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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 cunent 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 comrnerciat software package MATRIXx, a 

graphical based program capable of simulating dynamic systems and able to generate C- 

code for use in a real-the simulation. 

The simulation model has been implemented and run in real-time on the UTIAS FIight 

Research SirnuIator. Piloted simulations have demonsmted a wide Elight envelope 

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

This project was undertaken to fil1 a void in the available resources for helicopter 

training. There is currently a very comprehensive and well-established training syllabus 

for helicopters using actual aircraîl, as well as some Iimited 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 resiilt, the flying characteristics are realistic within the context of the simplifications, 

but cannot be expected to realistically present al1 possible flight conditions. 

The motivation for this thesis was to develop a flight simulation mode1 that was 

general enough to be used across the entire flight enveiope, including a variety of 

emergency maneuvers such as autorotations and tail rotor failures. This model would be 

developed using a MATRlXx software package rather than straight prograrnming using 

Fortran or C code. The simulation c m  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 fi ight 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 aircrafi. In an 

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 scenario, the i ~ e r  portion of 

a rotor blade is stalled, the middIe portion produces a blade force component in the 

direction of rotation driving the rotor, and the outer portion produces the majority of the 

1iA. 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 1.1). 

Ernergency procedures involving Ioss of power or loss of a tail rotor present a 

unique set of problems that make the use of simuIators highIy desirable. There are ail the 

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



environment and reduced cost due to the high operating cost of helicopters from hel  and 

maintenance costs, but in addition autorotations are relatively nsky and must be practiced 

with caution. If the flare to landing is performed incorrectly, a hard landing is oéten 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. If the 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 h m  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 darnaging 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 hstitute of Environmental 

Medicine (DCIEM). The contract report "Flight Dynamics for Hekopter Emergency 

Maneuvers Trainer", DCIEM Contract W77 1 1 -0O5923IOO 1/TOR (Reference 3.1) 

contains a complete description of the physical mode1 used in the simulation as well as 

documentation of the entire MATRlXx model. Aithough this thesis contains portions of 

the same matenal (notably Section 3) for completeness, the conuact report should be 

referred to for the complete model, while this thesis contains matenal not found in the 

contract report pertaining to testing and development work. 

The model is implemented on the six-degree-of-fieedom full motion simulator 

Iocated at the University ofToronto institute for Aerospace Studies s h o w  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.O., Dufort, P.A., and Zielinski, A.W., 1998, 

"Cockpit Technology Simulation DeveIopment Study for Enhanced/Synthetic 

Vision System*', UTIAS Report No. 355. 







As mentioned above, it was decided to develop a full new simulation 

implemented in the MATEUXx environment rather than modify existing code for this 

thesis. This allows for the creation of a mode[ with clearly defined modules and 

complete documentation. in this way, it was aIso possible to have hl1 controI over the 

simulation with the fieedom to change any portion if desired, phs the fmiliarity with the 

entire system ro be abIe to make these changes. As well, the end user contracting the 

project required a code it could have full conuol over without limitations. 

AIthough MATRUCx has been used in the development of many simulations, it 

has not been used for a helicapter simulation, sa this allowed an opportunity to explore if 

it was possible and identify any limitations. In addition, many companies in the industxy 

use MA= to develop new simulator codes. As such, its use follows current industry 

practice. 

The simulation has been deveioped in a MATRIXx Version 6.1 software 

environment instatled on an SGI Indigo 2 workstation. This product has b e n  created by 

Integrated Systems inc. (see Reference 2.1) and is suited to reai-tirne fiight simulator 

applications. Three elements of the MATRIXX Product Family have been employai: 

(i) Xmath 

(ii) SystemBuild 

(iii) PIutocode 

Xrnath s o h a r e  provides a system analysis and visualization environment. It contains 

over 700 predefined functions and commmds, interactive color graphics and a 

prograrnmabtble graphical user interface. SystemBuild visual modehg  and simutation 

software allows interactive mode1 verification, testing and modification- The Xmath 

interpreter supports a multiprocess architecture that consists of three executabfe 

programs: Xmath, SystemBuild and the SimuIator. It uses Interprocess Communication 

to coordinate accivities and transfer data Autocode is an automatic code generator for 

SystemBuiId models- It outputs compiIabie C or Ada code- The Autocode output can be 

compilai to produce the real-the fiight simulation. . 



The flight simulation rnodel is created as a senes of interconnected blocks 

displayed on block diagram pages. In the MATRiXx environment Super Blocks are 

speciiil blocks made up of Blocks or other Super Blocks. Blocks are used to specifj the 

operdtions that constitute the systern model. The block diagrams in Appendix B illustrate 

their use. The first page of the sequence gives the top IeveI 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 diagrarn page giving its contents. Blocks containing the label BIock Script are the 

onIy ones that require fiirther description outside the pages of block diagrams. The 

operations carried out in a Block Script block are described in bIock script code sheets 

following the block diagram pages. Each such block is identified by the narne at the top 

of the block and this narne also appears at the top of the page containing its block script 

code. This is the cornputer code which Xmath supports. If a block is neither a Super 

Block nor a Block Script block, then its hnction is defined by its physical shape and 

labels. 

Inputs to a block corne fiom 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 variabIe by a Wnte to Block and then using a 

Read fiom 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 

bIock throughparameter and environment lis& in the block script code. 

Al1 blocks except Block Script bIocks cm ernploy matrices as inputs and outputs. 

In 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-BLlB in Appendix C. 

In the diagram of Block L -2.1 (Blade Transformation Matrices) in Appendix B the 

Block Script block L B L I B  Matnx is s h o w  with a matrix input and a matrix output. 

However, when the block script code for this bIock is irnptemented it can be seen that the 

input and output are vectorized versions of the matrices (indicated by the letter V 

following their narnes). These arrays are sequences of 9 nurnbers with the fmt 3 

representing the first row of the ma&, the second 3 representing the second row of the 



rnatrix and the last 3 representing the third row of the rnatrix. In order to cary ùut 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 

[n MAïRiXx an algebraic loop occurs when the output of a block is fed back as 

an input. For people used to prograrnming in languages such as FORTRAN or C, 

problems associated with such loops corne as a surprise. In these languages the program 

autornatically assigns a previous value to such a fed back variable and no problem arises. 

However MATRIXx does not do this automatically, and will give an error message if you 

consmct 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 Ioop without introducing or allowing other unwanted changes to occur in the 

program. This method replaces feedback signa1 paths in the MATRlXx block diagrams 

with a Write IO Block followed by a Readfrom Block. This acts as a feedback loup 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 mle 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 Farnily; Getting Started 0. 



3. Helicopter Mode1 

The helicopter model is described in its entirety in Reference 3.1. Included below 

is a partial description, including the overall Iayout and a few sections of interest. The 

main rotor and landing gear moduIes are incIuded in full, as this is where a large amount 

of work was required and will be discussed later in this thesis. 

The model is spiit into sections representing the various components of the 

helicopter, such as the main rotor, taiI 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 systern. This flight control system contains two unique 

modes, the first being a bare-airfiame system, where pilot controls are fed directly to the 

simulation, and the second is a Translationai Rate Cornrnand (TRC) flight controller. In 

this TRC mode, the pilot's inputs govem various system rates, with the controller 

providing the suitable control inputs to initiate and maintah that rate. 

The top-level Super BIock of the model is shown in Figure 3.1. This shows the 

various subsystems mentioned above and the interconnections arnong them. In addition, 

al1 extemai inputs and outputs h m  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 FCS, ICLUTCH, iFTJEL, ITAIL, and KASE. FCS turns the TRC fiight 

controller on or off, KASE represents different sling load cases, including pick-up, 

carrying, and dropping of the Load, and the rernaining inputs control failure modes for 

emergency maneuvers training. ICLUTCH disengages the engine fiom the rotor, and cari 

be used to simulate sudden loss of al1 engine power. FUEL stops the flow of he l  to the 

engine, this also sirnulates Ioss of engine power, but power is lost through a more gradua1 

decay rather than a sudden drop, and engine rpm remains coupled to rotor rotation. 

ITAiL is used to simulate sudden loss of tail rotor thnist, Tai1 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 physicai modeIs used for the Main Rotor 

and Landing Gear. These two sections (3.1 and 3.2) are then hrther subdivided into 

three parts. The first subsection describes the physical model with al1 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 BIocks and Block Script block code are included 

in the appendices at the end of this thesis. The third subsection lists al1 notation used in 

the model, with both the symbols from the physicd equations and the corresponding 

computer narne. In addition, Appendix A contains background information such as 

notation, a description of computer variable narnes, and nurnencal techniques. 



3.1 Main Rotor 

3.1.1 P l?ysicaf Mode! 

A blade eiement mode1 based on Reference 3.2 is used to reprcsent the main ra 

Each blade is divided up into elernents and these eIements are treated as independent hvo- 

dimensional airfoils. in the present simulation a two blade teetering rotor is used. The 

overalI forces and moments produced by the main rotor are found by summing up the 

contributions h m  al1 the elements. The main rotor is treated as an independent dynamic 

system with its angular vetocity 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-fieedom; fiapping and rotation about the mast (see 

Relerence 3.4). 

3.l.I.I Rotor Blcrde Geometty 

In order to apply the blade elernent theory it is first necessary to specify the 

geometric pmperties of each blade and element. The generalized blade is pmented in 

Figure 3.1. i . Each bIade is composed of NL elements. The boundaries between blade 

ekments are selected such that each element sweeps out an annulus of area  sas it 
completes one revofution about the mast. The mid-point of the j-th elemenr is defined by 

the radius r,,,(j') and it is selected so that haif 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 j 

= 1 for the etement closest to the hub and j = M. for the element at the rotor tip): 

and h m  Figure 3.1.1 



where R is the main rotor radius. From (3.1.2) 

~ Y = ( R '  -r,')/NL 

and frorn Figure 3.1.1 

m , 2 ( l ) = d  +Ir612 

or 

r:(l) =r,' + S I 7  

In the above (3.1.3) is used to specify S, (3.1.4) is used to find r,(l) and (3.1 .l) is used to 

find r, 01 for j # 1. From Figure 3.1.1 the inner radius r&) and outer radius ro&) of 

each element c m  be fond  based on armular areas, to be 

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 eiement be cI&] and 

CO&') respectiveIy. Each element is a trapezoid and thus the area of the j-th eIement is 

given by 

S(J) = kIN (J) + C O ~ ( J ) ~ O ~ ( J )  - rlN(d)/ 2 (3.1.7) 

and de fine the mean chord as 



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

From (3.1.8) and (3.1.10) 

Thus (3.1.1 1) is used to find F ( j )  and then (3.1.9) is used to find Sm. 

