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ABSTRACT

This paper demonstrates a generic ground dynamics model for modeling and simulating landing gear
systems. Physics based model is developed in MATLAB-Simulink® environment and it is integrated to a
non-linear 6-DOF helicopter model which is constructed in an in-house comprehensive analysis code, TAI
Originated Rotorcraft Simulation (TOROS). Other than simulating the helicopter motion after touchdown,
this model is also capable of trimming the helicopter on ground, which is useful for determining landing and
take-off capabilities of a helicopter on either a flat or a sloped surface. This method can show whether the
control ranges are adequate or not during the design stage, which is a troublesome task during preliminary
design. In this study, slope-landing analyses of a light utility helicopter is demonstrated together with
dynamics of a generic landing gear. The effect of ground on non-uniform inflow parameters, which is capable
of modelling inclined ground effect, is included into the non-linear mathematical model using a finite state
approach. Results show that, finite state ground effect model affected the control margins and main rotor
flapping during slope landing and take-off analyses. In addition, rotational degree of freedom is added to
the wheel component, which can be utilized not only for trimming and linearizing the helicopter on ground
with/without airspeed but also for performing different ground-handling evaluations (e.g. high-speed taxiing,
rolling take-off etc.). Moreover, by using this mathematical model, spin-up loads during run-on landings can
be calculated, landing distance to full stop can be found and failure simulations (e.g. flat tire) can be
performed.

1 NOTATION [L] Induced inflow gain matrix
[M] Apparent mass matrix
Chg Ground to body transformation matrix %b Moments .trz.ansmltted to H/C body, Nm
Cint Internal friction coefficient, kg/s intsy Iqternal friction torque at the wheel axle
I . . N N, Tire normal force, N
Ct, T?re longitudinal Qamplng, kals puds s Body Angular rates, rad/s
Ct, Tire lateral damping, kg/s R, Radius of wheel, m
Fp Forces transmitted to helicopter body, N Sy Slip Ratio, nd
Faamp ~ Strut damping force, N Tpr Brake Torque
Fy, Longitudinal friction force, N Vin Mass flow parameter
F, Lateral friction force, N Vstip Slip Velocity, m/s
fi Kinetic friction coefficient, nd Vip Tire velocity in body axis, m/s
fe Static friction coefficient, nd Vig Tire velocity in ground axis, m/s
F, Strut spring force, N w Indu_ced_velocity _
Fy Total strut force, N Xrad Radial distance between tire contact patch
Fyp Tire forces in body axis, N e and wheel axle, m _
Eyperp,  15tand 2" dynamic friction coefficients, nd xtr, Ve, Zt Posmqn of tlres_ W.I.t. hellcop_ter c.g.,m i
[G] Ground influence coefficients matrix a; Rotor induced |nf!ovy coeffs. in terms of oY
h Tire distance from ground, m B Decay factor of friction, nd
kyim Rim stiffness, kg/s? Bs Tire skid angle, rad
Ksurf Ground surface quality factor, nd YNYE North and east ground slope angles, rad
ke, Tire longitudinal stiffness, kg/s? g groltmd d((jeclll_natlon a(ljngle, deg
ke, Tire lateral stiffness, kg/s? oroke Strrétjte dg(felegti:)nnpur; :
ke, Tire vertical stiffness, kg/s? 6ZZ Strut velocity, /s
St Strut acceleration, m/s?
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o, Tire lateral velocity, m/s
Ubrake Brake friction coefficient, nd
Uroll Rolling friction coefficient, nd
Uriresta  Tire degradation factor, nd
Uy Longitudinal friction coefficient, nd
Uy Lateral friction coefficient, nd
T Rotor pressure potential coefficient
¢,0,¢ Euler angles, rad
H Radial expansion shape function of inflow
Q, Angular speed of wheel axle, rad/s
Q, Angular acceleration of wheel axle, rad/s?
Subscripts
C Body-axes frame of reference
(g Ground-axes frame of reference

( )n, C ); Associated with n, j" radial mode shape

Superscripts

( )5 ( ) Cosine, sine part

( )IGE In ground effect

«)m Highest azimuthal harmonics
o Highest radial harmonics

2 INTRODUCTION

As two of the most dangerous flight phases are take-
off and landing, modeling and simulation of a landing
gear subsystem becomes an important task.
Developing mathematical models using
computational design tools lessen both time and
cost required during design process.

In literature, various landing gear models with high
complexity levels exist. For instance, Daniels [1]
includes nonlinear effects to his model such as
polytrophic gas law, velocity squared damping and
stick-slip friction effects. McGehee et al. [2], include
first-mode  wing bending and torsional
characteristics, oleo pneumatic shock strut with fit
and binding friction and empirical tire force-
deflection characteristics. These detailed models
are useful for design and analysis but they are
computationally intensive. For trim and real-time
simulations, simplified models can be used as
proposed in [3]. In simplified landing gear models,
gear reaction forces and moments imparted to the
aircraft are calculated by treating strut and tire as
simplified spring, mass, damper systems [4].

