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A comprehensive formulation fordrive train torsional dynamicsis included in a highorder mathematical model. The dynamic 
response is validated for a realistic helicopter configuration. The effects of governor and drive train design parameters 
on rotorcraft stability in hovering flight a re  analyzed. l b o  different mathematical models are considered: a high order 
hlade element type model (34 DOFs) and a reduced order analytical model (8 DOFs). The impact of rpm-governor design 
parameters on the application of some relevant ADS-33D handling qualities criteria is also evaluated. 

Nomenclature 

engine damping 
thrust coefficient 
lag damper coefficient 
hinge offset 
equivalent inertia 
blade moment of inertia 
collective anticipation gain 
fuel controller derivative gain 
fuel controller integral gain 
fuel controller proportional gain 
stability limit for fuel controller proportional gain 
torsional stiffness of rotor shaft 
lag damper coefficient 
blade mass moment 
blade mass 
number of blades 
shaft torque (Q =r,Qs) 
engine torque 
torque maximum peak after collective input 
(see Ref. 26 for definition) 
torque minimum peak after collective input 
(see Ref. 26 for definition) 
lag force acting on the hinge of the k-th blade 
engine to rotor rpm ratio 
yaw rate due to collective input (see Ref. 26 for definition) 
yaw rate due to collective input (see Ref. 26 for definition) 
Politecnico di Torino 
torque dynamics derivative 
torque dynamics derivative 
time constant for heave response after collective input 
control vector 
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governor fuel flow rate 
altitude rate after collective input (see Ref. 26 for definition) 
state vector 
flap angle of main rotor blade 
lag angle of main rotor blade 
collective pitch of tail rotor 
collective pitch of main rotor 
cyclic pitch components 
advance ratio 
damping ratio 
rotor solidity 
fuel flow time constant 
rotor hub angular displacement 
shaft angular displacement at the exit of the gearbox 
main rotor angular velocity (a = $1,) 

shaft angular velocity ( 2 ,  =$,) 
natural frequency 

Introduction 

Large rotor speed variations may produce a significant degradation of 
aircraft handling qualities in maneuvering flight (Refs. 1, 2). The trend 
towards using lower inertia rotor systems in modem helicopter reduces 
the level of kinetic energy stored in the system and makes the rotor 
more susceptible to large variations in its rotational speed during rapid 
maneuvers. 

Severe torsional oscillations in the helicopter rotor drive shaft, and 
dynamic interface problems involving rotor, drive train and airframe sub- 
systems were also observed in several testing conditions (Refs. 3, 4). 

The increase in the responsiveness of the enginelfuel control system 
using a conventional rotor speed governor can severely compromise the 
stability margin of the torsional dynamics of the rotor system (Ref. 5). 
The possible proposed solutions are: either the decoupling of control 
laws between engine fuel control and airframelrotor dynamics or the 
integration of power management into the flight control system. 
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Muchoftheindustryexperience withrotorlenginedynamicsproblems 
is reported in Ref. 6: (i) excessive rotor induced vibration of the propul- 
sion system, (ii) excessive vibration (forced or self-excited) because of 
engineldrive traidrotor resonances, (iii) engineldrive train torque oscilla- 
tions, often involving high gain fuel control systems, (iv) excessive rotnr 
overspeed or droop during maneuvers, which is corrected by revising the 
enginelfuel control system. 

All these reference studies demonstrate that the dynamic coupling 
of engine with fuel control and rpm-governor units is a critical aspect 
for turbine powered helicopters. As a matter of fact, the coupled ro- 
torlenginelfuel control system dynamics is dominated by responses in 
two frequency ranges: a low frequency mode of operation that charac- 
terizes the fastness of the engine speed response to fuel control inputs, 
and the higher frequency modes associated with the torsional dynamics 
of the drive train coupled with blade lag motion. 

