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Introduction PROTEUS

Rensselaer Polytechnic Institute, in response to the 32" Annual American Helicopter Society Graduate Student
Design Competition, submits Proteus, a reconfigurable multirotor UAV capable of flight as a quadcopter,
hexacopter, or octocopter. Proteus is a modular, electric aircraft featuring a low drag fuselage designed for
maximum volumetric efficiency, individual RPM control for each rotor, excellent forward flight efficiency at the
design cruise speed, and a winch system for delivering individual packages at each drop zone. Proteus is capable of
carrying three, five, or seven 12”x12”x16” packages per trip in its quadcopter, hexacopter, and octocopter
configurations, respectively. It is part of the Autonomous Doorstep Delivery 90 (ADD90) system of systems
network designed to deliver 5,000 packages per day within 90 minutes of order placement while minimizing total
cost. The Proteus, in conjunction with the optimized system of systems network, exceeds the expectations set forth
in the 2015 request for proposal (RFP).

Several measures of effectiveness Key Parameters of ADD90 System
(MOEs) are stated in the RFP, namely

acquisition and operating costs, the Homyarg Suppb’ Loc?tlons 4‘
number of packages delivered per vehicle  |[Expected Delivery Time =90 minutes
per day, the number of packages |Forward Supply Transfer Frequency 20 minutes
delivered in 90 minutes or less, the  [Forward Supply Transfer Speed (by Van) 30 mph
Tl (97 [y ot (Cl0p [ETIiGs) [+t Package Processing Time at Central Warehouse 5 minutes

delivery mile flown, and the percentage

of delivery missions completed. Proteus  |p,ckage Unload Time at Forward Supply Location 5 minutes
excels in these measures because it was . . . -
designed from the outset to minimize  [Hover Time During Delivery 2 minutes

total cost while delivering all packages in [Unit Acquisition Cost (Base Quadcopter, Extension) [$6,240, $1,590
90 minutes or less (hence the system of
systems name: ADD90), to produce [Fleet Size (Base Quadcopter, Extension) 227,103
minimal carbon emissions, and to carry a
large volume of payload with useful load
fractions in excess of 40%. Package Capacity (Quad, Hex, Oct) Pl

Pounds of CO, emissions per Delivery Mile Flown 0.087

A suite of high-fidelity analysis tools
were used to assess the performance of
Protues, including RCAS, Abaqus,
FLUENT, jsprit and PSU-WOPWOP.
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_Logistics Optimization

An open-source logistics optimizer package (jsprit) was coupled to an in-house suite of aircraft analysis tools
and used to estimate costs for different aircraft configurations. This multidisciplinary design optimization
software minimizes the total three-year cost of delivering packages by altering the following variables: rotor
radius, solidity, RPM, vehicle range, maximum payload weight, and average flight speed. Average flight speed,
maximum payload, and range are inputs for the logistics module, which returns the number of required aircraft,
as well as the total distance travelled throughout the day. The aerostructural module calculates empty weight,
payload fraction, and power requirements as a function of the aircraft design variables. The aerostructural
module contains a routine for each configuration that determines maximum takeoff weight, forward flight and
hover power requirements, and payload fraction. A summary of the electric vehicle parameters is summarized in
the table below.
Optimization Parameters
¥ Average Cruise Speed
Mp: Max Payload
Range: Aircrafi Range
R: Rotor Radius

RFPM: Rotor Speed
Sigma: Rotor Solidity

Multidisciplinary Design
Optimization Algorithm

A

V. Mp. Range V. Mp,. Range, R. RPM, Sigma

[ v

MTOW Estimation --—

Logistics Problem .,L
Number of Facilities | MNumber of Alrcraft T D{'sign
Total Distance

| Empty Weight

Flown
Y l l

LMaintenance CnstJ Lﬂperatinnal CnstJ Lﬁcquisitinn Cost J L Acquisition Cost J L Development Cost J