Other than using a landing gear model as a design
and validation tool, a generic ground dynamics
model, which is coupled with a high fidelity
helicopter model, can give accurate estimations of
helicopter behavior on ground before conducting
any flight test. This model can be used for slope
landing and take-off analyses as well as taxi, rolling

take-off, run-on landing analyses and spin-up load
estimations. As presented in the following sections
as well, starting from a quasi-steady hover
condition, the helicopter can be trimmed while the
uphill tire is in contact with the ground. Slowly
changing the body roll/pitch angle until all landing
gears are in contact with the ground gives the
required pilot controls during the maneuver. Same
methodology can be used in piloted evaluation of the
handling quality level of the helicopter according to
the slope landing requirements defined in [5], as
well.

In [6], it is shown that finite-state ground effect model
can capture the correct quantitative effect of the
ground inclination angle on the induced power of the
rotor. In addition, by using the same ground effect
model in [6], Iboshi et al. [7] demonstrated blade-
flapping motion of a rotor hovering above an inclined
plane. However, to our knowledge, this ground
effect model has not been coupled with a high
fidelity landing gear model for control margin
estimation during slope landing/take-off maneuver
so far.

In this study, fidelity of the non-linear mathematical
model proposed in [8] is increased by adding the
effect of ground on non-uniform inflow parameters
using a finite state approach, which is capable of
modelling inclined ground effect. In addition,
rotational degree of freedom is added to the wheel
component, which enables different ground
handling evaluations to be performed.

In the first section of the paper, comprehensive
analysis tool used for modelling high fidelity non-
linear mathematical model of the helicopter will be
presented. Next, landing gear dynamics will be
described in detail. In the third section, finite state
ground effect model on full and inclined surfaces will
be discussed. This section will be followed by trim
analyses and simulation results.

3 HELICOPTER MODEL

TAI Originated Rotorcraft Simulation (TOROS) is an
in-house rotorcraft simulation tool built in MATLAB-
Simulink® environment. It is used to support flight
mechanics design and analysis, handling quality
analysis, automatic flight control system design and
real-time flight simulation. Each rotorcraft
component is modelled individually in a modular
structure [8]. Contributions of each component to
the equations of motion are calculated based on
detailed rotorcraft characteristics. Complexity level
of the model developed in TOROS allows it to be
used for detailed prediction of whole flight envelope
during the design phase.



High fidelity rotorcraft model is constructed by using
both FLIGHTLAB® and TOROS. Commercially
available software package FLIGHTLAB® is used to
validate non-linear mathematical model developed
in TOROS in terms of trim, linearized system and
non-linear response results [9].

4 LANDING GEAR MODEL

In this section, equations of motion of the nonlinear
landing gear model used in the study are presented.

Inputs of the non-linear landing gear model are body
translational and angular velocities, Euler angles,
landing gear coordinates with respect to aircraft cg,
height of each tire from the ground and brake
percentage applied. Outputs of the model are the
forces and moments transferred to the helicopter
body. Figure 1 depicts airplane body fixed axis
X, Y, Z, (axis of body & struts), ground fixed axis
system X, Y, Z, (axis of ground & tires) and inertial
axis XYZ.

Figure 1 Coordinate Systems

Describing positive north and east slope angles as
in Figure 2, ground slope angles are transformed
into body axis by rotating them about Z axis over an
angle ¥, which is called the heading angle;

Q) ¢gr = sin(YPqir) Yv — cOSWair) Y

(2) egr = Cos(lpair) YN+ Sin(lpair) YE

Ground slope angles are then subtracted from roll
and pitch angles of the helicopter body to find the
roll (¢) and pitch (8) angles including the ground
slope.

Figure 2 Positive north and east ground slopes

For tire contact with ground plane, ground altitude of
each tire is checked. Deflection of each tire in
vertical axis can be calculated as in (3).

() 8, = hcos(py,) cos(,,) —

where §,; term represents strut deflection.

&g cos(¢p) cos(0)

Body axes are rotated in the sequence; y about Z,
0 about Y and ¢ about X to reach the ground axes
system.

cos @ 0 —sin@
4) Cyy= Isin Osing cos¢p cosOsing
sinfcos¢ —sing cos6Ocosg

As tires deflect under force, their position with
respect to aircraft cg changes. Taking this change
into consideration, velocity of each tire in ground
axis can be calculated as

[Utg] = Cbg Ivtb
Wig Wip
Where &, and &, represent tire longitudinal and
lateral deflections respectively.

tx

+ [Cbgwb] x l5ty
1)

©) uw =up+qpze —MpY:

() v =vp + 17X — PpZ

B wy =W, — Sst) + PpYe — qpXt
Gear forces are computed using non-linear strut
deflection vs. force and strut velocity vs. force
tables. For the calculation of damping force, other
than strut velocity, strut deflection is required. Notice
that, total gear forces are found simply by adding
these two forces.

