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Abstract

To support current defense initiatives such as NATO’s Next Generation Rotorcraft Capability, which aims for thedevelopment 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 toachieve airspeeds above 240 knots. The configuration features a main rotor, a tail rotor, a pusher propeller, awing, 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 focusof 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 controlsystem is mostly predicted to achieve a Level 1 ratings.

NOTATION

K system gain
Mq example of stability derivative
Mδx example of control derivative
I mass moment of inertia tensor
R main rotor radiuss Laplace variable
u control allocation input
u, y system input and output
x , y , z Cartesian coordinates
Vtas true airspeed
vz vertical velocity
δ actuator control inputs
δs pilot stick inputs
δx , δy longitudinal, lateral cyclic deflection
δ0 (main rotor) collective deflection
δp tail rotor collective deflection
δthr pusher propeller collective deflection
δele, δrud elevator, rudder deflection
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δail, δflp aileron, flap deflection
δωMR main rotor speed
δxs longitudinal cyclic stick input
ζ damping ratio
τ time delay
φ, θ roll and pitch attitudes
ωx natural frequency x (with index)ACAH Attitude Command / Attitude HoldCA control allocationCM command modelDLR Deutsches Zentrum für Luft- und Raum-fahrt (German Aerospace Center)DRB, DRP disturbance rejection bandwidth, peakEMF explicit model-followingFF feedforwardFLRAA Future Long-Range Assault AircraftFVL Future Vertical LiftHOST Helicopter Overall Simulation ToolHQ handling qualitiesHSR high-speed rotorcraftIRIS Integrated Rotorcraft Initial SizingMOI moments of inertiaMR, TR main rotor, tail rotorMTE Mission Task ElementNATO-GR NATO Generic RotorcraftNGRC Next Generation Rotorcraft CapabilityRCAH Rate Command / Attitude Hold

1. INTRODUCTION

High-speed configurations represent a significant ad-vancement in rotorcraft design, particularly relevantwithin the defense context. Achieving higher maxi-mum airspeeds is increasingly crucial for rapid area



coverage and for evading radar detection, especiallyat low altitudes. Notable examples of such high-speedrotorcraft (HSR) research include NATO’s Next Gener-ation Rotorcraft Capability (NGRC) project and theU.S.Future Vertical Lift (FVL) initiative. NATO’s NGRC is ex-ploring the potential for higher speeds in the devel-opment of a newmedium-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, aimingfor speeds between 250 and 280 knots.
The German Aerospace Center (DLR) supports NGRCactivities through dedicated, ongoing research in de-fense technology. A conception study to assessthe advantages and disadvantages of a high-speed-capable rotorcraft configuration for a specific missionscenario was conducted [1]. DLR’s rotorcraft designenvironment, Integrated Rotorcraft Initial Sizing (IRIS),serves as themain framework for model initialization,sizing, and analysis within the recent studies. Furtherstudies are also focused on the conceptual design ofnew Helicopter Emergency Medical Services (HEMS)configurations [2].
To cover FLRAA applicants design concepts, the U.S.Army Aviation Development Directorate developedtwo generic configurations: a coaxial rotorcraft witha pusher propeller, and a tiltrotor [3]. Flight controlsystems were developed for both models to investi-gate the resulting handling qualities (HQ) of the mod-els and generally to accelerate the development of HQfor high-speed configurations [4, 5]. Furthermore, awinged single main rotor / tail rotor helicopter withlower 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 referenceconventional helicopter. The comprehensive codeHe-licopter Overall Simulation Tool (HOST), developed byAirbus Helicopters [7], is used internally within IRISfor the computation of the flight mechanics model.Furthermore, the resulting helicopter models weregradually revised and extended for non-linear time-domain simulation. The studied HSR configurationcurrently features an off-loaded main rotor, wings,a tail rotor, and a pusher propeller to achieve flightspeeds of over 240 knots. Aerodynamic control sur-faces are incorporated for the wings, as well as thevertical and horizontal stabilizers, and rudder to min-imize the necessary control inputs on the main rotorduring high-speed flight.
This paper provides an overview of the developmentof the flight controls of the HSR, beginning with theconceptual design and modeling of its flight mechan-ics in Section 2. The design approach, includingthe 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 isthe design of an explicit model-following (EMF) flightcontrol system for the HSR across the entire speedrange. The architecture of the flight control system isdescribed in detail in Section 3. The optimization pro-cess of the flight control parameters, the correspond-ing goals, and the assessment of the designed flightcontrol system using quantitative handling qualitiesand 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 wingaircraft is critically dependent on the choice of con-figuration. Going beyond the speed limits of conven-tional helicopters, three reliable configuration typescan 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 propulsivecomponents, e.g. pusher propellers.
In the previous study [1], a conventional medium-weight reference helicopter configuration, calledNATO Generic Rotorcraft (NATO-GR), was modifiedinto a compound rotorcraft with the intention of in-creasing the flight speed by approximately 50% incomparison to NATO-GR. The NATO-GR was modeledon the basis of an UH-60, based on public availabledata [8] reaching up to 160 knots.
The maximum flight speed of a conventional he-licopter is limited by two events occurring in themain rotor: rising transonic drag on the advancingblade side and stall due to high angles of attack onthe retreating blade side, as analyzed in [1] for theNATO-GR. To increase the maximum flight speed andcounter the increasing drag, the propulsive forcemustbe decoupled from themain rotor through a propelleror similar. The secondmeasure comes into play whena critical Mach number is reached on the advancingblade side: the rotational speed of the main rotoris 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 costof a larger area with reversal flow on the retreatingblade side. A reduced blade loading is an approachthat helps balancing the two rotor sides. As a resultof the reduction of rotational speed and blade load-ing, the main rotor shows a substantial reduction inthrust and can no longer carry the weight of the ve-hicle. In this case, the required lift is complementedwith wings, when the rotor thrust is limited at higherspeeds. To improve vehicle maneuverability withoutincreasing the load on the main rotor at fast forward