¥

i Objective Function: Minimization of Total Cost

contgurtion | gex oot | Vst | et | s | ey | o | sovany
Coaxial Electric 60.6 0.48 38.3 38.0 1.10 890 0.04
Conventional Electric 58.4 0.48 40.5 42.8 1.26 775 0.03
Modular Electric 25.1/37.7/50.2 0.64 40.5 33.1 0.37 2670 0.04
Quadcopter Electric 47.4 0.64 38.3 38.0 0.56 1750 0.03
Tail Sitter Electric 93.7 0.43 70.9 57.3 0.73 1330 0.01




Delivery Metrics
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Jsprit was used to plan the route of each aircraft such that overall distance flown is minimized. Packages are
uniformly and randomly distributed within the 50 x 50 mile square service area throughout the day, and each
aircraft leaves its station at the most optimal time to minimize operating cost. The results of this optimization
were used to determine the necessary number of drones in the fleet. Using this tool, it was found that using four
forward supply locations (FSL), in addition to the central warehouse, would minimize the cost. Histograms of
payload weight, distance traveled, and the number of packages carried were used to determine whether or not
multiple vehicles classes would be appropriate. Ultimately, it was found that Proteus could satisfactorily
perform all of the missions at lower cost as long as the vehicle could accommodate slung loads.
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Configuration Selection PROTEUS

Outputs from the logistics and aerostructural modules are used to predict the total acquisition and operating
costs over a three-year period. In order to make a quantitative comparison between several different
configurations, a coupled logisics-aerostructural multidisciplinary design problem was optimized, and the
overall costs were compared. The configurations considered were: a conventional helicopter (gas and electric), a
coaxial helicopter (gas and electric), a modular vehicle (electric), a quadcopter (electric), and a tailsitter (gas
and electric). This methodology provides a rigorous way to select between various aircraft configurations, and it
ultimately led to the modular, multirotor concept. The modular configuration is capable of flying as a
guadcopter, hexacopter, or an octocopter, and can be reconfigured between missions. Although the quadcopter
outperformed the modular design in some categories, the modular configuration had a lower overall cost due to
the significantly lower development cost. This observation can be attributed to the additional complexity and
weight that is associated with small-scale, UAV transmission systems. During this phase, it was also decided that
all packages should be delivered within 90 minutes (instead of 120) in order to improve the delivery time MOE
because doing so results in only a marginal increase in cost (see second table below). The configuration
selection procdeure also produced preliminary sizing for the rotors.

Comparison of Three-Year Operating, Acquisition, and Total Costs in Millions of USD
Configuration Facilities Cost | Maintenance Cost | Fuel Cost | Acquisition Cost* | Total Cost
Coaxial Electric 1.62 0.73 0.16 9.40 11.91
Coaxial Gas 1.32 0.56 3.44 7.65 12.97
Conventional Electric 1.68 0.66 0.13 8.84 11.31
Conventional Gas 1.32 0.54 2.88 7.37 12.11
Modular Electric 1.82 0.82 0.21 3.65 6.48
Quadcopter Electric 1.60 0.38 0.18 4.96 7.12
Tail Sitter Electric 2.93 0.68 1.20 13.60 18.40
Tail-Sitter Gas 2.44 0.68 1.48 13.72 18.32

*Includes development cost.

Costs in Millions

Time

Configuration Wind
INCOW 1 Fuel | Development | Acquisition | Maintenance | Facilities | Total

Modular Electric 120 min $0.25 $3.64 $1.09 $0.87 $1.77 Mil | $7.62
Modular Electric 90 min $0.22 $3.55 $1.12 $0.91 $1.86 $7.65 7
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‘Structural Design

The complete structural design includes several important features:

1)  Carry-through I-beams which bear the primary loads from rotor thrust
2)  Four longitudinal beams, supporting the weight of the aircraft and providing connection points between
the rotor arms, winches, battery compartments, and parachute attachments

3) Bulkheads that support the skin

4)  The aircraft shell, made of a fiberglass composite skin

5) Ball lock pins which connect the extension modules to the base unit. The pins have a push button release
so that an operator can quickly change the aircraft into a quadcopter, hexacopter, or octocopter.

