2 1 𝜇2
𝑒
𝑒2
𝑀𝑏
0
− 𝛾𝐼𝑦𝑏 Ω2 (1 − ) ( − −
−
)
Ω2 𝑒
+ 𝑘β
𝑀=
2
2
𝑅
4 8 6𝑅 12𝑅
𝑔
1
𝑒 2 1
𝑒
𝑀𝑏
1
𝑒 2 1 𝜇2
𝑒
𝑒2
2
2
2
𝛾𝐼𝑦𝑏 Ω (1 − ) ( + ) 𝜇
Ω 𝑒
+ 𝑘𝛽
𝛾𝐼 Ω (1 − ) ( − −
−
)
𝑅
3 6𝑅
𝑔
2 𝑦𝑏
𝑅
4 8 6𝑅 12𝑅 2 ]
[2
0
0
0
2
2
1
𝑒
𝜇
𝑀𝑏
0 − 𝛾𝐼𝑦𝑏 Ω2 (1 − ) (1 − )
Ω2 𝑒
+ 𝑘β
8
𝑅
2
𝑔
𝑀𝑝𝑞 =
𝑀𝑏
1
𝑒 2
𝜇2
0
Ω2 𝑒
+ 𝑘𝛽
𝛾𝐼𝑦𝑏 Ω2 (1 − ) (1 − )
𝑔
8
𝑅
2 ]
[
2
1
𝑒 2 1
2𝑒 1 𝑒 2
1 𝜇
𝑒
𝑒
1 𝑒 2
1 𝑒 3
1 1𝑒
− 𝛾𝐼𝑦𝑏 Ω2 (1 − ) ( (1 + 𝜇 2 +
+ ( ) ) 𝜃0 + ( + (1 − ) −
−
( ) − ( ) ) 𝜃𝑡𝑤 − 𝜆 ( +
))
2
𝑅
4
3𝑅 3 𝑅
5 6
𝑅
10𝑅 15 𝑅
30 𝑅
3 6𝑅
𝐹=
1
𝑒 2
1
𝑒
1
𝑒
1 𝑒 2
𝜇
− 𝛾𝐼𝑦𝑏 Ω2 (1 − ) (2𝜇 ( + ) 𝜃0 + 2𝜇 ( −
− ( ) ) 𝜃𝑡𝑤 − 𝜆
2
𝑅
3 6𝑅
4 6𝑅 12 𝑅
2
[
]
0
0
1
𝑒 2 𝑝𝑤
− 𝛾𝐼𝑦𝑏 Ω2 (1 − )
+ 2q w ΩIyb
𝐹𝑝𝑞 =
8
𝑅 Ω
1
𝑒 2 𝑝𝑤
2
−
𝛾𝐼
Ω
(1
−
)
+ 2q w ΩIyb ]
[ 8 𝑦𝑏
𝑅 Ω
−Ω2 (𝐼𝑦𝑏 +
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(57)

5.3.9.7 – Total Forces and Moments
The thrust, horizontal force, and drag moments calculated above are parallel and
perpendicular or parallel to the tip path plane shown in Figure 12, but must be
aligned with the body frame.

Figure 12: Thrust, Horizontal Force, and Drag Moment on Flapping Rotor [S.2]

This transformation is accomplished using an intermediary axis as shown in
Martinez [S.7]. The results can be seen below (58).
𝑓𝑥 = 𝐻𝑐𝑜𝑠𝑎1𝑠 +
𝑓𝑦 =

𝑇𝑡𝑎𝑛𝑎1𝑠

√1 + tan2 𝑎1𝑠 + tan2 ± 𝑏1𝑠
𝑇𝑡𝑎𝑛(±𝑏1𝑠 )

√1 + tan2 𝑎1𝑠 + tan2 ± 𝑏1𝑠
𝑇
𝑓𝑧 = −𝐻𝑠𝑖𝑛𝑎1𝑠 +
√1 + tan2 𝑎1𝑠 + tan2 ± 𝑏1𝑠
{
𝑄𝑡𝑎𝑛𝑎1𝑠
𝑚𝑥 = − ±
√1 + tan2 𝑎1𝑠 + tan2 ± 𝑏1𝑠
𝑄𝑡𝑎𝑛(±𝑏1𝑠 )
𝑚𝑦 = ±
√1 + tan2 𝑎1𝑠 + tan2 ± 𝑏1𝑠
𝑄
𝑚𝑧 = ±
√1 + tan2 𝑎1𝑠 + tan2 ± 𝑏1𝑠
{

