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Abstract

Flight dynamic analysis and estimation of handling quality parameters have become important aspects in
the design and development of helicopters. This paper presents a detailed analysis of the procedure for
estimating the handling quality parameters such as quickness parameter, bandwidth and phase delay. The
flight dynamic model used in this study considers rigid flap model for blade structural dynamics, three
states dynamic inflow for inflow calculation and modified ONERA dynamic stall model for sectional aerody-
namic loads calculation. The applicability of open loop linearized (uncoupled, and coupled) and nonlinear
flight dynamic models in estimating the handling quality parameters is studied. For linearized models, only
pulse input is used, whereas in the nonlinear model, two different types of input, namely pulse and step
inputs, are used to estimate the attitude quickness parameters. The bandwidth and phase delay are calcu-
lated from the frequency responses of helicopter attitude in pitch and roll axes, which are obtained from
the time response of nonlinear flight dynamic model for the harmonic excitation of cyclic pitch input. The
results show that the attitude quickness parameter depends on the duration of input pulse and the non-
linear open system provides attitude quickness parameter which is different from that of the linearised
system. In addition, it is noted that linearized flight dynamic models (8x8) cannot be used for bandwidth-
phase delay calculations, due to their lower order nature.
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. Fuselage angular velocity components
p. 4. along x, y and z directions (rad.s~%) In the early days, due to limited usage, helicopters
Net forces at helicopter center of were required to perform gentle maneuvers like
XYz gravity hover and forward flight. In recent times, the utility

along x, y and z directions (N) of helicopters has increased in both civil and mili-

tary sectors; and the helicopters operational envi-
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ronment has also expanded. They have to perform
various maneuvers and operate in extreme weather
conditions. These demands require new design of
helicopters or modifications in the existing design
to provide better performance. To design a new he-
licopter or to modify the existing design, detailed
analyses in various aspects have to be carried out.
They are: (i) flight dynamic analysis, (ii) handling
quality evaluation, and (iii) aeroelastic loads and re-
sponse.

The flight dynamic analysis includes prediction
of trim states, stability characteristics, and open
loop control response characteristics to pilot input
and external disturbances. Handling qualities are
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judged based on both qualitative and quantitative
assessments. Qualitative assessment of handling
qualities are based on flight test and pilots rating;
and hence it is a subjective evaluation of individual
pilots. Whereas, quantitative measures of handling
qualities can be evaluated from simulation models
and later can be verified with flight test data. The
quantitative measures are used as design targets
to achieve compliance with airworthiness require-
ments.

In the quantitative assessment, handling qualities
or flying qualities are divided into two categories’.
They are: (i) handling qualities which are related to
the response characteristics of helicopter to pilot's
input, and (ii) ride qualities which are associated
with the response characteristics of the helicopter
to external disturbances. Evaluation of response
characteristics and subsequently the handling qual-
ities require a reliable mathematical model repre-
senting the flight dynamics of the helicopter in gen-
eral maneuvers.

Mathematical modelling of helicopter dynamics
includes modelling of individual components and
their integration to represent the dynamic equa-
tions of the helicopter. There are several flight
dynamic models starting from simple to sophisti-
cated comprehensive models. The comprehensive
aeroelastic analysis®3 is used to predict the vibra-
tory loads, blade response and also flight dynam-
ics. However the comprehensive models are com-
putationally intensive and time consuming. Hence
they are not widely used for flight dynamic stud-
ies from the point view of stability, control response
and handling quality evaluation. Therefore, rela-
tively simple models are required for flight dynam-
ics analysis and handling quality evaluation#5®,

Nowadays, MIL-H-8501A7, Cooper and Harper
ratings®, and ADS-33E9 are used as standard spec-
ifications for helicopter handling qualities. MIL-H-
8501A specifies the response characteristics of a ro-
torcraft to control stick movement, control power,
force and moment gradients to control stick input.
Flight regimes covered by MIL-H-8501A are limited
to hover and forward flight. Based on a critical re-
view of handling qualities specifications used from
earlier days to MIL-H-8501A, it was noted that only
the stability and control characteristics were consid-
ered as important from the point of safety of flight
and pilots™.