The structural design process of Proteus involved successive iterations between elastic beam theory analytical
models and results from finite element analysis (FEA). Computer-aided design (CAD) models of the structure
were made so that the exact geometry could be imported into Abaqus for the FEA. The FEA included
calculation of stress concentrations, strain energy, and rotor arm deflections. Convergence studies in the strain
energy and tip deflections provide confidence in the predicted results.
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'Rotor Design

Different rotor designs were compared using RCAS (Rotorcraft Comprehensive Analysis System) as part of a a
parametric sweep that varied the rotor radius and the twist and chord distributions. The rotor that used the least
power during a typical delivery mission was chosen. This design has some notable differences compared to
other UAV rotors in the same weight class and that is because Proteus spends, on average, 80% of its mission in
cruise. For this reason, the twist rate and taper ratio are both more moderate than a typical UAV rotor. At low to
moderate advance ratios, which is where Proteus spends most of its time, the majority of the lift is generated in
the outboard regions of the blade. By maintaining a constant chord along the span, power is reduced compared
to rotors with tapered blades. Because Proteus spends a large amount of its time in the forward flight regime,
custom blades were designed rather than picking a commercially available rotor.
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Each point represents a rotor design. Their x- and y- coordinates represent
their respective power requirements in hover and in 40 mph cruise, 10

respectively. The final design (circled twice) was chosen due to its
performance in cruise, despite a small reduction in hover performance.



Interactional Aerodynamics
and Fuselage Drag

Calculating rotor-rotor interference effects is a complicated task which requires CFD analysis to obtain results that
are within engineering accuracy . Because Proteus utilizes up to eight rotors, with two, three, or four rotors in line
on either side of the fuselage, rotor wake interactions can be significant.. The effects of these interactions on thrust
and power were examined using ANSYS Fluent in hover and in cruise at 40 mph. Rotor power loading is reduced
by up to 3% in hover and up to 8.9% in forward flight.

Hover Interference Results

Isolated Rotor Thrust (Ib) 9.38
Power (hp), 0.711
Power Loading (Ib/hp) 13.2

Rotor 1 Rotor 2 Rotor 3 Rotor 4
Interacting Rotor Thrust (Ib) 9.01 8.68 8.69 8.98
Power (hp), 0.693 0.679 0.679 0.689
Power Loading (Ib/hp) 13.0 12.8 12.8 13.0

In order to minimize fuselage drag, CFD was performed on different fuselage shapes. The contours along the outer

fuselage shell were adjusted in order to decrease drag during forward flight. The low drag profile helps to minimize
power usage as Proteus travels to each delivery site.
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Pathlines colored by speed from multirotor CFD analysis capturing wake
interference effects on rotor thrust and power during forward flight.
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Velocity contours about the fuselage in a 40
mph cruise.

Velocity contours about one rotor arm in 40 mph cruise



‘Powerplant and Electronics

An electric power system, as opposed to a combustion-based powerplant, offers several key advantages for this
mission. First, the optimization results show a clear reduction in cost for the electric power system. The cost
decrease comes largely from a reduction in fuel use, which means that overall emissions are also lowered with
the electric design. Second, it allows the vehicle to carry a minimum amount of battery weight per trip since
each battery can be swapped out by an operator, a that fact becomes even more pronounced for a modular
design. Third, it reduces the complexity and weight compared to a combustion-based transmission system. And
finally, electric motors are well-suited for rotors at this scale due to the variability in RPM requirements.
Continued improvements in battery technology have been proven in research settings, suggesting that battery
prices, charge time, energy density, power density, and reliability will all continue to improve into the future.
Batteries undergoing testing at the University of Tokyo are a TRL 3 technology that provide the necessary
energy density for this design at similar cost of current generation batteries. In addition to the electric
powerplant, Proteus carries an advanced avionics suite in order to determine its current position and
surroundings.

