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Abstract

A comprehensive formulation for drive train torsional
dynamics is included in a high order mathematical
model. The dynamic response is validated for a re-
alistic helicopter configuration. The effects of gov-
ernor and drive train design parameters on rotorcraft
stability in hovering flight are analyzed. Two differ-
ent mathematical models are considered: a high order
blade elernent 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.
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c¢ Lag damper coefficient
e Hinge offset

ke Lag damper coefficient

Kp  Fuel controller derivative gain
Kp  Fuel controller proportional gain
Ky Fuel controller integral gain

Ko Collective anticipation gain
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Iy Blade moment of inertia

M Blade mass moment

me Blade mass

ng Number of blades
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Engine torque
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B Flap angle of main rotor blade
¢ Lag angle of main rotor blade
i3 Advance ratio
a, Collective pitch of main rotor
015, 61 Cyclic pitch components
rgp Collective pitch of tail rotor
3 Rotor hub angular displacement
P Shaft angular displacement
at the exit of the gearbox
Twf Fuel flow time constant
3 Damping ratio
Wn Natura! frequency
Q Main rotor angular velocity (€ = )
1 Shaft angular velocity (9, = 1)

Introduction

Large rpm variations may produce a significant
degradation of aircraft handling qualities in maneu-
vering flight [4, 5]. The trend towards using lower
inertta rotor systems in modern helicopters 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 ro-
tor drive shaft, and dynamic interface problems involv-
ing rotor, drive train and airframe subsystems were
also observed in several testing conditions [11]. The
interaction of rotor, engine and control on the CH-
47C helicopter resulted in unacceptable torque and
fuel flow oscillation in early flight test aircraft. Based
on a flight test program [6], fuel control gains and
time constant changes were suggested {reduced gain
and "slowed down” fuel control). It was also observed
that blade lag dampers may actually raise the natu-
ral frequency of the important turbine-rotor torsional
mode due to the compressibility spring effect. A cor-
relation between torsional instability and damper pre-
load force level was also found.

A complete review of rotor / engine dynamics
problems is presented in Refs. [11, 13, 14].



A time domain analysis of coupled engine /
drive train / rotor dynamics of a twin-engine, single
main rotor helicopter model is performed in Ref. [11].
The analysis incorporates an existing helicopter model
with nonlinear simulations of a turboshaft engine and
its fuel controller. A linearized four state engine model
is shown to reasonably predict engine states and out-
puts, shortly after the control input. Sensitivity of
rotor rpm droop to fuel controller gain changes and
collective input feed-forward gain changes are studied.
For the rotor and propulsion system modeled, rotor
inplane dynamics is not significantly affected by drive
train dynamics. It was found that retaining the col-
lective pitch feed-forward path in the fuel controller
improved main rotor rpm and power turbine engine
speed governing characteristics. The load sharing be-
tween the two engines is shown to result in lightly
damped rotor inplane oscillations, directly excited by
the low frequency dynamics in one engine’s torque.

The increase in the responsiveness of the en-
gine / fuel control system using a conventional rotor
speed governor can severely compromise the stabil-
ity margin of the torsional dynamics of the rotor sys-
tem [13]. The possible proposed solutions are: either
the decoupling of control laws between engine fuel
control and airframe / rotor dynamics or the inte-
gration of power management into the flight control
system. The emergence of digital engine controls and
the parallel development of digital flight controls make
possible the application of a fully integrated digital
flight/propulsion control system.

Much of the industry experience with rotor /
engine dynamics problems is reported in Ref. [14]: (i)
excessive rotor induced vibration of the propulsion sys-
tem (ii) excessive vibration (forced or self-excited) be-
cause of engine / drive train / rotor resonances (iii)
engine /[ drive train torque oscillations, often involv-
ing high gain fuel control systems (iv) excessive rotor
overspeed or droop during maneuvers, which is cor-
rected by revising the engine / fuel 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
helicopter. As a matter of fact, the coupled rotor
/ engine / fuel control system dynamics is dominated
by responses in two frequency ranges: a low frequency
mode of operation that characterizes the fastness of
the engine speed response to fuel control inputs, and
the higher frequency modes associated with the tor-
sional dynamics of the drive train coupled with blade
lag motion. Therefore, the design of modern heli-

copter engine / fuel control systems is based on both
the maximization of the responsiveness of the low

frequency mode and the stabilization of the higher =~

frequency drive system dynamics. Unfortunately, the
need for high control system gains, that enhance the
quickness of helicopter engine response, may compro-
mise the stability of the drive system torsional modes.