A discussion of engine control compensation for power turbine speed 
governing system stabilization is presented in Ref. 7. The results demon- 
strate that the notch-filter concept may produce excellent transient re- 
sponse characteristics while maintaining good stability margins. The de- - - 

veloprnent of new advanced enginecontrol strategies for micro-processor 
based fuel control systems on a twin engine helicopter is also discussed 
in Rcf. 8. Torsional stahilitv with ino~erative rotor blade lae damoers is - .  
obtained by incolporating second order notch filtering in the fuel con- 
trol power turbine governor. An active control strategy is suggested for 
enhancing drive train stability in Ref. 9. 

A parallel research activity in the field of mathematical modeling was 
developed, with the aim of extending the accuracy of simulations, that 
may assess the impact of engineldrive train dynamics on the operational 
effectiveness of the aircraft. 

A partial derivatives engine model based on generalized factors was 
used by Sanders (Ref. 10) to simulate the torque response to fuel in- 
puts. The rotor-engine system was represented by two rotating masses 
connected by a torsional spring. 

The torsional stability of a closed-loop dynamic system (a typical 
transport helicopter speed governor, gas turbine engine and drive train) 
is evaluated in Ref. 11. 

A lliglil dyn;finiic~ \inlt~l:tt~nn t ~ x d  ((;cliIicl) II:I$ hccn dc$c~lopc(l 111 
Rot 12 whlch i rcdt \ (~r i~i~ic ,  l i t ~ l  cc1111ro1. ro~~ , r ;~~ lc l  :x i r i r i~~~~c.Tl~i \  ~ ~ ~ n l i ~ i -  - .  
ear mathematical model is adopted in Ref. 13 to investigate the torsional 
compatibility of theenginelfuel control with helicopter rotor andairframe 
dynamics at frequencies below the rotational speed. 

A simple model, which consists of two masses with a centrifugal 
spring, assuming a very stiff rotor shaft, is proposed in Ref. 14. The 
results of eigenvalue analysis and time simulations demonstrate that 
the rotor speed degree of freedom couples only with the collective lag 
mode. 

A high ordcr mathe~natical model of a helicopter (UM-Genhel) is 
described in Ref. 15. The effect of drive train torsional dynamics is not 
included. The dynamics of the propulsion system affects very little the 
predictions of the pitch and roll rate frequency responses. The most sig- 
nificant effects of the propulsion system is observed in the vertical accel- 
eration and yaw rate responses. 

An alternative approach to the problent of modeling the effects of 
propulsion system dynamics on handling qualities is proposed in Ref. 16. 
Drive train torsional dynamics is described by discrete masses and a 
flexiblerotorshaft. Thissimplifiedformulation isextremely general andit 
was found to be accurate for theestimation of thedominant first torsional 
mode, which is the most important for the integration of engine and 
airframe. 

A blade element model for a hingeless helicopter was developed in 
Ref. 17. The results confirm that, although the inclusion in the model of 
drive train degrees of fccedorn promotes intermodal couplings, pitch and 

roll short term handling qualities are largely unaffected by propulsion 
system design. 

A complete engine/governorldrive train model was integrated into 
the DLR 80105 helicopter simulation code SlMH (Ref. 18). With the 
inclusion of both eneine and drive train dvnamics. im~rovement in the - . 
dynamic prediction oihelicopter shaft torque, rotor speed, heave and yaw 
motion for collective and pedal inputs could be achieved. 

The analysis of references on n~athen~atical modeling shows that en- 
gine manufactures tend to use a sophisticated engine dynamic model in 
conjunction with arather rudimentary model of helicopter rotorlairframe 
dynamics whendesigning thecontrolsystem. High fidelity modelsforen- 
gine dynamics are accurate but the computational workload is generally 
high. Another critical aspect is the different time scaling of the two sets 
of differential equations governing the engine and the airframe response. 
Furthermore, these nonlinear computer simulations become inadequate 
for the analvsis of helicooter handline aualities reauirernents when an - .  
extremely simplified model of rotorlairframe dynamics is adopted. 