Component Cost Source |Part Number AT3520 T — Motor Specifications
Batteries $124.00 University of | kv Rfatmg _ 730
Tokyo Required Lipo Cells 6

Motor $88.90 | T — Motor AT3520 Constant Current (A) 60
GPS Receiver $89.99 3DR uBlox Max. Current (<155) 85
Controller $199.99 3DR Pixhawk Dimensions (m) 1.7x1.8
Communications $50.00 3DR 433MHz ]

Weight (lbs) 0.454
Bay Door Actuators $11.70 T-Pro MG996R

Max Power (HP) 1.6
\Wiring $100.00 | AWC Wire Multiple

Motor Effici 85%
Speed Controllers $35.00 | TURNIGY | TR P60A ) e i =
Total—Base Unit $1,311.40 - -
Total—Extension Module | $623.40 - -

Electric
Motor

>
r
L 4
@
Battery
Pack &
e : : 12
Battery units in the quadcopter section power the middle four rotors Controller

whereas battery units in the extended sections power the outer rotors.



‘Control System

Controllability of each aircraft within the fleet is paramount for the system of systems to operate successfully.
Proteus must be able to maintain stable hover directly above the delivery site as the package is lowered to its target
location. Aircraft inertia values were taken into account when designing the control system in addition to shifts in
the center of gravity (cg) when packages are delivered. The aircraft finds its way to the delivery site, via GPS signal.

For this reason, a collision avoidance system is included in Proteus’ avionics suite.
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The controller takes the aircraft’s position error and velocity as inputs. Based on these inputs, the controller directs
the aircraft to its desired location using two separate modules: a trajectory generation module and a tracking control
module. The trajectory generation module takes the position error and aircraft velocity and outputs a time optimal
trajectory to reach the target position while still satisfying any velocity and/or acceleration constraints. The tracking
control module takes in the reference trajectory, and the aircraft’s deviation from that trajectory and outputs a

desired rotor RPM. A proportional-derivative controller based on linearized system dynamics is used to follow the
reference trajectory.

180

100

LT
®am
f =

Height (ft)

UAY height

—Actual height
Reference height

RN EELREEEEE
ut i

mE 1 =

1] i =

al =

n 1]

Deliveries

ot
1]

1000 2000
Time ()

3000

y (mile)

Package delivery trajectory

The controller bringing the aircraft to a desired
location. Velocity, height, and distance travelled all
reach strict, steady-state values necessary for a safe

delivery.

UAV
model

modified (solid lines) to avoid the collision. The
minimum distance between the drones flying along the
solid curves is 307 feet.

B ] : ' ' UAV No 1 |
O Package 1 02k UAV NS:Z -

0 Package 2 - — - Original path No.1
B  Package3 0.1F A Original path No.2

FaL ) B Collision point
a % Y — — R === =

_O‘l 5 -
-0.2F B
5 -0.3t : i ‘ , : |

0 0.1 0.2 0.3 0.4 0.5 0.6

X (mile)

Original flight trajectory (dotted lines) would result in

10 : collision at marked collision point. By using the

se(le] collision avoidance algorithm the flight trajectories are



_Package Delivery

All packages are first wrapped with plastic straps using a
Vestil ASM-3123 strapping machine, regardless of
whether they are carried as a slung load. These straps
provide an attachment point, by which it is linked to a
winch. Once the strap is attached, an operator puts the
package into a van or loaded onto a drone. Each carried
package has its own winch to lower it for delivery while
the aircraft hovers 50 feet above the ground. The winch
assembly contains several features, including a reverse
feed screw to avoid tangles or improper spooling during
windup, hard points for attachment to the longitudinal
beams, electric motors for raising and lowering the
packages, and a planetary transmission system to ensure
proper spooling rates.

Accepts /8" and 1/2°W
Polypropylene Strapping

Foot Pedal Operation-

Vestil ASM-3123
package strapping
machine. Capable of
strapping packages of
any size within seconds.
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Spool

Structural Mounts

Level Wind Screw

Gearbox



\Vehicle Weights
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Component weights and their effects on the cg were accounted for during the design process. The dry and useful
weights are especially important when evaluating the aircraft’s performance. Each component’s effect on the
location of the cg was taken into account when designing the control system, and that information is shown
pictorially in the figure below. The useful load fraction of the quadcopter, hexacopter, and octocopter are 41%,
43%, and 44% respectively. These fractions meet the target useful weight fractions set forth at the beginning of

the design process. The payload fraction for each configuration is 16%.