A discussion of engine control compensation for
power turbine speed governing system stabilization is
presented in Ref. [7]. The results demonstrate that
the notch-filter concept, applicable to all advanced
helicopter systems incorporating electronic power tur-
bine speed control, may produce excellent transient
response characteristics while maintaining good sta-
bility margins.

The development of new advanced engine con-
trol strategies for micro-processor based fuel control
systems on a twin engine helicopter is discussed in
Ref. [12]. Some of these concepts are classically adap-
tive in that the control modifies itself online to deal
with engine deterioration, surge or failure. Different
specific applications were investigated such as lower
fuel consumption, the reduction of deadman’s region
and torsional stability with inoperative rotor blade lag
dampers. This last problem is solved by incorporat-
ing second order notch filtering in the fuel control
power turbine governor. The damping of the rotor
drive train was artificially increased by phasing higher
frequency fuel flow inputs such that the resulting en-
gine torque opposes drive train oscillations. It was also
demonstrated that handling qualities can be improved
in maneuvering flight including rotor speed informa-
tion into the control.

An integrated flight and propulsion control
scheme for the UH-60 helicopter, based on a LQR
governor, is evaluated in Ref. [15] and it is found to
be superior to the basic control in most areas. An ac-
tive control strategy is suggested for enhancing drive
train stability in Ref. [20]

A parallel research activity in the field of math-
ematical modeling was developed, with the aim of
extending the accuracy of simulations, that may as-
sess the impact of engine/drive train dynamics on the
operational effectiveness of the aircraft.

A partial derivatives engine model based on
generalized factors [2] was used by Sanders [3] to
simulate the torque response to fuel inputs. Equa-
tions were developed for the torsional motion of a gas ;
turbine engine geared to a helicopter rotor in which
the blades were hinged to the shaft. The rotor-engine
system was represented by two rotating masses con-
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nected by a torsional spring. Comparison of the sys-
tem response calculated from these equations with the
experimentally observed frequency response showed
satisfactory agreement. The resonant frequency and
damping were accurately represented, but the ampli-
tude response above resonance was underestimated.

The torsional stability of a closed-loop dynamic
system (a typical transport helicopter speed gover-
nor, gas turbine engine and drive train) is evaluated
in Ref. [8]. The inclusion of a nonlinear mechanical
coupling was found to be effective in stabilizing the
previously unstable helicopter drive system. This was
explained observing that the shaft damping was arti-
ficially increased by means of an elastomeric damper
and the rotor inertia of the helicopter drive system
was isolated from the engine inertia.

A flight dynamics simulation tool (Genhel) has
been developed in Ref. [9] which treats engine, fuel
control, rotor and airframe. This nonlinear mathe-
matical mode! is adopted in Ref. [10] to investigate
the torsional compatibility of the engine / fuel con-
trol with helicopter rotor and airframe dynamics, at
frequencies below the rotational speed. The authors
conclude that without application of full dynamic sys-
tem flight simulation, advanced electronic fuel con-
trols may become unnecessarily constrained in order
to minimize risk or, if unconstrained, may introduce a
new set of dynamic problems. Some analytical results
presented show the promising potential of using body
state feedback to the fuel control to enhance aircraft
handling qualities (particularly in the yaw degree of
freedom) and rotor droop characteristics.

A simple model, which consists of two masses
with a centrifugal spring, assuming a very stiff rotor
shaft, is proposed in Ref. [16]. Dynamic interactions
between rotor, propuision system and drive train are
analyzed for a hover flight case for both hingeless and
articulated rotor. The results of eigenvalue analysis
and ttme simulations demonstrate that the rotor speed
degree of freedom couples only with the collective lag
mode. The effects of bandwidth and delay for the
engine fuel control are discussed.

