ZICXRSTTHITARNTTAET/ER OB D®™R

Simplified Vehicle Control Concept for
a Lift Plus Cruise eVTOL Vehicle

John Kaneshige* Thomas Lombaerts” Kimberlee Shish* Michael Feary®
NASA Ames Research Center, Moffett Field, CA 94035

Electric Vertical Takeoff and Landing (eVTOL) vehicles have the potential to enable cost
effective Urban Air Mobility (UAM) applications. These concepts may also pose several
challenging handling and control problems, which must be addressed prior to safe and reliable
urban operations. This paper investigates a simplified vehicle control concept that is designed to
address some of these challenges for a conceptual Lift Plus Cruise vehicle designed by NASA’s
Revolutionary Vertical Lift Technology (RVLT) project. The command and control architecture
for this concept is presented along with preliminary findings. Initial results explore the vehicle
performance in an approach to hover transition scenario, designed to explore the challenge of
dissipating energy across all flight regimes. Operational concepts with varying aggressiveness
are evaluated through changing glideslope and deceleration rates. Preliminary results show
that the simplified control concept is effective over these operational conditions, with control
strategies and envelope protection limits able to maintain control though aggressive operations
despite saturation at steeper slopes with higher deceleration rates. Final results will show piloted
simulation evaluations in the the Aerospace Cognitive Engineering Lab — Rapid Automation
Test Environment (ACEL-RATE) laboratory at NASA Ames Research Center. The planned
tests will build on these operations with additional test cases exploring variations in wind
conditions as well as transition-to-hover automation strategies and display information.

Nomenclature n load factor [-]

angle of attack [rad] r yaw rate [rad/ s]
sideslip angle [rad] Re Earth radius [ft] .
rotation matrix N wing surface area [ft*]
track angle [rad] T Thrust [Ibs ft/s?]
difference / change u forward velocity component [ft/s]
deflection [rad] 14 speed [kts] .
flight path angle [rad] v lateral velocity component [{t/s]
bank angle [rad] w weight [Ibs ft/s?]
yaw angle [rad] w vertical speed component [ft/s]
time constant [s] X distance along the nose X-axis [ft]
climb/sink rate [ft/s] Y distance along the wing Y-axis [ft]
earth referenced vertical speed [ft/s] Y lateral axis or lateral force [Ibs ft/s?]
dynamic pressure, = 3 pV2, . [Ibs/(ft s> 4 vertical axis

. " 2PVis I3/ lat latitude [deg]

coefficient [-] '
drag [lbs ft/s?] lon longitude [deg]
Bor b body referenced

time step [s
pls] GS ground speed

distance East [ft]

gravitational acceleration [ft/s?] 0 at sea level.
altitude [ft] aero  aerodynamic
controller gain [-] CAS  calibrated airspeed
lift [1bs ft/s2] cmd  commanded

mass [1bs] comp computed
distance North [ft] ctl control
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L. Introduction

INGED electric Vertical Takeoff and Landing (eVTOL) vehicles that can takeoff and land vertically like a helicopter
Wand cruise like an airplane have the potential of increasing operational capabilities while maintaining a high degree
of efficiency. Some designs have separate vertical and forward propulsion systems (e.g., a lift plus cruise vehicle), others
have a tilting propulsion system (e.g., a tilt-rotor or tilt-wing vehicle), and hybrid designs have a combination of both
concepts (e.g., with both vertical and tilting propulsion systems) [1]]. During low speed and hover maneuvering, the
vertical propulsion system provides the primary source of lift and maneuvering. As these vehicles transition between
hover and forward flight, the vertical and/or tilting propulsion systems can be used to compensate for the changing
amount of lift produced by the wings (e.g., to prevent the vehicles from stalling). Once sufficient airspeed is obtained,
these vehicles can be controlled by manipulating traditional flight control surfaces. Upon reaching forward flight, the
wings can produce all of the necessary lift, so the vertical propulsion systems can stop and/or the tilting propulsion
systems can rotate forward.

Like all eVTOL vehicles, winged eVTOL vehicles suffer from slow response times during low speed and hover
maneuvering. This is due to the multiple lifting rotor configuration that enables maneuvering by manipulating the thrust
produced by individual rotors. Unlike a helicopter, the individual rotor blades are not cyclically controlled (i.e., so
that it will have the same angle of incidence as it passes the same point in the cycle). Some rotors use a fixed blade
pitch design, and manipulate thrust by modifying rotor speed (similar to smaller quadcopter drones). Other rotors use a
variable blade pitch design, and manipulate thrust by collectively modifying the pitch angle of all the blades on an
individual rotor (similar to the collective control of a helicopter). The latter has the advantage of faster rotor response
times, but at a higher weight penalty [2l]. However, both designs will typically have significantly slower maneuvering
response times compared to a helicopter.

Compared to multicopters, winged eVTOL vehicles are more susceptible to wind changes (e.g., due to gusts or
changes in the vehicle’s orientation with respect to the wind). As these vehicles transition between hover and forward
flight, they will also encounter significant aerodynamic changes (e.g., the amount of lift produced by the wings and the
amount of stabilizing pitch and yaw moments produced by the horizontal and vertical tails). As a result, these vehicles
will respond differently as they transition between hover and forward flight. While these vehicles may be stable in
forward flight, they are by design inherently unstable in hover and warrant the use of indirect flight control systems to
provide stability and control augmentation. Furthermore, the slow response (at low speeds and hover) coupled with the
changing nature of flight (when transitioning between hover and forward flight) may also necessitate higher-level outer
loop control systems with a simpler pilot interface.

Simplified Vehicle Operations (SVO) is a term adopted by the aviation community for “the use of automation to
reduce the number of skills a pilot or operator of an aircraft must acquire to achieve the required level of operational
safety.” [3] The term Simplified Vehicle Controls (SVC) is meant to convey a subset that focuses on the aircraft handling
skill category. The SVC concept described in this paper was inspired by previously developed ideas. The ‘Unified’
control concept was initially developed specifically for VTOL vehicles by the UK’s RAE (Royal Aircraft Establishment)
in the 1970’s and 80’s [4]]. It was first tested on the Vectored thrust Aircraft Advanced Control (VAAC) for the AV-8B
Harrier [5]], and this concept was recently further developed and implemented in the F-35B Lightning II [6l [7]. Another
concept is based on the so-called ‘E-Z Fly’ control concept, developed at NASA Langley in the 1990’s [8]]. This concept
decoupled the flight controls of a general aviation aircraft. This decoupling made the airplane “easy to fly”, even for
novice pilots. Both concepts have been developed further and adapted specifically for application in winged eVTOL
vehicles in the context of UAM operations [9H11]].

This paper examines an SVC concept, along with corresponding pilot interfaces (i.e., inceptor implementations and
display elements), to evaluate the effectiveness in compensating for control-related challenges of a conceptual Lift Plus
Cruise (LPC) vehicle. The outline of this paper is as follows. First, the LPC vehicle model and inner loop stability and
control augmentation system are described in Sec. [[I} Next, the SVC concept is discussed in Sec. [[II} Thereafter, Sec. ??
describes the simulation evaluations conducted, together with some specific results. Finally, the paper wraps up with a
summary and conclusions in Sec.[V]



I1. Lift Plus Cruise Vehicle
The Lift Plus Cruise (LPC) conceptual model was designed by NASA’s Revolutionary Vertical Lift Technology
(RVLT) project [[12]. The vehicle is designed to takeoff vertically like a helicopter, transition to fly in forward flight like
an airplane, and then transition back to land vertically like a helicopter. The vehicle can optimize power consumption
efficiency by staying on the wing as long as possible. As a result, the proposed operational concept is to quickly
accelerate just after takeoff, and to quickly decelerate to hover just prior to landing. A description of the vehicle model
is provided in Sec.[[T.A] and an overview of the inner loop control system over flight regimes is provided in Sec. [I.B]

A. Vehicle Model

The vehicle has a design gross weight of 6,000 Ibs (with a payload of 1,000 lbs), range of 50 nautical miles, and
maximum speed of 120 knots. It has eight lifting rotors and one pusher propeller, as shown in Fig.[I] The vehicle also
has flight control surfaces consisting of two ailerons, an elevator and a rudder. The lifting rotors and the pusher propeller
are of a variable blade pitch angle design, and operate at a constant number of Rotations Per Minute (RPM). The amount
of thrust produced by each rotor and the propeller can be independently manipulated by collectively adjusting the pitch
angle of the blades. Collectively manipulating all rotors (1-8) will adjust the force along the heave axis. Manipulating
the forward rotors (1-4) in the opposite direction as the rear rotors (5-8) will generate a pitch moment. Manipulating the
left rotors (1-2, 5-6) in the opposite direction as the right rotors (3-4, 7-8) will generate a roll moment. Manipulating the
counterclockwise spinning rotors (1, 3, 6, 8) in the opposite direction as the clockwise spinning rotors (2, 4, 5, 7) will
generate a yaw moment. In forward flight, the lifting rotors are stopped at a neutral position and the vehicle is controlled
using flight control surfaces, with the pusher propeller providing forward propulsion. Without the lifting rotors, the stall
speed of the vehicle is approximately 80 knots.