(9) Fu= —Fs (6st) — Faamp (Sst' 6st)
In the landing gear model, tire degradation factor is
included. This factor is multiplied with tire vertical
stiffness to represent the effect of different tire
pressures. In real life, excessive air in the tire would
raise the spring coefficient and lacking air pressure
lowers the spring coefficient until the point the spring
coefficient becomes zero where tire blows out
[10].This feature enables landing and taxi
simulations under abnormal conditions.

(10) ktZ = HUTireSta " ktz
Notice that if (Uriresta = 0), tire is blown. Moreover,
if the tire saturates, then rim is touching the ground
and tire stiffness is modified accordingly.



Normal force due to ground contact, which is the
source of friction forces in lateral and longitudinal
directions, can be calculated as

—k¢, 6, for §,, < SthM
N, =
11) N —ke,8, + Krim (8, — 8r,,,,,)  for 8, =6,
If rim is touching the ground, rolling friction

coefficient is forced to its maximum value, u,.,; =

Hroll gy

By knowing the normal force of the tire, maximum
frictional forces in both longitudinal (X,) and lateral
(Yy) directions can be found. In case of frictional
forces along longitudinal direction, the effect of
braking force is included. Maximum friction force is
applied when the tire is moving along that direction.

For longitudinal friction forces, brake coefficient of
friction (u,rqxe) Can be modelled as a function of tire
velocity in X, axis( u.,). Different brake coefficients
can be used for dry, wet and icy surfaces. Nominal
kinetic friction coefficient is calculated as

(12) fknom = Upoy t (.ubrake - /’troll)abrake

Uron CaN either be a constant or a function of total

velocity in ground axis V;, = fufg + v,

kanom coefficient is modified depending on tire

status, which enables maximum friction force to be
applied when tire is blown.

(13) ka = kanom + (ﬂbrake - kanom) (1 - IJTireSta)

When there is wheel (i.e. rolling degree of freedom),
longitudinal friction coefficient depends on slip ratio
which can be calculated as;

|Vslip|
max(|utg|, 0.001)'

14) S, = min[

Where Vg, = urg — £, Xqq is the slip velocity and
Xrqq 1S the radial distance between tire contact patch
and wheel axle, which can be obtained as

(15) Xpqa =Ry — 6

z

If tire is rolling freely, S, = 0 and if tire is sliding
without rotation, S, = 1.

Figure 3 shows variation of f;_ y with respect to slip
slip

ratio. Notice that when slip ratio is between 0.15-
0.25 maximum amount of friction is applied to the
rotorcraft.

] 01 0.2 03 0.4 0.5 0.8 0.7 08 0.5 1
Slip Ratio

Figure 3 Longitudinal Friction Coefficient vs. Slip Ratio

Applying static to kinetic transition, longitudinal
friction coefficient can be calculated as

(16)  tx = ksurs (kasup + (ka - kaslip) e'ﬁ“’sliv')

B term given in (16) is called the decay factor of
friction and kg, term is called ground surface
quality factor and it is used to alter surface quality.
Summing up all these effects, maximum friction
force in longitudinal direction is found as

(A7) Framax = HxlNel

For kinetic friction coefficient in lateral direction, the
effect of skid angle is included which is given in (18).

Bs
_INe

FJ’coeffz

(18) fknom = FZYcoeff1 tanh

The skid angle of tires is taken as 0° if the
corresponding wheel is caster. If the wheel is not
caster, it is taken as

(19) Bs = atanZ(Utg,utg)
Including tire status;

(20) fi, = fip,. + (Broesps = fi, ) (1 = Wriresta)

(1) uy = keurs (fky + (fsy - fky) e’BlVfgl)

Summing up all these effects, maximum friction
force in lateral direction can found as

(22) Ff}’max = Hletl



Tire is modelled as a spring-damper system in both
longitudinal and lateral directions as shown in Figure
4, which enables trimming and stopping helicopter
on ground.

Figure 4 Tire representation [4]

Deflections of tire in both directions are calculated
by integrating the change of deflections in each axis.
Tire forces exerted in longitudinal and lateral axes
can then be calculated as

(23) FSPtx = _kxtgtx - Cxt(s‘tx

(24) Fspty = _kytgty - C)’tgty

Where &, and Sty terms are simply Vg;, and vy,
respectively.

Friction forces acting on helicopter body are limited
by maximum friction forces along that direction.

(25) Fpy = max (min (Fsptx' Fmeax) ) —Fmeax)

(26) ny = max (min (E‘?Pty’ FfJ’max) ! _FfJ’max)

When rolling degree of freedom of wheels is
included, tire rolling acceleration can be computed
as follows
foxrad + Ntstx - Mintfr + Ty

L,

@7 §, =

Where Mintfr and T,, terms represent internal

friction torque at the wheel axle and brake torque
respectively. Mip.,, can be modelled as a function of

tire rotation speed
(28) Mine,, = Cine,, Ow

Whereas brake torque can be calculated as
(29)  Tor = —KprOpr — Cpr iy

Q,, term given in (29) is equal to Q,,, and the brake
deflection, 6,,- can be obtained simply by integrating
Qbr.