3.1.1.2 Rotor Blade Kinematics 

The main rotor is located at the top of the rotor mast. The origin of reference 

h e  Fs 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 dong the mast. A body-fixed reference fiame FB is 

located with its origin at the CG of the helicopter body (Le., the helicopter Iess the main 

rotor system). The origin of Fs is Iocated by the vector rS fiom the origin of Fe (see 

Figure 3.1.3). It is assumeci that the mast is tilted relative to Fe such that the Euler angle 

which carries Fe into Fs is given by 

The y-axis of Fs is paralle1 to that of F8. 

A rotating reference fiame FR is defined as shown in Figure 3.1.4. FR has its 

origin at the ongin of Fs and their z-axes are coincident. The y-axis of FR is aligned with 

Blade 1 of the rotor and foIIows it in rotation (actualiy the position of Blade I when its 

flapping angle is zero). The azimutha1 angle y is shown in Figure 3.1.4 foilowing the 

standard helicopter convention. 



Both w and main rotor angular velocity relative to the helicopter body (Q are 

positive for countercIockwise rotation of the rotor when viewed h m  above. This is the 

assumed direction of rotation in this simulation. R i s  the time derivative of y. The Euler 

angle which cames Fs into FR is given by 

An additional reference üame FIN is specified in Figure 3.1 S. l is  origin is 

located at the ongin of Fs (the hub) with the z-axes of FIN and FJ are coincident. The x- 

axis of FIN i~ in the direction of the projection of the hub's instantaneous airspeed vector 

(IlsS) on the .r-y pIane of Fs. The angle p w  is as show in the figure where 

USs cm be found in Section 3.1.1.4. The Euler angle which canies Fs into FIN is given - 
by 

3.1.1.3 PittPeters Dynamic Inflow Model 

In the process of deveioping thrust, the main rotor induces an additional infiow 

through the rotor disc. This infiow velocity VIN is positive when it flows down fiom 

above and through the disc. It is normdly positive. VIN is assumed to be parallel to the 

main rotor mat. Figure 3.1.6 fiom Reference 3.3 shows typicd flow patterns through a 

rotor. In generat the infiow is not uniform over the rotor disc and it responds 

dynamicaIIy to changes in the thnist and moments being generated by the main rotor. 

The PittPeters Dynamic Inflow Model captures these features and it is descrïbed in 

References 3.3 and 3.5- in this mode1 the inflow velocity over the main rotor disc is 

given by (at location r, y& 



The inflow azimutha1 angle y l l ~  is associated with FIN as s h o w  in Figure 3.1 .S. The radii 

r and R are shown in Figure 3.1.1. Vo, V,  and VI corne from the solution of the PittPeters 

di fferential equations 

vpp=[vo 5 v?]' - (3.1.17) 

where: 

R is the main rotor angular velocity about the mast, relative to FB 

CTA is the main rotor thnist coefficient given by 

and TA is the main rotor thrust (positive dong the negative 2-axis of 

FIN; see Figure 3.1.5) 

C u  is the main rotor aerodynamic rolling moment coefficient given by 

and LA is the main rotor aerodynamic roIIing moment (positive about 

the x-axis of FIN) 

CMA is the main rotor aerodynamic pitching moment coefficient given by 

and MA is the main rotor aerodynamic pitching moment (positive about 

the y - a i s  of FIN) 



The aerodynamic force and moments TA, LR and MA are computed in Section 3.1.1 -8. 

Equations (3.1.18) to (3.1.2 1) are rearranged for solution as 

( [ T  L,/R M , / R ] ~ / ~ ~ R ' - ( R R & - ' ) - I R )  

In (3.1.22) the following holds 

and define the matrix 

Based on Reference 3.4 the following holds 



Ln order to find the variables on the right-hand side o f  (3.1.25) to (3.1.29) equations 

(3.1.3 1) to (3.1 -43) are employed- 

- I I ?  
Ppp -Pm2 (3.1.32) 

Equation (3.1.33) must be solved for v. This is accomplished in the MATRUD( code of 

Section 3.1.3 using the Relaxation Method described in Appendix A. 1. 

in (3.1.33) is the inertiai velocity of the hub (the origin of Fs) and it is 

developed in Section 3.1.1.4. WSAs in (3.1.33) is the atmospheric wind at the hub. 

A, = v - VS, + WSA, (3.1.34) 



K, = 1 - cos ;y, (3-1.41) 

in (3.1.33) vis the uniform inflow predicted by simple momentum theory. dpp is 

(-USs) based on vand ,yw is the main rotor wake skew angle based on App. .y,, 

approaches zero in the hover. 

3.1.1.4 Veluciries ar the Main Roror Hrrb 

In order to develop the dynamics and aerodynamics associated with the main rotor 

it is necessary CO obtain expressions for the inertial vdocities and airspeeds over the rotor 

disc. The airspeed of the hub (the origin of Fs) is US and in Fs components it is given by 

where - VSs is the inertiaI veiocity of the hub and ESs is the wind speed at the hub. In the 

present deveiopment is composed of atmospheric effects given by WSA and the 

inflow VIN from Section 3.1.1.3, Thus, using (3.1.16) and noting that r = O at the hub, it 

follows that 

E s  =mS+[0 O K,v,]' (3 . 1 -44) 

In (3-1.44) the uniform inflow y, has been reduced due to ground effect (see Section 

3.1.1.5) by the scaling factor Ka which depends on main rotor height above ground 

Ievel. The inertiaI velocity is found by using (A-6,4) of Reference 3.6 



YBe and corne from the flight equations. From (A.2.4) and (3.1.12) it follows that - 

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

WSA = L WSA 
S - S E E  

where 

L -SE = L S 8  L 8 E  

and LBE is available from the Flight Equations. 

3.1.1.5 Ground EBct on Main Rotor 

The effect of the ground on the aerodynamics of the main rotor is predicted by a 

simple mode1 presented in Reference 3.2. A scaling factor due to ground effect, KGE, is 

applied to the uniform inflow Y, produced in Section 3.1.1 -3 (as done in (3.1.44)). The 

variation in KGE 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 specifi the location of the local ground 

plane (assurned 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 (HACL) is then 

given by 

HAGL = rGfi - rB* - rS* (3.1.50) 

= hcc - r S z ~  

where Es, =&&, (3.1.51) 

and kcGI the height of the CG of the heticopter body above local ground level, is 

calculated in the FIight Equations module. KGE is then given by: 



and 

It shouId be noted in (3.1.53) that as USs approaches zero KGE approaches unity and the 

ground effect disappears. USzS approaches zero as the wake from the rotor becornes 

parallel to the plane of the rotor disc. 

3.1.1.6 Biade Eiement Angle of Attack and Mach Number 

The aerodynamic forces acting on each blade element depend on the local angle 

of anack and Mach nurnber. Therefore the latter quantities must be evaluated at the 

location of each elernent at al1 time steps. Start by tinding the airspeed of the j-th element 

of the i-th blade. 

Let FBti be a blade-fixed reference frame for the i-th blade as shown in Figure 

3.1.7. The origin of Fa, is located at the hub (the origin of Fs and FR) and its y-axis lies 

along the blade towards the tip. The x-axis of F,,, is coincident with the x-axis of FR. 

The x-axis of F,,? is coincident with the negative x-axis of FR. In a teetering rotor the 

blade motion reIative to FR is a simple flapping about the x-axis with the flapping angle ,& 

(see Figure 3.1.7) defined to be positive when the bIade tip is above the xy-plane of FR. 

Thus the Euler angIes which carry FR into FBli are given by 

and 



In the above, cornes fiorn Section 3.1 -1.1 1. From (3-1.136). (3.l.i37), (3.1.146) and 

(3.1.57) L = L  L 8 -8l iR - RS 

i t  follows that 

sin y cos y O 

-cos pl cosy cos Pt sin y -sin pi 
-sin p, cos y sin p, sin yl cos p, 

and 

The local angle of attack and Mach number are based on airspeed components at 

the rnid-point of each btade element expressed in F,, . For the j-th element of the i-th 

blade the airspeed is 

where VBQij is the inertial velocity of the mid-point and WBeij is the wind speed at the 

location of the mid-point. 

The inertiaI velocity V B Q  in (3.1-60) is found by appIying (A.6,4) of Reference - Bli 

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

where 



OBei,, is the angular velocity of relative to FE, expressed in FE,; 

OBCi,,, can be found from the following. The angulx velocity of FE,; relative to FE is 

the surn of the angular velocity of F,, relative to FR ( O  i) and the angular velocity of FR 

relative to F E ( o R ) .  From Figure 3.1.7 it can be seen that the angular motion of 

FE,, relative to FR is flapping about the x-axis of FBli . ïhus  

. 
where pi cornes from Section 3.1.1.1 1. Since R is the angular velocity (about the 

negative z-axis of Fs) of FR relative to Fe and oB is the angular velocity of Fe relative to 

FE, i t  follows that 

where 

WB = L WB -s - S B 6  

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

Equations module. Thus 

where 

OR,, = LE,,&, 
From (3.1.65) and (3.1.68) 



WB e ij in (3.1.60) is made up of atmospheric effects WB P Aij and the main rotor 

inflow. 

