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Abstract

To support current defense initiatives such as NATO's Next Generation Rotorcraft Capability, which aims for the
development and fielding of rotorcraft with higher maximum airspeed, the German Aerospace Center (DLR)
has been conducting various studies regarding high-speed-capable rotorcraft configurations. Using DLR's In-
tegrated Rotorcraft Initial Sizing environment, a high-speed compound rotorcraft was sized and designed to
achieve airspeeds above 240 knots. The configuration features a main rotor, a tail rotor, a pusher propeller, a
wing, and an empennage. The wings and empennage are equipped with additional aerodynamic control sur-
faces. This paper briefly presents the designed high-speed rotorcraft and its linear model properties. The focus
of the paper is the development of an explicit model-following flight control system for the compound rotor-
craft across the entire flight envelope. The corresponding feedback gains are optimized with MATLAB systune.
The utilized optimization goals and their relation to ADS-33E criteria are examined. The designed flight control
system is mostly predicted to achieve a Level 1 ratings.

NOTATION Oail, Ofip aileron, flap deflection
Wk main rotor speed
K system gain Ox. Iongitgdinal chlic stick input
M, example of stability derivative ¢ dgmpmg ratio
Ms, example of control derivative 7 time delay ,
/ mass moment of inertia tensor .0 roll and pitch attltudes. ,
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coverage and for evading radar detection, especially
atlow altitudes. Notable examples of such high-speed
rotorcraft (HSR) research include NATO’s Next Gener-
ation Rotorcraft Capability (NGRC) project and the U.S.
Future Vertical Lift (FVL) initiative. NATO's NGRC is ex-
ploring the potential for higher speeds in the devel-
opment of a new medium-weight rotorcraft, with pro-
jected flight speeds between 180 and 220 knots. Sim-
ilarly, the Future Long-Range Assault Aircraft (FLRAA)
program within FVL targets this weight class, aiming
for speeds between 250 and 280 knots.

The German Aerospace Center (DLR) supports NGRC
activities through dedicated, ongoing research in de-
fense technology. A conception study to assess
the advantages and disadvantages of a high-speed-
capable rotorcraft configuration for a specific mission
scenario was conducted [1]. DLR's rotorcraft design
environment, Integrated Rotorcraft Initial Sizing (IRIS),
serves as the main framework for model initialization,
sizing, and analysis within the recent studies. Further
studies are also focused on the conceptual design of
new Helicopter Emergency Medical Services (HEMS)
configurations [2].

To cover FLRAA applicants design concepts, the U.S.
Army Aviation Development Directorate developed
two generic configurations: a coaxial rotorcraft with
a pusher propeller, and a tiltrotor [3]. Flight control
systems were developed for both models to investi-
gate the resulting handling qualities (HQ) of the mod-
els and generally to accelerate the development of HQ
for high-speed configurations [4, 5]. Furthermore, a
winged single main rotor / tail rotor helicopter with
lower design speed and take-off mass was also dis-
cussed [6].

For DLR's conceptual HSR study, a new compound ro-
torcraft configuration was compared with a reference
conventional helicopter. The comprehensive code He-
licopter Overall Simulation Tool (HOST), developed by
Airbus Helicopters [7], is used internally within IRIS
for the computation of the flight mechanics model.
Furthermore, the resulting helicopter models were
gradually revised and extended for non-linear time-
domain simulation. The studied HSR configuration
currently features an off-loaded main rotor, wings,
a tail rotor, and a pusher propeller to achieve flight
speeds of over 240 knots. Aerodynamic control sur-
faces are incorporated for the wings, as well as the
vertical and horizontal stabilizers, and rudder to min-
imize the necessary control inputs on the main rotor
during high-speed flight.

This paper provides an overview of the development
of the flight controls of the HSR, beginning with the
conceptual design and modeling of its flight mechan-
ics in Section 2. The design approach, including
the reference configuration and requirements, is de-
scribed and the resulting flight mechanics model is

detailed and examined concerning important deriva-
tives and eigenvalues. The main focus of the paper is
the design of an explicit model-following (EMF) flight
control system for the HSR across the entire speed
range. The architecture of the flight control system is
described in detail in Section 3. The optimization pro-
cess of the flight control parameters, the correspond-
ing goals, and the assessment of the designed flight
control system using quantitative handling qualities
and robustness criteria are presented in Section 4.

2. HIGH-SPEED ROTORCRAFT MODEL

2.1. Conceptual Design

The extension of the flight envelope for a rotary wing
aircraft is critically dependent on the choice of con-
figuration. Going beyond the speed limits of conven-
tional helicopters, three reliable configuration types
can be considered: a convertible or tilt rotor config-
uration, a coaxial lift-offset configuration, and a con-
ventional single main rotor compounded with a wing.
The latter two are extended by additional propulsive
components, e.g. pusher propellers.

In the previous study [1], a conventional medium-
weight reference helicopter configuration, called
NATO Generic Rotorcraft (NATO-GR), was modified
into a compound rotorcraft with the intention of in-
creasing the flight speed by approximately 50% in
comparison to NATO-GR. The NATO-GR was modeled
on the basis of an UH-60, based on public available
data [8] reaching up to 160 knots.

