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Mission Need

There is an imminent need for Open eVTOL

publicly available flight test data Establish NASA capability to perform open
relevant to: eVTOL flight research

* research

 development of design and analysis

methods RAVEN
 workforce competency Mid-scale eVTOL flight research platform

...to further U.S. leadership in
technology development for safe,
quiet, and efficient eVTOL aircraft for
Advanced Air Mobility (AAM).




&N RAVEN: Research Aircraft for eVTOL Enabling techNologies

e 1000-Ib class UAS

Aircraft Characteristics

e Multi-tiltrotor aircraft with 6 proprotors

Wingspan 21 ft

* All-electric custom powertrain Length 17 ft

* Publishable parameters built on BD-6 airframe Proprotor diameter ~6 ft

* Onboard primary and research flight computers Hover disk loading 8 Ib/ft?

* Building three (3) aircraft Tip speed: hover Mach 0.35-0.5
Tip speed: cruise and | < hover tip
conversion speed
Gross weight <13201b
Research payload 30 1b, 2 ft3
Hover endurance 5 mins
VTOL, CTOL range > 20 nmi

Wing-borne Configuration Rotor-borne Configuration



"N Presentation Context

 The Real-Time Powertrain Modeling (RTPM) tool under
development by NASA has examined various

hover/VTOL configurations in piloted and MDAO
studies

 RAVEN required an initial controllability and power
assessment
— Required a first order approximate rotorcraft simulation to be
developed for hover assessments with motor failures
— Required forward flight corrections made to hover simulation
to examine vehicle through transition and cruise
* Presentation Objectives

— Show simulation development for the RAVEN Preliminary
Design Review (PDR) simulation

* This is not the official D&C RAVEN simulation and all specific
components are preliminary and not finalized

— Show rotor and aerodynamic verification approach
— Show a sample of vehicle performance and trade studies

NASA Ames VMS




Codes Referred to in Presentation

* NDARC

— NASA conceptual-design and performance analysis tool for sizing and evaluating rotorcraft and VTOL
aircraft

* FlightCODE (In release process)
— Develops fixed wing and rotorcraft models directly from NDARC files
— Supports handling-qualities/control-system analysis at conceptual design level

* CAMRADII

— High-fidelity comprehensive rotorcraft aeromechanics tool for predicting rotor performance, loads,
dynamics, vibration, and stability

* VSPAERO

— OpenVSP’s aerodynamic analysis solver for estimating aircraft forces, moments, stability derivatives,
and control surface effects using potential-flow methods



Presentation Organization

Nonlinear Simulation Development
Powertrain Modeling

Preliminary Nonlinear Simulation Assessment
VTOL Mission

Vehicle Controllability and Power Assessments

Design Trade Study Example



Nonlinear Simulation Development



Nonlinear Simulation for Preliminary Assessment of Full-scale RAVEN

e Aero Characteristics

— Rotor models developed with CAMRAD Il data at hover and with corrections for forward flight
* Nacelles Rotate

— Fuselage and all aero surface aerodynamics provided by FlightCODE
— No rotor-to-wing interactions explicitly modeled

* Powertrain Models in RTPM
— All assumed powertrain component efficiencies
— Motor
— Battery
— Gear
— Thermal

* Wing, rotors and powertrain Integrated into a typical nonlinear simulation



™ Nonlinear Simulation for Preliminary Dynamics Assessments

Preliminary Design Simulation inspired by previous VTOL VMS Piloted Studies

Overview of RAVEN
Simulation

Vertical axis maneuver can be completed
with either collective or RPM control
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"N Rotor Model

e Rotor Models

— Hover CAMRAD Il data used to fit thrust and torque for different speeds and collective
* Regression equations with constant and linear rotor speed terms removed for better accuracy
* Data used to fit the equation is limited based on a margin above a maximum expected thrust
* For each RPM collective varies from 0 to some cutoff value after stall or below the thrust limit

Thrust Fit, RMSE = 2.3923 Torque Fit, RMSE = 0.4928
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General Strategy for Rotor Model Forward Flight Corrections

e The rotor aero data from CAMRAD Il fit for hover condition and must be corrected for
air-relative velocity, body and tilt rotations due to vehicle motion

» References for corrections: NDARC Vol3 Theory Manual (Hub forces/Torque correction),
Leishman (TPP tilt visualization), and Prouty (Axial flow correction)

* First principles strategy

— Compute the aerodynamic AoA (adjustment to collective angle at 75R) to interpolate from rotor
torque and thrust response surfaces
* Rotor speed assumed to be the same

— Incorporate rotor tip path plane (TPP) tilt to model effect of in-plane velocity changes
e 1t harmonic flapping

Johnson, W. NDARC — NASA Design and Analysis of Rotorcraft: Theory, Vol. 3, NASA TP-2015-218751
Leishman, J. G., Principles of Helicopter Aerodynamics, 2" ed. Cambridge University Press, 2006.

Key

References: Prouty, R. W., Helicopter Performance, Stability, and Control, Krieger Publishing, 2002.