A high order mathematical model of a heli-
copter (UM-Genhel) that includes the complete dy-
namics of the aircraft, including the rotor, inflow and
propulsion system dynamics is described in Ref. [17].
The mathematical model of the propulsion system is
presented in Ref. [16]. The effect of drive train tor-
sional dynamics is not included. The influence of the
propulsion system dynamics is assessed by comparing
frequency responses of flight test data and of a full or-

der model against frequency responses of a linearized
model with the dynamics of the propulsion system re-
moved. The dynamics of the propulsion system affects
very little the predictions of the pitch and roll rate fre-
quency responses. The most significant effects of the
propulsion systemn is observed in the vertical acceler-
ation and yaw rate responses for frequencies between
0.1 and 1 rad/s.

An alternative approach to the problem of mod-
eling the effects of propulsion system dynamics on
handling qualities is proposed in Ref. [18]. Drive train
torsional dynamics is described by discrete masses and
a flexible rotor shaft. This simplified formulation is ex-
tremely general and it was found to be accurate for
the estimation of the dominant first torsional mode,
which is the most important for the integration of en-
gine and airframe. The stability of an integrated flight
and propulsion control scheme, including rotor states
feedback, is also discussed.

A blade element model for a hingeless helicopter
was developed in Ref [29]. The results confirm that,
although the inclusion in the model of drive train de-
grees of freedom promotes intermodal couplings, pitch
and roll short term handling qualities are largely un-
affected by propulsion system design.

A complete engine / governor / drive train
model was integrated into the DLR helicopter sim-
ulation code SIMH [21]. For this purpose, the main
rotor formulation comprising rigid lead/lag and flap
degrees of freedom is resolved for rotor speed and
drive train dynamics. Parameterized engine and gov-
ernor models are evaluated from complex high order
physical descriptions, using reduction schemes, while
still being physical meaningful, allowing for applica-
tion in real time conditions. The parameters of the
reduced lower order models were optimized by com-
paring the simulation results with BO105 flight test
data in hover and forward flight. With the inclusion
of both engine and drive train dynamics, improvement
in the dynamic prediction of helicopter shaft torque,
rotor speed, heave and yaw motion for collective and
pedal inputs could be achieved.

The analysis of references on mathematical
modeling shows that engine manufactures tend to use
a sophisticated engine dynamic model in conjunction
with a rather rudimentary model of helicopter rotor /
atrframe dynamics when designing the control system.
High fidelity models for engine dynamics are accurate
but the computational workload is generally high. An-
other critical aspect is the different time scaling of the
two sets of differential equations, governing the engine
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and the airframe response. Furthermore, these nonlin-
ear computer simulations become inadequate for the
analysis of helicopter handling qualities requirements
when an extremely simplified model of rotor / airframe
dynamics is adopted. Some simulations are based on
a linearized state space representation of the response
of the specific propulsion system [19]. Nevertheless,
a high order validated model of the propulsion system
is always necessary and the extension to different en-
gine/drive train configurations is not straightforward.

On the other hand, helicopter manufacturers
have traditionally 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 [13].

Therefore, a balance between the two differ-
ent levels of accuracy is required in order to obtain a
comprehensive mathematical model able to represent
the influence of fuel control and drive train/propulsion
system design parameters on helicopter handling qual-
Ities.

Present Work

The objectives of this paper are:

1. To include the formulation developed in Ref.
[18] in a high order mathematical model of ar-
ticulated rotor and helicopter airframe, and to
validate the dynamic response for a realistic he-
licopter configuration

2. To analyze the effects of governor and drive
train design parameters on rotorcraft stability in
hovering flight, considering two different math-
ematical models: a high order biade element
type model (34 DOFs) and a reduced order an-
alytical model {8 DOFs)

3. To evaluate the impact of rpm-governor design
parameters on the application of sorne 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 nonlin-
ear blade-element type representation of a single rotor
helicopter with rigid fuselage (see Fig. 1).