Later Cooper and Harper?® brought forth the im-
portance of other factors such as cockpit interface,
aircraft environment and loads on various compo-
nents that influence the handling qualities and in-
troduced a method of evaluating the handling qual-
ities by using pilot rating for fixed wing aircraft.
Cooper and Harper defined three levels of handling
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qualities. Level- 1 corresponds to numerical rating of
1to 3 and the design is acceptable and satisfactory.
Level-2 corresponds to the numerical rating of 4 to
6 and the design is acceptable but unsatisfactory.
Level-3 corresponds to the numerical rating of 7 to
9 and the design is unacceptable.

MIL-H-8501A was reviewed based on Cooper
and Harper rating with available flight test data.
Clement et al.™"™ and, Chalk and Radford™ pro-
posed a new structure of handling qualities spec-
ification by updating MIL-H-8501A from the point
of view of mission task elements. The new struc-
ture incorporated the following aspects: (i) variety
of rotorcraft types, (ii) mission flight phases, (iii)
flight envelopes, (iv) flight environmental character-
istics, (v) failures and reliability, and (vi) external vi-
sion aids. All these aspects were critically analysed
and the new handling qualities specification ADS-
33E9 was proposed. ADS-33E provides mission ori-
ented specifications. It defines operational missions
and Mission-Task-Elements, response characteris-
tics, agility parameters, operational environment,
levels of handling qualities, flight envelopes, config-
urations, loadings, flight conditions and rotorcraft
failures.

Most of the requirements specified by ADS-33E
are assessed from flight data and pilots ratings.
Some of the important specifications such as atti-
tude quickness, agility parameter, bandwidth and
phase delay can also be evaluated from simulation
models. Mission task elements can be also simu-
lated by using inverse simulation technique ">,

Handling qualities of the helicopter can be eval-
uated with and without augmented control system.
The handling qualities of the base helicopter with-
out control system (open loop) predict the safety of
the baseline design. The handling qualities of the
helicopter with control system (closed loop) predict
the effectiveness of the control system. In the open
literature, the study on the handling qualities eval-
uation of the helicopter without control augmenta-
tion system is very limited. The main objective of the
current paper is to estimate the handling quality pa-
rameters of the helicopter without control augmen-
tation system (i.e. base helicopter).

The objectives of this study are as follows

+ Development of a relatively simple flight dy-
namic model of a helicopter which can be
used to analyze trim, control response under
various manoeuvring conditions and handling
qualities.

+ Develop an approach for estimating attitude
quickness, bandwidth and phase delay using
linearized and nonlinear flight dynamic mod-
els.
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+ Estimate attitude quickness parameter using
linearized and nonlinear flight dynamic mod-
els.

+ Estimate bandwidth and phase delay using
nonlinear flight dynamic model.

2. FLIGHT DYNAMIC MODEL

Mathematical modelling of helicopter dynamics in-
volves modelling of individual components such as,
main rotor, tail rotor, fuselage and empennage; and
integration of all the individual components to rep-
resent the dynamic equations of the helicopter.
In the development of the mathematical model,
the main rotor is given more importance while the
other components are modelled in a relatively sim-
ple manner. In this study, the flight dynamic model
is developed using individual blades so that non-
linear transient response of the vehicle as well as
linearized system control response can be analysed
using one general formulation. The following sim-
plifications and assumptions are made in the mod-
elling.

+ Rotor blades are assumed to be rigid with an
equivalent hinge offset having a root spring.

+ Only blade flapping is considered. Lead-lag and
torsion modes are ignored.

+ Blades are rectangular with linear twist.
+ Fuselage is modelled as a rigid body.

+ Aerodynamic drag on fuselage is represented
by an equivalent flat plate drag.

+ Inertial loads from tail rotor are ignored and all
the aerodynamic loads are considered.

+ Empennage is modelled as a plate with equiv-
alent aerodynamic coefficients.

