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Abstract

This thesis describes the development of a generic helicopter code to be used as a
helicopter emergency maneuvers trainer for piloted flight simulations. The helicopter
employed in the current simulation is a Bell 205, with a two-bladed teetering rotor and
skid-type landing gear.

In order to create a model with clearly defined modules and full documentation, the
physical model was implemented using the commercial sofiware package MATRIXX, a
graphical based program capable of simulating dynamic systems and able to generate C-
code for use in a real-time simulation.

The simulation model has been implemented and run in real-time on the UTIAS Flight
Research Simulator. Piloted simulations have demonstrated a wide flight envelope

including typical operating regimes as well as basic emergency maneuvers,
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1. Introduction

This project was undertaken to fill a void in the available resources for helicopter
training. There is currently a very comprehensive and well-established training syllabus
for helicopters using actual aircraft, as well as some limited use of flight simulators to
augment the actual flying time. However, due to the complex nature of helicopters, the
simulation model used is simplified in order to allow the simulation to run in real time.
As a result, the flying characteristics are realistic within the context of the simplifications,
but cannot be expected to realistically present all possible flight conditions.

The motivation for this thesis was to develop a flight simulation model that was
general enough to be used across the entire flight envelope, including a variety of
emergency maneuvers such as autorotations and tail rotor failures. This model would be
developed using a MATRIXx software package rather than straight programming using
Fortran or C code. The simulation can then be used to test the effectiveness of a
simulator in training helicopter emergency maneuvers. For this simulation, the main
rotor was modeled as a two-bladed teetering rotor and the landing gear consists of a pair
of skids. In this configuration, it is possible to simulate helicopters such as the Bell 205
and Bell 206.

The emergency maneuvers to be included in the simulation flight envelope are a
highly important element in the training of a helicopter pilot. In the event of an engine
failure, the helicopter must be autorotated to carry out a landing. An autorotation in a
helicopter is akin to a gliding approach to landing in a powered fixed-wing aircraft. [nan
autorotation, upwards flow through the rotor drives the main rotor, allowing it to rotate,
providing lift and thus reducing the rate of descent. In this scenano, the inner portion of
a rotor blade is stalled, the middle portion produces a blade force component in the
direction of rotation driving the rotor, and the outer portion produces the majority of the
lift. Once close to the ground, kinetic energy stored in the rotating rotor is used to slow
the helicopter and reduce the rate of descent, thus cushioning the landing (see Figure I.1).

Emergency procedures involving loss of power or loss of a tail rotor present a
unique set of problems that make the use of simulators highly desirable. There are all the

typical advantages of flight simulators, such as full control over the surrounding



environment and reduced cost due to the high operating cost of helicopters from fuel and
maintenance costs, but in addition autorotations are relatively risky and must be practiced
with caution. If the flare to landing is performed incorrectly, a hard landing is often the
result. Once the kinetic energy stored in the blade has been used to reduce the rate of
descent, even with an operational engine, it requires some time to regain rotor
momentum. [fthe flare is performed incorrectly and touchdown is not accomplished at
the desired time, there may not be enough energy in the rotor to prevent a hard
touchdown. Looking through the NTSB online database from the United States turns up
19 accident reports as a result of practice autorotations in 2000 alone. As such, the use of
simulators is much safer, eliminating the possibility of damaging expensive equipment
due to hard landings in an incorrectly performed autorotation to landing.

This simulation of a Helicopter Emergency Maneuvers Trainer (HEMT) was
developed at UTIAS under contract to the Defense and Civil Institute of Environmental
Medicine (DCIEM). The contract report “Flight Dynamics for Helicopter Emergency
Maneuvers Trainer”, DCIEM Contract W7711-005923/001/TOR. (Reference 3.1)
contains a complete description of the physical model used in the simulation as well as
documentation of the entire MATRIXx model. Although this thesis contains portions of
the same material (notably Section 3) for completeness, the contract report should be
referred to for the complete model, while this thesis contains material not found in the
contract report pertaining to testing and development work.

The model is implemented on the six-degree-of-freedom full motion simulator
located at the University of Toronto Institute for Aerospace Studies shown in Figure 1.2.
A binocular three-dimensional visual scene is presented to the pilot using a fiber optic
helmet mounted display, which is described in Reference 1.1, and control forces are

provided through the use of a McFadden Control Loader.

1.1 References

1.1 Reid, L.D., Sattler, D.E., Graf, W.0., Dufort, P.A_, and Zielinski, A.W., 1998,
“Cockpit Technology Simulation Development Study for Enhanced/Synthetic
Vision System”, UTIAS Report No. 355.
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2. MATRIXx

As mentioned above, it was decided to develop a full new simulation
implemented in the MATRIXx environment rather than modify existing code for this
thesis. This allows for the creation of a model with clearly defined modules and
complete documentation. [n this way, it was also possible to have full control over the
simulation with the freedom to change any portion if desired, plus the familiarity with the
entire system to be able to make these changes. As well, the end user contracting the
project required a code it could have full control over without limitations.

Although MATRIXx has been used in the development of many simulations, it
has not been used for a helicopter simulation, sc this allowed an opportunity to explore if
it was possible and identify any limitations. In addition, many companies in the industry
use MATRIXx to develop new simulator codes. As such, its use follows current industry
practice.

The simulation has been developed in a MATRIXx Version 6.1 software
environment instatled on an SGI Indigo 2 workstation. This product has been created by
Integrated Systems [nc. (see Reference 2.1) and is suited to real-time flight simulator
applications. Three elements of the MATRIXx Product Family have been employed:

0] Xmath

(i)  SystemBuild

(iit)  Autocode
Xmath software provides a system analysis and visualization environment. It contains
over 700 predefined functions and commands, interactive color graphics and a
programmable graphical user interface. SystemBuild visual modeling and simulation
software allows interactive model verification, testing and modification. The Xmath
interpreter supports a multiprocess architecture that consists of three executable
programs: Xmath, SysternBuild and the Simulator. It uses nterprocess Communication
to coordinate activities and transfer data. Autocode is an automatic code generator for
SystemBuild models. It outputs compilable C or Ada code. The Autocode output can be
compiled to produce the real-time flight simulation. .



The flight simulation model is created as a series of interconnected blocks
displayed on block diagram pages. In the MATRIXx environment Super Blocks are
special blocks made up of Blocks or other Super Blocks. Blocks are used to specify the
operations that constitute the system model. The block diagrams in Appendix B illustrate
their use. The first page of the sequence gives the top level Super Blocks. The contents
of each of these Super Blocks are given in sequence on the following pages. The name of
each Super Block appears at the top of its block and this name appears at the top of the
block diagram page giving its contents. Blocks containing the label Block Script are the
only ones that require further description outside the pages of block diagrams. The
operations carried out in a Block Script block are described in block script code sheets
following the block diagram pages. Each such block is identified by the name at the top
of the block and this name also appears at the top of the page containing its block script
code. This is the computer code which Xmath supports. If a block is neither a Super
Block nor a Block Script block, then its function is defined by its physical shape and
labels.

Inputs to a block come from the outputs of other blocks. This is indicated by the
interconnections between the blocks in the block diagrams. This transfer can also be
achieved by processing one block’s output variable by a Write to Block and then using a
Read from Block to pick up the variable and feed it into the input of another block. In the
case of fixed parameters and numerical constants, they can be input to a Block Script
block through parameter and environment lists in the block script code.

All blocks except Block Script blocks can employ matrices as inputs and outputs.
[n the case of Script Block blocks the matrices must be converted into one-dimensional
arrays (or vectorized) and this form is used for the input and output processes. An
example of this can be seen in the block script code L BL1_B in Appendix C.

In the diagram of Block 1.2.1 (Blade Transformation Matrices) in Appendix B the
Block Script block L_BLI_B Matrix is shown with a matrix input and a matrix output.
However, when the block script code for this biock is implemented it can be seen that the
input and output are vectorized versions of the matrices (indicated by the letter V
following their names). These arrays are sequences of 9 numbers with the first 3

representing the first row of the matrix, the second 3 representing the second row of the



matrix and the last 3 representing the third row of the matrix. In order to carry cut matrix
manipulations within the block script code, the input is first converted back into a matrix
by using two nested do loops. The final step before leaving the block script code is to
vectorize the output matrix, creating L_BL1_B_V(M).

Further details concerning the MATRIXx blocks and other features are contained

in Section 3.

2.1  Algebraic Loops

In MATRIXXx an algebraic loop occurs when the output of a block is fed back as
an input. For people used to programming in languages such as FORTRAN or C,
problems associated with such loops come as a surprise. In these languages the program
automatically assigns a previous value to such a fed back variable and no problem anses.
However MATRIXx does not do this automatically, and will give an error message if you
construct such an algebraic loop. Several techniques to circumvent such algebraic loops
were tested for the present application, including the use of MATRIXx State variables, as
discussed in Section 4. Only one method proved to be universally successful in removing
the loop without introducing or allowing other unwanted changes to occur in the
nrogram. This method replaces feedback signal paths in the MATRIXx block diagrams
with a Write 1o Block followed by a Read from Block. This acts as a feedback loop with
a single step delay applied to the fed back variable, as required to break the algebraic
loop. The disadvantage of this is that the feedback path does not appear explicitly as a
line on the block diagram. However no suitable alternative could be found.

A related rule in MATRIXX is that the same name cannot be assigned to both an

input and an output from the same Block Script block.

2.2 References

2.1 — 1996, “MATRIXx Product Family; Getting Started (UNIX).



3. Helicopter Model

The helicopter model is described in its entirety in Reference 3.1. Included below
is a partial description, including the overall layout and a few sections of interest. The
main rotor and landing gear modules are included in full, as this is where a large amount
of work was required and will be discussed later in this thesis.

The model is split into sections representing the various components of the
helicopter, such as the main rotor, tail rotor, and landing gear. In addition, there are
sections for the startup calculations, interface with the real-time simulator, atmospheric
calculations, and a flight control system. This flight control system contains two unique
modes, the first being a bare-airframe system, where pilot controls are fed directly to the
simulation, and the second is a Translational Rate Command (TRC) flight controller. In
this TRC mode, the pilot’s inputs govern various system rates, with the controller
providing the suitable control inputs to initiate and maintain that rate.

The top-level Super Block of the model is shown in Figure 3.1. This shows the
various subsystems mentioned above and the interconnections among them. In addition,
all external inputs and outputs from the model are shown. Along with the basic pilot
control inputs, a number of logic flags are available to the simulator operator, represented
by the inputs IFCS, ICLUTCH, IFUEL, ITAIL, and KASE. IFCS tums the TRC flight
controller on or off, KASE represents different sling load cases, including pick-up,
carrying, and dropping of the load, and the remaining inputs control failure modes for
emergency maneuvers training. ICLUTCH disengages the engine from the rotor, and can
be used to simulate sudden loss of all engine power. [FUEL stops the flow of fuel to the
engine, this also simulates loss of engine power, but power is lost through a more gradual
decay rather than a sudden drop, and engine rpm remains coupled to rotor rotation.
ITAIL is used to simulate sudden loss of tail rotor thrust. Tail rotor forces and moments
acting on the body are set to zero, as is the torque applied to the engine and the angular

momentum contribution.



The following two sections describe the physical models used for the Main Rotor
and Landing Gear. These two sections (3.1 and 3.2) are then further subdivided into
three parts. The first subsection describes the physical model with all relevant equations.
The second contains notes pertaining to the MATRIXx implementation of the model,
pointing out those features that may not be self-explanatory and unusual blocks
employed. The actual MATRIXx Super Blocks and Block Script block code are included
in the appendices at the end of this thesis. The third subsection lists all notation used in
the model, with both the symbols from the physical equations and the corresponding
computer name. [n addition, Appendix A contains background information such as

notation, a description of computer variable names, and numerical techniques.



3.1 Main Rotor

3.1.1 Physical Model

A blade element model based on Reference 3.2 is used to represent the main rotor.
Each blade is divided up into elements and these elements are treated as independent two-
dimensional airfoils. I[n the present simulation a two blade teetering rotor is used. The
overall forces and moments produced by the main rotor are found by summing up the
contributions from all the elements. The main rotor is treated as an independent dynamic
system with its angular velocity determined by the Power Train Module. Its forces and
moments are transmitted to the helicopter body via the hub and rotor mast. A teetering
rotor has two angular degrees-of-freedom,; flapping and rotation about the mast (see
Reference 3.4).

3111 Rotor Blade Geometry

In order to apply the blade element theory it is first necessary to specify the
geometric properties of each blade and element. The generalized blade is presented in
Figure 3.1.1. Each blade is composed of NL elements. The boundaries between blade
elements are selected such that each element sweeps out an annulus of area zdas it
completes one revolution about the mast. The mid-point of the j-th element is defined by
the radius ru(/) and it is selected so that half the area of the j-th annulus lies outside the
circle swept out by the mid-point. From the above it follows that based on areas (where /

=] for the element closest to the hub and j = NL for the element at the rotor tip):

wa(j)=mi(j~1)+ b
or

ri(N=ri(j-+6 (3.1.1)

and from Figure 3.1.1
mR* =} + nNLS (3.1.2)

10



where R 1s the main rotor radius. From (3.1.2)

§=(R*-r})/NL (3.1.3)
and from Figure 3.1.1

mi)=m} +n5/2
or

ri()=r] +6/2 (3.1.4)

In the above (3.1.3) is used to specify &, (3.1.4) is used to find (1) and (3.1.1) is used to
find r, (j) forj = 1. From Figure 3.1.1 the inner radius r;u{(/) and outer radius roy(j) of

each element can be found based on annular areas, to be
() =ri(j)-6/2 (3.1.5)

rour (N =ra(j)+6812 (3.1.6)

The mean chord and area of each element can be found using Figure 3.1.1. Let
the inner (towards the hub) and outer (towards the tip) chords of an element be ¢;,() and
cour(/) respectively. Each element is a trapezoid and thus the area of the j-th element is

given by

S = (e )+ covr (D Nrour () = rw (1)) 2 G.L7
and define the mean chord as

c(j) = (ew () + cour ()12 (3.1.8)
Thus

S0 = e(MNrger () = rwe (G (3.1.9)

11



From Figure 3.1.1 the chord c at any radius r is given by

(r-r.)

=C, - C,-C; (3.1.10)
¢ (Rer )( )
From (3.1.8) and (3.1.10)

Z'.(_/)= Ce (2(;{_ T))(rIN(J)+rOUT(j) 2") @B.111

Thus (3.1.11) is used to find (/) and then (3.1.9) is used to find S(;).

3.1.1.2  Rotor Blade Kinematics

The main rotor is located at the top of the rotor mast. The origin of reference
frame Fy is located at the center of the hub of the main rotor at the top of the mast as
shown in Figure 3.1.2 with its z-axis along the mast. A body-fixed reference frame Fj is
located with its origin at the CG of the helicopter body (i.e., the helicopter less the main
rotor system). The origin of Fy is located by the vector rS from the origin of Fj (see
Figure 3.1.3). It is assumed that the mast is tilted relative to F such that the Euler angle

which carries Fj into Fsis given by

E;=[0 6 0]; (3.1.12)

The y-axis of Fis is parallel to that of Fj.

A rotating reference frame Fy is defined as shown in Figure 3.1.4. Fy has its
origin at the origin of Fsand their z-axes are coincident. The y-axis of Fris aligned with
Blade 1 of the rotor and follows it in rotation (actually the position of Blade I when its
flapping angle is zero). The azimuthal angle yis shown in Figure 3.1.4 following the

standard helicopter convention.

12



Both ¢ and main rotor angular velocity relative to the helicopter body (£2) are
positive for counterclockwise rotation of the rotor when viewed from above. This is the
assumed direction of rotation in this simulation. £2is the time derivative of . The Euler

angle which carries Fs into Fp is given by

Ec=[o 0 @f-w] (3.1.13)

An additional reference frame Fjy is specified in Figure 3.1.5. Its origin is
located at the origin of Fis (the hub) with the z-axes of Fjy and £ are coincident. The x-
axis of Fy is in the direction of the projection of the hub’s instantaneous airspeed vector

(USs) on the x-y plane of Fs. The angle Sy is as shown in the figure where
By =tan” (US 5 /US s) (3.1.14)

USs can be found in Section 3.1.1.4. The Euler angle which carries Fs into Fy is given

by

Ex=[0 0 8] (3.1.15)

3.1.1.3  Pitt/Peters Dynamic Inflow Model

In the process of developing thrust, the main rotor induces an additional inflow
through the rotor disc. This inflow velocity ¥}y is positive when it flows down from
above and through the disc. It is normally positive. ¥y is assumed to be parallel to the
main rotor mast. Figure 3.1.6 from Reference 3.3 shows typical flow patterns through a
rotor. [n general the inflow is not uniform over the rotor disc and it responds
dynamically to changes in the thrust and moments being generated by the main rotor.
The Pitt/Peters Dynamic Inflow Model captures these features and it is described in
References 3.3 and 3.5. I[n this model the inflow velocity over the main rotor disc is

given by (at location r, yyv):

13



v, =V Jr%(r/l sinw,y +V, cosy,, ) (3.1.16)

The inflow azimuthal angle ;v is associated with Fy as shown in Figure 3.1.5. The radii
r and R are shown in Figure 3.1.1. V,, ¥ and V> come from the solution of the Pitt/Peters

differential equations

veP=ly, v, n) (.1.17)
vep| . .[vep
“ ok +é'[?§}=[cm Cu Cunl’ (3.1.18)

where:

Q is the main rotor angular velocity about the mast, relative to F

Cra is the main rotor thrust coefficient given by
C,, =T,/ prR*(QR)’ (3.1.19)
and T, is the main rotor thrust (positive along the negative z-axis of

Fn; see Figure 3.1.5)

Cus is the main rotor aerodynamic rolling moment coefficient given by
C =L,/ prR*(QR)*R (3.1.20)
and L, is the main rotor aecrodynamic rolling moment (positive about

the x-axis of Fy)

Cua is the main rotor aerodynamic pitching moment coefficient given by
Cou =M 1 pnR* (QR)*R (3.1.21)

and M, is the main rotor aerodynamic pitching moment (positive about

the y-axis of F, IN)
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The aerodynamic force and moments 7, L, and M, are computed in Section 3.1.1.8.

Equations (3.1.18) to (3.1.21) are rearranged for solution as

vpP-M™([r, LR MR) /paR’ ~(QRL")VPP/R)

In (3.1.22) the following holds

7577128 0 0
M*=| 0  -457/16 0
0 0 -45xz/16

and define the matrix
LINV(L,M)=QRL™
Based on Reference 3.4 the following holds
LINV(L}) =(4V, cos z,, )/ D
LINV(2,2) =025V, K,
LINV(33)=2LINV(2,2)/ D
LINV(13) =V, K, sinz,, )/ D
LINV(3)) =V, LINV(L,3})/ V,

LINV(1,2) = LINV(2,]) = LINV(2,3) = LINV (3,2) = 0

(3.1.22)

(3.1.23)

(3.1.24)

(3.1.25)

(3.1.26)

(3.1.27)

(3.1.28)

(3.1.29)

(3.1.30)



[n order to find the variables on the right-hand side of (3.1.25) to (3.1.29) equations
(3.1.31) to {3.1.43) are employed.

Hp =USL +US (3.1.31)
Hop = Hopr (3.1.32)
v=T, /(zpnﬂl(pppz +(v-¥S, +WSA,_,)3)'”) (3.1.33)

Equation (3.1.33) must be solved for v. This is accomplished in the MATRIXx code of
Section 3.1.3 using the Relaxation Method described in Appendix A.1.

In (3.1.33) VS5 is the inertial velocity of the hub (the origin of Fs) and it is
developed in Section 3.1.1.4. WSAg in (3.1.33) is the atmospheric wind at the hub.

A, =v-VSs +WSd, (3.1.34)
Zop =tan "y, 1 4, (3.135)
Ve=(u,, +22,)" (3.1.36)
V=t + 4, (4, + V)17, (3.137)
K, =157/64 (3.1.38)

K =K! (3.139)

K,=l+cosy,, (3.1.40)
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K,=l-cosy, (3.1.41)
D=2cosy,, + KK, (3.1.42)

In (3.1.33) vis the uniform inflow predicted by simple momentum theory. 4, is
(-US.s) based on vand g, is the main rotor wake skew angle based on 4,,. 7,

approaches zero in the hover.

3114 Velocities at the Main Rotor Hub

In order to develop the dynamics and aerodynamics associated with the main rotor
it is necessary to obtain expressions for the inertial velocities and airspeeds over the rotor

disc. The airspeed of the hub (the origin of Fs) is US and in Fg components it is given by
USs = VS5~ WSs (3.1.43)

where VS is the inertial velocity of the hub and #Ss is the wind speed at the kub. In the
present development WSs is composed of atmospheric effects given by WSA and the
inflow ¥y from Section 3.1.1.3. Thus, using (3.1.16) and noting that » =0 at the hub, it
follows that

WS, =S4, +[0 0 K.V, (3.1.44)

In (3.1.44) the uniform inflow ¥, has been reduced due to ground effect (see Section
3.1.1.5) by the scaling factor K¢ which depends on main rotor height above ground

level. The inertial velocity is found by using (A.6,4) of Reference 3.6

VSs=LguVs,; (3.1.45)

VS, =VB,+aB 1§, (3.1.46)



VBs and @By come from the flight equations. From (A.2.4) and (3.1.12) it follows that

cosfs 0 -sindg
L=l 0 1 0 (3.1.47)
sinfg 0 cosé,

[f WSA is given as components in the Earth-fixed frame Fg then

WSA =L WSA, (3.1.48)

where

Ly =LgL, (3.1.49)

and Lgg is available from the Flight Equations.

3.1.15 Ground Effect on Main Rotor

The effect of the ground on the aerodynamics of the main rotor is predicted by a
simple model presented in Reference 3.2. A scaling factor due to ground effect, Kgg, is
applied to the uniform inflow ¥, produced in Section 3.1.1.3 (as done in (3.1.44)). The
variation in Kz with height is based on the height of the main rotor hub above the local
ground plane. Using the rG of Figure 3.2.1 to specify the location of the local ground
plane (assumed to be a horizontal plane) Figure 3.1.3 shows the hub location and the

location of the ground plane. The height of the hub above ground level (H,¢;) is then

given by
H, =rG,—rB,. -rS; (3.1.50)
= heg - rS-¢
where rSe=LgrS, (3.1.51)

and hcg, the height of the CG of the helicopter body above local ground level, is
calculated in the Flight Equations module. Kg¢ is then given by:

Kee=1 (3.1.52)
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when H,q. > SR

and

Koe =(1=0.1L5(R/ H ¢, )*US 5 I Upyy) ™" (3.1.53)

when Hyg < 3R

In (3.1.33)
Unor =|USs| (3.1.54)

It should be noted in (3.1.53) that as US.s approaches zero K¢g approaches unity and the
ground effect disappears. US;s approaches zero as the wake from the rotor becomes

parallel to the plane of the rotor disc.

3.1.1.6  Blade Element Angle of Attack and Mach Number

The aerodynamic forces acting on each blade element depend on the local angle
of attack and Mach number. Therefore the latter quantities must be evaluated at the
location of each element at all time steps. Start by finding the airspeed of the j-th element
of the i-th blade.

Let F;,; be a blade-fixed reference frame for the i-th blade as shown in Figure
3.1.7. The origin of F,,, is located at the hub (the origin of Fs and Fy) and its y-axis lies
along the blade towards the tip. The x-axis of F,,, is coincident with the x-axis of Fg.
The x-axis of F,,, is coincident with the negative x-axis of Fk. In a teetering rotor the

blade motion relative to F is a simple flapping about the x-axis with the flapping angle 5

(see Figure 3.1.7) defined to be positive when the blade tip is above the xy-plane of Fj.
Thus the Euler angles which carry Fz into F,,; are given by

Ep=[-8 0 0] (3.1.55)

and

Eyo=-8 0 x| (3.1.56)
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In the above, f; comes from Section 3.1.1.11. From (3.1.136), (3.1.137), (3.1.146) and

Lous = LoinLas (3.1.57)
it follows that
siny cosy 0
Lg,s =|—cosfB cosy cosfBsiny —sinp, (3.1.58)
-sin §,cosy sin §;siny  cosf,
and
~-siny —~Cosy 0
Lyes =|cosfycosy —cosf,siny  -sinf, (3.1.59)

sin #,cosy -sinf,siny cosf,

The local angle of attack and Mach number are based on airspeed components at
the mid-point of each blade element expressed in F,,. For the j-th element of the i-th

blade the airspeed is

UBLj, =VBUj -WBLj, (3.1.60)

where VBYij is the inertial velocity of the mid-point and WBYij is the wind speed at the

location of the mid-point.

The inertial velocity VBéij st in (3.1.60) is found by applying (A.6,4) of Reference

3.6 (using the fact that the origins of F,, and Fj are at the same location).

VBEzjm =_V£m+w38im_j (3.1.61)
where

VS s = Lpus¥Ss (3.1.62)

mj=[0 r() 0] (3.163)
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wBli,, is the angular velocity of F,; relative to F, expressed in F,,

@Bfi,, can be found from the following. The angular velocity of Fj,, relative to Fg is
the sum of the angular velocity of F,, relative to Fr(w ;) and the angular velocity of F
relative to Fz(wR). From Figure 3.1.7 it can be seen that the angular motion of

F, relative to Fj is flapping about the x-axis of F,,;. Thus
. r
“Lisn' =|:‘ B 0 O] (3.1.64)

where £, comes from Section 3.1.1.11. Since £2is the angular velocity (about the

negative z-axis of Fi) of Fp relative to Fp and oB is the angular velocity of Fj relative to

F, it follows that
@s=m_85+[0 0 —Q]T (3.1.65)
where

@B, =L,0B (3.1.66)

—53 _—8&8

and wBjy (the inertial angular velocity of the helicopter body) is given in the Flight

Equations module. Thus

.
B, =w_RM+[- g 0 o] (3.1.67)

where

@R g; = Lgus @R (3.1.68)
From (3.1.65) and (3.1.68)

R, =L, (@B, +[0 0 -Q]) (3.1.69)

—8ti B34S
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WB 7ij in (3.1.60) is made up of atmospheric effects WB £ Aij and the main rotor

inflow.