On the other hand, helicopter manufacturers have generally used the 
opposite approach. As a result, the dynamic interface problems that are 
not anticipated in the design stage can appear later in the flight test phase 
of a helicopter development program, requiring modifications to fix the 
problems (Ref. 5). 

Therefoce, a balance between the two different levels of accuracy is 
required in order to obtain a comprehensive mathematical model able to 
represent the influence of fuel contml and drive traidpropulsion system 
design parameters on helicopter handling qualities. 

Present Work 

The objectives of this paper are: 
1) To include the formulation developed in Ref. 16 in a high order 

mathematical model of articulated rotor and helicooter airframe. and to 
validate the dynamic response for a realistic helicopter configuration. 

2) To analyze the effects of governor and drive train design param- 
eters on rotorcraft stability in hovering flight, considering two different 
mathematical models: a high order blade element type model (34 DOFs) 
and a reduced order analytical model (8 DOFs). 

3) To evaluate the impact of rpm-governor design parameters on 
the application of some relevant ADS-33D handling qualities criteria, 
by means of simulations performed with the higher order mathematical 
model (34 DOFs). 

Mathematical Model 

The mathematical model developed is a nonlinear blade-element type 
representation of asingle rotor helicopter with rigid fuselage (see Fig. 1). 

The main rotor blades are individually modeled as rigid bodies and 
the coupled flap-lag dynamics is included. The equations of motion of 
the rotor are formulated and solved in a rotating coordinate system. 

No small angle assumption is invoked for aerodynamic angles of 
rotor and fuselage. The profile aerodynamic loads are calculated using 
two dimensional blade element theory with table lookup for blade twist 
and liftldrag coefficients. 

The reactions generated by the lag dampers are nonlinear functions of 
the axial velocity of the damper itself. These ternts are obtained following 
the procedure described in Refs. 12, 19. 

The aerodynamics of fuselage and stabilizers is modeled using coef- 
ficients derived from wind tunnel data. 

A three-state dynamic inflow model (Ref. 20) is used far the main 
rotor. 

The rigid body motion of the aircraft is modeled using six 110nlin- 
ear force and moment equations and three kinematic relations (Euler 
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Fig. 1. The flight dynamics simulation model. 

equations). The forces and the moments depend on the blade motion and 
provide the main source of coupling between the rotor and the fuselage. 
They alsocontaincontributionsfromfuselage, tail rotor andotheraerody- 
namic sorfaces. Both dynamic and aerodynamic rotor-fuselage couplings 
are included in the model. The latter type of coupling is typically due to 
theinteraction of the rotor wake with the fuselage andtail surfaces, and to 
the changes of rotor inflow due to the presence of the fuselage. The most 
important feature of the set of equations of motion for the fuselage used 
in the present study is that the fuselage states need not be small quantities; 
thus, all the kinematic nonlinearities associated with the motion of the 
fuselage are retained. 

The propulsion system model is a slightly modified version of that 
used by Chen (Ref. 16). consisting of discrete masses and a flexible rotor 
shalt. The equation for engineldrive train torque equilibrium is: 

The equation for shaft equilibrium is: 

This formulation is more gencral than that of Ref. 16, which focused 
on specific rotor modes in which the blades moved in lag only, and 
with identical angular displacements. The forcing torque is obtained by 
summing the force contributions R 2 ~  of each blade in the huh plane and 
perpendicular to the root segment of the blade, nlultiplied by the hinge 
offset moment arm e .  The effects of fuselage angular rates (pitch, roll 
and yaw rate) on blade dynamics and all the nonlinearities in deriving 
blade accelerations are retained. Note that the forces R z ~  also include the 
tenns due to lag dampers. 

The order of the complete system is 34 and the state vector x can be 
represented as: 

The vectorxr contains the fuselage degrees of freedo~n and is defined as 

The vectors xn and XI include the rotor and inflow degrees of freedom, 
transformed in a body-fixed reference system: 

Finally, the vector xe refers to the engine and drive train states: 

where Q = Ilr, and nl = $,. The control vector u is defined as: i 

I The presence of time derivatives in u is required for a correct modeling i 
of the lag dampers (Refs. 12, 19). 

