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STABILITY AND CONTROL SENSITIVITY OF A LIFT-PLUS-CRUISE EVTOL AIRCRAFT TO TRIM
STRATEGY AND MODELING PARAMETERS

Jean-Paul Reddinger, DEVCOM Army Research Laboratory, Salon de Provence, FranceRaphaël Perret, ONERA DTIS, Salon de Provence, FranceJustin N. Martin, DEVCOM Aviation and Missile Center, Redstone Arsenal, AL, USAChristian Brackbill, DEVCOM Aviation and Missile Center, Redstone Arsenal, AL, USALaurent Binet, ONERA DTIS, Salon de Provence, France

Abstract

This paper presents an evaluation of an eVTOL configuration to provide insight into the stability of thedesign, depending on the trim strategies used, and accounting for the impact of interactions. Theparticular eVTOL configuration is an overactuated Lift-Plus-Cruse platform, and the paper focuses initiallyon examining trim and stability for different sets or groups of control inputs. Control strategies includepower-optimal trim, pitch-level trim, low-speed "helicopter mode" and high speed "airplane mode".Primary considerations and tradeoffs between power optimal trim during transition and morecontrollable trim is attributed to the thrust sensitivity of the RPM controlled rotors. Two different modelsare used in the trim and stability studies; a low-fidelity flight dynamics analysis with built-in optimizationcapability, and a medium-fidelity comprehensive analysis. The paper also includes an initial examinationof aerodynamic interaction between the wing and the lifting rotors. The impact of wing interference isprimarily to increase the down-wash on the rear lifting rotors, which increases the power requirementand reduce the stability of the short period oscillatory mode.

1. INTRODUCTION

Novel electric Vertical Take-Off and Landing (eVTOL)configurations are being developed, withmany hav-ing reached the prototyping and flight test stagesof design. These aircraft benefit from battery andelectric motor developments which allow designsthat would not have had sufficient range until re-cently. With such rapid development cycles, manyof these configurations have outpaced a rigorousanalytical investigation in the open literature. Theseaircraft introduce stability and control challengeswhich should be well investigated to ensure safety,reliability, and proper pilot training tools exist priorto their widespread adoption.The generic Lift-Plus-Cruise (L+C) configurationoffers a platform well suited to perform initial
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studies of several flight modes without the addedcomplexity of moving/tilting propellers. The flightregimes can be loosely grouped into a hover or low-speed "helicopter mode", a high-speed "airplanemode", and a blended control mode for transitionand other low-to-moderate-speedmaneuvers. Han-dling qualities analysis and control system designfor this configuration is an active research area, es-pecially recently.Ref. [1, 2, 3] examine piloting issues and han-dling qualities of over-actuated vehicles. Researchfocusedon L+C control systemdesign and testing in-cludes Ref. [4, 5]. The transition mode control prob-lem is the focus of Ref. [6], while Ref. [7] and Ref. [8]look atmore detailed aerodynamic analyses of com-ponents such as propellers or wings. Finally, Ref. [9,8] focus on the overall design of L+C aircraft and var-ious trim strategies. Many of these related effortsare in the early research stages, and in general thereis a lack of public domain validation data.This paper seeks to examine the stability of arepresentative eVTOL aircraft, using a generic Lift+ Cruise configuration introduced in Ref. [9]. Build-ing upon this and similar work Ref. [8, 10], the focusis primarily on the locus of the eigenvalues of theopen-loop system/bare airframe, and its evolutionwith differentmodeling parameters. The final aimofthis stability study is to identify key points of inter-est concerning the stability of eVTOL configurations
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to define their control laws.
2. MODELING AND ANALYSIS

2.1. Configuration

The Lift + Cruise configuration shown in Figures 1and 2 incorporates 12 canted lifting rotors and apusher propeller augmenting a fixed wing aircraftconfiguration with 5 control surfaces: two flaperonsacting collectively or differentially, two rudders ac-tive collectively, and an elevator.

Figure 1: Lift + Cruise configurationmodel in DynaPy

Figure 2: Preliminary RCAS model representation
The design cruise speed is 50m/s. The aircraft hasa gross weight of 1200 kg, with a center of gravity(CG) assumed initially to be positioned at the geo-metric center of the 12 lifting propellers.This work is being conducted in cooperation be-tween France and the U.S., and characteristics oftwo numerical models of this aircraft will be com-pared. The first approach uses ONERA’s flight me-chanics code DynaPyVTOL, and the second uses theUnited States’ Rotorcraft Comprehensive AnalysisSystem (RCAS).