The maximum flight speed of a conventional he-
licopter is limited by two events occurring in the
main rotor: rising transonic drag on the advancing
blade side and stall due to high angles of attack on
the retreating blade side, as analyzed in [1] for the
NATO-GR. To increase the maximum flight speed and
counter the increasing drag, the propulsive force must
be decoupled from the main rotor through a propeller
or similar. The second measure comes into play when
a critical Mach number is reached on the advancing
blade side: the rotational speed of the main rotor
is reduced to keep the Mach number below a criti-
cal value. Hence, an area with high dynamic pres-
sure on the advancing blade side generates at the cost
of a larger area with reversal flow on the retreating
blade side. A reduced blade loading is an approach
that helps balancing the two rotor sides. As a result
of the reduction of rotational speed and blade load-
ing, the main rotor shows a substantial reduction in
thrust and can no longer carry the weight of the ve-
hicle. In this case, the required lift is complemented
with wings, when the rotor thrust is limited at higher
speeds. To improve vehicle maneuverability without
increasing the load on the main rotor at fast forward



flight, control surfaces on the wings and stabilizers are
applied.

The high-speed configuration being designed aims
to fulfill similar mission requirements at higher air-
speeds as those of the NATO-GR. Given the mili-
tary context, a pusher propeller at the tail gener-
ates propulsion, ensuring that the side doors re-
main unobstructed by rotating elements and improv-
ing ground handling. This configuration resulted in a
compound rotorcraft referred to as the high-speed ro-
torcraft. It features a main rotor, a tail rotor, a pusher
propeller at the vehicle’s tail, wings, and an empen-
nage. The HSR configuration is depicted in Figure 3.

The chosen HSR configuration poses a number of
challenges: Firstly, heavy components are located far
behind the conventional helicopter’s center of grav-
ity, and secondly, a single propeller generates strong
additional roll moments. In addition, the position of
the tail rotor must be located further out from the ro-
torcraft symmetry plane due to the propeller at the
tail. From a scientific point of view, such a configura-
tion is challenging, and has not yet been comprehen-
sively analyzed. Nonetheless, other configurations
with two lateral thrust generators, such as the Airbus
Helicopters RACER [9], can dispense with the need of
a tail rotor and may be advantageous from an engi-
neering point of view.

An air assault profile was chosen as a representative
design mission to analyze the flight performance of
the NATO-GR and the HSR. The air assault mission,
as shown in Figure 1, was computed with a mission
radius of 201 km and applied the maximum speed
of 160 knots for NATO-GR and 240 knots for the HSR.
Modeling and analysis of the NATO-GR, as well as ini-
tialization, sizing, and analysis of the HSR, was con-
ducted with IRIS.
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Figure 1: Design mission profile “Air Assault”, see [1].

The results show a strong increase in the rotorcraft
dimensions, with a rise in the maximum take-off mass
by +76.4%. The specifications of the NATO-GR and the
sized HSR configuration are compared in Table 1.

Table 1: Main specifications of NATO-GR and the HSR.

Specification NATO-GR HSR
Maximum take-off mass 9926 kg 17507 kg
Basic empty mass 6191kg 12348kg
Fuel mass 1305kg 2729kg
Payload mass 2430kg

Main rotor radius 8.18m 10.86m
Tail rotor radius 1.68m 2.18m
Propeller radius - 2.13m
Wing area - 19.89 m?
Maximum range 619 km 704 km
Maximum airspeed 160 knots >240knots

A comparison of the required power in level flight
can be found in Figure 2 for the NATO-GR and the
HSR including the required speed interval defined
by NGRC. The extension of the flight envelope from
160 knots to 240knots exceeds the NGRC require-
ments by 20 knots. Here, the curve of the HSR configu-
ration shows an increase of flight speed by 50% com-
pared to the NATO-GR reference along with a three-
fold increase in power requirement at 240 knots.
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Figure 2: Power required of NATO-GR and the HSR in level
flight.

This tremendous increase in required power for the
installed engines shifts the efficiency of the vehicle to
higher flight speeds, making the HSR inefficient within
the envelope of the reference configuration. These
findings were incorporated in a revised HSR model
generation, where a new rotor design was conducted.
Further investigations focused on the influence of dif-
ferent maximum flight speeds and mission radii [10].
For the purpose of this paper, the first design of the
HSR configuration, as presented in [1], set the base-
line for the development of the flight control system.
The specifications of the used HSR iteration, as shown
in Table 1, are representative for the studies in this
paper. Figure 3 shows the sized HSR configuration in-
cluding length dimensions and the center of gravity.
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2.2. Flight Mechanics Model
Rotors

The blade for the HSR main rotor is derived from the
NATO-GR integrating OA231 and OA209 airfoils, pre-
viously applied on the 7AD rotor. The transition from
the OA213 to the OA209 occurs from 0.75R to 0.92R.
Like the NATO-GR, the four-bladed main rotor fea-
tures a discloading of 463 N/mZ, a solidity o =0.00825,
and a hover tip speed of 220.9m/s. The blade twist
is reduced from -15.25°/R to -7°/R to align with the
aerodynamics of the unloaded rotor with a high ad-
vance ratio. The angle of incidence of the main rotor
is 5°. Due to elevated airspeed and reduced main ro-
tor speed, the advance ratio rises from . = 0.37 to
u = 0.71. The four-bladed tail rotor features ¢ = 0.21,
and an eight-bladed pusher propeller is modeled with
0 =0.3. The Pitt and Peters inflow model is applied for
all rotors.

Body Aerodynamics

The modeling of the NATO-GR utilized the polar data
from a comparable fuselage, scaled to meet the re-
quired drag area of 3.26 m?. This scaling is based on
the UH-60 configuration used in the NASA/Army UH-
60A Airloads program, as outlined in [11]. The HSR's
fuselage aerodynamics are modeled similarly to those
of the NATO-GR. DLR's tool LIFTING-LINE [12] is used
to estimate the aerodynamic coefficients of wings and
stabilizers, including the control surfaces

Mass and Inertia

A realistic center of gravity and moments of inertia
(MOI) are calculated by a reasonable placement of
the individual components, such as wings, main rotor,
engines, gearboxes, but also avionics and hydraulics
during the design process. The arrangement of the
component masses and computation of the center of
gravity and the MOl is crucial for the flight model as
they have a high impact on the system dynamics, e.g.
the bandwidth.