flight, control surfaces on thewings and stabilizers areapplied.
The high-speed configuration being designed aimsto 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 acompound rotorcraft referred to as the high-speed ro-torcraft. It features a main rotor, a tail rotor, a pusherpropeller 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 ofchallenges: Firstly, heavy components are located farbehind the conventional helicopter’s center of grav-ity, and secondly, a single propeller generates strongadditional roll moments. In addition, the position ofthe tail rotor must be located further out from the ro-torcraft symmetry plane due to the propeller at thetail. From a scientific point of view, such a configura-tion is challenging, and has not yet been comprehen-sively analyzed. Nonetheless, other configurationswith two lateral thrust generators, such as the AirbusHelicopters RACER [9], can dispense with the need ofa tail rotor and may be advantageous from an engi-neering point of view.
An air assault profile was chosen as a representativedesign mission to analyze the flight performance ofthe NATO-GR and the HSR. The air assault mission,as shown in Figure 1, was computed with a missionradius of 201 km and applied the maximum speedof 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 rotorcraftdimensions, with a rise in themaximum take-offmassby +76.4%. The specifications of the NATO-GR and thesized 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 kgBasic empty mass 6191 kg 12348 kgFuel mass 1305 kg 2729 kgPayload mass 2430 kgMain rotor radius 8.18m 10.86mTail rotor radius 1.68m 2.18mPropeller radius - 2.13mWing area - 19.89m2
Maximum range 619 km 704kmMaximum airspeed 160 knots >240 knots

A comparison of the required power in level flightcan be found in Figure 2 for the NATO-GR and theHSR including the required speed interval definedby NGRC. The extension of the flight envelope from160knots to 240 knots exceeds the NGRC require-ments by 20 knots. Here, the curve of theHSR 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 levelflight.
This tremendous increase in required power for theinstalled engines shifts the efficiency of the vehicle tohigher flight speeds, making the HSR inefficient withinthe envelope of the reference configuration. Thesefindings were incorporated in a revised HSR modelgeneration, 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 theHSR 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 shownin Table 1, are representative for the studies in thispaper. 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 theNATO-GR integrating OA231 and OA209 airfoils, pre-viously applied on the 7AD rotor. The transition fromthe OA213 to the OA209 occurs from 0.75R to 0.92R.Like the NATO-GR, the four-bladed main rotor fea-tures a disc loading of 463N/m2, a solidity σ = 0.00825,and a hover tip speed of 220.9m/s. The blade twistis reduced from −15.25°/R to −7°/R to align with theaerodynamics of the unloaded rotor with a high ad-vance ratio. The angle of incidence of the main rotoris 5°. Due to elevated airspeed and reduced main ro-tor speed, the advance ratio rises from µ = 0.37 to
µ = 0.71. The four-bladed tail rotor features σ = 0.21,and an eight-bladed pusher propeller is modeled with
σ = 0.3. The Pitt and Peters inflowmodel is applied forall rotors.
Body Aerodynamics