The analysis of short term response to control inputs
in coordinated turns presented in Ref. [29, 30] was

FUSELAGE STATES
— FUSELAGE g #
AFRODYMNEMICS
—ROICR STATES~<— STICK, INFUT
AFRODVNAMICS 1B
| TAIL FOIR__ #
—&  THRIST SHAFT
ECIHE

Figure 1: The flight dynamics simulation model.

based on a previous mode! implementation for a differ-
ent helicopter, that was later extended for validation
purposes.

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

No small angle assumption is invoked for aero-
dynamic angles of rotor and fuselage. The profile
aerodynamic loads are calculated using two dimen-
sional blade element theory with table lookup for blade
twist and lift/drag coeflicients.

The reactions generated by the lag dampers are
nonlinear functions of the axial velocity of the damper
itself [9, 26].

The aerodynamics of fuselage and stabilizers is
modeled using coefficients derived from wind tunnel
data.

A three-state dynamic inflow model [23] is used
for the main rotor.

The rigid body motion of the aircraft is modeled
using six nonlinear force and moment equations and
three kinematic relations (Euler equations).

The forces (X,Y,Z) and the moments (L,M,N)
depend on the blade motion and provide the main
source of coupling between the rotor and the fuse-
lage. They also contain contributions from fuselage,
tail rotor and other aerodynamic surfaces. Both dy-
namic and aerodynamic rotor-fuselage couplings are
included in the model. The latter type of coupling is
typically due to the interaction of the rotor wake with
the fuselage and tail 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
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that the fuselage states need not to be small quanti-
ties; thus, alf the kinematic nonlineartties associated
with the motion of the fuselage are retained.

The propulsion system model is a slightly mod-
ified version of that used by Chen [18], consisting of
discrete masses and a flexible rotor shaft.

The equation for engine/drive train torque equilibrium
is:

Igt + 317‘37,51 + Ks(t1 — ) = r4Qz5

where, as in Ref. {18], By is the engine damping, I,
is the moment of inertia of the propulsion system, re-
ferred to the rotor speed, Kg is the torsional stiffness
of the rotor shaft, () is the engine torque, and 7y is
the engine to rotor nominal rpm ratic. The equation
for shaft equilibrium is:

Tnts — Ks(hs — ) = D e~ R

k=1

where Ip, is the moment of inertia of the hub.
This formulation is slightly more general than that
of Ref. [18], 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 Ry of each blade
in the hub plane and perpendicular to the root seg-
ment of the blade, muitiplied by the hinge offset mo-
ment arm e.

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

The vecter xg contains the fuselage degrees of free-
dom and is defined as

xp = [uvwpgroody]’

The vectors xp and xy include the rotor and inflow
degrees of freedom, transformed in a body-fixed ref-
erence system:

xR = [BoB1cB1s B2 Co e C1s Cyal T

x5 = [AoAsAc]T

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

xg = [Qewrypr 219 Q7

where 1 = xb'b and £, = 1,/;1.
The control vector u is defined as:

u = [0 014 01 O7R fo 61 61 b7R]T

The presence of time derivatives in u is required for a
correct modeling of the lag dampers.

The effect of the primary pitch control actuators
is also included in the mathematical model and their
dynamic response is represented by a second order
transfer function [26].

The trim procedure is the same as in [25, 22].
Thus, the rotor equations of motion are transformed
into a system of nonlinear algebraic equations using a
Galerkin method (10 eqns.). The algebraic equations
enforcing force and moment equilibrium (9 egns.), the
additional kinematic equations (2 egns.) that must be
satisfied in forward flight (or in a turn), and the mo-
mentum inflow equations for both main and tail rotor
(3+1 eqns.) are added to the rotor equations, and the
combined system {25 eqns.) is solved simultaneously.
The solution vields 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.

Flight without sideslip is arbitrarily assumed for p <
0.1, while roll attitude is set to zero for higher air-
speed.