« Wake interaction effects from main rotor on
tail rotor, fuselage and empennage are ne-
glected.

Modelling of the main rotor involves calculation of
inertial and aerodynamic loads produced on the ro-
tor. The formulation starts with derivation of veloc-
ity and acceleration at a given point on the blade.
Acceleration components are used to calculate sec-
tional inertial loads and the velocity components
are used to calculate the inflow and sectional aero-
dynamic loads. In the present flight dynamic model,
three state dynamic inflow model' is used for the
calculation of induced velocities through the main
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rotor. The model consists of three first order differ-
ential equations which is integrated in time domain
using fourth order Runge-Kutta method.

Modified ONERA dynamic stall model™ is used
for the calculation of sectional aerodynamic loads.
It provides the time variation of lift, drag and pitch-
ing moment acting on an airfoil in arbitrary motion.
This model assumes that the aerodynamic forces
and moment are acting at quarter chord point of
the airfoil.

The sectional (inertial and aerodynamic) forces
and moments are integrated over the length of the
rotor blade. Integrated loads from all the blades
are added and transformed to hub. Hub forces are
calculated at every azimuth location. Forces and
moments from all the components are then trans-
ferred to helicopter center of gravity. Using the
forces (X, Y and Z) and moments (L, M and N) at
the helicopter center of gravity, flight dynamic equa-
tions for a general maneuver are written as follows.

Force Equations:

(1a) U:—(Wq—vr)—ki—gsin@
Mp

Y

(1b) v =—(ur—wp)+ — —gcosOsinP
mp
. Z

(1) w=—(vp—uq)+ -~ — gcos© cos ®
h

Moment Equations:
/xxp = (/XX - /ZZ) rq+ /XZ (f—i_pCI) + L

(2b) 1yyq = (22 = Ixx) rp+ Ixz (r2 - P2) +M
(20) /zz'; = (/XX - /yy) pq + /XZ (P - rQ) +N

(2a)

Kinematic relations:

(3a) ©=qgcosd —rsind

3b)
®=p+gsin®tan©® + rcosdtan©

3. SOLUTION PROCEDURE AND ANALYSIS

The flight dynamic model of the helicopter can be
expressed in symbolic form as,

(4 x=F(xU,t)

Where x is the state vector (u,v,w,p,q,r,©,P)
and U is the control vector 6g,0ic, 015, O0¢r. Sys-
tem of equations (4) is linearized using perturba-
tion method to derive the linearized flight dynamic
model. Using small perturbation theory, helicopter
motion is described as a perturbation from the
equilibrium state as given below:

(5) X=X+ Ax
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Where, xe refers to equilibrium state and Ax is a
small perturbation about the equilibrium state.lt is
assumed that right hand side of Eq. (4) can be rep-
resented as analytic functions of the vehicle mo-
tion variables and their derivatives. Using the Tay-
lor series expansion theorem for analytic functions,
the function can be written in the following approx-
imate form:

6) Fi =Fie + AF;

By substituting the above series approximation in
the equations of motion, the equilibrium and per-
turbation equations are obtained separately. Equi-
librium part of the equation is used to predict the
trim states for a given flight condition. The cur-
rent study adopts the solution procedure given in
Ref.’22° for the prediction of trim states. The trim
parameters are given to the stability module to cal-
culate the stability and control derivatives by using
forward difference scheme. The stability and con-
trol matrices are formed from these derivatives. The
linearized system dynamics about the trim condi-
tion is given by the following equation

(7) x=Ax+ Bu

Where, A is system matrix and B is control matrix.

Nonlinear response of the vehicle for a pre-
scribed control input is obtained by integrating the
system of equations (4) in time domain. The pro-
cedure for control response calculation is shown in
Fig. 1. The trim parameters (states, flap and inflow)
are considered as initial conditions because the sys-
tem is perturbed from the trim position. Using the
states of the system, flap and inflow at /*" time step,
the loads are calculated at i time step. Using the
loads at it/ step, the states of the vehicle, the blade
flap and rotor inflow are calculated at (i 4+ 1)/ time
step. The detailed procedure for evaluating control
response is given in Ref”.