2.2. DynaPyVTOL

DynaPyVTOL is a comprehensive analysis tool forflight dynamics simulation of any aircraft developedand maintained at ONERA. DynaPyVTOL is used

here for its steady state trim solver and optimizationframework, as well as linearization capacities. Thissoftware is predominantly written in Python, whilethe blade-element momentum theory rotor calcu-lations are performed in a Fortran sub module andempirically corrected based on a higher-order free-wake model Ref. [11].DynaPyVTOL includes an aerodynamic interfer-ence model that adds the shed wake from the wingto the inflow and free stream components of thevelocity at the rear lifting propellers, horizontal andvertical tails, andpusher propeller.While not initiallyused, its impact on the results is examined in the lastsection of this paper.
2.3. RCAS

The RCAS model was developed from design datafrom Ref. [9]. The lifting rotors and propeller aremodeled with rigid blades and uniform or 3-statedynamic inflow options. Control surfaces such asflaps, rudders and elevator are modeled using theRCAS "elevon" option, which used Theodorsen the-ory to calculate the aerodynamic loading from thecontrol surface. The wing flaps and ailerons arecombined into "flaperon" controls.The trim procedure for RCAS is based upon usageof the direct time integration method to find a so-lution for the time-domain equations. RCAS appliesa trim spring/damper force to the 6-DOF system tobring the aircraft forces and moments into an equi-librium state. The trimming function perturbs thetrim variables, computes a trim matrix, runs a pe-riodic solution and tests the trim solutions againstthe user-specified constraints.
3. TRIM ANALYSIS

3.1. Trim Strategy

The configuration of interest in this paper is an over-actuated system, implying that the trim solution isnon-unique. The trim strategy could be adapted totarget any number of optimality conditions. Poweroptimization has been used in the past Ref. [12].For this study, various trim strategies will be con-trasted for their impacts on performance, stability,and control. Initially, these trim strategies are exam-ined usingDynaPyVTOLdue to the trimoptimizationcapabilities of the code. The solution of trim con-trols which correspond to the following strategiesare presented in Figure 3.
• Power Optimal:All controls available are used, and vehicle pitchattitude is a trim variable. Trim is solved within
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Figure 3: Comparison of DynaPyVTOL trim control strategies over the full flight envelope
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an optimization routine with total power re-quirement as an objective function that is beingminimized.
• Pitch-level Optimal:Identical to the prior stragety, but with pitch at-titude removed as a trim variable and fixed tozero degrees.
• Multirotor Mode:Only the lifting rotor commands are used, withrotor speed control in collective, lateral differ-ential, longitudinal differential, and pedal dif-ferential modes. Pitch attitude is reintroducedas a trim variable.
• Airplane Mode:Only the traditional airplanemode controls areused, including the differential ailerons, eleva-tors, collective rudders, as well as the pusherpropeller speed, and the vehicle pitch attitude.
• Airplane Plus Flaps:Identical to the Airplane Mode trim strategy,butwith the further addition of a collective flap-erons control. The resulting trim routine rein-troduces the power optimization routine.
Figure 3 presents the variation in trim variablesand controls across the strategies. Controls withdominant effects in the lateral force axis, as well asroll and yaw moment axes are omited, and havenear-zero values with the exception of differentiallateral and ailerons which act to cancel the torqueof the pusher propeller whilemaintaining a level rollattitude.The Power Optimal and Pitch-level Optimal trimstrategies encompass the entire envelope from 0 to80 m/s, with a complete transition between hoverand forward flight. In both approaches, the follow-ing phases of transition can be identified based onthe trim controls:
1. 0–10 m/s:Trim at these speeds does not significantly dif-fer from Multirotor Mode. Longitudinal differ-ential rotor speed control is used to balancemoments, while limited propeller thrust is alsointroduced. The flaps are fully deflected to in-creasewing lift. For PowerOptimal trim the ele-vator is fully deflected while the aircraft pitchesnose-down to use the lifting rotors to over-come some drag. For Pitch-Level Optimal trimthe elevator is active at a lower speed, reducingthe nose-down pitch moment and maintaininga level aircraft. In this case, the lifting rotorsproduce no propulsive thrust, so the rear pro-peller must trim to a higher RPM.
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Figure 4: Comparison of power requirement for dif-ferent trim strategies using DynaPyVTOL