Fig. 1 Lift Plus Cruise (LPC) concept vehicle

The dynamic model was generated by Advanced Rotorcraft Technology (ART) using FlightLAB [13|[14]. This
model was integrated into a flight simulation environment that was designed to enable rapid integration and evaluation
of new vehicle models. The original quasi-Linear Parameter Varying (qLPV, a common rotorcraft representation
[15,[16]) model was modified to apply nonlinear kinematic and gravitational terms (in place of linearized terms). The
model inputs consist of the collective pitch angle for each lifting rotor and the pusher propeller, and deflection angles
for the ailerons, elevator and rudder. The final simulation model also includes (1st and 2nd order) actuator models, a
gear/ground model, a NASA Dryden-based turbulence model and a FAA-based wind gust model [17]).



B. Inner Loop Control System

The architecture of the inner loop control system was designed to enable rapid integration and evaluation of new
vehicle models. A Nonlinear Dynamic Inversion (NDI) based flight control system is used to provide inner loop stability
and control augmentation [18}[19]. The integration process begins by determining the control allocation and mixing
strategies for all of the control effectors. Then the desired inner loop control modes (corresponding to ADS-33 response
types [20]) are determined. Analysis of the open-loop dynamics of the vehicle is used to specify the reference model
and error controller gains that correspond to the control system for each control mode. These mode specific controllers
generate acceleration commands that are used to compute control effector commands through model inversion. An
overview of the controller architecture can be seen in Fig.[2} along with descriptions of the control allocation and control

mode schedule in Sec. [[LB.T|and [[.B.2] respectively.
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Fig. 2 Inner Loop Control System

1. Control Allocation

The control allocation for the lifting rotors, pusher propeller, and flight control surfaces are specified according
to the operating flight regimes specified in Fig.[3] The flight regime schedule is a function of airspeed, with varying
accelerating and decelerating transition speeds to avoid hysteresis. For example the transitions from hover-to-transitional
and transitional-to-forward flight regimes occur at 40 and 100 knots respectively. Conversely, the transitions from
forward flight-to-transitional and transitional-to-hover flight regimes occur at 90 and 30 knots respectively.

Hover Transitional
Regime Reguin

Acceleration >

Deceleration |<
I

0 20 40 60 80 100 120
KIAS

Fig.3 Flight Regime Schedule



The control allocation schedule is illustrated in Fig.[d In the hover regime, the lifting rotors are used collectively to
produce lift for controlling the heave-axis, and differentially for maneuvering to control the pitch, roll and yaw axes.
In the transitional regime, the lifting rotors are used differentially in combination with the flight control surfaces for
maneuvering. Meanwhile, the lifting rotors are still used collectively to provide some lift (e.g., for angle-of-attack
protection). In the forward flight regime, the lifting rotors are stopped at a neutral position and the vehicle is controlled
using flight control surfaces, with the pusher propeller providing forward propulsion.

Control Effectors Hover Transitional Forward Flight

Regime Regime Regime
Collective Rotors Heave Axis cos
Differential Rotors Pitch/Roll/Yaw Axes ---

Flight Control Surfaces --- Pitch/Roll/Yaw Axes
Rear Propeller Thrust Axis

Fig.4 Control Allocation Schedule

For the lifting rotors, each axis (i.e., roll, pitch, yaw and heave) was assigned an allocation of 33 percent around a
trim point of 50 percent. As a result, a single axis of control had a range of 17 to 83 percent of full authority. This
allocation is needed to determine the B-matrix in the dynamic inversion calculations. While the allocation scheme does
not prevent against actuator saturation, consideration was given to saturation in the dynamic inversion calculations. To
allow some compensation for saturation, the dynamic inversion calculation is iteratively recomputed with inputs fixed at
maximum values if they exceed their allocation.

2. Inner Loop Control Modes

Inner loop control modes were determined with consideration to vehicle operation and performance. As a result,
control modes are scheduled automatically as a function of flight regime. The schedule of the control modes used in this
evaluation are displayed in Fig.[5] While most of these control modes have heritage in ADS-33 [20], some new ones
were added for enabling simplified operations. Each of these modes consists of a reference model and error controller.

Control Axes Hover Transitional | Forward Flight
Regime Regime Regime

Rate Command  Angle-of-Attack

Heave Axis Height Hold Command s
(RCHH) (ADAC)
Pitch and Roll Axes Rate Command Attitude Hold (RCAH)
Rate Command
Direction Hold Turn Coordination (TC)
(RCDH)

Acceleration Command Speed Hold (ACSH)
Fig.5 Control Mode Schedule

Pitch, roll and yaw control modes provide rotational stability and control augmentation. The rotational control
modes consisted of Rate Command Attitude Hold (RCAH) for pitch and roll control, and Rate Command Direction Hold
(RCDH) and Turn Coordination (TC) for yaw control. For the yaw modes, RCDH provides yaw control at lower speeds
(i.e., in the hover regime). Once aerodynamic effects take effect (i.e., in the transitional and forward flight regimes),
sideslip considerations necessitate the use of TC. Translational modes include Rate Command Height Hold (RCHH)
and Angle-of-Attack Command (AOAC) for heave, and Acceleration Command Speed Hold (ACSH) for thrust. When



at lower speeds, the collective lifting rotors can provide direct altitude control through RCHH. As aerodynamic effects
influence vehicle behavior, AOAC supports an angle-of-attack protection system. ACSH allows for simplified speed
control (i.e., the magnitude of the velocity vector).

The inner loop control system corresponding to each mode generally consists of a reference model and an error
controller (Fig.[6). This setup allows for decoupling of the gain tuning according to the purpose. The gains in the
reference model serve for command shaping, i.e. the responsiveness of the vehicle to a commanded input. The PID
gains of the error controller tune how quick disturbances (such as turbulence induced deviations) are compensated for.
More technical details on the different aforementioned inner loop control systems are given in Appendix [VI.A]

p
| | 7 | |
; IEaE |
| L) |
L ef | M=
1 I | p
commanded | 1 ] virtual g
inputs | 1 ] ! - —~._ inputs
— P e Ly~ 4_%»@#—» ey i
ARy i silifp] | T 4
| | | 1 /> | W
] oL e
I I s |
r } ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Hr [ U NS e v SO | r o
reference model W linear controller
comm L ref q
r
_Mj_

Fig. 6 Block diagram of command filtering, reference model and linear controller

I1I. Simplified Vehicle Control Concept

One of the many challenges that eVTOL vehicles face is a complex flight control task over different flight regimes.
While the inner loop control system can provide stability and control augmentation for the rotational (pitch, roll, yaw)
and translational (heave and thrust) axes, conventional command and control of these axes will have a different effect on
the vehicle’s speed and flight path as it transitions between hover to forward flight. For example, pitching the nose of the
aircraft up will primarily cause the vehicle to decelerate in the hover regime and climb in the forward flight regime.
As aresult, pilots would need to alter their control strategies when transitioning between flight regimes to maintain a
constant flight path vector.

The SVC concept incorporates vector-based commands (i.e., where inceptor inputs command a speed magnitude
and direction) to simplify the pilot task by automatically changing the underlying axis of control to get a consistent
vehicle response. The SVC system serves as an interface between the pilot and the inner loop control system in order to
allow pilots to generate these commands. The architecture enables inceptors to be mapped to outer loop control systems
to produce higher level command response types, which describe the overall system response to pilot inputs. For a given
command response type, pilot inputs generate a command that is limited by envelope protection and sent to the outer
loop control system. An overview of the command system can be seen in Fig.[/| This section introduces the command
response (Sec. [[ILA)), envelope protection (Sec. [[TL.B)), and outer loop control (Sec. components that make up the
SVC command system.

A. Command Response

The SVC concept simplifies operations (over a traditional axis-based command system) by reducing the mapping of
the pitch, heave and thrust axis commands to longitudinal and vertical vector-based commands. As a result, the number
of required inceptor axes is reduced from 5 to 4. The inceptor configuration utilized during this evaluation can be seen
in Fig.[8| It consisted of a three axis (longitudinal, lateral, and twist) spring centered right stick and a single axis spring
centered left stick.

There was also a hover button on the right stick that was used to transition to a hover mode. Two different methods
of transitioning to hover were investigated in this evaluation. The first method performed a transition to hover at a
nominal deceleration rate. The second method performed a transition to a commanded hover point. Figure [9]displays
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the hover points for normal operations, transition to hover operations, and transition to a hover point operations.