3.1. HANDLING QUALITY: ATTITUDE QUICKNESS

In ADS-33E, the parameters defining the handling
quality characteristics of a helicopter in roll and
pitch motions are attitude quickness, and band-
width and phase delay. The attitude quickness pa-
rameter is applicable for moderate to large change
in attitude angle. Bandwidth and phase delay are
defined for small amplitude and high frequency mo-
tions.

From ADS-33E, the attitude quickness is defined
as follows,

Ppeak (0T Gpeak)
Adeeak(orA@peak)

(8) Quicknessgoi(pitch)y =
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Control input <

Differential
eqaution
solver

Dynamic stall
equations

____________________________

i-th time step

Vehicle
Equation of
motion

[Vehicle states, Inflow and Flap at i+1 th time step]

Figure 1: Flowchart for non-linear open loop control
response

These quickness parameter values are plot-
ted against minimum change in attitude angle
AP in(AOpin) to estimate the level of handling
quality. In the present study, the quickness param-
eter is evaluated from the vehicle response for a
given control input from both linearized (uncoupled
and coupled) and nonlinear models.

The coupled linearized flight dynamic model is
given by the Eq. (7). Uncoupled models are ex-
tracted from Eq. (7) by eliminating off-diagonal
terms from stability matrix (A) and off-axis con-
trol derivatives from control matrix (B). Uncoupled
equations for roll and pitch motions are given as fol-
lows

(9) Roll:
(10) Pitch:

B=Lpp+ Lo, i
q= qu + /\//915915

Where, L, is rolling moment derivative with respect
to roll rate and Lg,, is rolling moment derivative
with respect to lateral cyclic pitch input. My is pitch-
ing moment derivative with respect to pitch rate
and Mp, _ is pitching moment derivative with respect
to longitudinal cyclic pitch input.

To obtain control response from coupled lin-
earized model, Eq. (7) is integrated in time domain
for a given control input. Since x and u in Eq. (7) re-
fer to perturbation in state and control angles, the
initial condition for the integration is taken as zero
in all the states (x = {0,0,0,0,0,0,0,0}). The in-
put control vector is given as (u = {0, my, 0, 0}) for
roll axis response and (u = {0, my, 0, 0}) for pitch
axis response (my, my - prescribed control inputs).
In the case of uncoupled linearized model, Egs. (9)
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and (10) are integrated in time domain to obtain the
time response of roll rate and pitch rate. These time
responses of roll rate and pitch rate are integrated
once again to obtain the corresponding attitude re-
sponses.

3.2. HANDLING QUALITY: BANDWIDTH AND
PHASE DELAY

Bandwidth and phase delay are defined based on
the frequency response behavior of attitude an-
gles. The definition for the various parameters used
to evaluate the bandwidth and phase delay can
be found in ADS-33E. Among those parameters,
crossover frequency (wigo) is an important param-
eter. And it is defined as the frequency at which the
phase angle is -180 degree.

Frequency response of the helicopter attitude
angles can be obtained from both linearized and
nonlinear models. In the case of linearized model,
the transfer functions are used for evaluating the
frequency responses. The transfer functions corre-
sponding to uncoupled roll and pitch attitude an-
gles can be obtained from Egs. (9) and (10) by apply-
ing Laplace transformation. For example, the trans-
fer function for the roll axis is can be written as,

CD(S) . L91c
01c(s)  s(s—Lp)

By substituting s = jw, the transfer function of roll
attitude in frequency domain can be written as;

(1) Go(s) =

(12) Go(Jw) = —F+ = .
V) = JaGo — 1) ~ (L)
The magnitude and phase angle from Eq. (12) can
be obtained as

(13)  Magnitude (dB) = 20log;g

L
(14) Phase angle (deg) = tan~! <_Cj>

The magnitude (Eq. (13)) and phase angle (Eq. (14))
are evaluated for the range of frequency (o to oo) to
obtain the frequency response.