WBPU = WBUij + L , ,  VINGEijs 
B l i  B t i  

(3.1 -70) 

In (3.1.70) VINGEijs is the inflow vector based on (3.1.16) with V, attenuated by the 

ground effect parameter Km from Section 3.1.1.5. Let 

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

where YiNGEij is the value of (3.1.71) when 

r = rmQ 

and (hm Figure 3.1.5) 

Ylni =Y + P w  
for i = 1 

and 

VIN =y+Pw + A  

for i = 2 

if the atmospheric wind is expressed in FE components then in (3.1.70) 

where 



using (3.1.47). (3.1 S8)  and (3.1.59), with LBE 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 FB, x-axis for the j-th element is given by 

The zero-lift line (ztt)  of this blade element is located relative to the FBfix-axis 

by the pitch angle Bij ,  . (When Bii, = -aij, the Iift on the element is zero.) The 

contributors to Bi j ,  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, ah, is 

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

and is given by 

MyzD = ~ 2 i j " ~  I LI,,, (3.1.80) 

where 

u2 i j  = u~tij;~, + u~tij;, 

3.1.1.7 BladePitch 

The local blade pitch angIe B i j ,  is made up of control inputs from the pilot and 

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

aeroelastic twisting in the present simulation). Thus we write 



8Ejb = Bi, + Bjmrrr + dLlt 

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

81, = A,, - A, cos(y + A) - B, sin(iy + A) 

82, = A, + A, cos(y + A) + B, sin(y + A) 

in the above 

O,,, is the pitch offset at the root of the main rotor 

Bj,, is the twist in the blade relative to the root, as rneasured at the j-th 

element 

A. is the collective input 

A1 is the laterai cyclic input; a positive value for Al praduces a positive 

(right) rolling torque 

Bi  is the longitudinal cyclic input; a positive value for BI produces a 

negative (nose dom) pitching torque 

A is a phase shifi intended to reduce response cross-coupling to control 

inputs 

The definitions of Ai  and BI 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 ta 

produce pitching of the thrust vector. The need for A indicates that this phasing between 

input and output is not exactiy orthogonal. A negative Bj,, is notmally empbyed in 

order to reduce the Iift distribution towards the blade tip and this creates a more unifonn 

inflow and results in hproved rotor aerodynamic efficiency. 



3.1.1.8 Main Rotor Aerodynantic Forces and Moments 

The Mt and drag on each blade element is found by using a i j r ~  and Mijr~ fiom 

Section 3.1.1.6 and a Iookup tabIe containing two-dimensional sectional CL and CD data 

for the blade airfoi1 employed, expressed as a function o F a  and M, where a is the angle 

of attack of the zero lift line. Due to the extreme range in angle of attack expetienced by 

a rotor blade, the cr range rnust span - w l  a I a The orientation of the element's l iR 

(Lu) and drag (Do] is shown in Figure 3.1 .S. These arodynamic forces can be resolved 

into F,,, components to produce the following 

FAij,, = Ly sin aij, - Dij cos c q ~ ~  

~ ~ i j , ,  = - ~ i j  cos aij, - Dij sin a& (3.1.86) 

As suggested in Reference 3.2, the IiR towards the tip of the rotor blade will be reduced 

in general due to three-dimensionai flow effects on the real helicopter. This is modeled 

by the tip loss factor TZF which multiplies L!j' and varies with radius r along the blade. 

TLF only differs fiom 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)) 

set TLF(j) = 1 

For blade elements with (see (3.1.5)) 



set TLFCI') = O 

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

and PTL is a parameter specified for ~e simulated helicopter. 

The Li j  and Dij are then found flom 

where Cijr and CijD corne fiom the lookup table for a vzo and M1ï2D. 

The total aerodynamic forces and moments for each rotor blade are found by 

adding up the contributions corn each blade element. Thus the total blade aerodynamic 

force for the i-th blade is given by 

ML 
FAT - ~ t i  =zF~ij - Bli 

(3.1.96) 
j- f 

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

where 



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 Fs components is 

FA = L  FAT + L  FAT ,S -SBII B ~ I  -SB(Z B C ~  (3.1.101) 

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

The aerodynamic forces and moments required in Section 3.1.1.3 must be expressed in 

F ,  components. Thus 

TA = -FAIs (3.1.103) 

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

LA = GAxS cos BW + GAYs sin @IV 

MA = GAyS COS BW - GAd sin PW 

3.1.1.9 Main Rotor Httb Farces 

Consider Figure 3.1.9 showing al1 the extemal forces acting on the i-th rotor 

blade. Fic is due to gravity, FiA is the aerodynamic force and FiH is due to the rotor 

mast. FilM is an interna1 structural force on the blade due to the other rotor bIade since 



both blades in the teetering rotor are assumed to be part of a single rigid structure. By 

using Newton's Third Law, -FiH 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 

FiH f FiA f FilNT + F ~ c  = m,, &Ci (3.1.106) 

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

blade's CG. Now solve (3.1.106) for FHBU - , the components of FiH expressed in FE, 

FH = m  aCG -FAT,,-FG -FINT 
~ t i  ~ t - ~ t i  - ~ t i  -86 (3.1.107) 

where 

FG 
-81 = m m L , < E g E  (3.1.108) 

and L is given by (3.1.77). The expression for aCG can be found as follows: 
- BliE - Bli 

Apply (A.6'7) from Reference 3.6 to obtain 

(see (3.1.77) for L ) 
- BliB 



where &e comes from the FIight Equations and 

(with rCG a given parameter specifying the location of the blade's CG) where d e i  is 
- Bii  

the inertial angular velocity of the Frame F,,i given by (3.1.67) and (3.1 69) .  Now 

differentiate (3.1 -67) to give 

and differentiate (3.1.69) to 5 v e  

:R = L  B +[O O - A i T )  
B L i  - BliS S 

In the 
. 

above Sl comes 6orn the Power Train. L can be found by differentiating - 
Btir  

(3.1.58) and (3.1.59) and noting that 

and fmm Section 3.1.1.1 1 

Fi ,  = B  

&, and @, comc h m  (recaIIing bat L, is a constant) 



. 
OB, =Ln@, 

From differentiating (3.1 S8) 

I R cos y - Qsiniy O 

and fiom differentiating (3.1.59) 

1-C2sinp,siny -Qs in~ ,cosy  

fiom both blades 

Now from Newton's Third Law 

thus FilNT dmps out o f  (3.1.123) and we are iefi with (combining (3.1.107) to (3.1.124)) 

3 O 



fl - B  =-2 FHI - 
,=I  BBfi B fi 

where mBfi is defined by (3.1.125). 

3.1.1.10 Adain Rotor Hub Moments 

Consider Figure 3.1.10 showing al1 the extemal moments acting on the i-th rotor 

blade (acting about the origin of FBfi).  Mic is due to gravity, MiA is the aerodynarnic 

moment and Mi; is due to the rotor mast. MiINT is an internai structurai 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 ngid structure. By using Newton's Third Law, - Mi; is the moment 

applied by the i-th rotor biade 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 dynarnics of the blade, as being much smaIIer than the other contriiutions. 

Now we will apply the Extended Euler Equations using the origin of FEU 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. In the more general case where the CG is not the reference point (but assurning a 

rigid body), the Extended Euler Equations for the i-th blade referenced to the ongin of 

FE, are (see Reference 3.4) 

h .c 

[Mi* +Mi, + Mi,, + Mi,], = i, + O&, I ,  ~ B t i ~ ( ,  + rCGR,&B(im, 

where I ,  is the inertia matrix of a single blade expressed in FE, 



r a , , ,  is the location of the i-th blade's CG expressed in Fafi 

&,,, is the inertial acceleration of the hub (ana hence the origin of FE,, ) 

expressed in FE, 

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

where 

where 

In (3.1.128) the blade inertia matrix I,, is expressed relative to the origin of FE, . 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 F,, are 

principal axes for the blade and thus LE, is diagond with 

Now fiom (3.1.1 14), (3.1.128) and (3.1.130) express Mx, as 

*- 

M x d t i  =[- I,, P i O O] '+TEMPi 

where 



The totai moment appIied 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 

Now fiom Newton's Third Law 

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

and fiom (A.2.5), (3 -1.55) and (3.1.56) 

From (1.1.135) to (1.1-137) 



From the design of the teetering rotor it follows that (see Figure 3.1.1 1) 

and from (1.1.138) and (1.1.139) 

Now combine (3.1.1 17), (3.1.118), (3.1.131) with (3.1.140) to obtain 

and (3.1.141) is used in Section 3.1.1.1 1 to deveIop the blade fi apping equations. It aiso 

follows that 

BR = [O GSyR CSzR ] (3.1.142) 

From (3.1.131) and (3.1.135) to (3.1.137) 

In order to find the components of the appiied moment in Fe, use 

where 



Now from (A.2.5) and (3.1.13) 

and frorn (3.1.47), (3.1.145) and (3.1.146) 

sin y cos es - cos y cos es sin Os 

LBR - cos w sin iy O 
- sin y/ sin Os cos sin Os cos Os 

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

- cos iy cos Os sin Os 

cos y sin Os cos Os 

3.1.1.1 1 Blade Flapping Equations 

Figures 3.1.7 and 3-1.12 show the flapping angles f i  for a teetering rotor. The 

angle Po represents a geometrically set coning angIe that is preset in the rotor structure. P 
is the teetering parameter and it is seen that 



The differential equation describing the flapping motion of the rotor is given by (3.1.141) 

which is repeated below 

It is seen from Figures 3.1.1 1 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. 

It should be noted that TEMPi in the right-hand side of (3.1.151) contains 8, and j,. 
This equation is soIved by numerical integrrition in the simulation. 

3.1.1. I2 Mornenis Abouf the Heticop fer Body CG Due tu the Main Rotor 

ï h e  main rotor applies moments about the helicopter body CG due to & (the 

moment appiied about the top of the mast) and due t o B B  (the force applied to the top of 

the rnast). Thus the total moment iÏom these two effects is given by 

GR, =a, +Ls, f7? -6 

3.1.1.13 Main Rotor Wake Angie 

The main rotor wake angle x is the angle between USs and the z-axis of Fs. It is 

in the range O to a x is used in later sections when determining the interference effect of 

the main rotor wake on other parts of the helicopter. ., is found fiom 

and we take 

when I/Ss=O. 



3.1.1.14 Wind Mode1 

[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 is absent it EOIlows that 

3.1.1.15 Integraring the Blade FZapping Equattons 

It was found during the testing described in Section 4.3 that solving the blade 

fl apping equations was very sensitive to the integration scheme ernployed. The most 

stable soiution technique found (alIowing 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 descnbed below. 

It is assumed that the solution being sought is periodic in nature. This is 

consistent with bIade flapping responses, The solution is assumed to have the form 

and thus we cm take 

A 
~ ( t )  = - - 

7 cos(wr ) (3.1.158) 
0- 

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

(t + AT) h m  (3.1.157) and (3.1.158) is thus 

4 A 
.r(t + AT) = -sin@ + 0AT) 

W 



x(t +AT) = -- A cos(a~ + AT) 7 
a- 

Difference equations for use in integrating to 6nd .r(t + A n  can be found frorn the above. 