WBLij , =WBIAIj  + L s VINGE)

(3.1.70)

n(3.1.70) V[NGEsz is the inflow vector based on (3.1.16) with ¥, attenuated by the

ground effect parameter K¢ from Section 3.1.1.5. Let
VINGe =KV, +%(Vl siny,, +V, COSWIN)

Since the inflow is parallel to the z-axis of Fy it follows that

WMﬂws=N 0 VINGEj ]

where VINGEJj is the value of (3.1.71) when

r=raj)
and (from Figure 3.1.5)

Vi =¥+ Py
fori=1

and

Wi =W +Py +7

fori=2
(f the atmospheric wind is expressed in F components then in (3.1.70)

WBLAj o Ly WBlAY £

where

L =L__L_L

—B8GE  _BUS —58 —8E
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(3.1.71)

(3.1.72)

(3.1.73)

(3.1.74)

(3.1.75)

(3.1.76)
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=L, L

—B8tiB _BE

using (3.1.47), (3.1.58) and (3.1.59), with Lgg given in Section 3.8 of Reference 3.1.
The lift and drag on each blade element is based on the application of simple
sweep theory (see Reference 3.4). In this theory the spanwise component of airspeed is

ignored (i.e., set to zero). The resulting flow diagram is shown in Figure 3.1.8. The

angle of attack of the Fj,, x-axis for the j-th element is given by

aj, = tan™ (UBLij 5, / UBEij ) (3.1.78)

The zero-lift line (z£¢) of this blade element is located relative to the F,, x-axis
by the pitch angle 8ij, . (When 8ij, = —aif, the lift on the element is zero.) The
contributors to 8ij, are described in Section 3.1.1.7. From Figure 3.1.8 it is seen that the

angle of attack of the zero-lift line, aif,, is

aij,, = aij, + 6, (3.1.79)

The local Mach number is also based on ignoring the spanwise component of airspeed

and is given by

Mij,, =U2i" 1U g (3.1.80)

where

U2ij = UBLijlg,; + UBLif 5, (3.1.81)

3.1.1.7  Blade Pitch

The local blade pitch angle 8ij, is made up of control inputs from the pilot and

transmitted by the swashplate, and the geometric structure of the blade (we will ignore

aeroelastic twisting in the present simulation). Thus we write
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8if, = O, + O +6.40 (3.1.82)

where @, is the control input for the i-th blade given by

81 = A, - 4 cos(y + A)— B, sin(y + A) (3.1.83)

02, = A, + A, cos(y + A) + B, sin( + A) (3.1.84)

[n the above

8., is the pitch offset at the root of the main rotor

8., 1is the twist in the blade relative to the root, as measured at the j-th

element

Ag is the collective input

A, is the lateral cyclic input; a positive value for 4, produces a positive
(right) rolling torque

B is the longitudinal cyclic input; a positive value for B produces a

negative (nose down) pitching torque
A is a phase shift intended to reduce response cross-coupling to control

inputs

The definitions of 4, and B, reflect the fact that due to the dynamics of the main rotor,
control inputs that produce an aerodynamic rolling torque on the rotor disc tend to
produce pitching of the thrust vector. The need for A indicates that this phasing between
input and output is not exactly orthogonal. A negative & is normally employed in
order to reduce the lift distnbution towards the blade tip and this creates a more uniform

inflow and results in improved rotor acrodynamic efficiency.
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3.1.1.8 Main Rotor Aerodynamic Forces and Moments

The lift and drag on each blade element is found by using aij;p and Mijp from
Section 3.1.1.6 and a lookup table containing two-dimensional sectional C; and Cp data
for the blade airfoil employed, expressed as a function of & and M, where «a is the angle
of attack of the zero lift line. Due to the extreme range in angle of attack experienced by
a rotor blade, the @ range must span ~7 < @ < . The orientation of the element’s lift

(Lij) and drag (Dij) is shown in Figure 3.1.8. These arodynamic forces can be resolved

into F,, components to produce the following

FAif 4 = Lijsinadj, — Dij cos aij, (3.1.85)
FAjj _p: =—~Lijcosaij, - Dij sinadj, (3.1.86)
FAij 4, =0 (3.1.87)

As suggested in Reference 3.2, the lift towards the tip of the rotor blade will be reduced
in general due to three-dimensional flow effects on the real helicopter. This is modeled
by the tip loss factor TLF which multiplies Lif and varies with radius r along the blade.
TLF only differs from unity at radii very near the tip in practice. In the present

simulation TLF is given by the following.

For blade elements with (see (3.1.6))

rour(J) < PTLR (3.1.88)

set TLF()=1 (3.1.89)

For blade elements with (see (3.1.5))

ry(j) 2 PTLR (3.1.90)
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set TLF(j}=0 (3.1.91)

For blade elements which do not satisfy (3.1.88) or (3.1.90)

TLF(j) = (PTLR — ry ()W rowr () = rin () (3.1.92)
where in the above

PTLR=Rx PTL (3.1.93)

and PTL is a parameter specified for the simulated helicopter.

The Lij and Dij are then found from

Lij=TLF(j)GpU2iijU))CijL (3.1.94)

Dij = (% pU2ix S( j)] Cij, (3.1.95)

where Cij,. and Cijp come from the lookup table for a ijzp and Mij;p.
The total aerodynamic forces and moments for each rotor blade are found by
adding up the contributions from each blade element. Thus the total blade aerodynamic

force for the i-th blade is given by

NL
wﬂ" = Z@Bﬁ (3.1.96)

i=l

The total blade aerodynamic moment for the i-th blade, about the hub, is given by

NL
GAT . =) GAjj (3.197
i=l
where
GAijxﬂ&' = rm (j )F Aﬁm(i (3- 1.98)
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GAij 5, =0 (3.1.99)

G“‘ij:ﬂli = —rm (j)F:4UrBI: (3'1’100)
The total aerodynamic forces and moments for the complete main rotor are found

by adding up the contributions from both blades. Thus the main rotor aerodynamic force

expressed in Fg components is

545 = Lsau m.m + Lsazz EA_TBII (3.1.101)

and the main rotor aerodynamic moment about the hub, expressed in £ components is

GAs = Logn GAT 3y + L g, GAT 4, (3.1.102)

The aerodynamic forces and moments required in Section 3.1.1.3 must be expressed in
F,, components. Thus

Ty=-FAs (3.1.103)

(since the z-axes of Fs and Fjy coincide) and using Figure 3.1.5

Ly = GA,s cos Bw + GAys sin fw (3.1.104)

M, = GAys cos By - GA.s sin fw (3.1.105)

3.1.19 Main Rotor Hub Forces

Consider Figure 3.1.9 showing all the extemnal forces acting on the i-th rotor
blade. Fig is due to gravity, Fiy, is the aerodynamic force and Fiy is due to the rotor

mast. Fijr is an internal structural force on the blade due to the other rotor blade since
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both blades in the teetering rotor are assumed to be part of a single rigid structure. By
using Newton's Third Law, -Fiy is the force applied by the i-th rotor blade to the top of
the rotor mast at the hub location. Now apply Newton's Second Law to the i-th rotor
blade

Fiy + Fiy + Fiint + Fig = mg, aCGi (3.1.106)

where m,, is the mass of a single blade and aCGi is the inertial acceleration of the i-th

blade’s CG. Now solve (3.1.106) for FH

FH ,,. » the components of Fiy expressed in £y,

FH,,=m,aCG, -FAT, -FG, -FINT, (3.1.107)

— B8t —_—Bt

where

&Bli = macémsgz (3.1.108)

and L s given by (3.1.77). The expression for aCG can be found as follows:

T 8tE Bt
Apply (A.6,7) from Reference 3.6 to obtain

aCGM = ém + (@M + QEHM‘ mElia(i)rCGm (3-1-109)
as g = LgiadSs (3.1.110)

(see(3.1.77)for L )

—Bti8

L
~ ~

aS =aB +(wB +wB wB )rS (3.1.111)

— 8 —8 —8§ —8 —8 —3B8

aB =VB +wB VB (3.1.112)
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where aBa comes from the Flight Equations and

rCG =[0 rCG 0]’ (3.1.113)

- 8k

{with rCG a given parameter specifying the location of the blade’s CG) where wB¢i is

18

the inertial angular velocity of the frame £, given by (3.1.67) and (3.1.69). Now
differentiate (3.1.67) to give

wBti =wR +[-B, 0 0] (3.1.114)

B8& — B¢

and differentiate (3.1.69) to give

oR =L (@B +0 0 -Q]7)
— B& T BUKS — S

+L (@B +[0 0 -QJ7) (3.L.115)
BtS by

. o
[n the above Q comes from the Power Train. L can be found by differentiating

BUS
(3.1.58) and (3.1.59) and noting that

v=0 (3.1.116)
and from Section 3.1.1.11
B =5 (3.1.117)
B.=-8 (3.1.118)

@B, and wB; come from (recalling that L, is a constant)
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‘ﬂgs =Lg w_Ba

Q.Qs = Lsa ‘U_Bs

From differentiating (3.1.58)

—

Qcosy

,2? sin f, cosy
+Qcos g, siny

e
I

T ans

—Zicosﬂ, cosy
| +Qsin §, siny

and from differentiating (3.1.59)

-Qcosy
;9 sin §, cosy
L =|-Qcosp,siny
8228
- ﬂ cos 3, cosy
| —Qsin f, siny
from both blades

-Qsiny 0

-,bsinﬁI siny -,Zicosﬂ,
+Qcos B, cosy

iicos Bsiny - [.isin B
+Qsin 4, cosy

Qsiny 0 ]

- ,'Bsin B,siny ﬁ'cos B,
~Qcos 3, cosy

;6 cos 3, siny ,B sin 3,
-Qsin G, cosy

2
R ==L FH
g =178Bti — Bt

Now from Newton’s Third Law

Flinr =-F2inr

(3.1.119)

(3.1.120)

(3.1.121)

(3.1.122)

(3.1.123)

(3-1.124)

thus Fijnt drops out of (3.1.123) and we are left with (combining (3.1.107) to (3.1.124))
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=YL (FG -aS +FAT -mg,(wBti +Bli wBti )rCG ) (3.1.125)
- T8N T B i ;8

— 88t 8ti ar 8t ati

1=l

where FHI,, 1sdefined by (3.1.125).

3.1.1.10 Main Rotor Hub Moments
Consider Figure 3.1.10 showing all the external moments acting on the i-th rotor
blade (acting about the origin of F,, ). Mig is due to gravity, Mi, is the aerodynamic

moment and Mij, is due to the rotor mast. Miynr is an internal structural moment on the
blade due to the other rotor blade since both blades in the teetering rotor are assumed to
be part of a single rigid structure. By using Newton’s Third Law, - Mij, is the moment
applied by the i-th rotor blade about the top of the rotor mast at the hub location. Note
that we are neglecting the moments related to the swashplate inputs to blade pitch and the
pitch dynamics of the blade, as being much smaller than the other contributions.

Now we will apply the Extended Euler Equations using the origin of Fj,; as the
reference point for moments and the blade’s inertia matrix. These equations result when
the moment equations are derived (such as in Reference 3.6) about a reference point other
than the body’s CG. When the CG is the reference point then equations like (3.8.8)
result. [n the more general case where the CG is not the reference point (but assuming a
rigid body), the Extended Euler Equations for the i-th blade referenced to the origin of

F;,; are (see Reference 3.4)

[Mi}, +Mi, + Miyr + Mic 1o = Lo @Blis,; + @By, I ,, @Bliyy+rCG . a8 pumy,

(3.1.126)

where /[, is the inertia matrix of a single blade expressed in F,,
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rCG,, 1s the location of the i-th blade’s CG expressed in Fy,
aS;, is the inertial acceleration of the hub (and hence the origin of F,, )

expressed in F,,

Now solve (3.1.126) for MH,, , the components of Mi;, expressed in F,; are

-8

MH,, =MH -MINT (3.1.127)
where

MH ,,; = [, aﬂm + @By, Ly wBliy, +1rCGy,; aS g My — GAT g — MGy, (3.1.128)

where

MG 5 = my, rCG 5 L pue g, (3.1.129)

In (3.1.128) the blade inertia matrix /,, is expressed relative to the origin of F,;. In
evaluating it the assumption is made that the blade is a thin plate lying in the xy-plane of

F,,; . Hence we ignore the effect of blade pitch and twist. It is assumed that Fj,; are

principal axes for the blade and thus /,, is diagonal with

I, 0 0
Ly={ 0 I, 0 (3.1.130)
0 0 I,

Now from (3.1.114), (3.1.128) and (3.1.130) express MH 3, as

MH 3, =[~ 14 Bi O 0]7+IEMPi (3.L.131)

where

32



T_EMP__i = LB' aiR,BI, + @5,‘ Lo wBeia:, +rCG Bh as g, My, = GAT an = ALG.Bh

(3.1.132)

The total moment applied by the main rotor about the top of the mast is the sum

of the contributions from both blades. In Fr components (using (3.1.127)) this is

GS, =—ZLRB¢:'M_H..'8&' (3.1.133)

i=|
Now from Newton's Third Law
M1|m=-M2m1' (3.1.134)

Thus Mijnr drops out of (3.1.133) and we are left with (using (3.1.127) and (3.1.128))

2
GS, ‘_’“Zéua MH ,,, (3.1.135)

isl

and from (A.2.5), (3.1.55) and (3.1.56)

1 0 0

Legn =|0  cospl sinfi (3.1.136)
0 -sinfl cosfl

-1 0 0
Legry={ 0 —cosfi2 =-sinf2 (3.1.137)
0 -sinfi2  cosB2

From (1.1.135) to (1.1.137)
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GS , = ~(MH 4, — MH 4,,) (3.1.138)
From the design of the teetering rotor it follows that (see Figure 3.1.11)
GSe=0 (3.1.139)
and from (1.1.138) and (1.1.139)
MH 4, —MH 4, =0 (3.1.140)

Now combine (3.1.117), (3.1.118), (3.1.131) with (3.1.140) to obtain

B =(TEMP\, -TEMP2 )/ 21 ,, (3.1.141)

and (3.1.141) is used in Section 3.1.1.11 to develop the blade flapping equations. It also
follows that

GSp=[0 GS,z GSx|T (3.1.142)
From (3.1.131) and (3.1.135) to (3.1.137)

[Gs,,,] _ _[ cosf, sin ﬂ,] [TEMPIF] _[- cosf, —sin ﬁz] [TEMP;,

= . ) (3.1.143)
GS, -sinf, cospB || TEMPI, -sinf, cospB,||TEMP2,

In order to find the components of the applied moment in Fjp, use

GSg = Lar GSr (3.1.144)
where

Lar=LgsLsr
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Now from (A.2.5) and (3.1.13)

siny -—cosy O
Lsp =|cosy sy O
0 0 1

and from (3.1.47), (3.1.145) and (3.1.146)

sinycosfs —cosycosds sinbg
Lgp = cosy siny 0
—-sinygsinfy cosysinfs  cosfs

Thus from (1.1.142), (1.1.144) and (1.1.147)

~cosycosfs sinfs

GS
GSy = siny 0 I:GSY R ]
cosysinfg  cosf R

3.1.1.11 Blade Flapping Equations

(3.1.145)

(3.1.146)

(3.1.147)

(3.1.148)

Figures 3.1.7 and 3.1.12 show the flapping angles f; for a teetering rotor. The

angle B, represents a geometrically set coning angle that is preset in the rotor structure. £

is the teetering parameter and it is seen that

B =8,+p

B,=p~-p
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The differential equation describing the flapping motion of the rotor is given by (3.1.141)

which is repeated below

B =(TEMPY, ~TEMP2)/21 ,, (.1.151)

It is seen from Figures 3.1.11 and 3.1.12 that the rotor is considered to be a rigid structure

consisting of two blades. We neglect any structural deformation which may be present.

[t should be noted that TEMPi in the right-hand side of (3.1.151) contains £; and ﬂ -

This equation is solved by numerical integration in the simulation.

3.1.1.12  Moments About the Helicopter Body CG Due to the Main Rotor

The main rotor applies moments about the helicopter body CG due to GSg (the
moment applied about the top of the mast) and due to fR; (the force applied to the top of

the mast). Thus the total moment from these two effects is given by
GRy =GS, +1rSy R, (3.1.152)

3.1.1.13  Main Rotor Wake Angle

The main rotor wake angle y is the angle between USg and the z-axis of Fi. It is
in the range 0 to 7. y is used in later sections when determining the interference effect of

the main rotor wake on other parts of the helicopter. z is found from

2= tan" (1,/(-US:s)) (3.1.153)

and we take

x=003.1.154)
when USs=0.
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3.1.1.14 Wind Mode!

[t should be noted that as explained in Atmospheric Effects of Reference 3.1, the
mean wind at the helicopter body CG is used for the main rotor as well. Therefore if

turbulence s absent it follows that

WSAr = WAs (3.1.155)

3.1.1.15 Integrating the Blade Flapping Equations

[t was found during the testing described in Section 4.3 that solving the blade
flapping equations was very sensitive to the integration scheme employed. The most
stable solution technique found (allowing the lowest update rates) was a variation of the
Fourier Prediction Technique described in Reference 3.2. This method was selected for
use and is described below.

[t 1s assumed that the solution being sought is periodic in nature. This is

consistent with blade flapping responses. The solution is assumed to have the form

#(t) = Acos(awr) (3.1.156)
and thus we can take
x(t) = isin(ax) (3.1.157)
@
A
x(t) =——-cos(ax) (3.1.158)
@’

Let AT be the time step used in solving the flapping equations. The solution at time

{t + AT) from (3.1.157) and (3.1.158) is thus

(e +aT) = 2 sinar + @AT) (3.1.159)
o)
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x(t +AT) =—~—i,cos(mt +AT) (3.1.160)
i

Difference equations for use in integrating to find x(z + A7) can be found from the above.
Let

X, =x(1) (3.1.161)
Xt =X(t + AT) (3.1.162)
Expanding (3.1.159) leads to
Xnel = 4 {sin(mt) cos{wAT) +cos(at) sin(aJAT)} (3.1.163)
@

From (3.1.156), (3.1.157) and (3.1.163)

Xnel = Xn cos(wAT) + x, sin(wAT)/ & (3.1.164)
Expanding (3.1.160) leads to
X = ﬁ cos(wt) cos(wAT) + ﬁsin(wt) sinfwAT) (3.1.165)
From (3.1.156) to (3.1.158) and (3.1.165)

el = 0+ Xal

A
---(xn + —-.,—cos(c:ut))+.a:,H,l
>
=[x,, +i.:,./cv2J—f,, cos(@AT)/ @* + xn sin(@AT)/ @
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=X, +.;c,, sin(wAT)/ @+ xn S (3.1.166)

w?

v ( 1-cos(wAT) J

(3.1.164) and (3.1.166) are a set of difference equations which can be used to perform a

double integration of X(¢). In the limit as AT approaches zero this method reduces to an

Euler integration method. In testing the method it was found that when x = B the best

results were achieved for

w=24 (3.1.167)

3.1.1.16 Filtering Main Rotor Forces and Moments

As indicated in Reference 3.2, it is necessary to pass the outputs fRs, GRp and GSp
from the Main Rotor through a low-pass filter before inputing them to the Flight
Equations. This is because the blade element model produces unrealistically sharp peaks
in these variables at the two-per-revolution frequency and the low-pass filter suppresses

them to produce a more realistic response. The filter has the transfer function

OLp (3.1.168)
s +(I)Lp

where @y » is the break frequency. The filtered force outputs are fRF g, and the filtered

moment outputs are GRFg and GSFz.
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3.1.2 MATRIXx

The block diagrams and block script code for the Main Rotor module are found in
Appendix B and C, respectively. Tilda and Transpose Blocks are used at several
locations as required.

As can be seen from the block diagrams, the present module has several levels of
blocks within blocks. To help in tracing paths through these blocks, a Table of Contents
for the pages of block diagrams is provided. The title of each page is given along with a
numerical page identifier (appearing at the top of the block diagram page). The identifier
may be construed as a section or subsection number in a written report. For example, the
block of subsection 1.4.1.2 is the second block for which a separate block diagram is
provided, on the page represented by subsection 1.4.1. Since the same block form may
be used at several locations in the Main Rotor module, in order to eliminate duplicate
block diagrams, the form of a repeated black can be found by going to the page
subsection number in brackets following the block title in the Table of Contents. It
should be noted that all the subsection numbers associated with a block diagram page are
given at the top of the page. A Table of Contents is also provided for the pages of block
script following the block diagrams. These are listed in alphabetical order.

In the diagram of Block 1.1.2 (Rotor Angles) the block PSI 0 to 2PI is used to
keep the rotor azimuthal angle PSI in the range 0 to 2 as it rotates. In Block 1.2.1 the
MATRIXXx Transpose Block (A") has been used to carry out the required matrix
transpose operations. Throughout this module use has been made of Write to Blocks
followed by Read from Blocks in order to avoid algebraic loops. For example see the
diagram of Block 1.4.1.2 (Blade Element Lift and Drag).

Many of the block diagrams have pairs of vertical lines running from top to
bottom. See for example the diagram of Block 1. (Main Rotor). These represent
sequencers and they are used to force MATRIXXx to carry out operations in the desired
order. All operations to the left of a division line will be carried out before those to the
right.

In the diagram of Block 1.4.1.5 (Pitt Peters Inflow) initial conditions are placed
on the Integrators by summing VPPic(K) with the VPP(K) outputs.
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In the diagram of Block 1.4.1.2 (Blade Element Lift and Drag) a “while” loop is
used to step through the calculations for the NL elements of each of the 2 main rotor
blades. The element number elementN specifies the element under consideration and it is
incremented by one on each pass through the loop. When it reaches 2NL the Break logic
variable is set to unity and the loop is stopped. [n the present simulation the variable
array stzes are such that the maximum allowable value for NL is 10.

[n the diagram of Block 1.4.1.2 (Blade Element Lift and Drag) the caiculation of
CL and CD is handled differently for ALPHA2D inside and outside the range +0.56
radians. As described in Reference 3.1, detailed data influenced by Mach number exist
inside the range, while less detailed data applies outside. If ALPHAZ2D is inside the
range +0.56 radians then the logic variable SMALLALPHA is set to unity, otherwise it is
set to zero. It should be noted that ALPHA2D is converted from radians to degrees by
muitiplying it by R2D before going to the linear interpolation blocks. This is because the
data found for the lift and drag coefficients (see Reference 3.1) was expressed with a in
degrees. Thus the Small Alpha range becomes +32 degrees. When combined with the
NOT Logic Block and the Condition Blocks, the appropriate data analysis is employed.
Recall that if the upper input to a Condition Block is unity (zero) then the block is
implemented (not implemented). The Logic Switch Block following the CL and CD
calculations selects the Small Alpha results as output when SMALLALPHA (the upper
input) is unity and the Large Alpha results as output when SMALLALPHA is zero. The
Small Alpha determinations are given in Block 1.4.1.2.1 (CL CD Small Alpha). They are
found as a bilinear interpolation over ALPHA2D and MACH2D, of the data reported
Reference 3.1. The Large Alpha determinations are given in Block 1.4.1.2.2 (CL CD
Large Alpha). They are found as a linear interpolation over the magnitude of ALPHA2D,
of the data reported in Reference 3.1.

The low-pass filters of (3.1.168) are implemented in the diagram of Block 1.5
(Filter FR GR). Table 3.1.1 lists the parameter data required to run this module.
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3.1.3

Main Rotor Notation

Units Variable Computer Name
m/s” aBs AB_B(K)
m/s’ aCG ACG_BL(K,i)
Bti
m/s” as AS_BL(K,i)
B8ei
rad Ao AAQ
rad A | AAl
m/s” ACGi -
rad - AZ
rad - AlC
rad B, BB1
rad - BIS
m () CMgj)
m cdy) -
m cour(j) -
Cijp CD(iy)
- CDN

42

Description

inertial acceleration of helicopter body
CG, expressed in Fp

inertial acceleration of the CG of the i-th
blade, expressed in £,

inertial acceleration of the hub
expressed in £,

collective input to the main rotor blade
pitch

amplitude of lateral cyclic input to the
main rotor blade pitch

inertial acceleration of the CG of the i-th
blade

(p+4)
lateral cyclic input to blade pitch

amplitude of longitudinal cyclic input to
the main rotor blade pitch

longitudinal cyclic input to blade pitch
mean chord of the j-th blade element

inner chord of the j-th blade element
outer chord of the j-th biade element

drag coefficient for the j-th element of
the i-th blade

a single working value of CD(i,j)



Units Vanable
Cijr
Cra
Cua
m CR
m Cr
Cra
D
rad -
N Dij
rad E
“an
rad E
A
rad g IN
rad E R

Computer Name

CL(1y)

CLN

CR

CT

D
DPHI

DRAG(1,j)

DUM(K,i)

DUMMY _i(K.2)
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Description

lift coefficient for the /-th element of the
i-th blade

a single working value of CL(iy)

main rotor aerodynamic rolling moment
coefficient

main rotor aerodynamic pitching
moment coefficient

root chord of the blade

tip chord of the blade

main rotor thrust coefficient
Pitt/Peters mode! variable
R2xTSAMP

drag acting on the j-th element of the
i-th blade

intermediate variable in calculating
TEMP(K.i)

intermediate variable in calculating
ACG_BL(K,i)

Euler angles (-, 0 0]7 which carry

Frinto F, et

Euler angles [- 8, 0 z]" which

carry Fgrinto F,,

Eulerangles {0 0 4, ]” which carry
Fsinto Fiy

Euler angles [0 0 (% ~w)]" which
carry Fsinto Fp



Units Vanable Computer Name
rad § 5 -
N R FR_B(K)
N [RFg FRF B(K)
N FAif g,: FAX _BL(iy)
N FAY g )
N FAij 4, FAZ BL(iy)
N FAs FA_S(K)
N FAT FAT BL(K,)
sk
N - FATX_BL(i)
N - FATZ BL(i)
N FG FG_BL(K,))
8¢
N FH -
Bt
N FHI FHI_BL(K,1)

au

Description

Eulerangles [0 @ 0] which carry
Fginto Fs

force applied to helicopter body by the
main rotor, expressed in Fg

low-pass filtered version of [Rg

x-component of aerodynamic force
acting on the j-th element of the i-th

blade, expressed in F,

y-component of aerodynamic force
acting on the j-th element of the i-th

blade, expressed in Fp,

z-component of aerodynamic force
acting on the j-th element of the i-th

blade, expressed in £y,

main rotor aerodynamic force expressed
in Fs

aerodynamic force on the i-th blade,
expressed in £y,

x-component of the aerodynamic force
on the i-th blade, expressed in Fy,,

z-component of the aerodynamic force
on the i-th blade, expressed in Fy,,

gravitational force applied to the i-th
blade, expressed in £y,

force applied to the i-th blade by the top
of the rotor mast, expressed in £,

value of FHH when FINT issetto

8% 8t
Zero



Units Variable
N Fia
N Fig
N Fiu
N Fint
N FINT

Bt

m/s?

f

N.m GAij

Bt

N.m Gds

N.m GAT

Bt

N.m -

N.m -

N.m Q@g

N.m GRF, B

Computer Name

GA_S(K)

GAT BL(K.i)

GATX_BL(i)

GATZ_BL(i)

GR_B(K)