Brake torque is limited with amount of brake applied
and maximum brake torque that the braking system
allows.

(30) Tbrlim = abrake Tbrmg_x

If |Tpr| > Tpry,,s Qor is forced to zero to prevent

integrator wind-up and maximum amount of brake
torque is applied to the disc.

After computing all forces acting on tires, forces and
moments acting on tires in body axis can be found
as

Fxtb fo
(31) Fyp = Fytb = Cbg ny
thb Nt
My 6fx fo
(32) Mtb = Mytb = Cbg 6ty X ny
Mztb 6t Nt

z

Deflections and velocities of the struts are then
calculated and fed back to the model by simply
integrating their accelerations

(Fst - thb)

my

(33) gst =

In simulation, if maximum strut deflection is reached,
struts behave like a rigid body and tire forces are
transferred to the body directly. In that case;

Fxb Fxtb
(34) F,=4{Fw=Fy=1{Fuw
sz thb

(35) (S:st =0

In all other cases (when strut limits are not reached
or when performing ground trim) forces transferred
to helicopter body are

Fxb Fxtb
(36) Fb = Fyb = Fytb
sz Fst

Moments transferred to the helicopter body can be
calculated as

be
@7 M, = Myb
Mzb

:Tthb



5 FINITE STATE GROUND EFFECT MODEL ON
FULL AND INCLINED SURFACES

The finite-state ground effect model used in this
study is based on the theory given in Ref. [6]. It is an
extension model of the generalized dynamic wake
theory [11], which is a three-dimensional and
dynamic induced velocity model based on
incompressible potential flow assumption. Radial
and azimuthal distribution of the induced velocity is
expressed by Legendre polynomials and Fourier
series expansion respectively as given in (38). It has
finite number of states in time domain and is
represented in closed form in state-space as first
order differential equations given by (39) and (40)
for induced flow at rotor disk.

(38) W= Z Z ol [a}-”(t) cos(ry) + af*(t) sin(rlp)]
(39) M1} + VoL e} = 5 (1)
1 T
(40) {a} =~ [L1{5}
ice 1 "
@y ()" =@~ 16D {5

Due to its reasonable fidelity and computational
efficiency, majority of the commercial tools adopts
this model for flight mechanics and aero elasticity
analyses of rotorcrafts. Therefore, it is quite useful
for real time applications and transient analyses. In
terms of ground effect, original dynamic wake model
contains empirical relations in order to be used in full
ground effect case. However, only uniform
components of the induced velocity, which are
constant everywhere on the rotor disk, are affected
due to the presence of the ground. With the inclusion
of finite-state ground effect model, not only full but
also inclined ground effect case can be simulated in
both hover and forward flight. Pressure perturbation
on ground plane in rotor wake is represented as an

additional pressure perturbation. Finally, the
induced velocity at rotor disk in ground effect is
calculated based on superposed pressure
perturbations of the rotor and the ground. The
derivation of the finite-state ground effect model is
given in Ref. [6] and correlations with empirical
relations, wind-tunnel test data and model rotor test
data are reported in Ref. [12]. In order to integrate
the finite-state ground effect model to TOROS, the
matrix G in (41) (ground influence coefficient matrix)
is obtained. Later, it is superposed with gain
matrix [L] to include non-uniform ground effects to
the trim. Results shown in this study are based on
the same expansion for the main rotor inflow and
ground effect models. For example, 1x1 Peters-He
infow model together with ground inflow matrix,
which is expanded up to its third harmonics.
Therefore, both gain matrix [L] and ground influence
[G] are three by three square matrices.

Prior to this study, validation of the finite-state
ground effect model is made for both full and
inclined cases by comparing the ground influence
coefficient matrices (G) in Ref. [6]. The G matrix
contains r, m harmonics, j" and n" radial mode
shape together with associated cosine and sine

parts (Gﬁ{" “. The indexing of G can be found in

(42). The validation results for full and inclined
ground effect cases at different heights as well as
different heading angles are summarized in Table 1.
Comparison of these values show that deviations
with respect to Ref. [6] may be due to the numerical
errors and different integration schemes to generate
G matrix in radial, azimuthal coordinates as well as
the coordinate along free-stream line. However,
results show good agreement with the results given
in Ref. [6] and model is internally consistent. All
these verification results show that results of the
present study are considered accurate for both full
and inclined ground effect cases.
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Table 1: Finite state ground effect model validation with respect to Ref. [6]