(58)

𝑤ℎ𝑒𝑟𝑒 ± 𝑖𝑠 + 𝑓𝑜𝑟 𝑐𝑜𝑛𝑡𝑒𝑟𝑐𝑙𝑜𝑐𝑘𝑤𝑖𝑠𝑒 𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 𝑎𝑛𝑑
−𝑓𝑜𝑟 𝑐𝑙𝑜𝑐𝑘𝑤𝑖𝑠𝑒 𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛
These final equations are used, along with the other forces and moments acting on
the multi-rotor in the rigid body equations below.
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5.3.10 – Rigid Body Mechanics
The calculated moments and forces are finally described using Newton-Euler
formalism in the body frame as described by Bresciani [S.11]. The generalized form
for 6-DoF bodies takes the following generalized form (59).
[

I3x3
03x3

ωB x(mvB )
FB
03x3 v̇ B
][ ] + [
]=[ ]
I
ω̇B
ωB x(IωB )
τB

(59)

By locating the body frame on the center of gravity, the inertial matrix becomes
diagonal (60), which greatly simplifies system description.
IXX
I=[ 0
0

0
IYY
0

0 T
0]

(60)

IZZ

This results in the following system of equations where frame velocities defined
based on convention as 𝑢, 𝑣, 𝑤, 𝑝, 𝑞, 𝑟 (61)(62).
vB = [u v w]T
ωB = [p q r]T
FX
m
Fy
v̇ = wp − ur +
m
FZ
ẇ = uq − vp +
m
IXX − IZZ
τx
ṗ =
qr +
IXX
IXX
τy
IZZ − IXX
q̇̇ =
pr +
IYY
IYY
IXX − IYY
τz
ṙ̇ =
pq +
{
IZZ
IZZ

(61)

u̇ = vr − wq +
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5.4 – Simulation (DST) Output
The model simulates the multi-rotor’s performance over a default flight path.
Maximum flight distance for a given configuration is found by running the
simulation multiple times and applying Newton’s method to determine the distance
corresponding to a battery drain from 80% to 10% to account for battery
degradation and provide a cushion of performance safety. The simulation is
conducted for a selection of package weights corresponding to user inputs. Table 4
below shows examples of the data sheet obtained from the simulation showing the
relationship between payload, distance, and speed.

Table 4: DST Output-Payload vs Distance- Payload vs Velocity
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6.0 – Validation
6.1 – Approach to Validation
In order to achieve a level of confidence in the Decision-Support Tool’s
accuracy, it is necessary that we validate the essential thrust and power calculations.
However, finding reliable data to compare the output from the Decision-Support
Tool against prove to be a challenge
We utilized static performance values of a single rotor from a study: Propulsive
System Optimization for a Unmanned Lightweight Multirotor. The three different
propellers utilized are: 11x6 APC , 13x6 APC, and a 11x6 Master Airscrew.
The configuration used in the Decision-Support Tool with the different propellers is
a: Hacker A30-10XL V3, 50A ESC, 4S2P 10,000mAh.

6.2 – Validation Results
Table 5 shows the output from the Decision-Support Tool and the
experimental data for the three different propellers.
13x6 APC