GRF_B(K)
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Description

aerodynamic force applied to the i-th
blade

gravitational force applied to the i-th
blade

force applied to the i-th blade by the top
of the rotor mast

internal force applied to the i-th blade

internal force applied to the i-th blade,
expressed in Fy,

acceleration due to gravity expressed in
Fg

aerodynamic moment about the hub due
10 the j-th element of the i-th blade,

expressed in F,;

main rotor aerodynamic moment about
the hub, expressed in F

aerodynamic moment about the hub due
to the i-th blade, expressed in Fy,

x-component of the aerodynamic
moment about the hub due to the i-th

blade, expressed in Fjy,;

z-component of the aecrodynamic
moment about the hub due to the i-th

blade, expressed in F,

moment applied to the helicopter body
about its CG by the main rotor,
expressed in Fj

low-pass filtered version of GRp



Units Variable
N.m @R
N.m GSFr
m hce
m HaiaL
kg.m I
T e
kg.m’ -
J
Kee
Ko,K1,K3,K3
Ia
N.m L,(
Lge
Lar
L
8ti8
L
BlE
L
BtiR
L

Computer Name

GS_R(K)

GSF_R(K)

HCG

HAGL

IBL(K,M)

[BLx,IBLy,IBLz

elementN

KGE
KO, K1, K2, K3
LINV(L,M)

LA

L_B_E(LM)

-

L_BLi_B(LM)
L_BLi E(LM)
L_BLi_R(LM)

L_BLi_S(L,M)

Description

moment applied to the helicopter body
about the top of the rotor mast by the
main rotor, expressed in Fp

low-pass filtered version of GSz

height of the CG of the helicopter body
above local ground level

height of the main rotor hub above the
local ground plane

main rotor blade inertia matrix
expressed in Fy,;

diagonal elements of [
Bt

index representing the j-th element when
j =elementN

ground effect scale factor
Pitt/Peters model parameters
matrix of variables in Pitt/Peters model

main rotor acrodynamic rolling moment
about the x;y-axis

rotation matrix from Fg to Fg

rotation matrix from F to Fp

rotation matrix from Fg to Fy,
rotation matrix from Feto F,
rotation matrix from Fx to Fj,,

rotation matrix from Fsto F,



Units Variable Computer Name
N Lij LIFT(i,)
Lgs L_R_S(LM)
Lsg L_S_B(LM)
éSE L_S_E(L,M)
kg m,, MBLADE
M MINV(L,M)
N.m M, 4 MA
N.m MG -
7
N.m MH -
T B
N.m MH,, )
N.m MiA -
N.m Mic -
N.m Mi!, -
N.m Mim’r -
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Description

lift acting on the j-th element of the i-th
blade

rotation matrix from Fsto Fp
rotation matrix from Fgto Fs
rotation matnix from Fgto Fis
mass of a single main rotor blade

matrix of parameters in Pitt/Peters
model

main rotor aerodynamic pitching
moment about the y~-axis

gravitational moment applied to the i-th
blade about the origin of F,,, expressed

in Fy,

the value of MH',,, when MINT Bt is

set to zero

moment applied to the i-th blade about
the origin of F,,, , by the top of the rotor
mast, expressed in £y,

aerodynamic moment applied to the i-th
blade about the origin of Fj,,

gravitational moment applied to the i-th
blade about the origin of Fy,,

moment applied to the i-th blade about
the origin of Fj,,, by the top of the rotor
mast

internal moment applied to the i-th blade
about the origin of F,,,



Units

N.m

Variable Computer Name
Mijap MACH2D(i,j}
- MACH2DN
MINT -
B
NL NL
- NU_TEMP
PTL PTL
PTLR PTLR
r -
rodf) RIN()
rulf) RM(j)
rour(f) ROUT()
ro RO
rBe RB_E(K)
rCG RCG
rCG -
B
rGe RG_E(K)
rmj -
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Description

two-dimensional Mach number of the
Jj-th element of the i-th blade

a single working value of MACH2D(i,j)

internal moment applied to the i-th blade
about the origin of F,,; , expressed in

FBH

number of blade elements per blade
intermediate variable

blade tip loss parameter

blade tip loss ratio

radial distance from hub

inner radius of the j-th biade element

nominal mid-point radius of the j-th
blade element (based on swept area)

outer radius of the j-th blade element

radial distance of the root of the blade
from the center of the hub

location of the helicopter body CG
relative to Fr

blade radius at the blade CG
location of blade CG relative to £,

location of local ground plane retative to
Fe

location of mid-point of the j-th blade
element relative to £,



Units Variable Computer Name
m rSs RS_B(K)
m R R
rad/s - R2
- R2D
m’ NG) S
s ! -
N T, TA
N.m TEMPi TEMP(K,1)
TLF(G) TLF()
rad TOTTWIST TOTTWIST
m/s Usouno USOUND
m/s Uror UTOT
m/s UBtij UBLi_BLi(K,j)
8t
m/s USs US_S(K)
m/s - US_S_1
m?/s? U2ij U2(1,))
m/s ¥ IN -
m/s Vn VM

Description

location of the main rotor hub relative to
the origin of F

main rotor radius
2ROMEGA
180/«
area of the j-th blade element
time
main rotor aecrodynamic thrust in Fy
intermediate variable in calculating
MH
&t

blade tip loss factor, applied to the j-th
element

total blade twist, root to tip
local speed of sound
|USs

airspeed of the j-th element of the i-th
blade, expressed in F,,

airspeed of the main rotor hub expressed
in Fs

US_S(1)
UBEU'EBII + UBE{-’:&R

inflow from Pitt/Peters model without
ground effect

Pitt/Peters model variable



Units Variable Computer Name
m/s v T VT

nm/s Vi 0 VO

m/s v\ Vi

m/s V: 2 V2

m/s VBs VB_B(K)
m/s VBlij VBLi_BLi(Ky)

Bu

m/s VINGe -

m/s VINGE;; VINGE(,))
n/s VINGEijs -

m/s - VINBLi(K,))
m/s |44 VPP(K)
m/s VSs VS_S(K)
N - WBLADE
m/s WAe WA_E(K)

Description

Pitt/Peters model variable

uniform inflow component from Pitt/
Peters model without ground effect

velocity parameter in Pitt/Peters model
velocity parameter in Pitt/Peters model

inertial velocity of the helicopter body
CG expressed in Fp

inertial velocity of the j-th element of
the i-th blade, expressed in F,

inflow from Pitt/Peters model including
ground effect

inflow from Pitt/Peters model including
ground effect, at the j-th element of the
i-th blade

inflow vector from Pitt/Peters model
including ground effect, at the j-th
element of the i-th blade, expressed in
Fs

inflow vector from Pitt/Peters model

including ground effect, at the j-th
element of the i-th blade, expressed in

Fﬂﬁ
ARARAN

inertial velocity of the main rotor hub
expressed in Fs

weight of a single main rotor blade

atmospheric mean wind at the helicopter
body CG expressed in Fr



Units Variable Computer Name
m/s WBIAif WBLIA_BLi(Ky)
Bt
m/s WBEif WBLi_BLi(Ky)
Béi
m/s WSs WS_S(K)
m/s WSAs WSA_S(K)
rad Qlify ALPHABL(i,)
rad aijzp ALPHA2D(i,))
- ALPHA2DN
rad B B
rad Bw BW
rad Bo BO
rad B, B2 Bl, B2
m’ 5 DELTA
rad A PHASE
s At DT
5 AT TSAMP
rad &, THETAC()
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Description

the part of WB{ij  due to atmospheric

Bti
effects, expressed in Fj,,

wind speed at the /-th element of the i-th
blade, expressed in £y,

wind speed at the main rotor hub
expressed in £

the part of WS due to atmospheric
effects

angle of attack of x-axis of Fg,; for the
Jj-th element of the i-th blade

two-dimensional angle of attack of the
J-th element of the i-th biade

a single working value of
ALPHA2D(i,j)

deviation of 5, about the pre-set value of

Bo

Euler angle which carries Fyinto Fjy

pre-set value of coning angle in the main
rotor blades

flapping angles for the two rotor blades

area of the annulus swept out by each
blade element, divided by

cyclic control phase shift
time step in numerical integration

time interval in Flapping Equations
Block

i-th blade pitch angle due to control
inputs



Units Variable Computer Name Description

rad B PITCHBL(i,j) pitch angle of the j-th element of the
i-th blade
rad Grest TWIST(j) blade twist
rad & THETS Euler angle which carries F; into Fy
rad a,, ZLL blade pitch offset at the root
App LAMPP Pitt/Peters model variable (total relative
inflow based on momentum theory)
m/s Hpp MUPP main rotor hub airspeed based on US.s
/s’ Hpp? MUPP2 ()
m/s v NU Pitt/Peters model variable (uniform
induced inflow based on momentum
theory)

- NU_FUNC_DERIV  aderivative used in applying the
Newton-Raphson methed to find NU

kg/m’ P RHO local atmospheric density
rad 7 CHI main rotor wake angle
rad Xop CHIPP Pitt/Peters model variable (main rotor
wake skew angle)
rad v PSI main rotor azimuthal angle (referenced
to Blade 1)
rad Wiv PSIIN azimuthal location relative to the

negative x;-axis

rad/s @Bs OMEGAB_B(K) inertial angular velocity of the helicopter
bodv expressed in £

rad/s - OMEGABL BL(K,) OMEGABLi BLi(K)
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Units Vanable
rad/s wBli
rad/s Wy p
rad/s wi

8
rad/s @Rs
rad/s Q

Computer Name

OMEGABLi_BLi(K)

OMEGALP

OMEGAR_S(K)

ROMEGA

( e
( )o;'d’

Description

inertial angular velocity of the i-th
blade, expressed in Fy;

break frequency of the main rotor force
and moment low-pass filters

angular velocity of F,,, relative to Fp
expressed in F,

inertial angular velocity of Fg, expressed
in Fs

angular velocity of the main rotor
refative to the helicopter body

initial condition

previous value



3.2  Landing Gear

3.2.1 Physical Model

The landing gear model employed in the present simulation s based on one
described in References 3.10 and 3.11. The landing gear is assumed to consist of skids
(see Figure 1.1). In order to apply the referenced model, its wheels have been replaced
by 4 pads located at the ends of the skids (see Figure 3.2.3). These 4 pads then represent
the skids in the model. The skids and their supporting struts are considered to be
massless. Each of the 4 pads is attached to the fuselage by a strut as shown in Figure
3.2.1. The location of the attachment point for the i-th strut is specified by the vector
rSKi from the origin of F. A reference frame Fyy; is located with its origin at the
attachment point for the i-th strut, its x-axis parallel to the x-axis of £ and its z-axis
along the strut as shown in the figure. The strut can rotate about this x-axis in response to
ground loads on the landing gear. This rotation is resisted by the structure which is
modeled by a torsional spring and viscous damper. The resulting deflection is based on
the assumption of a rigid strut. A quasi-static model is assumed in which the i-th strut
angle relative to the helicopter body is a constant predetermined value when the i-th pad
is in the air. Otherwise the j-th pad maintains ground contact when setting the strut angle
1o its airborne value would result in the i-th pad being located at or below the local

ground plane.

3211 Kinematics

Let the Euler angles which carry Fj into Fisy; be given by
E_=[¢ 0 0]k, (3.2.1)
= sKi Ki

In Figures 3.2.1 and 3.2.2 F¢ is the Earth-fixed reference frame employed in the
simulator’s visual data base. Let Fy be a reference frame, vertically above Fg, with its
z-axis parallel to the z-axis of F¢ and its origin in the local ground plane. [t will be
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assumed in the present model that the local ground plane is parallel to the xy-plane of Fp.
The location of the local ground plane is given by rG relative to the origin of F¢. The
location of the origin of £y is specified by the vector rV from the origin of Fg. It follows

from Figure 3.2.1 that

¥, =0 0 rGygl T (3.2.2)

The location of the i-th landing gear pad is given by the vector POSNi from the origin of

Fy. From Figure 3.2.1 it is seen that in Fg components
POSNi5=QE+[§ﬁ5+rGSiE -r¥e (3.2.3)

and this applies both when the helicopter is on the ground and in the air. When the
helicopter’s i-th pad is on the ground it follows that

POSNiz¢ =0 (3.2.4)

and (3.2.4) can be used to find the value of gsx; when the i-th pad is on the ground.
Rewrite (3.2.3) as

POSNig = rBg + Lea(rSKig + Lasxi rGSisx:) - rVe (3.2.5)

In (3.2.5) rB¢ and Lgg come from the flight equations of Section 3.8 of Reference 3.1, rV:
comes from the visual data base, rSKiz and rGSisx; are fixed parameters for the helicopter
and Lgsk; is found using (A.2.5) and (3.2.1) and thus involves gsx;. Combining (3.2.2),
(3.2.4) and (3.2.5) leads to

0 =rB.g + (Lgg rSKig): + (Lea Laski rGSisxi): — rGae (3.2.6)
In(3.2.6)
rGsi_ =[0 0 rGSi] T (32.7)
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where rGSi is the length of the i-th strut. Also, it follows from (3.2.7) that in (3.2.6)

0
ABSKi @SK{' =rGSi —sm¢SKi (3-2.8)
COs P;

Equations (3.2.6) and (3.2.8) can be solved numerically for gsg;. In the present
simulation this is accomplished by using the Newton-Raphson method described in
Appendix A. This requires the use of the gradient of the right-hand side of (3.2.6) with
respect to gsx;. The right-hand side of (3.2.6) is POSNi.¢ and from (3.2.6) the required

gradient is

POSNis _| L pog; TGOS, )

L (3.2.9)
O@sxi £8 3P )
and from (3.2.8) and (3.2.9) and Lgp from Section 3.8 of Reference 3.1,
aP;’SleE =-rGSicos8g(cos dgx; singp +sin ggx; cosdy) (3.2.10)
SKi

When in the air the strut Euler angles ggy; are constant. Figure 3.2.3 gives the numbering
of the strut/pad combinations. It follows that (assuming that the magnitude of gsx; while

in the air is the same for all struts) while in the air:

Psk1 =Psk2 = —Psko (3.2.11)

P53 = Psis = Psko (3.2.12)

where gsxo is a specified helicopter parameter.
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L]
While on the ground we need to know the values of @ ¢, in order to determine

the viscous damping about the strut attachment points. This can be found by noting that

when the i-th pad is on the ground

POSNi£ =0 (3.2.13)
From (3.2.5)

POSNi, =rB_+L  (rSKi + L, rGSi )+ Ly Lo rGSi, — (3214)

and POSNi:¢ follows from (3.2.14). By differentiating (3.2.8) obtain

0
—BSK I'GSI —rGS,— COS¢SK" ¢Skl (32-15)
sindsx;
From (A.4,18) to (A.4,20) of Reference 3.6
LEB —AEB a)BB (3.2.16)

where Lgg and c_:Z? g come from the Flight Equations of Section 3.8 of Reference 3.1.
From the definition of inertial velocity

. _ 5
B =VB_ (3.2.17)

and VBg can also be found in the Flight Equations. From (3.2.10), (3.2.15) and Leg it
follows that
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(_L_EB Lo @5& ] = —-rGSicos8p(cosgy, singg +sindy; cos¢3)¢;m

z
<

. (BPOSNE:E) (3.2.18)

=6 cx:
K By

By combining (3.2.13) to (3.2.18) and solving for q; sx; obtain

-
S ~ . . 8POSNi.¢
Psi ‘{VB;’E “{LEB w_BB[rﬁ_!ﬁ,ﬁLBSKi @m)] }x(——‘;@—} (3.2.19)

3.2.1.2  Forces on Landing Gear When Sliding

[n the present model each landing gear pad when in ground contact is either
sliding or not sliding (sticking). The ground forces acting on the i-th pad are shown in
Figure 3.2.1 for the sliding case. Ni is the normal reaction force acting on the landing
gear and Li is the in-plane reaction force acting on the landing gear. Recall that the local
ground plane is assumed to be parallel to the xy-plane of F¢. In Figure 3.2.1 we will
further specify the orientation of Fy (which has thus far only been required to have its
z-axis parallel to the z-axis of Fg). Let the Euler angles which carry F into Fy be given

by
E, =[0 0 ;)" (3.2.20)

where 3 is given by (3.8.1).

The components of Li in £ are modeled in the present development by

0’ (3.2.21)

Li, =[Li, Li,



The Ni are found by equating the torque about the x-axis of Fsx; due to the ground
reaction forces to the torque produced by the torsional spring and damper. This is a
direct result of assuming that the skids and their supporting structure are massless.

The torque applied to the helicopter fuselage about the fuselage attachment point

by the i-th torsional spring and damper is

KlAgg, + K2A¢' Sk

Glice. = 0 (3.2.22)
0
where
APy =Pski +ésk0 for =12 (3.2.23)
APsy; =@ski —Psxo  for =34 (3.2.24)

and «1 and «2 are fixed helicopter parameters. The torque about the x-axis of Fg;

applied to the helicopter fuselage by the ground reaction forces on the i-th pad is

GSKi i = rGSi ski (Li st Ni St ) (3.2.25)
where
Ni =0 0 M]" (3.2.26)
From (3.2.21) and (3.2.26)
— . o T 4
Li +1\it$Kl ésx V[L Li, Ni] (3.2.27)

where Lgx;y is given by (3.2.69). Using (A.1.14) and (3.2.7) it follows that
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0 -rGSi 0O
rg—‘iisxi =| rGSi 0 0 (3.2.28)
0 0 0

Equating the x-components of (3.2.22) and (3.2.25) results in (using (3.2.27) and
(3.2.28)):

Gliysk; = (rGSi g, (L igg; + Nige; ) o

Li,
=[0 -rGSi 0)Lg,|Li,
Ni
Li,
=-~rGSi{Riy, Rip Rin)|Li, (3.2.29)
Ni

where [Riy; Riy; Riy] is the second row of Lgkiy. Ni is then found from (3.2.29) as
Ni=—(GJiygy, /rGSi+ RiyyLi, + RiyyLi, )/ Ripy  when the right-hand side is negative

Ni =0 otherwise (3.2.30)

The limiting operation has been added to (3.2.30) to ensure that Vi is always negative, as
required by (3.2.26) and Figure 3.2.1, despite any effects introduced by the quasi-static
dynamics assumption.

Li when sliding is based on a Coulomb friction model. The position of the i-th
pad relative to the origin of Fy is given by the vector rUi when the pad is on the ground
(see Figure 3.2.2). From Figures 3.2.1 and 3.2.2 it can be seen that when the i-th pad is
on the ground

rUi = POSNi (3.2.31)

[ ]
The velocity of the i-th pad over the ground when sliding on the ground is rUi, . Liis

then given by
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. LU
Li, =~ps P — Ui (3.2.32)
rUi

where us; is the coefficient of sliding friction. Since the direction of the normal reaction

force in (3.2.26) is always in the direction of the negative z-axis of F) and from (3.2.30) it

follows that

Ni<Q (3.2.33)
Thus (3.2.32) can be written as
. Nio .
L, =pg i, (3.2.34)
Ui,

In order to minimize jerkiness when the gear switches from sliding to sticking, the

Coulomb friction model is replaced by a viscous friction model when r_[.h y| falls below
0.05 m/s. Thus for
rUi,|>005 (3.2.35)
Li,is(3.2.34)
and for
rUi, <005 (3.2.36)
Li, = pg Ni rUi, 1008 (3.2.37)
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From (3.2.31) it follows that

r_Uiy = [_‘yg POSNiE (3238)

and

rUi, =L, POSNi _+L, POSNi_ (3.2.39)

where POSNig and POSNi £ come from Section 3.2.1.1. From (A.4,19) of Reference 3.6

Lyg=-al, Ly, (3.2.40)
Since (3.2.20) holds it follows that
oV, =[0 0 yg]7 (3.2.41)

where y;B comes from the Flight Equations and Ly is given by (3.2.62).

3.2.1.3  Strut/Pad Deformation

The strut/pad combination is assumed to be rigid when calculating values for
everything except the in-plane reaction force Li when the i-th pad is sticking to the
ground. When sticking, a strut/pad deformation is allowed (which is assumed to be
small) and is used to determine Li. The deformation geometry is shown in Figure 3.2.2.

The deformation vector is given by
Aiy = rDiy - rUiv (3.2.42)

where rUiy is given by (3.2.38). rDi gives the location of the ground point to which the

i-th pad is assumed to be stuck, relative to the origin of Fy. Note that

ai, =[Ai, ai, 0]7 (3.2.43)
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The force generation model is based on deformation and deformation rate. From (3.2.38)
and (3.2.42)

Ai

=2y =éVE'£i -rUi

ET =V
= L, (Di .~ POSNi ;) (3.244)
and
A:iv =;VE i +L,, '—b-is-’;wv (3.2.45)
From (3.2.45) and noting that
Di, =0 (3.2.46)
it follows that
ALI‘V =‘Z‘V5@5";wv (3.2.47)

[ [}
where L ve 1S given by (3.2.40) and r{i v by (3.2.39).

When sliding it is assumed that deformation is present and governed by (3.2.49).

This deformation can be found by solving the differential equation

A_iV=(QV—0A_iV)IC2 (3.2.48)
where Liy is given by (3.2.34).

3.2.1.4  Forces on Landing Gear When Sticking

A description of the ground reaction forces can be found at the start of Section
3212
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The normal ground reaction force when sticking or sliding is given by (3.2.30).

The in-plane reaction force appiied to the landing gear when sticking is modeled by

. - 3 7 .-
LIV Clx[_&5V+C-x§V (3.2.49)

where Aiy is given by (3.2.44) and Ai by (3.2.47). Cl and C2 are fixed helicopter
4

parameters.

3.2.1.5  Sticking/Sliding Transition

In order to determine whether a pad is sticking or sliding the following physical

models and logic are applied. When sticking, the i-th pad will transition to sliding if

|Li, | > psr| N (3.2.50)

where

HsT 2 Hst. (3.2.51)

When sliding, the i-th pad will transition to sticking if the sliding velocity over the

ground becomes small enough. That is if
\rUiy | <Vger (3.2.52)

provided that the sliding velocity has exceeded Vger or T;; secands have passed since the
previous transition from sticking to sliding.

Following the transition from sticking to sliding the deformation differential
equation (3.2.48) must be solved. The initial condition on Aiy used to start this process is

taken to be its value at the end of the previous sticking phase.
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Following the transition from sliding to sticking the value of rDir that holds for
the duration of this sticking phase is given by the following relationship evaluated at the

end of the previous sliding phase (based on (3.2.42))
rDiy = rlUiy + Aiy (3.2.53)
or, using (3.2.31) and (3.2.53)

rDig = POSNig + Lev Aiy (3.2.54)

3.2.1.6  Forces and Moments Applied to Helicopter

As a result of the assumption that the landing gear is massless, the ground
reaction forces and their resulting moments are applied directly to the helicopter body.

Thus the applied force is

[LGig = LaNiv + Liy)

=Lp,[Liy Li

, Nt (3.2.55)

where L o is given by (3.2.7), and from Figure 3.2.1 the moment applied about the

helicopter bady CG is

GLGi 5 = (rSKi 5+ rGSig ) [LGi (3.2.56)
where
rGSig = Lpsxi rGSisx: (3.2.57
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and L BSK: is given by (3.2.61). The above applies when the i-th pad is on the ground. If

the i-th pad is in the air then its applied forces and moments are zero. The total

contribution from all 4 pads is then

LG, =Y AGi, (3.2.58)
i=|

GLG, =¥ GLGi, (3.2.59)
i=l

3.2.1.7  Filtering Landing Gear Forces and Moments

As indicated in Reference 3.1, it is necessary to pass the outputs fLGp, and GLG3

from the Landing Gear through a low-pass filter before inputing them to the Flight
Equations. The filter has the transfer function

2
: 2i6 - (3.2.60)
s+ gwLGs Y@L

where ;¢ is the break frequency and ¢ is the damping ratio. The filtered force and
moment outputs are [LGFg, and GLGF3.

3218 Rotation Matrices

Several rotation matrices are employed in Sections 3.2.1.1 to 3.2.1.6. They can be

found as follows.

Lgg - from Section 3.8, Reference 3.1

By making use of (A.2.5) and (3.2.1) it follows that
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i 0 0
Lpski =|0 cosdgy; -singgy; (3.2.61)
0 singg; cosgsy;

By making use of (A.2.4) and (3.2.20) it follows that

coswg singg 0
Lyp={-singy cosyy 0 (3.2.62)
0 0 1

Since the Euler angles that carry £y into Fpare [(§; 65 0]7 it follows from (A.2.4)
that
cosé 0 -sind
Ly, =|singsind cosg singcosd (3.2.63)
cosgsingd -sing cosgcosé 8

Also
Lskiv = Lskig Lav

= L;sxi Ly, (3-2:64)

3.2.1.9  Landing Gear Logic

In order to calculate the ground forces acting on the landing gear and hence the
corresponding forces and moments acting on the helicopter body it is necessary to
determine whether the i-th pad is in ground coatact and, if in ground contact, whether it is
sliding or sticking to the ground. The logic variable /GND:i is used to indicate the ground
contact status

IGNDi =1  i-thpad on ground
(3.2.65)
=0  i-thpadin air
The logic vanable ISLIDE: is used to indicate the sliding/sticking status when the i-th pad
is on the ground

ISLIDEi =1  i-th pad sliding
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(3.2.66)
=0  j-th pad sticking

The flow of the landing gear logic for the i-th pad is shown in Figure 3.2.4. The block
numbers referred to below are given in this figure. This process is repeated for each of
the 4 pads.

When the process is entered, the values for /GNDi and ISLIDEi will initially be

those from the last time the process was applied. Block@ is entered first.

Block 1) — On-Ground Check

The on-ground check is carried out by determining whether the i-th pad would be
in ground contact if the deflection angle gsx; were set to the value it has when the i-th pad
is in the air as given by (3.2.11) and (3.2.12). Define GNDCHK:; to be the value of

POSNi.g when gsx; is set to its value when in the air. It then follows that

if GNDCHKi 2 (1

then /IGNDi= | (3.2.67)
if GNDCHKi <0

then /IGNDi=0

In the present model it is assumed that immediately following touchdown, the i-th pad is
sliding. Thus /GNDi,q =0, for the previous value of IGND:, indicates that the i-th pad
was previously in the air, and if the current value of /GNDi indicates that it is now on the

ground, then set

ISLIDEi4=1 (3.2.68)

The logic flow is directed to Block@ if the i-th pad is in the air (1.e., /GNDi = 0). The
logic flow is directed to Block@ if the i-th pad is on the ground (i.e., /[GNDi = 1).

Block 2] - Initial Sliding Check
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This block directs the flow of logic based on ISL/DEi,q, the previous value of
ISLIDEI. 1f the i-th pad is currently on the ground and was previously sliding (i.c.,
ISLIDEi,;; = 1) then the logic flow is directed to Block EL otherwise it is directed to
Block 4.