h 5 v
Ref. [6 Present Stud
@R | @) | er) (6] y
+0.277073 +0.039207 0.000000 0.000000 0.000000 0.0000001 +0.277017 +0.039198 0.000000 0.000000 0.000000 0.000000
—0.066288 +0.008585 0.000000 0.000000 0.000000 0.000000 —0.066219 +0.008681  0.000000 0.000000 0.000000  0.000000
05 0 0 0.000000 0.000000 +0.075118 +0.017687  0.000000 0.000000 0.000000  0.000000 +0.075192 +0.017718  0.000000 0.000000
. 0.000000 0.000000 —0.013539 +0.001178 0.000000 0.000000 0.000000 0.000000 -0.013503 +0.001228 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000 +0.075118 +0.017687 0.000000 0.000000 0.000000 0.000000 +0.075192 +0.017718
0.000000 0.000000 0.000000 0.000000 —0.013539 +0.001178 0.000000 0.000000 0.000000 0.000000 —0.013503 +0.001228
+0.106646 +0.011428 0.000000 0.000000 0.000000 0.000000 +0.106608 +0.011425 0.000000 0.000000 0.000000 0.000000
—0.033415 -0.002823 0.000000 0.000000 0.000000 0.000000 —0.033398 —0.002819 0.000000 0.000000 0.000000 0.000000
1.0 0 0 0.000000 0.000000 +0.009766 +0.001677 0.000000 0.000000 0.000000 0.000000 +0.009770 +0.001678 0.000000 0.000000
. 0.000000 0.000000 —0.002703 —0.000404 0.000000 0.000000 0.000000 0.000000 -0.002702 -—0.000404 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000 +0.009766 +0.001677 0.000000  0.000000 0.000000 0.000000 +0.009770 +0.001678
0.000000 0.000000 0.000000 0.000000 -0.002703 -—0.000404 0.000000 0.000000 0.000000 0.000000 —0.002702 -—0.000404
+0.049551 +0.003901 0.000000 0.000000 0.000000 0.000000 +0.049526 +0.003899 0.000000 0.000000 0.000000 0.000000
—0.016890 —0.001277 0.000000 0.000000 0.000000 0.000000 —0.016880 —0.001276 0.000000 0.000000 0.000000 0.000000
15 0 0 0.000000 0.000000 +0.001790 +0.000220 0.000000 0.000000 0.000000 0.000000 +0.001791 +0.000220 0.000000 0.000000
. 0.000000 0.000000 —0.000578 —0.000069 0.000000 0.000000 0.000000 0.000000 -0.000578 —0.000069 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000 +0.001790 +0.000220 0.000000  0.000000 0.000000 0.000000 +0.001791 +0.000220
0.000000 0.000000 0.000000 0.000000 —0.000578 —0.000069- 0.000000 0.000000 0.000000 0.000000 -0.000578 —0.000069
+0.117026 +0.011669 —0.015586 —0.003052  0.000000 0.0000007 [+0. 114259 +0.0120332 -0.011275 -0.002357  0.000000 0. 000000]
—0.036380 —0.002617 +0.005076 +0.000825 0.000000 0.000000 | —0.037542 —0.0030800 +0.004959 +0.000912 0.000000 0.000000 |
1.0 20 0 —0.014214 +0.000305 +0.012746 +0.002146 0.000000 0.000000 —0.026301 —0.0022777 +0.013067 +0.002436 0.000000 0. 000000|
. +0.003331 —0.000333 —0.003398 —0.000468 0.000000 0.000000 +0.007865 +0.0002859 —0.004223 —0.000695 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000 +0.010850 +0.001868 0.000000 0.000000 0.000000 0.000000 +0.010683 +0.001853
0.000000 0.000000 0.000000 0.000000 —0.002970 -—0.000441 0.000000 0.000000 0.000000 0.000000 —0.003163 —0.000498
+0.157563 +0.013982 -0.043168 —0.011356 0.000000 0.0000001 +0.140964 +0.01613 —0.02769 —0.00816 0.000000 0.000000
—0.047185 —0.002180 +0.013658 +0.003053 0.000000 0.000000 —0.053638 —0.00464 +0.01413 +0.00382 0.000000 0.000000