The propulsion system is not included in the trim pro-
cess. This implies two assumptions. The first is that
the engine can generate a sufficient torque in any
flight condition. The second is that the small fluctua-
tions 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:

x=[Al‘x+[B]-u

The coefficients of the model are derived numerically
about the trim condition, using finite difference ap-
proximations. The linearization of the rotor equations
is carried out in the rotating coordinate system. A
multiblade coordinate transformation (i.e. a modal
coordinate transformation that is limited to the rotor
degrees of freedom) converts the linearized state ma-
trices to a fixed frame [24, 26]. This transformation
only partially reduces the periodicity of the system.
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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 integration of the equations of mo-
tion. Note that the program is designed for off-line
simulation only. The procedure preserves the full pe-
riodicity of the helicopter response (Ref. [27]). This
is confirmed by the time histories of the thrust coef-
ficient C'r and the vertical acceleration presented in
Fig. 2. The integration is performed starting from
a trim condition keeping all the controls fixed. The
time response is given by the superposition of a steady
state (the trim initial condition) and a small ny/rev
oscillation.

The time responses to fuel flow inputs and rpm-
governor dynamics (PID control) are reproduced with
a simplified approach based on the model presented
in Ref. [28]:

Qr =

Twf W§ =

TQAQE + Twrwy + KcTwiAl,
—Aws+ KpQt+ KpAQ + Ky / AQ

The present mathematical model was selected in order
to include one time scale only.

Resulis

The configuration adopted for the numerical
simulations is similar to the medium size tactical util-
ity helicopter described in Ref. [9]. This aircraft is
a single rotor helicopter (Tab. 1) with articulated
flap and lag hinges. The flight condition corresponds
to an altitude of 5250 ft in standard atmosphere
(Cr/o = 0.081). The stability augmentation and
flightpath stabilization are disabled. The stabilator
positions are held fixed at trim setting determined by
the numerical computations presented in Ref. [17].

Model Validation

System eigenvalues were identified by compar-
ing frequencies and eigenvectors. Propulsion system
dynamics enhances intermodal couplings that com-
plicate the identification of poles and normal modes.
The related eigenvectors include the engine variables
(%, %) and their time derivatives. Merging of the
fuselage modes is also observed in some flight condi-
tions. Additional modes are introduced in the com-
plete dynamic systern [18]:

o first torsional mode : this is primarily an engine
/ shaft motion coupled with blade lag dynamics;

Rotor speed 27 rad/s

Rotor disc radius 8.177 m

Blade m.a.c. 0527 m

Rotor hinge offset e 0.381m / 4.66 %
Blade Lock number v | 7.783

n 4
Gross weight 71196 N
CG station / waterline | 8.915 m / 5.880 m

Kg 541065 Nm /rad
leq 1673 Kgm?
b 164 Kgm?

By 0 Nms

re 76

Kp 0 Kgs

Kp -0.05397 Kg
K| -0.08246 Kg/s
Ke 0.052 Kg/s
Twf 0.067 s

Tq -7.847 571
Tt 61100 Nm/kg

Table 1: The helicopter configuration.

e second torsicnal mode : the hub motion is cou-
pled with blade lag dynamics;

The natural frequency of the first torsional mode is
quite accurately predicted by the model. The tor-
sional resonance for the real aircraft [15] occurs at
wn = 17rad/s. The first torsional mode is origi-
nated by the migration of two lead lag complex con-
jugate roots, and these eigenvalues migrate back to
wr = \/(k¢+eM¢Qg)/I( = 7.222rad/s increasing
both Kg and I, (Tab. 2).

without governor | with governor
engine £ tey, ¢ Wy
param. (-) (rad/s) (-} | (rad/s)
Kg=Kg, | 0227 ] 17509 | 0.160 | 16.591
log = Ie,gg
Kg—oo | 0452 | 6.930 | 0.452 | 6.946
Jog — o0

Table 2: The first torsional mode in hover.