Block 3 — Next Sliding Check 1

This block is used to check the sliding status of the i-th pad given that it is

currently on the ground and was previously siiding. The sliding check is based on
(3.2.52).

if | rUiy > Vaer

then ISLIDEi = | (3.2.69)

if | rUi, 1< Vagr and | Uiy oy <Vaer 20d 1< Tig

then ISLIDE; = | (3.2.70)
butif ¢ > Tyg

then ISLIDEi =0

(where ¢ is the time from the start of sliding)

° L]
if | Ui, IS Ve and |rUby low > Vrer

then /[SLIDEi =0 (3.2.71)

where | rUiy |, is the previous value of | rUi, |. rUi, is found using (3.2.39). [fthe

i-th pad is currently sliding then the logic flow is directed to Block @, otherwise it is
directed to Block @ If this block finds that [SLIDE: = 0 then the value of rDig is updated
by (3.2.54).

Block 4 — Next Sliding Check 0
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This block is used to check the sliding status of the i-th pad given that it is
currently on the ground and was previously sticking. The sliding check is based on
(3.2.50)

if |Lin} > pstiN]
then ISLIDEi = 1 (3.2.72)

f1Lin < psriNI|
then ISLIDEi =0 (3.2.73)

Liy and Ni are found by employing procedure blocks Calculate L_V When Sticking and
Calculate NF. These are described in Section 3.2.3 (see block diagram 1.1.2.3). Ifthe
i-th pad is currently sliding (JSLIDEi = 1) then the logic flow is directed to Block@,

otherwise it is directed to Block [,

Block 5 - Sliding Calculations

Liy and Ni are found by employing procedure blocks L_V When Sliding and
Calculate NF. These are described in Section 3.2.3 (see block diagram 1.1.2.4). The
logic flow is then directed to Block §|

Block 6 — Gear Forces and Moments

If this block is entered with /GNDi = 0 then the landing gear forces and moments

applied to the helicopter body are set to zero

LGig=0
(3.2.74)
GLGiB = (_)

[f IGNDi = 1 then the forces and moments are calculated using (3.2.55) and
(3.2.56).

The logic flow is complete at this point.
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3.2.2 MATRIXx

The block diagrams and block script code for the Landing Gear module are found
in Appendix D and E, respectively. Tilda and Transpose Blocks are used at several
locations as required.

The present module has several levels of blocks within blocks. This can be seen
from the block diagrams at the end of this section. To help in tracing paths through these
blocks, a Table of Contents for the pages of block diagrams is provided. The title of each
page is given along with a numerical page identifier (appearing at the top of the block
diagram page). The identifier may be construed as a section or subsection number in a
written report. For example, the block of subsection 1.1.1.2 is the second block for which
a separate block diagram is provided, on the page representing subsection 1.1.1. Since
the same block form may be used at several locations in the Landing Gear module, in
order to eliminate duplicate block diagrams, the form of a repeated block can be found by
going to the page subsection number in brackets following the block title in the Table of
Contents. For example the block diagram for 1.1.1.2.1.1, Calculate POSN_E, can be
found by going to subsection 1.1.1.1. It should be noted that all the subsection numbers
associated with a block diagram page are given at the top of that page. The blocks which
are encompassed within the logic blocks of Figure 3.2.4 are also indicated in the Table of
Contents. A Table of Contents is also provided for the pages of block script following
the block diagrams. These are listed in alphabetical order.

The system of blocks is configured to find the forces and moments associated
with the i-th strut/pad combination. The system is structured as a big loop with the index
“gearN" serving as a counter. As gearN steps up from 1 to 4, the resuits for the 4
strut/pad combinations are determined in sequence. This can be seen in the use of the
“while” loop in Block 1. (Landing Gear). When gearN reaches 4 the value of Break is
changed from O to | and the Break Block terminates the loop. The same process is
employed in Block 1.1.1.2.1 (Calculate PHISK) where a “while” loop is used to
repeatedly improve the estimate of PHISK as part of the Newton-Raphson method (see
Appendix A.2). When the tolerance set by the parameter TOLERANCEPHISK is met,

the loop is broken.
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[n some blocks (e.g., Sticking ICs) the subscript (X)ou 15 used in the name of the
block input when the name (X) is used for a block output. This is necessary because
MATRIXx does not ailow the same name to be used for both an input and an output
variable in the same block. In some instances, when a block is part of a “while” loop, it
is necessary to refill the elements of the vector variable which is being worked on
because the MATRIXx code resets them to zero when the block is first entered. The
block DEF _V also serves the same purpose.

Several blocks in this module are Condition Blocks (e.g., Touchdown Variable
Init). When the first (top) listed input to the block is positive it will execute, otherwise it
is skipped. For the Calculate PHISK block it was found that the inputs were subjected to
an unexplained shift in order (by one) when it was attempted to run it not as a condition
block.

The OR, NOT, AND Logical Operator Functions are standard logic blocks.
Several Logical Expression Blocks were used in this module to control the integrators.
An example of this is block 61 within the block LF_V_DD Integrator. The equation
Y=U=i stands for the logic that when the input gearN equals i then the output equals 1.
Otherwise the output equals 0. This output then goes into the Conditional Block
containing the integrator, and is used to tum it on and off as required.

In block diagrams, inputs to a block can come from input lines or from Read from
Blocks within the block. In the latter case, the variables must have been previously
passed through a Write 1o Black. For example, in Block L. (Landing Gear), the matrix
L_B_V(LM) is created and passed through a Write to Block. Then in Block 1.1.2.3.3
(Calculate NF), the input to block Calculate GJ and R appears as a single input line
(gearN). However, in Block 1.1.2.3.3.1 showing the details of biock Calculate GJ and R,
itis seen that L_B_V(L,M) enters as an input through a Read from Block (along with
many other variables).

The initial conditions applied to the integrators in this medule are designed to
handle the starting and stopping of the filters to which they apply. Consider the
deformation filters. These filters are only active when the i-th strut/pad is sliding. When
sliding starts, the integrators must be reset to the deformation values at the end of the

previous sticking phase. This is handled by a combination of blocks Touchdown
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Variable [nit and Sliding Variable Init. Consider the integrator shown in Figure 3.2.5.
The initial conditions are set by adding a fixed value of C to the output of the integrator.
As implemented by MATRIXX, the output of the integrator, 4, is incremented after each
time step At by the integral of the input over Az. When the filter is stopped, this value of
A remains on the output and is there when the filter is started again. For this reason, if we
wish to start up with a new initial condition x,. following a start/stop cycle, then the new
value of C used must be

C = xic - Aoud (3.2.75)

where 4, was the value of 4 when the filter was previously stopped. Now since

x=B=4+C (3.2.76)
thus A, is given by
Aotd = Baid - Cota (3.2.77)

and the new Cis (from (3.2.75) and (3.2.77))
C=xic+ Cota - Botd (3.2.77)

and (3.2.78) is used to create DEF_Vic(K,gearN) in this module.

The variable INITVARS is used to initiate the initial condition determination
process when it is switched from 0 to 1.

Following touchdown, the block Location Vars Init sets all the integrator initial
conditions to zero in accordance with the physical model.

In order to prevent the unnecessary repetition of calculations of the same variable
while progressing through the Landing Gear blocks shown in Figure 3.2.4, condition
blocks have been used to skip around blocks when appropriate. For example,
immediately following touchdown of the i-th strut/pad, the operations in Block 1.1.1.2
(Touchdown Variable Init), a block contained in Block 1.1.1 (On Ground Check), include
the calculation of PHISK with the helicopter’s i-th strut/pad on the ground. These
operations are part of Block m of Figure 3.2.4. On subsequent passes through Block m
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with the i-th strut/pad on the ground, PHISK is not computed until either Block @ or@ of
Figure 3.2.4 is reached. However, these latter PHISK calculations can be skipped on the
pass immediately following touchdown of the i-th strut/pad as indicated above. This is
accomplished by creating the logic variable CALCPHISK in Block [.1.1 (On Ground
Check). CALPHISK is set to zero if the i-th strut/pad has touched down during the
present pass through the Landing Gear module. This zero value is used in Blocks
1.1.2.2.1 and 1.1.2.3.1 (Calculate Gear Orientation) to skip around the Condition Block
Calculate PHISK.

In Figure 3.2.4 the path from Block@ to Block@ is taken if the i-th strut/pad has
gone from sliding to sticking on the current pass through the Landing Gear module. The
purpose of this is to allow the forces L and N (when sticking) to be calcuiated using the
computations in Block @. The operations of Block ) in Figure 3.2.4 are implemented in
MATRIXXx Block 1.1.2.3 (Next Sliding Check 0). If BIock is entered from Block
then we want to skip the blocks Calculate Gear Orientation and Sliding Check contained
in Block 1.1.2.3 because their operations would be redundant. This is accomplished by
making them Condition Blocks controlled by the logic variable GOTO4FR2. When
GOTOA4FR2 is zero (which happens when Block [ is entered from Block @ then these
blocks are skipped. The appropriate value for GOTO4FR2 is established in Block 1.1.2
(On Ground Calculations). If the flow is directed from Block P to Block [ in Figure
3.2.4, then in MATRIXx Block 1.1.2 the block Initial Sliding Check sets GOTO4FR2 to
unity and this value cannot be changed until the next pass through the Landing Gear
module. [fthe flow is not directed from Block @ to Block @ then GOTO4FR2 is set to
zero and the only other way Block @ can be reached is from Block @. OR Blocks and
Condition Blocks are used to direct the flow to Blocks and @

The flow from Block [ to either Block {5 or Block |§l of Figure 3.2.4 is
accomplished by the combination of logic blocks at the output of block Sliding Check
contained in Block .1.2.3 (Next Sliding Check 0). If Block 4 was entered from Block 3
(indicated by GOTO4FR2 equal to zero) then we know that the i-th strut/pad is sticking
and that after finding L and N we want to enter Block@ This is achieved in Block
1.1.2.3 by the AND Blocks. GOTOS is set to zero by the upper AND Block when
GOTO4FR2 is zero. The zero output from the lower AND Block when combined with
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the output of unity from the NOT block (when GOTO4FR2 is zero) in the OR Block,
results in GOTOG6 equal to unity. The combined effect directs the flow to Block @ if
Block @ was entered from Block @ then GOTO4FR2 is unity and the output from the
NOT Block is zero. This results in the flow being directly controlled by the GOTOS and
GOTQO6 outputs from the block Sliding Check.

[n a similar fashion, if you enter Block 4 from Block 3l in Figure 3.2.4 RU_V_D
will have been calculated in Block @ For this case the calculation of RU_V_D should be
skipped in Block @ This calculation is performed in MATRIXx Block 1.1.2.3.2
(Calculate L_V When Sticking) by the Condition Block Calculate RU_V_D which is
controlled by the logic variable GOTO4FR2. If GOTO4FR2 is zero, indicating that
Block 4 was entered from Block 3} then the calculation of RU_V_D is skipped as
desired.

Several of the block diagrams have a pair of vertical lines running from top to
bottom, dividing them into a left side and a right side. This represents a sequencer and it
ensures that all the operations to the left of the division will be carried out befare those to
the right.

Table 3.2.1 lists the parameter data required to run this module.
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3.2.3 Landing Gear Notation

Units Variable

Cl, Q2
rad Ea
rad Esxi
N LG
N  fGi
N.m Gisx
N.m Gicski
N.m GLGg
N.m GLGig
GNDCHKi

Computer Name

Break

CALCPHISK

COEF1, COEF2

FLG_B(K)

FLG_B_(K.i)

GI(1)

GLG_B(K)

GLG_B(K,i}

GNDCHK(1)

GOTOm

76

Description

logic parameter to determine when a
“while” loop is finished

logic variable, normally zero but set to
one on pass in which touchdown occurs
for a strut/pad

deformation coefficients

Euler angles [¢ & y/]g which carry
Fe into £ 8

Euler angles [¢ 0 0] §K,. which carry
Fpinto Fsx;

total force applied to the helicopter by
the landing gear, expressed in F

force applied to the helicopter by the i-th
strut/pad, expressed in Fj

torque applied to the helicopter body
about the fuselage attachment point by
the i-th torsional spring and damper

GJicsxi

total moment applied about the
helicopter body CG by the landing gear,
expressed in Fy

moment applied about the helicopter
body CG by the i-th pad expressed in Fig

value of POSNix when gsx; has (s
airborne value

logic variable set to 1 to direct flow to
Block mi



Units Variable

m/rad -

IGNDi

ISLIDEi

Lge

Lpski

Lav

Lskiv

Computer Name

GOTO4FR2

GOTO4FR3

GRADPOSN_E3(i)

gearN

IGND(i)

INITVARS

ISLIDE()

L_B_E(LM)

L_B_SKN(L,M)

L_B_V(LM)

L_SKN_V(LM)

L_V_E(L.M)
LF_TOT

L_V(K.i)
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Description

logic variable set to 1 to direct flow
from Block 2| to Block 4. 1t is zero
otherwise

logic variable set to | to direct flow

from Block 3 to Block @ [t is zero
otherwise

dPOSNi.
OPski

index representing i-th strut/pad when
i=gearN

logic parameter indicating i-th pad on
ground

logic parameter used to trigger a change
in initial conditions for the integrators

logic parameter indicating i-th pad
sliding

rotation matrix from Fgto F

rotation matrix from Fsg to Fg when
i=gearN

rotation matrix from Fyto Fg

rotation matrix from Fy to Fsx; when
i=gearN

rotation matrix from Fgto Fy
magnitude of LFiy

in-plane reaction force of the ground on
the i-th pad. expressed in £y



Units Variable
N Ni
N Niy
rad’/s*® -
m P OSNiE
m rDiy
m Iﬁg
m rGSi
m fGSisx,-
m rG.e
m rSKia
m rUiy
m ’i/E
Riy,Rip Rin

Computer Name

NCOUNT(i)

NE(1)

NREF

OMEGALG2

POSN_E(K,i)

RD_V(K.i)

RG_E(K)

RGS(i)

RG_E3

RSK_B(K,i)

RV_E(K)

R21(i), R22(i), R23(i)
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Description

counter for i-th strutpad used 1o
determine time since cument sliding
started

N i:V

normal reaction force of the ground on
the i-th pad, expressed in £y

value of NCOUNT(i) when time T, has
been reached during sliding

2
WG

location of the i-th pad relative to the
origin of Fg

location of the deformed i-th pad
relative to the origin of Fy

location of local ground plane reference
point relative to the origin of Fg

rGS i =SKi

location of the i-th pad relative to the
origin of Fsxi

location of i-th strut attachment point
relative to origin of F

POSNiy = Lve POSNig

location of the origin of Fy relative to
origin of Fg

second row of Lk



Units

rad

rad

rad

rad

Variable

RUVDi

TLG

Vaer

VBe

HsL
HsT
@z, Os, W
Psko

Pski

Computer Name

RGSN_B(K)

RSKN_B(K)

RSK_RGS_B(K)

RUVD
TLG

TOLERANCEPHISK

VREF

VB_E(K)

DEF_V(K.i)

DT

KAPPALI, KAPPA2

MUSL

MUST

PHIB, THETB, PSIB

PHISKO

PHISK(i)
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Description

LpsxirGS; when i=gearN
RSK_B(K,gearN)

RSK_B(K)+L_B_SKN(L.3)RGS(gearN)

magnitude of Ui,
timing parameter when sliding

tolerance parameter in the Newton-
Raphson method

velocity parameter when sliding

inertial velocity of the CG of the
helicopter body expressed in F¢

deformation of the i-th pad expressed in
Fy

time step in numerical integration
change in dgsx; from its airborne value

spring and damping coefficients for the
struts

sliding friction coefficient
sticking friction coefficient
Euler angles which carry Fg into £

value of |@ex] when the i-th pad is
airborne

Euler angle which carries £ into Fsk;



Units Variable
rad/s wBy
rad/s wVy

Computer Name

OMEGAB_B(K)

OMEGAV_V(K)

( )ic
( )slic

( )m'c

80

Description

inertial angular velocity of the helicopter
body, expressed in Fp

angular velocity of Fy relative to Fp,
expressed in Fy

initial condition

part of initial condition to be used when
the next slide starts

part of initial condition to be used when
the next sticking condition starts
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Table 3.1.1

Main Rotor Module
Required Helicopter Data

BO
CD(LJ)
CL(LJ)
IBL(L,M)
KO

K1
MBLADE
MINV(L.M)

OMEGALP
PHASE

PI

R

RCG
RS_B(K)
RO

R2D
WBLADE
ZLL
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Table 3.2.1

Landing Gear Meodule

Required Helicopter Data

COEFI
COEF2
KAPPAL
KAPPA2
MUSL
MUST
PHISKO
RGS(N)
RSK_B(K.I)
TOLERANCEPHISK
VREF

84



SUHONIIUUCIINU] ANPOJA] [°€ AN

-------

b b

ued 14 4 0 96€00°0 LAEH
jpudig ojqeug  sinding sindup  mayS oldweg pousd oidwes  yoo[giadng 9121351

101-DAV-S1

85



HUB gl °R 7 /L_,_.J
—

Figure 3.1.1 Main Rotor Blade Geometry
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Figure 3.1.2 Helicopter Reference Frames
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Figure 3.1.3 Simulation Reference Frames
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Figure 3.1.5 Reference Frame Fy
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Figure 3.1.6 Main Rotor Inflow (Ref. 3.3)
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Figure 3.1.8 Blade Element Angle of Attack
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Figure 3.1.10 Moments Acting on a Single Main Rotor Blade

95



Figure 3.1.11 Teetering or See-Saw Rotor
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Figure 3.2.1 Landing Gear Geometry
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4. Notable Developments

4.1 SystemBuild

As one might expect, quite a few obstacles were encountered while developing
this model that had to be overcome to achieve the desired results from the SystemBuild
code. Many of these problems were due to either SystemBuild not being able to do what
was expected, or a lack of guidance in the documentation as to how these things could be

accomplished. A few notable cases are documented here.

4.1.1 Matrices

Early on in the development it was discovered that blocks within SystemBuild
could only handle single dimensional arrays as inputs and outputs, preventing the use of
matrices, quite a surprise for a program named MATRIXx. To get around this issue,
matrices had to be converted into vectors by stringing the rows together before being
output from blocks, and then reformed into the original matrix after being taken as input
to the next block. This problem was partially addressed with the release of MATRIXx
Version 6.1. The available blocks within SystemBuild now include a subset for matrix
operations, including such things as matrix multiplication and transposing matrices. A
closer look reveals that actually MATRIXx has simply used a similar scheme to produce
these blocks, with the inputs and outputs vectorized and labelled as a matrix. Block
Script blocks remain unchanged in that they still require single dimensioned inputs and
outputs forcing the retention of the vectorizing scheme, although now inputs and outputs

can be labelled as a matrix while in vector form.

4.1.2 Algebraic Loops

Another issue uncovered was the program’s inability to resolve algebraic loops
for complex systems (see Figure 4.1 for an example of a bleck diagram including an
algebraic loop). For very simple feedback models, such as a basic feedback control
model, MATRIXx could resolve the loop automatically by adding a one step delay to the
output of the final block before being fed back making it available at the input for the

start of the next iteration. For more complex models, such as the highly in depth
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simulation of a helicopter, these delays had to be added manually. The first attempt to
manually add this delay was to use z-transform blocks with a transfer function of 1/z, a
single step delay (see Figure 4.2). This worked on a few test cases, but led to highly
unpredictable behaviour. MATRIXx would at times add additional delays and produce
varying results. The solution ultimately employed was to make use of the common
memory, using a pair of blocks to write to a variable and read from it on the next iteration
(see Figure 4.3).

[t was later discovered that a common practice for dealing with algebraic loops
within MATRIXXx is to make use of Block Script State and Next State variables. They
are intended to be used with the State variable representing data within a Block Seript
Block from the previous time step, while the corresponding Next State variable
represents data to be used on the next time step. Although this works well, it is only
useful for a loop within a single Block Script Block and cannot deal with a loop
containing multiple blocks. Since the use of Read/Write blocks accomplishes the desired
result just as well, and can be used for loops containing multiple blocks, their use was

retained in all cases, keeping the methodology consistent for loops of all sizes.

4.2 AutoCode

Once the development and testing of the model within the SystemBuild
environment was compieted, the AutoCode feature was used to generate C code. This
code was then compiled and run first as a stand-alone program for testing, and later
integrated into the complete simutator architecture for a real-time man-in-the-loop
helicopter simulation.

This transition from the SystemBuild environment to a real-time program resulted
in a new batch of unforeseen difficulties in the simulator development. In many ways,
the generated code differed in execution from the SystemBuild Simulate feature.
Although the use of AutoCode and the methods used to ensure proper execution of the
program are not within the scope of this thesis, some of the major issues are described

below for completeness and to give an idea of the type of difficulties encountered.
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4.2.1 Variable Initialization

One of the earliest discovered differences that caused a wide range of errors when
attempting to compile and run the C code was a difference in the way variables are
initialized. In the SystemBuild environment, all required variables both within Block
Script blocks and for Read/Write blocks are initialized to zero if not specifically set to
some other value. When AutoCade is run, all variables required for Read/Write blocks
are initialized, but local and output variables for Block Script blocks are not
automatically zeroed. As a result, these variabies can potentially have any value, causing
abnormal results for calculations that use the non-zeroed value. Once discovered, this
was fairly easy to rectify. To ensure the code executes as expected, all variables within
Block Script blocks or for Read/Write blocks must be initialized, either to a suitable
value or to zero.

One further problem with variable initialization concerns the choice of an initial
value. Originally, all variables that would be used before being recalculated, such as
feedback terms, were set to a suitable initial value, while those calculated before being
used, such as in a start-up calculation, were simply set to zero. Although this worked
well for the most part, there are instances where this strategy will not work. If the
variable in question is being used as an integrator initial condition, the generated code
will initialize the integrator before doing the start up calculations. If at this point the
variable has a zero value, the zero becomes hard coded in as the initial condition rather
than the variable. To correct this, variables that are used as integrator initial conditions

are now Initialized to some non-zero value, typically a small value €.

4.2.2 Execution

Various other minor differences that led to unexpected behaviour in the real-time
simulation were found along the way. This would include such things as various blocks
executing in a different order in some situations. Typically this was dealt with through
small modifications in the cade to ensure proper execution, such as the addition of
sequencer bars to ensure correct execution order. In all cases, SystemBuild simulation

results were used to verify the results of the real-time simulation.
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4.3 Main Rotor

The major difficulty with the main rotor model is stability, particularly in flapping
angles, causing unexpected results in a number of situations. This problem was identified
early in the development process, while the rotor was still being tested in isolation in the
SystemBuild simulate environment, without the added complexity of interactions with
the rest of the helicopter model. Significant time has been spent working to correct this

and the rotor has been improved as much as possible.

4.3.1 Initial Testing

Once the rotor model was coded into MATRIXx, it was run in isolation, first in a
steady state scenario and then with varying speeds, control inputs, and atmospheric
conditions. In the steady state runs, the initial rotor model performed well, with all force
and moment outputs as expected. When simulated with varying collective, once again
results were as expected. However, once a cyclic input was added, the instability of the
rotor began to show. Forces and moments still appeared to vary in a reasonable fashion,
but the flapping angles were excessively large, an order of magnitude larger than
expected. With a moderate cyclic input, flapping angles could get as large as 30°, and
with a larger cyclic input flapping angles could get even larger to the point of obviously
unrealistic results.

To determine if this was a numerical problem due to the discrete nature of the
simuiation, or a physical shortcoming in the model, the rotor model was run non-real-
time at a very high update rate (1kHz) to compare results. With this update rate, which
obviously requires too much computation time to be implemented real-time, the rotor
flapping displayed significantly stronger damping and resulted in smaller flapping angles.
As such, the 120 Hz update rate case was modified in an attempt to mimic the higher

update case.

106



4.3.2 Improving Stability

A variety of integration methods were tested for the flapping equations, and the
best results were obtained from a Fourier method successfully used in the past on rotor
disk models, such as in Reference 4.3. The equations are simplified on the assumption
that flapping will take place with an angular frequency that is an even multiple of the
rotor frequency. By comparing with the 1kHz case, the best agreement was found using
a flapping frequency that is double the main rotor angular frequency.

Although this change in integration method greatly improved the rotor response in
offline testing, stability was still a problem in piloted tests. The next step to improve this
was to add roll and pitch stabilizing to the rotor through adding a model representation of
a Bell stabilizing bar. This is a rigid rod with weights at its extremities, rotating with the
rotor. All pitch changes to the rotor from the flight control system are passed via this bar.
Due to connections at the pitch horns, the rotor plane of rotation is driven to be parallel to
that of the bar, which imparts added stability to the rotor through the bar’s gyroscopic
inertia. See Section 3.9 of Reference 4.1 for a complete description of the stabilizer and
its MATRIXx implementation. The results of its addition on the rotor inputs can be seen
in Figures 4.5 and 4.6 as described below.

The final step to improving rotor response was to add a low pass filter to the
output forces and moments. As can be seen in the previously mentioned figures, the
forces and moments display quite large spikes, which occur at the two-per-revolution
frequency. Not only does this contribute to rotor instability, but it can also exceed the
allowable limits on the motion system. The filter used is a low-pass filter with the
transfer function

2P (4.1)
S+&)Lp

where w;p is the break frequency. The MATRIXx implementation of this filter can be
found in Appendix B, Block 1.5. A number of values for the break frequency were tested
in piloted runs to establish a suitable value that would attenuate the spikes as desired,
while retaining a realistic feel to the rotor, resulting in a final value of @ = 10.0 rad/s.

The effects of the filter can be seen below in Figures 4.5 and 4.6 as described below.
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4.3.3 Final Results

Following these modifications, the rotor response is now significantly improved
over the original version developed. Figure 4.4 shows a sample time history of rotor
output with steps in control inputs while in a steady hover condition in its original form,
while Figure 4.5 shows the same response of the updated rotor under the same conditions.
Figure 4.6 is included to show these plots side by side for easier comparison. [n all three
figures, the rotor starts up in a simplified steady hover scenario, with helicopter velocity
and airspeed set to zero, zero cyclic inputs, collective set to provide a lift force
approximately equal to the helicopter weight, and the helicopter held at a constant
attitude and position. After 2.5 seconds, the collective is then increased to roughly
double the total rotor lift while still holding attitude and position constant. After 5
seconds, a longitudinal cyclic step input is introduced. Finally after 7.5 seconds the
collective is then lowered back to its original value until the end of the simulation at 10
seconds. The plotted variables are described in Table 4.1.

In Figure 4.4 showing the original rotor response, the first 2.5 seconds are fairly
uneventful. Following a small initial transient in the startup, all forces and moments
remain constant. The z-force is approximately equal to 42,000 N, the weight of the
helicopter, with a small x-force due to the slight forward pitch of the rotor shaft.
Flapping angies are constant at the coning angle of the rotor of 0.024 radians, and the
constant input of collective at 0.25 radians and zero cyclic are shown. After 2.5 seconds,
the collective is increased to 0.4 radians. Once again, following a short transient as the
inflow establishes, forces, moments, and flapping angles remain constant. The rotor z-
force has now increased to approximately twice its original value, resuiting in a
corresponding increase in x-force. Also note the large increase in the rotor moment about
the z-axis showing the large increase in torque necessary to create this additional lift.