The effect of the primary pitch control actuators is also included in 1 
the mathematical model and their dynamic response is represented by a 
second order transfer function (Ref. 19). 

The trim procedure is the same as in (Refs. 21, 22). Thus, the rotor 
equations of motion ace transformed into a system of nonlinear algebraic 
equations using a Galerkin method (10 eqns.). The algebraic equations 
enforcing force and moment equilibrium (9 eqns.), the additional kine- 
matic equations (2 eqns.) that must he satisfied in forward flight (or in a 
turn), and the momcntum inflow equations for both main and tail rotor 
(3 + I eqns.) are added to the rotor equations, and the combined system , (25 eqns.) is solved simultaneously. The solution yields the harmonics 
of a Fourier series expansion of the rotor degrees of freedom, the pitch , 
control settings, trim attitudes and rates of the entire helicopter, and main 
and tail rotor inflow. 1 

Flight without sideslip is arbitrarily assumed for p 50 .1 ,  while roll i 
attitude is set to zero for higher airspeed. 

The propulsion system is not includedin thetrim process. This implies 
two assumptions. The first is that the engine can generate a sufficient 8 

torque in any flight condition. The second is that the small fluctuations 
of rotor speed associated with the lag dynamics of the rotor do not affect 
the engine torque. 

A linearized set of small perturbation equations can be extracted from 
the nonlinear model: 

The coefficients of the model are derived numerically about the trim con- 
dition, using finite difference approximations. The linearization of the 
rotor equations is canied out in the rotating coordinate system. A multi- 
blade coordinate transformation (i.e. a modal coordinate transformation 
that is limited to the rotor degrees of freedom) converts the linearized 
state matrices to a fixed frame (Refs. 19, 21). This transformation only 
partially reduces the periodicity of the system. Therefore, an averaging of 
the linearized coefficients evaluated at several positions along the blade 
azimuth is required. 

The response to pilot inputs is obtained from direct numerical inte- 
gration of the equations of motion. Note that the program is designed for 
off-line simulation only. 

The time responses to fuel flow inputs and rpm-governor dynamics 
are reproduced with a simplified approach based on the model presented 
in Ref. 24: 

The present mathematical model was selected in order to include one 
time scale only. This simplified model for governor dynamics is based 
on the assumption that the paranleters rm,. T,, T,,, K,, K,, K, and Kc 
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Table 1. The helicopter configuration 

Parameter Value 

Rotor speed 27 radls 
Rotor disc radius 8.177 m 
Blade m.a.c. 0.527 m 
Rotor hinge offset e 0.381 rnl4.66 % 
Blade Lock number y 7.783 
nb 4 
Gross weight 71 196 N 
CG stationlwaterline 8.915 rn15.880 m 
Ks 541065 Nmlrad 
leq 1673 Kg m2 

164 Kg rnZ 
61 ONms 
rg 76 
K ~ O  0 Kg s 
Kpo -0.05397 Kg 
K1o -0.08246 Kgls 
Kc 0.052 Kgls 
TWI 0.067 s 
TO -7.847 s '  
Twl 61 100 Nmlkg 

can be identified from real aircraft flight test data for a given flight coodi- 
tion. Although this approach may not be representative of the complete 
enginelrpm-governor operating range, the complexity of the n~athernati- 
cal model and the number of control parameters is still limited. 

Results 

The configuration adopted for the nulnerical simulations is similar 
to the medium size tactical utility helicopter described in Ref. 12. This 
aircraft i~ a single rotor helicopter (Table 1) with articulated flap and 
lag hinges. The Right condition corresponds to an altitude of 5250 ft 
in standard atmosphere (CT/U 00.081).  The stability augmentation 
and Rightpath stahilization are disabled. The stabilator positions are 
held fixed at trim setting determined by the numerical computatio~~s 
presented in Ref. 15. 

