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Abstract
Paper presents measured data of ILX-27 helicopter test in hover condition compared

to simulation calculations concerning loads of a rotor control system. Used computing program
for rotor loads calculation comprises a model of rotor blade treated as a elastic axis with a set
of lumped masses. The results of simulation calculations also include predicted level of rotor
control system loads for some other than hover states of flight.

Keywords: helicopter, blade, control system loads.INtroDUCtIoNrecently a rapid progress has been noticed in unmanned helicopter technology. Unmannedaerial vehicles (UaV) comprise rotorcrafts with take-off mass ranging from ultralight modelsto full-scale helicopters like MQ-8B Fire Scout (mass 1,430 kg) or k-Max kaman Uat – Unmannedaerial truck (mass 5,440 kg). also in Poland started a program of developing the largeunmanned helicopter ILX-27 of similar class with the take-off mass over 1,000 kg. Designing,building and testing of ILX-27 helicopter was the task of scientific-research consortiumincluding the Institute of aviation (Instytut Lotnictwa), the air Force Institute of technology(Instytut techniczny Wojsk Lotniczych) and Military aviation Works No. 1 (Wojskowe ZakładyLotnicze Nr 1).the helicopter is built in a classic configuration with three bladed main rotor and five-bladedtail rotor (Fig. 1). Some new solutions are applied to the helicopter design [1] comprisingstrength structure, rotor blades, control and communication system with operation commandstation. the tail boom integrated with fin and shroud for tail rotor is built as a carbon fibercomposite structure. the new airfoils of ILH family developed in the Institute of aviation areapplied for composite blades of the main rotor. Developing the stability augmentation systemin connection with hydraulic system controlling the main rotor blade pitch, tail rotor bladepitch and engine throttle position enable flight of the unmanned helicopter. the key elementsof the rotor blades control system are hydraulic actuators which provide proper linear andangular displacements of the swashplate. the simultaneous move of rods of three actuators



in the same direction realizes vertical motion of the swashplate changing the collective pitchof rotor blades. the differential displacements of actuators cause rolling or pitching the planeof the swashplate which creates the cyclic pitch of rotor blades.after ground tests confirming the correct work of the helicopter control system the flighttests in hover were performed (Fig. 2). the hover tests include directional maneuvers,displacements at slow speed and flights in condition of hot air temperature.

Fig. 1. ILX-27 helicopter prepared for tests [J. Stanisławski, 2014]

Fig. 2. ILX-27 unmanned helicopter in hover [J. Stanisławski, 2014]
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MEaSUrEMENtS aND SIMULatIoNSto evaluate the real level of loads generated in the rotor control system the strain gaugeswere attached to push rods mounted below the non-rotating part of the swashplate (Fig. 3).Basing on measurements of displacements of actuators rods the motion of the swashplatecontrolling the collective and cyclic pitch of rotor blade was defined. the rotation speed of themain gear input shaft and its torque were measured (Fig. 4) to get information on powerrequired to drive the rotor. taking into account the measured parameters the simulationcalculations of rotor loads and element of rotor control system loads were executed.the results of calculations were compared with records of flight test. Further predictingcalculations were performed for other states of flight envelope. For calculation was used themodified version of in-house program code [2], [3] including geometry data for location ofthree push rods attached below the swashplate and realizing the mixed control of collectivecyclic blade pitch. the simulation program applies the model of deformable blade consisting ofthe lumped mass set distributed along the elastic axis which represents blade bending andtorsion stiffness (Fig. 5).

Fig. 3. Strain gauges attached to push rods below swashplate [J. Stanisławski, 2014]

Fig. 4. Localization of torque meter with circular aerial on input shaft of main gear [J. Stanisławski, 2014]
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Fig. 5. Physical model of rotor blade [J. Stanisławski, 2014]

Fig. 6. Scheme of components of torsion moment in cross-section of rotor blade [J. Stanisławski, 2014]
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Motion equations of deformable blade are solved using Galerkin’s method taking intoaccount eigen modes of blade vibration: bending in-plane, bending out-of-plane and torsion.the level of loads at the rotor control system largely depends on torsion moments acting on therotor blades. For elastic blade the torsion moment in j cross-section depends on the relativedisplacements of blade outer cross-sections and local distribution of aerodynamic and inertialloads at blade segments (Fig. 6). the local torsion moment in j cross-section of elastic axis dueto aerodynamic and inertial loads acting in i section is defined as follows:
where
Pzi, Pyi – inertial forces of i blade segment out-of rotation plane and in-plane respectively,
Pxi · ij, Pxi · ij – components of centrifugal force due to differences of bending deflection anglesbetween i and j cross-sections of elastic axis out-of-plane and in-plane,
Fzi, Fyi – aerodynamic forces of i blade segment – lift and drag,
yPij, zPij – relative displacement of i and j lumped mass measured in-plane and out-of-plane,
yFij, zFij – relative displacement of aerodynamic center at i and j section for in-plane and out-of-plane respectively,
Mai – aerodynamic moment of i blade segment,
MIi – torsion moment of inertial forces of i blade segment:
where
Ixi – mass inertial moment of i blade segment,
 – rotational speed of main rotor,– angular acceleration of pitching the i blade segment,
i – pitch angle of i blade segment.the simulations were performed for the case of an isolated rotor in condition out of groundeffect. the input data for calculation were based on flight test registration. In table 1 are collectedthe measured parameters taken into account for the calculation.table 1. Measured data for calculation of rotor control loads in hover [J. Stanisławski, 2014]