The design mass of the configuration was determined
during the mission-based sizing process in the previ-
ous work as described before. For the given payload,
the basic empty mass including individual component
masses were calculated through statistical methods
outlined in [13]. The fuel mass was obtained as a sum
of fuel consumed in the shown mission segments in
Figure 1.

The center of gravity is obtained as

a || —Zmbey Al
)Z/ ; > m

CG

where mj; is the mass of the /-th component located
at its coordinates x;, y;, and z;. The center of gravity is
also depicted in Figure 3.

Three different types of mass components are consid-
ered:

1. Point - mass components with a single point loca-
tion and no geometric property for components
that cannot be geometrically defined in the con-
ceptual phase (e.g., avionics, hydraulics, drive sys-
tem, gear, etc.),

2. Simple Geometric - mass components with rota-
tional symmetric geometrical shapes and known
textbook formulas for their MOI (e.g., engine as a
representative cylinder or the fuel tank as rectan-
gular prism),

3. Volumetric - mass components featuring arbitrary
shapes with large volume (fuselage, wings, rotors).

The mass properties of the volumetric components
are computed from each corresponding geometry.
Here, the geometry is modeled in the form of point
cloud by querying surface points from the geometry
defined in CPACS (Common Parametric Aircraft Con-
figuration Schema) [14] using the TiGL library [15]. The
points of the corresponding component geometry are
then meshed using triangular polygon elements. This
type of meshing allows for better accuracy in comput-
ing the mass properties of curved surfaces (e.g., the
fuselage and wings) at the cost of a higher number of
elements compared to quadrilateral meshing.

Upon meshing, the component center of mass is cal-
culated by

-
_ZQ’;’?"’A,( [X Y Z]k
> A

X
2) y
z

i

Each volumetric body is considered as a thin-walled
homogeneous structure with constant thickness. The
component mass is distributed to each element in
proportion to the element surface area A, to the body
surface area ZkN;'EImE”t Ak. For simple geometric and
point components, no additional calculation for the
center of mass is required, as the center of mass
aligns with their geometric position.

The inertia of the HSR including all components is
given as

/XX _lxy _/XZ
(3 I= _/Xy /yy _/J/Z
_/xz _/yz /zz

where the diagonal terms denote the inertia terms



about the x, y, and z axes with

/xx = Z /xx,i + mj (}7/2 + 2,2)
@ = Z lyy,i+mi (;(/2 + Z:2>
/zz = Z /zz,i + m; ()?,2 +)7/2)

and the non-diagonal terms

lxy = Z lxy,i + mj )~</ _Vf
G)  le= lyeitmiiz
/XZ = Z /Xz,i + mj )~<i Zi

where )?,' = XcGg — X, )7,' =YcG — Vi and Z’ =2ZcGg — Z.
In Equation (4) and (5), the first term represents the
MOI of the /-th mass component about its own center
of mass, while the second term is the expression re-
sulting from the parallel axis theorem with respect to
[xy z]£s. These equations are used in the given form
for volumetric and geometric components, while for
the point mass components, the MOl is obtained only
from the parallel axis term of the equations above.
The overall MOI of the volumetric components is cal-
culated from its meshed elements. Here, the inertia of
each meshed element is calculated on the 2D-plane
and transformed into 3D-space with respect to the
normal vector of the triangle element.

Based on the aforementioned methodology, the de-
termined mass properties of the HSR are listed in Ta-
ble 2. Except for the tail rotor, each component lies
on the x-z plane.

Table 2: Mass properties of the HSR.

Parameter Unit Value
XcG m 6.5
Yca m 0.0
ZCG m 2.62
L kg m? 64586
lyy kg m? 361235
. kg m? 364103
Iy kgm?  -11025
lyz kg m? 7855
lys kg m? 176

Control Inputs and Trim Laws

The HSR features a total of ten control inputs:

« main rotor longitudinal cyclic dy,
* main rotor lateral cyclic 4,

* main rotor collective dq,

* tail rotor collective §p,

*+ pusher propeller collective dtpr,

+ elevator on the horizontal stabilizer deye,

* rudder on the vertical stabilizer 4,yq4,

+ symmetrical deflection of the flaperons dsp,

+ asymmetrical deflection of the flaperons for
aileron operations d,,

+ and a main rotor speed

Depending on airspeed, all or a subset of these con-
trols are used. The main and tail rotors are essen-
tial for rotorcraft control from hover up to mid-speed
ranges. The aerodynamic flaps are only effective at
higher speeds, where the main rotor speed is re-
duced. The pusher can be used across the entire flight
envelope.

WMR*

The flight mechanical model of the sized HSR is
trimmed between hover and 260 knots in level flight
with a 10 knots spacing. To account for different vehi-
cle characteristics in the flight envelope, four different
trim laws are considered:

| At low airspeeds, the main rotor has maximum
authority. The HSR is trimmed using the conven-
tional helicopter controls dx, 4, d,, and d. In for-
ward flight, pusher propeller collective 6y, is ad-
justed accordingly to cancel out the thrust result-
ing from the free-stream inflow. Therefore, O, is
larger than zero.
From 97 knots (50 m/s) onward, the second trim
law sets the resulting angle of attack o of the fuse-
lage to zero in order to slowly off-load the main
rotor through additional pusher propeller thrust
using dhy-
From 138knots (71 m/s) onward, the ailerons
(asymmetrical wing flap deflections) 0, are addi-
tionally used to off-load the main rotor around the
roll axis. The aileron position is adjusted linearly
from hover to 138 knots to avoid control jumps.
IV The last trim law takes effect from 196 knots
(101 m/s) onward and additionally off-loads the
main rotor around the pitch axis by utilizing the
elevator d¢. and flaps 6.