In the case of nonlinear models, the nonlinear
time responses are generated for harmonic cyclic
input for wide range of frequencies. The phase dif-
ference between input and attitude response and
the magnitude of attitude angle are noted down.
The phase and magnitude are plotted against exci-
tation frequency to obtain the frequency response
of the system. Since the base system is unsta-
ble, the vehicle responses diverge as time evolves.
Hence only initial few cycles in response are consid-
ered for frequency response calculation.
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4. RESULTS AND DISCUSSION

All the results presented in this paper are pertaining
to the helicopter data given in Tables. 1 and 2. The
results are presented in two parts. In the first part,
results corresponding to attitude quickness are pre-
sented. In the second part, the results of bandwidth
and phase delay are presented.

Table 1: Main rotor and Tail rotor

Main rotor  Tail rotor
Radius(m) 6.6 1.275
Angular speed(rad/s) 32.88 160
No. of blades 4 4
Lift curve slope 5.73 5.73
Chord(m) 0.5 0.19
Twist(deg) -12 -12
Position of Hub
from CG(m) 0.05,0,-1.6 -7.9,0, -2

Table 2: Fuselage and Empennage

Mass(kg) 4500
Lex(kg.m?) 5000
lyy(kg.m?) 20000
I22(kg.m?) 16700
Ixz(kg.m?) 3700
Fuselage flat plate area(m?) 1.8
Horizontal tail area(m?) 1.326
Vertical fin area(m?) 1.2036
Position of horizontal tail
from CG(m) "/:325,0,70-535
Position of vertical fin
from CG(m) 77:313,0,-0.452
4.1. ATTITUDE QUICKNESS

The attitude quickness parameter is evaluated from
both linearized (uncoupled and coupled) and non-
linear models. Pulse input is used for linearized
models. For nonlinear model, two different types
of input, namely, pulse input (1 deg magnitude for 1
second duration) and step input (1 deg magnitude),
are used. Two different flight conditions, namely,
hover and an advance ratio of 0.20, are used in this
study.

Figure 2 shows the roll axis responses from lin-
earized (uncoupled and coupled) models for a lat-
eral cyclic step input of 1 deg magnitude at hover.
The responses corresponding to uncoupled lin-
earized model are represented by continuous lines
and the responses corresponding to coupled lin-
earized model are represented by dashed lines. It
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Figure 2: Roll axis responses from linearized models
for step input
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can be noted that the roll rate attains the nonzero
steady state value in 0.25 seconds. The roll attitude
increases in the negative direction continuously.
The maximum change in attitude angle (A®peak)
cannot be evaluated from these curves. Hence the
step input cannot be used in linearized models in
the estimation of quickness parameter and only
pulse input with different time duration (in roll axis :
1second, 2 seconds and 3 seconds; and in pitch axis:
1 second, 2 seconds and 5 seconds) is used for the
estimation of quickness parameter using linearized
models.

Figure 3 shows the lateral axis responses ob-
tained from linearized models for lateral cyclic pulse
input (1 deg magnitude for 1 second duration) at
hover. It is noted that the responses obtained from
linearized uncoupled and coupled models are very
close. The roll attitude increases continuously till
the end of the pulse. After the pulse input ceases
to exist, the roll attitude attains the steady state for
linearized models. Maximum and minimum change
in attitude angles (A®pe ¢ and Ad ;) cannot be
obtained separately from these curves. Hence, the
maximum change in attitude angle (A®peax) is
used instead of minimum change in attitude angle
(A(Dm/n)-

Figure 4 shows the lateral axis responses ob-
tained from the non-linear model for lateral cyclic
input at hover. The responses corresponding to a
pulse input are represented by continuous lines and
the responses corresponding to a step input are
represented by dashed lines. It is noted that the re-
sponses for both inputs are same till 1 second. In
the case of pulse input, roll rate decreases suddenly
once the input becomes zero. Whereas for step in-
put, the roll rate decreases gradually after 1 second.
Roll attitude increases and then decreases in the
negative direction for both of the inputs.