Key Equations and Definitions for Forward Flight Corrections

Vehicle velocities and rotational rates and rotor tilt rates used to form the hub velocity in
the body frame

Hub velocity in frame of body
hub , ) .
VI =V, + wpy X Regonup + (wp + wfH) X Rhinge—hub (currently assuming negligible
distance between Nacelle

hinge center to rotor hub center)
Rotate the body hub velocity into the rotor frame

u
hub _ hub _ " Hub velocity in frame of the
Vr = CprVp =|Vr :
W rotor after Nacelle rotations
T

Rotor axes initially assumed to be identical to body axes before Nacelle rotation

Axial flow seen by the rotor disk due to forward speed assuming no inflow
— Used by Prouty in computation of axial disk velocity

V.= —-w,

13



Axial Flow and Torque Correction

The rotor inflow velocity (v;) and the resultant flow-speed magnitude at the disk (v )
computed from generalized momentum theory as

T
vizl = ViVerf = Ui\/u% +v2 + (V. + v;)2 where v, = /2prA Is the hover induced velocity
Axial disk velocity
The inflow angle adjusts the effective collective (aerodynamic AoA) at the R, station

(CAMRAD Il reference blade station) a; = atan2(V, + v;, ,Rc)

97e£f = 0,5 — (a; — ap)kcor where ap = atan2(vy, wrR7s)

ko1 is a tuning coefficient
Thrust (7,-)and Hover torque (Q;,) computed from the hover thrust and torque regression
equations with effective collective and rotor speed

Torque adjusted for forward flight with inflow power relationship from NDARC
AP; (V. + v; —vp)1, vy, subtracted from axial disk velocity to

Qr=0Qn+ P =Qp + o, where model change in axial disk velocity relative to
hover




Hub Forces

* The 15t harmonic flapping solution to the 2" order flapping EOM is provided with a coning
term, B, lateral flapping angle, (5, and longitudinal flapping angle, (3., angles which define
the TPP tilt

BQpg) = Bo + B cos(Pg) + Bssin(,)

* NDARC theory manual provides an equation for in-plane lon/lat force coefficients (Cyy,
Cyo)

Cho o Uy /1 _ W — _Ur 2 2
- — h = and Uy = and — /
Cyo] 8 Cdmeant [—uy/u where - Hx wyR Y w,R H Uy + 1y

* Dividing through by Cr

1%

VF = efR{

C Cyo 0Cameantn “r

_HO _— = Ky = :
_ Wr
3 ( 2 ) 2 & er
w> (Vg —1 3 1+Vg+1
and Fy = 1+V2<3,u+ >+<uu2+—u3>ln
f i 4 (14 V¢)? © 4 Vi and Juz + v? 4+ w?

wyR r



Hub Forces and Moments Implementation

* Assuming NCARC profile in-plane force ratios
provide a surrogate for TPP tilt

C HO Lgngffé:dma!
B, = atan?2 C_ 1) =atan2(k;ynKylty, 1) u Ome:H
fs = atanZ( ) 1) —atan2 (kg Kyiy, 1) . .I‘ﬁ‘_
Rotor T,
Thrust
* Assuming Ky =1 (H =

Uyl Y = _.uyT)

Nominal TPP (-x)

Approximate Thrust-Vector Rotation from TPP Tilt

Shaft-axis (-z)

Rotor
" Thrust

Tilted TPP
B

B, = atan2(k;ynu,, wR) Ls = —atan2(k;,: v, WR) 6"’(

Nominal TPP (+x) Vel

Longitudinal
Flap Angle

* Similar results with exact K and which also
requires k factor (k;,n, Ki1q¢) tuning

Shaft-axis (+z)

Currently assuming
Hub moment couples (M?)

* Forces and moments are computed as Negligible (but may not in future)

Hub Forces Rotor Hub Moments

hub _— hub
Fieb = Cx(ﬁs)cy(ﬁc)l : ] and - M = Ruupocg X 2 and

Body Frame Hub Moments
Mhub Mhub +C thub
C r— Tr

16



Inflow Dynamics First Order Approximation

The rotor thrust and torque lagged using Peters uniform inflow (v,) equation

Kyvo + 2vvy = Cr Uniform inflow
Key Reference: Peters,

The uniform inflow equation placed into first order DEQ form D.A., “The
B importance of steady
Ky . _Cr and dynamic inflow
— Vo ~+ Vo = — HF
2V 2v On the stability of

. ) . ) rotor-body systems”
The non-dimensional thrust time constant can be determined to be vy

K 41 4 w.R v 8 (A momentum theory solution
T= 2—11\:[ = %; = gvr where V= wef;; and Ky = g Peters suggests
eff r but there are others)
The thrust time constant is then determined as e Since thrust is rotated for
T 4 R o 1 hub forces, may in the
Tthrust = w, 31 Vesf and used in filter: Agpryqr = future use separate time

1 + Ttn tS
rus constants derived in the

i : itch I
Torque assumes an average of 50% profile drag and 50% induced drag Z‘j(f:e way for pitch and ro
1

Tthrust in fi Ator -
— : que
Ttorque > and used in filter 1+ TrorqueS

17



Download Force

Download forces (modeled as blockage) caused by wake
impingement on airframe from NDARC .acd file

The download force (DL) is computed at hover as in Prouty

Tr

1 _
DL:zchleVizz where Vn = 204

The drag coefficient (C,,;) and area of wake impingement (4,,;) is solved for with thrust due to
download (2!) and isolated thrust (t}5°

2DL

Cwildy; = —— where DL= 750 — 7%

VnP

The download force corrected for forward flight (v;, = v;) assumed reduced as Nacelles rotate
approximating a reduction of opposing rotor wake force on the structure

1 s 0

Fa =5 CwiAwipvizcos(E —Ytir)  Androtor frame downloadis  E% = l 0

Fai

Download forces higher for tip rotors (13% of thrust) than forward (6.1% of thrust) and aft rotors
(7.1% of thrust)

18



"N Motor Torque Reaction Moments

 The motor hub torque assumed to cause reactionary moments on the body from

— Aerodynamic torque on the rotors
— Rotor acceleration due to flight control laws
 The motor hub torque is formed from motor torque after accounting for spin direction of

the motor and relative spin directions of motor to rotor

0 Sy Is a signed scalar for NDARC rotor spin in
0 the rotor frame
Qr = 0 . . .
QmSyRmr Ry s a signed scalar for relative spin
direction of motor to rotor spin direction

 Each motor torque is transferred to the body frame with a negative sign to account for
the reaction effect on the body

M = —C,, Q2

19



Gyroscopic Moments for Tilting and non-Tilting Rotors

 The angular momentum of post gear box components at the rotor speed

0 where Sp Is a signed scalar for NDARC rotor spin in the
H'post _ 0
y = Crop rotor frame
IpostSpwr

* The body angular momentum of pre-gear box components at the motor speed

0
Hé’re =C,p 0 where R, s asigned scalar for relative spin
LyyeSpRmyr W direction of motor to rotor spin direction

* Gyroscopic moments computed from cross product of the rotation rate of the body and
relative Nacelle rates in body frame (w,,) with angular momentum of moving post-gear

and pre-gear Components Body rates  Nacelle tilt rates in body frame
v/
Mg = —wy X (H};OSt + HY'™) where wp = wp + wit for tilting rotors

Wy = Wp for non-tilting rotors 0



"N Pre and Post Gear Inertia Determination

* The pre gear inertia (I),..) was determined to be primarily motor
inertia and sun gear inertia

Lyre = I + Isyn = 0.0204 slugft?