During trim laws Ill and IV, the main rotor speed d,,x
is reduced according to the increasing airspeed. The
rudder is not required for trimming. The trim controls
and important helicopter states are shown in Figure 4.

2.3. Linear Models

The HSR model is linearized within HOST at all trim
points to obtain linear state-space models according
to the corresponding trim law. The state-space mod-
els include 20 model states:

* 9rigid body states (3 translational velocities, 3 ro-
tational rates, 3 attitude angles),

* 6 main rotor flapping states (main rotor lag dy-
namics are omitted in the current model),

* 3 main rotor inflow states,

+ 1 tail rotor inflow state,
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Figure 4: HSR trim values of controls, attitude angles, and
main rotor moments as a function of airspeed.

+ 1 pusher propeller inflow state,

and ten control inputs d as described at the end of
Section 2.2:

(6) 6 = (6)(1 6_)/1 6[)1 601 6thl’l 63”! 6f|pv 6ele: 5I’Udv 6(/JMR)

Furthermore, all linear models include the necessary
outputs for flight control design and model analysis,
such as angle of attack ¢, sideslip angle 3, and the
corresponding rates, as well as vertical velocity v, and
the required aircraft power Prequired-

Eigenvalues The eigenvalues of the linearized state-
space models as a function of airspeed (blue for low
speed, bright yellow for high speed) are depicted in
Figure 5 and in Figure 6 as a zoomed-in view.

The progressive, collective, and reactionless main ro-
tor flap modes vary with airspeed (and rotor speed)
as expected. All rotor modes are stable across the
entire flight envelope, but the rotor model currently
used by the HSR lacks the coupled lead-lag motion.

Furthermore, three main rotor inflow modes are visi-
ble throughout the whole airspeed envelope. The tail
rotor and pusher inflow modes also vary with the air-
speed and can be found at significantly higher fre-
quencies on the real axis.
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Figure 5: HSR Eigenvalues at trimmed airspeeds.

Figure 6 shows the low-frequency eigenvalues of
the HSR as a function of airspeed. From hover
to 110knots, the HSR shows an unstable complex
phugoid mode, and the spiral mode remains stable
at these airspeeds. At higher airspeeds, the phugoid
moves into the stable half-plane, while the spiral be-
comes unstable. Furthermore, a very low-frequency
pusher mode can be found, which is strongly cou-
pled with the spiral mode of the HSR. A coupled heave
and yaw subsidence mode lies in the stable half-plane.
The Dutch roll is stable but lightly damped, and its fre-
qguency increases as airspeed increases. Additionally,
two fuselage-coupled regressive flap modes are lo-
cated at lower frequencies denoted as pitch-flap and
roll-flap. At low airspeeds, two pitch-flap eigenval-
ues lie on the real axis and become a complex pole
pair with increasing frequency at higher speeds. The
opposite behavior is observed for the roll-flap mode:
For low airspeeds, the roll-flap poles are complex and
move to the real axis, with frequency increasing with
airspeed.

Stability and Control Derivatives The effective
rigid body stability and control derivatives are shown
as a function of airspeed in Figure 14 and Figure 15 at
the end of the paper. The rigid body derivatives are
determined from the reduced (rigid body) models by
applying the singular perturbation method. This ap-
proach, as described in [16], assumes that the high-
order dynamics are significantly faster than the rigid
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Figure 6: Eigenvalues at trimmed airspeeds (zoomed-in).

body dynamics.

The on-axis damping derivatives L,, Mg and N,
shown in Figure 14 rule the dynamics of the respective
axes for low and medium airspeeds. While M, and N,
increase with increasing airspeed, L, decreases and
reaches the same order of magnitude as L, and L, at
higher speeds. As a result, the coupling effects on the
roll axis increase with increasing airspeed.

The dihedral derivative L, and the weathercock sta-
bility N, determine lateral/directional static stabil-
ity. While the positive N, has a stabilizing effect, L,
changes its sign from negative to positive at around
160 knots and thus has a destabilizing effect. Surpris-
ingly, the spiral mode of the HSR is already unstable
from 110 knots onwards.

The on-axis roll control derivative L5, depicted in Fig-
ure 15 decreases significantly above 160 knots, while
at the same time, the coupling derivative L;, in-
creases. The coupling derivative from collective to
roll Ls, is also very pronounced from approximately
140knots onwards. For this reason, the main rotor
control is greatly reduced at high airspeeds. Aileron
effectiveness Ls,, increases with V2, and reaches a
similar order of magnitude as Ls;, upwards of ap-
proximately 200 knots. Furthermore, the coupling of
pusher to roll L5, does not appear to be particularly
large but should be taken into account to compensate
for the resulting roll moment for pusher propeller in-
puts.

The main control derivative in pitch M;s, is signifi-
cantly smaller than that in roll Ls,, which is to be ex-
pected. M, increases with velocity, while the coupling
derivative Ms, decreases. A similar observation was
also made for the winged single main rotor helicopter

study in [6]. Naturally, Ms, increases strongly with ve-
locity and is similar to M;, from about 160 knots on-
wards. For higher speeds, the elevator becomes the
main pitch control and reaches the same effective-
ness as longitudinal cyclic d, at round 240 knots.