2. 12–32 m/s:The rotor collective reduces throughout thisphase as the optimal trim strategies devi-ate from Multirotor Mode. The elevators fur-ther reduce their angle as the dynamic pres-sure increases, and the fixed wing control sur-faces gain control authority. The Power Opti-mal strategy uses nose up pitch attitudes to of-fload the lifting function to the wing as earlyas possible, reducing the collective pitch at afaster rate than the Pitch-Level Optimal strat-egy.
3. 34–48 m/s:The longitudinal differential rotor speed con-trol matches the collective rotor speed as it re-duces from about 200 to 0 RPM over this rangeof speeds. This corresponds to shutting downand locking in place the rotors ahead of thewing; operating with just the rear set of rotorsto provide lift and pitching moments until thestall speed of 40 m/s has been surpassed byenough of amargin to efficiently offload the ro-tors entirely.
4. 50+ m/s:The lifting rotors are entirely off. The PowerOp-timal strategy is identical to the Airplane PlusFlaps strategy, while the Pitch-Level Optimalstrategy trims with nose level pitch and morenegative (upward) elevator and flap deflectionangles.
Figure 4 contrasts the power requirement of theaircraft computed using DynaPyVTOL while incor-porating the five different trim strategies. As ve-locity increases through transition, the rotors oper-ate more efficiently due to a reduction in inducedpower, while the wing begins to produce greater
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Figure 5: Comparison of normalized yawaxis controlderivatives for different trim strategies and controlsusing DynaPyVTOL

lift. Near the design cruise speed of 50 m/s, there islimited difference between the Power Optimal trimstrategy and the unique trim of the Airplane Modestrategy. For speeds further from the design cruisespeed, it becomes more efficient to incorporate theflaps to help the wings produce additional lift, or re-duce camber at high speeds.
Controllability

This discussion will focus on the yaw response ofthe Lift + Cruise configuration, which has the mostcontrol deficiency across all flight speeds due to itslow control derivates andmotor speed response lagRef. [13]. This deficiency has been partiallymitigateddue to the cant angles of the lifting rotors whichintroduce a coupling between reaction torque andthrust in the yaw axis, but is still a concern to ensureadequate handling qualities. Often, the approachused in the prior section of power-optimizationguiding trim can impose penalties on handling qual-ities.Figure 5 compares the yaw moment controlderivative as a response to normalized pedal inputfor three different trim strategies through the tran-sition phase from hover to 40 m/s. The normaliza-tion is performed relative to the stick limits imposedfor each control, which is a unit-less number with arange of 0 to 1. In the case of rotors the stick lim-its are from 0 to 5000 RPM, and for control surfacesthey are from -15 to 15 degrees (30 degrees total).The yaw axis control is the focus of this discussiondue to it being the axis with the least authority. Al-though they are omitted from this discussion forbrevity, the pitch and roll control derivatives followsimilar trends, though with at least an order of mag-nitude larger control derivatives.
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Figure 6: Contours of constant RPM showing the im-pact of edgewise advance ratio on thrust sensitivityto RPM, L+C Pitch-Level Optimal trim sweep for ref-erence.