Normal Transition Transition
Operations to Hover to Hover Point
Continuously computed Continuously computed Commanded hover point
predicted hover point predicted hover point (along computed track)

(along current track) (along commanded track)

Fig. 9 Operating Modes

Under normal (non-hovering) operations, longitudinal stick inputs produced vertical speed or flight path angle
(FPA) commands, thrust stick inputs produced acceleration or deceleration commands, and an automatic trim system
commands pitch in the hover regime and Angle-of-Attack (AoA) in the transitional and forward flight regimes. The
automatic trim system is described in Appendix [VI.B] Meanwhile lateral stick and twist stick inputs continue to produce
roll and yaw axis commands. The specific inceptor command response types were a function of the flight regime and
groundspeed. These command response types are specified in Fig.

Longitudinal Lateral

LonVel-RC/H Hdg-RC/H Alt-RC/H Bank-C/H
Transltlonal & &
$pd-RC/H »
Forward Flight Slip-C/H FPA-RC/H Bank-RC/H

Fig. 10 Normal Operating Command Response Types

When transitioning to hover, the vehicle commands a nominal (e.g., 2.5 knot/sec) deceleration rate, which can be
overridden by applying inputs to the thrust stick. The command response types are modified to combine flight path angle
and speed with track angle control, and is also fully vector commanded. This concept also drives targets comparable to
setting target values in an autopilot. After decelerating below 10 knots of groundspeed, the hover mode is engaged, and
thrust and lateral stick inputs will produce longitudinal and lateral groundspeed vector commands. These command
response types are specified in Fig. [IT}

When initiating a transition to a hover point, the predicted hover point becomes the commanded hover point. The
vehicle speed and track angle are controlled to aquire and maintain a hover over that point. The command response
types are modified so that thrust and lateral stick inputs will modify the longitudinal and lateral target commands, which
will move the location of a command hover point with respect to the heading of the vehicle.

B. Envelope Protection
Envelope protection limits are necessary to prevent loss of control in flight (LOC-I). They are also implemented on
inner rate loops so that outer angle loop limits are not exceeded. The envelope protections apply only when they are
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Fig. 12 Hover Point Operating Command Response Types

stricter than the performance limits which were discussed in depth in [11]]. There is a distinction between standard
envelope protections, some of which also apply for hover, and those tailored specifically for hover.

For RCDH:

1) limit max/min roll rate p based on max/min bank angle ¢ (from performance limits or envelope protections):

Pmaxey = MaX ($maxe, — ¥ SN0, Pmin,,, — ¥ sin ) (D
Pminem, = min (‘lsmaxenv - W Sin 9’ (ﬁminenv - w Sin 6) (2)
. . 1 1
with: ¢maxem, = (¢max - ¢) and ¢minenv = (¢min - ¢) (3)
T¢ )

The limit max/min bank angle ¢ are calculated such that max/min horizontal lateral speed vy is not exceeded:

. [c€Oos . . . . X 1
Pmaxeny = arcsm( (V¥pae — V) +sin ¢) with: vy, = - (V¥iae = Vend) 4)

. Ccos R 5 . . . 1
Oming, = arcsm( (Vy,, — Vy) +sin ¢) with: vy = - (V¥ — Vend) 5)
1%

where the arcsin arguments (°°;¢ (V¥pee — Vy) +sin ¢) and (COS ¢ (vy,,, —vy) +sin ¢) are limited between -1

and 1. Moreover ¢nax,,, and @min,,, are fed through a first order lag filter to slow down their changes. The

max/min horizontal lateral speed vy is set equal to the corresponding body fixed speed component limit in hover:

Viax = Vbiaxg, and vy, = Vhiing o - Furthermore the horizontal lateral acceleration vy is calculated as follows:
Vy = Vpp cOs ¢ — W, sin ¢ with v, = (ny, + cos sin @) g + pwp — rup and vy, = (ng + cos 6 cos @) g + qup — pvp.
The derivation of Eq. @), () is given in [TT].

2) limit maximum acceleration/deceleration:

. - 1
Vimaxe,, = min (VCAs.mX, b (VCASmax - VCAsmmp)) (6)

v

. . 1
Viing, = max |Vcas,i.» o (VCASmin - VCAsmmp) @)

Custom values for the computed calibrated airspeed VeAScomp A€ used here. More details are given in Eq. (??) — (??).



Limits for flight path angle y and vertical speed /:
For RCHH: limit flight path angle 7y (only when groundspeed Vg exceeds certain threshold, not in hover):

T
Ymaxy, = arctan —— 8)
gnd
_ hmin
Yming,, = arctan — )
end
For speed engaged:
’ymaxenv = min (ymaxcll ’ yvCAS‘” Okts» yvcmd) (10)
’)/Inil’lenv = min (Vminc“ s _yVCAS —10kts» _’chmd) (] 1 )
For ACSH:
Ymaxeny, = min ('}’maxcﬂ , VVCA5+5kts) (12)
yminenv = min (')’mincll ) _’yVCAs —Skts) (1 3)
For all other modes:
Yowsar = 100 (Vi Vs, ) (14)
Ymine, = min (Vmincu ) _VVCAsmax) (15)
Subsequently:
VZmax = ftan Ymax Vgnd (16)
VZmi“ = tan¥Ymin Vgnd (17

after which ymax.,, and Ymin,,, as well as Vz__and Vz . are fed through a first order lag filter to slow down their changes.
In Eq. (TO)—(T3), the quantities yy, are flight path angles based on a certain calibrated target speed. They are calculated
as follows: ) .

VIAS e — VTAS

8

Yy, = arcsin (sin'y - (18)

consists of a limited term that

\% -V .o .
M) is limited between -1 and 1. Vras

where the arcsin argument (sin v -

cmd
is based on a limited speed error V,y and an additional term that compensates for thrust based speed acceleration or
deceleration limits, and which differs for climb and descent:

ViASaa = Vav = Xu,, (1=6me)  for climb (19)
VTAScmd = VAV"'XM(;Ihr(Sthr for descent (20)

where X, S is the coefficient that calculates the impact of a throttle change on the forward speed component. Moreover,
Vay is limited between the previously defined Vminenv and mee"v (see Eq. ()-(7)) and where:

VAV = iAV + Ecorrias_Tas 21
Ty
where &corras_as 18 @ correction term for the conversion from indicated airspeed (IAS, with which the target is defined)
to true airspeed (TAS, with which the flight path angle is calculated). The limited speed error AV itself is calculated as
follows:
AV = VIAS e — VTAS (22)

which is also limited between Vcas,,, - 7v and Veas,,, - Tv-

Limits for pitch attitude angle 6, pitch rate ¢ and the flight path angular rate y:
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1) For TBL/STBL: limit max/min pitch attitude angle 6 based on max/min airspeed Vcas (also in hover):

(VCASmin - VCAScomp) cos 0

] . . 1 .
Omax.,, = arcsin|sinf — 2 with:  Veas,,,,, = Max {; (VCASmin - VCAsmmp) ) V(;Asminperf
(23)
(VCAsz - VCASC(,mp) cos 6 ] 1 ]
Omin,,, = arcsin|sinf — p with: VCASmaxeny = min ; (VCASmax — VCAScomp) R VCAS'"Mperr

The computed calibrated airspeed Vcas,,,,, and its time derivative VCAsmmp are used here, such that these equations
also hold in hover. For the derivation of Eq. 23),(24), see [11].
2) For speed engaged / ACSH:
emaxenv = min (emaxcll , @+ 7maxenv) (25)
Hminen\, = max (gmincﬂ’ a+ ’yminenv) (26)

where Ymax,,, a0d Ymin,,, come from Eq. (TO)—(T3).
3) For all other modes:

Gmaxenv = gmaxcﬂ (27)
Gminenv = eminctl (28)
Limit max/min pitch rate ¢ based on max/min pitch attitude angle @ via 6:
, . 1
gmaxenv = min (gmaxclp E (Gmaxem, - 9)) (29)
. . 1
gminenv = max gminc[p g (gminem, - 9) (30)
Gmaxens = MaxX ((Omaxen, COS @ + Y sin ¢ c0s 0) , (Oming,, COS ¢ + i sin ¢ cos 6)) 31)
Gmingy, = TN ((Omaxe, €OS @ + i sin ¢ o8 6) , (Oming,, COS ¢ + Y sin ¢ cos §)) (32)
Limit flight path angular rate y with information from above:
‘)./maxenv = min (mln (‘)./maxcll’ T7 (ymaxenv - y)) ’ émaxenv) (33)
’}./mincnv = max (max (rymincll’ T'y (ymincnv - Y)) ’ émincnv) (34)
For heading rate, in RCDH:
Gbmaxenv ~ max Gmax SIN @ + I'max COS ¢’ Gmin SIN @ + Fyin COS ¢ (35)
€0S Olim €0S Gim
'pminenv — min dmax sin ¢ + Fmax COS ¢ , dmin sin ¢ + Fmin COS ¢ (36)
oS Olim oS Bim
Else:
. g tan dmax
X = = 37
Yiman VTAS;im €OS Blim 7
. tan @
Uming,, = g—%lm (38)