In hover, the yaw axis control derivative clearly shows
a coupling from collective to yaw, but the correspond-
ing derivative N5, decreases at higher speeds. Both
the aileron coupling derivative Ns, and the rudder
derivative Ns,,, increase with V2. At 160 knots, tail ro-
tor effectiveness is about three times that of rudder
effectiveness.

The collective control derivative Z;, is dominant along
the vertical axis up to approximately 160 knots, af-
ter which strong couplings occur due to a larger Zs,
derivative. The control derivatives of the (symmetri-
cal) flaps Zs,, are about twice as large as Zs,,, but do
not have the same order of magnitude as the collec-
tive. For this reason, the vertical axis is controlled indi-
rectly via pitch control at higher airspeed, like in fixed-
wing aircrafts.

Thrust via pusher X;,, is clearly recognizable and in-
creases with speed. X;, also generates thrust, but not
independently of a pitch moment. Lateral forces can-
not be generated independently of the roll axis.

3. FLIGHT CONTROL ARCHITECTURE

The flight control system is developed using the lin-
earized models of the HSR for the entire speed range
up to 260knots. An explicit model-following (EMF)
control system architecture [17], with modifications
for an overactuated, high-speed vehicle as described
in [4], is used. The EMF flight control architecture of
the HSR is shown in overview form in Figure 7 and
consists of six main components: command model
and command delays, feedforward, feedback, trans-
formation to the body system, and control allocation.
These components, along with actuator and sensor
dynamics, as well as, time delays, are described in de-
tail in the following sections.

3.1. Command Model and Delays

The command model generates proper reference val-
ues from pilot inputs for the feedback and feedfor-
ward controllers. Therefore, the command model
is essential for setting the response behavior of the
overall flight control system, as it specifies response
type, bandwidth, and magnitude. The implemented
command model of the HSR switches its response
types automatically with airspeed or by the pilot's re-
quest, depending on the axis. All response types are
shown in Table 3 as a function of airspeed.

In the longitudinal axis, a Rate Command / Attitude
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Figure 7: Overview of the EMF flight control system architecture.
Table 3: HSR command model response types with respect to airspeed.
Airspeed Collective Longitudinal Cyclic Lateral Cyclic Pedals

(knots)

0-20 Direct Collective, Attitude Command / Attitude Command/ Rate Command (RC)

Vertical Speed Command Attitude Hold Attitude Hold
or (ACAH) (ACAH) Rate Command /
20-80 Thrust Command / or or Turn Coordination
Airspeed Hold Rate Command / Rate Command / (RCTC)
Attitude Hold Attitude Hold
80+ Thrust Command / (RCAH) (RCAH) Sideslip Command /

Airspeed Hold

Turn Coordination

Hold (RCAH) response type with a first-order com-
mand model is implemented using

(7) Jem _ KX,RCUJX,RC

6><5 s+ Wx,RC

The RCAH can be switched by pilot request to an Atti-
tude Command / Attitude Hold (ACAH) response type
with the underlying second-order model

Ocm _
(8) e

s

2
Kx,ACWX,AC
52 4+ 2, ACWx RCS + W2
x,ACWx,RC x,RC

RCAH and ACAH are available throughout the full
flight envelope for the longitudinal axis and also for
the lateral axis with different time constants.

Pedal command types switch automatically with air-
speed: Between hover and 80knots, a first-order
rate command (RC) model is implemented, as seen
in Equation (7). The RC is enhanced by Turn Coordi-
nation (TC) between 20 and 80 knots. For airspeeds
greater than 80knots, Sideslip Command / Turn Co-
ordination applies a second-order command model.

The collective stick features two different response
types that are also selectable by the pilot. In addition
to direct control of the main rotor collective (direct), a
Vertical Speed Command & Hold and a Thrust Com-
mand / Airspeed Hold are available, both using an un-
derlying first-order model. Above 120 knots, only the
Thrust Command / Airspeed Hold mode is available
and the Airspeed Hold can be activated by the pilot.

All command model parameters are fixed through-
out the full flight envelope and are set to meet ADS-
33E Level 1 handling qualities (Target Acquisition &
Tracking) [18]. Additionally, command delays are used
to delay the command model reference values be-
fore comparing them with the actual measurements,
which is usually done in EMF control architectures.
The command delays represent high-order effects or
delays that are not modeled in the actual command
model like actuators and sensors dynamics or pro-
cessing delays. For the HSR, all axes share the same
command delay of 96 ms.

3.2. Feedforward

The main purpose of feedforward control is to accel-
erate the initial response of the aircraft and thus in-
crease the bandwidth of the flight control system. Ide-
ally, the feedforward control generates control inputs
sufficient to guide the aircraft to the reference values
generated by the command model. As the control al-
location already performs static decoupling, only the
main axes (including the control allocation) are con-
sidered for feedforward design. Therefore, low-order
single-input/single-output transfer functions at each
trim point are fitted on the corresponding on-axis in a
frequency range between 1 and 10rad/s to estimate
the feedforward parameters. Consequently, the feed-
forward parameters are airspeed scheduled.

The pitch and roll axes can be mapped sufficiently well



over the entire speed range using a second-order sys-
tem. The feedforward transfer function for the cyclic
axes has the form

y K (5 N Ti)
9 ===—
u  (s+p1)(s+p2)

with K, p1, and p; to be optimized and an additional
zero with the time constant 7, = 40 ms to realize the
inverse transfer function in the flight control system.
The fit of the feedforward transfer function given in
Equation (9) for the roll rate p/u, in hover is shown
in Figure 8. The feedforward model fit between 1 and
10rad/s is considered as excellent.