After 5 seconds, a step cyclic input is added with a magnitude of 0.1 radians, or
approximately a 6° blade angle of attack. As one would expect, this produces an
oscillation with the same frequency as the rotor rotation and flapping angles that are 180°
out of phase. The magnitude of oscillation however is not ideal. Looking at the flapping
angles, the stability problem becomes apparent. The magnitude of oscillation grows

fairly quickly at first to adjust to the new inputs, and then settles into a slow growth with
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flapping magnitudes continually growing until the inputs are once again changed. This
flapping motion produces a similar result in rotor torque, with the moment about the z-
axis oscillating with increasing amplitude as the flapping oscillation increases. Rotor lift
15 barely changed, showing only a small oscillation compared to its total value. The
remaining forces and moments however show a different trend. The application of
longitudinal cyclic produces a forward force along with a nose-down pitching moment.
Due to cyclic phasing, this also produces a side force and rolling moment, zlthough with
a smaller net magnitude than the forward force and pitching moment. These forces have
a large oscillation amplitude initially due to the step input and then decay with time, as
they shouid. However, after approximately half a second, the amplitude of oscillation
begins to grow once again, steadily growing until inputs are once again changed.

Note that although amplitude of oscillation increases, the overall net forces and
moments remain steady. The result of this is that in piloted tests, the main rotor would
often appear to be properly functioning until the amplitude of oscillation became quite
large. At this point, the simulation would experience a seemingly unexplainable sudden
crash, as it could occur at any time, caused by an event some time earlier preducing a
steadily increasing osciliation that had reached a critical value.

When the simulation had run for 7.5 seconds, the collective was lowered back to
its original value while maintaining the cyclic input. For this section, the oscillations
reach a steady state, albeit with a notable amplitude. For example, the cyclic input has
produced a forward force of approximately 7500 N, and a nose down pitching moment of
approximately 9000 N.m, however they oscillate with peak-to-peak amplitudes in the
range of 7000 N and 18000 N.m respectively. With a helicopter mass of just over 4300
kg, this leads to 2 much larger than desired oscillation of the helicopter body during
piloted simulations. The flapping angles also reach a steady oscillation with a peak-to-
peak amplitude of approximately 0.2 radians or 12°.

As noted earlier, Figure 4.5 shows the same series of events as Figure 4.4 but with
the modifted rotor model, and Figure 4.6 contains these two plots side by side for easy
reference. The first notable difference occurs from the beginning of the simulation. The
effects of the stabilizer bar can be seen in the cyclic input, adding a small oscillating

input to the pilots controls, causing a small amplitude flapping motion while in the steady
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hover. After 2.5 seconds when the collective step is applied, the effects of the filter can
be seen in the smoothing effect on the step changes in forces and moments. Apart from
these two points, the output remains largely the same as in Figure 4.4 for the first
seconds.

From when the cyclic step is introduced 5 seconds into the simulation until the
end of the simulation at 10 seconds, the stabilizing effects can be clearly seen.
Oscillations in all forces and moments are now notably reduced. For example, in the
latter portions of the simulation where forward force and pitching moment were
oscillating with amplitudes in the range of 7000 N and 18000 N.m respectively, these
values have been reduced to 1000 N and 2000 N.m. [n addition, after 5 seconds in the
previously example, several forces and moments oscillated with large amplitude initially
in response to the step, decayed with time, and then increased again. Following
modifications, this oscillation is much better controlled, with moderate amplitude in
response to the step, which then decreases to a steady oscillation without later increasing
in amplitude. This effect can also be seen in the flapping angles. The flapping motion
increases in amplitude across the first half second in response to the step input and then
settles into a steady oscillation without increasing in amplitude further. The overall
magnitude of flapping is also reduced to a more moderate level in this section with a
peak-to-peak amplitude approximately haif that shown in the previous plot. After 7.5
seconds when the collective is once again lowered, the flapping angles increase to
roughly the same levels observed in the previous figure. However, due to the lower
inflow velocity with lowered collective, there is 2 reduction in aerodynamic damping,
This scenario should generate a fair amount of flapping, so this is an acceptable result.

Although a few limitations remain, the simulation has been improved as much as
possible and is now able to realistically simulate most flight conditions (see Section 5 for

flight test results).
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44  Landing Gear

A number of modifications were made between the initial landing gear model and
the version currently in use. Like the main rotor, wherever possible modifications have
been made to improve the simulation. Both landings and take-offs have been
successfully flown in the current simulation. As described below, Figure 4.7 plots the
helicopter velocity, attitude, and specific forces during a typical landing on the current
ianding gear model, with the plotted variables described in Table 4.2.

The simulation starts with the helicopter in a level TRC controlled hover just
above the ground. The collective is then lowered slightly to allow the helicopter to
descend to the ground, at which time the collective is fully lowered and fuel to the engine
cut to allow the helicopter to settle fully onto the ground. As shown in the plots, the
helicopter descends approximately 1 ft before touching down approximately 1.5 seconds
after the simulation begins. At this point, the vertical velocity drops to zero and the
helicopter rolis level from its slightly banked hover attitude. At the point of touchdown,
fairly sharp spikes in specific force are observed, due to the stiff nature of strut-type
landing gear. From this point until approximately 7 seconds into the simulation, the
helicopter settles as the main rotor is unloaded. This causes the helicopter to pitch up, as
the centre of gravity is closer to the aft struts than the front pair. A little more than 5.5
seconds into the simuiation, the landing gear pads transition from sliding to sticking,
causing specific force spikes in all three axes and following some initial small amplitude
ascillation brings the helicopter to rest. One final feature to note is the specific force
oscillations between 4 and 5 seconds, and again after 7 seconds. This is a ground
resonance to be addressed below, caused by interactions between the main rotor and
landing gear, with slightly different characteristics due to being in the sliding mode for

the first set and sticking for the second set of oscillations.

4.4.1 Testing Procedure
As with all other subsystems, the [anding gear module was tested as much as
possible in isolation within the SystemBuild simulate environment before being

combined with the rest of the helicopter simulation. Steady state forces and moments
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were first checked using constant values for a range of helicopter positions, velocities,
and attitudes. Once satisfied with the static results, the gear calculations were checked
using just the helicopter body equations in combination with the landing gear, without
any rotors, rotating subsystems, or aerodynamic forces. Finally, the fanding gear was

used in conjunction with the entire helicopter simulation.

4.4.2 Test Results and Improvements Implemented

In its initial form, transitions between the sticking and sliding states would cause a
large spike in resulting forces and moments. Even with identical values for sticking and
sliding coefficients of friction, which should produce a fairly smooth transition, the
discrete nature of the simulation would produce a significant spike. The sharp nature of
the sliding/sticking transitions has been encountered previously in simulations at UTIAS,
with varying degrees of severity. In this case, the sharp peak was large enough to cause
the helicopter to either flip or jump back into the air.

The solution employed to smooth these transitions was to fiiter the in-plane
forces. The filter used was a second-order low-pass filter with the transfer function

2
LG > (42)
s5°+20 100165+ 01

where w,¢ is the break frequency and ¢ ¢ is the damping ratio. Optimum performance

was obtained using a break frequency of 95 rad/s and a damping ratio of 0.65. This
attenuated the sharp spike resulting in a much smoother transition between sliding and
sticking, although the filtering itself was rather complex due to the way in which the in-
plane forces were calculated. A large number of vaniables had to be passed between
mirrored filters in the sliding and sticking calculations for the filtering to be performed
correctly, as well as requiring numerous logic switches to ensure variables were being
calculated for the correct strut-pad, all greatly adding to the complexity of the model.
With filters in place, the landing gear appeared to produce excellent results in
both static and dynamic testing. The forces and moments were as expected, and the
simple landing gear/helicopter body tests proved to be quite robust, and able to bring the
helicopter to rest from a very wide range of horizontal or vertical velocities and

orientations. In all cases, transitions from sliding to sticking or vice versa were
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accomplished smoothly, with no unexpected transients, and would come to a complete
stop.

Tests performed using the full helicopter simulation unfortunately were not nearly
as smooth. The forces and moments once again contained large spikes, causing the
helicopter to jitter. Rather than a smooth transition from sliding to sticking, the landing
gear would rapidly transition back and forth between the two states ten or more times
creating large force spikes before finally either sticking or sliding. [n addition while
sitting on the ground, oscillations in position and orientation were observed initially with
small amplitude, but with increasing amplitude the longer the simulation was run.

The cause of both problems was traced to interactions with the rotor and other
rotating subsystems. Removal of the rotor, tail rotor, and all rotating subsystems allowed
the landing gear to once again perform as desired. See Figure 4.8 for a plot of velocity,
attitude, and specific force as in Figure 4.7, but with no rotating subsystems acting on the
helicopter. As in the previous case, the simulation begins with the helicopter in a level
attitude, approximately 1 ft above the ground. Without the presence of a main rotor to
support the helicopter however, the helicopter body descends to the ground much more
quickly (note the different time scales, with a 10 second simulation in Figure 4.7 and 3
seconds in Figure 4.8), touching down approximately 0.25 seconds into the simulation.
For the same reason, the touchdown is much harder than in the previous example,
generating a larger specific force along the z-axis and putting a larger demand on the
landing gear. From this point on, the helicopter is quickly and smoothly brought to rest.
Once again, the helicopter pitches up while settling onto the ground. At the same time,
some motion in the x-direction results, which is halted slightly more than 1 second into
the simulation. The helicopter body also displays a small rolling oscillation, once again
stopped fairly quickly. In this simulation, all motion has stopped even before 2 seconds
have passed since the start of the run (about the time the previous example was first
touching down), and contains no unexpected spikes or oscillations in the specific force.
Without rotating systems, the landing gear model is clearly able to quickly and smoothly
bring the helicopter to rest. Through testing, it appears that this interaction with the

rotating subsystems is greatly exaggerated by the previously noted rotor instability. With
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a more stable rotor model, the landing gear should operate trouble free as shown in this
exampie.

Since these rotating systems are obviously required, the landing gear model had to
be altered to compensate for this interaction. Initially, it was thought that by altering the
spring rates and damping coefficients used in the model, the interaction could be
subdued. When this proved unsuccessful, a low-pass filter was inserted, filtering the
landing gear forces and moments applied to the helicopter body. The filter used was
again a second-order low-pass filter with the transfer function given in Equation 4.2. The
MATRIXx implementation of this filter can be found in Appendix D, Block 1.2. The
final values used were a break frequency of 95 rad/s and a damping ratio of 0.65.

With this filtering in place, filters on the in-plane force calculations become
redundant and unnecessary, so they were removed, giving the results shown in Figure
4.7. For comparison with Figure 4.7, Figure 4.9 shows helicopter velocity, attitude, and
specific force with no filters present. This figure is quite similar to Figure 4.7, as it
displays the same scenario with identical control inputs. Once again, the helicopter
touches down a little less than 2 seconds into the simulation. Through the initial
touchdown phase, the two plots look very similar, with nearly identical velocity and
attitude plots. The only noticeable difference is the sharper nature of the specific force
without filters. As the helicopter settles, without the filters, the ground resonance in the
x- and z-directions are reduced, although the y-force remains fairly similar. Once the
landing gear transitions from sliding to sticking approximately 5.5 seconds into the
simulation, the difference becomes quite obvious. Altitude and pitch plots remain
relatively unchanged, while roll response is actually somewhat improved without the
filters, as the oscillation in roll immediately following sticking is notably smaller.
Velocity and specific force plots however show why the filtering is necessary.
Immediately upon sticking, these plots show a very high frequency, high amplitude
oscillation. Specific forces oscillate with a peak-to-peak amplitude in the range of 10
m/s” (or approximately 1g) in all three axes. Not only is this unrealistic, but can also

cause problems with the motion base.
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4.4.3 Final Results

Obviously, this solution does not completely eliminate the coupling that occurs

between the landing gear and rotating systems, so the final simulation has some

imperfections remaining as shown in Figure 4.7. The oscillations are still present,

although much smaller in amplitude. [fleft on the ground for an extended period of time,

the oscillation will eventually grow large enough to be felt by the pilot, and can

eventually cause a crash in the simulation. This also makes the landing gear model

somewhat less robust. Speeds and attitudes must be limited more so than in an actual

helicopter to prevent a rollover. However, under normal take-off and landing conditions,

the landing gear model now provides a realistic feel that accurately mimics skid-type

landing gear.
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Table 4.1 Variables shown in Figures 4.4 through 4.6

FR_B(1)
FR_B(2)
FR_B(3)
GR_B(1)
GR_B(2)
GR_B(3)
Bl
B2
AAOD
BBI

Time (x-axis)

Units

N.m
N.m
N.m
rad
rad
rad
rad
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Description
Rotor x-force in body frame

Rotor y-force in body frame
Rotor z-force in body frame
Rotor moment about body x-axis
Rotor moment about body y-axis
Rotor moment about body z-axis
Flapping angle of blade 1
Flapping angle of blade 2
Rotor collective angle
Rotor longitudinal cyclic angle

Time since start of simulation



Table 4.2 Variables shown in Figures 4.7 through 4.9

Variable
INSTALT
VB_E(1)
VB_E(2)
VB_E(3)
THETB
PHIB
SF_B(1)
SF_B(2)
SF_B(3)

Time (x-axis)
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Description
C of G altitude
Helicopter x-velocity in earth frame
Helicopter y-velocity in earth frame
Helicopter z-velocity in earth frame
Helicopter pitch angle
Helicopter roll angle
Specific x-force in body frame
Specific y-force in body frame
Specific z-force in body frame

Time since start of simulation
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5. Flight-Testing

Piloted flight-testing of the man-in-the-loop simulation was carried out in a
number of steps. The simulation was first checked for steady trimmed flight with nuil
control inputs, followed by basic checks of various control inputs, and finally fully
piloted flights. For all testing, the simulation was configured as a Bell 205 as best as
possible with the helicopter data presented in Reference 5.1. Accurate data for the Bell
205 was used wherever possible, and for those parameters that were unavailable,

reasonable estimates or approximations were used.

5.1  Preliminary Testing

All initial test work was done in-house without the assistance of qualified

helicopter pilots, to ensure a fair level of operation before enlisting the aid of test pilots.

5.1.1 Tests Performed

This initial testing began with flying the helicopter in an open-loop fashion. This
included 2 trimmed cruise condition, and a steady hover under the control of the TRC
controller. The next step was to check control responses. From the cruise, controls were
checked to produce a response in the desired direction, in the basic sense of an increase in
collective resuited in a positive rate of climb for example. From the TRC controlled
hovering flight, all controls were checked to control the desired movement, where in this
case the example of an increase in collective should produce a steady rate of climb.

[n addition, all of the logic switches were tested. This includes the failure modes
by switching the fuel, clutch, and tail rotor logic flags, as well as testing the pick-up,
carrying, and dropping of a slung load. These tests were performed both under human

control and with the assistance of the flight controller.
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5.1.2 Test Phase Results

At the end of this phase of testing, it was determined the simulation was ready to
be flown by an experienced pilot. All basics had been checked, and test flying had been
performed up to the abilities of a non-helicopter pilot, with the simulation performing in
an acceptable fashion. Limitations discovered in this phase were an occasional
uncontrollable roll due to the rotor problems previously noted, and very limited forward

speed under the control of the TRC controller.

5.2 Flight Tests

The helicopter simulator was then tested with the assistance of a qualified
commercial helicopter pilot. The aim of this phase of testing was to check flying
characteristics in the sense of a generic helicopter. The aid of a commercial pilot was
used to check that flying the HEMT simulator was in fact similar to flying a helicopter,
although not necessarily perfectly matching the flying characteristics of the Bell 205.
Between the initial in-house testing and this phase of testing, the HEMT simulator has
logged many hours of operation, allowing a fairly comprehensive examination of the

simulator characteristics.

5.2.1 Tests Performed

In this phase, the HEMT simulator was flown in a variety of configurations.
Starting from a trimmed cruise, the pilot was given a range of tasks including straight
cruise, accelerating and decelerating to new cruise speeds, climbs and descents, and tums
to specified headings. Starting from a TRC controlled hover, the pilot performed vertical
climbs and descents, forward and aft hover taxiing, sideways flight, pedal turns, as well
as landings and take-offs, initially under TRC control, and then without the aid of the
controller.

During the testing process, a number of unrealistic qualities were observed, which
are described below. Wherever possible, a remedy was applied to improve the

simulation, resulting in the model currently in place. With the current rotor model, the
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simulation has been improved as much as possible, and is able to fly a large portion of the

desired flying maneuvers.

5.2.2 Discrepancies Identified

Engine Torque - The torque indicator on the instrument panel appeared non-
functional. It was discovered that although the instrument was working, the scale of the
instrument did not suit the magnitude of numbers output from the simulation due to a
difference in units. Multiplying the simulator output by a suitable factor for the
instrument gauge corrected this.

Lateral Cyclic — The lateral cyclic response was found to be much too sensitive.
This produced a seemingly twitchy response, made the helicopter difficult to control in
the roll axis, and was deemed unrealistically sensitive. To correct this, the lateral cyclic
gain was halved and retested. This produced a cyclic response that allowed much
smoother control of the aircraft as well as yielding a realistic control feel.

Tail Rotor - When one of the pedals is depressed, the immediate response in an
actual helicopter is a yaw in the direction of the pedal. In this simulation, that was not the
case. Both in hover and cruise, pushing a pedal would cause a roll in the opposite
direction much stronger than the intended yaw, so much so that the aircraft would
actually turn in the direction of the roll, opposite the intended direction of yaw. The tail
rotor produces a side force and its location relative to the CG determines the resulting
moment. Since this location in the simulation is the same as the location in the actual
helicopter, this is a rather unexpected result. The only possible physical explanation for
the discrepancy is that the rotor in the actual helicopter gyro-stabilizes the aircraft,
resisting the rolling motion, while in the simulation this stabilization effect is not as
strong due to rotor instabilities. The rotor itself rolls rather than remaining stationary,
thus allowing the body to roll. It is believed this lack of damping in roll is due to the
rotor instabilities previously mentioned, as well as delays in the feedback from rotor
forces and moments due to the necessary filtering. To correct this, the tail rotor location
in the simulation was moved down, directly behind the CG. This eliminated the rolling
moment, resulting in a far more realistic yawing motion upon use of the pedals, as

demonstrated below.
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See Figures 5.1 through 5.4 for helicopter response to a step input to the pedal
before and after relocation of the tail rotor. The plotted variables are described in Table
5.1.

Figure 5.1 shows the step input while in a TRC controlled hover with the original
tail rotor location. The first plot is the step input, consisting of a right pedal input
(positive DELTAP). While in TRC mode, this commands a steady rate of yaw to the
right. The effects of the TRC controller can be seen in the tail rotor pitch angle, which is
quickly reduced by the controller following the initial application of pedal. The side
force and moments produced mimic the pitch angle due to the fairly linear nature of the
model. From the plots of GT_B(1) and GT_B(3), it becomes clear that in addition to the
desired right (positive) yawing moment, a notable negative (left) rolling moment is aiso
produced. The effect of this rolling moment can be seen in the plot of roll angle, PHIB,
which shows an initial roll to the left (negative), before being corrected by the TRC
controller. Due to a combination of effects, the application of pedal also results in a
nose-down pitch (negative THETB). The bottom two plots of heading (PSIB) and rate of
tum (OMEGAB_B(3)) show the desired result of the input - a steady yaw to the right
with increasing PSIB.

Figure 5.2 shows the same step input after tail rotor relocation. The pedal input
and tail rotor pitch angle remains the same as before relocation. The first notably
changed plot is that of the rolling moment, GT_B(1). In this case, since the tail rotor has
been relocated to eliminate rolling moment, no change in moment is present. The net
moment is non-zero however. When the tail rotor was moved, a steady offset to the tail
rotor moments was added to maintain the same trim attitude and control inputs as
required for the original location. The result of the relocation can be observed in the plot
of roll angle. [n this case, the tendency to roll left has been almost completely
eliminated, with only a small initial deviation to the left due to other effects. Once again,
the plots of heading and rate of tum show a steady pedal turn to the right being controlled
by the TRC flight controller.

Figure 5.3 shows the step input in an open-loop trimmed cruise with the original
tail rotor location. Starting from a trimmed cruise at S0 m/s, the pedal step input is once

again applied while keeping all other controls constant, this time with no feedback or
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flight controller present. Due to this lack of feedbiack control, a smaller step input was
used to achieve a reasonable length of time before the helicopter deviates excessively far
from its trim state. In this case, the plot of tail rotor pitch angle mimics the step input of
the pedal deflection due to the open loop control law as shown in the first two plots.
Once again, both a rolling and pitching moment can be observed upon initial application
of the pedal input, although the yawing moment is notably larger, on the order of 2000
N.m compared to the 500 N.m rolling moment. In the remaining plots, the problem
becomes quite apparent. The helicopter rolls further and further to the left (negative),
while pitching up (positive) following the initial nose-down pitch observed in the TRC
case. This results in the heading angle showing only a very small and very brief turn to
the right (positive) before swinging quickly left, opposite the intended direction of yaw.
This can also be seen in the rate of turn plot, where the desired positive rate of tum
quickly swings negative due to the induced roll.

Figure 5.4 shows the open-loop éep response with the new tail rotor location.
Once again, pedal deflection and tail rotor pitch show the step input. As in the hover
case, the rolling moment has been eliminated, and a steady offset included to maintain the
original trim state, while the yawing moment remains relatively unchanged. As a result
of the relocation, the plot of roll has notably changed. The helicopter body now rolls
initially to the right (the desired direction of yaw) before slowly rolling over to the left.
The initial nose-down pitch response is once again apparent, although the pitch up of the
previous case has now been considerably calmed. Finally, both the heading and rate of
turn show an initial tum to the right (positive). Foilowing this, the rate of turn does
decay, however this is not surprising due to the open-loop control being used.

Perhaps more importantly, pilot comments following the change were quite
favourable. Originally the pedal response was described as quite unrealistic producing
unexpected reactions. With the tail rotor relocated, the pedal response now much more
accurately reflects that of the actual aircraft.

Main Rotor — As noted earlier, the rotor was a primary source of concern with the
HEMT simulator. At this phase, considerable work had already been performed to
improve rotor behaviour and as such worked acceptably in most situations, although

some unrealistic conditions continued to occur. In the hover, the helicopter can be
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controlled and maneuvered as desired, however all control movements must be kept
small and speeds limited. Large deviations can push the rotor into an unstable oscillation,
making the helicopter nearly uncontrollable. The same can occur with speeds in the
range of 5 to 25 kits, particularly when attempting to decelerate. Once above this speed,
the rotar once again becomes sufficiently damped and can be flown normally. Finatly, as
speed increases, the rotor can once again become poorly damped making control difficuit.
This occurs above approximately 140-150 kts, although this is not a large concern as it is

above typical operating speeds.

5.2.3 Test Phase Results
[n its current form, the following flight sequences can be performed:

- Straight and Level Flight from approximately 25 kts up to approximately
140 kts with no flight controller

- Climbs, Descents, and Turns under the same conditions

- Hover, including slow speed forward, rearward, and sideways flight as
well as pedal turns both with no flight controller or under TRC control

- Take-offs and Landings with no flight controller or under TRC control

- Sling Load operations in cruise or hover

- Autorotations

In its current form, the following limitations exist for a successful flight:

- All landings must take place with the helicopter fairly level, with no
excessive translational speed or rapid rate of descent. Touching down
with high speeds or not level typically causes a rollover.

- The helicopter should not be left sitting on the ground for long periods of
time, particularly with positive collective. In this situation, the interaction
between the rotor and landing gear causes a resonance, which grows
steadily. This causes a jitter that can eventually become large enough to
cause a crash.

- Flight in the range of 5 kis to 25 kts should be avoided. [n this region, the
rotor model becomes quite unstable, frequently causing an uncontrollable

roll to one side. The transitional speed range can and has been traversed
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5.3
5.1

successfully both accelerating and decelerating, although is typically only
successful if performed as quickly as possible. In particular, the take-off
or hover to forward flight can be accomplished if the helicopter is steadily
accelerated until a safe speed is reached, while the deceleration to hover is
rather challenging, as it takes much longer to pass through this region and
into a stable hover.

- Flight above 140 kts should be avoided. As above, the rotor becomes
unstable in this range making it much more difficult to keep level.

- Failing the engine to perform autorotations works best if started from
moderate cruise speeds, in the range of 60 to 90 kts, and with relatively
low power settings before toggling the switch. As above, the rotor has
instabilities whereby too sudden a change in engine torque can cause the
helicopter to roll over, causing a crash. If the engine is failed in this speed
range with the collective already partially lowered, the transition from

powered flight to autorotation can be accomplished smoothly.

References

Reid, L.D., Haycock, B.C., de Leeuw, J.H., and Graf, W.0O., 2000, “Flight
Dynamics for Helicopter Emergency Maneuvers Trainer”, DCIEM Contract
W7711-005923/001/TOR.
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Table 5.1 Variables shown in Figures 3.1 through 5.4

Variable Units Description
DELTAP cm Distance of pedal travel
THETATC rad Tail rotor pitch angle
FT_B(2) N Force along y-axis due to tail rotor
GT_B(l) N.m Rolling moment due to tail rotor
GT_B(3) N.m Yawing moment due to tail rotor
PHIB rad Helicopter roll angle
THETB rad Helicopter pitch angle
PSIB rad Helicopter heading
OMEGAB_B(3) rad/s Rate of tumn
Time (x-axis) s Time since start of simulation
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6. Conclusions and Recommendations

In its current form, the HEMT simulator model is fully functional and able to
carry out a wide range of flight maneuvers as demonstrated in the flight-testing program.
However, it also still has a number of issues to be addressed before use in a training
application.

As it stands, the HEMT simulator has been proven to fly as a helicopter, however
it has not been proven to fly exactly like any one particular model of helicopter. In order
to accomplish this, a more complete and formal testing process will have to take place
using highly experienced test pilots who are familiar with the intended helicopter. These
pilots could then provide the necessary feedback to fine tune the generic helicopter
simulation currently running into a realistic representation of the Bell 205.

Before carrying out this in-depth study of the simulator’s flying characteristics, it
is highly desirable to make a few modifications to ensure a successful program. As
discussed earlier in this thesis, the current rotor model has caused a wide range of
problems. This has resulted in instability in various flight conditions, less than ideal
landing characteristics, and marginal maneuverability under the control of the TRC flight
controller, all requiring fixes placed in the code. As such, it would seem the best option
1s to explore the possibility of removing the blade element rotor model in favour of the
much simpler rotor disk model. Rotor disk models have been used in the past to
effectively simulate a teetering rotor without the instabilities and difficulties encountered
with the blade element model. The downside to this change would be a drastic reduction
in the resolution of rotor behaviour, resulting in a less realistic simulation. However, the
unrealistic instability of the blade element model does not present a realistic simulation
either, so the rotor disk model should be an improvement.