The modeling of the NATO-GR utilized the polar datafrom a comparable fuselage, scaled to meet the re-quired drag area of 3.26m2. This scaling is based onthe UH-60 configuration used in the NASA/Army UH-60A Airloads program, as outlined in [11]. The HSR’sfuselage aerodynamics aremodeled similarly to thoseof the NATO-GR. DLR’s tool LIFTING-LINE [12] is usedto estimate the aerodynamic coefficients of wings andstabilizers, including the control surfaces
Mass and Inertia

A realistic center of gravity and moments of inertia(MOI) are calculated by a reasonable placement ofthe individual components, such as wings, main rotor,engines, gearboxes, but also avionics and hydraulicsduring the design process. The arrangement of thecomponent masses and computation of the center ofgravity and the MOI is crucial for the flight model asthey have a high impact on the system dynamics, e.g.the bandwidth.
The designmass of the configuration was determinedduring the mission-based sizing process in the previ-ous work as described before. For the given payload,the basic emptymass including individual componentmasses were calculated through statistical methodsoutlined in [13]. The fuel mass was obtained as a sumof fuel consumed in the shown mission segments inFigure 1.
The center of gravity is obtained as

(1)
xy
z


CG

=

∑
mi

[
x y z

]T
i∑

mi

where mi is the mass of the i -th component locatedat its coordinates xi , yi , and zi . The center of gravity isalso depicted in Figure 3.
Three different types ofmass components are consid-ered:
1. Point - mass components with a single point loca-tion and no geometric property for componentsthat 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 knowntextbook formulas for their MOI (e.g., engine as arepresentative cylinder or the fuel tank as rectan-gular prism),
3. Volumetric - mass components featuring arbitraryshapeswith large volume (fuselage, wings, rotors).
The mass properties of the volumetric componentsare computed from each corresponding geometry.Here, the geometry is modeled in the form of pointcloud by querying surface points from the geometrydefined in CPACS (Common Parametric Aircraft Con-figuration Schema) [14] using the TiGL library [15]. Thepoints of the corresponding component geometry arethen meshed using triangular polygon elements. Thistype of meshing allows for better accuracy in comput-ing the mass properties of curved surfaces (e.g., thefuselage and wings) at the cost of a higher number ofelements compared to quadrilateral meshing.
Upon meshing, the component center of mass is cal-culated by

(2)
xy
z


i

=

∑Nelem
k=1 Ak

[
x y z

]T
k∑Nelem

k=1 Ak

Each volumetric body is considered as a thin-walledhomogeneous structure with constant thickness. Thecomponent mass is distributed to each element inproportion to the element surface areaAk to the bodysurface area ∑Nelement
k=1 Ak . For simple geometric andpoint components, no additional calculation for thecenter of mass is required, as the center of massaligns with their geometric position.

The inertia of the HSR including all components isgiven as

(3) I =

 Ixx −Ixy −Ixz
−Ixy Iyy −Iyz
−Ixz −Iyz Izz


where the diagonal terms denote the inertia terms



about the x, y, and z axes with

(4)
Ixx =

∑
Ixx,i +mi

(
ỹ2i + z̃

2
i

)
Iyy =

∑
Iyy,i +mi

(
x̃2i + z̃

2
i

)
Izz =

∑
Izz,i +mi

(
x̃2i + ỹ

2
i

)
and the non-diagonal terms

(5)
Ixy =

∑
Ixy,i +mi x̃i ỹi

Iyz =
∑
Iyz,i +mi ỹi z̃i

Ixz =
∑
Ixz,i +mi x̃i z̃i

where x̃i = xCG − xi , ỹi = yCG − yi , and z̃i = zCG − zi .
In Equation (4) and (5), the first term represents theMOI of the i -th mass component about its own centerof mass, while the second term is the expression re-sulting from the parallel axis theorem with respect to
[x y z ]TCG. These equations are used in the given formfor volumetric and geometric components, while forthe point mass components, the MOI is obtained onlyfrom the parallel axis term of the equations above.The overall MOI of the volumetric components is cal-culated from itsmeshed elements. Here, the inertia ofeach meshed element is calculated on the 2D-planeand transformed into 3D-space with respect to thenormal 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 lieson the x-z plane.