Let 

x,, = ~ ( t )  (3.1.161) 

Expanding (3.1.159) leads to 

From (3.I.I56), (3.1.157) and (3.1.I63) 

L+I = 4 cos(mAT) + f. sin(aAT) / a> 

Expanding (3.1.160) leads to 

A 
.rn+l = -- A 

cos(ol) cos(oAT) + sin(cllbT) (3.1.165) 
a* ai- 

From (3.1.156) to (3.t.158) and(3.1.165) 

.52+1 = 0 + x"+, 



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

double integration of d(t) . In the Iimit as AT approaches zero this method reduces to an 

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

results were achieved for 

3.1.1. Id Filtering Main Rotor Forces and Moments 

As indicated in Reference 3.2, it is necessary to pass the outputs fRe, GRB and GYR 

From the Main Rotor through a low-pass filter before inputing them to the Flight 

Equations. This is because the blade element mode1 produces unrealistically sharp peaks 

in these variables at the two-per-revolution fiequency and the Iow-pass filter suppresses 

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

where WU is the break fiequency. The fikered force outputs are,RJB, and the filtered 

moment outputs are a and mFR. 



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 d iagms ,  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 

numencal 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 diagrarn is 

provided, on the page represented by subsection 1-4.1. Since the same block form may 

be used zt several locations in the Main Rotor module, in order to elirninate duplicate 

block diagrams, the fom 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. It 

should be noted that al1 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. Ttiese are Iisted in alphabeticai order. 

In the diagram of Block 1.1.2 (Rotor Angles) the block PSI O to 2PI is used to 

keep the rotor azimuthal angle PSI in the range O to 2xas it rotates. In Block 1.2.1 the 

MATlUXx Transpose Block ( A ~ )  has b m  used to carry out the required matrix 

transpose operations. Throughout thiç moduIe use has been made of Write to Blocks 

followed by Read from Blocks in order to avoid aigebraic Ioops. For example see the 

diagrarn of Block 1.4.1.2 (Blade EIement Lift and h g ) .  

Many of the bIock diagrarns have pairs of vertical Iines n i ~ i n g  fiom top to 

bottom. See for example the diagram of BIock 1. (Main Rotor). These represent 

sequencers and they are used to force MATRIXx to carry out operations in the desired 

order. Al1 operations to the left of a division line wiIl be carried out before those to the 

right. 

In the diagram of Block 1.4.1.5 (Fin Peters M o w )  initiai conditions are placed 

on the Integrators by summing VPPic(K) with the VPP(K) outputs. 



In the diagram of Block 1.4.1.2 (Blade Element LiR and Drag) a "while" loop is 

used to step through the caiculations for the NL elements of each olthe 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 Iogic 

variable is set to unity and the loop is stopped. In the present simulation the variable 

array sizes are such that the maximum a1IowabIe value for NL is 10. 

In the diagram of Block 1.4.1.2 (Blade Element Lifi and Drag) the calculation of 

CL and CD is handled differently for ALPHA2D inside and outside the range M.56 

radians. As described in Reference 3.1, detailed data influenced by Mach number exist 

inside the range, while Iess detailed data applies outside. If ALPHA2D is inside the 

range fl.56 radians then the logic variable SMALLALPHA is set to unity, othenvise it is 

set to zero. it should be noted that A L P W D  is converted fiom radians to degrees by 

muitiplying it by R2D before going to the linear interpolation blocks. This is because the 

data found for the Iift and drag coefficients (see Reference 3.1) was expressed with a in 

degrees. Thus the Small Alpha range becomes El2 degrees. When combined with the 

NOT Logic BIock and the Condition Blocks, the appropriate data analysis is employed. 

Recall that if the upper input to a Condition Block is mity (zero) then the block is 

impiementeci (not implemented). The Logic Switch Block following the CL and CD 

caIcu1ations selects the SmaII 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 SmaII Alpha). They are 

found as a bilinear interpolation over ALPHA2D and MACHZD, of the data reported 

Reference 3.1. The Large Alpha determinations are given in BIock 1.4.1.2.2 (CL CD 

Large Alpha). They are found as a linear interpolation over the magnitude of A L P W D ,  

of the data reported in Reference 3.1. 

The iow-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. 



3.1.3 Main Rotor Notation 

Units 

m/s2 

mls2 

m/st 

rad 

rad 

rnîs' 

rad 

rad 

rad 

rad 

m 

m 

m 

A S B  L(K,i) 

AAO 

CDN 

Description 

inertial acceieration of helicopter body 
CG, expressed in FB 

inertial acceleration of the CG of the L-th 
blade, expressed in F,,; 

inertial acceleration of the hub 
expressed in F,, 

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 
bIade 

laterd cyclic input to blade pitch 

amplitude of longitudinal cyclic input to 
the main rotor Hade pitch 

IongitudinaI cyclic input to blade pitch 

mean chord of the j-th blade eIement 

imer chord of the j-th bIade eiement 

outer chord of îhe j-th biade element 

drag coefficient for the j-th elernent of 
the i-th bIade 

a single working value of CD(i j) 



Units - Variable 

C h  

Cornputer Name 

CL(i j) 

Description 

lift coefficient for the j-th eIement of the 
i-th bIade 

CLN a single working value of CL(i J) 

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 

PittPeters mode1 variable 

rad 

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

intermediate variable in calculating 
TEMP(K. 0 

intermediate variable in calcdating 
ACG-BLKi) 

rad 

rad 

rad 

rad 

EuIer angles [- P, O O] ' which carry 

FR into F,,, 

EuIer angles [- P, O ~ r ]  ' which 
cary FR into FB1, 

Euler angIes [O O f lw] which carry 
Fs into FIN 

Euler angles [ O  O (% - r) ] ' which 

carry Fs into FR 



Units - 
rad 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

Computer Name 

- 

Description 

Euler angles [O û O] 5 which carry 
Fs into Fs 

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

Iow-pass filtered version o f B ~  

x-component of aerodynamic force 
acting on the j-th element of the i-th 
blade, expressed in FBti 

y-component of aerodynamic force 
acting on the j-th eiement of the i-th 
blade, expressed in FE, 

z-component of aerodynamic force 
acting on the j-th element of the i-th 
blade, expressed in FBt; 

main rotor aerodynamic force expressed 
in Fs 

aemdynamic force on the i-th blade, 
expressed in F,, 

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

z-component of the aerodynamic force 
on the i-th brade, expressed in FE,, 

gravitational force applied to the i-th 
btade, expressed in FBti 

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

value of Fx when F&T is set to 
8ti 81i 

zero 



Units - 
N 

Variable 

FiA 

Computer Name 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 

interna1 force applied to the i-th blade 

intemal force applied to the i-th blade, 
expressed in Feti 

acceleration due to gravity expressed in 
FE 

aerodynamic moment about the hub due 
to the j-th element of the t-th blade, 
expressed in FBti 

GA-S(K) main rotor aerodynamic moment about 
the hub, expressed in FS 

GAT-BL(K,i) aerodynamic moment about the hub due 
to the i-th blade, expressed in FBti 

GATX_BL(i) x-component of the aerodynamic 
moment about the hub due to the i-th 
bIade, expressed in Fe, 

r-cornponent of the aerodynamic 
moment about the hub due to the i-th 
bIade, expressed in Fe,; 

moment appIied to the heiicopter body 
about its CG by the main rotor, 
expressed in Fe 

low-pass frltered version of GRB N.m B GRF 



Units - 
N.m 

N-m 

m 

m 

kg.rn2 

kg.m2 

GSF-R(K) 

HCG 

HAGL 

Description 

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

Iow-pass filtered version of GYR 

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

height of the main rotor hub above the 
locaI ground plane 

main mtor blade inertia matrix 
expressed in FBti 

diagonal elements of L 
81 

index representing the J-th element when 
j = elementN 

ground effect scale factor 

Pitt/Peters mode1 parameters 

rnauix of variables in Pitt/Peters mode1 

main rotor aerodynarnic rolling moment 
about the xl~axis 

rotation matrix fiom FE to Fe 

rotation mairix fkom FR to Fs 

rotation matrix fiom FB to FEti 

rotation maûix fiom FE to FBri 

rotation mauix fiom FR to FBli 

rotation ma& fiom Fs to FE, 



Units Variable - 
N LQ 

N.m MH 
Bti 

MiA 

Mic 

Mil, 

Cornputer Name 

L[FT(i j) 

Description 

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

rotation matrix fkom Fs to FR 

rotation matrïx fkom FB to Fs 

rotation ma& fiom FE to Fs 

mass of a single main rotor blade 

matrix of parameters in Piteeters 
mode1 

main rotor aerodynamic pitching 
moment about the y ~ ~ a x i s  

gravitational moment appIied to the i-th 
blade about the origin of FE,; , expressed 

in FBti 

the value of M&',,when MINT is - BCi 

set to zero 

moment applied to the i-th blade about 
the ongin of FE,, by the top of the rotor 

mast, expressed in FE, 

aerodynamic moment applied to the i-th 
blade about the ongin of FE, 

gravitationai moment applied to the i-th 
blade about the ongin of FE,, 

moment appiied to the i-th blade about 
the origin of F,, , by the top of the rotor 
mast 

interna1 moment appiied to the i-th blade 
about the origin of FE, 



Units Variable - Computer Name 

M i j 2 ~  MACH2D(ij) 

Description 

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

a single working value O €  MACH2D(i j) 

interna1 moment applied to the i-th blade 
about the oiigin of FE,, expressed in 

F B t i  

number of blade dements per blade 

intermediate variable 

blade tip Ioss parameter 

blade tip loss ratio 

radial distance fiom hub 

i ~ e r  radius of the j-th biade dement 

nomina1 mid-point radius of the j-th 
blade element (based on swept area) 

outer radius of the j-th blade ekment 

radial distance of the mot of the bIade 
fiom the center of the hub 

location of the helicopter body CG 
relative to FE 

blade radius at the blade CG 

location of blade CG reiative to FBti 

Iocation of local ground plane reiative to 
FE 

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



Variable 

&B 

Descnp tion 

Iocation of the main rotor hub reiative to 
the origin of Fe 

main rotor radius 

area of the j-th blade element 

main rotor aerodynamic thrust in FlN 

intemediate variable in calculating 

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

rad 

m/ s 

ds 

mis 

TOTTWIST total blade twist, mot to tip 

local speed of sound 

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

airspeed of the main rotor hub expressed 
in Fs 

i d o w  fiom PittReters model without 
ground effect 



Units - 
m/s 

m/s 

Variable 

vr 

vo 

Computer Name 

VT 

vo 

Description 

Pifleters model variable 

unifonn inflow component from Pitt1 
Peters model without ground effect 

velocity pararneter in Piteeters model 

velocity pararneter in Piteeters mode1 

inertiai velocity of the helicopter body 
CG expressed in FB 

inertiai velocity of the j-th element of 
the i-th blade, expressed in FBti 

inflow fiom Pittfleters model including 
ground effect 

inflow fiom PittIPeters model including 
ground effect, at the j-th element of the 
i-th blade 

infiow vector fiom Pif le ters  mode1 
including ground effect, at the j-th 
elernent of the i-th blade, expressed in 
Fs 

infiow vector fiom Pif leters  mode1 
including p u n d  effect, at the j-th 
element of the i-th blade, expressed in 