additional data: helicopter take off mass 1,047 kg, outer air temperature 28°C and pressure 1,004.5 hPa.
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the comparison of calculation results and flight test registrations comprises the inputtorque of the main gear (Fig. 10÷Fig. 12) and forces acting on push rods attached to lower non-rotating part of the swashplate (Fig. 7÷Fig. 9). the left and right push rods take part inrealization of blade collective pitch, while their differential displacements cause the swashplateroll to the left or right side and following it rolling of the rotor disk due of blade cyclic pitch.the middle push rod together with left and right ones takes part in blade collective pitch.an individual motion of the middle push rod generates the swashplate pitching and then bladecyclic pitch (pull-up or push-over stick). the results of calculation are presented in formof time run plots and are collected in table 2.table 2. Calculated results for rotor in hover [J. Stanisławski, 2014]

additional information: the rotor speed and swashplate the same as given in table 1.the solution for hover condition concerning the forces acting on left, right and middlepushrods below the swashplate are shown in Fig. 7a÷c respectively. the calculations wereconducted for quasi-static conditions without the change of the swashplate position and forsteady rotor speed during simulation. the computing process was performed for twelverevolutions of the rotor which corresponds to real time period of 1.6 second. after vanishingof the initial conditions in the period of about six rotor revolutions the stable solution withlimited oscillations due to swashplate deflections was obtained.the fragments of push rod forces registration in hover test are presented in Fig. 8a÷c.the comparison of measurement data and the results of calculation of forces acting on the pushrods attached below swashplate are inserted in Fig. 9a÷c.at the given deflections of swashplate, corresponding to slightly pulled up and left sideposition of cyclic stick, the most loaded is the right push rod and the least loaded is the middleone. the best compatibility can be observed for measured and calculated loads acting on theleft push rod (Fig. 9b). additional comparison of calculated (Fig. 10) and measurement data(Fig. 11) concerning the torsion moment on input shaft of main gear and rotor power requiredin hover condition are presented in Fig. 12. obtained in calculation the lower level of shafttorsion moment related to measured torque can indicate too small value of drag coefficient ofthe rotor blade airfoil in block input data of a computer program. It should be noticed that inother states of flight the loads of the rotor control system can reach a much greater level thanin hover condition. the results of simulation calculations for push rods below swashplate inflight at high speed (v = 180 km/h) and in pull-up condition are shown in Fig. 13÷Fig. 16.
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In flight at high speed the forces acting on push rods increase even three times compared tohover level with an evident growth of oscillations. the enhanced increase of the mean leveland amplitude of loads of elements of control system can be observed in pull-up and flare maneuver.the sharp growth of control system loads oscillation is directly related to changes of airflowconditions of rotor blade sections and related to the distribution of torsion deflection andmoment on the rotor disk due to azimuth and radial position of the blade section (Fig. 17÷Fig. 22).the torsion deflection of the rotor blade at tip section reaches -1.9° at high speed (Fig. 17)increasing to -3.65° twist in flare maneuver (Fig. 19). the higher torsion moments generatedon the blade are observed in a flare maneuver (Fig. 20) compared to level flight conditions(Fig. 18). the large difference of blade torsion moments can be explained as the results ofoccurrence at the blade tip the airflow separation zone, whose border is shown as bold linein Fig. 22. In level flight condition (Fig. 21) there is no separation zone at blade tip region.CoNCLUSIoNSthe measurement results and computer simulations for unmanned helicopter in hovercondition concerning the loads of the rotor control system were compared. Similar levels offorces acting on push rods attached below the swashplate were obtained. the calculationspredicting the loads of the rotor control system were performed for other than hover states ofthe helicopter flight. the developed computing program can be used to define the load level ofhelicopter rotor control system and to select the proper actuators allowing to control theunmanned helicopter.