Table 2: Mass properties of the HSR.
Parameter Unit Value
xCG m 6.5
yCG m 0.0
zCG m 2.62
Ixx kgm2 64586
Iyy kgm2 361235
Izz kgm2 364103
Ixy kgm2 −11025
Iyz kgm2 7855
Ixz kgm2 176

Control Inputs and Trim Laws

The HSR features a total of ten control inputs:
• main rotor longitudinal cyclic δx ,• main rotor lateral cyclic δy ,• main rotor collective δ0,• tail rotor collective δp ,• pusher propeller collective δthr,

• elevator on the horizontal stabilizer δele,• rudder on the vertical stabilizer δrud,• symmetrical deflection of the flaperons δflp,• asymmetrical deflection of the flaperons foraileron operations δail,• and a main rotor speed δωMR .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-speedranges. The aerodynamic flaps are only effective athigher speeds, where the main rotor speed is re-duced. The pusher can be used across the entire flightenvelope.
The flight mechanical model of the sized HSR istrimmed between hover and 260 knots in level flightwith a 10 knots spacing. To account for different vehi-cle characteristics in the flight envelope, four differenttrim laws are considered:
I At low airspeeds, the main rotor has maximumauthority. The HSR is trimmed using the conven-tional helicopter controls δx , δy , δp , and δ0. In for-ward flight, pusher propeller collective δthr is ad-justed accordingly to cancel out the thrust result-ing from the free-stream inflow. Therefore, δthr islarger than zero.II From 97knots (50m/s) onward, the second trimlaw sets the resulting angle of attack α of the fuse-lage to zero in order to slowly off-load the mainrotor through additional pusher propeller thrustusing δthr.III From 138knots (71m/s) onward, the ailerons(asymmetrical wing flap deflections) δail are addi-tionally used to off-load themain rotor around theroll axis. The aileron position is adjusted linearlyfrom hover to 138 knots to avoid control jumps.IV The last trim law takes effect from 196knots(101m/s) onward and additionally off-loads themain rotor around the pitch axis by utilizing theelevator δele and flaps δflp.

During trim laws III and IV, the main rotor speed δωMRis reduced according to the increasing airspeed. Therudder is not required for trimming. The trim controlsand important helicopter states are shown in Figure 4.
2.3. Linear Models

The HSR model is linearized within HOST at all trimpoints to obtain linear state-space models accordingto the corresponding trim law. The state-space mod-els include 20 model states:
• 9 rigid 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, andmain rotor moments as a function of airspeed.

• 1 pusher propeller inflow state,
and ten control inputs δ as described at the end ofSection 2.2:
(6) δ = (δx , δy , δp, δ0, δthr, δail, δflp, δele, δrud, δωMR)

Furthermore, all linear models include the necessaryoutputs for flight control design and model analysis,such as angle of attack α, sideslip angle β, and thecorresponding rates, as well as vertical velocity vz , andthe required aircraft power Prequired.
Eigenvalues The eigenvalues of the linearized state-space models as a function of airspeed (blue for lowspeed, bright yellow for high speed) are depicted inFigure 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 theentire flight envelope, but the rotor model currentlyused by the HSR lacks the coupled lead-lag motion.

Furthermore, three main rotor inflow modes are visi-ble throughout the whole airspeed envelope. The tailrotor 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 6 shows the low-frequency eigenvalues ofthe HSR as a function of airspeed. From hoverto 110 knots, the HSR shows an unstable complexphugoid mode, and the spiral mode remains stableat these airspeeds. At higher airspeeds, the phugoidmoves into the stable half-plane, while the spiral be-comes unstable. Furthermore, a very low-frequencypusher mode can be found, which is strongly cou-pled with the spiral mode of the HSR. A coupled heaveand yaw subsidencemode lies in the stable half-plane.The Dutch roll is stable but lightly damped, and its fre-quency increases as airspeed increases. Additionally,two fuselage-coupled regressive flap modes are lo-cated at lower frequencies denoted as pitch-flap androll-flap. At low airspeeds, two pitch-flap eigenval-ues lie on the real axis and become a complex polepair with increasing frequency at higher speeds. Theopposite behavior is observed for the roll-flap mode:For low airspeeds, the roll-flap poles are complex andmove to the real axis, with frequency increasing withairspeed.
Stability and Control Derivatives The effectiverigid body stability and control derivatives are shownas a function of airspeed in Figure 14 and Figure 15 atthe end of the paper. The rigid body derivatives aredetermined from the reduced (rigid body) models byapplying 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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body dynamics.
The on-axis damping derivatives Lp , Mq , and Nrshown in Figure 14 rule the dynamics of the respectiveaxes for low and medium airspeeds. WhileMq and Nrincrease with increasing airspeed, Lp decreases andreaches the same order of magnitude as Lq and Lr athigher speeds. As a result, the coupling effects on theroll axis increase with increasing airspeed.
The dihedral derivative Lv and the weathercock sta-bility Nv determine lateral/directional static stabil-ity. While the positive Nv has a stabilizing effect, Lvchanges its sign from negative to positive at around160 knots and thus has a destabilizing effect. Surpris-ingly, the spiral mode of the HSR is already unstablefrom 110knots onwards.
The on-axis roll control derivative Lδy depicted in Fig-ure 15 decreases significantly above 160 knots, whileat the same time, the coupling derivative Lδx in-creases. The coupling derivative from collective toroll Lδ0 is also very pronounced from approximately140 knots onwards. For this reason, the main rotorcontrol is greatly reduced at high airspeeds. Aileroneffectiveness Lδail increases with V 2tas and reaches asimilar order of magnitude as Lδy upwards of ap-proximately 200 knots. Furthermore, the coupling ofpusher to roll Lδthr does not appear to be particularlylarge but should be taken into account to compensatefor the resulting roll moment for pusher propeller in-puts.
The main control derivative in pitch Mδx is signifi-cantly smaller than that in roll Lδy , which is to be ex-pected. Mδx increases with velocity, while the couplingderivative Mδy decreases. A similar observation wasalso made for the winged single main rotor helicopter