11x6 APC

11x6 Master
Airscrew

RPM Experimental

Experimental

Calculated

% Error Calculated

% Error

4000 540

77

533.2

1.3%

78.74797808

2%

5000 870

139

860.1

1.1%

149.7541499

8%

6000 1300

240

1278.2

1.7%

251.9577462

5%

7000 1780

345

1732.8

2.7%

368.9757116

7%

8000 2300

500

2237.7

2.7%

535.4084598

7%

RPM Experimental

Experimental

Calculated

% Error Calculated

% Error

4000 350

49.3

340.6

2.7%

50.71154535

3%

5000 514

86.9

497.6

3.2%

93.96503289

8%

6000 738

140.5

716.0

3.0%

145.4464136

4%

7000 1000

197.9

950.1

5.0%

214.8534171

9%

8000 1330

299.8

1305.5

1.8%

311.6385688

4%

RPM Experimental

Experimental

Calculated

% Error Calculated

% Error

4000 328

45.152

318.4

2.9%

47.02786077

4%

5000 486

74.0775

481.6

0.9%

79.12783442

7%

6000 740

122.6159

732.7

1.0%

134.2580536

9%

7000 950

176.375

930.3

2.1%

182.4279857

3%

8000 1300

293.2058

1260.9

3.0%

307.7366684

5%

Table 5: Validation- DST Output vs Experimental Data
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6.3 – Validation Analysis
6.3.1 – Thrust Error
The largest amount of error found in the thrust calculations was roughly 5%.
11x6" Master Airscrew Thrust %
Error

1500

4.0%

1000

3.0%

Error

Thrust (g)

11x6" Master Airscrew Thrust
Comparison

500
0

4000

5000

6000

7000

1.0%

8000

0.0%

RPM
Experimental Value

2.0%

4000

7000

8000

11x6" APC Thrust % Error

1500

6.0%
5.0%

1000

Error

Thrust (g)

6000

RPM

Calculated Value

11x6" APC Thrust Comparison

500
0

4000

5000

6000

Experimental Value

4.0%
3.0%
2.0%
1.0%

7000

0.0%

RPM

4000

5000

6000

7000

8000

RPM

Calculated Value

13x6" APC Thrust Comparison

13x6" APC Thrust % Error

2500

3.0%

2000

2.5%

1500

Error

Thrust (g)

5000

1000
500

0
4000

5000

6000

7000

1.5%
1.0%
0.5%

8000

0.0%

RPM
Experimental Value

2.0%

4000

5000

6000

RPM

Calculated Value

Figure 13: Validation – Thrust Comparison
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7000

8000

6.3.2 – Power Error
The largest amount of error found in the thrust calculations was roughly 10%.

11x6" Master Airscrew % Error
10%

400
300
200
100
0

8%

Error

Power (W)

11x6" Master Airscrew Power
Compaison

4000

5000

6000

7000

4%
2%

8000

0%

RPM
Experimental Value

6%

4000

6000

7000

8000

RPM

Calcualted Value

11x6" APC Power Comparison

11x6" APC Power % Error
10%

300

8%

Error

400

200
100

6%
4%
2%

0
4000

5000

6000

Experimental Value

7000

0%

8000

4000

8%

Error

400
200
0
6000

7000

6%
4%

0%
4000

5000

6000

7000

RPM

Calcualted Value

Figure 14: Validation – Power Comparison
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2%
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10%
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RPM
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4000
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13x6" APC Power Comparison
Power (W)
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8000

7.0 – Case Study: George Mason University Restaurant
For this case study, our niche small package delivery service provider is a
George Mason University Restaurant. It is being evaluated in order to determine the
viability and profitability of takeout delivery with a multi-rotor aerial vehicle as well
as which multi-rotor will optimally meet their requirements.

7.1 – GMU Restaurant Concept of Operations
7.1.1 –Utilizing a Delivery Person
Figure 15 illustrates the concept of operations for the GMU Restaurant
working with the traditional means of delivery.

Figure 15: Interaction Diagram – Traditional Delivery

As it can be seen on the graph, after Employee 1 receives the order either by phone
or online, the food is prepared and packaged by Employee 2 to finally be given to
Employee 3 (the delivery person) to then be delivered to the customer. It is worth
noticing that the third employee has no task until another delivery order is placed,
despite being paid constantly, this aspect plays a key role in affecting the profit of
the restaurant in the long run.
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7.1.2 –Utilizing a Multi-rotor
Figure 16 illustrates the concept of operations for the GMU Restaurant while
working with a multi-rotor delivery system.

Figure 16: Interaction Diagram – Multi-rotor Delivery

Notice that no employee needs to be hired to deliver the food orders and that. It’s
also important to note that the multi-rotor only costs the restaurant money when it
is out on a delivery. Employee 1 is in charge of attaching the package to the aircraft
and then launching it to a specific location. While the aircraft is flying, the same
employee will be monitoring the aircraft until it gets back to the restaurant where
then waits for another order.