Model validation 

System eigenvalues were identified by comparing frequencies and 
eigenvectors. Pro~ulsion svstem dvnamics enhances intermodal cou- - 
plings that colnplicate the identification of poles and normal modes. The 
related eigenvectors include the engine variables (&, $bl) and their lime 
derivatives. Merging of the fuselagemodes is alsoobservedin someRight 
conditions. Additional modes are introduced in the complete dynamic 
system (Ref. 16): 

1) first torsional mode : this is ptimarily an enginelshaft motion cou- 
pled with blade lag dynamics; 

2) second torsional mode : the hub motion is coupled with blade lag 
dvnamics: 

occurs at w. ;;. 17 radls. The first torsional mode is originated by the mi- 
gration of two lead lag con~plex conjugate roots, and these eigenvalues 
migrate back to or =,/(kq +eMcS2#)/lt =7.222 radls increasing both 
K.T and I,, (Table 2). 

The time response to collective and fuel How step was also analyzed 
(Fig. 2). The rpmresponse is characterized by a sharp deceleratio~~ of the 
engineldrive train system for positive collective step. 

Table 2. The first torsional mode in hover 

Without governor With governor 
Engine 5 O n  F mn 
param. (-) (radls) (- ) (radls) 

Ks= Ks, 0.227 17.509 0.160 16.591 
/q = 'qo 
Ks- m 0.452 6.930 0.452 6.946 
I#,- m 

- 
3 2.5 
ro . Collective s tep (1 deg) - - 

Step  fuel flow (5%) 

[r w Varying rpm (without rpm governor) > -0.5 
0 0.5 1 1 .5  2 2.5 3 3.5 4 4.5 5 

ro 
Collective s tep (1 deg) - - 

S 27.5 Step fuel flow (5%) ,~~~~ ~~~~ ~~.~ ~~. ~~~ 

m - 

TIME (s) 
Fig. 2. Vertical acceleration and rpm response to  collective step and 
fuel Row input in hover. 

Thetimehistory ofverticalacceleration issubstantially different when 
engineldrive train dynamics is included. The flattened response for verti- 
cal acceleration predicted by the varying rpm model with rpm-governor 
is confirmed by flight test data (Ref. 16). It is also evident that the con- 
stant rotational speed model overpredicts the heave response in the first 
transient phase. The opposite is verified in the second part of the time 
history. 

Time domain response to collective input (h f 0, Kp = KR and 
K, = Kt,) is also compared in Fig. 3 with dissimilar Right tests per- 
formed on a hovering UH-60A helicopter (Ref. 24). The rpm and the 
fuel flow response were obtained so that the increase of shaft torque due 
to collective input was the same of Right test data. The rprn variation is 
quite well reproduced by TPI simulations, although a small discrepancy 
for initial fuel How response modeling is observed (alsoconfirmed by the 
validations presented in Ref. 24). 
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0.13 
Blade Element Model - - 0.125 ," Flight Test ~~~~~~ 

0.09 I 
0 0.5 1 1.5 2 2.5 3 

TIME (5 )  

Fig. 3. Response to  collective step input in hover: comparison with 
Right test data. 

Stability analysis 

Two, different mathematical models are considered for the stability 
analysis of the first torsional mode: a high order blade element type 
model and a [educed order analytical model (the relevant equations are 
provided in the Appendix). A comparison of open loop time response to 
step fuel flow input for the complete (34 DOFs) and the reduced model 
(8 ~ 0 ~ s )  is sh&n in Fig. 4. This comparison demonstrates that short 
term response (shaft torsion and blade lag) is quite accurately predicted 
by the low order analytical model. 