1.0 40 0 —0.039235 +0.001615 +0.025861 +0.005568 0.000000 0.000000 —0.068269 +0.02624 +0.00744 0.000000 0.000000
: +0.007083 —0.001048 —0.005440 -—0.000887 0.000000 0.000000 +0.024868 —0.01129 —0.00287 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000 +0.014993 +0.002750 0.000000 0.000000 0.000000 +0.014827 +0.002898
0.000000 0.000000 0.000000 0.000000 —0.003899 —0.000609- 0.000000 0.000000 0.000000 0.000000 -0.004897 —0.000871
+0.117026 +0.011669 -0.011021 -0.002158 -0.011021 -0.002158 +0.114258 +0.012029 —0.007973 -0.001665 —0.007973 —0.001665
—0.036380 —-0.002617 +0.003589 +0.000583 +0.003589 +0.000583 —0.037542 —0.003081 +0.003506 +0.000645 +0.003506 +0.000645
1.0 20 45 —0.010051 +0.000216 +0.011798 +0.002007 +0.000948 +0.000139 —0.018597 -0.001609 +0.011875 +0.002144 +0.001192 +0.000291
. +0.002355 —0.000236 —0.003184 —0.000454 —0.000214 —0.000014 +0.005561 +0.000201 —0.003693 —0.000596 —0.000529 —0.000098
—0.010051 +0.000216 +0.000948 +0.000139 +0.011798 +0.002007 —0.018597 -0.001609 +0.001192 +0.000291 +0.011875 +0.002144
+0.002355 —0.000236 —0.000214 -0.000014 -0.003184 —0.000454/ +0.005561 +0.000201 —0.000529 —0.000098 —0.003693 —0.000596.
+0.117026 +0.011669 0.000000 0.000000 —0.015586 —0.003052 +0.114259 +0.012033 0.000000 0.000000 -0.011275 -0.002357
—0.036380 —0.002617 0.000000 0.000000 +0.005076 +0.000825 —0.037542 —0.003080 0.000000 0.000000 +0.004959 +0.000912
1.0 20 90 0.000000 0.000000 +0.010850 +0.001868 0.000000 0.000000 0.000000 0.000000 +0.010683 +0.001853 0.000000 0.000000
. 0.000000 0.000000 —0.002970 —0.000441 0.000000 0.000000 0.000000 0.000000 -0.003163 —0.000498 0.000000 0.000000
—0.014214 +0.000305 0.000000 0.000000 +0.012746 +0.002146 —0.026301 -0.002278 0.000000 0.000000 +0.013067 +0.002436
+0.003331 —0.000333 0.000000 0.000000 —0.003398 —0.000468 +0.007865 +0.000286 0.000000 0.000000 —0.004223 —0.000695/
6 RESULTS T —oms]
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As described in section 2, by adding rolling degree £
of freedom to the tire, spin-up loads during run on g
A a
landings can be calculated. 5 0
@
In order to find landing gear loads that are z
generated during landing with a forward speed, drop H / .
. . . 2 H
test simulations are performed by using TOROS H :
H H H 1 1 1 1 1
and landing gear model that is generated in 0 (3
commercially available software ADAMS® (see z /‘%
Figure 5). Notice that, in simulations, wheel of the g // e
H RSN
main landing gear is initially rotated at 120 rad/s g /
. 5 | | H |
(which corresponds to 50 knots forward speed) and : N S S B P
. 0 0.55
a drop test is performed. It can be seen that, after 7 200 ‘ 1 R
. .. . . . B :
tire is in contact with the ground, its rotational speed = oo
i X s 2 ‘
z |
and slip velocity starts to decrease. Due to friction . \
. :
forces between tire contact patch and ground these s P PoE
. . . . - 055
parameters vanish very rapidly. It is also shown in o
. . - )
Figure 5 that, strut deflections, ground reaction and £,
spring-back forces are similar in both simulations. E
:
H H H H >
Therefore, generic ground dynamics model given in s
20
0.55