FBt i  

VPP - 

inertiaI velocity of the main rotor hub 
expressed in Fs 

weight of a singIe main rotor blade WBLADE 

W A 3 W  atrnosphenc mean wind at the helicopter 
body CG expressed in FE 



Variable 

WBtAq 
Bit 

Cornputer Name 

WBLiABLia) 

Description 

the part of WB@ due to atmosphenc 
Bli  

effects, expressed in F,,, 

wind speed at the j-th element of the i-th 
blade, expressed in FE,; 

wind speed at the main rotor hub 
expressed in FS 

the part of due to atmosphenc 
effects 

mis 

rad angIe of attack ofx-axis of FBCi for the 
j-th element of the i-th blade 

twodirnensional angle of attack of the 
j-th element of the i-th blade 

rad 

a single working value of 
A L P W D ( i  j) 

rad deviation of Pl about the pre-set value of 

Po 
rad 

rad 

Euler angle which carries Fs into FIN 

pre-set vdue of coning angle in the main 
rotor bIades 

Bapping angles for the hvo rotor blades rad B1, B2 

DELTA area of the annuius swept out by each 
blade element, divided by z r  

rad 

S 

S 

PHASE cyclic control phase shifi 

tirne step in numencal integration 

TSAMP time interval in Flapping Equations 
Block 

rad i-th blade pitch angle due to control 
inputs 



Uni& - 
rad 

Variable 

@ib 

Computer Name Description 

pitch angle of  the j-th ekment of the 
i-th brade 

rad 

rad 

rad 

TWISTCI) 

THETS 

ZLL 

LAMPP 

blade twist 

Euler angk which cames FB into F5 

blade pitch offset at the mot 

PittPeters mode1 variable (total dative 
inflow based on mamentum theory) 

main rotor hub airspeed based an US,s 
and USfl 

Pitt/Peters mode1 variable (unifonn 
induced inflow based on momentum 
theory ) 

a derivative used in applying the 
Newton-Raphson method to find NU 

kg/m3 

rad 

rad 

RH0 

CHI 

CHIPP 

local atrnosp heric densiîy 

main rotor wake angk 

PittPeters mode1 variable (main rotor 
wake skew angle) 

rad PSI main rotor azimutha1 angIe (referenced 
to Bhde 1 )  

rad azimutha1 Iocation relative to the 
negative .r,~-axis 

inertiaI angular velocity of the helicopter 
body expressed in Fs 



Units Variable - 

"d/s wB!i - B f i  

Cornputer Name Description 

OMEGPLBLi BLi(K) inertial anguIar velocity of the i-th - 
blade, expressed in F,,, 

OMEGALP break frequency of the main rotor force 
and moment Iow-pass fifters 

- angular vefocity of FBJi relative to FR 
expressed in F,, 

ROMEGA angular velocity of the main rotor 
reIative to the helicopter body 

)ic initial condition 



3.2 Landing Gear 

The Landing gear model ernpIoyed in the present simulation is based on one 

described in References 3.10 and 3.1 1. The landing gear is assumed to consist of skids 

(sec Figure L -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 stnits are considered to be 

massless. Each of the 4 pads is attached to the fuselage by a stmt as shown in Figure 

3.2.1. The location of the at tachent  point for the i-th stmt is specified by the vector 

rSKi h m  the origin of FB. A reference hune FsKi is Iocated with its origin at the 

anachment point for the i-th stmt, its x-axis paraIIel to the x-axis of Fe and its z-axis 

along the stnit as shown in the figure. The stnrt 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 stnit. A quasi-static mode1 is assumed in which the i-th stnit 

angle relative to the helicopter body is a constant predetemined value when the i-th pad 

is in the air. Otherwise the i-th pad maintains ground contact when setting the strut angle 

to its airborne value would result in the i-th pad being located at or below the local 

ground p t me. 

3.2.1.1 Kinemarics 

Let the Euler angles which carry FB into FXK; be given by 

In Figures 3.2.1 and 322 FE is the Earth-fixed reference fiame employed in the 

simulator's visual data base. Let Fv be a reference m e ,  verticdly above FE, with its 

z-ais paraIIel CO the z-axis of FE and its ongin in the Iocal ground plane. It will be 



assumed in the present mode[ that the Local ground plane is parallel to the .y-plane of FE. 

The location of the locat ground plane is given by rG relative to the ongin of FE. The 

Iocation of the origin of FV is specified by the vector rV fiom the origin of FE. It follows 

frorn Figure 3.2.1 that 

g, =[O O T (3.2.2) 

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

Fv. From Figure 3.2.1 it is seen that in FE cornponents 

POSNi - rBE + EE + BE - TVE E -- (3.2.3) 

and this applies both when the heIicopter is on the ground and in the air. When the 

heIicopter's i-th pad is on the ground it folollows that 

and (3.2.4) cm be used to find the value of when the i-th pad is on the ground. 

Rewrite (32.3) as 

In (3.2.5) gE and LEB corne frorn the fiight equations of Section 3.8 of Reference 3.1, CE 
cornes fiom the visual data base, rSKiB - and rGSisKi - are fixed parameters for the heiicopter 

and LBSKi is found using (A.2.5) and (3.2.1) and thus involves &xi. Combining (3.22). 

(3.2.1) and (3 -2-5) leads to 



where rGSi is the length of the i-th stmt. AIso, it follows fiom (3.2.7) that in (3.2.6) 

Equations (3.2.6) and (3.2.8) can be solved numencally for hK,. 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 nght-hand side of (3.2.6) with 

respect to The right-hand side of (3.2.6) is POSNis and fiom (3.2.6) the required 

gradient is 

and fiom (3.2.8) and (3.2.9) and hB h m  Section 3.8 of Reference 3.1, 

aPOSNi,, 
= -rGSicosdB (cos + sin  COS#^) 

'#Xi 

When in the air the stmt Euler angles kKi are constant. Figure 3.2.3 gives the nurnbering 

of the strut/pad combinations. It foltows that (assuming that the magnitude of &i while 

in the air is the sarne for al1 stnits) while in the air: 

where is a specified heIicopter parameter. 



0 

While on the ground we need to know the values of #sKi in order to determine 

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

when the i-th pad is on the ground 

Frorn (3.2.5) 

O 

and POSNizE follows from (3.2.14). By differentiating (3.2.8) obtain 

From (A.4,18) to (A.4,20) of Reference 3.6 

where &a and 2 corne from the Flight Equations of Section 3.8 of Reference 3.1. 
-6 

From the de finition of inenial velocity 

and can also be found in the Flight Equations. From (3.2. IO), (3.2.15) and it 

follows that 



L L rGSisKl = -TGSICOS@~ (cosOsKi sin #B +sin 
-EB -6Shl- 

By combining (3.3.13) IO (3.2.18) and solving for #sKi obtain 

3.2.1.2 Forces on Landing Gear When Sliding 

In the present mode1 each landing gear pad when in ground contact is either 

sliding or not sliding (sticking). The gmund forces acting on thc 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. RecaII that the local 

ground plane is assumed to be paraIIel to thexy-plane of FE. In Figure 3.2.1 we will 

M e r  speciQ the orientation of FV (which has thus far onIy been required to have its 

z-axis parallel CO the z-axis of FE). Let the Euler angles which cary FE into FV be given 

by 

!?, =[O O V B I ~  (3.2.20) 

where V/B is given by (3.8.1). 

The components of Li in FV are modeled in the present deveIopment by 



The Ni are found by equating the torque about thex-axis of F s ~ i  due to the ground 

reaction forces to the toque produced by the torsional spring and damper. This 1s a 

direct result of assuming that the skids and their supporting structure are inassless. 

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

by the i-th torsional spnng and damper is 

w here 

~ # ~ ~ = # ~ ~ ~ + 4 ~ ~ ~  for i=I i2  (3.2.23) 

A&h=#SKi-#SKD for i=3,4 (3.2.24) 

and KI and ~2 are fixed helicopter parameters. The torque about thex-axis of F% 

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

GSKi = &SisKi (Li + Ni ) - SKI - -SKi S k i  

where 

M = [ O  O NilT 
-Y 

Frorn (3.2.2 1 )  and (3.2.26) 

Li + NisKi = L [Li.r Liy Ni] 
-SKi - -SKI V 

(3.2.27) 

where LWV - is given by (3.2.69). Using (A-1.14) and ( 3 2 7 )  it foIIows that 



Equating thex-components of (3.2.22) and (3.2.25) results in (using (3.2.27) and 

(3.2.28)): 

=[O -rGSi O]&,, Li, i l  
where [Riz,  Ri2, Riz3] is the second row of hKiv. Ni is then found h m  (3.2.29) as 

Ni = -(GJiXw i rGSi+ RitlLi, + Ri22Liy)/ Ri23 when the right-hand side is negative 

The limiting operation has been added to (3.2.30) to ensure that Ni 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 fiction model. The position of the i-th 

pad relative to the ocigin of Fr 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 -2.3 1) 

The velocity of the i-th pad over the ground when sliding on the ground is rgi, . Li is 

t ' en  given by 



IN4 ,.bi Li, = - p s ~  - - Y  

1p.i 

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 Fv and from (3.2.30) ir 

follows that 

Thus (3.2.32) can be written as 

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

Coulomb friction model is replaced by a viscous fiction model when r [ / iy  falls below l *  I 
0.05 mis. ïhus for 

and for 



From (3.2.31) i t  follows that 

and 

a 

where P O S h  and POSNiE corne boom Section 3.2.1.1. Frorn (A.4.19) of Reference 3.6 

Since (3.2.20) holds it follows that 

where cB cornes fiom the Flight Equations and LVE is given by (35.62)- 

3.2.1.3 SoutlPad Deformarion 

The strut/pad combination is assurned to be @id when calcuIating 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 

where 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 orïgin of Fv. Note that 

&y =[Aix Ai,, O]* (3.2.43) 



The force generation mode1 is based on deformation and defonnation rate. From (3.2.38) 

and (3 -2.42) 

gV = &vE r&iE-raiv 

and 

From (3.2.45) and noting that 

it foUows that 

4 a 

where 4, is given by (32.40) and @,, by (3.2.39). 