Component Quad Hex Oct
Wiring and Fasteners 3.80 5.20 6.60
Fuselage Skin 7.10 12.26 17.42
(1) Structures & Bulkheads 6.91 11.70 16.49
(2) Winch Assembly 3.09 5.15 7.21
(3) Parachutes 4.50 4.50 4.50
(4) Rotor Assembly 4.16 6.24 8.32
(5) Nose Cone 1.42 1.42 1.42
(6) Tail Cone 1.64 1.64 1.64
(7) Electronics 1.5 1.5 1.5
(8) Bay Door Actuators 0.40 0.80 1.20
(9) Ball Lock Pins 0.08 0.16 0.24
(10) Rotor Arm Nacelles 1.46 2.19 2.92
Empty Weight 36.06 52.76 69.46
(11) Batteries 0.00-14.76 | 0.00-24.60 | 0.00-34.45
(12) Payload 0.00-10.00 | 0.00-15.00 | 0.00-20.00
Gross Weight 60.82 92.36 123.91

H Empty Weight
M Batteries

il Payload

Hex Weight Breakdown

H Empty Weight
24.6,
27% 5276 M Batteries
57% il Payload

Oct Weight Breakdown

H Empty Weight
M Batteries

i Payload

15
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Quadcopter Parameters Hexacopter Parameters Octocopter Parameters
Maximum Number of Packages 3 Maximum Number of Packages 5 Maximum Number of Packages 7
Number of Rotors 4 Number of Rotors 6 Number of Rotors 8
Total Weight (1bs) 60.82 Total Weight (1bs) 92.36 Total Weight (1bs) 123.91
Useful Load Fraction 40.7% Useful Load Fraction 42.9% Useful Load Fraction 43.9%
Usage Frequency 74% Usage Frequency 13% Usage Frequency 13%
Maximum Payload (Ibs) 10 Maximum Payload (Ibs) 15 Maximum Payload (Ibs) 20
Cruise Speed (mph) 40.2 Cruise Speed (mph) 40.2 Cruise Speed (mph) 40.2
Range (fully loaded) (mi) 39.2 Range (fully loaded) (mi) 34.2 Range (fully loaded) (mi) 36.3
40 mph Cruise L/D, 2.93 40 mph Cruise L /D, 2.34 40 mph Cruise L /D, 2.36
Hover Power Loading (Ibs/hp) 18.3 Hover Power Loading (lbs/hp) 18.1 Hover Power Loading (Ibs/hp) 18.0
quadcopter hexacopter octocopter | 0 lbs 51bs 10 Ibs =15 Ibs 20 Ibs 25 Ibs 30 1os|
= ot 35 g - - - - 8
Ba-ltime g <1} %5_ %;
Columbia @ &P S 25t 2 @ 5T
: kil Lpies % * / %“ [ 1 8, -
Bethesda = 15 < <
izl | 2 2 2f 1 23
s g g 82|
Realinds P S os} 31 1 5,4l
: . R* = 0.998 | ) R* = 0.999 ; R? = 0.999
0 2 4 6 0 2 4 G ] 10 0 2 4 B g 10 12 14

0lbs 5 Ibs 10 Ibs 15 Ibs 20 Ibs 25 Ibs 30 Ibs

number of battery packs number of battery packs number of battery packs 16



'Acoustic Signature
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The acoustic signature of Proteus was analyzed with PSU-WOPWOP using airloads
from RCAS to ensure compliance with FAA noise regulations. The octocopter
configuration with maximum payload was used as a worst case scenario for noise
production. The observer field comprised of a ground plane the size of one square
city block and the radial propagation of sound between the vehicle and the ground.
The acoustic analysis was performed in hover at 50 feet AGL and at 40 mph at 100
feet AGL, representing the delivery of a package and cruise conditions respectively.
The loading is the primary contributor to the noise produced by Proteus but in hover
and forward flight cases the maximum A weighted noise is 80 and 72 dBA
respectively, less than the FAA-mandated maximum noise level of 89 dBA.