I = 0.0188 slugft> Isun = 0.001585 slugft?

g

* The post gear inertia (I,,5:) was determined to be primarily rotor
inertia, hub inertia and ring inertia
I

I, =1, +1I, = 0.3993 slugft? I = 0.0807 slugft?

220/ 4

Assumptions:
Neglecting planet gear inertia
(will be added in future)

I,; = 0.000051 slugft*

Liing = 0.0056 slugft®

vost = lo + Lring = I + In + Ling = 0.4049 slugft?

21



Trim forces and moments

* The trim vehicle forces and moments per rotor in body frame for a 0 deg pitch and bank trim
with rotors set to VTOL mission rotor speed, collective and tilt schedule
— Rotor speeds exact
— Collective re-trimmed based on known rotor moment arms as NDARC trims to non-zero pitch angles
— Tilt schedule exact

* Assume per rotor that to trim that rotor, the following relationships hold:
FOm = —Fr9T(6p = 0, o = 0) MIT™ = =M} (6 = 0, o = 0)

And for all rotors aerodynamic
vertical trim computed as

frim = (W Y EL (8 = 0, = o>>

 The body forces and moments to cancel the scheduled rotor trim forces maintained in the
body frame since rotors move with body during turns or pitching

2 :F“”-"m_ T, isa tuning coefficient
—— ot 0 Used to adjust away from
F = T _ _ . . . .
b 0 a Mrim — |y thfilm T, where 0 pitch trllm to align Wlt-h
[trim 0 NDARC trim AoA at cruise
| 7 i

22



Trim Forces & Moments Example for VTOL mission

Example for Required 0 pitch and bank

A scheduled forces & moments Trim Forces and Moments
approach is used to trim the | | | | Lo
vehicle to any tilting configuration .| o
— Set the rotor tilts, max collective, - d?”“
rotor speeds for any particular speed e e e o o wi'e  » a e o w

as received from NDARC or directly
from CAMRAD I

 Benefits of the scheduled forces

& moments approach i 20 4:irspeeﬂ [H:)u 80 100 0 20 4:irspeeﬂ [kt:)D 80 100
1= e == ==== — _\ _ 0
— First order dynamic assessments & 7 N\ o
= 1000 —EI \__\\___ _i-mu
— Transition schedule change ¢ w0l w \ ém
assessments c | | | A W R o
0 20 40. B0 B0 100 0 20 4IJ. &0 80 100
— Energy and power assessments . ARt Aspeed )
E'l _ 4 \-..
— Aerodynamic assessments s D
£ <L
r ; S ]
0 20 40 60 80 100

Airspeed (kis)
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Aero Forces and Moments

* Aero data incorporated assumes existing longitudinal trim forces
and moment exist

— Incorporates only perturbation aero data Fgere z Ft (u,v,w,p,q,71,06)
 Two data sources provided

— FlightCODE perturbation aero tables for hover to transition through pgero
cruise ZMb (w,v,w,p,q,7,9)
* Component (c) wing, horizontal tail, vertical tail, fuselage
— Perturbation forces and moments provided for p,q,7,u, v, w MGe™° = MG + Rrefscg X Fgere
* Control delta forces and moments

FIightCODE Aero

- 6ail: 5stab» 5rud

VSPAERO

* Scheduled with exact tilt and velocity schedule used for the NDARC VTOL

. . Ng .

mission sero FI; .
— VSPAERO perturbation aero tables for comparisons b7 = z e_s le, .V, p, g7, 3]

* Whole vehicle sources (&) lns i

- pqrap, V.» Sflaplr 5flaps?—5 ’ 5flap6» Sstabr-&”ud MlC)leTO — Z _b [a, ﬁ’ V,p,q,r, 5]T
* Flaps 1 and 6 are tip surfaces typically used as an aileron €s

[
* Flaps 2-5 ganged together and treated as a single flap Maero — ppaero 4 g « Faero
* Scheduled with a close but not exact tilt/velocity schedule used for the b bc ref-cg

NDARC VTOL mission



Powertrain Modeling
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Overview of Real-Time Powertrain Modeling (In-Development)

The real-time powertrain ’
. Real-Time Powertrain
modeling (RTPM) tool o0 Converter Modeling (RTPM) Tool

. . . . Init Overview FAA/ADS-33
— Builds up full powertrain simulations veer s

Maneuvers

Y

d ire Ctly from NDARC aCd/SOIn fi|eS Battery NDARC mission | | NOARG design User-defined
Configured for NDARC Legs (:soln) (MTOW, Climb) Load profiles | [*
1 1 1 1 H Mission / condition AND
 Series hybrid electric/all electric lift + ssion | condition A} I
cruise, turbo-electric tiltwing, N — ' Reserence Simulation
Series-Hybrid Electric ] h:\::e"r:ln Real-Time zre Con_nect to
?et))(acopter’tq u.adcopteRr’A(\:/oEnl\(l:eptual NDARC Desi Qgﬁ’n | Motor l | Generator | OR C(Fgngmits > F;?c‘::leerltil:gi;n S'funiio; :ngﬁgp @ lgl(;lmgcétl)%
O y power ra | n, nOW F“ese5|gn - > Efficiencies:, Simulation ;S;ﬁlr;tr?ofrtl Simulations
attery Converter Time delays)
. . . RAVEN _
— Capable of integrating into any (oo | f ; [Poverin] | Fulloyami
. . . . . . - Files h::rliief Pé6oC | nalysis
Simulink nonlinear simulation with a 5 I
nv;e:r I nrorms
reference model — e, | o o RAVEN
-~ uture turbine mode| I |nfom‘|
. B . | To support turbine only or rev Box Mode -
— Currently integrated partially into a0 TR “idenication = = = | ofpowertan
. ata sca ir!g or
NASA’s FlightCODE tool