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

This defonnation can be found by solving the differentiaI equation 

where &V 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 

3.2.1.2. 



The normal ground reaction force when sticking or stiding is given by (3.2.30). 

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

O 

where is given by (3.2.44) and &iv by (3.2.47). Cl and C2 are fixed helicopter 

parameters. 

3.2.1.5 Sticking/Sliding Transition 

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

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

where 

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

ground becomes small enough. That is if 

provided that the sliding velocity has exceeded VREF or TLC seconds 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 used to start this process is 

taken to be its value at the end of the previous sticking phase. 



FoIlowing the transition from sliding to sticking the value of 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)) 

or, using (3.2.3 1 )  and (3.2.53) 

3.2.1.6 Forces and Moments Apptied 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 

fLCie = &B@V + L i v )  - 

=&sv[Lix Li,, ~ i ] ~  

where LBV is given by (3.2.7), and fiom Figure 3.2.1 the moment applied about the 

helicopter body CG is 

GLGi = (;ski + rGSiB ) j'LGi B - B 

where 



and 6 ,  is given by (3.2.61). The above applies when the i-th pad is on the ground. II 

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

contribution €rom ail 4 pads is then 

3.2.1.7 Filtering Landing Gear Forces and Moments 

As indicated in Reference 3.1, it is necessary to pass the outputsRG~, and GLGB 

from the Landing Gear through a Iow-pass filter before inputing them to the Flight 

Equations. The filter has the transfer function 

where w t ~  is the break frequency and GG is the darnping ratio, The filtered force and 

moment outputs are/LGFB, and GLGFe. 

3.2.1.8 Rotation Matrices 

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

found as follows. 

LEB - - from Section 3.8, Reference 3.1 

By making use of (A.2.5) and (3.2.1) it foIIows that 



By making use of (A.2.4) and (3.220) it foIIows that 

Since the Euler angles that carry Fv into Fg are [PB BB O] ' it follows from (A.2.4) 

that 

O -sin8 

sin # sin 0 cos 4 sin4cosû 

cos#sinO -sin4 cos#cos~  I 
AIso 

3.2.1.9 Landing Gear Logic 

In order to calculate the gmund forces acting on the landing gear and hence the 

conesponding forces and moments acting on the helicopter body it is necessary to 

determine whether the i-th pad is in ground contact and, if in ground contact, whether it is 

sliding or sticking to the ground. The Iogic variable IGNDi is used to indicate the ground 

contact status 

IGNDi = 1 i-th pad on ground 

= O i-th pad in air 

î h e  logic variable ISLIZ)Ei is used to indicate the slidi.g/stic 

is on the ground 

ISLlDEi = 1 I-th pad sliding 

king status when the i-tb pad 



(3.2.66) 
= 0 i-th pad sticking 

The flow of the landing gear logic for the i-th pad is s h o w  in Figure 3.2.4. The block 

nurnbers refened 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 IGNDi and ISLiDEi will initially be 

those fiorn the last tirne the process was applied. Block,j is entered first. - 

Block ,li - On-Cround Check 

The on-ground check is carried out by determining whether the i-th pad would be 

in ground contact if the deflection angle were set to the value it has when the i-th pad 

is in the air as given by (3.2.1 1) and (3.2.12). Define GNDCHKi to be the value of 

POSN&E when &jKi is set to its value when in the air. It then follows that 

if GNDCHKi 2 O 

then IGNDi = t (3.2.67) 

if GNDCHKi < O 

then IGNDi = O 

In the present mode1 it is assumed that irnmediately foIlowing touchdown, the i-th pad is 

sliding. Thus IGNDiOld = 0, for the previous value of IGNDi, indicates that the i-th pad 

was previously in the air, and if the curent value of IGNDi indicates that it is now on the 

ground, then set 

The logic flow is directed to BIock fl if the i-th pad is in the air (i.e., IGNDi = O). The - 
logic flow is directed to Block @ if the i-th pad is on the ground (Le., IGNDi = 1). - 

~ l o c k  ti/ - Initial Sliding Check 



This block directs the flow of logic based on /SLIDEiold, the previous value of 

ISLIDEi. If the i-th pad is currently on the ground and was previously sliding (Le., 

ISLIDEiOI,, = 1) then the Iogic flow is directed to Block - otherwise it is directed to 

Block 4. 

Block 3 - Next Sliding Check 1 

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

currently on the ground and was previously sliding. The sliding check is based on 

(3.2.52). 

O 

if 1 raiv [I VREF and ] r&iV [,Id I VREF and t I TLG 

but if t > TLG 

then ISLIDEi = O 

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

O 

if 1 r - i v  I I  VREF and 

a a a 

where 1 rljiv lold is the previous value of [ r G V  1.  r&i, is found using (3.2.39). If the 

i-th pad is currently sliding then the [ogic flow is directed to BIock Ei - otherwise it is 

directed to Block q. If this block Ends tiat ISUDEi = O then the value of mE is updated 

by (3.2.54). 

~ t o c k  a- N a t  Sliding Check O 



This block is used to check the sliding statu~ 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 I& > pdN,I 

then ISLIDEi = 1 (3.2.72) 

if S pdNJ 

then ISLIDEi = O 

&V and Ni are found by employing procedure blocks Calculate L-V When Sticking and 

CaicuIate NF. These are descnied in Section 3.2-3 (see block diagrarn I.I.2.3). If the 

i-th pad is currently sliding (ISLiDEi = 1) then the logic flow is directed to ~ l o c k  

orhenvise it is directed to Block [. 

Block /Si - Slidinp: Calculations 

QV and Ni are found by employing procedure blocks L-V When Sliding and 

CaIcuIate NF. These are described in Section 3.2.3 (see block diagrarn 1.1 .U). The 

logic flow is then directed to Block & 

Block 6 - Cear Forces and Moments 

If this block is entered with IGNDi = O then the Ianding gear forces and moments 

applied to the heIicopter body are set to zero 

GLGi - 8 - 0  
[f IGNDi = 1 then the forces and moments are calculated using (3.2.55) and 

The Iogic flow is com;ilete at this point. 



ï h e  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 numericaI page identifier (appearing at the top of the bbck 

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 f o n d  by 

going to the page subsection number in brackets foIlowing the block title in the Table of 

Contents. For example the block diagrarn for 1.1.1.2.1.1, CaIculate POS-E, can be 

found by going to subsection 1.1.1.1. It should be noted that al1 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 iisted in alphabetical order. 

The system of blocks is configured to find the forces and moments associated 

with the i-th strutlpad combination. The system is structured as a big Ioop with the index 

"gearN" serving as a counter. As gearN steps up fiorn 1 to 4, the resuIts for t[ie 4 

stnit/pad combinations are determined in sequence. This can be seen in the use of the 

'%hile" loop in Block 1. (Landing Gear). When gearN reaches 4 the value of Break is 

changed kom O to 1 and the Break Block terminates the Ioop. The same process is 

employed in B tock 1.1.1.2.1 (Calculate PHISK) where a 'khile" Ioop is used to 

repeatedly improve the estimate of PHISK as part of the Newton-Raphson method ( s e  

Appendix A.2). When the tolerance set by the parameter TOLERANCEPHISK is met, 

the Ioop is broken. 



In some blocks (e.g., Sticking ICs) the subscript (X)*M is used in the narne 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 sarne block, In some instances, when a block is part of a %hilei' 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 sarne purpose. 

Several blocks in this module are Condition Blocks (e-g., Touchdown Variable 

Init). When the first (top) Iisted input to the block is positive it wilI 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 

bloc k. 

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 6 1 within the block LF-V-DD Integrator. The equation 

Y=U=i stands for the Iogic that when the input gearN equals i then the output equals 1. 

Otherwise the output equals O. This output then goes into the Conditional BIock 

containing the integrator, and is used to tuxn it on and off as required. 

In bIock diagrams, inputs to a block c m  corne h m  input Iines or h m  Read fiom 

Blocks within the block. In the latter case, the variables must have been previously 

passed through a Write to Block, For example, in BIock 1. (Landing Gear), the matrix 

L-B-V(L,M) is created and passed through a Write to Block. Then in Block l.l.2.33 

(Calculate NF), the input to block Calculate GJ and R appears as a single input line 

(gearN). However, in Block I .l.î.3.3.I showing the details of biock Calculate GJ and R 

it is seen that LB-V(L,M) enters as an input through a Read h m  Block (along with 

rnany other variables). 

The initia1 conditions applied to the integrators in this moduIe are designed to 

handle the starting and stopping of the filters to which they appIy. Consider the 

deformation filters. These filters are only active when the i-th stnrt/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 bIocks Touchdown 



Variable Init and Sliding Variable [nit. Consider the integrator s h o w  in Figure 3.2.5. 

The initial conditions are set by adding a fïxed value of C to the output of the integrator. 

As irnplemented by MATRIXU, the output of the integrator, A, is incrernented after each 

tirne step At by the integral of the input over At. When the filter is stopped, this value of 

i f  rernains 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 .qC following a startfstop cycle. then the new 

value of C used must be 

C = -ric - AOld (3.2.75) 

where Aold was the value ofA when the filter was previously stopped. Now since 

thus Ao,d is given by 

and the new C is (fiom (3.2.75) and (3.2-77)) 

and (3.2.78) is used to create DEF-Vic(K,gearN) in this module. 

The variable NTVARS is used to initiate the initial condition determination 

process when it is switched fiom O to 1. 

FoIlowing touchdown, the block Location Vars Init sets al1 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 stmtipad, the operations in Block 1.1.1.2 

(Touchdown Variable init), a bIock contained in Block 1.1. t (On Ground Check), include 

the calculation of PHISK with the helicopter's i-th stnitipad on the ground. These 

operations are part of Block of Figure 32.4. On subsequent passes Uuough ~ l o c k  



with the i-th strutlpad on the ground, PHISK is not computed until either Block3 or 4 of 
i- j 

Figure 3.2.4 is reached. However, these latter PHISK calculations cari be skipped on the 

pass immediately following touchdown of the i-th strutlpad as indicated above. This is 

accomplished by creating the logic variable CALCPHISK in BIock 1.1.1 (On Ground 

Check). CALPHISK is set to zero if the i-th strutfpad has touched d o m  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 

CaIculate PHISK. 