For comparison, the yaw response to normalizedrudder input is also shown in Figure 5. This controlderivative is directly related to dynamic pressureand increases with the square of velocity. By 32 m/sit has greater authority than the minimal or pitch-level optimal trim strategies, yet it still has a less sen-sitive response than the lifting propellers only trimstrategy pedal response. A full examination of theaircraft handling qualities is likely to present an evenmore limiting picture, as the RPM controls will ap-proach their lower saturation limit as the collectivecontrol approaches zero at the end of transition (46-48 m/s). In this circumstance, the control derivativemay be non-zero, but the ability for the aircraft togenerate moments is severely limited by the totalacceleration that the control can impart.There is a direct correlation between the threecontrasted trim states power requirement and pi-lot pedal response (NdPed ). Because of the reducedrotor RPMof the lifting propellers, the rotors are op-erating at a high advance ratio. It is well known thatrotor thrust sensitivity to collective pitch reduces asadvance ratio increases, leading to an eventual con-trol reversal at µ = 1.0 [14]. However, the thrustsensitivity of the rotor to RPM increases with ad-vance ratio, and this sensitivity is higher with higherRPMs. This can be seen on Figure 6, which displaysthe thrust generated by a rotor for different RPMsand its evolution with advance ratio. For a given ad-vance ratio the change in thrust (y-axis) betweenthe constant RPM lines (dashed lines) when com-pared along contours of constant flight speed (dot-ted lines) tends to increase with advance ratio.For a trimmed L+C configuration, which are rep-resented by the redmarkers on Figure 6, the aircraftoffloads the lifting function to the wings as velocity
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increases, resulting in a reduction of the lifting ro-tor RPMs. As velocity increases at each of the fouridentified trim states, the vertical space betweencontours of constant RPM increases, indicating a re-duced sensitivity of thrust to RPM. The impact of theRPM reduction is the dominant effect of the two, re-ducing in the total sensitivity of the thrust with re-spect to the RPM command seen in Figure 5.
Stability
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Figure 7: Open-loop stability through transitionfrom 6 to 30 m/s using different trim strategies inDynaPyVTOL
As was shown in Figures 3 and 4, the trim con-trols converge to an identical, unique trim solutionin hover (to within trim precision), and thus thepower requirements, control derivatives, and sta-bility characteristics are also identical. These strate-gies begin to deviate from each other as trim redun-dancy becomes available with the increase of dy-namic pressure available in forward flight. Figure 7presents the evolution of the dynamic modes of theaircraft from low speed flight at 6 m/s through tran-sition to 30 m/s.The classical modes of aircraft canbe identified, and tracked through conversion intofixed-wing aircraft modes in cruise for each of threedifferent trim strategies; Power Optimal, Pitch-LevelOptimal, and Multirotor trim strategies. These re-sults are truncated at 30 m/s to illustrate the trendsthrough transition clearly.Starting at 6 m/s, the high frequency modal char-acteristics are similar to thosemost commonly asso-ciatedwith those of an airplane, including dutch roll,short period, and roll subsidence modes. As flightspeed increases the natural frequency of thesemodes increase with a fairly constant damping ra-tio. All of the low-frequency modes near the origin

haveminor differences between the trim strategies.Critically, with the modeling approach used, transi-tion does not appear to be the limiting case for air-craft stability, with hover generally being less stablefor most modes.The dutch roll mode is the least stable high fre-quency mode on Figure 7, and the Pitch-Level Op-timal and Power Optimal trim strategies have sim-ilar behavior, however the Multirotor trim strategyhas less damping. The Power Optimal and Pitch-Level Optimal trim strategies also exhibit fairly sim-ilar behavior for the short-period mode, except fora range of transition velocities between 20-30 m/s,where the damping of the Pitch-Level OptimalModedamping increases. Compared to these two modes,theMultirotor trim strategy is alwaysmore damped,and is significantly more stable at higher velocities.The net impact of reduced stability at lowerspeeds, and reduced controllability at higher speedscan be shown by examination of the transfer func-tion in the frequency domain. Figure 8 shows theyaw response to pedal input at 30 m/s, which corre-sponds to the terminus of the evolution on Figure 7contrasting the same three trim strategies. Whilethe response of themotor is not beingmodeled, themotor can be assumed to have ideal behavior at lowfrequencies. The significant 20◦ cant angle is also ex-pected to mitigate the impact of the motor dynam-ics at medium frequencies, shifting the dynamics ofthe torque response to higher frequencies Ref. [13].The primary impact of trim strategy is to the magni-tude of the response. The low frequency responseis the highest inmagnitude for the No-Pitch Optimaltrim strategy, which is has a universally higher gainthan the power optimal, and is only surpassed bythe response of the Multirotor Mode trim strategyat frequencies above 1 rad/s.The net effect of trim strategies has been shownto have a significant impact on the performance,stability, and control characteristics of the air-craft. There are significant differences between trimstrategies; primarily a tradeoff between beneficialhandling qualities and minimum power trim objec-tives, which can be attributed primarily to the signif-icant change in the operational edgewise advanceratio of the lifting rotors. The extremes of these ob-jectives are respresented by the Multirotor Modeand Power Optimal trim strategies. The No-PitchOptimal trim strategy represents a strategy that at-tempts to make a compromise between the two ex-tremes without any formal optimization betweenthe two criteria. The total impact is a strategy thattrims to within 20 kW of the Power Optimal trimstrategy, while improving the yaw response to pedalby 10 dB for low frequency pilot commands in tran-sition.
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Figure 8: Frequency response of the yaw responseto pedal input for different trim states during tran-sition at 30 m/s.