The yaw rate feedforward is represented by a first-
order system of the form
3% K

10) ==
(10 u s+p;

for which no additional zero is required to realize the
inverse. For high airspeeds, the feedforward control
is generated by the sideslip angle 3 featured by a
second-order system.

The vertical axis is represented by a first-order system
like in Equation (10). No feedforward is provided for
pusher thrust. Hence, the feedforward controls are
denoted as

.
(1) urr = (UFFw  UFFp  UFF.q  UFF.,) .

180
& 90
o
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Figure 8: Roll axis p/u, feedforward model fit in hover.

3.3. Feedback

The feedback controller compensates the errors
caused by a non-precise feedforward, unconsidered
couplings, higher-order model components, and dis-
turbances, in order to keep the measurements as
close as possible to the commanded values. The gains
used for each controller axis are described below.

+ Longitudinal and lateral cyclic feedback uses rate
error (e, and e, respectively), attitude error (e; and
€p), and attitude error integral feedback gains.

* Yaw rate feedback at hover and low speeds is re-
alized by yaw rate error e, and rate error integral
feedback. At higher airspeeds, sideslip control is
activated, which uses the error of angle 3, and the
corresponding integral feedback gains.

+ The vertical axis is stabilized using error of the ver-
tical velocity v,, and its integral feedback.

* Thrust command is realized by direct control of
the pusher collective using the (filtered) collective
stick around the pusher trim. The airspeed hold
mode uses the error of airspeed V4., and the cor-
responding integral feedback gains.

Additionally, each controller output features a lead
compensator to increase phase margin and a dedi-
cated roll-off filter. Overall, 20 controller gains and
time constants determine the feedback component.
The feedback controls are denoted as

.
(12)  urg = (UFB VW UFBv. Urpg Urgg UFB.r)

Feedback tuning specifications, details of the opti-
mization used, and the tuning results can be found
in Section 4.

3.4. Transformation to the Body System

The designed feedforward control is based on the lin-
ear models in the body-fixed coordinate system us-
ing the rotational rates p and g and their derivatives,
since the main rotor and the control surfaces of the
HSR generate moments in the body-fixed frame. The
longitudinal and lateral feedback control, on the other
hand, are designed using the earth-fixed Euler angles
¢ and 6 to realize an appropriate attitude hold. A
simple sum of the feedback and feedforward outputs
leads to undesirable coupling between pitch, roll, and
yaw, especially during pitch or yaw maneuvers at large
bank angles. This is avoided by transforming the lon-
gitudinal and lateral feedback controls into the body-
fixed coordinate system. To do this, the feedback and
feedforward controls are transformed to generate the
control allocation inputs u

uy 1 0 O 0 0
Uy 010 0 0
up | =0 0 1 —tangtang tangy/cosg
Ug 0 0 0 1/cosg tang
uy 0 0 O 0 1
(13)

UFB, Vias 0

UFB,v, UFF,w

Ug gy | T | UrFp | = U

Urg g UrF,q

UrB,r UFF,r

3.5. Control Allocation

A control allocation is required for the HSR in or-
der to distribute the demanded forces and moments



u = (uy, Uy, Up, Ug, u,)T to the various actuators 4. In
this paper, a weighted pseudo-inverse method, as de-
scribed in [19], is applied to calculate the control allo-
cation matrix depending on the airspeed

(14 6=W"'B] (BoW 'B])u

The input matrix By, used to calculate the control al-
location is composed of the rows (u, w, p, g, r) of the
rigid body control derivative matrix B, calculated in
Section 2.3. Each column is normalized by the refer-
ence control derivatives (Xs,,, Zs. Ls,, Ms,, Ns,) from
the 90 knots-model in order to keep the gains of the
control allocation matrix interpretable accordingly. A
sideward force is not accounted for in the control al-
location as it cannot be generated independently of
the roll moment. All actuator signals, except the main
rotor speed, are used in the control allocation.

The diagonal weighting matrix W is used to reduce
the couplings caused by the loaded main rotor at high
speeds, as described in Section 2.3. Therefore, the
corresponding main rotor and tail rotor weighting co-
efficients in W are exponentially reduced between
120 knots and 235 knots. The main rotor weight and
selected coefficients of the control allocation matrix
for the roll axis are shown in Figure 9.
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Figure 9: Main rotor weight and roll CA coefficients.

As can be clearly seen in the lower graph of Figure 9, §,
is around 1 for low airspeeds. The control allocation
ford, has again of 1 and itis therefore the main lateral
control, since all others control coefficients are small.
The aileron and rudder gains 0,; and d,,4 are low un-
til 120 knots as the flap efficiency is very low due to
low dynamic pressure. After 120knots, the aileron
and rudder gains increase significantly while the lat-
eral cyclic 6, and tail rotor ¢, gains decrease. The main
rotor weight is reduced as shown in the upper graph.
At around 180 knots, the aileron needs to be amplified
by a factor of 1.5 in order to generate the same rolling
moment as lateral cyclic does at low airspeeds.

3.6. Actuators, Sensors, and Filters

For a realistic design of a flight control system, all time
delays of the closed-loop system must be taken into
account during the flight control design and later in
the simulation. Since the nonlinear and linear mod-
els solely include the flight mechanics of the bare air-
frame, additional actuator dynamics, sensor and filter
dynamics, as well as transmission time delays, are re-
quired for a proper estimation of the overall time de-
lay. To ensure comparability with the analyzed high-
speed configuration from [4], the time constants are
based on this publication with minor modifications.