The time response to collective and fuel flow
step was also analyzed (Fig. 3). The rpm response
is characterized by a sharp deceleration of the en-
gine/drive train system for positive collective step.
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The oscillatory behavior of & and Q4 during the initial
transient of the rpm response demonstrates that the
first torsional mode is excited by the command input.
The time history of vertical acceleration is substan-
tially different when engine/drive train dynamics is
included. The flattened response for vertical acceler-
ation predicted by the varying rpm model with rpm-
governor is confirmed by flight test data [18]. It is
also evident that the constant rotational speed model
overpredicts the heave response in the first transient
phase. The opposite is verified in the second part of
the time history. Differently, when the rpm-governor
is disabled, the inclusion of propulsion system dynam-
ics produces a significant reduction of the steady state
rate of climb in hover related 1o the sharp deceleration
of the main rotor angular speed ).

Time domain response to collective input (& # O,
Kp = Kp,and K1 = Ky} is also compared in Fig. 4
with dissimilar flight tests performed on a hovering
UH-60A helicopter [28]. The rpm and the fuel flow
response were obtained so that the torque overshoot
was the same of flight test data. The rpm variation
is quite well reproduced by TPI simulations, although
a marginal discrepancy for initial fuel flow response
modeling is observed (also confirmed by the valida-
tions presented in Ref. {28]).

Stability Analysis

Two different mathematical models are consid-
ered for the stability analysis of the first torsional
mode: a high order blade elerent type model and a
reduced 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 com-
plete (34 DOFs) and the reduced model (8 DOFs) is
shown in Fig. 5. 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 Kg is presented in
Fig. 6. The rpm-governor is here disabled (Kp =
Ky = 0). The increase of stiffness K5 promotes a
remarkable non linear increase of natural frequency
and damping ratio. The presence of the lag dampers
(that were not included in Ref. [18]) promotes the
coupling between flap and lag/shaft modes for the
higher order model. This resuft cannot be reproduced
by the reduced order model, where lag dampers are
supposed to be decoupled from flap motion and flap
dynamics is neglected.

The effect of rpm-governor proportional gain

Kp in hovering flight is examined in Fig. 7. The cou-
pling 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. 8. Flap and
lag oscillations occur when the gain Kp exceeds the
stability limit of the first torsional mode.

The unstable behavior is also accurately pre-
dicted by the reduced order model and it can be as.
sumed that this last model is able to reproduce the
stability degradation due to the increase of fuel flow
proportional gain Kp. Hence, a complete analysis
of the controller stability boundaries for the first tor-
sional mode was performed assuming that both shaft
stiffness Kg and equivalent inertia I, could be var-
ied within a specified range. This result is presented
in Fig. 9 in which the equivalent inertia is normalized
with respect to the rotor inertia I and the torsional

stiffness K5 is converted into the eguivalent degrees

TiggE .. The dimensions

and the weight of the rotor are held constant. The di-
agram shows that Kg is the most effective parameter
for extending the boundary for acceptable gains Kp
within the realistic range of the inertial ratio Ir/Ie,.

Furthermore, the decrease of the fuel flow time
constant 7,,¢ promotes the reduction of the dynamic
stability limit (Kp)g=g. This result is also confirmed
in Fig. 10 where the effects of the parameters Kp and
Twf ON torsional dynamics are analyzed. The damp-
ing £ is increased for higher delays while the natural
frequency wy, of the first torsional mode rematns fairly
constant within the stable range of rpm-governor de-
sign parameters.

of static torsion 1; — 1y =

Handling Qualities

Finally, the analysis of the impact of rpm-
governor design parameters on some relevant ADS-
33D handling qualities criteria is considered. The re-
quirements concerning rotor rpm governing in Ref. [1]
recommend that the rotational regime of the main ro-
tor should remain within specified limits. Apart from
this very general considerations, the effect of rpm-
governor is apparently not considered, assuming that
a degradation of drive train stability should proba-
bly compromise the general aircraft handling qualities.
A review of the application of the principal criteria
for the reference helicopter configuration is here per-
formed in order to verify if any relationship may exist
between torsional oscillations and handling qualities
criteria.
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Simulations performed with the higher order
model show that drive train and rpm-governor design
have a limited effect on short term longitudinal and
lateral handling qualities (see also Ref. [20]). Short
term directional handling qualities also remain fairly
constant when governor design parameters are modi-
fied within a realistic range. Anyway, remind that the
model does not include the torsional flexibility of tail
rotor transmission.