Lift + Cruise

— Has supported
PP Concept Vehicle Design

* Several ACGSC presentations

* 7 VFS publications (5 simulation, 2
MDAO)

* Various handling qualities
experiments at AFRC and ARC

Tiltwing

Concept Vehicle Design




Prior RTPM Verification & Validation Work

RTPM to Simscape RTPM to RTPM to AREAL

[ ] i i .
First figure shows comparison PMSM in Field Weakening. ~ Motor Map _Motor data

of simplified RTPM to full L =] o ] ]
Mathworks Simscape /\ SR I v//“”““ \ |
(eqUIvalent to PSIM) mOdE| : 80000- 2 s a5 s 7 é % 2000 4000 6000 8000 10000 ’ % 5 10 15 -2; -MO:;B\

with field weakening control o Mo speed (or Time (5

(@)
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o
o
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T T
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* Second figure compares
simplified RTPM predictions to | LT
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. ] . e ) R e
showing peak and continuous g ] — R S—
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* Third figure shows comparison T T A R A

2000 4000 6000 8000 10000 0 5 10 15 20 25

o

Motor speed (rpm)

of simplified RTPM time . A BN

. ;::E | ;:3200 T ;Aoc_zoo
history to Advanced . g | 5
Reconfigurable Electrified 5 | :

o
ok

Aircraft Lab (AREAL) Emrax ime 5 T eorseetom ot
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0 X 100 @
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Powertrain Modeling for Dynamic Simulation

° The power mOdeIS ConSiStS Of 100 IAveragelCompolnentEﬂ"!ciencielsin Simylation .
— Battery with 5 strings of 222 Molicel P60C battery cells (1110 cells)
— Custom DC-DC converter with a setpoint of 600V and an assumed _ o
efficiency of 97% g
— Six custom inverters with an assumed efficiency of 98% 5
 The motors modeled S
— Emrax 228 LC HV 42% using model-based efficiency I
Time (s)
Motor
Rotor Motor J Speed
Flight ip”fjg Gear séprr?;g Motor Gear
Control Laws Ratio > |Speed Controls Ratio
Current
600V Rotor
setpoint 1 + 1Speed
Battery /‘gﬁf”e’ Converter /Lc(:ofrfgr?t Inverters I, I Motors L, g Drivétrain Tégﬁe
(Aircooled) [ ™| (Aircooled) [ | (Aircooled) [ oo ] (Liquid cooled)[ | Li(ge_arboxes R Rotors
quid cooled)
A
Motor Loss
. Heat GearlLoss
Overview of RAVEN l I Fieat
Powertrain Simulation Thermal — |[€——
Management
SVStem (TMS) Coolant

Temperature



RAVEN Rotor Drivetrain

Each rotor drivetrain modeled based on a
— Motor Torque Model

100

98

Powertrain Efficiency

— Gear Model with an assumed efficiency of 97% g o
g 9z r
— Rotor Shaft Dynamic Model 3
The torque loss map adjusts depending on the operating point of the o e
motor 8
Motor Torque Model Gear Model Rotor Shaft Dynamic Model fme
F
Tem,:;f:;ture l A
mode/
Electromagnetic Qa
ol An » , Torque Aerodynamic torque
. Is negative
x >4 0 ‘ Gear
S + Efficiency
] 15 : AQ
], >+ > 75 » G, X 1 Rotor Shaft Speed w,
Ia’ X > L'a’_ Lq = 2 - g E g
— I,..t1,.G, "~
Core
Built from E 228 Mechanical

U;_Crgg?% \grs;nt 0, ((1),”, Iq, Iy ) egtg;/fca Motor Shaft Speed @,
Efficiency Map 7y Parasitic > G;- >
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"N Battery Model

 The battery voltage and temperature model formed by Molicel P60C public data versus GBPBN predlctlons

. N Crate 5
NASA’s grey-box physics-based network (GBPBN) with B = =y Sy P T
public Molicel P60C battery data Frlo o, ]
* The GBPBN determined the physics-based coefficients W w W m e w6 w m W o
— Using 0.5C, 1C, 5C, 10C and 12C datasets N —CeMTemperswe
— Predictions from GBPBN required to complete data sets @ wf e
* Resulting battery open circuit voltage, resistance, and ) mﬁ”(m PR
temperature coefficients fit as a function of a limited range e
of state of charge S T T
PINN predicted data fit for implementation into RAVEN simulation z
Open Circuit Voltage ?-D-D QI{} E!IJD ?i{) ﬁl{) S:D qi{) 31{) 21.’} 1I'D 0
. : . . . . T Clurren'l II'Jrate =|5 . . . SOC (%)
0031 0.044 CeIIIThermaI ICondu ::talnce . I‘
= 100 S0 %) P % 80 70 p 50 _ pm 30 20 10 o
=7 SOC (%)
0 Celll Entrclm:I Coefﬁci?nl
IUU QU 80 70 60 SOSCU(%) 40 30 20 10 0 100 90 B0 70 60 SDZD[%} 40 30 20 10 1]
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Motor and Thermal Management System (TMS)