As a result, the actuator model is designed as a
second-order model with position and rate limits, and
a time constant w,e: = 50 rad/s, a damping ratio (ot =
0.7, and a time delay T, = 8 ms, which corresponds
to the sampling time used in the HSR simulation. The
pusher propeller collective actuator has a lower time
constant of wn, = 25rad/s. The sensor modeling fol-
lows Ref. [4] to account for sensor dynamics, and pos-
sible notch, anti-aliasing and structural filters. They
are modeled as second-order systems with a time
constant Weensor = 30rad/s and a time delay Teensor =
16 ms.

4. TUNING RESULTS AND ASSESSMENT

The feedback gains and the time constants of the
lead compensators and roll-off filters are optimized
using the multi-model and multi-objective function-
ality of the fixed-structure, non-smooth H., tuning
algorithms [20], provided by MATLAB systune [21].
Since the applied optimization objectives (referred
to as “goals”) differ from the well-known CONDUIT
[17], which directly incorporates ADS-33E criteria [18],
these goals are described in detail to show their rele-
vance.

4.1. Tuning Goals

MATLAB systune distinguishes between hard and soft
tuning goals. The hard goals are prioritized and min-
imized until they are fulfilled. The soft goals are min-
imized afterwards, with the aim of ensuring that the
hard goals continue to be met. The stability margin,
sensitivity, gain, and minimum loop gain goals are de-
fined as hard goals for the optimization of HSR con-
trollers. Only step tracking is defined as a soft goal to
minimize the deviation between the command model
references and the actual measurements.

Stability Margin The tuning goal margins specify
minimum stability disk-based margins [22]. As disk-
based margins consider simultaneous gain and phase
variations, they are more conservative than classi-



Table 4: Selected tuning goals for HSR flight control optimization.

Tuning Goal Description Axis
Hard Goals
Margins gain and phase (disk) stability margins all
Sensitivity sensitivity shape for all
- disturbance rejection bandwidth and peak
- steady state error
MinLoopGain minimum crossover frequency for robustness  all
(Maximum) Gain  thrust-roll coupling roll
Soft Goals
StepTracking command model following costs all
10

cal gain and phase margins as supported in CON-
DUIT. Nonetheless, the standard stability margin val-
ues (6dB, 45deg) are enforced in this paper for all
axes with the feedback broken at the control alloca-
tion u = (uy, Uw, Up, Ug, u,)T.

Sensitivity The disturbance rejection bandwidth
(DRB) and disturbance rejection peak (DRP) criteria as
proposed in [23] can be directly defined by specifying
the sensitivity goal. This way, the free parameters are
tuned to limit the sensitivity at a broken loop insertion
point (here: the angle or velocity disturbances) below
a specified weighting function. The maximum roll-axis
sensitivity function including the sensitivity of all air-
speeds are shown in Figure 10. The used weighting
function has a maximum of 5dB gain for mid to high
frequency to fulfill the DRP criterion, and passes -3 dB
at wprg to meet the DRB criterion. In addition, the de-
viation from the steady-state response is limited by
the drop-in sensitivity in the low-frequency range. As
the sensitivity goal is specified as hard goal, the sensi-
tivity of all models are below the maximum sensitivity
function. For each axis, a dedicated sensitivity goal is
applied.

Gain The designed control allocation already signif-
icantly reduces the coupling of pusher thrust to the
roll axis, but undesirable roll moments can still be ob-
served with strong changes in thrust, which should be
further reduced by the (maximum) gain goal. The gain
constraint is used to tune the free parameters so that
the gain from the chosen input to the output is less
than or equal to a specified transfer function W(s).
To reduce the coupling of pusher thrust to rolling mo-
ment, the following transfer function from the thrust
input to the measured roll angle below 0.05rad/s is
used for this purpose

1

Winr,¢(s) = —65 dB%

[}
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Figure 10: Maximum sensitivity tuning goal and sensitivity
of all models (colors indicate airspeed).

Minimum Loop Gain The minimum crossover fre-
quency specification to ensure robustness against
model variants cannot be directly mapped into the
MinLoopGain goal in systune, as MATLAB does not limit
the open-loop frequency response L, but the inverse
of its sensitivity function S~ = (I + L). This simpli-
fication is not valid for L ~ 0, but it is found to be a
low threshold solution to shift the minimum crossover
frequency to higher frequencies.

Step Tracking The Step Tracking goal seeks to min-
imize the error between the command model refer-
ence and the sensor measurements. Here, a sepa-
rate goal is defined for each axis. In this paper, the
step tracking goals are used as soft goals, meaning that
they are minimized until a maximum number of iter-
ations or a relative tolerance is reached.

Table 4 summarizes the selected hard and soft tuning
goals and the axes to which they are applied. Further
goals are “checked only” after the optimization, but
are not included in the optimization as goals. These
include the position of the eigenvalues according to



the ADS-33E criterion on pitch (roll) oscillations and
the maximum crossover frequency for evaluating the
actuator activity.

In addition, a large number of ADS-33E [18], its pro-
posed revision [23], MIL-STD-1797B, and further up-
dated criteria for evaluating controller and handling
qualities have been implemented. These criteria can-
not be optimized directly with MATLAB systune, but
are checked after optimization. A selection is pre-
sented in the following section.

4.2. Optimization and Results

As described in Section 3.3, a total of 20 controller pa-
rameters are optimized. The controller parameters
are gain-scheduled for each trimmed airspeed from
hover to 260 knots with 10 knots increments, for a to-
tal of 28 design models. In the first run, each airspeed
is optimized individually. The resulting controller pa-
rameters are then interpolated by a polynomial with
an appropriate degree. For the second optimization
run, the feedback parameters are defined as polyno-
mial surfaces w.r.t. airspeed using an estimated de-
gree and the initial value from the first run. Hence,
a smooth variation of the controller parameters with
airspeed is achieved. The optimized feedback gains of
the pitch axis are depicted as a function of airspeed in
Figure 11.
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Figure 11: Pitch feedback gains as a function of airspeed.