[n order for the simulation to be used effectively for emergency training, a visual
database suitable for performing autorotation training is required, aithough this is beyond
the scope of this thesis. I[n order to perform autorotations in the simulator and have
positive transfer to the real aircraft, strong visual clues to give height above ground
information must be present. Unfortunately, what elements are important to perception

during the autorotation approach is not well documented. In addition, those features
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typically the most notable during training in actual aircraft are difficult to simulate in an
artificial environment. These cues are fairly subtle, such as the effect of ground rush,
where suddenly ground speed becomes much more apparent due an increase in the
amount of detail visible on the ground, and the use of peripheral vision to judge altitude
at low heights. The database currently being used for testing is a previously developed
database in the Fredericton area. In this database it is possible to get height cues from
alternate sources, such as nearby buildings, allowing for testing in the approach and

landing phase although not necessarily giving cues similar to those in a real helicopter.
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Appendices
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A. Background Material

This section contains background material which applies to the rest of the thesis.
This includes notational information, computer variable names, and numerical
techniques. The material includes pseudocode notation. In the present development,
pseudocode refers to equations written in a form that employs the computer names of
vaniables. [t serves as a bridge between the physical equations of the helicopter and the

computer code written in MATRIXx.

A.l  Vector/Matrix Notation

In general a vector is represented by a bold letter such as V (for inertial velocity).
The components of a vector V expressed in a particular reference frame £ are

represented by a column matrix using the notation

Vi
Ve=|Va |2V Vyu Vadl” (A.L1)

V2u

The pseudocode representation of the above is V_A(K). In general a matrix is
represented by a letter with an underscore such as C and in pseudocode by C{/, J) where /
represents the row number and J the column number. A particular row of the matrix is
represented by replacing / by the number of the row. For example, the row matrix
representing the second row of C(J, J) would be indicated by C(2, J). In a similar fashion
the third column of C(J, J) is indicated by C(/, 3).

Matrix muitiplication is represented by
4=BC (A.12)
and in pseudocode notation by

AL Ny=B( L) (L. J)
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=Y B(I,L)C(L,J) (A.1.3)
L

or, iIf C is a column matrix
A =B L) C(L)
=3 B(I,L)C(L) (A.1.4)
L

The repeated upper case index, on the right-hand side in the above, implies summation

over that index.
A single numerical value for an index can be indicated by replacing the upper

case letter by a lower case letter. For example, whereas in pseudocode

AL NY=8(, L) C(L, J)
=Y B(,LYC(L,J) (A.1.5)
L

produces a full matrix A(/, J) the following

AL =B L)CL j)
=Y B(,L)C(L, j) (A.1.6)
L

produces a column matrix A(/, /). Similarly ¥(k) is a scalar and
AL J)= B, J) V(k) (A.1.7)

produces a full matrix A(/, J). A repeated lower case index does not imply summation

over the index, thus

A(L j) = BU. ) V() (A.1.8)
represents a column matrix B(/, ) multiplied by a single scalar /).

The components of a vector in a particular reference frame may be indicated

alternatively by
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(Vs =Vs (A.1.9)
and a particular component of a vector ¥ can be indicated by, for example,

V,p = 2 element in ¥ (A.1.10)

or

(Vsly= Vs (A.1.11)

A.1.1 Tilda Operator

The cross-product of two vectors is often required. This is expressed by
a=bxc (A-1.12)

In matrix notation (see, for example, Reference A.1) this can be expressed using

components in reference frame F, by

a,=b,c, (A.1.13)

where the rilda operator produces the matrix

0 by by
b o= by 0 -by (A.1.14)

24
—byy by O

An example of the use of a vector cross-product is the moment about a point produced by
a force. In Figure A.1 consider two points on a body represented by O and P. The
location of P relative to O is given by the vector r. A force f is applied to the body at

point P. The moment m about O due to this force is given by the cross-product

144



m=rxf (A.1.15)

or expressed in reference frame F

my=tof, (A.1.16)

A.2  Reference Frames and Euler Angles

A number of different reference frames are required when modeling a helicopter.
Reference frames are designated by the letter F with a subscript, e.g., F4. The orientation
of one frame relative to another is represented by 3 Euler angles (¢, 6, v) with suitable
subscripts to identify them. The Euler angle convention employed follows that described
in Reference A.1. When the Euler angles are first introduced in a development, the
starting reference frame and final reference frame must be specified. For example: let

the Euler angles which carry £, into Fgbe

E=[¢ 6 y]T (A2.1)

Starting with F, the following steps are carried out in order to rotate it into coincidence
with Fj. Place the origins of F,, and Fgat a common point. First rotate F, about its
z-axis by g to create an intermediate frame F,. Next rotate F, about its y-axis by @1to
create another intermediate frame F,. Finally rotate F, about its x-axis by ¢ to create Fz.

Euler angles can be used to determine the rotation matrix L that allows vector
components to be specified in different reference frames. For example, for frames F; and
Fp

Vp=LpaVa (A-22)

Va=Log Vs (A.2.3)
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With the Euler angles specified above, which carry F, into Fp, it follows from Reference
A.l that

cosfcosy cosésiny -siné
Lo, =|singsin@cosy —cosgsiny singsinfsiny +cosgcosy singcosf | (A.2.4)
cosgsinfcosy +singsiny cosgsinfsiny —singcosy cosgcosé

cosfcosy singsinfcosy —cosgsiny cosgsinfcosy +singsiny
Lyg =| cosOsiny singsinfsiny +cosgcosy cos@sinfsiny —singcosy | (A.2.5)
-siné sin g coséd cosgcosd

The properties of rotation matrices result in

T
éAB - £‘BA (A.2.6)
Lic="Las Lac (A2.7)

[n pseudocode the rotation matrix Lp is represented by L_A_B(M,N).

A.3  Variable Names

The names of scalars, vectors and matrices reflect their underlying form and the
operations carried out on them. The following pseudacode conventions have been

followed in this report.
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NAME - ascalar

NAME D - the time derivative of NAME
NAME DD - the second time derivative of NAME
NAME_A(K) - a vector expressed in F
NAME_A _D(K) - the time derivative of NAME_A(K)
NAME A DD(K) - the second time derivative of NAME_A(K)
NAME A T(LM) - the resulting matrix after applying the tilda operator

to NAME_A(K) (see Section (A.l1.1)

NAME_A DT(L,M) - the first time derivative of NAME_A_T(L,M)
NAME(L.M) - a matrix

NAME_D(L,M) - the first time derivative of NAME(L M)
NAME_V(P) - the vectorized version of NAME(L,M), see Section 2

A.3.1 Euler Angles

The set of Euler angles for a specific rotation B is given by

Eg=l¢ 9 v}
=(¢s 05 val” A31)
In pseudocode notation this is represented by
E B(K)=[PHIB THETB PSIB]" (A3.2)

For other rotations the B is replaced by suitable letters. The sines and cosines of angles

are represented by the notation

SIPHIB =SIN(PHIB) (A.3.3)
COPHIB =COS(PHIB) (A34)
SITHETB =SIN(THETB) (A3.5)
COTHETB =COS(THETB) (A.3.6)
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SIPSIB  =SIN(PSIB) (A3.7)
COPSIB  =COS(PSIB) (A3.8)

The same notation applies to the sine and cosine of all angles.

A.3.2 Velocity and Acceleration

In this simulation there are three linear velocities: inertial velocity, airspeed, and
wind speed. Since the Earth-fixed frame F is assumed to be an inertial reference frame,
the inertial velocity of a point is also its ground speed. These velocities refer to
conditions at a specific poinit on the helicopter and vary from location to location. In
general at a specific point, with all velocities referring to that point, it follows that

V=U+W (A.3.9)

where V is the inertial velocity of the point
U is the airspeed of the point
W is the wind speed at the point

W is composed of atmospheric effects and interference effects from other parts of the

helicopter such that
W=WA +WI (A.3.10)

where WA is that part of W due to atmospheric effects
WI is that part of W due to interference effects from the helicopter

The letter ¥ is used to represent the inertial velocity of a point. The ¥ is followed by
letters to indicate the point to which it applies. For example VB is the inertial velocity of
the helicopter body CG. The letter U is used to represent the airspeed of a point. The U
is followed by letters to represent the point to which it applies. For example, UB is the
airspeed of the helicopter body CG. The letter ¥ is used to represent the wind speed at a
point, and as above, WB is the wind speed at the helicopter body CG. In a similar
fashion to (A.3.10)

148



WB = WBA + WBI (A3.11)

[n the case of points on the main and tail rotors, the inflow created by the rotors is

included separately. For points on the main rotor

W=WA + Vi (A.3.12)

where Vy is the main rotor inflow. For points on the tail rotor

W=WA+WIl+Vyr (A.3.13)

where V |y is the tail rotor inflow.

The inertial angular velocity of a reference frame F is represented by ®A. The
inertial linear acceleration of a point is expressed as a and aB would represent the value
for the helicopter body CG.

A.3.3 Indices

In order to assist in clarifying the structure of the physical equations and
pseudocode, an attempt has been made to relate the letters used for indices to specific
helicopter and vector/matrix structures. The index X has been used in general for the
elements of a vector; for example, in pseudocode, V_A(K) represents the vector V in F,
components. The indices L, M, N, O, P have been used in general for the elements of a
matrix; for example, in pseudocode A(L,M). In the case of the main rotor, / and / have
been used to indicate the blade number. Jand j have been used to represent the particular
blade element. Thus in pseudocode a matrix such as 4A(/, J) would contain data in which
each row would pertain to a single blade and each entry in the row would pertain to a
particular element of that blade. In the case of the landing gear, / and / have been used to
indicate a particular strut/pad combination.

[n cases where the name of a reference frame contains the index i, for example the
blade-fixed frame Fygy;, if the value of i is indicated elsewhere in the name of a variable,

the / may be dropped from the letters representing the frame; for example,

149



OMEGABL_BL(K,i) pertains to components in Fgs;. Also, if a variable applies

unchanged to all frames Fgy; , then it may have a name which incorporates the letters B¢

without including the £, for example [, .

A4 Numerical Techniques

A.4.1 Algebraic Equation Solvers

When the solution to a nonlinear algebraic equation is required, either the
Relaxation Method or the Newton-Raphson method is employed.

The Relaxation Method is employed in the Main Rotor module and is described
below in Appendix A.4.1.1. Itis an iterative method that can either be run for a fixed
number of steps (the current approach in the simulation) or run until a tolerance condition
on the solution is met.

The Newton-Raphson method is employed in the Landing Gear module and is
described below in Appendix A.4.1.2. It is an iterative method that continually tries to
reach the solution in a singie step. It has good convergence properties and tends to
require very few iterations in the present application. A tolerance parameter is used
which stops the process when changes in the trial solutions drop below its specified
threshold.
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A.4.1.1  Relaxation Method

The relaxation method is used to numerically solve nonlinear algebraic equations,
[t 1s an iterative process empioyed in Reference A.2 based on the following.

For a general algebraic equation of the form:

£ =flg(x)) (A4.1)

where f{y) and g(y) are general algebraic functions of one variable, create the following

sequence for the n-th step of the iteration process:

DUM, = g(X2est,.|) (A.4.2)
Xlest, = {DUM,) (A.4.3)
Xest, = 0.1X1est, + 0.9X2est,.; (A.4.4)

The process is begun with a supplied starting value for X2est,.; (note that x,.; is
the value from the n-1 iteration). Equations (A.4.2) to (A.4.4) are executed iteratively

either a fixed number of times or until

|X2est,.; — X2est,| < & (A.4.5)

where ¢is a specified tolerance parameter. The solution is

X = Xest, (A.4.6)

at the end of the iterative process.
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A4.1.2  Newton-Raphson Method

The Newton-Raphson Method (Reference A.3) is a numerical method for solving
nonlinear algebraic equations. It is a single step gradient method. Consider a nonlinear
equation in the variable x. Arrange it into the form

fi)=0 (A4.7)
Now consider the relationship

y=fx) (A.4.8)

as plotted in Figure A.2. The task is to find x*, the value of x that results in y = 0 and
hence satisfies (A.4.7). Assume that after n steps in an iterative solution method we have
an estimate x, of the desired x-value, x*. Construct a tangent to (A.4.8) at x = x, and
extend it to reach the x-axis at x = x.+;. Xq+; is taken to be the next estimate of x*. This

process is repeated until

Parl ~Xa| S € (A4.9)

where £is a small tolerance parameter.
In order to carry out the above process we need an expression for the slope of the
curve in (A.4.8). This is found from (see Figure A.2)
tan 8=dyldx
=f'(x) (A.4.10)

For the case with x = x, it is seen that

tan 8= f (x,)/(Xn — Xn-1) (A4.11)

Setting x =x, in (A.4.10) and combining it with (A.4.11) obtain

Xnel = Xn "f '(xn)/,ﬂ-tn) (A4.12)

(A.4.12) is employed iteratively until (A.4.9) is satisfied, to obtain the desired estimate of
x*.
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A.4.2 Euler Integration Scheme

A numerical integration scheme is employed to solve the nonlinear differential
equations representing the helicopter dynamics. An Euler integration method is used as
described below. It was found to be reasonably stable and sufficiently accurate for the
present application. The time step is Az (or AT) seconds.

The Euler method is a numerical integration scheme employed to evaluate the

integral
t
x(t) = [y(n)dr (A.4.13)
o
where

y(£)=x(t) (A4.14)
At the end of the n-th step in its implementation the following holds

Xn =Xp + AL Yoo (A4.15)
where

Xa =x(nAf) (A.4.16)

and Ar is the time step employed. In the present simulation, when feedback loops are
employed, y,.; may contain contributions involving x,.. and other system variables. The
most recently computed values of the other system variables are used.

The above is achieved when using MATRIXx by employing the integration
method labeled Backward Euler which is represented in the block diagrams by the
z-transform:

Iz

z—1

(A4.17)

The feedback of x,., when required in the input to the integrator is achieved by using

Write to and Read from Blocks as described in Section 2.1.
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Figure A.1 Force and Moment
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Figure A2 Newton-Raphson Method

156



Main Rotor Block Diagrams

Table of Contents

1.

1.1

1.2

1.3
1.4

1.5

Main Rotor

General Data for Each Time Step

1.1.1
1.1.2

Velocities at Rotor Hub
Rotor Angles

1.1.3 Time Step Angular Vel and Accel
General Data for Each Blade

1.2.1
1.2.2

1.2.3

Blade Transformation Matrices
Blade Angular Vel and Accel
1.2.2.1 TILDA

Blade Linear Vel and Accel

General Data for Each Element

Rator

1.4.1

1.4.2

Main Rotor Aerodynamics

1.4.1.1 Simple Sweep Theory

1.4.1.2 Blade Element Lift and Drag
1.4.12.1 CL CD Small Alpha
1.4.1.2.2 CL CD Large Alpha

1.4.1.3 Aerodynamic Forces and Moments

1.4.1.4 Ground Effect

1.4.1.5 Pitt Peters Inflow

Hub Forces and Moments

1.4.2.1 Flapping Equations

Filter FR GR

157



LLi L nm— sutfug f sutfu}
=—TeTT"™"] -
-.-W-uwmﬂ g A
uang M oo
il 2
D — —
@—r -
T it R
RALAZE BB B | %N‘WM“”
(71
L fth _ 1]
uaeq (4 oL 0 965000 1010y UIBA
jeudis sjqeuy sinding sindu]  mayg ajdweg  pousq ajdwes ¥oojgiadng a1081q
101-100-¥T



I —Trrewosm|

suytul

aO018

wadns

L1 N

aegnduy deas ewyy

RUSLR §o i AR

(U 57
sugtul suyur J.ﬂu.dnE
1dgaog
Chmrs] N o | 2 T T yoora oG
s ] ﬁB.EQ.G ]
o] A. ugans ¥zans
o] TOTTT T Voo ...Pwﬂmd
G
Ehrrey i\
v
Wo._—ms ETELT] | qny ..Suomlmﬂ:nloﬂuluooﬁg _.:T_

8t

It autjug

sinding sindu]  ssejD) 2unpasolg

da)g aunt], yoeyg loj Bl |RIAUILD)
yoojguadng asnpasold 221051

101-1N1-+2

'l

159



091

1.1.1

24-JUL-101

Discrete Procedure SuperBlock Procedure Class  Inputs Outputs
9

Velocities at Rotor Hub Inline 24

vS_S
Block
Script

WS _S
= EWAJHJ.— Block

Read from PP

rotor . VPP 10 Script
»Global<

LEASLD) promy,

us_s

Block
Script

¥g 5031

e
Read from KGE |

VARIABLE
rotox KGR
>Global«




>19q019¢

t8‘303021
H1aVINVA
Cd ] woi1z proy
1]
>1eqo019<
14 ‘20302
STEVINVA
an [ wolj peoy
Clre| (mws adya0g
elnuuu: 1§ PELY (] 1845 n:@
Charetm
[5T)
na
Blﬂqu. (n)s00
T
>Tvqo10<
154 10302
ATIVINNA
03 93TIM
+
+ adyaog
+ 15d yootd i5d
» [TT] — (A
IS 03 ¢ ISd
1dyaos
soota
N
ol 4 aunu] saj3uy J010y
sinding sindup SSE[D) 2Inpavoid yooigiadng ainpaososd 93230sid

101-101-4T

AN

161



CHrrrwoms o)
adyiog
¥ao1g
Chrrrweenw ey
HHIWI%
adyaos
sootd
Hu%

6 L auljug
3:&._032_:_3@_02%88&

{920¥ pue [op sejaduy doig o,
yoo|giadng ainpasold aa10siq

101-1N142

el

162



163

TRl
o suttur —rrrraenme LY
GRoib TeTa Ty
———worEy
XYY ¥ III.JNN“@
R —roY
Tzl
2477 sy
—1zar=
TIRITE ~m._aMAﬁ_
G reT o
9
e | L R —rerrTomeGrIY
19294 puUw [9A Iuinbuy opeid
T
suUTUL ekt [t suptur s
T
A Hryerrrresy] o , G222k 1§29 ——— el
*201€ e ﬁ TERH fome——vreCE0)
A ”_ Ll TTY
M @
waans L¢IREL, TeReTY
Nusog T = ey
[T e Piraan — — T
[ oSl @ T e
T[22V PUT TOA IwSuyT SpeTd €90 1130 UOTINKIOSUNIYL opeld
1] {144
144 w ulug spe[g youg 10) wie(] [RI3UD
sinding sinduj  sse)) ainpasord Noojg1adng a1npadoid 9191051

10110442

'l



é
o e Ty g
drag 15108 1dya10g
— TR TY —
Xy23enH 3 VI 1 RI2AIM § £9 1
v 4
CElmerrrer] . CEohomrmre T
1 e
adyaog ydy1ag —yassTd
=
xtju 1 ¥z01d
RitrmY
XY1IeH 8 174 1 X3121I%H § T’ T
L Sl aulfu] SI0LIBJ UOlBULIOjSUEL] 9p¥|d

sinding sindup s aunpaosolyg yoojgsadng 2inpasoid 2121051Q

101-1N1-4¢

'l

164



1dgaas

< qad 4

oupTuI

A2014
¥aans

va1IL

euytur

%0014
uaans

G
51

¥ais

3dyass

xo014

[Z2]

A
A 3881
m4m<Hx¢>
wo1} peoy

2

wozxJ puey

Tty

Rluisime g tA8i])

ERUSER A

L11

19 TEVOERO

165

St auljul

14
sinding sinduj  sse[) ampasoly

j900y pue [9A Je[n3uy opeid
yoojgaadng aimpasosd 911981

101-1NM-4C

[ArAl



< s

<
]

-

1-

ﬂl
A

_.“A%%
_.M_.

166

6

£ sunuy

sinding sinduf  ssej) ainpadold

VAL
yooygaadng amnpadsold 1sIq

101-106-¥2

1'eTl



1.2.3

L91

24-JUL-101
Discrete Procedure SuperBlock Procedure Class  Inputs Outputs
Blade Linear Vel and Accel Inline 75 12
ACG_BL
4]
D SESARIL BLLDTI1x3)
GEEDEGARL BL2 DT13X3)
AS_BL
Gl Black
Seript
((EopWRGAE. B Tl ELTDRUEGARLZ BL2 Tl
Block
(FCTFy N 15 ) E— AL BLLIZAL (T Py
Script
CGaDk=-R-Rklxdl
GioD-R-ALlal




801

1.3

24-JUL-101
Discrete Procedure SuperBlock Procedure Class  Inputs Outputs
General Data for Each Element Inline 121 60
VBLi_BL1
OBkl S0223) 1
[VRLL BLAL2x101 ,.ﬁ_)muum_mﬁ)
Block B
wﬁ 5131
Seript
ErpESARLLBLL. T Al ) \BL2 pL2t3xi0)
GiooRRGARLE BL2 T ) |
WBLi_BLi{
EaDa-Rhl Sl
EsDk-Rld-Rlxal
(3x10) IWBLY BL1(3x10)
] EEODRBARLRNL )50 !
rroorgll BT > | ?, A
rotor,VINGE
>GQlobal< mﬂ!}_— Script
e | WBL2 BLZI3xd0]
(DR
maiE







T sufTuI suyyiy aTs
— sy
uﬂqhum |ﬂﬂ.ﬂU@
s
yoo1a wooa) Frerrmx(@CY 9o0718] rTevereEr X
T.:.«d.@ _dﬂiﬁu
[T wadns _An_ waans |
71 T A:_ L
216Uy byeM Joaoy A 1
3 I PN
M:E -_pilﬂu
#ia3ed 3214 s#0104 oyumuflpoioy
e Risidl g gt l18i1) surtuz L_.ﬂd:g euytuz
‘ [
Pt MO0r1d} Ixeln b gt Tae
[ =< _ ———w@
UBNS xanJ HALNS|
E—
—rrremC FrerererryrmCE T
H TOTRTTALNHI IV E
129333 punorn E.M..rﬂd M a—a.«uuuﬂsa
Juowoty eperg o dartg
(k44| [41] ra {us]
91 901 aurju] sonueu£polay 1010y ULRIA
sinding sindup  sse|D asnpaosolg yoo|giadng ainpaoold 21910810
10110142

I'v'l

170



1.4.1.1
24-JUL-101

Discrete Procedure SuperBlock Procedure Class  Inputs Outputs
Simple Sweep Theory Inline 65 80

1L

ALPHA and MACH

AopuRLLBLLLIx1D) | LALRIA2DI2210] fT=my
EDAL i GrEpVELA-BL2L3X10) | plock MACHZOIZ210) prr—rry
> Block | THETAC [2) ol seript mm_m
EDEPJ_ Script
EDA EusomD ALRHARL2X101 Gy




>1eqoTD< |
ad° 30301
SIEVIHVA
{01210 ] wo13 pusy

[ RATASVH] TOTRZTaTvR L]
a3 30103
BTAVIHVA
01 BITIM 9 Tot*z]as mmwmmwwm

(5] ¥ VI ﬂ_asass

[0TXZ]'IDf woxj pwey

adraos g
AT JNION idyaos
I —
103014
'A\n
soora
o 'E oot
>1egorac neasack o g
195° 10301
HTEYINVA Aona —
01 93IjaM (0TXZ110] o
(7]

NOZIIONOD _
o 1

wdiv T1vs 0 D Lg <H

il

ad pue 10 93¥7aM

un_

HOVH Ppu¥ YHJ'TVY 29¢

~

AedXd |

——
R T dt08

FTAVIUVA 1
_ ¥o01d
MOUNIUBDT

03 83taM
3 13 TR

) ey M

@01} peey

293UNCY N Juswa iy |

ol OTIYM

0 oy aufuy duiq pue yrpwsug speig
3:&:08.&:_m$_02=v3o£ xoo_mhum:mezuoooio.eum_n

1011042
oyl

172




£L1

1.4.1.2.1]

24-JUL-101

Discrete Procedure SuperBlock
CL CD Small Alpha

Procedure Class
Standard

Inputs Outputs
2 2

CLN Small Alpha

?