The effect of shaft stiffness K s  is presented in Fig. 5. The rpm- 
governor is here disabled ( K p  = K ,  =O). The increase of stiffness Ks 
induces an increase of natural frequency Tor the first torsional mode that 
is proportional to the squareroot of the stiffness ratio. The presenceof the 
lag dampers promotes the coupling between flap and laglshaft modes for 
the higher order model. This result cannot be reproduced by the reduced 
order model, where lag dampers are supposed to be decoupled from flap 
motion and flap dynamics is neglected. 

Theeffect of rpm-governor proportional gain K,. in hovering flight is 
examinedinFig. 6. The coupling between fuel flow/torque dynamics and 
drive train is enhanced for higher feedback gains, where the stability of 
the first torsional mode is compromised. The response to collective input 
is analyzed with the higher order simulation model in Fig. 7. Both the 
first and the second torsional mode are excited by thecontrol input. Main 
rotorangular velocity fluctuationscombined with flapandlag oscillations 
occur when the gain K p  exceeds the stability limit of the first torsional 
mode. 

Theunstable behavior is also accurately predicted by the reduced order 
model and it can be assumed that this last model is able to reproduce the 
stability degradationdue to theincreaseoffuel flow proportionalgain K, .  
Hence, a complete analysis of the controller stability boundaries for the 

" T ' '  " " "  I , ,  ' ,  

Fig. 4. Comparison of short term open loop response to  a step fuel 
Row input (5%) in hover. 

Lead Flap Mode 

0.3 

0.2 
LagIShaft Mode 

0.1 

Fig. 5. The effect of shaft stiffness Ks  on the first torsional mode in 
hover. 
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0 Blade Element Model 
Reduced Order Model 

Fig. 6.  The effect of fuel controller gain K, on thestability of the first 
torsional mode in hover. 

first torsional mode was performed assuming that both shaft stiffness KF 
and equivalent inertia I,, could be varied within a specified range. This 
result is presented in Fig. 8 in which the equivalent inertia is normalized 
with respect to the rotor inertia I x .  The dimensions and the weight of the 
rotor are held constant. The diagram shows that Ks is the most effective 
parameter for extending the boundary for acceptablegains K p  within the 
realistic range of the ineRial ratio I R / I e q .  

Furthermore, the decrease of the fuel flow timeconstant r,, promotes 
the reduction of the dynamic stability limit (KP)<=0. This result is also 
confirmed in Fig. 9 where the effects of the parameters K p  and r,,, on 
torsional dynamics are analyzed. The damping 5 is increased for higher 
delays while the natural frequency o,, of the first torsional mode remains 
fairly constant within the stable rangeofrpm-governor designparameters. 

Handling qualities 

The analysis of the impact of rpm-governor design parameters on 
some relevant ADS-33D handling qualities criteria is considered. The 
requirements concerning rotor rpm governing in Ref. 26 recommend that 
the rotational regime of the main rotor should remain within specified 
limits. Apart from this very general consideration, the effect of the rpm- 
governor is apparently not considered, assuming that a degradation of 
drive train stability should probably be detected from the analysis of 
aircraft handling qualities. A review of the application of the principal 

~ ~ 

criteria for the reference helicopter configuration is here perfornied in 
order to verify if any relationship may exist between torsional oscillations 
and handlin~aualitiescriteria. This studv is limited to hoveras thedesien - .  
parameters for the rpm-governor were identified for that specific flight 
condition only (Ref. 24). 

Thefrequency domain analysisperformed with the higherorder model 
shows that the drive train and rpm-governor design have a limited effect 

TIME (s) 
Fig. 7. Theeffect of proportional gainKp on  the response to collective 
input (1.6 deg) in hover. 

on short term longitudinal and lateral handling qualities. Hence, band- 
width and delay for pitch and roll on-axis response remain fairly constant 
when governor parameters are modified. Differently, short term direc- 
tional handling qualities in hovering flight are affected by the coupling 
between yaw rate and toque, hut the effect of K, and r.,, for the unaug- 
mented aircraft is weak. Note that the model does not include the torsional 
flexibility of tail rotor transmission. 