40 mph cruise at 100 feet AGL Hover at 50 feet AGL
0O Ao
«g\x%‘o 6\‘ Max dBA: 72 I w& Max dBA: 80 I

» .

Loading noise

Max dBA: 30 I

/‘“‘./

Thickness noise

Loading noise

Max dBA: 34 Ii

Thickness noise

7
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Forward supply location layout. It is designed for Proteus drones to land, have
packages loaded onto them, and takeoff quickly. There are reserved spaces for
offices and maintenance in order to ensure that the system runs effectively.

A depiction of what an operator in the central
warehouse or forward supply locations would see. It
directs the operator so that the correct drones, in the
correct configuration, are loaded sequentially.

The packages sent to FSLs are sent in trays similar to the
one depicted above. This tray is capable of carrying 7
standard-size packages and 14 batteries. This is sufficient to
fully load Proteus in the octocopter configuration, and
allows for more rapid loading, as packages are presorted at

the central warehouse

18



‘System Simulation

A full simulation of the ADD90 system was conducted using a detailed representation of the network in jsprit.
The high fidelity model included all aspects of the network including package processing, loading, unloading
and delivery. Both operation and acquisition costs of each aircraft were also modeled to optimize for total cost.
A series of simulations with varying operating conditions such as van speed and delay in package processing
were examined to demonstrate the robust design and reliability of the network. It was shown that even when the
network operates with 30% reduced transfer speeds and processing delays of up to 100% , more that 99% of all
packages are delivered, however only 70% delivered within 120 minutes.

100 100%
|_'\-"ehicles [ | G [ | He -Od| E : ; : : Delivery
300 ' ' ' l ' ' ' E 80t . .......... .......... ........... ................... 4  within 90
: : : = : Deliveries within L mins
o 5 : ; : : = I (111 IS 90:min. .0t /
E 200 ...... , ..... ... - - ..... - ....... - g
IS 1 [ : : =] ; :
S ; E (1] |Lo o000 o et R PP R TP R
z g | :
e i (N (A (S A - ‘ """" |2 20PN -120min | ]
il B7E Wi BT B i 0 r ; : :
20 22 24 26 28 \3/ 32 20 22 24 26 28 30 32
average truck speed (mph) average truck speed (mph)

Simulation results were used to calculate detailed energy costs using RCAS power predictions. On average a
package delivery cost is $0.06 per mile.
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particular module began the day as an octocopter, but ,‘f*
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quadcopter before it is sent to a forward supply location,
delivering an additional package along the way. It “1___
remains a quadcopter for its third set of deliveries. - -
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Summary PROTEUS

ADDO90 is a delivery network system of systems that meets all of the requirements set forth in the RFP. More
than that, Proteus is an aircraft which performs its mission exceptionally, with outstanding scores in each of the
MOEs explicitly mentioned in the RFP. What has been achieved, is a system of systems design that is optimized
to deliver 5,000 packages every single day, all year round. The modular concept allows efficient execution of
deliveries. It represents a well-executed solution that could be implemented by a company looking to
accomplish last-mile delivery services at a reasonable expense.

ADD90 System MOEs

System Acquisition Cost $2.2 Million

Yearly Operating Cost $12.3 Million
Average Number of Packages

| » per Vehicle per Day 2
\ AR Percentage of Packages !
= \ . |Delivered within 90 Minutes ~9
. Pounds of CO, per Delivery Mile 0.087
Percentage of Delivery >99%

Missions Completed
Payload Fraction

o |(Quad., Hex., Oct.)
L Useful Load Fraction
” (Quad., Hex., Oct.)
Number of Base Units in Fleet 227

- /|Number of Extension 103
. |Modules in Fleet

0.164, 0.162, 0.161

0.407, 0.429, 0.439
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