GT Motor + TMS Thermal Model

Motor Temperature

* Aninitial low order lumped mass motor and e
thermal management system (TMS) has been e,
provided by GT

— Uses expected design coolant loop with heat

[=2]
o
T

Motor Temp (C)
[4.)
o

40 + -
exchanger T e
30 1 I I | . | . . |
— Coolant reservoir affected from gear heat and motor R R A
h eat 55 . ‘Coola qt Tem pleraturel(inf L c‘oolant)‘
oot @ i soslnt
— Coolant temperature varies | Eomeens
S 45 ¢
— Coolant reservoir contains 1L of coolant for 1 gear & ol
box and 1 motor S|
. W m m m e m e e e e e = = = =
— Ambient temperature assumed to be 29.5 deg C |
250 1 2 3 4 5 6 7 8 9
Time (min)
0.8 1‘Motor Iand 1 Glear Hegt
0.7
%\0.6’
% 0.4 -
0.3
0.2

0 1 2 3 4 5 6 7 8 9
Time (min)



Preliminary Nonlinear Simulation Assessment
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CAMRADii-adjusted Rotor Performance versus NDARC

Verifying CAMRADii-adjusted models for forward flight operations
* The rotor-only performance was

compared to NDARC design file . £ - o
(.soln) for the VTOL mission ="
— Aerodynamic data for the rotors g “'iirspeedmff’ o &% : “iirsp:edmff’ 100
informed by CAMRAD Il at forward = | | | 1 2™ ,
flight conditions | N L i
e Results show CAMRADii-adjusted ©%‘ ’/ | e | e ]
model rotors can approximate R T e
forward flight operations ; _______________ NN A
— Nacelle tilt changes féjm _ émo
— Rotor torques ' 0! . : : )
* Important for power o - S - e
e Lateral axis not yet directly VN—‘/\[\\
compared to NDARC NE 5?52?3:::\

== 1
0 20 40 60 80 100
Airspeed (kis)
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Hover Model Comparisons

e CAMRADiIi-adjusted
— State space model of RAVEN vehicle developed from

1(:ZIAI;]/IRAD Il hover data with adjustments for forward Hover Pole Comparisons
ight
* FlightCODE 2 . ____Poles -Hover
. . X  CAMRADii-adjusted | ¢
— State space model, originally produced from NDARC i O FlightCODE | |
.acd/.soln files - O RAVEN-SWFT o
* Poles observed are after reduction of full order model to 1t ' -
rigid body states ' g N
* RAVEN-SWFT 7 o -
— State space model identified by wind tunnel and flight % 0[O O oo - o0ad
test data £ |
« Tests @ Hover speed el &
— Check pitch, roll and vertical axis comparisons At | 1
— Time domain sl | © |
— Frequency domain | 6
. . o . . o . . _ 1 L I 1 I [
* Observed significant similarities in the poles/trends s 25 2 45 4 05 o 05
among all models at hover Real (rad/s)

— Tuning factors set to 1, but can be used to shift
CAMRADii-adjusted closer to Flight CODE



Pitch axis — RPM control

* FlightCODE and CAMRADii-adjusted model are frequency shifted from RAVEN-SWFT
 The time domain response is more integrated for CAMRADii-adjusted than FlightCODE

Magnitude (dB)

Phase (deq)

-180

=220 T

-2 70

RPM to Pitch Axis Comparison - Hover
From: n2 To:qgb

-40

CAMRADI-adjusted
FlightCODE
RAVEN-SWFT

10" 10° 10" 10°
Frequency (rad/s)

RPM to Pitch Axis Comparison - Hover
From: n2 To:qgb

CAMRADIFadjusted
FlightCODE

0.03

0.025

0.02r1

0.015 T

0.01

0.005 T

Amplitude

-0.005

0.01

-0.015 |

-0.02

[fa]
2

0 1 2 3 4 5 6 7 8
Time (seconds)
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NABA

Magnitude (dB)

Phase (deq)

Roll axis — RPM control

FlightCODE shows a similar lag for RPM control as for collective control
 The time domain response is more integrated for CAMRADii-adjusted than FlightCODE

RPM to Roll Axis Comparison - Hover
From: nZ To: pb

CAMRADIFadjusted
FlightCODE
RAVEN-SWFT

10 10° 10 102
Frequency (rad/s)

Amplitude

RPM to Roll Axis Comparison - Hover

From: nZ To: pb

CAMRADiIFadjusted
FlightCODE

w

10

2 3 4 5 6 7 8
Time (seconds)
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"N Vertical Axis — RPM control

CAMRAD:Ii-adjusted model shows similar RPM performance on the vertical axis as

FlightCODE

— RAVEN-SWEFT gain is shifted lower but follows a similar slope

— Same phase loss at very low frequency

RPM to Vertical axis Comparison - Hover
From: n2 To:wh

Magnitude (dB)

o

1}

REA

1}

4]

2 gt CAMRADii-adjusted

o FlightCODE

RAVEMN-SWFT
a0 .
107! 10" 1! 102

Frequency (rad/s)

0.005 T

0.01 |

0D.015 1

-0.02 |

0.025

RPM to Vertical Axis Comparison - Hover

From: nZ To:wh

CAMRADiI-adjusted
FlightCODE
\"\\.\\
‘-"\-\.\.\
.
.
H\"'H
H'\'\-\.H‘H
R'mh
~—

H'"“—-.
E‘“ﬂ—\..__:
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Time (seconds)
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Model Comparisons (Tuning gains set to 1)

 Sample comparisons show pole locations vary considerably with rising speed

— At 10 kts, the variation of the poles of all systems tend to have similar performance

— At 30 kts, RAVEN-SWFT and CAMRADii-adjusted showed an unstable real axis pole, but FlightCODE did
not

— At 50 kts, FlightCODE and CAMRAD Il showed a slightly unstable real axis pole

* Unclear which RAVEN-SWFT model to compare at this condition
* No SWFT windtunnel data past 5 psf