this paper is a good candidate for estimating impact
loads during landing.

Time [s]
Figure 5 Drop Test Simulation of Main Landing Gear with an
Initial Speed of 50 knots



In Figure 6, run-on landing simulation results of a
helicopter with tricycle landing gear configuration
(one nose and two main landing gears) is provided.
Helicopter is initially timmed in ground effect with 20
knots ground speed and by reducing collective at a
constant rate, landing gears touch the ground after
3 seconds from the start.

TOROS
Run-On Landing Simulation

Sink rate during touchdown is 3.5 ft/s. Notice that,
rotational speed of tires rapidly increase and reach
20 knots after touchdown. After t = 7 [s], brakes are
applied and helicopter starts to decelerate. Between
t =14 [s] and t = 16 [s], maximum amount of friction
is applied to the helicopter (see F,,) and after this
point helicopter is stopped.

In Figure 7 and Figure 8 comparison of the trim

I - results are shown for full and inclined ground effect
g1 Ei i cases. Full ground effect comparison is made with
1 S, [ . -
21 e B A s respect to rotor height and results are plotted in
g T £ L7 Figure 7. Notice that horizontal axis is the helicopter
: m - - - - 4 cg height above ground level. Figure 8 illustrates
7% - =T inclined ground effect trim results of a -10° side-
£ I slope (left MLG uphill orientation) landing. Starting
~20 Sy g 2 ] ! ) . . )
2 & & from zero roll attitude, helicopter is trimmed with
e g o different roll attitudes up to 10 degrees while uphill
§ oy ” S - - 8, landing gear is in contact with the ground. Friction
o 0 0 2 % forces and moments are included in the results and
| A } it is assumed that there is no wind in the
N n . . .
= I i z "-.‘ environment. In both figures, control inputs, roll
u® Wf attitudes, conning, longitudinal and lateral flapping
~ S angles, total power differences of main and tail rotor
0 10 20 B o 0 % %  With respect to uniform GE case together with non-
AT — <08 e dimensional first harmonics of uniform, longitudinal
E, —i#""\ ...... MLG2 206 A and lateral induced velocities are shown. Flapping
Bl b N A LG SN sign convention for positive angles can be
g or-t > goz i T mtg; summarized as cone up for B, rotor disk forward tilt
2 g A P NLG for B;. and left tilt for 5;; when viewed from aft of the
K 5 ) T . . .
% 10 2 0E % 10 20 s  helicopter. Results are obtained with 1x1 (3-states)
Time [s] Time <1
Figure 6 Run-on Landing Simulation
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Figure 8 Comparison of Trim Results in Inclined Ground Effect during Left LG Uphill Slope Landing

Peters-He inflow model (PH, 1x1). In addition, for
the slope landing trims (i.e. inclined ground case),
radial mode shape is expanded to 1x5 (9-states) in
order to examine the radial inflow and ground effect
influence on the trim results.

For the initial studies, each blade is divided to 10
segments based on equal annulus approach to
calculate blade aerodynamic loads in blade element
theory. In addition, these results show that finite
state ground effect model changes the results for
both full and inclined ground effect cases. In both
ground conditions, inflow distribution on the rotor
disk changes with respect to uniform ground effect
model. For full ground effect case, as rotor height
decreases, finite state ground effect model results in
higher ground effect intensity yielding less power
demand. For inclined ground case, significant
margin gain in lateral cyclic (~5%) is observed
among uniform and finite state ground effect
models. Higher order inflow model (PH 1x5)
associated with higher order ground influence with
finite state ground effect model has a small effect on
trim results compared to PH 1x1 expansion.
However, further investigation was also conducted
to quantify the effect of higher order inflow and
ground effect models. For these results, radial
expansion is made up to fifth harmonics and
azimuthal expansion is also examined up to second
harmonics. The combinations and total number of
inflow states are given in Table 2. Since radial inflow

state number is expanded up to 5" harmonics, radial
segment number is increased to 30 to be consistent
with higher order radial expansion in inflow
selection. Inflow state selection results are
summarized in Table 2.

Table 2: Inflow State Selection and Total Inflow States

Highest radial | Highest azimuthal | Total Inflow
harmonics, r harmonics, m States

1 1 3

2 1 4

3 1 6

4 1 7

5 1 9

2 2 6

3 2 8

4 2 11

5 2 13

Trim results are given in Figure 9, Figure 10, Figure
11 and Figure 12. On those figures, horizontal axis
is roll angle ¢ and uniform ground effect case is
shown with dashed and non-uniform finite state
ground effect model is shown with solid lines. All of
the power differences are plotted with respect to the
associated uniform ground effect model results.
Considering the trim results given in Figure 9 and
Figure 10, all of the cases vyield different trim results
with respect to associated uniform ground effect
cases. In other words, longitudinal and lateral cyclic
positions deviates approximately 3% and 4%,
respectively.



Unfform GE -, Finite State GE - 2x3, 1x4 and 2x4, 1x5 and 2x5 are identical.
Therefore, only PH 1x3 and 2x3, 1x5 and 2x5 are
shown in Figure 11 and Figure 12. In addition to the
trim results, aerodynamic parameters such as angle
of attack (AOA) and lift generated by main rotor were
also examined.

Up 50 Aft 85

Uniform GE -, Finite State GE -

Aft 80— T___-3
g poomTTIee T
?75://
§ e
Fwd 70
Lit 70 2 4 6 8 10
gss
g
g 60
Rht 55 -
2 4 6 8 10
Phi (deg) Phi (deg)
R Up g - 18 .
235 3 3
Dwn 0 5 10 At 0 5 10 Rht7o 5 10 me=1, r=3
Phi (deg) Phi (deg) Phi (deg) 275 / m=2 =3
2 8 m=1,r=5 ot
Figure 9: Comparison of Trim Results (Controls and MR v .22/ AT
Flapping Angles) for Different Radial Harmonic Numbers _265 . - R
2 g 3 R4
Uniform GE —, Finite State GE - 228 24 . o6 et
¢ ! ¢ " o & L & /':'/
_________ - 26p-===="" 50,0,
. 0.5 6 asfTTT ”/,/ Vi
= 0 1 54 pash e 28 - 4
S < <
5 505 1 g2 p
§ é & Dwn o 5 0 At 5 0 Rno 5 10
) x ! < 50 Phi (deg) Phi (deg) Phi (deg)
= = e
2 A P
-1.5 1 -2
0 . Y Figure 11 Comparison of Trim Results (Controls and MR
Flapping Angles) for Different Radial Harmonic Numbers