The attitude quickness parameters evaluated
from control response characteristics are marked
against the change in maximum attitude in Fig.
5. The continuous lines represent the limit ratings
as Level 1, Level 2 and Level 3, given in ADS-33E.
Fully filled symbols represent the attitude quick-
ness parameters corresponding to uncoupled lin-
earized model. Open symbols represent the atti-
tude quickness parameters corresponding to cou-
pled linearized model. Partially filled symbols rep-
resent the attitude quickness parameters obtained
from nonlinear model. From Figs 5(a) and 5(c), it is
noted that in roll axis, the attitude quickness pa-
rameters obtained from nonlinear model for both
step and pulse inputs correspond to Level-2 han-
dling quality. The quickness parameter correspond-
ing to step input from nonlinear model differs
significantly from the quickness parameter corre-
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Figure 3: Roll axis responses from linearized models
for pulse input at hover
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Figure 4: Roll axis responses from non-linear model
for pulse and step inputs at hover

sponding to pulse input. The quickness parameters
corresponding to pulse input of 1 second duration
from linearized (coupled and uncoupled) and non-
linear models are very close. For linearized models,
the quickness parameters corresponding to 1 sec-
ond and 2 second pulse inputs indicate Level-2 han-
dling quality, whereas for 3 second pulse input, it
degrades to Level-3 handling quality. From Figs 5(b)
and 5(d), it is noted that in pitch axis, the nonlinear
model predict almost Level-1 handling quality. The
quickness parameters evaluated for pulse input of
1 second duration from linearized models are dif-
ferent from the quickness parameter obtained from
nonlinear model. For the case of linearized models,
as the duration of pulse input increases, the quick-
ness parameter decreases and it shows Level-2 han-
dling quality. The results indicate that for linearized
models, a large time duration pulse is required to
generate large change in pitch attitude which can
be attributed to the large value of pitch inertia as
compared to roll inertia.
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4.2. BANDWIDTH AND PHASE DELAY

Figure 6 shows the frequency response transfer
function of roll attitude to lateral cyclic input in
hover. Form Fig. 6(b), it can be seen that the phase
angle varies from go deg. to o deg.. As mentioned
earlier, bandwidth and phase delay, are calculated
based on the cross over frequency (wigg). From
Fig. 6(b), it is clearly evident that the bandwidth and
phase delay parameters cannot be evaluated from
the linearized first order transfer function. However
these parameters can be calculated for a system, if
the order of transfer function is more than 1. Hence
nonlinear model is used for the estimation of band-
width and phase delay.

The time responses are generated for harmonic
excitation of lateral and longitudinal cyclic pitch in-
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puts with various frequencies in the range 0.05 Hz
to 5 Hz (0.05, 0.08, 0.1, 0.25, 0.5, 1, 1.5, 2, 2.5, 3, 4
and 5). Frequency response of the attitude angles
are evaluated from these responses. This study is
carried out for two different amplitudes (1 deg and
2 deg) of input to bring out the effect of system non-
linearity. Two flight conditions, namely hover and
advance ratio of 0.20, are considered in this anal-
ysis.

Figure 7 shows the frequency responses of roll at-
titude for harmonic excitation of 1 deg. and 2 deg.
magnitudes of lateral cyclic pitch in hover. Itis noted
that the magnitude and phase deference are very
close in both the cases. Whereas in the lower fre-
guencies, the magnitude of the input influences the
magnitude and phase of the attitude angle. It can
be seen that the cross over frequency (w1go) is very
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Table 3: Band width and

phase delay parameters

Flight Axis Magnitude | wiso | APowigy | WBWppase | WBWqain Tp
condition of input | (rad/s) | (deg) (rad/s) | (rad/s) (s)
Roll 1deg 0.9425 | 75.45 6.035 4.804 0.06
Hover 2 deg 10.36 75.19 6.081 5.8119 | 0.0633
pitch 1deg 3.004 | 47.38 1.572 2.456 0.134
2 deg 3.113 39 1.62 1.961 0.109
Roll 1deg 8.98 77 5.05 5.6146 | 0.0748
1= 0.20 2 deg 9.167 75.8 5.3624 | 5.6537 | 0.07215
pitch 1deg 8.501 48.8 3.0512 5.0841 0.0501
2 deg 6.0742 | 44.8 21993 | 3.9574 | 0.06435

close (9.945 rad/s for 1 deg. magnitude and 10.36
rad/s for 2 deg. input) in both the cases.