VTAS, €08 Olim

The Appendices in [11]] derive Eq. (37),(38). These limits are first order filtered to slow down their changes. The
denominators cos Oy in Eq. (33)—(38) and Vras,,, in Eq. (37),(38) are singularity protected as follows:

Vras,, = max (Vyas,10 kts) 39)
sgn (cos 0) max (| cos 6], 0.005) (40)

coS Blim

The time constants 74, Tv, 79 and 7, are defined consistently with these used by the autopilot.
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C. Outer Loop Control

For a given command response type, pilot inputs generate command response outputs for the outer loop control
system. The outer loop control system is responsible for mapping the outer loop responses to the necessary inputs for
the inner loop control system, which is dependent on the flight regime and thus inner loop control modes (as seen in
Fig. [3). In some cases it is necessary to convert from an angle command to an angular rate or from earth to body
fixed commands (or vice versa), and sometimes both are needed for blending. The following section describes these
transformations. Fig. [I3]shows the outer loop control architecture, specifically how the individual outer loop control
systems (rectangles) are interconnected and connected to the inner loop control systems (ovals). There are 16 different
outer loop control systems, which are all explained in Appendix
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Fig. 13 Outer Loop Control Architecture

12



IV. Preliminary Results

Simulation evaluations focused on performing flight test maneuvers to evaluate the handling qualities of the LPC
under the SVC concept under varying environmental and operational conditions. These preliminary results focus on
the transition from approach to hover, highlighting challenges in dissipating energy to prepare for landing. These
preliminary evaluations were performed in a desktop simulation environment with repeatable automation flying an
approach to landing maneuver. Final results will include piloted simulator evaluations of both approach to hover and the
hover operation concepts under varying environmental (wind), operational (glidepath angle, deceleration rates) and
display information.

A. ACEL-RATE Lab

The Aerospace Cognitive Engineering Lab — Rapid Automation Test Environment (ACEL-RATE) simulator is a
fixed-based flight simulation facility which was used for testing, development and validation. The system, shown in Fig.
[T4), consists of wide-view outside visual display, three primary displays, two chin-window displays, and reconfigurable
cockpit hardware (currently in a two stick inceptor configuration, as defined in Fig. [8). The Out-the-Window is a
200-degree field of view screen which runs a customized visual database built in RST [21]].

(a) Simulator facility (b) Pilot station

Fig. 14 ACEL-RATE simulator

B. Heliport Approach Transition to Hover Maneuver

This maneuver builds on the previous development of a heliport approach, but is designed to focus on the transition
from approach to hover. The previous heliport approach, described in detail in [10], was based on a combination
of the ADS-33E Decelerating approach, previous Powered Lift approach research [22]] and collaboration on UAM
Heliport approach procedures [23], 24]]. While that maneuver included an initial lateral and vertical glidepath capture,
this approach transition maneuver initializes on the glideslope. This allows the task to focus on the deceleration and
transition for landing. Additionally, while the previous maneuver terminated at the crossing of the final approach and
takeoff area (FATO), this approach includes a transition to stabilized hover and landing over the desired landing location,
allowing evaluation on the hover and landing task. Specifically, pilot determination of when to begin the deceleration
can be explored, under varying operational and environmental conditions.

For these preliminary results, this maneuver is conducted at three different potential glidepath angles : 6, 9 and
12degrees. A maximum allowable deceleration rate is also varied to explore the control strategy performance with
varying aggressiveness. A transition to hover (TRC) is armed and engaged at 30knots. These tests are performed in
light turbulence with a 17knot crosswind.

C. Discussion of Results
Fig.[I3] gives an overview of the three different flight path angles and two different deceleration rates. These two
figures show altitude above ground level (AGL) in ft and calibrated airspeed (CAS) in kts as a function of the distance

13



to the vertiport landing zone in ft, with the end point at the right side of the graph. The altitude plot shows the three
different flight path angles of 6 (nominal), 9 and 12degrees. There are two deceleration rates for each angle, namely
-1.5 and -2.5kts/s. The speed graph shows the two different deceleration rates resulting in two different slopes in the
deceleration phases. Different flight path angles result in different starting speeds on the glideslope: 70kts for 6deg,
60kts for 9deg and 45kts for 12deg.
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Fig. 15 Altitude and speed profile along track distance to touchdown point for various glideslope angles and
deceleration rates

Fig.[I6]shows the control action over time on an axis allocation level. Fig.[T6(a)]shows the allocation of the total
control action over the different control axes namely longitudinal 61, (pitch), lateral 8y, (roll), collective oo (vertical)
and pedals 0peq (yaw). All allocation ranges are normalized towards a -1 to +1 scale. The different scenarios result in
similar control action allocation over the axes overall, and show satisfactory margin to saturation for most of the axes.
Only the collective reaches the saturation limits. The -1 limit in the beginning of some scenarios corresponds to the
rotors not having to provide any significant net upward vertical force in this higher speed flight phase. They do for the
two 12deg glideslope and 45kts CAS (lowest speed) scenarios. In all fast deceleration scenarios, there is a very brief
instantaneous saturation of the collective on the upper limit +1 during the transition. The slow deceleration scenarios of
-1.5kts/s do not reach this limit, although the most gradual glideslope of 6deg comes very close. This signifies that the
angle of attack or pitch attitude angle (depending on which flight phase) cannot be reduced as much as intended to. Fig.
[I6] shows the control action on the throttle for deceleration. The throttle range is normalized towards a 0 to +1 scale.
The spread in initial throttle settings early in the scenarios corresponds to the different speed regimes. In all scenarios,
the throttle hits the minimum limit of O at some point during the approach, which illustrates that the vehicle reaches its
maximum deceleration limit.

Fig. [I7]shows how the total control action at the control effector side is distributed over the control surfaces in Fig.
[I7(a)| on one side and the individual lifting rotors in Fig. [I7(b) on the other. As the speed is reducing and the vehicle is
transitioning towards hover mode, the control surfaces are blending out and the lifting rotors are ramping up. In Fig.
[T7(a)} only the left aileron action is shown, because the right aileron action is anti-symmetric. The maximum deflection
limits are respectively 30deg, 15deg and 30deg for aileron, elevator and rudder. No saturation limits are reached for any
control surface, but ailerons and elevators have significantly more margin to saturation compared to the rudder. This is
because of the 17kts crosswind which needs directional compensation. Most scenarios exhibit similar trends in the
control surface action, and the spread in initial elevator deflections early in the scenarios corresponds to the different
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Fig. 16 Allocations on control axes and throttle for various glideslope angles and deceleration rates

speed regimes, similar like for the throttle in Fig. [T6(b)} The individual rotor actions are shown in Fig.[T7(b)] Again,
one can observe similar trends for the different scenarios. Initial control action early in the scenarios shows that yaw
control is by the rudder is augmented with differential torque provided by the rotors no. 1, 3, 6 and 8 deflecting their
blade angles further than rotors no. 2, 4, 5 and 7. Overall, the rotors provide more thrust-borne lift as the wing-borne
lift is gradually reducing with the airspeed. The initial nonzero collective action early in the scenarios with the lower
airspeeds in Fig. @ results in nonzero blade angle deflection for rotors no. 2, 4, 5 and 7, in contrast to the other
higher airspeed scenarios.
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Fig. 17 Control surface and rotor actuator commands for various glideslope angles and deceleration rates

Fig.[T8]shows time histories for angle of attack @ and pitch attitude angle 6 during the approach scenarios. Angle of
attack is not shown for speed regimes where CAS drops below 10kts as aerodynamic angles have no practical meaning
there. Overall trends are similar across all scenarios, and it is shown that the control concept is successful in protecting
a and 6 from exceeding their safe envelope limits of 18deg and 10deg respectively.