4. C.G. TRAVEL

Although eVTOL configurations are not expected toencounter as much of a change in their center ofgravity position during flight as fuel-burning aircraft,it remains a necessary consideration due to passen-ger or payload variation.Figure 9 presents the labeled eigenvalues of thehovering L+C configuration as identified using Dy-naPyVTOL. As is common for multirotor aircraft, thedutch roll mode from Figure 7 has been replaced bya lateral phugoid mode. From hover, the center ofgravity is shifted forward to a location just behindthe center of rotation of the front row of rotors, andthen aft to a location just ahead of the center of roa-tion of the rear rotors. Trim cannot be identified out-side of these limits in hover due to an inability to findan equilibrium in pitching moment.The dominant impact of the center of gravity vari-ation in hover is to reduce the stability of the air-craft. This is expected, as the center of gravity offsetcauses disturbances to produce a non-symmetricmoment response of the rotor about the center ofgravity. The lifting rotor cant and angled tails intro-duce axis couplings which causes this effect to beseen for both the pitch and roll axes (see the longitu-dinal and lateral phugoid modes and pitch and rollsubsidence modes in Figure 9). For the heave andyawmodes, this impact isminor due to less couplingand sensitivity of vertical forces and yaw momentsto the longitudinal center of gravity offset.
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Figure 9: Eigenvalues evolution with CG location inhover

Figures 10 and 11 show the same evolution withrespect to center of gravity, but relative to the cruisecondition at 50 m/s using the Zero-Pitch Optimaltrim strategy. In these figures, the dominant impactis to the short period longitudinal mode, while theroll subsidence, dutch roll, and the lower frequencymodes in Figure 11 change to a lesser extent. Atthe extreme forward limit of CG travel, the shortperiod mode becomes unstable and aperiodic. Theforward limit of the CG also reduces the stability ofthe dutch roll mode. These results suggest that theaircraft is more tolerant to a CG shift rear of thegeometric center of the lifting rotors, driven by thecruise behavior.
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Figure 10: Eigenvalues evolution with CG location incruise
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Figure 11: Eigenvalues evolution with CG location incruise (zoomed into origin)

5. AERODYNAMIC INTERACTION

A final comparison of interest for this configurationis the impact of aerodynamic interactions. A point ofinterest is the impact of the main wing wake on therear aerodynamic parts of the aircraft, which will beimpacted by the wing downwash. This interactionis to be accounted for mostly during the transitionphase, when the wing generates a significant wakeand the rotors are still required to generate lift.To account for this, the wing wake is modeled us-ing a prescribed wake model, which is added to thevelocities at the rotor disk in the blade element mo-mentum theory calculation for rotor forces andmo-ments. A cross section of the induced velocity in theplane of the outboard rotors and boom is presentedin Figure 12.
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Figure 12: A view of the wing induced velocities inthe plane of the outboard rotors.
The evaluation of the state matrix requires twosteps; a trim computation under the influence of

the wake, and then a finite differences computa-tions in order to linearize the system and solve forthe state matrix. For both cases, the wake model isfully converged for each computation. This methodwill, however, filter out the dynamic evolution of thewake with the state evolution. for the purposes ofthis study, this is assumed to be an acceptable ap-proximation of the lower frequency modes, as thelack of motor dynamics is already preventing themodel from accurately capturing the dynamics athigher frequencies. Alternative methods may be anarea to investigate further in a later study to accountfor higher frequency interactional aerodynamics.The aircraft is initialized using the results from theNo Pitch Mode trim sweep. Similarly to the previouscomputations, the trim is computed with a powerminimisation algorithm,with zero pitch and zero rollattitude. The results were generated for a range ofvelocities from 6 to 32 m/s, every 2 m/s. There isa gap between the interference trim states, wheretrim solutions could not be found, for 24 and 26m/s. These results are shown in Figures 13–15, withdashed lines in red for the lower speed convergedtrim with wake interference and blue for the higherspeed trim results. The No Pitch Mode results with-out interference are also shown in solid black as apoint of comparison.From the trim results in Figure 13, it can be seenthat the inclusion of the wake interference modelcauses the rotors to trim to a higher collective rotorspeed, as well as a greater longitudinal differentialcollective rotor speed. The net result on power is tocause a significant increase in power requirementfor speeds where the rotor is more offloaded, withthe predicted power requirement doubling at thevelocity of best endurance (32 m/s) relative to thetrimwithout interference.While the propeller thrustrequirement increases slightly, nearly all of this in-crease can be attributed to the rear rotors, whichare spinning up to 200 RPM faster and consumingup to 1.7 kW additional power per rotor more thanthe front rotors, for a total increase of 11 kW. Theadditional drag generated by these rotors is alsothe dominant contributor to the increased propellerRPM and the remaining added power requirement.Figure 14 demonstrates the impact of the inter-ference on the stability of the aircraft. Althoughpart of the difference of the eigenvalue evolutionis due to the fact that the trim solutions are dif-ferent, their evolution with velocity is notably im-pacted. The main impact can be seen on the shortperiod oscillation. Themode is strongly affected, re-sulting in a decreased damping ratio, which offsetsmore as velocity increases.The explanation for this behaviour is that thewing generated downwash on the rear elements
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Figure 13: Comparison of DynaPyVTOL trim with isolated aerodynamics versus trim with wing wake inter-fering with the rotors
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Figure 14: Comparison of stability with and withoutwake interaction from 6–32 m/s
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Figure 15: Comparison of stability with and with-out wake interaction from 6–32 m/s, low frequencymodes