The bandwidth and phase delay are calculated
from the frequency responses and are tabulated in
Table 3. It is noted from Table 3 that the crossover
frequency (w1go) decreases in roll axis in forward
flight compared to hover. From the frequency re-
sponse corresponding to 1deg. input in roll axis, the
crossover frequency is 9.9425 rad/s at hover and
8.98 rad/s at . = 0.20. In roll axis, the gain band-
width is less than the phase bandwidth at hover, but
the gain bandwidth is more than the phase band-
width at 4 = 0.20. In pitch axis, the crossover
frequency (wigo) increases in forward speed as
compared to hover. From the frequency response
corresponding to 1 deg. magnitude of input, the
crossover frequency is 3.094 rad/s at hover and
8.501 rad/s at = 0.20. In pitch axis, the phase
bandwidth is less than the gain bandwidth at both
at hover and forward speed p = 0.20. In Fig. 8, the
phase delay 7, is plotted against the bandwidth to
predict the level of handling quality as defined in
ADS-33E. It is noted that the results predict level-1
handling quality in pitch and roll axis for hover and
@ = 0.20.

5. CONCLUDING REMARKS

This study presents the estimation of handling qual-
ity parameters for a helicopter using open loop lin-
earized and nonlinear flight dynamic models. The
handling quality parameters corresponding to atti-
tude quickness, bandwidth and phase delay in pitch
and roll behavior are discussed. The important ob-
servations of this study are:

+ Attitude quickness can be evaluated using ei-
ther linearized (uncoupled and coupled) flight
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dynamic model or nonlinear flight dynamic
model. For linearized models, only pulse input
with different time duration is used, whereas
in the nonlinear model, two different types of
input, namely pulse input and step input, are
considered.

* For linearized models, the duration of pulse in-
put influences the level of handling quality in
roll axis.

* The attitude quickness parameters evaluated
from nonlinear rotor-fuselage coupled dy-
namic model are different for pulse input and
step input.

* The bandwidth and phase delay cannot be
evaluated from open loop linearized models.
They can be calculated using open loop non-
linear coupled rotor-fuselage dynamic model.

* In roll axis, the bandwidth is gain limited at
hover and is phase limited at © = 0.20,
whereas in pitch axis, the bandwidth is phase
limited both at hover and . = 0.20.

REFERENCES

[1] Padfield, G. D., Helicopter flight dynamics. 2nd
edition, Blackwell publishing, 2011.

Rohin Kumar. M., and Venkatesan, C., Rotor-
craft aeroelastic analysis using dynamic waken \
dynamic stall models and its validation. Aeroe-
lasticity and Structural Dynamics, 2014, 3, (1),
pp 65-87.

Rohin Kumar. M., and Venkatesan, C., Effects
of blade configuration parameters on helicopter
rotor structural dynamics and whirl tower loads.

(2]

(3]

Page 9 of 13

This work is licensed under the Creative Commons Attribution International License (CC BY). Copyright © 2018 by author(s).



(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Presented at 44th European Rotorcraft Forum, Delft, The Netherlands, 19-20 September, 2018.

The Aeronautical Journal, Vol. 120, No. 1224,
February 2016, pp. 271-290.

Sakthivel.T, Influence of stabilizer bar on stability
and control response of mini helicopter. M. Tech
thesis, Dept. Aerospace engineering, IIT Kan-
pur, June 2014.