Fig. [19]shows total energy management during the approach for all scenarios with different energy dissipation rates
for glideslope (change in potential energy (PE)) as well as rate of deceleration (reduction in kinetic energy (KE)). These
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Fig. 18 Angle of attack and pitch attitude angle for various glideslope angles and deceleration rates)

figures show specific energy levels, which means that they are independent of the vehicle mass. Fig.[I9(a) emphasizes
the rate of energy dissipation along track towards the landing zone. Potential energy only (PE) is shown by the dashed
lines and total energy (PE+KE) by the solid lines. The maximum slope of the solid lines illustrates the maximum
dissipation rate of total energy during the approach. While the three slower deceleration scenarios show a wider spread
in total energy dissipation rates by means of their slopes in the final phase, the three faster deceleration scenarios
manifest a narrower spread in slopes and thus energy dissipation rates. This figure also exhibits which approach is
the most demanding from an energy dissipation perspective (steepest descent and fastest deceleration rate). Fig.[T9(b)]
compares the changes in potential versus kinetic energy. This illustrates the transition from change in potential energy
only (descent at constant speed), versus simultaneous change in potential and kinetic energy (decelerating descent)
where both reduce at a constant ratio. A slower deceleration results in a more gradual change in kinetic energy. The
steepest descent with the slowest deceleration comes closest to an energy dissipation ratio of one-to-one where one
needs to dissipate almost as much potential as kinetic energy.
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Fig. 19 Total mechanical energy dissipation for various glideslope angles and deceleration rates

V. Summary and Conclusions
This study focused on the development of a simplified vehicle control concept specifically designed for a lift-plus-
cruise eVTOL vehicle with collective controls. Preliminary evaluations focused on autoflight mode flown approaches
with different glideslopes and deceleration rates. Control allocation and saturation as well as energy management have
been studied. Future work will include among others various kinds of wind and gust disturbance rejection, and manually
flown approaches in the ACEL-RATE lab as well as the Vertical Motion Simulator.
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VI. Appendices

A. Inner Loop Control Modes

The inner loop control system corresponding to each mode generally consists of a reference model and an error
controller. This setup allows for decoupling of the gain tuning according to the purpose. The gains in the reference
model serve for command shaping, i.e. the responsiveness of the vehicle to a commanded input. The PID gains of the
error controller tune how quick disturbances (such as turbulence induced deviations) are compensated for.

Acceleration Command Speed Hold (ACSH) This acceleration command system is basically a pure integral action
based linear controller that makes use of the error between the commanded speed rate of change Vg and the computed
calibrated airspeed rate of change Vcas,. . for calculating the required linear acceleration for the dynamic inversion
loop:

comp

. 1 . .
ureq = Vref = (chd - VCASCO,HP) dt (41)

Tu
This computed calibrated airspeed rate of change is scheduled in hover according to the speed range. Outside hover
and in hover but above 40 kts groundspeed, it is basically the actual calibrated airspeed rate of change. This does not
work for lower speeds due to wind and turbulence. For lower speeds, it is first scheduled towards groundspeed rate of
change and next to forward groundspeed rate of change. Below 10 kts it is exactly the forward groundspeed rate of
change.

Angle of Attack Command (AOAC) The Angle Of Attack Command module (AOAC) basically calculates a
commanded body fixed vertical speed w¢nyg, based on the maximum allowed angle of attack o, and the body fixed
foward speed up:

Wemd = tan &max - Up 42)

This maximum angle of attack am,x value can change depending on the flight regime. Next, this commanded vertical
speed wemg is fed through its respective rate command module as discussed in Fig.[6] resulting in a required vertical
acceleration Wregq, to be fed to the respective dynamic inversion calculation.

Rate Command Attitude Hold (RCAH) Rate Command Attitude Hold is a variation of ACAH, where the commanded
inputs are body fixed roll and pitch rates pemg and gemd. This mode is used in the cruise forward flight phase. This
command shaping consists of a first order reference model with the corresponding time constant 7r. This reference
model is connected to a linear PI controller. The angular and linear accelerations from the first order reference model
Pref and gper are fed forward and added to the linear controller output to minimize lag between response and reference
signal. Required body angular accelerations preq and greq are the output of the linear controller, to be fed to the dynamic
inversion calculation. Fig. @illustrates the interconnections between commanded inputs, reference model and controller
for this control mode.

Subsequent modes, such as Rate Command Direction Hold (RCDH), Rate Command Height Hold (RCHH), Angle
Of Attack Command (AOAC) and Turn Coordination (TC) have a similar setup as RCAH, but then with the controlled
variables body fixed yaw rate rcmg and vertical speed wemg, as also shown in Fig.[6] supplemented by a few additional
coordinate transformations as elaborated in the paragraphs below.

Rate Command Direction Hold (RCDH) Rate Command Direction Hold is similar to RCAH. A steady commanded
earth referenced yaw rate commands a steady rate of change of the heading. This mode is used in the hover and landing
phases of flight.

In this case the commanded input is the earth referenced rate of change of the heading y/¢mq, which is transformed in
a commanded body fixed yaw rate r.ng, based on the following inverse Euler equation:

Femd = Yemd €Os 6 cos ¢ — 6sin ¢ (43)

Next, this commanded yaw rate rcyq is fed through its respective rate command module as discussed in Fig. [6}
resulting in a required yaw angular acceleration rreq, to be fed to the dynamic inversion calculation.
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Rate Command Height Hold (RCHH) Rate Command Height Hold is similar to the both previous ones. A steady
height rate command results in a steady climb or sink rate. This mode is used in lower speed flight regimes.

In this case, the commanded input is the earth referenced height rate of change /icmg, which is transformed in a
commanded body fixed vertical speed component w¢pyq as follows:

1

= 05§03t (—hema +sin @ - up +sin g cos @ - vp) (44)

Wemd

Next, this commanded vertical speed wemg is fed through its respective rate command module as discussed in Fig. [6}
resulting in a required vertical acceleration Wi, to be fed to the dynamic inversion calculation.

For the feedback path in the linear controller, one needs to compute the vertical speed in body axes from vertical
speed in earth fixed axes (to incorporate vertical winds, etc.)

1

p=———(Z+sin6-up+singcosh-vp) (45)
cos ¢ cos @

Turn Coordination (TC) For turn coordination, sideslip 8 control has been implemented as outer loop over rate
control according to the following control law:

Temd = —Kg (Bemd — B) + r1e (46)

where the controller gain Kz = %= In Eq. yaw rate for turn coordination rrc is calculated as follows:

80

rrc = sin¢ cos 6 - 47
VTASin
where the denominator Vrag,,, is singularity protected as follows:
VTAS“m = max (VTAS, 10 ktS) (48)

Next, this commanded yaw rate rcyq is fed through its respective rate command module as discussed in Fig. [6}
resulting in a required yaw angular acceleration rreq, to be fed to the dynamic inversion calculation.

B. Automatic Trim

Automatic trim is used to enhance the acceleration and deceleration rate of the vehicle, by taking advantage of the
additional axis of control. The automatic trim commands pitch in the hover regime, and angle of attack (i.e., using
heave) in the transitional regime.

Angle of Attack Trim For angle of attack trim, a commanded angle of attack « is calculated that corresponds to a
given normalized thrust setting, according to the following mapping:

Qemd = (a’min - Qmax) Othr + @max (49)
where anin = Odeg and apm,x = 10deg and Oy, is the normalized thrust setting, between 0 and 1. Subsequently, this

command is sent through a first order filter that serves as reference model:

1
Gret = — (@emd — a'ref) (50
Ta

The resulting angle of attack command is sent to the Angle of Attack Command (AOAC) inner-loop control system.

Pitch Trim For pitch trim, a pitch attitude angle 6 is calculated that corresponds to a given normalized thrust setting,
according to the following mapping:
Ocmd = (gmin - Hmax) Othr + Omax (5D

where Onin = Odeg and O, = 10deg and Oy, is the normalized thrust setting, between 0 and 1. Subsequently, this
command is sent through a first order filter that serves as reference model:

. 1
Oref = — (ecmd - 6)ref) (52)
To

The resulting pitch angle command is sent to the Pitch Angle Control outer-loop control system.
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C. Command Response Types

Command response types describe the overall system response to pilot inputs. There are 16 different outer loop
control systems introduced in Fig. [T3] which are explained below. They are broken down by category:

 State Command State Hold

» State Rate Command State Hold

 Target Rate Command Target Hold

1. State Command State Hold

In this category of command response, a constant inceptor deflection results in a constant commanded state.
Releasing the inceptor back to the neutral position results in a zero (or nominal) commanded state. Pilot inputs are
scaled over the allowable range of the commanded state. Subsequently, this command is fed through a first-order lag
filter with a time constant that serves as a reference model. A high level description of the command response types that
fit under this category are described below.

Bank-C/H For Bank Command / Bank Hold, a constant inceptor deflection results in a constant commanded bank
angle. Releasing the inceptor back to the neutral position results in a zero commanded bank angle. The bank angle
command is sent to the Bank Control outer-loop control system.

Crab-C/H For Crab Command / Crab Hold, a constant inceptor deflection results in a constant commanded crab
angle. Releasing the inceptor back to the neutral position results in a zero commanded crab angle. The crab angle
command is converted to a sideslip command and sent to the Sideslip Control outer-loop control system.

Slip-C/H For Slip Command / Slip Hold, a constant inceptor deflection results in a constant commanded sideslip
angle. Releasing the inceptor back to the neutral position results in a zero commanded sideslip angle. The sideslip angle
command is sent to the Sideslip Control outer-loop control system.

2. State Rate Command State Hold

In this category of command response, a constant inceptor deflection results in a constant commanded rate of change
in the aircraft state. Releasing the inceptor back to the neutral position results in a zero rate command to maintain the
current state through integrators in the inner-loop control system (II.B.2)). Pilot inputs are scaled over the allowable
range of the commanded rate of change. A high-level description of the command response types that fit under this
category are described below.