study in [6]. Naturally,Mδ0 increases strongly with ve-locity and is similar to Mδx from about 160 knots on-wards. For higher speeds, the elevator becomes themain pitch control and reaches the same effective-ness as longitudinal cyclic δx at round 240 knots.
In hover, the yaw axis control derivative clearly showsa coupling from collective to yaw, but the correspond-ing derivative Nδ0 decreases at higher speeds. Boththe aileron coupling derivative Nδail and the rudderderivative Nδrud increase with V 2tas. At 160 knots, tail ro-tor effectiveness is about three times that of ruddereffectiveness.
The collective control derivativeZδ0 is dominant alongthe vertical axis up to approximately 160 knots, af-ter which strong couplings occur due to a larger Zδxderivative. The control derivatives of the (symmetri-cal) flaps Zδflp are about twice as large as Zδele , but donot 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 Xδthr is clearly recognizable and in-creases with speed. Xδx also generates thrust, but notindependently 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 rangeup to 260 knots. An explicit model-following (EMF)control system architecture [17], with modificationsfor an overactuated, high-speed vehicle as describedin [4], is used. The EMF flight control architecture ofthe HSR is shown in overview form in Figure 7 andconsists of six main components: command modeland command delays, feedforward, feedback, trans-formation to the body system, and control allocation.These components, along with actuator and sensordynamics, as well as, time delays, are described in de-tail in the following sections.

3.1. Command Model and Delays

The commandmodel generates proper reference val-ues from pilot inputs for the feedback and feedfor-ward controllers. Therefore, the command modelis essential for setting the response behavior of theoverall flight control system, as it specifies responsetype, bandwidth, and magnitude. The implementedcommand model of the HSR switches its responsetypes automatically with airspeed or by the pilot’s re-quest, depending on the axis. All response types areshown 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.

(knots)Airspeed Collective Longitudinal Cyclic Lateral Cyclic Pedals
0 - 20

Airspeed HoldThrust Command /orVertical Speed CommandDirect Collective,

(RCAH)Attitude HoldRate Command /or(ACAH)Attitude HoldAttitude Command /

(RCAH)Attitude HoldRate Command /or(ACAH)Attitude HoldAttitude Command / Rate Command (RC)

20 - 80 (RCTC)Turn CoordinationRate Command /

80+ Airspeed HoldThrust Command / Turn CoordinationSideslip Command /

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

δxs
=
Kx,RCωx,RC
s + ωx,RC

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

δxs
=

Kx,ACω
2
x,AC

s2 + 2ζx,ACωx,RCs + ω
2
x,RC

RCAH and ACAH are available throughout the fullflight envelope for the longitudinal axis and also forthe lateral axis with different time constants.
Pedal command types switch automatically with air-speed: Between hover and 80 knots, a first-orderrate command (RC) model is implemented, as seenin Equation (7). The RC is enhanced by Turn Coordi-nation (TC) between 20 and 80 knots. For airspeedsgreater than 80 knots, Sideslip Command / Turn Co-ordination applies a second-order command model.
The collective stick features two different responsetypes that are also selectable by the pilot. In additionto direct control of the main rotor collective (direct), aVertical Speed Command & Hold and a Thrust Com-mand / Airspeed Hold are available, both using an un-derlying first-order model. Above 120 knots, only theThrust Command / Airspeed Hold mode is availableand 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, commanddelays are usedto 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 ordelays that are not modeled in the actual commandmodel like actuators and sensors dynamics or pro-cessing delays. For the HSR, all axes share the samecommand delay of 96ms.