BiLinear

s,

CON Small Alpha

[DALEHAIDY |
[HACHIDN
(DALEHAZDS:
[CDHACHZDN |

o

BiLinear




TUaUlT

tZ] 17}
vidv oBIvT NGO

(n)sav

1dyzas

¥ao1d

yn< oBIwl N1

Ltdinpia 89

[4 I pigpueig
3:&._0335»“8_02:@88._

wydiy 9811 @D 1D
yooguadng ampasold 1198l

101102

[AA B A

174



Idyaos

¥oo1q

Qe

e
Ritivty-ma (SM41]
Rititay g-g Litt4]]

[

8IUCWCH DIWCUAPO IOV

1dyaas

(n}s0D
[orxg ) 1avHaTvoD '

n)NI
¥2019 orcimawarersy NS

— TOTRe DV |
Idgasg

#93153 STuNUApPOISY
xoo1g
1) .24
14|

lotxz) 1o

~ToTRrrnEy

Butg puv 33¥1

>[eqoTHe
dd'10301
FIEVINYA
Wox3 pwoy

>1eqotne
15* 30302
S7IEVINVA
wox3 peay

175

Sl 19
sinding  syndug

SB[ 21npadoly

aungug SIUSWOIN puv $3010 sjwreulporoy

yoo[gsadng ampasorq o1a1081(]

101-1 ¢

3 I8 A



1.4.1.4

9L1

24-JUL-101
Discrete Procedure SuperBlock Procedure Class  Inputs Outputs
Ground Effect Inline 13 1
HASL
]
|y T R Ground Effect Factor
Block
agt, )
Script Block
EDkERLO] | R D— Siéiia‘gg
Script ;;%r‘on '){<
rpui-slld




LLl

1.4.1.5

24-JUL-101

Discrete Procedure SuperBlock Procedure Class  Inputs Outputs
Pitt Peters Inflow Inline 15 2
Lr.l L Lol T
NUPP2
copiaau] medk
Script
' yee_n
NU Solver
CDAA-
MDDk Block
WI . Boript
Read from
VARIARLE cxiep
rotor. MU
| vGlobal«
Block Block i
ETDAALALY acripe T T2) vi
'y (2-1) o
m; scrt X0= Srotor.VPPic I Bioak wWeite ‘om
cript i S SULRTIFISTIPN VARIASLE
votor.VINGE
Write to Script *Global<
1 vanuae [tE—
>Global<




T reCin
oufqux al FreeeTrTr Tl
gll_.ﬂg um.:m@
&
a8 eI
N
X204 adyzas ~n~a@ 181a08
R ¢ i 1] BRLL L gy o 1351
A ; e T T R e L) ey
uaans #2019 Idﬂ-%@ %0014 BB LA Ay oy Y]
= —TrrrrE TGl
RLLUI R Ry o ot T ArID
RLLUIE Ry ety ottt
BT By gAY
——Trrrr vy FTeRTT PRy
3] il ———Terrrrr vty d
sUOTIW d cﬁ eTd SIUSTON J030M #323104 10304
Y

178

6 L6
sindyng  sindug

aunug SIUSWOW PUE §3010,] QNH
SSR]D 2INPA0IJ Yoojgiadng asnpasoig 208y

10110147

A



) [ e
ooy 279YTHVA
318YI¥VA ¢ Wo13 peey
03 @3yaM —

> O [D< o i
um.ewouo.u nvnwnum._ﬂnuﬁ.—
18V INYA ‘«l'w.m.ml 8T9VINVA
03 937aM S TeaO e w3 puey
adjaog nmannﬁuoxﬂﬂu oz adyaos [
03 937aM
O
ot 'lrlnu amwmm umwmu
3'TEVINVA
>1vqO D¢ Aoote I Sivooros ¥oord uo1y peay
Sevreen AR g
N HI8VINVA —vEeay)
01 dITIN -t 02 BIram ald
Ty
8 puv g 185y u:«ac:
0 L aunjup suonenby Suiddey,g
sindinQ  sinduy Ss2]D 2Inpadoly Y2o1gadng asnpasosg aasiq

010042

1'evy'l

179



2Jeqo1o<
¥ B At
wolj peey

|

>1eqo mown

4 h0
mam«ux<>
03 B1TaM

hf 01D<

0 10101
'THVINVYA
01 2371M

%ﬁaﬂwu
THVA
wol} peoy

>teqo
“.umnz»u P
A THVINVA
031 037aM

9 6 paupuel§ 4O YA 9
3:&:03:%.%&02:88& u_uo_mh&:mosvooemsaoma

1011042

Sl

180



C. Main Rotor Block Script

Table of Contents

ACG_BL

AER

Aerodynamic Forces
Aerodynamic Moments
ALPHA and MACH
AS_BL

AZ

Bl and B2

BW

CHIPP

CLN Large Alpha
Element_N Counter
Flapping Accel

Get ALPHA and MACH
Ground Effect Factor
HAGL

K2,K3,D

L_BL1_B Matrix
L_BLI_S Matrix
L_BL2_B Matrix

L_BL2_S Matrix

181



L _BLi_E Matrix
Lift and Drag
L_S_E Matrix
MUPP2

NU Solver
OMEGABL _BL
OMEGABL_BL D
OMEGAB_S D
OMEGAR S

PSI 0 to 2PI
Rotor Forces
Rotor Moments
Rotor Wake Angle
THETAC

US_S

VBLi_BLi
VINGE

VPP_D

VS_S

WBLi_BLi

Wrnte CL and CD

WS_S

182



tzozpus
1203 pue
(1'R1eT00V - (mn‘u (504
T ¢ H »

« N
tzazpus
e LT RITTANNG ¢+ (Z°%)78°5Y = (T X)1dT00Y
DML (2RI T AR+ {T°R)1E7SY « (TN 10700V
op [it=x 207

tr03pUs
1203pus
1 M) LTI LTANDIMO ¢ 10 LTI T TINOato ¢ (TN)ZTAMMNG = (2o 2TAMNd
HE M) ST I TTEVDENG S (K %1 L7117 T1evnds0 ¢ (2'MiT-Aaind = (t;:l:‘;‘:ﬂﬁu
iz 0120”1 av0dMo » (T 02T
Uz wila e tgvoado = (2%

op Cty=y xo}

taozpue
1203pus
IRIA™IETEY » (1'N)TE78Y
It oMM
op piteI Ao}
ap (l(nn za}
19 «

1303pus
1203pus
LIRIA™Y z'n"t'mm:mo = (1°%) 170197 L TEVDARO
()AL TIaVDaN0 = (1°%)37 1147 UIGVDRNO
TRIAT IO S0 ZTEVOING = (1°%) 1a”¢'1d” 21av0an0
(IRIATIT TIE 1IGVOIHO « (1°'%isa™ !‘!ﬂ‘(‘!““!ﬂ’e
. -
op gife 203
op C!TeX %03
10 o M

TPEITTDON (€€ TTANMNG (€ C) 100G
e ﬂ'n‘sv lt tl& nrz-wvo:uo (£ e)L” 117 1 IavDaN0
CIaATTINTIAVOIHO ' (€' €1 2™ 18T 1'1GVOAND J901)

{008 3wol3
L{9)ATTHTOON Jwot]

’(!ll\"lrﬂ l‘l& & t'lﬂ‘t‘lﬂoﬂko (6147271187 17HVDIN0
‘(61ATA0 LI TIAVOIHO ' (61 AT207 1187 111GVDaNO YWOT)

1004 teze3ouvied
tA™1e DW t9andano

tm"':rsv A & :’m‘nmuo ATLTt1aT 1A
214 LIEVDIR0 ‘A w"nrt'mvo:uo) teynduy

19 99vY 0S:€5'81 1002 b Bny

183



tedzdomd) / (M/VK) e (CHNIV
t{eMTdoHd) / (41l » (20
ricuzome) / w1 = (Theav

10 M. 14,0M8 » puTONE

{CMI4OHY 39013

1y awoy)

t{C)uaY 3vot]
tOHY VI TP VL avors

114 1 IUSRICITAUS

11y) teaejewnawd

gy 1s3ndino

{ (oMM 'YH VT VL) tsanduy

i ebed

yav 0s:€5:84 1002 | Bnv

184



$81

Aug 12001 1853;50 Aerodynamic_Forces Page 1

inpute; (LIFT_V,DRAG_Y, BIALPHABL_V, COAL.FHASL_V,1._8_BL1_V,1L_8 BLI_V);
outputs: {TA, FAT_BL_V,GAT_BL_ V)
parameters; (NL,RM)|

float LIFT_V{10),DRAC_V{10).SIALFHABL _V(30], COALPHABL V(20| ,L S _BL1 VI3, L _S_BL2 V(?®

1

£loat TA FAT_BL_VI[6),CAT_BL_VIE};

integes Ni;

float RM{10},

float l-!l'l'u 10
FATHA_BL(2
GAT_BLI(3,

} ,DRAG{2,10), SIALPHABL {2, 10} , COALPNABL (2, 10
) PATZ_AL{2), FAX_BL(2, 10}, PAZ_BL(2, :n.nr_.n.u .
2),GATX_BL([2),GATE_BL{1).5_S BL1{3,3) L S _BLI(I,.3),.PA_S{3))

L LN 1]
for I=1:;3 do
for J=1;10 do
IEAREARY
LIFT(I,J) » LIFT_Vi{Z):
PRAG(I,J] » DRAG_V{Z))
SIALPRABL I, J} = SIALPHABL_YV|Z};
COALPHABL(T,J) = COALPHABL_V{Z))
andfor;
endfor;

200,
for Kel;) da
for L=} do
EnZ ¢y
L.S_BLL(K, L) = L_S_BLI_V(Z),
1 S _BPL2IK, L) = L_S_BLI_VIT),
sndfor;
sndfor;

for I=1:2 do

FATR.BL(X) = O,

PATEBLIZ} = O,

GATK BL(X) = 0;

GATE_BL(1) = 0;

far JaliNL do
FAX_BL(1,J) = LIPT{I,J)*SIALPHARLIL.J] - DRAGII,J}*COALRHABL{1,J);
PAT. BLIT I} = ~LIFT{1,3) *COALPHABLII,J}) - DAAGIL, J)*SIALFHABL(Y,J};

PATICBL(3) = PATX_BL(I} + FAX_BL[1,3);
PATE_BLII) = FATZ_BLII) + FPAZ_BL(I.J};

GATX_BL(1) = GATX_BLAI|] « RMIJ)*FAZ_BLII.J);
GATE_BL(T| » GATZ_BLII} - RMN{J)I*FAN_BLII.J),

endlor;
endfor;
FAT.BL{1,1) = PATX BL(1)},
FAT_BL(3, 1} = PATZ_BLI1),
VAT BL(L,2) = FATX BL(2);
FAT_BLI3,2} » PATZ_BLI2);
GAT PL{Y, 1} = GATX BLIA},
GAT_BLIY, 1) = GATZ BL(1}),
GAT_DL{1,2) = GATX_BL(2},
GAT_BL{),2} = GATZ _BL{2);
for K»i;3 do
FAB(K) » L 8 _BLYI(K. 1) FAT_AL(I, 1} + L_S_BLI(K,J}*FAT_BLI{I 1) +
LS_BLIIK, 1) "PAT_BL(L,3) + L_S_BL2{K,2)*FAT_BL(3,2});
sndfor;
TA = ~PA_SI)),
T = 0y
for ¥e13 do
for Iwi2 do

=24+
FAT_BL V(%) = PAT_BLIK, 1),

Aug 12001 18:53;50 Aerodynamic_Forces

Page 2

OAT_PI_V(Z) » GAT_BLIK, X);
sndfor)
andfor;
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881

Aug 12001 18:53:50 AS_BL Page 1

inpute: (ONEOAB_B_DT_V,OHRGAB_B T_V,AB_B,L_BL1_A_V,L_BL2_B V},
outputs: AS_BL. V,
paramatern; RS_B,

tloat oumu_a_m-_v (9) , OMEGAB_B_T_V{9) (AB_B()),L_BLI_B_V{9),L _ALI_B_V(9),
tloat AS_BL_VIE);

float RS_RM{3),

::;::lon’mu B_DT(J,3),OMEGAB_B_T(),}),L_BL1_B{3,3) L _BL2, B{3,)), TENP(I,3) AS_B{3).A

2 =Dy
for Ke3;id do
for L=3:) do
I LR IR Y
OMRGAB_B_DT(K,L) = OMEGAB_B_DT_V(2);
ONEGAB_B_T{K.L) = OWEGAB_B_T_V(L};
LBLY B(K,L) = L_BL1_B.VIZ);
L AL MK, L} » L_BL2_B_VIZ);
endfor;
endfor;

for K=113 do
AS_BIK) = AB_B(|X))
for Lel;d do
T

.n::ur(u Ll = TEMP? |K.L) + OMEGAR_B_T{X, M) *ONEGAB_B_T (M, L)}
o
AB_BIK) » AS_B(X) + (TEMP(X,L} + ONEGAB_B_DT(X,L))*RS _B(L},
sndfor)
sndfor;

for K=1:1) da
AS_BL(R,1) = 4;
AS_BL(R,2) = O,
for L=l;} do
MS_BL{%.1) = AS_BL(K.1} ¢ L_BL1 A(K,L)*AS_B(L})
AS_BL(X,2) =« AS_BL{X,2} + L_BL2 B{K,L)*AS_A({L);
apdfor;
andfor;

LI Y]
for Nsl;d do
for Iel;2 do
LKL IR Y
as_ln_v1n3 = AS_BLIK,1};
endfor;
endfor;
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Aug 12001 18;53:50 Element_N_Counter

Page 1

inputs: elementh;
outputs; (elemenchnew,Bresk};
paramsters; NL;

integes elementl;
integer elementNnew, Break;
integer NL;

i€ (elementN < 2°NL) then
alemsntinew = elementN ¢ 1;
Break = 0;

else
alementinew = 1;
Break = 1;

endit;
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961

Aug 12001 18:53:;50 Get_ALPHA_and_MACH

Page 1

inputs: {elamentN,ALPHAZD_V, MACHID V),
outputs: {SHALLALPHA, ALPHAIDN, HACH2DH) ¢
paraneters; (NL,R2D);

environmentc; PI;

inceger elementh;

float ALPHA2D_V(20),MACH2D_V110)
integer SMALLALPHA;

float ALPHAZDN, MACH2DN;

integer NL;

float R2D,

if (elemencN <=« NL) cthen
ALPHAIDN = ALPHAZD_V(elemsntN};
lmnzw » MACHID_V(elementN};
ellse
ALPHAZDN « ALPHA2D_ V{10 ¢ slamantN -~ NL);
:::':nzw » MACHZD_V{10 + elamenth - NL);
endif;

1€ (ALPNAZDN < -PI) then
ALPHAIDN » ALPHAIDN + 2°PI,
aloeif (ALPHAZON » PI) then
ALFHAZDN = ALPHAIDN - 2°91;
ondit;

ALPHAZDN « R2D*ALPHAZDN:

At (abs (ALPHAIDN) <» 31) cthen
SHALLALPHA o };

eloe
EMALLALPHA = 0

endif;
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Aug 12001 18;53:50

K2_K3_D

Page 1

inputs; {(COCHIPP):
outputs; {(K2.D);
paramstars: Kl;
float COCHIPP
float X2,D;

float K3;

X2 = 1 ¢ COCHIPF;

X) » 1 - COCHIPE;
D » 2°COCHIFP + K1°K3;




Aug 12001 18:53;50 L_BL1_B8_Matrix Page 1

00z

inpute; L BL1_&_V,
outputs; L BL1_B Vi
paremetars;: [(COTHETS, SITHETS);
froas IariTaTvIs)

flomt L.E.B(J. 31
Cloat L_BLI_S{3,3),L_BLI_B{3, )}/

LR
for X=3;3 do
tor Lw1:) do
LI IR ¥
L_BL1_S(X.L/ = L_BLI_S_VIN),
endfor)
andfor;
L BLL B{l,}) = L_BLI_S{1,1) "COTHETS/
LBLL BI3,3) & L _BLI_S(3,3);
LBLL B(3,3) = -L_BL1_5(1,1)*SITHETS;
LALl_B(3,3] » L_IL! S(2,1)°COTHETS « L_BLY_Si2,3)"2ITHETS,
LBLL B(2,2] » L_BLL_S(2.3)
1OPLE78(2,3) « ~LOBLIZS(2, u':xmna v L_BLI_B(23,3)*Co™NRTS)
LBLI_P{), 3} » L_BL1_S(),1)*COTHETS + L_BL1_S(1,3|“SITHETA;
LPLI_P{3,2) s L_BL1_S(3,2),
LBLI B{3.J) » ~LIBLIZS(I, H'stﬂiﬂ's ¢ L_BL)_S513.3)"COTHETS)
ne 0
fox Kelid slo
foy 3=l;3 do
Meone 1l
1_ALI_R vm » L_BLI_BIK, LY,
endfor)
andfor;
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41 TA

Aug 12001 18;53:50 L BLI_E Matrix

Page 1

inpute; (L.BL)_B_V,L_BL2_B_V,L_B_E.V);
outputs; (L BL1_E_V,L_BLI_E V),

tloat L _BL1 B _V(9) . L_BL2Z_ A V(%) L_B_E VI?);
floas L_BLI_E_V(9),L_BL2_E_VI3),

float L_BL)_B(3,3),L_BL2_B(3,3),L B_E(),3) L BLI_E(3,]),L BLI_K(3,3);

=0
for Keli) do
tor L=1:) do
T el el
LALI_B(X, L) = L.BLL B_V(Z}
L_BL2_B{K, L} = L_BLI_B_V(Z},
LB BiIR. L) = L_B_B VIZ);
endfor;
endfor;

for Lel:d do
tor W=1:1d do
LBLL_R(L,H) = 0;
L BLA_E(L, N} f0;
for K=1;3 do
L_BLI_E(L. M} » L_BLL EiL.M}
L2 _E(L,H) & L_BLI_R{L,N)
apndfor;
endfer)
sndfor;

¢ LBLI_B(L, K} L_B_RI{X, N}/
€ LBL2_BIL,K) "L B (K, W)

ey
for Ke):d do
for L=1;3 do
| L IR Y]
LBLL_E VIZ) & L BRI_EIK LYy
L_BL2_E V{Z} = L.DLI_EIK. L)
sndfor;
andfor;




3174

Aug 12001 18:53:50 Lift_and_Drag Page 1

inputa; (U2_V,CL_V,CO_V,RHO)
outpute; (LIFT_V,DRAG_V);
paranetara: {NL.S,TLF};

float U2_V(20),CL_V(20),CD_V{20),RNO;

flocat LIFT_V(20},DRAG_VI20};

integer NL;

float S{10),TLF{10},

float PREF(2,10),U2(2,10),CL{2,10),CD({2,10),LIFT(2,10),DRAAG{2,10};

Be=0;
tor I=1i2 do
for J=1:10 do
HNeoMdoly
U2(X,J} = UI_VIM}H
CL(T,J) = CL_VIM);
CD(1,31 = CD_VIM);
endfor)
spdfor

tor I=s1:1 do
for JaliNL do
FRIF(I,2) o S(J)*UR(I.J)*RHO/D,
LIFPII,3) o TLPIJ) * PRRP(I,J) ¢ CL(1,J),
DAAG({I,J} = FREF{I,J) °® CD{I,J);
spdfor;
sndfor)

Ny
for Ie1:2 do
for Jwl il do
Hepne )
LIFT_V{N} e LIFTI:.J),
DRAG_V(h) = DRAG(I,d);
endfor
endlor;
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Aug 12007 18:19:22 L_S_E_WMatrix

Page 1

inputs: L _B_E_Vi
outputs: L_S_E_V;
pavameters; L_S_B;

float L_RB_E_Vi9);
float L_S_B_VI9);
float 1. S_B(3,3);
float L B_E(),3) L _S_EB{3, 3);
LA
for Kel;3 do
for L=l do

Heoleldy
LA_R(K,L) » L_B_E_ VIN}
sndfor;
endfory
LS _R(l,1) = L.B_E(1,1) L SB(1,1) + L_B_E{),))"L 5 B|
LS_R(1,2) = LBLE(1,2)°L.S_B(1,1] + L B _K{3,2)°L 9 B|
L_S_E(1,3) » L_B_B(3,))*L_E_B(1.3} + L_B_E{3,3]*L.5_B(
L.8_%X{2,1) = L_B_EB(3,1);
L.S_R(2,2) = L_B_E(2,3};
L.8_K(2,3) » L_B_E(2,3},
LS_E{), ) =» L_B_E{3,1}"L S _B{l,1) » L_A_EI3,1}°L S_M¢(
L8 _R(3,3) = L_B_E{1,2)°L_S_B{3,1) v LA_K(3,2)°L _S_M{
L S, E(),3) = L.B_B{1,)}*L 6 BRI}, 1) « L B _R({1,I)°L_B_B{
LN 1]
for K=1i3 do
for Lel:) do
LICR IR Y
LS E V(H » L_S_E(K,LI;
sndfor;
endfor;
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607

| Aug 12001 18:53:50 OMEGABL_BL

Page 1

inpuce; (OWEGAR_S I BL1 _S_V,L_BLI_S_V,B D}/
outputs: (OMEGABLI_BL1, GHMEGADL2_BL2};

f)oat OMEGAR_S(J),L_BL1_S_V(9}. ul-l 5.Vi9).B D
float OMEGABL) BLi (3 ), ONEGABL2_BL2(3) ;
float OMBGAR_BL(J,2},L_BL1_5(3,2), LIL2_8!3 3}, ONEGABL_BL{3,2):

% e 0
for Nel:) do
tor L=l:3 do
T s )
LBLL_S(X.L) = L_BLI1_S_ViZ};
LBLI_S(K. L) » L_BL2_8_V(Z);
epdfor;
sndfor;

tox K=1:3 do
OMEGAR_BL(X.1) = Oy
OREGAR_BL (X, 2) 0y
for L=1:3 do
OMEGAR_BL{K,1) = OHEGAR_BL(K,1} + L_BL1_S(K,L)*OMRGAR _8(L);
OMEGAR_BL(K,2) » OHRGAR_BLIK,1} + L_BLI_S(K,L)*ONEGAR_Z{L);
endfor)
endfor;

foxr X » 1;3) do
tor L =» 12 do
ONEGABL_BL (X, L) = OMEGAR_BLIX.L);
endfor)
endfor;
OMEGABL_BL(1,1) = OMEGABL_BL(1,1) - B_Iy
OMEGABL_BL(1,2) = OMBGABL_BLI1.31} « B D;

fox K=1:) do
OMEGABL]_PBL1 1K) = OHEGABL_BLIX 1);
OMEGARLI_BL2 (K) » OMEGABL_BLIK,3);
endfor;
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14 ¥4

Aug 12001 18:53:50 Rotor_Forces Page 1

fnputs: (L _BLI_E_V, L _BLI_E_V,ACG_BL.V,FAT_BL_V,L_B_BL1_V,L_B_BL2 ¥V}
outputa: {(FR_B),
paramaters: [MBLADE, WBLADE};

£loat L _BL1_E_VI$),L_BLI_E_V(9),ACG_BL_V(6),PAT BL_V(6), L _B_BL1_V(9} L _B_BLI VI9);

float PR_A{Y),

float MBLADE, WBLADE;

flont 3 BLI_B(), 1) L _BLZ_E[3,3),ACG_BL(3,2),FAT_BL|). 2) L B _BL1(}.3),L B_BL2{3,3)},
FG_BL().2) , FHI_BL(D,2);

T o0
for Kel,3d do
for Lel:d du
T e T+
fBL_E(X, L) » LLBLI_R_VI(Z);
LBLI_EIK L) = L_BI.Z ! wzn
LA_BLL(K L) = L A_BLI_VIZ),;
- L_B_BL? V(Zil

andfor;

o0y
for K=l:d do
for Iel:2 da
L ERY
ACG_RL(K,.3) » ACG_BL_ViZ);
FPAT_BL(X.1) = PAT_BL_VIZ};
endfor;
sndfor,

for K=}:i) da
FPO_BLIK,1) = WBLADE * L_BL1_E(X,3);
PO_BLIK,3) » WBLADE * L_BL2_E{X,));
endfor;

for Kel;i) do
tor Inl;2 do
FHIDLI(K,I) « MBLADE * ACG_BL(K,I) - FAT_BL(K.I) ~ PA_BLIX,1))
sndfor;
andiar;

for Kel;d do
TR_BIK} = O;
for Lelid do
PR_B{K) v PR_BIK] -~ L_B_BLL{X,L)*FHI_BL(L,1) - L_B_SLI(K,LI*FHI BLIL,2)
spdfor;
andfor)
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Aug 12001 18;53:50 Rotor_Moments Page 1 Aug 12001 18:53:50 Rotor_Moments Page 2
# Rotor Momsnts block GS_K(2) » -TEMP(2,1}"COBL - TEMP().1)*SIHL e TEHP(2,2)°C0B2 « TEMP(},21°5IR3;
GI_R{3) = TENP{2,1)SIB} - TEMP{3,1}*COBL « TEWPI2,2)"SIB2 - TENP(}.2}°COU2;
tnputs; (AS_BL_V,L_BL}_E_V,L_BL2_E_V,OHEGABL]_BL1_T_V, ONZGAML3_BL3
OMBGABLI_PL), DNEGABL3_BL2, ONPGAR BL1_D, ONEGAR_BL3_D, COB1, nm. Q3_f(l) = -COPSI®COTHETS*GS_R(2} + SITHETS*GS_R(11,
conz 5IB3, COPSI, SIPSI, FR_B, GAT_PBL_V) GE_A(2) = SIPSI"GS_R{2]1/
as_f{3} = COPSI®SITHETS*GS_R{1) + COTHETS*GS.R(3}:

outpucs; (TENP_V.G5_R,GR_B})
pArameters: (MBLADE,WBLADE, 1BL, RCG, COTHETS, SITHETS, AS8_B_T))
environment) TIHE;

float MJL Vi6), L_BLI_R_V(9), L_BLI_E V|
OMPGABLY BLYT (3), OMEGABL2_BL21{3), Oulm 3P
COR2, SIR3, COPSY, S5IPSI.FR_B{]), ﬂTJ!-.VI Vi
float TEMP_V(6),G8 ll)l GR_B(3);
flomt MBLADE, WBLADE, !Bbﬂ 1}, I\CG COTHETS, SITHETS, MJ_‘I‘(
floac AS_BL(),3).0AT_BL{3,2),LDLI E{T, 3):”’-3 N, OKNAILI..I!J T3 3.
ONMLJ pL2 _TY, l),D‘MH 3).7!“!(3 3, GSJI!):

onmnu_nu_'r V{9),0MEGABLI_BLA_T_VI9),
(3), ONEGAR_BL2_D()},COB1, 8181,

2= 0
for K = 1{) do
for L e 12 do
2ok,
AS_BLIK,L) = AS_BL_VIZ),
GAT_BL(K L) » GAT_BL_VIZ);
sndfor)
andfor;

el
for K = 1:3 da
for L = 1:) do
Lol v}y
LBLL_EIK, L) = LBLL_E_ViZ},
LML _BIK, L) = L BL_ R _ViIZ))
ONEGABL]_BL1_T(K,L) » OMEGABLL_BL1_T V(L);
OWEGABL2_BLI_T(K,L) = ONEGABLIZ_BL2_T_V{Z);

endfor)
endfor;
DUNM{l,1) » AS_BL{),1)°HBLADR - L_BL1_B{1,3)*WBLADR,
PUMIL, 2} - AS_BL(I.Z)')IBLAD! - L_BL2_R[1,))*WBLADE;
DUM(), 1) » AS_BL(),1)*MBLADE - L_BL1_KE(),)) "WBLADK;
DUM{),2) » AS_BL{3,2)°MBLADE - L_BL2_K(J,)) *WBLADK)
for L e 113 do
for H = 1:2 do
TEWP(L,N) = O,
spdfor;
sndfor;
for W » 1) do
TEMP(1,1) = TEMP(1,1) + OMEGABL1_BL1_T{}, ") *OMEOABLL_BL1 (M) *IBL (M, M) ;
::ﬂ?(l.!) « TEMP(1,2) + OMEGABLZ_BLZI_T{1,H) "ONEGABRL2_BL2Z [N) *IBL{N,N);
engior)
TENP(1,1) = TEMPI).}) + OMEGAR_BLI_D{1)*3IBL(|1,1) + RCQ*DUM(1, 1) - GAT_BL(1,}],
TENP(1,2) » TEMP{1,2) + OMEGAR_BL2_D[1)°IBL{1,1) ¢ RCG*DUM{3, 2] - GAT_BL{1,2|:
for B = 1;3 do
TEMP(2,1) & TEMP(2,1) + OMEGABLL_BLI_T(2,M}*ONEGARL)_BLL (M} ~I8LIN. M},
‘;?1!(2.2) = TEMP{2,2) + OHESABL2_BLI_T(2,M)*OHEGABL2_BLI{N) *IBL(N. M)
andtor;
TEMP(2,)) = TENP{2,1) + OMEGAR_BL1 D(2}*IBL{2,2) - GAT_BL(2,1);
TEMF{2,2) = TENPI2,2) v OMEGAR_BLI_D(2}°IBL{2,2) - GAT_BLI(2,2);
for W = 1:) do
TEMP(3, 41 » TEKP(), 1} + OMEGABLI_BLI_T{(), M) "ONEGABLL_BL1 M) *IBLIN M} ;
EEKNJ.N = TEMPI3,2) + OMEGABL2_BLI_T{J,N) *ONBGABL2_BL2(N) "XBLINW, M),
spdfor;
TEMP(3.1) = TEMP(),)) + OHEGAR_MLL_D(3}=IBL{3,3} -~ RCG*DUM(1,1] - GAT_BL(3. 1}/
TEMP(3,2) » TEMP(3,2) + OMBGAR _BLI_D({3)*IBL(3,3) ~ RCG*PUN{1,3) - GAT_BL{J 2}¢