Alt-RC/H For Altitude Rate Command / Altitude Hold, a constant inceptor deflection results in a constant commanded
altitude rate (i.e., vertical speed). Releasing the inceptor back to the neutral position results in a zero altitude rate
command to maintain the current altitude. The altitude rate command is sent to the Vertical Speed Control outer-loop
control system.

Bank-RC/H For Bank Rate Command / Bank Hold, a constant inceptor deflection results in a constant commanded
bank rate. Releasing the inceptor back to the neutral position results in a zero bank rate command to maintain the
current bank angle. The bank rate command is sent to the Bank Rate Control outer-loop control system.

Fpa-RC/H For Flight Path Angle Rate Command / Flight Path Angle Hold, a constant inceptor deflection results in a
constant commanded flight path angle rate. Releasing the inceptor back to the neutral position results in a zero flight
path angle rate command to maintain the current flight path angle. The flight path angle rate command is sent to the
FPA Rate Control outer-loop control system.

Hdg-RC/H For Heading Rate Command / Heading Hold, a constant inceptor deflection results in a constant
commanded heading rate. Releasing the inceptor back to the neutral position results in a zero heading rate command to
maintain the current heading angle. The heading rate command is sent to the Heading Rate Control outer-loop control
system.
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LatPos-RC/H For Lateral Position Rate Command / Lateral Position Hold, a constant inceptor deflection results in
a constant commanded lateral rate (i.e., ground relative lateral velocity). Releasing the inceptor back to the neutral
position results in a zero lateral rate command to maintain the current lateral position. The lateral rate command is sent
to the lateral component of the Translational Rate Control outer-loop control system.

LonPos-RC/H For Longitudinal Position Rate Command / Longitudinal Position Hold, a constant inceptor deflection
results in a constant commanded longitudinal rate (i.e., ground relative longitudinal velocity). Releasing the inceptor
back to the neutral position results in a zero longitudinal rate command to maintain the current longitudinal position.
The longitudinal rate command is sent to the the longitudinal component of the Translational Rate Control outer-loop
control system.

LonVel-RC/H For Longitudinal Velocity Rate Command / Longitudinal Velocity Hold, a constant inceptor deflection
results in a constant commanded longitudinal velocity rate (i.e. forward ground relative acceleration). Releasing the
inceptor back to a neutral position maintains the current commanded longitudinal velocity (i.e., forward ground relative
velocity). The longitudinal velocity command is sent to the Acceleration Control outer-loop control system.

Spd-RC/H For Speed Rate Command / Speed Hold, constant inceptor deflection results in a constant commanded
speed rate (i.e., acceleration). Releasing the inceptor back to the neutral position results in a zero speed rate command
to maintain the current speed. The speed rate command is sent to the Acceleration Control outer-loop control system.

3. Target Rate Command Target Hold

In this category of command response, a constant inceptor deflection results in a constant rate of change in the
commanded target. Releasing the inceptor back to the neutral position maintains the current commanded target. Fig.[20]
shows the block diagram of the target rate command target hold function. Pilot inputs are scaled over the allowable
range in the commanded rate of change. Subsequently, the target rate command is saturated by flight envelope limits
and protected against windup. Next this commanded rate is integrated towards a commanded target state. This target
state command is again constrained between saturation limits that are based on flight envelope limits. Next, this target
command is fed through a first-order lag filter with a time constant that serves as a reference model. For the ultimate
commanded target that is fed to the outer-loop controller, a feedforward term is added consisting of the saturated target
rate command scaled by a time constant. This feedfoward signal removes much of the time delay in the vehicle response.
A high-level description of the command response types that fit under this category are described below.
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Fig. 20 Block diagram of the target rate command target hold function

AltTgt-RC/H For Altitude Target Rate Command / Altitude Target Hold, a constant inceptor deflection results in a
constant rate of change in the commanded altitude target. Releasing the inceptor back to the neutral position maintains
the current commanded altitude target. The commanded altitude target is sent to the Altitude Control outer-loop control
system.

FpaTgt-RC/H For Flight Path Angle Target Rate Command / Flight Path Angle Target Hold, a constant inceptor
deflection results in a constant rate of change in the commanded flight path angle target. Releasing the inceptor back to
the neutral position maintains the current commanded flight path angle target. The commanded flight path angle target
is sent to the Flight Path Angle Control outer-loop control system.
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LatVelTgt-RC/Trk-H For Lateral Velocity Target Rate Command / Track Hold, a constant inceptor deflection results
in a constant rate of change in the commanded lateral velocity target. Releasing the inceptor back to a neutral position
maintains the current track angle. This is achieved by augmenting the commanded lateral velocity target with a correction
term so that track angle remains steady during acceleration or deceleration. The underlying concept is as follows. The
track angle y is defined as follows:

Vend,
X = arctan ——tst (53)
gndNorlh

where Vg, 18 the East component of the earth referenced ground velocity vector and Vgng,, is the North component.
The time derivative of the track angle is then derived as follows by means of the chain rule:

1 d ( VgndEasl ) VgndEaslVgndNorlh - VgndNnrth VgndEas&

“ = (54
1+ (_VgndEusl )2 dr \Vy

X =
V2 V2
Vg"dNorlh

ndy,
North gndyorth gndg,g

For a steady track angle, one needs y = 0, which results in the requirement that Vgﬂdaagl Vendyry, — Vendyog, Vendg,, = 0
for a nonzero denominator. This results in the following correction term for the lateral acceleration (after rotating all
velocity components over i from North-East reference frame to body fixed reference frame):

. Vend,
VgndY = %VgndX (55)
X

Thus, an additional track angle acceleration or deceleration term is needed before the usual rate-to-angle integrator:
e forward groundspeed Vg, > 0:

v
AV = —omt 8K (56)

Vgndx

* backward groundspeed Vgyg,, < 0:

y Vchd : VgndX
A‘/chd =

(57
Vgﬂdx

Please note that both Vg4, and Vgndx are defined in the body fixed reference frame (along the nose of the vehicle). The
singularity protected denominators in Eq.[56]and [57)are defined as follows:

VgndX max (Vgndx y 20kts) (58)

Vand, = min (Vgna,, —20kts) (59)

The resulting commanded lateral velocity target is sent to the lateral component of the Translational Rate Control
outer-loop control system.

LatPosTgt-RC/H and LonPosTgt-RC/H The Position Target Rate Command / Position Target Hold response is
separated into a lateral component (i.e., Lateral Target Rate Command / Lateral Target Hold) and a longitudinal
component (i.e., Longitudinal Target Rate Command / Longitudinal Target Hold). Constant inceptor deflections result in
constant rates of change in the commanded target position along the respective (lateral and longitudinal) axes. Releasing
the inceptors back to the neutral positions will maintain the current commanded target position. Pilot inputs are scaled
over the command range between +20kts and —20kts. Subsequently, the command is protected against windup. Next
this commanded rate is integrated towards a commanded position and converted to lat/lon coordinates as follows:

cosy 180

Alaty = Vx.dt 60
atx Xemd R. - (60)
sinyr 180
Alony = Vxdi-—2¥ 2% 61
onx Kema R.coslat  m e
“sing 180
Alaty = Vydi-—Sn¥ 189 (62)
R, b/g
180
Alony = Vydi-—3¢ 130 (63)

. R, coslat i
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Next the position command distances are computed (with lat.,g = Y Alatx + >, Alaty and long,g = ), Alony +
> Alony):

N = (lataa - lat) - 1% ‘R, (64)
E = (longmg — lon) - 1% - R, cos lat (65)
X = Ncosy + Esiny (66)
Y = Ecosy — Nsiny (67)

The next step is to limit the position command distances for X and Y in Eq. [66H{67| between the limits 20ks - 705 and
—20kts - Tpos, Where Tpos = 3 - max (T¢, Tg). Finally the limited position command is computed with the reverse eq. —
The speed control targets are calculated as follows:

1
VXcmd = X (6 8)
Tpos
1
Vycmd Y (69)
Tpos

The resulting commanded lateral and longitudinal velocities are sent to the Translational Rate Control outer loop control
system.

SpdTgt-RC/H For Speed Target Rate Command / Speed Target Hold, a constant inceptor deflection results in a
constant rate of change in the commanded speed target. Releasing the inceptor back to the neutral position maintains
the current commanded speed target. The commanded speed target is sent to the Speed Control outer-loop control
system. As the aircraft transitions through flight regimes, the speed target transitions over various reference speeds to
ease operation. Airspeed applies in WBL and transitions to groundspeed in TBL. At the lowest speeds, the system
commands only a forward groundspeed. As the vehicle picks up speed, this blends from a forward groundspeed, to
groundspeed, to calibrated airspeed.