In Figure 3.2.4 the path h m  ~ l o c k  - to ~lock! is taken if the i-th strutlpad has 

gone fiom sliding to sticking on the curent 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 ~ l o c k g .  The operations of Block 8 in Figure 3.2.4 an irnplemented in 

MATRIXx Block 1.1.2.3 (Next Sliding Check O). 1f ~ l o c k  1 is entereci h m  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 accamp1ished by 

making them Condition Blocks controlled by the logic variable GOT04FR.2. m e n  

GOT04FR2 is zero (which happens when Block a is entered fiom Block then these 

blocks are skipped. The appropriate value for GOT04FR2 is established in Block 1.1.2 

(On Ground Caiculations). If the flow is dimted h m  Block! to Block @ in Figure 

3.2.4, then in MATRlXx Block 1.1.2 the block initial Sliding Check sets GOT04FR2 to 

unity and this value cannot be changed untii the nex: pass thraugh the Landing Gear 

module. If the flow is not directed h m  Block 4 to Block then GOT04RU is set to 

rem and the only other way Block 8 can be reached is horn BlockB OR BIocks and 

Condition Blocks are used to direct the flow to Blocks 1 and B. 
The flow fiom Block 1 to either Block fl or ~ l o c k  W of Figure 3 -2.4 is 

L - 
accomplished by the combination of Iogic blocks at the output of bIock SIiding Check 

contained in Block 1.1.2.3 (Next SIiding Check O). If Block 4 was entered fiom Block 13 - - 

(indicated by GOT04FR2 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 ~ l o c k &  This is achieved in Block 

1.1.2.3 by the AND Blocks, GOTOS is set to zero by the upper AND Block when 

GOT04FR2 is zero. The zero output h m  the lower AND Block when combined with 



the output of unity from the NOT block (when GOT04FR2 is zero) in the OR Block, 

results in GOT06 equal to unity. The combined effect directs the flow to Block 6. If - 
Block 8 - was entered from Block then GOT04FR2 is unity and the output hom the 

NOT Block is zero. This results in the flow being directly controlled by the GOTOS and 

GOT06 outputs from the block Sliding Check. 

In a similar fashion, if you enter Block 3 from Block 3 in Figure 3.2.3 RU-V-D - - 
will have been calculated in Block B. For this case the calculation of RU-V-D should be 

skipped in Block R. - This calculation is performed in MAT= Block 1.1.2.3.2 

(CatcuIate L-V When Sticking) by the Condition Block Calculate RU-V-D which is 

controlled by the logic variable GOT04FR2. If GOT04FR2 is zero, indicating that 

Block @ - was entered h m  Block 3 then the calculation of RU-V-D is skipped as 

desired. 

Several of the block diagrarns have a pair of vertical Iines running h m  top to 

botîom, dividing them into a lefi side and a right side. This represents a sequencer and it 

ensures that ail the operations to the leR of the division will be carried out before those to 

the right. 

Table 3.2.1 lists the parameter data required to nin this module. 



3.2.3 Landing Cear Notation 

Units Variable Cornputer Narne 

- Break 

ci, n 

rad c e  

rad - ESK~ 

CALCPHISK 

COEFI, COEF2 

- 

Description 

logic parameter to determine when a 
"While" loop is finished 

Iogic variabie, nonnally zero but set to 
one an pass in which touchdown occurs 
for a stmtipad 

deformation coefficients 

Euler angles [( B y] 5 which carry 
FE into Fg 

Euler angles [$ O O] iKi which cary 
FE into FsKi 

total force apptied to the helicopter by 
the Ianding gear, expressed in Fs 

force apptied ta the helicopter by the i-th 
strutlpad, expresseci in Fe 

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

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

moment appIied about the helicopter 
body CG by the i-th pad expressed in Fe 

value of POSNirE when &-~i has 
airborne value 

logic variable set to 1 to direct flow to 
~ l o c k  g 



Units Variable - Computer Name 

GOT04FR.2 

Description 

logic variable set to 1 to direct Row 
kom Block to Block '4. [u, is zero - - 
otherwise 

logic variable set to 1 to direct flow 
from Block 3; to Block 4. [t is zero - - 
otherwise 

index representing i-th stnitlpad when 
i=gearN 

logic parameter indicating i-th pad on 
ground 

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

iogic parameter indicating i-th pad 
sliding 

rotation matrix fiom FE to FB 

rotation matrix from Fs~i  to FB when 
i=gearN 

rotation matrix fiom FV to Fe 

rotation matrix from FV to Fxi when 
kgearN 

rotation matrix fkom FE to Fy 

magnitude of mv 
in-piane reaction force of the ground on 
the i-th pad. expressed in FV 



Units Computer Narne 

NCOUNT(i) 

Description 

counter for 1-th struVpad used to 
determine time since current siiding 
started 

normal reaction force of the ground on 
the i-th pad, expressed in Fc. 

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

Iocation of the i-th pad relative to the 
origin of FE 

Iocation of the defomed i-th pad 
relative to the origin of FV 

location of locaI ground pIane reference 
point relative to the origin of FE 

location of the i-th pad relative to the 
ongin of F s ~ i  

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

Iocation of the origin of Fv relative to 
origin of FE 

second row of Lxiv 



Units - 
m 

s 

rad 

rad 

rad 

rad 

Variable 

- 

Computer Name Description 

RGSNB(K) LBSKirGS; when i=gearN 

RSKN - B(K) RSK-B(K,gearN) 

RS K-RGS_B(K) RSK - B(K)+L-B_SKN(L,3)RGS(gearN) 

RUVD magnitude of rJi, 

TLG timing parameter when sliding 

TOLERANCEPHISK tolerance parameter in the Newton- 
Raphson rnethod 

VREF velocity parameter when sliding 

VB-E(K) inertial velocity of the CG of the 
helicopter body expressed in FE 

DEF-V(K,i) deformation of the i-th pad expressed in 
Fv 

DT time step in numerical integration 

- change in &Ki fiom its airborne vahe 

KAPPAI, KAPPA2 spring and damping coefficients for the 
StnitS 

MUSL sliding friction coefficient 

MUST sticking Fnction coefficient 

PHIB, THETB, PSIB Euler angles which c a q  FE into Fe 

PHISKO value of IhKil when the i-th pad Îs 
airborne 

PHISK(i) Euler angle which carries FB into Fm 



Units Variable - Cornputer Name Desctipt ion 

radfs @E OMEGAB-B(K) inertial angular velocity of the helicopter 
body, expressed in FE 

rad3 - uVt. OMEGAV-V(K) arigular velocity of Fv relative to FE> 
expressed in FV 

- ( )K initial condition 

- ( )SIK part of initial condition to be used when 
the next slide starts 

- ( )XI~C.  part of initial condition to be used when 
the next sticking condition starts 
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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 frorn 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 fiom blocks, and then reforrned into the original rnatrix 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 MATRlXx 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, aIthough now inputs and outputs 

can be labelled as a matrix while in vector form. 

4.1.2 Algebraic Loops 

Anothw issue uncovered was the program's inability to resolve algebraic loops 

for cornplex systems (see Figure 4.1 for an exarnple of a biock diagram including an 

aigebraic loop). For very simpIe feedback models, such as a basic feedback control 

model, MATREx could resolve the loop automaticaI1y by adding a one step delay to the 

output of the firia1 block before being fed back making it available at the input for the 

start of the next iteration. For more compIex models, such as the highly in depth 



simulation of a helicopter, these delays had to be added manually. The first attempt to 

manually add this delay was to use z-transfomi blocks with a transfer function of llz, 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 empioyed was to make use of the common 

memory, using a pair ofblocks to write to a variable and read from it on the next iteration 

(see Figure 4.3). 

It was later discovered that a common practice for dealing with algebraic loops 

within MAT- 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 Script 

Block fiom the previous tirne step, whiIe the correspondhg 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 BIock Script Block and cannot deal with a loop 

containing multiple blocks. Since the use of ReadIWrite blocks accomplishes the desired 

result just as well, and can be used for loops containing multiple blocks, their use was 

retained in al1 cases, keeping the methodoIogy consistent for loops of ail sizes. 

Once the development and testing of the rnodel within the SystemBuild 

environment was completed, the AutoCode feature was used to generate C code. This 

code was then compiIed and run first as a stand-alone program for testing, and later 

integrated into the complete simulator architecture for a real-time man-in-the-loop 

helicopter simulation. 

This transition fiom 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 SystemBuiId 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. 



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, al1 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 AutoCode is mn, al1 variables required for ReadWrite blocks 

are initialized, but local and output variables for Biock Script blocks are not 

automatically zeroed. As a resuIt, 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, al1 variables within 

Block Script blocks or for ReadlWrite blocks must be i~tialized, either to a suitable 

value or to zero. 

One further problem with variable initiaiization concerns the choice of an initial 

value. Originally, al1 variables that would be used before being recalculated, such as 

feedback terms, were set to a suitable initia1 value, while those calculated before being 

used, such as in a start-up calcuiation, were simply set to zero. Although this worked 

welI 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 initidize the integrator before dohg the start up cdculations. If at this point the 

variable has a zero value, the zero becornes hard coded in as the initial condition rather 

than the variable. To correct this, variables that are used as integrator initia1 conditions 

are now initialized to some non-zero value, typically a srnaIl value E. 

Various other minor differences h a t  Ied to unexpected behaviour in the real-time 

simulation were found dong the way. This would inchde such things as various blocks 

executing in a different order in some situations. Typically this was dealt with through 

small modifications in the code to ensure pmper execution, such as the addition of 

sequencer bars to ensure correct execution order. in al1 cases, SystemBuiId simuiation 

results were used to v e n e  the d t s  of the real-time simulation. 



4.3 Main Rotor 

The major difticulty with the main rotor mode1 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 impmved as much as possible. 

4.3.1 Initial Testing 

Once the rotor model was coded into MAT-, 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 mode1 performed well, with al1 force 

and moment outputs as expected. When simulated with varying collective, once again 

rzsults 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 fi apping 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 

simulation, 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 darnping 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. 



4.3.2 lnrproving Stabitiîy 

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 oFthe 

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 mode1 representation of 

a Bell stabilizing bar. This is a rigid rod with weights at its extremities, rotating with the 

rotor. Al1 pitch changes to the rotor from the flight control system are passed via this bar. 