increases with pitch attitude. For the rotors, thistends to decrease the generated lift, thus creating apitch down moment. The total anticipated impact istherefore to destabilize the short period oscillationmode. The dutch roll mode is affected to a lesser de-gree, while the roll subsidence mode is only slightlyimpacted. The behaviour of thosemodesmight alsobe partly explained by the difference in trim solu-tions, which is similar, yet not identical to the origi-nal trim state that was used to seed the interferencetrim solutions.Figures 14 and 15 compares the results of the in-terference model against the values obtained with-out the wake model for the Zero-Pitch mode, withtrim states provided every 2 m/s over the rangeof 6–32 m/s. Relative to the no-interference trimcases, the inclusion of wing wake interference actsto destabilize the short period and dutch rollmodes,

reducing the damping ratio, while the natural fre-quencies of the modes stay consistent.There is notably a small region of velocities from24–26 m/s for which trim did not converge. This isshown in Figure 14, where the final few velocitieswith interference are labeled separately. They fol-low the same trend as the earlier velocities, withincreasing frequency as velocity increases for thedutch roll and short period modes, while for the rollsubsidence mode there is a significant reduction instability after the non-trimmable set of velocities. InFigure 15 this effect is especially pronounced for thelongitudinal phugoid mode, which shifts to consid-erably higher damping ratios at 28 m/s.The impact of the wake on the stability of the air-craft is notable at low speed, and evenmore so dur-ing the transition (at around 30m/s). This highlightsthe need to account for the interaction in the stabil-ity analysis for those kind of configuration. In orderto render accurately the behaviour and the dynamicof the aircraft during simulations, as well as for thedevelopment of an efficient controller, the aerody-namic interference must be modelled.
6. DYNAPYVTOL AND RCAS COMPARISONS

While the DynaPyVTOL and RCAS modeling ap-proaches and parameters differ significantly, a com-parison is performed in order to quantify the impactof these trim approaches. It is important to note thatRCAS trim results are not optimized for power orany other parameter. Instead, the Pitch-Level Opti-mal trim solutions fromDynaPyVTOL are used to in-forman allocation of trim controls and scheduling ofnon-trim controls in RCAS.Table 1 shows the flight mode, trim variables,and trim targets. In each control mode, some of theavailable controls are constrained in order to calcu-late a unique trim solution. The constraints for eachcase are also in the table.Four distinct trim procedures were used in RCAS;only the first three are shown in Table 1 and in theresults in this paper. The first is a low speed Multi-rotor mode where only the lifting rotor RPM is usedas control inputs while vehicle attitudes are used totrim out longitudinal and lateral forces. It is directlycomparable to the DynaPyVTOL Multirotor mode.The second is a low speed Pitch-Level modewhere lifting rotor collective and longitudinal differ-ential RPM are used along with propeller RPM; flapsand elevator are scheduled in this mode. Headingand roll trim are provided by lifting rotor lateral anddirectional differential RPM (while aileron and rud-der inputs are set to zero). These strategies corre-spond to the optimized control settings found using
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Figure 16: Comparison of RCAS and DynaPy models with similar trim strategies over the full flight envelope
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Table 1: Controls used to solve trim in RCAS
Target Multirotor Mode Pitch-Level Airplane + Flaps (Pitch-Level)
Fx Pitch Attitude Propeller RPM Propeller RPM
Fy Roll Attitude Roll Attitude Roll Attitude
Fz Collective RPM Collective RPM Flaps
Mx Lateral RPM Lateral RPM Ailerons
My Longitudinal RPM Longitudinal RPM Elevator
Mz Pedal RPM Pedal RPM Rudderhandling of redundant controls:Propeller Off Flaps and Elevator Scheduled Lifting Rotors OffControl Surfaces Zeroed Pitch Attitude Fixed Pitch Attitude Fixed
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Figure 17: Comparison of power requirement be-tween RCAS and DynaPyVTOL