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. 11.
Mixing of stick inputs is enabled. The criterion de-
scribed in Ref. [1] is based on the assumption that
the height rate response to a collective step input
should have a qualitative first order shape. The in-
crease of rpm-governor proportional gain within the
stable range (Kp < (Kp)¢=o) promotes a reduction
of time delay, Differently, exceeding (Kp)¢=o does
not seem to be substantially beneficial. The time
constant Ty = ~1/Zw is marginally affected by the
design of the rpm-governor. An evident change for

_vertical damping is only observed for open loop re-
sponse (Kp = K; = 0).

The criterion for interaxis coupling, i.e. yaw
rate response due to collective step input, is presented
in Fig. 11. Higher HQ levels are observed for higher
feedback gains Kp and the results are apparently un-
affected by drive train torsional instability.

The torque response to collective input is ana-
lyzed in Fig. 11. The increase of feedback gain pro-
motes a shift of HQ from marginal Level 2 to Level
1 and most of the decrease of time to first torque
peak is observed for Kp < (Kple=o. An excess of
feedback (i.e. promoting drive train instability) gives
a negligible advantage in terms of torque response.

Concluding Remarks

1. The formulation developed in Ref. [18] was in-
cluded in a high order mathematical model of
articulated rotor and helicopter airframe, and
the dynamic response was validated for a real-
istic helicopter configuration.

2. The effects of governor and drive train design
parameters on rotorcraft stability in hovering
flight were analyzed, considering two different
mathematical models: a high order blade ele-
ment type model (34 DOFs) and a reduced or-
der analytical model (8 DOFs). This last sim-

plified model was found to be accurate for pre-
dicting drive train torsional stability.

3. The impact of rpm-governor design parameters
on the application of some relevant ADS-33D
handling qualities criteria was evaluated. Han-
dling qualities criteria does not reflect the stabil-
ity degradation of drive train due to high closed
loop gains, as it is assumed that torsional oscil-
lations should remain within acceptable limits.
Only heave response parameters are substan-
tially affected by governor design, and appar-
ently no specific advantage derives from exces-
sive feedback in terms of flight path control and
torque response.

Appendix
The Reduced Order Analytical Model

In order to derive a low order approximation for the
drive train torsional dynamics, the basic equations ob-
tained in Ref. [18] are reduced to a first order form
and linearized at the reference equilibrium condition

(=0 =Qo, { =0 and { = (o)

The two additional equations presented in Ref. [28]
related to the effects of torque and rpm-governor dy-
namics are also included. Therefore, the reduced or-
der system has 8 degrees of freedom with the follow-
ing state-space representation x = [A]:x, and the
nonzero elements of the state matrix A are:

IQKS —'I(KS
=1 = =
a1z az1 a Q23 d
ac —acy 1
dog — — a = - a =
25 d 26 d 34
a KS a _KS a —-B]_‘I‘g
41 = 43 = 44 =
Ieq Leg Ieq
Tq —~bKs
Q47 = ~> asg = 1 dg =
47 qu 56 61 d
P bK 5 e = —clp _celp
63 = d 865 = d Geg = d
T T ©
@ = a = . =
77 Q 78 wf 81 dwa
Kp —f acKp
agy = —— 83 = . g =
Twf d’?‘wf d‘]"wf
—accKp -1
dgs = dgg = ——
dwa Twf
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P

where

X = [f AQAQ /Aﬂl Ay ACEAQE Awg]T

and

a = —np-(Ie+eMe)
b —(I¢ +eMy)

¢ —(eM Q%+ k¢)
d = ab-Igl,

e = f+Kid

f = ItKsKp

Ig = Ing+mnp- (I( -+ 28M¢ -+ mcez)

The model is derived neglecting the effects of blade
aerodynamics and assuming that the damper lag
reaction A@¢ on the generic blade can be lin-
earized (AQ¢ = ¢¢ - C + k¢ - A{). For the refer-
ence helicopter the lag damper damping ratio is

(p = c¢/24/ (ke + eMQ3)l¢ = 0.396.
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