— k tuning factors can be used to move poles closer than shown

Tilt = 86.5 deg Tilt = 80.5 deg Tilt = 76.5 deg
s Poles - 10 kts ) Poles - 30 kts Poles - 50 kts
, , ; m— . ; 3 5 , — : . ‘b 25 . . :
X CAMPBADi-adjusted | X CAMRADiI-adjusted x X CAMRADiradjusted
O FlightCODE | 15F O FlightCODE | 9t O  FlightCODE
I $ RAVEN-SWFT I : { RAVEN-SWFT I [
1 | x | o |
| o .l | 15 |
| Bx o | N |
0.5t | % 3 X
— | — 05 o | = 05 |
3 ' 5 o 5 '
b b @* & |
— — — o x K Oox
= 0 O O oo X X IM =~ 0 O O o x x & = 0 o%
£ | £ b £ |
= | = o5l o | = 05 |
05T : X ’FJ 1rF ”j:
| g ¢ |
o 1 l
| | 151 o |
Aar | x | |
| 1.6 | -2 l
|
| x
i i 1 i 1 1 | ¢ 1 ¢ i 1 i 1 i ¢ 25 ) |
-1.5 -2 25 2 15 -1 0.5 0 0.6
-4 -3.5 -3 -2.5 =2 -1.5 -1 0.5 0 0.5 1 5 -5 -4 -3 =2 -1 0 1 2 Real (rad/s)
Real (rad/s) Real (rad/s) )
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Imag (rad/s)

Model Comparisons (Tuning gains set to 1)

Sample comparisons show pole locations vary considerably with rising speed

— At 70 kts, pole locations are similar, but a real unstable pole appears in CAMRADii-adjusted model
— At 79 kts, Similar pattern of poles but higher frequency poles starting to shift further away
— At 99 kts, FlightCODE suggests an unstable Phugoid, but CAMRADii-adjusted did not

k tuning factors can be used to move poles closer than shown

Takeaway: the CAMRADiIi-adjusted models are capturing key dynamics for control
design, but expect damping differences between models

Tilt = 52.1 deg Tilt = 37.1 deg Tilt = 4.7 deg
Poles - 70 kts Poles - 79 kts . Poles - 99 kts
x I : ! 5 T T T T T T T
X CAMRADiiadjusted X CAMRADiiadjusted x ¥ CAMRADiIadjusted
st o O FlightCCDE 4 = ® O  FlightCODE 4+ o O FlightCODE
| I |
| 3+ | 3| |
i | | '
2 | Al | ok '
x | | x |
| — x | - 1t |
& 1 £ |
| = o | = o
| g g | b ol o g Ox "lF
- ox ® ® —~ 0r a x =] = ur "
@‘ ¥ = ¥ o o | -
I = ol E .|
= 1r | - -1 |
| x ®
% | |
| 2r | 2T |
| |
|
L G |
| -3 : ’ |
| o |
L | -4 o
4
o : x | x |
| x I I | _5 | _5 i I i I |
o & 2 15 1 05 " 0.5 =25 2 -1.5 -1 0.5 0 0. -2.5 -2 -1.5 -1 0.5 o 0.5
' ' ' ' Real (rad/s) Real (rad/s)
Real (rad/s)
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NQJA Model Comparisons (Tuned) — But tuning gains not used in PDR

Imag (rad/s)

Tilt = 86.5 deg
Poles - 10 kts
‘15 T T T T T T T T 0 T
X  CAMRADii-adjusted |
O  FlightCODE |
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Generated state space models using
VSPAERO and FlightCODE Aero
— Near cruise both show similar sets of poles
— VSPAERO has wing interference on
— FlightCODE has wing interference off
— Difference may be primarily interference
effects
Differences may originate from rotor
dynamic modeling differences
— Noted that Flight CODE models appeared to be
higher frequency at hover and at cruise
Useful to use different sets of
aerodynamics to make trade studies

Comparison of VSPAERO and FC Aero State Space Models at Cruise

Poles - Cruise
T T

T |
o X FC Aero

x O VWSP Aero e
|
|
|

o |
[

X |
|

Dx XTD

x |
|

o [
[

|

|

|

» |

|
1 i 1 1 i 1 1 |
16 14 12 -1 08 06 04 02 0 0.2
Real (rad/s)
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Example Simulation Pitch Angle Trims

* Representative pitch trim as compared
to RAVEN-SWFT

— The RAVEN pitch trim looks shifted to the
right for full-scale RAVEN

Representative RAVEN and RAVEN-SWFT
Pitch Trim Angle / Tilt Comparisons

e Useful to D&C for assessing outer loop
controllability with various control

Pitch angle (deg)
Pitch angle (deg)
O = I RN

architectures S 012 NS 6| S|
* Pitch trim in the simulation is 0 tormalzed speed . Normalized speec
determined by o . — ravenswer
— Steady forces and moments predicted to be :“: ” :: °
required by rotors z £ o
— Interaction of specific speed and pitch 22 ZZ

co ntrollers 0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2

Normalized speed Normalized speed



VTOL Mission
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N% VTOL Mission + Reserve Mission (Controllability)

e Altitude and airspeed

Altitude Change Airspeed Euler Angles

are tracked fairly well ool — [ o : | q
* Dragincreases during e ™ S, [ / \ g |
certain maneuvers : 3o 3 N\
from expected at cruise  : | | dal |
— Cruise speed slightly o U n | e
higher than most recent ol 1204'} - 1&;\5 ol
cruise speed for the Gl Rt ‘o orodyramic Angios
same drag for power o T zzz I | T o
assessment 400 ] ol | 207 1
* Speed and pitch £ | | / g" ’
control coupling will s E’ S NI Qﬂ#
present challenges ] |
without a sophisticated B N ‘”'U

-600 -30

S O I u t | O n fro m D & C 0 260 460 650 860 10I00 o 260 460 660 8(‘}0 1600 0 260 460 600 S[IJO 1000