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 inputssufficient to guide the aircraft to the reference valuesgenerated by the command model. As the control al-location already performs static decoupling, only themain axes (including the control allocation) are con-sidered for feedforward design. Therefore, low-ordersingle-input/single-output transfer functions at eachtrim point are fitted on the corresponding on-axis in afrequency range between 1 and 10 rad/s to estimatethe feedforward parameters. Consequently, the feed-forward parameters are airspeed scheduled.
The pitch and roll axes can bemapped sufficiently well



over the entire speed range using a second-order sys-tem. The feedforward transfer function for the cyclicaxes has the form
(9) y

u
=

K
(
s + 1

Tz

)
(s + p1) (s + p2)

with K, p1, and p2 to be optimized and an additionalzero with the time constant Tz = 40ms to realize theinverse transfer function in the flight control system.The fit of the feedforward transfer function given inEquation (9) for the roll rate p/up in hover is shownin Figure 8. The feedforward model fit between 1 and10 rad/s is considered as excellent.
The yaw rate feedforward is represented by a first-order system of the form
(10) y

u
=

K

s + p1

for which no additional zero is required to realize theinverse. For high airspeeds, the feedforward controlis generated by the sideslip angle β featured by asecond-order system.
The vertical axis is represented by a first-order systemlike in Equation (10). No feedforward is provided forpusher thrust. Hence, the feedforward controls aredenoted as
(11) uFF =

(
uFF,w uFF,p uFF,q uFF,r

)T
.
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Figure 8: Roll axis p/up feedforward model fit in hover.

3.3. Feedback

The feedback controller compensates the errorscaused by a non-precise feedforward, unconsideredcouplings, higher-order model components, and dis-turbances, in order to keep the measurements asclose as possible to the commanded values. The gainsused for each controller axis are described below.
• Longitudinal and lateral cyclic feedback uses rateerror (eφ̇ and eθ̇ respectively), attitude error (eφ and
eθ), and attitude error integral feedback gains.

• Yaw rate feedback at hover and low speeds is re-alized by yaw rate error er , and rate error integralfeedback. At higher airspeeds, sideslip control isactivated, which uses the error of angle β, and thecorresponding integral feedback gains.• The vertical axis is stabilized using error of the ver-tical velocity vz , and its integral feedback.• Thrust command is realized by direct control ofthe pusher collective using the (filtered) collectivestick around the pusher trim. The airspeed holdmode uses the error of airspeed Vtas, and the cor-responding integral feedback gains.
Additionally, each controller output features a leadcompensator to increase phase margin and a dedi-cated roll-off filter. Overall, 20 controller gains andtime constants determine the feedback component.The feedback controls are denoted as
(12) uFB =

(
uFB,Vtas uFB,vz uFB,φ̇ uFB,θ̇ uFB,r

)T
Feedback tuning specifications, details of the opti-mization used, and the tuning results can be foundin 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 q and their derivatives,since the main rotor and the control surfaces of theHSR generate moments in the body-fixed frame. Thelongitudinal and lateral feedback control, on the otherhand, are designed using the earth-fixed Euler angles
φ and θ to realize an appropriate attitude hold. Asimple sum of the feedback and feedforward outputsleads to undesirable coupling between pitch, roll, andyaw, especially during pitch or yawmaneuvers at largebank angles. This is avoided by transforming the lon-gitudinal and lateral feedback controls into the body-fixed coordinate system. To do this, the feedback andfeedforward controls are transformed to generate thecontrol allocation inputs u

(13)


uu
uw
up
uq
ur

 =

1 0 0 0 0
0 1 0 0 0
0 0 1 − tanφ tanθ tanθ / cosθ
0 0 0 1/ cosφ tanφ
0 0 0 0 1



·


uFB,Vtas
uFB,vz
uFB,φ̇
uFB,θ̇
uFB,r

+

0
uFF,w
uFF,p
uFF,q
uFF,r

 = u

3.5. Control Allocation

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



u = (uu, uw , up, uq, ur )
T to the various actuators δ. Inthis 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) δ = W−1B̂Trb
(
B̂rbW