DynaPyVTOL as part of the Pitch-Level trim strategy.The third mode is a high speed Pitch-Level mode,which uses flap deflection in place of pitch attitudeas a control input. The other trim controls in thismode are traditional airplane controls. The lifting ro-tors are all off. This mode is most comparable to theDynaPyVTOL Pitch-Level Mode at speeds above 50m/s.Figure 16 shows the resulting comparison be-tween RCAS trim controls and relevant DynaPyV-TOL trim controls using the most comparable trimstrategies. Figure 16 compares the required powerfor the same trim cases. For the Multirotor mode, itis clear that there is a difference in nose-down pitchattitude that increaseswith airspeed, and this differ-ence directly impacts the total power. Further inves-tigation is warranted, but lifting rotor andwing aero-dynamic modeling differences likely play the largestrole.For the pitch-level modes, the propeller speedcontrol is very close between the twomodels. Thereare differences in low speed for the lifting rotor be-havior, again likely due to rotor and wing aerody-namicmodeling differences. At high speed themain

difference is the use of relatively large flap anglesin RCAS to trim vertical force with a pitch-level atti-tude, where DynaPyVTOL shows a comparative re-duction in flap setting across all airspeeds. Note thatfor moderate speeds (35-45 m/s) DynaPyVTOL isstill using some lifting rotor control while this RCASmode has the lifting rotors turned off. The sched-uled redundant controls optimized using DynaPyV-TOL most likely does not correspond directly withthe optimal schedule for the RCAS model, resultingin the increase in power shown in Figure 17.
7. CONCLUSION

A preliminary investigation of control strategies foran overactuated eVTOL configuration leads to sev-eral observations. The net effect of trim strategieshas been shown to have a significant impact on theperformance, stability, and control characteristics ofthe aircraft:
• Strategies which seek to maximize wing liftshare and drive down rotor speed tend tomini-mize power, but also reduce the control deriva-tives and maximum force and moment gener-ation of the lifting rotors. This can be primar-ily attributed to the impact of the significant re-duction in RPM during transition, and the con-sequential reduction in control sensitivity forRPM controlled rotors.
• A pitch-level trim approach is shown, whichrepresents a compromise between the two ex-tremes without any formal optimization rou-tine. The total impact is a strategy that trims towithin 20 kW of the Power Optimal trim strat-egy, while improving the yaw response to pedalby as much as 17 dB for low frequency pilotcommands in transition.
• A number of physical phenomenon have a sig-nificant impact on the stabiliity analysis of the
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aircraft, which requires a deeper understand-ing in order to account for the essential andneglect what can be neglected. These includecenter of gravity travel, aerodynamic interac-tion between wings and rotors, and rotor in-flow modeling.
• The impact of wing wake interaction on the ro-tors is shown to predominantly impact the rearset of lifting rotors behind thewings. The down-wash increases the power requirement, and re-duces the stability of the short period oscilatoryand dutch roll modes.
Two different physics models of varying fidelitywere used in this analysis and in some cases theyproduce trim control predictions that differ signifi-cantly from each other. Of note:
• Many eVTOL configurations are novel and ex-isting analysis software has not been exten-sively validated in the open literature. There islittle or no available test data to use for valida-tion of analytical models.
• When two models of the same configurationproduce significantly different trim results forthe same flight condition, it indicates that cer-tain modeling assumptions or analysis optionsare in disagreement between the codes.
• For preliminary and detailed design of thesenovel configurations, it is important to avoid re-lying on a single physics model. It is equally im-portant to resolve differences between differ-ent models.
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