7.2 – Assumptions
The following assumptions are taken into account on this particular case study:
Federal Aviation Administration
1. The rules and regulations for small commercial UAV’s allow for this
particular application.
2. This project is predicated on government regulations allowing use of small
UAVs for non-line of sight applications in habitable areas.
Multi-Rotor Aircraft
1. All the multi-rotor aircrafts evaluated in this case study are able to fly
autonomously and do not need an operator flying it.
2. Pre-determined flight paths are already programmed on the aircraft for each
delivery destination inside the GMU campus. As the case study is only
GMU: SEOR
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focused on delivering food for the people living on campus, the predetermined destinations are specific “pick up” points near each major
building.
3. In order for the employees to be able to monitor the UAV, the aircraft should
provide live video feedback at all times when flying out delivery orders.
4. The aircraft chosen by the restaurant has been already modified for payload
attachment.
Service Provider (GMU Restaurant)
1. One multi-rotor aircraft will be adequate for the amount of the demand the
service provider experiences.
2. The service provider has the hardware and network necessary in order to
support flight monitoring.
3. A minimum wage worker is capable of launching and maintaining the
aircraft. He or She is also capable of interchanging the battery of the aircraft
when required.
4. The width of the multi-rotor access point inside the business is 6 feet.

7.3 – Requirements
Different end users would have different requirements to satisfy their needs. The
requirements for the George Mason University Restaurant are:
1. Payload from 1 - 4 Kg. This payload is equivalent to 2 foot-longs subs & and 2
bags of chips or 2 large pizzas.
2. Minimum distance to travel for the multi-rotor aircraft of 4 kilometers
(round-trip). This is derived from the diameter of the GMU Fairfax campus
being roughly 1 mile.
3. Maximum size of the aircraft of 1700 mm from tip to tip, which is less than 6
feet and satisfy the assumption of the service provider explained before.
4. The GMU Restaurant filled out a survey in order to determine the weights for
each attribute on the utility function by using the swing weights method.
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7.4 – Multi-rotors Evaluated
For this case study, 5 different multi-rotor aerial vehicles are being evaluated and
they are shown in the Table 6:
Battery
(mAh)

Propeller

Motor
(Kv)

Width
(mm)

MTBF
(hr)

6

Total
Weight
(g)
4,400

15000-4S

15x4” APC

415

1180

100

FAE960H

6

9,500

2x16000-4S

18x6” APC

480

1420

160

X8-HLM

8

3,250

10000-4S

10x4.7” APC

440

1350

150

OFM-GQ8
HL48

8
8

6,500
7,800

16000-6S
16000-6S

17x5.8” APC
15x4” APC

420
520

1530
1450

160
160

Model

Rotors

DJI-S800

Table 6: Evaluated Multi-rotors from Database Pre Simulation

As it can be seen in the table, two Hexacopters and three Octocopters are taken into
account for this particular case study. The major points to highlight are the
following:
 The batteries are the components that weigh the most.
 The total weight of the multi-rotor includes the weight of the battery.
 The FAE-960H is the only multi-rotor working with 2 batteries (this is why
this aircraft is the heaviest).
 The difference of working with a 4S battery than a 6S battery is the voltage
they provide while working with the same amperage. A 4S battery will
provide 14.8 volts while a 6S battery will provide 22.2 volts.
 The thrust a multi-rotor produces is proportional to the size of the
propellers. A propeller is measured by its length and pitch in inches.
Therefore, a bigger propeller will produce more thrust. Thrust also takes into
account the power given by motors and batteries.
 The KV is a property of the motors, which measures the amount of rpm
possible per voltage given by the batteries. The objective of the motors is to
provide the rpm that the propellers will be working with. A higher KV means
a higher rpm but it also means that the battery will be drained faster.
 All 5 multi-rotor satisfy the maximum size given by the service provider.
 The mean time between failures is an approximation of the number of hours
the aircraft can fly before changing the motors or batteries.
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7.5 – Results
After running the simulation for the required payload range and minimum distance
for each multi-rotor, a graph (Figure 17) shows the relationship between payload
and distance (the distance shown is the round-trip distance divided by 2, therefore,
2 km distance in the graph means 4 km round-trip). On the other hand, the results
were fitted into a third degree polynomial curve for further calculations with an R
squared closer to 1:

Figure 17: DST Output – Payload vs Distance

Figure 17 shows how the payload attached to the multi-rotor affects the distance it
can travel. An increased payload means more thrust to hover and eventually more
thrust in order to move forward. Therefore, more payload results in less distance.
Furthermore, we can see in the graph that two multi-rotors are not able to cover the
required distance given by the end user (DJI-S800 and X8-HLM) when working with
a payload between 3 Kg and 4 Kg. This is related to the propeller size (not big
enough) and the battery capacity and cells (both working with 4S batteries) not
providing enough thrust and power. Finally, three multi-rotors can still meet the
end user requirements:
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Figure 18: DST Output – Payload vs Distance – 1 to 4Kg

Now that it is known that three multi-rotors can perform with the required payload,
the simulation also outputted the relationship between the speed and the payload
for these multi-rotors:

Figure 19: DST Output – Payload vs Speed
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As it can be seen in Figure 19, the fastest multi-rotor is the Octocopter OFM-GQ8
while the slowest one is the Hexacopter FAE-960H. With both graphs and curves
calculated, the average distance and average speed where calculated for the three
remaining multi-rotors for a payload range between 1 Kg and 4 Kg:

Model

Average
Distance
(Km)

Average
Velocity
(Km/h)

Rotors

Total
Weight
(g)

Battery
(mAh)

Propeller

Motor
(Kv)

FAE-960H

3.8

30.3

6

9,500

2x16000-4S

18x6” APC

480

OFM-GQ8

3.7

42.8

8

6,500

16000-6S

17x5.8” APC

420

HL48

2.5

38.3

8

7,800

16000-6S

15x4” APC

520

Table 7: Evaluated Multi-rotors from Database Post Simulation

Both the 960H and the GQ8 are able to cover around the same distance but the
Octocopter is clearly faster than the Hexacopter. The reason for this is the difference
in weight, which is 3 Kilograms. A heavier multi-rotor will require more thrust and
power to perform efficiently. Although the 960H is working with 2 batteries in order
to provide more thrust, it also brings more weight to the platform. On the other
hand, the HL48 barely covers the distance required from the end user but it can also
fly faster than the 960H. This is because the second Octocopter is working with a 6S
battery and motors with a higher KV, which will provide a higher rpm. The problem
is that the battery is draining faster due to the amperage the motors need in order to
work and this is affecting the distance the aircraft can fly.
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7.6 – Utility Analysis
Four attributes are taken into account in order to determine a utility
value for each multi-rotor aircraft:
 Distance – The further the aircraft can fly the better.
 Velocity – The faster the aircraft can fly the better.
 Size – Due to the end user requirements and safety issues, the smaller the
better.
 MTBF – The longer it takes to change motors and/or battery the better.
The GMU Restaurant filled out a survey and it was found that distance and velocity
had the same importance, distance was four times more important than the size of
the aircraft, and finally that distance was two times more important than the mean
time between failures. With those values, the weights for the attributes were
calculated using the swing weights method:
D

V

S

M

D

1

1

4

2

V

1

1

4

2

S

1/4

1/4

1

1/2

M

1/2

1/2

2

1

Table 8: End-user Weights for Utility Analysis

After normalizing the values on the table above, the weights were found:

Utility

Distance
(w1) 0.365

Velocity (w2)
0.365

Size (w3)
0.090

MTBF (w4)
0.180

Figure 20: Utility Attributes

With the weights finally calculated, the values for each attribute were normalized
(linear normalization is being assumed for all 4 attributes) so they can be used in
the final utility equation:
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UTILITY = w1 * DISTANCE + w2 * SPEED + w3 * SIZE + w4 * MTBF

FAE-960H
OFM-GQ8
HL48

Distance
(0.365)

Velocity
(0.365)

Size
(0.090)

MTBF
(0.180)

Utility Score

0.95
0.93
0.63

0.67
0.95
0.85

0.16
0.10
0.15

1.00
1.00
1.00

0.786
0.875
0.734

(63)

Table 9: Multi-rotor Utility Scores

Finally, Figure 21 shows the utility vs. cost relationship of these three multi-rotor
aircrafts:

Figure 21: Case Study Utility Scores

As it can be seen on the final graph, the OFM-GQ8 is the aircraft that has the highest
utility value with a cost of $10,299. The second one is the FAE-960H with a cost of
$9,988 and finally the last one is the HL48 at $15,000.
From this graph, it can be noted that the highest cost will not always offer the
highest utility. For this case study, the HL48 is the most expensive one with a utility
score of 0.734. Instead of the cost being related to the aircraft’s performance, it is
probably related to its unique design (this Octocopter does not have 8 arms, only 4
with 4 motors/propellers at the top and the other 4 at the bottom).
Finally, both the FAE-960H and the OFM-GQ8 are sold at around the same cost, but
the Octocopter can perform faster than the Hexacopter. The Octocopter OFM-GQ8 is
the most recommendable to purchase.
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7.7- Business Case
7.7.1 – Demand and Market Share
In order to determine the number of deliveries the multi-rotor aircraft
would be working with, the amount of people serviceable by the GMU Restaurant
must be accounted for.
 Number of undergraduate population on GMU: 22,000.
 Percentage of people living on campus: 27%.
 Number of people living on campus: 5,940.
Based on a national study conducted by the Interactive Advertising Bureau (IAB) on
January 2013, the following was found:
 Percentage of people ordering delivery or taking out food: 24%.
 Percentage of people only asking for delivery: 46%
 Each person was found to order food delivery between 2 and 3 times a week.
After applying the percentages explained before on the GMU Restaurant case study,
the following demand was calculated:
 Number of people ordering delivery: 656.
 Number of delivery orders per week: 1639.
 Number of delivery orders per day: 234.
As it can be seen, 234 deliveries per day is the total number of deliveries for the
entire market (fulfilled by the restaurants around campus), and a market share has
to be applied in order to determine the number of deliveries for a single restaurant
on George Mason’s campus.
An assumption made at this point was to work with three different percentages for
the market share:
 10% market share: 23 deliveries a day.
 11% market share: 26 deliveries a day.
 12% market share: 28 deliveries a day.
After estimating the daily demand for the GMU Restaurant, the following analysis
makes a comparison on the revenue obtained by working with a delivery person or
a multi-rotor aircraft.
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7.7.2 – Traditional Delivery Analysis
Assuming a daily shift of 8 hours a day with an hourly rate of $8 an hour
(above minimum wage):
 Daily Cost of hiring a delivery person: $64.
Working with a delivery fee of $2 paid by the people receiving the orders, the daily
revenue and daily profit or loss was calculated for each different market share. The
tips that the delivery person receives are not taken into account on this evaluation:
Market Share
10% - 23 orders
11% - 26 orders
12% - 28 orders

Daily Revenue
$46
$52
$56

Daily Cost
$64
$64
$64

Profit or Loss
-$18
-$12
-$8

Table 10: Business Case for Traditional Delivery

Working with a time span of two years, it can be seen in both Table 10 and Figure 22
that the GMU Restaurant would be losing money if they decide to hire a person to
deliver food orders:

Figure 22: Business Case Results for Traditional Delivery

The revenue obtained for the three scenarios is not enough to cover the cost of
hiring a delivery person on the GMU campus. This is probably the reason why no
restaurant on campus currently offers a delivery service.
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7.2.3 –Multi-rotor Delivery Analysis
In the utility analysis explained before, it was found that the Octocopter
OFM-GQ8 is the multi-rotor to be chosen due to its speed and range. Assuming
delivery with this multi-rotor aircraft, the following costs were calculated:
 Cost of Multi-Rotor: $10,299.
 8 Batteries for daily replacement (as one battery will not be able to perform
8 hours straight): $3,200.
 Cost of motors (8) and battery (1) for replacement if malfunctioning occurs:
$1,900.
With the mean time between failures for this multi-rotor being approximately 160
hours, and knowing the cost of the motors and battery that should be replaced, the
hourly cost was calculated to be $11.88. For this case the delivery fee is $5 instead of
$2. It is being assumed that people would pay more for faster delivery and since
they no longer have to tip any delivery person. The following table shows the profit
or loss of working with the multi-rotor. Notice that if the number of deliveries
increases, the cost of delivery decreases. Furthermore, if the aircraft is not being
used, no cost is associated.
Market Share
10% - 23 orders
11% - 26 orders
12% - 28 orders