Time (s) Time (s) Time (s)




NSQJA VTOL Mission + Reserve Mission (Controllability)

* Motor torque highest near the beginning of the mission

* Front and tip motor temperatures end at 75C
— Well under Emrax 228 LC HV motor spec sheet continuous torque limit

* Control surfaces have reasonable deflections (< 4 deg)

2000 Rotor Spged 3500 Motor Spged 80 Motor Torque . . . Motor Tempgralure ‘
w1 A | o All motors operatin
] 3000 | 1 110
1600 | - " ! 6o Jgl ii Y1 100 [——imit] P &
- ¥ » - r limit| |
. LF e b 1 & u & 1
_ 00| 1Y s P sl :{"_ 8 Under MCT leaving
] 1 =
E200f |} LA i 1 E el [ = ! \ 1 5 .| ]
[u]
% 1000 | o3 '. . gl AN Room for maneuvers
o 1 =3 1 = [ 1 ,# E
g 800 - ‘l : E 1500 ! : 5 %0 | |IV/ Y z All Motors Performance and Gear Ratio: 1.6
€ ! [ 2 1 | 220 ! I £
600 ' ] 1~ 1000 \ | '. I =
) I
400 | \ I | | T H
\
200 | : 500 l] 1 ot N —————————— \I
I| 1 ! [ §
s = m et e et e mm e e : 0 bt : : -10 : : : : : 20 : : : : £
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000 %
Time (s) Time (s) Time (s) Time (s) s
Collective Nacelle Tilt Angle Aero Control Surfaces Coolant Reservoir Temperature £
45 N T T 100 T T T 3 T T T 60 T T T =
Y N——————————
ol 7 \ 90 ------------------.h--
‘f \ ]l 55
L \ ] 80
35 I \ ’ | G 50 o
A\ —_ /3 1 -~
3% | L s | 3 Vg 2 _
g i | 2 &0 ' =) / 3 / 0 1000 2000 3000 4000 5000
S5t | | = | I a g 45 - r' 1 motor speed (rppm)
2 | | § 50 | | 8 ; g ,
AU, 20t | : 5 | | 2 - & | 2 40 I
Sl A L | E | ] ° £ '
15} ¢ R 5} 8 )
! T /- ] 8 /
for ! v 20 | / / R
\ :
. \ / ! 30!
51 i r' 1 10 \\ ’/
1 !
i J R [— 0 A\ -4 25
0 200 400 600 800 1000 0 200 400 800 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
Time (s) Time (s) Time (s) Time (s)
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N&\%A VTOL Mission + Reserve Mission (Power)

* Cell voltage stays above 2.5C cell limit * Battery temperature finish at 60C well under 80C limit
* Power efficiency significantly lower at end of * Air cooling reduces the rise rate of battery temperature
mission * Battery state of charge finishes mission plus reserve

— Possible that D&C can optimize performance during mission at 22%, above the 20% limit
slowdown
400 B;attery Vo!tage a5 Bgttery Cu‘rrent i Batt'ery Tempgrature ) 1 ‘ Conve'rter\foltage Ratiq
80
_ V v _os Battery SOC
F £ [ Sos| As a Key Sizing Metric
%‘ é‘ ] % 0. 100 Batt'ery State of Charge .
§ 8 1 nzc 0.75 F
. 0.7
6000 260 4(I)O 660 800 10‘00 DO 260 460 G(I]O 860 WOIOO 200 260 4(I)O 660 800 Irr:D‘OD 0-650 260 4(I)0 600 860 WOIOO i‘-?
Time (s) Time (s) Time (s) Time (s) ‘g\
4 ICeIIVoItgge 18 Cell Currlenl 100 Powrlartrain Efficiency 250 Converter Current ‘ ‘i:;
16 -—-- EZSign eff
14 95 200
12 current 90 . .
s ) Climit | | &2 e e e e e L 150 200 400 600 800 1000
- Vit 1% ) & w o
4 ’\/\\ 50
5l 75
2.50 200 400 600 800 1000 DQ 260 460 60IO 860 WOIOO 0 260 4(;0 660 860 1C:OO OO 260 4(l)0 660 860 WOIOO
Time (s) Time (s) Time (s) Time (s)
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Vehicle Controllability and Power Assessments
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Hover Vertical Reposition + RPM Control (Controllability)

Controllable

Motors operate well under MCT

No significant cross axis coupling
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Climb rate (fpm)

Altitude change (ft)

Hover Vertical Reposition + RPM Control (Power)

Converter operating entirely within Buck mode

Cell currents well under peak C-limit
Cell voltage drop very reasonable during

Maneuver
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"' 10 deg Flight Path Angle Change @ 70 kts

* Significantly higher
participation of stab
than at 30 kts once
pitch collective no
longer participates

— Stab rate peaks at
10 deg/s

— Stab deflection
peaks at -2.2 deg

Flight path angle (deg)
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"N 30 deg bank angle change at 70 kts

Airspeed

. 20 Bank Angle ‘
* Aileron rate peaks at - —

20 deg/s .
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ok
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* Aileron deflection g ol g
peaks at -3.7 deg : . e
* Sideslip goes to 0 once
turn is in steady state N I U I
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Rudder tuned just
enough to suppress a
lightly damped Dutch
Roll

Rudder rate peaks at -32
deg/s

Rudder deflection peaks
at -24 deg

During turn

— Yaw rate moves to steady
state around 4 deg/s

— Sideslip trends to 0 deg
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Design Trade Study Example
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Hover Motor Failure + Land Immediately (Controllability)

All Motors Performance and Gear Ratio: 1.6 Euler Angles
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Hover Motor Failure + Land Immediately (Power)

All Motors Performance and Gear Ratio: 1.6 95 Battery State of Charge
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Concluding Remarks