Time domain lesponse to collective input is analyzed and the mixing 
of stick inputs is enabled. 

Heave response is obviously influenced by rpm-governor design and 
the most effective parameter is the proportional gain Kp. The effect 
of Kp on flight path control handling qualities is presented in Fig. 10. 
The criterion described in Ref. 26 is based on the assumption that the 
height rate response to a collective step input should have a qualitative 
first order shape. The increase of rpm-governor proportional gain within 
the dvnamicallv stable ranee Dromotes a reduction of time delav. Dif- - .  
ferently, when K, is funher increased so that (K,,)< =o is exceeded (i.e. 
when the first torsional mode becomes unstable) no substantial additional 
reduction of time delay is observed. The time constant Th = - I/Z,, is 
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I 10 

IRIC, 
Fig. 8. Thestability limit for the fuel controller proportional gain K p  
in  hover. 

4 :  

3 
2 

0.0 I 
0.00 0.02 0.04 0.06 0.08 0.10 

DELAY (r) 

- 
1 Re[. Condition 

- . 

- = 0.0335s - 

4 I 
ollective step 1 6 deg 

3.5 kollective st:p [3:2 d e d  

LEVEL 1 L 
0.05 0.1 0.15 0.2 0.25 

Time delay (s) 

8 
Collective step 1 6  deg + 

I LEVEL 3  collect^ step (312 :,I + 4 

1 I 

0 0.5 1 1.5 2 2.5 
Time to first peak (s) 

0.8 

Fig. 10. The effect of proportional gain ( K , P I K , ~ ~  =0.25, 0.5,1,2,3,4) 
on the response to  collective input in hover. 

marginally influenced by the design of the rpm-governor. An evident 
change for vertical damping ZIV is only observed for open loop response 
(K,  =K, =a). 

The criterion for interaxis coupling, i.e. yaw rate response due to 
collective step input, is presented in Fig. 10. This is the result of the 
application of a criterion that is based on theestimation ofthe magnitude 
of the coupling between heave and yaw rate just after the step control 
input. An improvement of HQ level is observed for higher feedback 
gains K p  and apparently drive train torsional instability is not effective 
in degrading aircraft flying qualities. In order to explain this result the 
rntio of yaw and vertical rate r/ll is presented in Fig. I I for diffexent gain 
settings. As the proportional gain K ,  is increased the transient response 
is suhstantiallv changed and the oeak of the ratio between r- and h is 

0.6 - - 
TI 4.0 
- 

w3 
0.4 - - 

0.2 - LEVEL 1 - 
0.25 

- LEVEL 2 

- 

Fig. 9. 'I'l~uell'crt nf 1.u~-1 n,ntn,llergain K , .  and dr luj  T., on the first r~~luccci t11,tt iml>l~c\ :a 1owc.r r~i ; tgni l~~~Ie  01'1itc r3/zl coupling l).ar:,rtlctcr 
torsion:ll m,,dr. in h18ver (d;aniping rijtiu < und natural frequency w,,). (5cr I:lg. I 1) ,\nothcra\pccl i\ lltc co~iip;~riv,n hcttrccn tl~.: con,t;,nt rpnl 

- 
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6 " " " " " " " " ' " " "  model without torsion of the transmission and the complete model that 
includes both drive train and rpm-governor dynamics. The former model 
provides a very smooth response without the typical oscillations in yaw 
that appear when K p  + cc and the slope of ,-/A in the very first transient 
phase is overpredicted. 

The torque response to collective input is analyzed in Fig. 10. The 
increase of feedback gain promotes a shift of HQ from marginal Level 2 
toLevel 1 and most of thedecreaseoftime to first torque peak is observed 
for K, < (Kp)l=a. An excess of feedback (i.e. promoting drive train 
instability) gives a small advantage in terms of torque response while 

- torque oscillations are enhanced. 
Finally, the effect of govetnor delay r,, on handling qualities is pre- 

- 4  . . . . , . , . , , .  sented in Fig. 12. Higherdelays (i.e. asloweddown fuel control) promote 
0 1 2 3 4 drive train stability and do not change the HQ levels of the aircraft in 

TIME (s) hover. 