GE_R(}) » O;

for K = 15} Jdo
GA_B(K}) » G5_B(K);
for L = 1:3 do
GA_R{X) = GA_B(X} + RS_B_TI{XK,L)"FR_BIL);
sndfor;
endfor)

T =0
foxr K = 1:) do
for L & ;3 do
T=f e+l
TIMP_VIZ) = TEXF(K,L)
andfor;
andtor)
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Aug 120071 18:19:22 VS_S Page 1

inputs: {VD_B, ONEGAB_B_T_V};
putputs; VS_5i
pazametars; (RSB L_S5_B);

float V!_lll) OMEGAB_B_T_VI(9):
float V5_8(3

float I!_Dll) "L_S_BI3,3);

float ONEGAB_B_T{3.3),VS_B1dI;

LR
for Kel:d do
for L-:|J do
He
OH!GAB B TlK L) = OMEOAB_B_T_VIM):
sndtor;
endfor;

for Kelid do
VS_DiK) - VB BiK});
for Le1,3
vs .l!l) . VS B(K) ¢ OMEGAB_P_T (X, L)*RI_BILl;
endfor;
endfor;

l)'VS BCLE » L_S_B{3,31*VS_D{I};
1I'VS B{1) + L.S_B(3, Vs B,
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Aug 12001 18:53;50 WBLI_BLI{ Page 1

Aug 12001 18:53:50

WBLI_BLi

Page 2

inputs;: {L_BLI_E_V,L_BL2_E_V,WBLIA_E_V,WBL2A_E_V,VINGE_V,COB1, SIB1,COB2,81B2);
outputs;: (WBL1_BL)_V,WBL2_BL2_V};
paranaters: NL;

g:o;t!: ;-.tu,,:_vm JL_BL2_E_V(9) ,WBLI1A_E_V(30) WBLIA_E_V{30),VINGK_V{20),COB1, SIB1,CO
SlB2;
float WBLI_BL1_V{30),WBL2_BL2_V(30};
integer NL;
float L_PLI_E{}, 3},L_BL2_E{),J), WBLIA_E{3,10), WBL2A_E(3,10),VINGE(2,10),
WBLI_BL){),10),WBL2_BL2{},10),
WBLIA_BL) (3,10),WBLIA_BL2(3, 10}, VINBL1(),10),VINBL2(3,10};

Ne
for Nel;) do
for Lwl:d do
LB
LBLL E(K L) » L_BLLI_E_VIH),
L_PLI_E{K, L] » L_BL2_B_VIN};
sndfer)
sndfor)

=0
for Kelid do
for J=1;10 do
Maked;
WBLIA_E(K,J) « WBLIA_E_VIMI;
WBLAA_R(K,J] = WBL2A_B_VIM);
sndiarx;
sndfor;

LT
for I=1:2 do
for J=1:10 do
LKLY
VINGE(],J) = VINGE_V{N);
endfor;
endfor;

for Kel13 do
tor Jel L do
WBLIA_BLL(K,J} = 0;
WBL2A_BLI(K,J) e 0;
for Le1:3 do
WBLIA_BLI(K,J) » WBLIA_BLI{K,JI + L_BLI_B(X,L])*WNBLIA_E(L.J)¢
WHL2A_BL2(K,J} = WBL2A_BL2(K,J} ¢ L_BL2_E(K,L}°*WBL2A_E(L,J);
endfor;
andfor;
endforx;

tor Jel:NL do
VINBL1(1,3) « 0O;
VINBL1{2.J) = -VINGE(],J)°*SIB};
VINBLI{}, 21 » VINGE(1l,J)°COB);

VINBL2(1.J) = 0y

VINBL2{2,J) = -VINGE(2,J)°SIB2;

VINBL2{3,J] = VINGE(2,J)°COB2;
endtlor;

fox Kwi}) do
far Je}iNL do
WBLI_BL1IK.J) = WBLIA_BL1(K,J) e VINBLL{K,J);
WBL2_BL2{X,J) = WBL2A_BL2(XK.J) + VINBL2(K,J};
sndfor);
endfor;

Ho= 0
Loxr Rel;d do
for Je=1:10 do
MeaeBl el
WBLLI_BL1_V(H) = WBL1_BLI{K,J))

WBLI_BL2_V(N) = WBL2_BLZ{K.J);
andfor)
andtor;
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Aug 12001 18;53:50 Write_CL_and_CD

Page 1

ipputs: (elementN,CLN,CDN.CL_Vold,CD_Vold);
outpucs: ICL_V.CD_V);
pacameters; NL;

integer elemanti;

float CLN,CODN,.CL_Vold(20),Cp_Vald{20},
£float CIL_V(20),CD_V{20),

integer NL;

fox N = 1120 do
CL_V(N) » CL_Vold(N);
CD.VIN) = CD_voldi(N);
andfor;

if {elementH <= NL) then
CL_VislamentN} » CLN;
CD_V(elemenctNi = CDN;

sloe
CL_V(10 + alementN - NL} & CLN,
CD_V{10 P elementN - NL} o CDNy

andif;
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D. Landing Gear Block Diagrams

Table of Contents

1. Landing Gear
1. Gear N Loop

Block 1|
1.1.1  On Ground Check
1.1.1.1 Calculate POSN_E
l.LLLI.1 Caiculate L_B_SKN
1.1.1.2 Touchdown Variable Init
1.1.1.2.1 Calculate PHISK
1.1.1.2.1.1 Calculate POSN_E (1.1.1.1}
1.1.1.2.1.1.1 Calculate L_B_SKN (1.1.1.1.1)
1.1.2  On Ground Calculations
Block
1.1.2.1 Initial Sliding Check
Block

1.1.2.2 Next Sliding Check 1
1.1.2.2.1 Calculate Gear Orientation
1.1.2.2.1.1 Calculate PHISK (1.1.1.2.1}
1.1.2.2.1.1.1 Calculate POSN_E (1.1.1.1}
1.1.2.2.1.1.1.1 Calculate L_B_SKN
(L.1.1.1.1)
1.1.2.2.1.2 Calculate PHISK_D
1.1.2.2.2 Calculate RU_V_D
1.1.2.2.3 Sticking Variable Init

226



Block 4
1.1.2.3 Next Sliding Check 0

1.1.2.3.1 Caiculate Gear Orientation (1.1.2.2.1)

1.1.2.3.1.1 Calculate PHISK (1.1.1.2.1)
1.1.2.3.1.1.1 Calculate POSN_E (1.1.1.1)
1.1.2.3.1.1.1.1 Calculate L_B_SKN (1.1.1.1.1)

1.1.2.3.1.2 Calculate PHISK D (1.1.2.2.1.2)

1.1.2.3.2 Caiculate L_V When Sticking
1.1.2.3.2.1 Calculate RU_V_D (1.1.2.2.2)

1.1.2.3.3 Calculate NF
1.1.2.3.3.1 Calculate GJ and R

1.1.2.3.4 Sliding Check
1.1.2.3.4.1 Sliding Variable Init

Block
1.1.2.4 Sliding Calculations
1.1.24.1 DEF_V_D Integrator
1.1.2.4.1.1 Integratorx2
1.1.24.2 Calculate NF (1.1.2.3.3)
1.1.2.4.2.1 Caiculate GJ and R (1.1.2.3.3.1}
Block

1.1.3 Gear Forces and Moments
1.1.3.1 TILDA
1.2  Filter FLG
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Calculate POSN_R
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1.1.2 1-AUG-101
Discrete Procedure SuperBlock Procedure Class  Inputs Outputs

On Ground Calculations Standard 31 1
Initial S1iding Check LFF Next Sliding Check 1 LLF urH Sliding Calculations
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1.1.2.1 7-AUG-101

Discrete Procedure SuperBlock Procedure Class  Inputs Outputs

o¢t

Initial Sliding Check Standard 1 2
Init Sliding Check
DReart [ GOTOY 1~
Block
m Script
Read from
VARIABLE qsLIoale) o | GOTOUFRE (=,
landing_gear.ISLIDE
>Global<
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7-AUG-101
Discrete Procedure SuperBlock Procedure Class  Inputs Outputs
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1.1.2.2.1.2

7-AUG-101

Discrete Procedure SuperBlock Procedure Class  Inputs Outputs

Calculate PHISK_D Standard 22 0
PHISK D
(o LR S
Read from
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1.1.2.2.2

7-AUG-101

Discrete Procedure SuperBlock

Procedure Class  Inputs Outpms

Calculate RU_V_D Standard 23
RU_V D
Read from L_B_SKN([Ix3)
undmg“:?gbf._a SKN >
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Read from £
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Script
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1.1.2,2.3

7-AUG-101
Discrete Procedure SuperBlock Procedure Class  Inputs Outputs
Sticking Variable Init Standard 1 0
Sticking ICs
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7-AUG-101
Discrete Procedure SuperBlock Procedure Class  Inputs Outputs
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7-AUG-101
Discrete Procedure SuperBlock Procedure Class  Inputs Outputs
Calculate LV When Sticking Standard 24 8
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1.1.2.3.3.1

Ly 74

7-AUG-10]
Discrete Procedure SuperBlock Procedure Class  Inputs Outputs
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1.1.2.4.1
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Discrete Procedure SuperBlock Procedure Class  Inputs Outputs
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1.1.3

7-AUG-10]
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Gear Forces and Moments
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1.2
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Discrete Procedure SuperBlock Procedure Class  Inputs Outputs
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E. Landing Gear Block Script
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LST

Aug 7 2001 17:21:31

DEF_V

Page 1

inputs: {gearN. PEP_V_Vnew,DEF_V_Vold);
outputs; DEF_V_V;

Integer gearN;
float DEF_V_Vnew{8), DEF_V_Vold(d);
Cloat DEP _V_ViB);

fox K = 1,9 do
42 (K == geard| then
PEF.V_VIK) = DEP_V_Vnew|K);
elaelf (K s« 4vgearN) then
lle_V_V(Ki - QEF_ V_Vnew(K)i
alse

PREY_V_VIK) = DEP.V_Vold(x};
endif;
andfor)
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Aug 72001 17:21:31  DEF_V_D_When_Sliding

Page 1

inpute; (gesrN.L_V_V,DRP_V_V},
outputs: DEF_V_D_V;
paramatears; (COEF1,.COEr1);

integer gearN;

float L _V_ V(8| DEF_V_V(8),
float DRP_V_D_V{8);

tloat CORP1,COEF2:

DRP.V_D_VigearH) » { L V. Vigeart} ~ COEFL*DEF_V_Vi{geaxN} )/COXFl;
DEY.V_D_V{degearN) = { LV_.V(d4egearN} - CORFLI*DEP_V_V(degearM] )/COEF3;
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Aug 7 2001 17:21:31 FLG_B_DD Page 1

inputs; (PLG_ DB, FLGF_B, FYLGF_B_D},
outputs; FLGF_8_DD;
parametern: (OHEGALGI, ZETALG2OHEGALG) )

float FLG_R()) FLOP_B(]) FLOP_B D13}
float FLGP_B_DPR{3);
£loat OWEGALGZ, 2ETALGICHEGALG;

for K » 11) do
nGr B bD(K) » (OMRGALGR)I ™ (FLO_B(K] -
sndfor;

YLGF_B{K]] = ZETALO2ONEGALQ FLOF_R_D|K);
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Aug 72001 17:21:31  Gear_Forces_Moments Page 1

inputs; lgeasN, IGND,L_V.V,NF,L_B_V_V,RSK_RGS_B_T_V,FLA_A_Vold,GLa_B_Veld},
outputs: {(F1LG_8_V,GLG B_Vi;

integer genrlN, IGND{4);
float L_V.V(8) NF{4), I-.I_,v Vi3], ASK_RO5_B_T.V(9),FLO_B_Void (12},
aw_n_vna( 13
fioax FLG_R_V(12}, aw 8. V(1
float "l-:g_zg 43, Gw Il) 4}, L VI3, 4} L_B. VI3, 3),RSK _RGS_B_T{3,)}.
4

i
) = FLG_B_VoldiZ);
| » QLG B.Veld(Z);

for K = 1:3 do
FLG_B(X,geari} » O
OLG_RIX, geasN} = 0y
andfar)

A€ | 1GHD(geaTli) »=» 1 ) then

-2
L_I_V(H.N‘ » LBV _ViZ),
ABX_AGS_R_T(M, N} » RSK_RGS_A_T _ViZ);

PLG V{1, gaurN) « L _V_Vigeard),
4. Vﬂ.oner s LV_VidegenrN];
FLO_V(),gearN} « NP{gearN},

for K = 1.3 do
for B » 1:) do
;tﬂ L BIK. gear) = FLG_B{K.geazN) + L _B_VIK,N]°*¥IL0, VN, gearN),
endfor;
endfor;

for K » 1;) da
far W e 1) do
GLG_B(K,gensNl o GLG_BIX,genrN} o ASK_RGE_B_T(K, W] *FLG_B{N,geasN];
sndfor:
endfor;

endit;

L1
lotl'h: o

sndfor;
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Aug 7 2001 17:31:36 Gear_N_Break

Page 1

inpute; geard;
DUTPULS) [Break, gesxknew);

insegsr gearM;
integsr Braak. gearinew|

1€ lgsarN < 11 than
Sceak » O
gearNney a §;
alonlf (gear¥ <e 1) cthen
Bresk = D
geazlinew = gearl ¢+ 3,
nloeif {gearN >+ &} cthen
Brask = 1;
desrinew ¢ |

Y 4]
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Aug 7 2001 17:21:31 GRADPOSN_E Page 1

Anpute: {(gearN, FHISK, SIPHIB,COPHIA, COTHETP, GRADPOSH_R3uld) ;
outputs: GRADPOSN_EI;
paramsters; AGS;

integer gearN;
float PHISK(4),SIPHIB,COPHIB, COTHETE, GRADPOSH EIcld{d},

gloat GRADPOSH_RI(4);
float RGS{4);

for W = 1;4 do
GRADPOSN_E} {N) » GRADPOSN_E3Qld(N};
endfor;
GRADPOSN_RY{gaatNl = -RGS(geazi) *COTHETRA®(COS( FHISK{geacN) 1*3IPHIE
SINI PHISKigeatN) |°*COPRID);
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Aug 7 2001 17;21:31 Location_Vars_Init Page 1

inputs: {gearN, POSN_E_V,DEF._V_vold,DEF_Vic_vold,RD_K_Vold, ISLIDE),
outpute; (DEP_V_V,DEP_Vic_V,RD_E_V);

integer gearN, ISLIDE(4);

float POSN_R_V(12),DEP_V_Vold(#),DEF_Vic_Vold{8), RD_E_Vold(8),
float DEF_V_V(8) DEP_Vic_V(8), RD_E_V(B);

float POSN_E(). 4) DEFP_VI(2,4), Di? _Vicia, liolD E{2,4),

=0
for M » 1:) do
for N e lld do
2 =2
POSN_| !lH NJ s POSN_E_VIZ);
endfor;
sndfor;

DEF_V_Vold{Z);
« DEP_Vic_Valdiz};
RD_E_Vold(E);
sndfor;
sndfor)

fox K » 113 do
RD_E(X,guarl) o POSN_E{K geasN))
€ (ISLIDE{gearN} s 0) then
DRF_Vic(X, ganIN} = DEF_Vic(X,geazN) - PEP_V(K,gmarW];
andit)
PEF.VIK, geazhi - 8;
andfor)

endfor
andforx;
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Aug 7 2001 17:21:31 Logic_Vars_nit

Page 1

inpute; (gearN, 1SLIDEold, NCOUNTOLld) ;
eutputs; (XSLIDE, NCOUNT);

integer geaxN, ISLIDE0LA(4) ,NCOUNTOLA(4);
integer ISLIDE(4),NCOUNT(4);

for N = 1;4 do
ISLIDE(N} » ISLIDEelA(N};
NCOUNT (N) e NCOUNTold(N);
sndfor;

1SLIDR{gearN) = );
NCOUNT (geaxrN} = 0/
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Aug 72001 17:21:31 L_V_When_Sticking Page 1

inputs; (gearN,L_V_E_V,.L.V_E.D_V . AD_E_V, POSN_E_V,AU_V_D_V,L_V _Vold,DEF_V_Vold);
outputs: {L.V_V,DEF_V V),
Paramsters; {(COEFL . COEF2);

integer geari;
(}:7='LHV_I.V(SI.L_V_B,D*V(’l.RD_!_V(I).PDSN.!_V!I!).lU_V_D_V(.).L_V“Voldl.I.D!P_V_V
o 7

floas L_V_Vi8) DEF_V_V(B);

Elont COBFL,COEF2;

float L. V_213,3] ,RD_E{3,4),POSH_E(). 4} RU_V_D(2,4);

float L V_E.D(3 31.DEP_V(2,4] DEP_V.D(2,4),L_VI2, 4},

e 0;
for B = 143 do
for H = 313 do
Tl el
LV EiK . H = .V-!.V! Vi
LV_EDIK. HI « LV_ED
endlor;
endfor;

T = O
for X = 153 do
lor N L) lxt do

“«zo
Posu_tll.ﬂb ® POSH_E_V(%);
endfor;
apdfory

_ViZ};

K.

'._,'-,:

AUV,
endfor)
endfor)

for K = 1:2 do
DEF. V(K. gearN) » O,
fex M = 1:2 do
DEP_VIK, qearN) = DEFP_VIK.gearN} o L_V_EIK.M)*{ ND_E(M,gearN) - POSN_E(N,gearN} }

endfor;
endfox;

for K » 12 Jo
DEY.V_DIK, gearN] » - RU_V_DIK,geasN);
for L = 1:2 do
DRP_V_DiK,gearH) = DEP_V_D(K,gearN) ¢ L_V_E_D(K,L)*RD_R(L,gearN},
endtor;
sndfor)

for X = 1:2 do
ﬁiV1x,plnrul s COEFI*DEF_VI(K,gsarN) + COEF2*DEP_V_DI{K,gearN):
sndfor;

T o0

1
LV V(Z) = L VIK, NI
DEF_V_VIZ! = DEP_VIK, N},
sndfor)
sndfor;
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Aug 7 2001 17:21;31 New_PHISK Page 1

inputs; [gearN, POSN_E_V,GRADPOSH_E), PHISK01d)
outputa: PHISK;

incagex gearN;

£loat FOSN_E_V(12),GRADPOSN_R) (4}, PHISKold(4),
flocat PHISK{4);

for W » 414 &

4 do
PHISK{N) » PHISKold(N);
sndfor;

PHISK{goarN) = FPHISKold{geaxN} - [ POSN_XE_ V{8 ¢ gearN)/GRADPOSN_E]I {gearN) };
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Aug 7 2001 17:21:31 On_Ground_Check

Page 1

inputs: |gemrN, GNDCHK, IGNDold, PHISKoLd)
outputs; (GOTO2,GOTOS, JGHD, PHISK, INITVARS) |
parameters: FHISKO:

intsger gearN, 1GNDold(4),

£loat GNDCHK{4),PHISKold(4);

integer GOTO2, GOTOS, IGKND(4), INITVARS,
flaoat PHISKIN);

float PHISKO,

for W = 1;4 do
IGND(N} = IGNDald(N},
PHISKIN) ~» PHISKold|N}:
endfor;

LE { GNDCHK(QeasN) »» 0 ) then
IGNDIgearN) » 1;
4t | IGNDold(geasN) == 0 ) chen
INITVARS = 1;
elae
INITVARS » O,
sndif;
GOT02 = 1;
GOTOS = O;
alow
IGND (geazN) « O;
INITVARS » G
if ( IGWDold{geazN} == 1 ) chen
Af { geari = ) | gearN »= 2 | than
PHISK{GencH) = ~PRISXG;

alne
PHISK{gearN) = PHISKD;
andit;
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Aug 72001 17:21.31 PHISK_D Page 1

inpute: (gearN.L_B_SXN_V,L_E_8_V,ONEGAB_B_T_V,VA_E.GRADPOSN_RI, PHISR _Dold);
outputa; PHISK.D;
paramaters: (RGS, RSK_N),

integer gearh,

float L B_SKN_V(9) L_E_B_V{9), QHEGAR_B_T_V(9),VB_E()},GRADPOSH_K) (4], PHIS) _Dold {4},
float FHISK_D(4)

£loat NGS(4) . RSK_B1), &)

float L_B_SKN(). X).L_E B() }) ,QMEGAB_B_T(3,2) ROS_B(I, &), TENPI (YY), TENF2;

tov N » 1;4
'ﬂllx_b("l - PHXSK ooldiNi;
sndfor

L_I.S?N LVIZ)

- L3E]

1 xzann B_T_VIL},
andlor;

gfor K » 3;) do
RGS_B (K. gmazrt) « L_B_SKNIK, 1)*NGS|gearN) |
andfor)

for M = 1,
rznvs|n| . Rsx BiNX,gearH) + RAS5_B(M, genrN};
sndfor;

TEMP2 » O,
tor L = 1) do
for W = 1:) da
TENP2 « TENP2 ¢ L_E_B(),L)*OMEGAB_B_T(L,HI*TEHF1{M),;
endtor;
endforx;

Af (GRADPOSH_E) (gearN) <> 0] then
mxsutgu:m a ~{ VB_EIJ) « TDlPl ) /GRADPOSN_E3 {geust} |

PH!II.D(GU.!NI » 0
endif;
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Aug 7 2001 17:21:31 Sliding_Check 0 Page 1

inpute {(gearN,L_V_V,HF, ISLIDEc1d, NCOUNT201d) ¢
outpute; |ISLIDE,GOTOS,GOTOG. NCOUNTA, INITVARS)
paramstars: NUST;

tn“n" Qeary, xsuoloum NCOUNT2ald(d),;

fleat L _V_VI(8} NF

integer ISLIDEZ(4}, 601‘05 GOTO4, NCOUNT2{4) , INITVARS;
float WUST;

for N e 114 do
ISLIDE(N) o ISLIDEoldiN},
NCOUNT2 () » NCOUNTZoldim),
endfor;

LTOT » { (L_V_VigearN) ) (2,1 + (L.V.VidegearN))*id.) 17{0,3)y

{ L_TOT » MUST*aba{ NF{genzN) ) ) then
1NCO!M?(9--:N) » NCOUNTI (geszN) + 1j
elne

NCOUNT2 {gearN) = O;
endif;

AL ( NCOUNT2(geazN] » 18 } than
ISLIDE(gearN) » );
INITVARS = )y
GOT0S = 1;
GOTOS » 0;
NCOUNT2 {geazN) = 0;
alse
ISLIDE(geaxr] = 0;
INITVARS = 0,

endif;
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Aug 7 2001 17:21:31 Sliding_Check_1 Page 1

inputa: (geari,RU_V_D_Vold, RU_V_D_V.ISLIDEG)d, NCOUNTeLd);
outputs; (ISLIDE,NCOUNT,GOTO4PRY,GOTOS, INITVARS)
paramécers; {(VREF, NREF);

intager gearN, ISLIDEold(4), Ncouu?uld(dli

float RU_V_D_volad(8),RU. V_D_

integex XSIJDE(C) "COUNTN) OOTOCI'R! GOTOS, IKITVARS;
integer NREF;

float VREY;

float AU_V_Dold(2,4),RU_V._D(3,4),RUVD, RUVDol,

2 =0
for K = 1;2 do
for N » 130 do
LU R
Y, v.noldlx N) = RU_V_D_Vold(Z};
RU_V_D(K.N) = RU_V_D VIZ)/
endfor)
endforx)

for ¥ = 1;4 do
tlL!Dllm = ]SLIPEO)A(N);
OUNT(N) = NCOUNTolAIN);
andtor;

RUVD & {(RU_V_D{1,geaxN))*2 + (RU_V_D(2,geasH))*2)"(0,3
RUVDo1d = {(RU_V Dold(l,aalrﬂ””? + (RU_V_Dold{2, pclﬂ!l)‘lj 10.5)a

A ( AUVD > VREF} then
ISLIDR(geasN) = 1;

aleeif { RUVD «= VREF ) & | RUVDOld <= VREF | & | NCOUNTold(gmerH] <~ NREF } than
‘!lb!DllouurNI -y

XSL!DIlqlutN) - 0;
sndif

it { ISLIDE(gearN) == 1 ) then
GOTOFRI = O
GoToS = 1,
INITVARS » O,
NCOUNT (gearN) = NCOUNTold(gearN) + 1;
elmaif | ISLIDt(gcuer s» 0 ) then
GOTO4 n: .1

G0T0
INITVAIS LI ¥
endif;




[%:14

Aug 7 2001 17:21:31 Sliding_ICs

Page 1

inpucat (gearN, NCOUNTOL4, PEY._V_V,DEF_Via_Vold)
outputs; [(NCOUNT,DRP_Vic V]

integer gearN, NCOUNTold{4);

float DEP_V_V(8),PEr_vic, vnld(lll
integer t«:oum'un

fleoat DEF. Vic_Vid

float PEF_V(2, 4).0" viciz. 4);

for H = 1;4 do
NCOUNT (N} = HCOUNTaldlN),
endfor;

DRY_V.V{L}
= DEP_Vic. Volﬂl!)}

NCOUNT (genrtl) = Oy

for K = 1:3 do
g:r _Vic{K,gaarN) = DEP_Vic(K,gearN} ¢ DEF_V(K,gearN})
(37}

I

{Z2) = DEPVAGIK, M)}
endfor;

endfor;




98¢

Aug 7 2001 17:21:31 Sticking_ICs

Page 1

inputs) (gearN, POSN_E_V,L_E_V.V,DEF_V_V,RD_EK_Vold,DEP_Vic_Veld),
outputs; (RD_E_V,DEP _Vic V),

integer gearN;

float POSN_E_V(12),L !_V V!!) DEY_V.ViB) ,AD_R Vold(d),PEF_Vic_Vold(s);
float RD_E_V(8}, le vic_vi8)

float POSH_E(J, 4) L R _V(3,3) . DEP. * VI2,4) RD_2{3,4),DEF_Vic(2,4)

foxr X = 1:2 do
= 1:4 do
LIE SN ¥
PRF_VI(K,N) = DEF_V_VIZI/
RD_E(X,N) = RD_E_Vald(Z);
DRP_Vic(K,Ni = DEP Vic VOldll!J
endfor;
andtor;

L w0

1
POSN_L(K.N] =» POSN_R_VIZ);
sndfor;
endfor}

i
I oo L EV_VIL}Y

for K = 1:2 do

:n_:tu g:n;ﬂ) = POSN_R(X,gaaxH},
or L = 11

RD_E (K, gearN} ~ RD_E(X,geard] » L R VIK,L} DEF_V{L,gesrN);
-nd!oxl

PEY._Vic (X, gepsN} = DEP_Vic(X,gearN} - DEF_V(K,gesrN);
endfor;
2 &0
for K » |
for N »
L 3L

endfor;
endfor;