Daily Revenue
$115
$130
$140

Daily Cost
$4.13/delivery
$3.65/delivery
$3.39/delivery

Profit or Loss
$20
$35
$45

Table 11: Business Case for Multi-rotor Delivery

Working with the same time span of two years, the following graph shows the profit
obtained:
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Figure 23: Business Case Results for Multi-rotor Delivery

Figure 23 shows that working with a multi-rotor is viable and profitable on each
different market share scenario. The break-even point and profit obtained after two
years is shown in Table 12.
Market Share
10% - 23 orders
11% - 26 orders
12% - 28 orders

Break-Even Point
23 months
13 months
10 months

Profit Obtained
$901.00
$11,701.00
$18,901.00

Table 12: Business Case Results for Multi-rotor Delivery

Finally, if market share increases, more multi-rotors would be needed in order to
satisfy the demand and a new economic evaluation should be performed.
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8.0 – Conclusion and Recommendations
8.1 – Remarks for Case Study
 The Octocopter OFM-GQ8 is the best option for this case due to its longer rang2
and faster speed compared to the other multi-rotors.
 Based on a sensitivity analysis, if the market share goes below 10%, purchasing
a multi-rotor aircraft to provide delivery services would not be recommendable.
 When working with a multi-rotor delivery system, the delivery fee can be
decreased if the market share of the restaurant increases.

8.2 – Remarks in General
 An expensive multi-rotor aircraft will not always offer the highest utility value.
This is because no level of evaluation is intuitive.
 Since end users present different requirements, a market evaluation is needed in
order to assure viability and profitability of using a multi-rotor.
 If demand grows too large for one multi-rotor to handle, a queuing simulation
would be needed to calculate the amount of necessary multi-rotors.

8.3 – Remarks for Decision-Support Tool
 The tool presents low percentages of error regarding power and thrust. This can
be related to the air density value as the tool is working with the constant value
of 1.225 kilograms per meter cube.
 A major limitation of the tool is that it is not taking into account the drag
provided by the wind or the possibility of precipitation and its effects on a multirotor’s performance. In order to provide the most reliable results to service
providers this must be accounted for because their operations can’t cease
because of slightly poor flight conditions.
 A queuing simulation should be developed in order to account for a demand too
large for one multi-rotor to handle. A queuing simulation will give insight on the
amount of multi-rotors and spare parts needed to maintain operation 24/7.

GMU: SEOR

DST-NSPDAV

55

9.0 – Project Management
9.1 – Work Breakdown Structure
The Work Breakdown Structure(WBS) is displayed in the figure below. The top level
of boxes represents main tasks, and each task is then decomposed into several
subtasks depending on complexity. The tasks shown in the WBS will be broken
down in smaller tasks and then added to the project plan to calculate the total cost
of the project and its length.

Decision-Support
Software Package
for SPDAV

MANAGEMENT

Research

Design

CONOPS

Requirements

Simulation

Analysis

Deliverables

Group Meeting

Stakeholders

Alternatives

Context

Originating

Power
Consumption
Model

Sensitivity

Initial Plan

Sponsor Meeting

Context

Model

Problem
Statement

Functional

Dynamic Model

Utility/Cost

Final Plan

Project Schedule

Problem
Statement

Risks

Need Statement

Performance

Validation

Trade off

Final Proposal

Weekly
Accomplishment

Quantitative
Data

Mitigation

Stakeholder
Analysis

Derived

Budget

Final
Presentation

Conferences

Figure 24: Work Breakdown Structure
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9.2 – Gantt Chart
The Gantt chart is shown in the figures below (continues in next page):

Figure 25: Gantt Chart 1

The critical path (red) shows the tasks that are essential for the completion of this project, while the tasks in blue are the ones
that count with slack and their due date can be changed without affecting the project’s time. The project started on August 27th
2014 with the kick off meeting and it goes all the way until May 1st 2015 where the last conference (General Donald R. Keith
Memorial Cadet Capstone) takes place. Most of the critical tasks are based on the development of the simulation, its validation
and the development of the case study. Risk analysis and mitigation plans have been performed in order to assure the
completion of the project in time.
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Figure 27: Gantt Chart 2

Figure 26: Gantt Chart 3
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9.3 – Risk Analysis & Mitigation Plan
The following Failure Mode Effect Analysis (FMEA) shows the possible
failures that could happen while the project is in progress and how the project will
be affected.
Failure Mode & Effect Analysis
Failure