®
®
o
&

0 5 10 0 5 1 0 5 o Uniform GE —, Finite State GE -
0.052 %10 8 1 8
0.5 6
0.051F====uo___ 2 6
TTeeell . 0 =4
0 £ B 2 <
5 40 5 05 g2
x e ! s0
“ : 2 :
-1 15 a2
0.048
\ 6 2 4
0.047 _sf_ 25 s
\ - 0 5 10 0 5 10
0.046 T 05 0.05 o 10 3x10°
0 5 10 0 5 10 0 5 10 [
Phi (deg) Phi (deg) Phi (deg) ooaesl TTee- .
RN 2
i i i . o040
Figure 10 Comparison of Trim Results (Power Differences | 77=-___ 0
b . 0.0485 T=~<
with Respect to Uniform GE Model and MR Inflow States) - B
. - . <
for Different Radial Harmonic Numbers g 00 x 2

0.0475

It can be concluded that different tip path plane ’
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orientations are valid considering the flapping OM\ R gy
angles of the main rotor. For both uniform and non- oo S o5

uniform ground effect cases, trim results for PH 1x2 * O eien Phi (deg) Phi (aeg)

and 1x3 are very similar to each other. A similar

behavior is also seen between PH 1x4 and 1x5. The Figure 12: Comparis_on of Trim Results (Power Differences
negligible difference can be seen in main rotor inflow with Res?gf tDti?f grg';?k";(ﬁ :I ﬂgfggi?g NNlIJF:nISLIrC;W States)

states. Increasing the radial harmonic number

results in lesser power differences. However, |n Figure 13, Figure 14, Figure 15 and Figure 16,
differences are negligible (Maximum 8 hp difference  AOA and lift contour plots of main rotor are given for

in total power). Increasing the harmonic numberto  three different roll angle instances (¢ =0,5,10
2 from 1 in azimuthal direction yields no difference.  gegrees).

In other words, results for PH 1x2 and 2x2, 1x3 and
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Figure 14: Finite state GE,m=1,r=1

In Figure 13 and Figure 15, uniform GE contour plots
are given for PH 1x1 and 1x5 whereas Figure 14 and
Figure 16 show finite state counterparts. For
consistency, these contour plots are scaled so that
maximum AOA is 4 degrees and maximum lift force
is 400 N. It was previously mentioned that finite state
GE model shows higher ground effect intensity.
Contour plots verify this since AOA and lift increase
is evident on the starboard side. In other words, rotor

efficiency increases with respect to uniform GE
model for all cases. Therefore, these contour plots
are only given for PH 1x1 and 1x5 for brevity.
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Figure 16 Finite state GE,m=1,r=5

Comparing the PH 1x1 and 1x5 case among finite
state GE cases, PH 1x1 case results in higher roll
moments towards upslope resulting in higher B,
values considering Figure 9 together with lift
contours. Therefore, PH 1x1 case results in lesser



margin (~1.3%) for the left limit of the lateral cyclic
stick. However, maximum difference for lateral
cyclic occurs between PH 1x1 and PH 1x3 cases
given by blue and green solid lines in Figure 9. This
time 3.25% lesser margin is seen for left limit of the
lateral cyclic stick.

Figure 17 shows inclined ground effect results when
helicopter is trimmed at different pitch attitudes
along -5° down-slope (left and right MLGs uphill
orientation). Contour plots of two different pitch
attitudes (0 and -5 degrees) are given for illustration.
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Figure 17 Finite state GE,m=1,r=5

Results are similar to the side-slope landing case,
where ground effect intensity increases on the
downhill side resulting in increased lift force on the
forward side of the main rotor disc. When contour
plots given in first two rows of Figure 16 and Figure
17 are compared, it can be seen that approximately
90 degrees of phase shift exists since helicopter is
trimmed along the slope instead of across the slope.

7 CONCLUSIONS

By coupling a generic ground dynamics model with
a high fidelity helicopter model accurate estimations
of helicopter behavior on ground can be made
before conducting any flight test. It is possible to
determine required control ranges on ground, to
check whether the aircraft is controllable or not
during (slope) landing and take-off, taxi, rolling take-
off, run-on landing and also to estimate impact loads
during touchdown.

In order to understand the effect of non-uniform
inflow parameters on slope landing maneuver, high
fidelity finite state ground effect model [6], which is
capable of modelling inclined ground effect, was
used. Results showed that, finite state ground effect
model affected the control margins and main rotor
flapping especially during slope landing and take-off
analyses. The principal findings are as follows:

e Finite state GE model shows higher ground
effect intensity with respect to uniform GE
model yielding to higher lift generated by the
main rotor on the upslope side.

e From flight mechanics aspect, cyclic stick
positions may deviate up to 4% with the
inclusion of finite state ground effect model.

e The combined effect of state selection for main
rotor inflow and ground effect models has a
complex nature and affects the trim results for
power, tip path plane orientation and cyclic
stick positions, which need to be considered
thoroughly in future studies.
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