Singh, G. D., Helicopter flight dynamic simu-
lation for analysis of trim, stability and con-
trol response. M. Tech thesis, Department of
aerospace engineering, [IT Kanpur, June 2012.
Sakthivel.T, Flight dynamic analysis of a heli-
copter in steady maneuver and estimation of
handling quality parameters. PhD thesis, Dept.
Aerospace engineering, IIT Kanpur, March
2017.

Anon, Helicopter flying and ground handling
qualities, general requirements for. MIL-H-8501A,
Sept 7, 1961.

Cooper, G. E., and Harper, R. P.,, The use of pilot
rating and evaluation of aircraft handling quali-
ties. NASA TN D-5153, April 1969.

Anon, Aeronautical Design Standard, handling
qualities requirements for military rotorcraft.
ADS-33E, March 2000.

Ashkenas, I. L., Twenty-Five years of handling
qualities research. Journal of Aircraft, Vol. 21, No.
5, 1984, pp. 289-301.

Clement, W. F, Hoh, R. H., Ferguson llI,
S. W., Mitchell, D. G., Ashkenas, I. L, and
McRuer, D. T., Mission-oriented requirements
for updating MIL-H-8501. volume 1: STI proposed
structure.[Military Rotorcraft]. Technical Report,
NASA CR -177331, Vol-1, 1985.

Clement, W. F,, Hoh, R., Mitchell, D., and Fergu-
son I, S., Mission-oriented requirements for up-
dating MIL-H- 8501. volume 2: STI background and
rationale.[Military Rotorcraft]. Technical Report,
NASA CR -177331, Vol-2, 1985.

Chalk, C. R. and Radford, R. C., Mission-oriented
requirements for updating MIL-H-8501: Calspan
proposed structure and rationale. Technical Re-
port, NASA CR - 177331, Vol-2, 1985.

Hess, R. A. and Gao, C., A generalized algorithm
for inverse simulation applied to helicopter ma-
neuvering flight. Journal of the American Heli-
copter Society, Vol. 38, No. 4, 1993, pp. 3-15.
Thomson, D. G. and Bradley, R., The use of in-
verse simulation for preliminary assessment of
helicopter handling qualities. The Aeronautical
Journal, Vol. 101, No. 1007, 1997, pp. 287-294.
Thomson, D. and Bradley, R., Inverse simula-
tion as a tool for flight dynamics research prin-
ciples and applications. Progress in Aerospace
Sciences, Vol. 42, No. 3, 2006, pp. 174-210.

Pitt, D.M., and Peters, D.A., Rotor dynamic in-
flow derivatives and time constants from various

[18]

[19]

[20]

inflow models. gth European Rotorcraft Forum,
Italy, Sept 1983

Laxman, V., and Venkatesan, C., Influence of dy-
namic stall and dynamic wake effects on heli-
copter trim and rotor loads. Journal of the Amer-
ican Helicopter society, Vol. 54, No. 3, July 2009,
pp. 32001- (1-17)

Sakthivel, T., and Venkatesan, C., Rotorcraft con-
trol response using linearized and nonlinear flight
dynamic models with different inflow models.
The Aeronautical Journal, Volume 121, No. 1238,
April 2017, pp. 553-575

Sakthivel, T., and Venkatesan, C., Flight dynam-
ics of helicopter under steady maneuver: interest-
ing observations. Journal of Aircraft, Volume 54,
No. 4, July 2017, pp. 1595-1604.

Page 10 of 13

This work is licensed under the Creative Commons Attribution International License (CC BY). Copyright © 2018 by author(s).



20 |
m 0
T -
_g“ -
> —20 |-
:‘: [
= B
§ a0
I
—60 }
B I R I R N N B A
10° 10! 102
Frequency(rad/s)
(a) Magnitude
90
b0 I
< 60
2“ N
o N
: |
« N
Q
0 N
g 30|
n_' -
0 | L1 |
10° 10* 102
Frequency(rad/s)

(b) Phase angle

Figure 6: Frequency response of roll attitude obtained from linearized model transfer function at hover
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Figure 8: Handling quality levels with respect to bandwidth and phase delay
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