−1B̂Trb
)
u

The input matrix B̂rb used to calculate the control al-location is composed of the rows (u, w, p, q, r) of therigid body control derivative matrix Brb calculated inSection 2.3. Each column is normalized by the refer-ence control derivatives (Xδthr , Zδ0 , Lδy ,Mδx , Nδp) fromthe 90 knots-model in order to keep the gains of thecontrol allocation matrix interpretable accordingly. Asideward force is not accounted for in the control al-location as it cannot be generated independently ofthe roll moment. All actuator signals, except the mainrotor speed, are used in the control allocation.
The diagonal weighting matrix W is used to reducethe couplings caused by the loadedmain rotor at highspeeds, as described in Section 2.3. Therefore, thecorresponding main rotor and tail rotor weighting co-efficients in W are exponentially reduced between120 knots and 235 knots. The main rotor weight andselected coefficients of the control allocation matrixfor 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, δyis around 1 for low airspeeds. The control allocationfor δy has a gain of 1 and it is therefore themain lateralcontrol, since all others control coefficients are small.The aileron and rudder gains δail and δrud are low un-til 120 knots as the flap efficiency is very low due tolow dynamic pressure. After 120 knots, the aileronand rudder gains increase significantly while the lat-eral cyclic δy and tail rotor δp gains decrease. Themainrotor weight is reduced as shown in the upper graph.At around 180 knots, the aileron needs to be amplifiedby a factor of 1.5 in order to generate the same rollingmoment as lateral cyclic does at low airspeeds.

3.6. Actuators, Sensors, and Filters

For a realistic design of a flight control system, all timedelays of the closed-loop system must be taken intoaccount during the flight control design and later inthe simulation. Since the nonlinear and linear mod-els solely include the flight mechanics of the bare air-frame, additional actuator dynamics, sensor and filterdynamics, 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 arebased on this publication with minor modifications.
As a result, the actuator model is designed as asecond-order model with position and rate limits, anda time constant ωact = 50 rad/s, a damping ratio ζact =0.7, and a time delay τact = 8ms, which correspondsto the sampling time used in the HSR simulation. Thepusher propeller collective actuator has a lower timeconstant of ωthr = 25 rad/s. The sensor modeling fol-lows Ref. [4] to account for sensor dynamics, and pos-sible notch, anti-aliasing and structural filters. Theyare modeled as second-order systems with a timeconstant ωsensor = 30 rad/s and a time delay τsensor =16ms.
4. TUNING RESULTS AND ASSESSMENT

The feedback gains and the time constants of thelead compensators and roll-off filters are optimizedusing the multi-model and multi-objective function-ality of the fixed-structure, non-smooth H∞ tuningalgorithms [20], provided by MATLAB systune [21].Since the applied optimization objectives (referredto 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 softtuning 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 thehard 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 tominimize the deviation between the commandmodelreferences and the actual measurements.
Stability Margin The tuning goal margins specifyminimum stability disk-based margins [22]. As disk-basedmargins consider simultaneous gain and phasevariations, 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 allSensitivity sensitivity shape for- disturbance rejection bandwidth and peak- steady state error

all

MinLoopGain minimum crossover frequency for robustness all(Maximum) Gain thrust-roll coupling roll
Soft Goals

StepTracking command model following costs all

cal gain and phase margins as supported in CON-DUIT. Nonetheless, the standard stability margin val-ues (6 dB, 45deg) are enforced in this paper for allaxes with the feedback broken at the control alloca-tion u = (uu, uw , up, uq, ur )T .

Sensitivity The disturbance rejection bandwidth(DRB) and disturbance rejection peak (DRP) criteria asproposed in [23] can be directly defined by specifyingthe sensitivity goal. This way, the free parameters aretuned to limit the sensitivity at a broken loop insertionpoint (here: the angle or velocity disturbances) belowa specifiedweighting function. Themaximum roll-axissensitivity function including the sensitivity of all air-speeds are shown in Figure 10. The used weightingfunction has a maximum of 5dB gain for mid to highfrequency to fulfill the DRP criterion, and passes −3dBat ωDRB to meet the DRB criterion. In addition, the de-viation from the steady-state response is limited bythe drop-in sensitivity in the low-frequency range. Asthe sensitivity goal is specified as hard goal, the sensi-tivity of all models are below the maximum sensitivityfunction. For each axis, a dedicated sensitivity goal isapplied.

Gain The designed control allocation already signif-icantly reduces the coupling of pusher thrust to theroll axis, but undesirable roll moments can still be ob-served with strong changes in thrust, which should befurther reduced by the (maximum) gain goal. The gainconstraint is used to tune the free parameters so thatthe gain from the chosen input to the output is lessthan 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 thrustinput to the measured roll angle below 0.05 rad/s isused for this purpose
(15) Wthr,φ(s) = −65 dB
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Figure 10: Maximum sensitivity tuning goal and sensitivityof all models (colors indicate airspeed).