Fig. 11. The effect of fuel controller gain K p  on yaw-heave coupling 
(1.6 deg step collective input). Concluding Remarks 

The formulation developed in Ref. 16 was included in a high order 

LEVEL 1 

LEVEL 2 

LEVEL l 

Time delay (s) 
1 

I 
0 0.5 1 1.5 2 2.5 

Time lo first peak ( 8 )  

0.8 

Fig. 12. The effect of delay ( T ~ ~ ~ T ~ ~  =0.25,0.5,1,2) on the response 
to collective input in hover. 

I 
Collective step I G eg 4 

ollLetive [3:2 iegl 
- LEVEL 2 - 

The response to collective step input of the real aircraft was quite accu- 
rately reproduced. 

The effects of governor and drive train design parameters on rotor- 
craft stability in hovering Right were analyzed, considering two different 
mathematical models: a high order blade element type model (34 DOFs) 
and a reduced order analytical model (8 DOFs). This last model was 
derived reducing to a first order form the equations obtained in Ref 16 
neglecting flap dynamics. Moments from lag dampers were considered 
and the contributions of torque and rpm-governor dynamics were also in- 
cluded. The reduced order model was found to be accurate for predicting 
drive train torsional stabilitv and shalt tenn dvnamic resoonse. 

The stability analysis has shown that the presence of the lag dampers 
enhances the coupling between flap and lagishaft modes. 

The stability of the first torsional mode is compromised for higher 
feedback gains K p .  The results show that the stiffness Ks is the most 
effective parameter for extending the boundary for acceptable gains KP 
within the realistic range of the inertial ratio I x / l , .  The damping of thc 
first torsional mode is also increased for higher delays r,l. 

The impact of ipm-governor design parameters on some relevant 
ADS-33D handling qualities criteria does not reflect the stability degra- 
dation of drive train due to high closed loop gains. The application of the 
specifications given in Ref. 26 is based on the assumption that torsional 
oscillations should remain within acceptable limits. 

Time domain response to collective step input is mainly affected by 
theincl-easeoftherpm-governorgain Kp and yaw oscillationsarepresent 
for higher feedback gains. This result is not reproduced by the application 
of ADS-33D criteria that only reflects the beneficial reduction of both 
yaw-heave coupling and time to first torque peak. 

Heave parameters exhibit higher HQ levels when K p  is increased. 
This effect is a consequence of lower delays for the heave response to 
collective step inputs. 

Apparently, no specific advantage in terms of Right path control and 
torque response may derive from excessive feedback. 

Higher delays r,,,, promote drive train stability and do not change the 
HQ levels of the aircraft in hover. 

Appendix: The Reduced Order  Analytical Model 

In order to derive a low order approximation for the drive train tor- 
sional dynamics, the basic equations obtained in Ref. 16 are reduced to 
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a first order f o m  and linearized at the reference equilibrium condition 
( a = %  = a , ,  i = O a n d < = < ~ ) .  

The twoadditionalequationspresentedinRef. 24related to theeffects 
of torque and rpm-governor dynamics are also included. Therefore, the 
reduced order system has 8 degrees of freedom with the following state- 
space representation x=  [A] . x, and the nonzero elements of the state 
matrix A are: 

where 

and 

a = -lrh . (I( +EM<) 
b = -(Ii + eMr) 

c = -  eMin;+k ( 
d = nb - IRIr 

4 
e = f + K,d 
f = IrKsKo 

I( + 2eMi + n1<e2) 

The model is derived neglecting the effects of blade aerodynamics and 
assuming that the damper lag reaction AQ, on the generic blade can be 
linearized (AQi =q . + kc . A{). For the reference helicopter the lag 
damper damping ratio is cD =ci/2 J-% 0.396. 
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