* The nonlinear simulation provided a way to assess & characterize future RAVEN
performance
— Rotors compared well with predictions from NDARC and Flight CODE
* Suggests rotor dynamics will be capable of supporting RAVEN project
* k tuning factors will probably be used in the future
* The initial controllability & power assessment suggests the initial RAVEN design
— Is controllable on all axes
— Has enough power capability for dynamic maneuvers
— Has enough energy for the hover and VTOL mission

* Vehicle assessments
— Various trade studies proved useful to Engineering Leadership before design decisions
— Motor failures were key to sizing the motors

 The powertrain modeling will continue to improve with project direction
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Control Laws for Performance Assessment

Proportional-Integral (PI/PID) control laws created to trim and assess basic performance of the
vehicle

— Low speed (0-26 kts)
* \Vertical axis Pl control at low speed with a fixed optimal rpm allocator
* Pitch axis control (PID) at low speed with a fixed optimal pitch allocator
* Roll axis Pl control at low speed with a fixed optimal roll allocator
* Yaw axis Pl control at low speed with antisymmetric Nacelle tilt
— Low speed control is blended linearly into high-speed control from 26 kts to 47 kts and used up to 100 kts
« Vertical axis Pl control blends to zero effect with integrators held to avoid windup

* Pitch axis outer Pl control blends to outer PID flight path angle control, with stab and equal collective allocation to
front and tip Nacelle collectives replacing optimal pitch allocator

* Roll axis Pl control blends in aileron to hover-based optimal roll collective allocator

* Yaw axis Pl control blends to yaw rate control with rudder and augmented with traditional turn coordination and
sideslip control

— Speed control
* Pl control to forward and tip Nacelle collectives equally and a small allocation to Nacelle tilt

— Some attempts were made to check robustness such as gain changes to control loops, but not thorough (will
not be flight CLAWS)



N@;ﬁ Example Emrax 228 LC + 42% Motor Map at Different Voltages

 Maps developed completely from open-source specification sheets

 The voltage available to inverters governs the available map usage
— Possible use of 450V during certain conditions or 600V during other conditions
— The max continuous torque (MCT) line is a manufacturer determined line of continuous performance
— The Non-flux weakening (NFW) line is peak motor performance without flux weakening control
— The Flux weakening (FW) line is the peak motor performance with flux weakening control

Emrax 228 LC 42% Variant @ 450V DC link voltage

Emrax 228 LC 42% Variant @ 600V DC link voltage
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Hover Mission + Reserve Mission (Controllability)

* Vehicle tracks filtered altitude command closely

Motor temperature stays well under limit

finishing at 75C
Vertical axis is controllable
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e State of charge after reserve mission remains above

N%ﬁ Hover Mission + Reserve Mission (Power)

32% SOC

— Excess energy for hover mission task elements (MTEs)
e Battery temperature at 75C below limit of 80C.

* Converter remains in buck mode
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Hover Vertical Reposition + Collective Control + Right Front Motor Failure
(Controllability)

All Motors Performance and Gear Ratio: 1.6
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Hover Vertical Reposition + Collective Control + Right Front Motor Failure (Power)

Battery State of Charge

All Motors Performance and Gear Ratio: 1.6 a5

 Max cell current swing from 3C to 7C
 Max converter current swing from 135A to 280A

Motor torque (ft-Ib)
Battery SOC (%)

e State of charge decreases 7% during maneuver
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* The collective moves to the right on 2500

Why Collective Control + Motor Failure Required Rotor Speed Increase for
Remaining Rotors

Collective Control Suitability (AT(Ibf)/ AQ(ft-lb))
450 fps tip speed

the chart to the right to maintain
thrust (AT) to support the vehicle
during the failure

2000

If speed not increased collective
moves further right to zero thrust
produced per unit of torque

-
(8)]
o
o

Rotor Speed (rpm)
S
(]
o

Increasing speed of 4 remaining
motors reduces need to move
collective to the right to generate
thrust RS-t | WS 15
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N@;ﬁ Vertical Reposition + Right Motor Failure + c.g. shift aft by 3.5 inches

— Motor temperatures will go up at different rates

c.g. centered on fore-aft rotor centerline

All Motors Performance and Gear Ratio: 1.6
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Near the end of the VTOL
mission + reserve mission

— Battery SOC fell to
approximately 22% SOC

— Battery temperature was
around 60 degC
Maneuvers would be
severely limited at 22%
SOC due to cell voltage
limitations

Closer to cell current
thresholds than before

Converter operating
almost entirely in boost
mode
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Tuned Hover Comparisons

e CAMRADiIi-adjusted

— State space model of RAVEN vehicle developed from

CAMRAD Il hover data with adjustments for forward Tuned Hover Pole Comparisons
ﬂlght ) Poles - Hover
° F|IghtCODE ; E@F:E}Dgiéadjustedl | i ¢
— State space model, originally produced from NDARC 157 O RAvENSWFT o 1
.acd/.soln files Al T
* Poles observed are after reduction of full order model to | =
rigid body states g °° |
* RAVEN-SWFT S oto o o oo x o0
— State space model identified by wind tunnel and flight E o5l |
test data .
* Tests @ Hover speed ° Loy i o
— Check pitch, roll and vertical axis comparisons 157 klon ; ;5 | '
B Tlme domain _2—3 lc—ljﬁ —I2 —‘IIS —‘II 0.5 EllI D<>5
— Frequency domain Real (rad/s)

* Observed significant similarities in the poles/trends
among all models at hover
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Pitch axis — Collective control (Tuned)
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Pitch axis — RPM control (Tuned)

RPM to Pitch Axis Comparison - Hover RPM to Pitch Axis Comparison - Hover
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™ Roll axis — Collective control (Tuned)
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"N Roll axis — RPM control (Tuned)
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ﬁsﬁ Vertical axis — Collective Control (Tuned)
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"N Vertical Axis — RPM control (Tuned)
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