Minimum Loop Gain The minimum crossover fre-quency specification to ensure robustness againstmodel variants cannot be directly mapped into the
MinLoopGain goal in systune, as MATLAB does not limitthe open-loop frequency response L, but the inverseof its sensitivity function S−1 = (I + L). This simpli-fication is not valid for L ≈ 0, but it is found to be alow threshold solution to shift theminimumcrossoverfrequency 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 thatthey are minimized until a maximum number of iter-ations or a relative tolerance is reached.
Table 4 summarizes the selected hard and soft tuninggoals and the axes to which they are applied. Furthergoals are “checked only” after the optimization, butare not included in the optimization as goals. Theseinclude the position of the eigenvalues according to



the ADS-33E criterion on pitch (roll) oscillations andthe maximum crossover frequency for evaluating theactuator 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 handlingqualities have been implemented. These criteria can-not be optimized directly with MATLAB systune, butare 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 parametersare gain-scheduled for each trimmed airspeed fromhover to 260 knots with 10 knots increments, for a to-tal of 28 design models. In the first run, each airspeedis optimized individually. The resulting controller pa-rameters are then interpolated by a polynomial withan appropriate degree. For the second optimizationrun, 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 withairspeed is achieved. The optimized feedback gains ofthe pitch axis are depicted as a function of airspeed inFigure 11.
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Figure 11: Pitch feedback gains as a function of airspeed.
The assessment results of the tuned flight controlsystem 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 onthe targeted DRB value as, for example, given in [4].On the other hand, the targeted minimum crossoverfrequency cannot be successfully achieved by systunefor all speeds. Nonetheless, it is larger than 2.5 rad/swhich 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 1limits (Target Acquisition & Tracking) based on ADS-33E [18] and the proposed updates [24] and [25]. Theheight response criterion is also predicted as Level 1.The command model bandwidth and phase delay isshown as + in the corresponding plot.
The achieved specifications shown in Figure 13 fo-cus on pitch-axis and flight path specifications fromMIL-STD-1797B and the proposed update from [24].These criteria are evaluated using the RCAH insteadof 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-rion is predicted Level 1 up to 160 knots, then the flightpath bandwidth falls within Level 2 limits. As statedin [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 typesare not specifically designed for flight path control.The last criteria shown here is pitch due to roll androll due to pitch coupling, which is situated betweenLevel 1 and 2. Especially roll due to pitch is predictedas Level 2 for low and medium airspeeds.
The requirements for large-amplitude attitudechanges are predicted as Level 1 for RCAH and ACAH(Aggressive Agility). The requirements for moderate-amplitude attitude changes are also predicted asLevel 1. Furthermore, yaw-collective coupling (hoverand low speeds) and pitch-heave coupling in forwardflight are evaluated and show Level 1 ratings. The rollperformance specification and roll-sideslip couplingare also predicted as Level 1.

4.3. Preliminary Simulator Tests

HOST with the nonlinear flight mechanics model ofthe HSR has been implemented in the Air VEhicleSimulator (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. Initialtests flown by test pilot indicated excellent handlingqualities. Classic Mission Task Elements (MTEs), likeslalom and pirouette, were executed flawlessly withminimal training However, a comprehensive quantita-tive and subjective evaluation involvingmultiple pilotsperforming MTEs, including newly developed taskstailored to assess advanced configurations across theentire flight envelope, as described in [27], remainspending 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 thebasis of a dedicated military use case, enables flightspeeds above 240 knots and thus closes a capabilitygap of conventional helicopters. In this paper, an ex-plicit model-following control system was designedfor 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 forthe controller design and simulation. The individ-ual components must be well-tuned to avoid anynegative flight characteristics. In particular, realis-tic moments of inertia determines the achievablebandwidths of the flight control system.
2. In fast forward flight, the current HSR iterationshows extensive coupling between the main rotorcontrols, especially on the roll axis. Maneuverabil-ity can be ensured by additional aerodynamic con-trol surfaces, but the control inputs to the mainrotor must be greatly reduced at high airspeeds.
3. The selected EMF controller architecture allowsfor 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 flightspeeds under consideration, ranging from hoverto 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 alldesign points. For the most part, however, thecontroller assessment shows predictions withinLevel 1 limits.
In future work, the model of the HSR will be furtherrefined and optimized. Wing parameters, such as thedihedral angle, and their relation to the stability of the

spiralmodewill be investigated. In the course of theseactivities, new controllers will also be designed. Theflexible EMF controller architecture and optimizationsetup enables rapid updates. For the future pilotedinvestigations in the AVES simulator, further adaptedcommandmodel types for high-speed flightwill be de-veloped and assessed.
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Figure 14: Effective rigid body stability derivatives as a function of airspeed of the linear HSR models.
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Figure 15: Effective rigid body control derivatives as a function of airspeed of the linear HSR models.
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