TrkTgt-RC/H For Track Target Rate Command / Track Target Hold, a constant inceptor deflection results in a constant
rate of change in the commanded track angle target. Releasing the inceptor back to the neutral position maintains the
current commanded track angle target. The maximum change in track angle command Ay is limited based on the
maximum turn rate as follows:

Xemd = X + AXemd (70)

where the commanded change in track angle A ycmq is restricted between the two limits:
AXmax = min ('Z’max *Tys 45deg) (71)
Axmin = max (‘j’min Ty _45d6g) (72)

The resulting commanded track angle target is sent to the Track Control outer-loop control system.

VspdTgt-RC/Fpa-H For Vertical Speed Target Rate Command / Flight Path Angle Hold, a constant inceptor deflection
results in a constant rate of change in the commanded vertical speed target. Releasing the inceptor back to a neutral
position maintains the current flight path angle. This is achieved by augmenting the commanded vertical velocity target
with a correction term so that flight path angle remains steady during acceleration or deceleration. The underlying
concept is as follows. The flight path angle y is defined as follows:

Vg“dz

v = arctan (73)

gndy

where Vg, is the vertical component of the earth referenced velocity vector and Vg, is the forward component along
the flight path. The time derivative of the flight path angle is then derived as follows by means of the chain rule:

= 1 d (VgndZ ) Vgndz Vgndx - VgndX Vgndz (74)
= 2 dr - 2 2
I+ (xg_jz) A\ Venay Vend + Vena,
gndy
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For a steady flight path angle, one needs y = 0, which results in the requirement that Vgndz Vendy, — Vgndx Venda, = 0 fora
nonzero denominator. This results in the following correction term for the vertical acceleration:

) Veond, .
an
‘/gndZ = Vgndz gndy (75)
X

Thus, an additional flight path angle acceleration or deceleration term is needed before the usual rate-to-angle integrator,
as follows:
¢ forward groundspeed Vg, > 0:

ViV
AV, = (76)
’ Vgndx

¢ backward groundspeed Vg, < 0:

v,
AV, = o % (77)

VgndX

Please note that both Vg4, and Vgndx are defined in the body fixed reference frame (along the nose of the vehicle). The
singularity protected denominators in Eq. [76]and [77) are defined as follows:

max (Vendy , 20kzs) (78)

VgndX = min (Vgndx,—zokls) (79)

This singularity protection also makes the commanded flight path level off when approaching hover. Moreover, the

vertical acceleration limits are defined as follows: V7 = @ and V7 = @ The resulting commanded vertical
Y Y

speed target is sent to the Vertical Speed Control outer-loop control system.

D. Outer Loop Control Systems

There are 16 different outer loop control systems introduced in Fig.[I3] which are all explained below. They are
broken down by category:

* Euler and aerodynamic angles and rates

* Navigation angles and rates

* Altitude and vertical speed

* Speed and acceleration

1. Euler and aerodynamic angles and rates

Bank Control For bank angle control, the commanded bank angle ¢y is limited between the maximum authority
limits @min and ¢max, and maximum envelope limits if applicable. Next, ¢.mqg is used to calculate the controlled earth
referenced roll rate ¢emq, based on the roll time constant T4, as follows:

. 1
$emd = — (¢cmd -¢) (80)
T
This roll rate is subsequently fed to the bank rate control module, before being passed to the RCAH inner loop.

Bank Rate Control For bank rate control, the commanded bank rate, either earth referenced @¢mg or body fixed pemg
is limited between their respective maximum authority limits Gmin and Pmax OF Pmin and Pmax, and maximum envelope
limits if applicable.
Subsequently, a coordinate transformation is performed, depending on the direction of the change in reference frame:
* From body fixed to earth referenced:

(Iscmd zpcmd'i";bSine (81)
* From earth referenced to body fixed:
Pemd = Pemd — Y Sin 6 (82)

This bank rate is subsequently passed to the RCAH inner loop.
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Heading Control For heading control, the commanded heading g is used to calculate the controlled earth
referenced heading rate y/q, based on the heading time constant Ty, as follows:

, 1
Yemd = — (l!/cmd - '//) (83)
Ty

Heading Rate Control Commanded earth referenced yaw rate y/cnq is limited between its extreme authority limits.
If a non-zero sideslip angle is commanded (in turn coordination): Compensate for commanded change in sideslip
angle:
wcmdcml = lﬁcmd + ﬁcmd (84)
where:

femd =~ (Bema — B) (85)
B

The commanded earth referenced yaw rate ¥ is limited between its envelope limits. Heading rate is either
controlled directly via the RCDH inner loop control mode when it is active, otherwise heading rate control is achieved
via bank. First compensate for increased heading rate due to level-turn compensation:

lpcmdcorrz = (pcmdcmrl cos @ (86)

Subsequently, the commanded bank angle is calculated and limited between authority limits and, if applicable, envelope
limits: v
; TAS
¢emd = arctan l/’cmd? (87)

This value is then fed to the aforementioned bank control law.

Pitch Angle Control For pitch angle control, the commanded pitch attitude angle 6.g is limited between the
maximum authority limits @i, and 6,ax, and maximum envelope limits if applicable. Next, O.mq is used to calculate
the controlled earth referenced pitch rate 6.4, based on the pitch time constant 7, as follows:

1

Oemd = — (Oema — 6) (88)
To

This pitch rate is subsequently fed to the pitch rate control module, before being passed to the RCAH inner loop.

Pitch Rate Control For pitch rate control, the commanded pitch rate, either earth referenced Ocmd OF body fixed gemd
is limited between their respective maximum authority limits Gmin and Omax OF ¢min and gmax, and maximum envelope
limits if applicable.
Subsequently, a coordinate transformation is performed, depending on the direction of the change in reference frame:
* From body fixed to earth referenced:

. . . 1
Ocmd = (q.:md — Y cosfsin ¢) — (39)
cos ¢
* From earth referenced to body fixed:
Gemd = Bemd €OS ¢ + s cos 0sin ¢ (90)

This pitch rate is subsequently passed to the RCAH inner loop.

Sideslip Control For sideslip control, the commanded sideslip angle B.mq is limited between the maximum authority
limits Bmin and Bmax, and subsequently fed to the turn coordination (TC) inner loop control module.
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2. Navigation angles and rates

Flight Path Angle Control For flight path angle control, the commanded flight path angle y.pq is limited between the
maximum authority limits ymi, and ymax and maximum envelope limits if applicable, and subsequently used to control
the flight path angle either by heave via /icmq or by pitch via yemg.

For flight path angle by heave:

hemd = tan Yemd Vgnd“m o1

where Vgng,  is the lower value limited ground speed, defined as follows:
Vend,,, = Max (Vgna, 20kts) (92)

The commanded vertical speed hema is then limited between the maximum authority limits hmin and fyax and maximum
envelope limits if applicable. Either via Flight Path Angle Rate Control or otherwise directly, /g is fed to the vertical
speed control module which connects it to the inner loop RCHH control.

For flight path angle by pitch:

1
Yemd = — (7’cmd - 7) (93)
Ty

This y.mg value is then used as commanded value for flight path angle rate control.

Flight Path Angle Rate Control For flight path angle rate control, the commanded flight path angle rate ycmq is
limited between the maximum envelope limits Ym;p,,, and Ymax.,, if applicable, and subsequently used to control the
flight path angle rate either by heave via Aemd OF by pitch via O¢pq.

For flight path angle rate by heave:

First the commanded flight path angle is calculated:

Yemd = ¥ + Ty Yemd 94)

This commanded flight path angle y.nq is then limited between the maximum authority limits yp;, and ym.x and
maximum envelope limits if applicable, and subsequently used to calculate the commanded vertical speed:

hema = tan Yemd - Vgnd 95)

where Vgyq is the ground speed. Next, hemd is fed to the inner loop RCHH control.

For flight path angle rate by pitch:

Assuming that the commanded pitch rate can be approximated by the commanded flight path angle rate: fcmg = Vemds
the commanded pitch attitude angle 6.q is calculated as follows:

Ocmd = 0 + Tﬁécmd (96)

This commanded pitch attitude angle O.pg is then used as command value for the pitch control module in ACAH mode,
Of Bemgd = Yemd 18 used as command value for the pitch rate control module in RCAH mode.

At low speeds, since angles may be ill-defined and sensitive, commands are formulated as axial speed component
commands (vertical speed). The use of a synthetic flight path angle ensures a smooth transition from a true flight path
angle command to essentially a vertical speed command. The crossover between true and synthetic angle takes place
at the speed where a flight path angle of 1 deg corresponds to a vertical speed component of 1 ft/s, which is around
Vena = 34 kts.