Fig. 7a. time run of simulated solution of force acting on the left push rod situatedbelow swashplate (blade collective pitch and rolling deflection of swashplate),ILX-27 helicopter, mass 1,047 kg, hover [J. Stanisławski, 2014]
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Fig. 7b. time run of simulated solution of force acting on the right push rod situatedbelow swashplate (blade collective pitch and rolling deflection of swashplate),ILX-27 helicopter, mass 1,047 kg, hover [J. Stanisławski, 2014]

Fig. 7c. time run of simulated solution of force acting on the middle push rod situatedbelow swashplate (blade collective pitch and pitching deflection of swashplate),ILX-27 helicopter, mass 1,047 kg, hover [J. Stanisławski, 2014]
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Fig. 8a. Fragment of measurement of left push rod force below swashplate,(collective pitch and rolling deflection of swashplate),ILX-27 helicopter, hover [J. Stanisławski, 2014]

Fig. 8b. Fragment of measurement of right push-rod force below swashplate,(collective pitch and rolling deflection of swashplate),ILX-27 helicopter, hover [J. Stanisławski, 2014]
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Fig. 8c. Fragment of measurement of middle push rod force below swashplate,(collective pitch and pitching deflection of swashplate),ILX-27 helicopter, hover [J. Stanisławski, 2014]

Fig. 9a. Comparison the fragment of measurement data and results of calculation for quasi staticcondition of force acting on the left push rod located below swashplate (blade collective pitchand rolling deflection of swashplate), ILX-27 helicopter, mass 1,047 kg, hover [J. Stanisławski, 2014]
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Fig. 9b. Comparison the fragment of measurement data and results of calculation for quasi staticcondition of force acting on the right push rod located below swashplate (blade collective pitchand rolling deflection of swashplate), ILX-27 helicopter, mass 1,047 kg, hover [J. Stanisławski, 2014]

Fig. 9c. Comparison the fragment of measurement data and results of calculation for quasi staticcondition of force acting on the middle push rod located below swashplate (blade collective pitchand pitching deflection of swashplate), ILX-27 helicopter, mass 1,047 kg, hover [J. Stanisławski, 2014]
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Fig. 10a.time run of calculated torsion moment on input shaft of main gear,ILX-27 helicopter, mass 1,047 kg, hover, main gear transmissionratio igear = 4.46 [J. Stanisławski, 2014]

Fig. 10b. Calculation of rotor shaft power required in hover flight condition,ILX-27 helicopter, mass 1,047 kg [J. Stanisławski, 2014]
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Fig. 11. Fragment of record of torsion moment on input shaft of main gearILX-27 helicopter, mass 1,047 kg, hover [J. Stanisławski, 2014]

Fig. 12. Comparison of the fragment of measurement data and calculated resultsof torsion moment acting on input shaft of main gear ILX-27 helicopter,mass 1,047 kg, hover [J. Stanisławski, 2014]

47EXPErIMENtaL MEaSUrEMENtS aND SIMULatIoN CaLCULatIoNS oF LoaDS...



Fig. 13. Comparison of calculated loads of element of rotor control system – force actingon the left push rod below swashplate in certain states of flightILX-27 helicopter, mass 1,100 kg [J. Stanisławski, 2014]

Fig. 14. Comparison of calculated loads of element of rotor control system – force actingon the right push rod below swashplate in certain states of flightILX-27 helicopter, mass 1,100 kg [J. Stanisławski, 2014]
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Fig. 15. Comparison of calculated loads of element of rotor control system – force actingon the middle push rod below swashplate in powered states of flight ILX-27 helicopter,mass 1,100 kg, main rotor speed 100% ( = 49.65 rd/s) [J. Stanisławski, 2014]

Fig. 16. Comparison of calculated loads of element of rotor control system – force actingon the middle push rod below swashplate in certain states of flight ILX-27 helicopter,mass 1,100 kg, in autorotation rotor speed 122.5% ( = 60.8 rd/s) [J. Stanisławski, 2014]
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Fig. 17. Changes of blade torsion deflection due to azimuth and radialposition of cross-section in flight at high speed [J. Stanisławski, 2014]

Fig. 18. Changes of blade torsion moment due to azimuth and radialposition of cross-section in flight at high speed [J. Stanisławski, 2014]

50 JaroSłaW StaNISłaWSkI



Fig. 19. Changes of blade torsion deflection due to azimuth and radialposition of cross-section in flare maneuver [J. Stanisławski, 2014]

Fig. 20. Changes of blade torsion moment due to azimuth and radialposition of cross-section in flare maneuver [J. Stanisławski, 2014]
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Fig. 21. rotor disk distribution of difference of critical and local attack angles of bladecross-sections in quasi-static state of flight at high speed [J. Stanisławski, 2014]

Fig. 22. rotor disk distribution of difference of critical and local attack angles of bladecross-sections in quasi-static state of pull up maneuver, negative value of differenceindicates the zone of airflow separation [J. Stanisławski, 2014]
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eKsPerYMentaLne i sYMuLacYJne oKreŚLenie WieLKoŚci oBciĄŻeŃ

uKŁaDu steroWania WirniKieM ŚMiGŁoWca

Streszczenie
Przedstawiono porównanie wyników pomiarów z prób w zawisie śmigłowca ILX-27 oraz

obliczeń symulacyjnych dotyczących obciążeń układu sterowania wirnikiem nośnym. Do obliczeń
użyto program komputerowy do wyznaczania obciążeń wirnika śmigłowca z uwzględnieniem
odkształcalności łopat. Obliczeniowo wyznaczono poziom obciążeń układu sterowania wirnikiem
w wybranych stanach lotu śmigłowca.

Słowa kluczowe: śmigłowiec, łopata, obciążenia układu sterowania.
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