Severity(S) Likelihood(L) Detection(D)

Risk Priority
Number(RPN)

Simulation isn't validated by
experiment

8

3

4

96

Can't obtain UAS for
simulation validation

4

1

1

4

Can't obtain UAS with
necessary data output

2

7

1

14

Run time for simulation is
excessive

6

3

3
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Scale 1-10
Severity: From 1 (least severe) to 10 (most severe) – How severe its impact will be to our project
Likelihood: From 1 (least likely) to 10 (most likely) – Probability to happen
Detection: From 1 (most likely) to 10 (least likely) – Probability to detect the failure
RPN: (S)x(L)x(D)

Table 13: Failure Mode and Effect Analysis

Four potential risks that we found to be the most detrimental to our DecisionSupport Tool have been evaluated using a Failure Mode & Effect Analysis. These
risks are being evaluated by their severity, likelihood and their capacity to be
detected. After getting those values, these are multiplied in order for us to be able to
calculate the Risk Priority Number (RPN) of each risk. The ones with the highest
RPNs are the ones that pose the greatest threat.
After performing the Failure Mode Effect Analysis, we have found that the validation
of our simulation is our largest risk. The likelihood of this happening isn’t very high
due to the alternative methods we have put together to test our simulation’s results.
But, what makes this our largest risk is the level of severity being so high (our
simulation is meaningless without a gauge of accuracy) and the detection rate also
being high because we won’t be able to detect this failure until after the simulation
has finished running and an output could be validated.
As we pinpoint and evaluate these potential risks, a mitigation plan was needed so
their negative impact can be reduced as much as possible. The following table shows
the mitigation plan for each of the potential risks discussed before:
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Risk

Mitigation Plan

Simulation isn't validated

Debugging based on outputs (It can take from 1 day to 2 weeks)

Can't obtain UAS for
simulation validation

Use pre existing data to compare our results to

Can't obtain UAS with
necessary data output

Hover test, time to get to a certain altitude, number of times the
UAV follows some flight plan, use other data

Run time for simulation is
excessive

Reprogram the simulation to use parallel processers, simplify
simulation or output
Table 14: Risk Mitigation Plan

As seen in the table above, we have developed mitigation plans for each of the four
risks for the chance that they actually happen. If the simulation is not validated by
the experiments, the debugging of the code could take from 1 day to 2 weeks
(depending on its severity) and could cause more money to be invested on the
project (between $1000 and $15000 extra).

9.4 – Budget
Our team consists of four people working at a rate of $40 per hour. We then multiply
by the GMU overhead factor (2.13), which gives us a final value of $85.20 per hour.
Each of the group members will be working roughly 526 hours to complete the
project. The total cost for the project is $179,260.80.

Amount to be paid to each
member
Number of members on
project
Hours worked per member

Hourly Rate per
member

GMU
Factor

Final Rate per
member

$40.00

2.13

$85.20

4 members
526 hours

Total Cost of Project

$179,260.80
Table 15: Labor Costs
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9.4.1 – Planned Value vs. Actual Cost vs. Earned Value
From the start of the project up to week 34, we can see that the actual cost has been
moving closer to the earned value and at the end of the last week both are closer to
the planned value. This fact will be reflected on the CPI and SPI graph on the next
pages.

Figure 28: Planned Value vs Actual Cost
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9.4.2 – Planned Value Best Case & Worst Case
The following graph shows the best case and the worst-case scenario for the project.
In order to make this graph, the planned value was multiplied times 1.1 to get the
worst-case scenario (10% more) and multiplied times 0.9 to get the best case (10%
less). As shown in the graph, the actual cost was closer to the best-case scenario on
the first half of the project but it moved next to the planned value as the end of the
project was approaching.

Figure 29: Planned Value Best and Worst Case
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9.4.3 – CPI vs SPI
The next figure shows the Cost Performance Index (CPI) versus the Schedule
Performance Index (SPI). The CPI has been growing and getting closer to 1.00 as the
project was approaching to its end. On the other hand, the SPI was low on the first
half of the project but it started to move closer to 1.00 on the second half. The final
values for the CPI and SPI are 1.00 and 0.99 respectively, meaning that the project is
on budget and on schedule.

Figure 30: CPI vs SPI
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