Track Control For track control, the commanded track angle y.mq is used to calculate the commanded track rate
Xcmd, based on the track time constant 7,, as follows:

1
Xemd = — (Xemd = X) o7
Ty

This commanded track rate y.mq is then fed to the track rate control module.
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Track Rate Control Commanded track rate ymq is limited between the maximum authority limits Yrmin and Ymax
and maximum envelope limits Yy, and Ymax,,, if applicable, and subsequently used to control the track rate by bank.
“Track by bank” is achieved either directly via ¢emg or indirectly via the lateral ground speed vgng,__,-

Track rate control by yaw (when TRC is active):

Assuming that the commanded yaw rate can be approximated by the commanded track rate: ¥cmq = ¥emd

Track rate control by bank:

In this specific non-conventional flight condition, one needs to calculate the commanded bank angle for controlling
track rate but in the presence of significant sideslip. The derivation follows next. The applicable Free Body Diagram of
the governing forces is shown in Fig. 21]

Fig. 21 Governing forces in turning flight along the Yz and Zp axes

The equation of motion along the body Y-axis Yp is as follows:
Wsin ¢ + Yaero = mVr (98)

where Yaero 1S the aerodynamic sideforce, which is caused by the sideslipping flight. The inverse Euler equation for the
body axis yaw rate r is defined as:

r =y cos ¢ cos @ — sin ¢ 99)
Combining Eq.[98]and [09]results in:
W sin ¢ + Yaero = mV (i cos ¢ cos 6 — @ sin ¢) (100)
Next substituting W = mg and Yyero = nyW = nymg:
mg sin ¢ + nymg = mV (y cos ¢ cos @ — 6 sin ¢) (101)
Eliminating the common mass factor m and regrouping for the ¢ terms:
(g +V6)sing — (Vcosy)cos ¢ = —gny (102)

Solving for bank angle ¢ results in the equation, where the relevant required variables are used where necessary:

—8Ny
Pemd = arccos

+V6
+ arctan (—u)

- (103)
V cos 0 cmd

(g + VOema)” + (V oS Ofema)”
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where the commanded track rate is adjusted for level turns: Wemd = Xemd €OS 6.
This result is achieved by using the universal relationship:

asing —bcosp=c ¢=arccos( (104)

c a
m) + arctan ( b)
Eq.[103| was validated for specific situations of straight sideslipping flight, where it simplifies to ¢cma = arcsin (—ny)
and for level turn coordinated (zero sideslip) flight, where it simplifies to ¢.mg = arctan ((j/cmdg). The commanded
bank angle value ¢¢yg from Eq. @] is then fed to the bank control module.

At low speeds, since angles may be ill-defined and sensitive, commands are formulated as axial speed component
commands (lateral speed). The use of a synthetic track angle ensures a smooth transition from a true track angle
command to essentially a lateral ground speed command. The crossover between true and synthetic angle takes place

at the speed where a track angle of 1 deg corresponds to a lateral ground speed component of 1 ft/s, which is around
Vena = 34 kts.

Translational Rate Control (TRC) Translational Rate Command is a dedicated mode which is used in the landing
phase and for precision maneuvering with respect to the ground. Longitudinal and lateral stick deflections command the
forward and sideways inertial speed components respectively. The derivation of how these inertial speed components
map to the pitch and roll angles is shown below.

This kinematic relationship shows how the translational rate components are related to the Euler angles[25]:

Xend 0 1 qSCx, T cosdr
Jand| = (0] + —05'Q5'0Q5N | | GSCy, | +| 0 (105)
Zgnd 8 (?SCZB Tsin 6]‘

where the body force components are defined by the aerodynamic forces as follows:

q_SCXB _CDacm
GSCy, | = 359,'Q,' | Cy,, (106)
q_SCZB _CLaero

Simplifying by assuming that only the vertical rotors are used in the hover phase and that the aerodynamic influences
are negligible due to the low airspeed, results in:

jégnd 0
mQy | Fama =92 0 (107)
Zgnd — & T sindr
Expanding these matrix equations results in:
m (Egna COSY + Fgnasing) | [cos ¢ sin 6T sin 67
m (Jgna cOSY — Xgnasiny) | = | —sin @7 sin 67 (108)
m (Zgnd — &) cos ¢ cos 0T sin 57

Solving for pitch angle 6 and bank angle ¢ results in:

Kgnd COS Y + Fgng sin

tanf = — (109)
Zgnd — &
sing = m (Vend cosd‘/ — ¥gna siny) (110)
T sinor
Besides it can be found that:
Xgnd 0
mil Vend = 0 (111)

Zgnd -8 2 TSiIléT 2
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And thus:

Tsinor = m\/xénd + yénd + (Zgnd - g) (112)

Implementing Eq. (TT2)) in Eq. (TT0) results in the following equations for required pitch attitude and bank angles based
on the required translational accelerations, and which are independent of any airframe information:

)'c'gnqu cosy + jignqu sin Y
Oreq = arctan (113)
Zgndreq 8

(j}gnqu COs l// - Xgndrcq sin d’)
¢req = —arcsin (114)

2
2 42
gnd + ygndle (Zgndreq g)

i

Teq

Because of the relative degree, the linear controllers of the two TRC channels work up to the second order derivative,
and they have the following control law:

vi = Xgd,, = (Kx + ;I) (tend,,; — ¥ena) + K (¥ena,,) (115)
K;

Vj} = j}gndrcq (Ky + _) (ygndrgf ygnd) + Ky (j}gndrcf) (1 16)

vi = Zgna,, = K (Z'gndreq - Z'gnd) (117)

The values of the controller gains mentioned in Eq. (TT3)—(I17) are specified in Table[I] The second order time
derivatives of the control commands used in Eq. (IT3)—(T17) are fed forward internal signals from the first order
reference models for the two TRC channels:

Hier(s) = (118)

Tvs+1

The value for the time constant in Eq. (IT8) is 7y = 3s and was chosen such that the reference model satisfies the
ADS-33 Flying and Handling Quality requirements. Fig.[22]shows the interconnections between reference model, linear
controller and kinematics inversion for TRC.

Table 1 Linear controller gains for Eq. (TT3)-(T17)

axis rate acceleration
Kijy: =2%0.25
longitudinal & lateral el 5 K5 =1
yaw Ky =6 K, =5 -
______ {xw} linear controller
|— | e
"f‘]‘tj:s @_. 1 kinematics |
5 inversion
i - hal?
Yes
Voo Lo | “reference model ' : K, .|» i [ | 8 lcmn
X o |
Flying qualities dependent, L.G? L ________
airframe independent

Fig. 22 Detailed overview of the control structure and interconnections for TRC (translational rate control)
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3. Altitude and vertical speed
Altitude Control For altitude control, the commanded altitude /.q is used to calculate the controlled earth referenced
vertical speed hc.mq, based on the altitude time constant 7y, as follows:

. 1
hema = — (hemd — h) (119)
Th

The vertical speed is then fed to vertical speed control.

Vertical Speed Control For vertical speed control, the commanded vertical speed /icmg is limited between the
maximum authority limits Bmin and fpax and maximum envelope limits if applicable, and subsequently used to control
the vertical speed either by heave via the RCHH inner loop control module or by pitch (rate) via Ocmd/Ocmd-

Vertical speed by pitch (rate):

The commanded flight path angle y.mq is calculated as follows:

hcmd

Yemd = arctan (120)
gndy;p,
where Vgng,  is the singularity protected ground speed:
Vend,, = max (Vgna, 10kts) (121)
Next the commanded flight path rate y.mq is calculated, based on the flight path angle time constant 7, as follows:
1
Yemd = — (ycmd - 7) (122)
Ty

Both flight path angle and rate are limited between their maximum authority limits if the safe envelope is active.
Assuming that the commanded pitch rate can be approximated by the commanded flight path angle rate: fcmg = Vemds
the commanded pitch attitude angle 6.n,q is calculated as follows:

Ocmd = 0 + TgOema (123)

This commanded pitch attitude angle g is then used as command value for the pitch control module in ACAH mode,
or femd = Yemd is used as command value for the pitch rate control module in RCAH mode.

4. Speed and acceleration

Acceleration Control For acceleration control, the commanded acceleration Vg is limited between the maximum
authority limits VCASmin and Veas . and maximum envelope limits if applicable, and subsequently either passed directly
to the ACSH inner loop control or otherwise used to calculate the commanded forward groundspeed for TRC.

For TRC:

max

Xend,pg = Xend + chdTV (124)

Speed Control Speed is controlled either by pitch, using TRC, or by acceleration, using inner loop control ACSH,
depending on the flight mode. For speed by pitch, the commanded speed Vg is used as the external TRC input for the
commanded forward ground speed Xgpq,,

= Vemd (125)

For speed by acceleration, the commanded acceleration V.md is calculated as follows:

xgnd

cmd

. 1
Vema = —AV (126)
v

where the speed error AV is calculated as follows:

AV = (chd - VCASW) (127)

where Vcas,,,, i the computed calibrated airspeed. Outside hover the computed calibrated airspeed equals the
calibrated airspeed Vcas. In hover, the computed calibrated airspeed uses ground speed. AV is also limited between
AVmax =V+ VCASmax TV and AVmin =V+ VCASminTV-
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