The assessment results of the tuned flight control
system of the HSR are shown in Figure 12 and Fig-
ure 13 for selected specifications. Each row of Fig-
ure 12 shows one main control axis of the HSR, i.e.,
roll, pitch, yaw, heave, and the thrust axis. The opti-
mized stability margins and disturbance rejection cri-
teria (first two columns) are met for all axes as spec-
ified. It is noticeable that the defined disturbance re-
jection bandwidth is clearly over-fulfilled and is not on
the targeted DRB value as, for example, given in [4].
On the other hand, the targeted minimum crossover
frequency cannot be successfully achieved by systune
for all speeds. Nonetheless, it is larger than 2.5rad/s
which is the nominal guideline for conventional heli-
copters for the pitch and roll axis [17]. As described

above, this is due to the approximation of the mini-
mum loop gain goal used. Roll, pitch, and yaw band-
width (4th column) are situated well within Level 1
limits (Target Acquisition & Tracking) based on ADS-
33E [18] and the proposed updates [24] and [25]. The
height response criterion is also predicted as Level 1.
The command model bandwidth and phase delay is
shown as + in the corresponding plot.

The achieved specifications shown in Figure 13 fo-
cus on pitch-axis and flight path specifications from
MIL-STD-1797B and the proposed update from [24].
These criteria are evaluated using the RCAH instead
of ACAH as used in Figure 12, since the estimated low-
order transfer function to calculate the control antic-
ipation parameter (CAP) assumes a rate command.
The flight path versus pitch attitude bandwidth crite-
rionis predicted Level 1 up to 160 knots, then the flight
path bandwidth falls within Level 2 limits. As stated
in [24], the first-order pitch rate command model re-
sults in zero dropback using the MIL-STD-1797B def-
inition, which can be seen in the pitch attitude drop-
back plot. CAP predicts Level 1 to Level 2 ratings sup-
porting the limits of flight path bandwidth criterion.
Since the designed RCAH and ACAH command types
are not specifically designed for flight path control.
The last criteria shown here is pitch due to roll and
roll due to pitch coupling, which is situated between
Level 1 and 2. Especially roll due to pitch is predicted
as Level 2 for low and medium airspeeds.

The requirements for large-amplitude attitude
changes are predicted as Level 1 for RCAH and ACAH
(Aggressive Agility). The requirements for moderate-
amplitude attitude changes are also predicted as
Level 1. Furthermore, yaw-collective coupling (hover
and low speeds) and pitch-heave coupling in forward
flight are evaluated and show Level 1 ratings. The roll
performance specification and roll-sideslip coupling
are also predicted as Level 1.

4.3. Preliminary Simulator Tests

HOST with the nonlinear flight mechanics model of
the HSR has been implemented in the Air VEhicle
Simulator (AVES) at DLR in the ACT/FHS research he-
licopter cockpit replica [26]. Consequently, prelim-
inary simulator tests for the HSR have been con-
ducted using conventional helicopter controls. Initial
tests flown by test pilot indicated excellent handling
qualities. Classic Mission Task Elements (MTEs), like
slalom and pirouette, were executed flawlessly with
minimal training However, a comprehensive quantita-
tive and subjective evaluation involving multiple pilots
performing MTEs, including newly developed tasks
tailored to assess advanced configurations across the
entire flight envelope, as described in [27], remains
pending and will be the focus of future studies.
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Figure 12: Achieved optimization results with respect to design specifications as a function of airspeed (ACAH).
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Figure 13: Achieved optimization results with respect to design specifications as a function of airspeed (RCAH).

5. CONCLUSIONS

The high-speed rotorcraft, sized and designed on the
basis of a dedicated military use case, enables flight
speeds above 240 knots and thus closes a capability
gap of conventional helicopters. In this paper, an ex-
plicit model-following control system was designed
for this high-speed compound helicopter, and con-
troller parameters were optimized using MATLAB sys-
tune. This paper supports the following conclusions:

1. An iteration of the designed HSR model with re-
gard to the actual flight mechanics is essential for
the controller design and simulation. The individ-
ual components must be well-tuned to avoid any
negative flight characteristics. In particular, realis-
tic moments of inertia determines the achievable
bandwidths of the flight control system.

2. In fast forward flight, the current HSR iteration
shows extensive coupling between the main rotor
controls, especially on the roll axis. Maneuverabil-
ity can be ensured by additional aerodynamic con-
trol surfaces, but the control inputs to the main
rotor must be greatly reduced at high airspeeds.

3. The selected EMF controller architecture allows
for the use of different command types with oth-
erwise identical feedforward and feedback con-
trollers. The flight control system can be re-
liably designed for the entire range of flight
speeds under consideration, ranging from hover
to 260 knots.

4. The transfer of well-known CONDUIT specifica-
tions into MATLAB systune goals is partially chal-
lenging. In particular, the minimum crossover fre-
quency cannot be satisfactorily optimized for all
design points. For the most part, however, the
controller assessment shows predictions within
Level 1 limits.

In future work, the model of the HSR will be further
refined and optimized. Wing parameters, such as the
dihedral angle, and their relation to the stability of the

spiral mode will be investigated. In the course of these
activities, new controllers will also be designed. The
flexible EMF controller architecture and optimization
setup enables rapid updates. For the future piloted
investigations in the AVES simulator, further adapted
command model types for high-speed flight will be de-
veloped and assessed.
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