Due to connections at the pitch homs, 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 cornplete 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 descnbed 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 tw-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 

tram fer function 

where W L ~  is the break frequency. The MATRKx implementation of this filter can be 

found in Appendix B, Block 1.5. A number of values for the break hquency were tested 

in piloteci mns to establish a suitable value that would attenuate the spikes as desired, 

while retaining a reaIistic feel to the rotor, resuitiug in a final value of taLp = 10.0 d / s -  

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



4.3.3 Final Resdts 

Following these modifications, the rotor response is now signifrcantly 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 sarne conditions. 

Figure 4.6 is included to show these plots side by side for easier comparison. In al1 three 

figures, the rotor starts up in a simplified steady hover scenano, with helicopter velocity 

and airspeed set to zero, zero cyclic inputs, collective set to provide a liA force 

approximately equal to the helicopter weight, and the helicopter held at a constant 

attitude and position. M e r  2.5 seconds, the collective is then increased to roughly 

double the total mtor lift while still holding attitude and position constant. AAer 5 

seconds, a longitudinal cyclic step input is introduced. Finally after 7.5 seconds the 

collective is then fowered 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 

uneventhl. Following a smaIl initial transient in the startup, al1 forces and moments 

remain constant. The z-force is approximately equal to 42,000 N, the weight of the 

hehcopter, with a small x-force due to the slight forward pitch of the rotor shafi. 

Flapping angles are constant at the coning angle of the rotor of 0,024 radians, and the 

constant input of colIective at 0.25 radians and zero cyclic are shown. M e r  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. 'fhe rotor z- 

force has now increased to approximately twice its original value, resulting 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 O. 1 radians, or 

approximately a 6" biade angIe of attack. As one would expect, this produces an 

oscillation with the same fiequency as the rotor rotation and flapping angles that are 180" 

out of phase. The magnitude of oscillation however is not ideal. iooking at the flapping 

angles, the stability problem becornes apparent. The magnitude of osciIIation grows 

fairly quickly at kt to adjust to the new inputs, and then setties into a sIow growth with 



flapping magnitudes continually growing uncil the inputs are once again changed. This 

flapping motion produces a sirniIar resu[t in rotor toque, witti the moment about the z- 

axis osciliating with increasing amplitude as the flapping oscillation increases. Rotor lift 

is barely changed, showing onfy a smat1 oscillation compared to its total value. The 

remaining forces and moments however show a different trend. The appIication of 

longitudinal cyclic produces a forward force dong with a nosedown pitching moment. 

Due to cyclic phasing, this aiso produces a side force and rolling moment, although with 

a srnalier 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 shoutd. However, after approximately half a second, the amplitude of oscillation 

begins to grow once again, steadiIy growing untiI inputs are once again changed. 

Note that aIthough amplitude of oscillation i n m e s ,  the overail net forces and 

moments remain steady. The result of this is that in piloted tests, the main rotor would 

often appear to be properly fûnctioning until the amplitude of oscillation became quite 

large. At this point, the simulation wouId experience a seemingly unexplainable sudden 

crash, as ir could occur at any tirne, caused by an event some time earlier producing a 

steadily increasing osciliation that had reached a critical value. 

When the simulation had run for 7.5 seconds, the cokctive was lowered back to 

its original value whiIe maintaining the cyclic input. For this section, the osciilations 

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 oscitlate with peak-to-peak amplitudes in the 

range of 7000 N and 18000 N.m respectively. With a heIicopter mass ofjust over 4300 

kg, this leads to a much larger than desired oscillation of the helicopter body during 

piloted simulations. The fiapping angles also mach a steady oscillation with a peak-to- 

peak amphtude 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 modified rotor model, and Figure 4.6 contains these two plots side by side for easy 

reference. The first notabIe d i f f ince  occurs from the beginning of the simulation. The 

effects of the stabilizer bar c m  be seen in the cyclic input, adding a srnaIl oscillating 

input to the pilots controls, causing a srnaII amplitude flapping motion whiIe in the steady 



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 fiom 

these two points, the output remains largely the same as in Figure 4.4 for the first 5 

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 c m  be clearly seen. 

Oscillations in al1 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 IO00 N and 2000 N.m. In addition, after 5 seconds in the 

previously example, several forces and moments oscillated with large amplitude initially 

in response to the step, decayed with tirne, and then increased again. Following 

modifications, this oscillation is much better contmlled, 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 haIf 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 half that shown in the previous plot. M e r  7.5 

seconds when the collective is once again lowered, the flapping angles increase to 

roughly the sarne levels observed in the previous figure. However, due to the lower 

inflow velocity with lowered collective, there is a 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 impmved as much as 

possible and is now able to realistically simulate most flight conditions (see Section 5 for 

flight test results). 



4.4 Landing Cear 

A number ofmodifications 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 Iandings and take-offs have becn 

successfully flown in the current simdation. As descnbed beiow, Figure 4.7 plots the 

helicopter velocity, attitude, and specific forces during a typical landing on the current 

tanding gear model, with the pIotted variables dwcribed in Table 4.2. 

The simulation star& with the helicopter in a level TRC controlled hover just 

above the ground. The collective is then lowered slightly ta allow the helicopter to 

descend to the ground, at which time the collective is fully Iowered and fite[ to the engine 

cut to aIlow the helicopter to settle fully onto the ground. As shown In the plots, the 

helicopter descends approximateiy 1 fi before touching down approximately 1.5 seconds 

after the simulation begins. At this point, the vertical velocity drops to zero and the 

helicopter rolls level fiom its slightly banked hover attitude. At the point of touchdown, 

fairly sharp spikes in specific force are observed, due to the stiff nature of stmt-type 

landing gear. From this point unti1 approximateIy 7 seconds Uito 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 stntts than the front pair. A little more than 5.5 

seconds into the simulation, the landing gear pads transition h m  sliding to sticking, 

causing specific force spikes in al1 three axes and following some initial smalI amplitude 

oscillation brings the helicopter to rest. One finai feature to note is the specific force 

oscillations between 4 and 5 seconds, and again aAer 7 seconds. This is a ground 

resonance to be addressed beIow, 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 Tesring Procedure 

As with a11 other subsystems, the Ianding gear module was teçted as much as 

possible in isolation wiîhin the SystemBuiid simulate environment before being 

combined with the rest of the helicopter simulation. Steady state forces and moments 



were Arst 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 Ianding gear was 

used in conjunction with the entire helicopter simulation. 

4.4.2 Test Resrilts and Iniprovements Intpleniented 

In its initial form, transitions between the sticking and sfiding 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 fairIy smooth transition, the 

discrete nature of the simulation wouId produce a significant spike. The sharp nature of 

the slidinglsticking transitions has been encountered previously in simulations at UTMS, 

with varying degrees of severity. In this case, the sharp peak was large enough to cause 

the helicopter to either fi ip or jump back into the air. 

The solution empioyed to smooth these transitions was to filter the in-plane 

forces. The fiker used was a second-order low-pass filter with the transfer function 

where WLG is the break fiequency and &- is the damping ratio. Optimum performance 

was obtained using a break hquency 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 itseIf was rather complex due to the way in which the in- 

plane forces were calculated, A Iarge number of variables had to be passed between 

rnirrored filters in the sliding and sticking calculations for the filtenng ta be perfomed 

correctly, as welI as requiring numerous logic switches to ensure variabks were being 

calculated for the correct strut-pad, al1 greatly adding to the comptexity of the rnodeL 

With filcers in place, the Ianding gear appeared to produce excetient results in 

both static and dynarnic testing. The forces and moments were as expected, and the 

simple landing gearlhelicopter body tests proved to be quite robust, and able to bring the 

helicopter to rest from a very wide range of korizontaI or vertical velocities and 

orientations. In al1 cases, transitions h m  sliding to sticking or vice versa were 



accomplished smoothly, with no unexpected transients, and would corne to a complete 

stop. 

Tests performed using the fiIl helicopter simulation unfortunately were not nearly 

a s  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 finaily either sticking or sliding. In 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 nui. 

The cause of both problems was traced to interactions with the rotor and other 

rotating subsystems. Removal of the rotor, tail rotor, and al1 rotating subsysterns 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 IeveI 

attitude, approximately 1 A 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 d o m  approxirnately 0.25 seconds into the simulation. 

For the sarne reason, the touchdown is much harder than in the previous example, 

generating a larger specific force dong the z-axis and putting a larger demand on the 

landing gear. From this point on, the helicopter is quickIy and smoothiy brought to rest. 

Once again, the helicopter pitches up while settiing ont0 the ground. At the same time, 

sorne motion in the x-direction results, which is halteci slightly more than 1 second into 

the simulation. The helicopter body also displays a smail rolIing oscillation, once again 

stopped fairly quickly. In this simulation, al1 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 oscilIations in the specific force. 

Without rotating systems, the Ianding gear mode1 is cleady able to quickly and srnoothly 

bring the helicopter to rest Through testing, it appears that this interaction with the 

rotating subsystems is greatly exaggerated by the previously noted rotor instabiIity. With 



a more stable rotor model, the landing gear should operate trouble free as shown in this 

example, 

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-pas filter was inserted, filtenng 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 fiequency 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 cornparison 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 seules, 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 smdler. 

Velocity and specific force plots however show why the filtering is necessary. 

Immediately upon sticking, these plots show a very high fiequency, high amplitude 

oscillation. Specific forces oscillate with a peak-to-peak amplitude in the range of 10 

m/s2 (or approximately Ig) in al1 three axes. Not only is this unredistic, but can also 

cause problems with the motion base. 



4.4.3 Firral Results 

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

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

imperfections remaining as s h o w  in Figure 4.7. The oscillations are still present, 

although rnuch smaller in amplitude. If Iefi on the ground for an extended penod 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. Spceds and attitudes must be limited more so than in an actual 

helicopter to prevent a roilover. 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 

Units 

N 

N 

N 

N.m 

rad 

rad 

rad 

rad 

Description 

Rotor x-force in body frame 

Rotor y-force in body frarne 

Rotor z-force in body frarne 

Rotor lnoment 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 

Tirne since start of simutation 



Table 4.2 Variables shown in Figures 4.7 through 4.9 

y&s 

feet 

m/s 

mls 

ds 

rad 

rad 

mls2 

d s 2  

mls2 

S 

Description 

C of G altitude 

Helicopter x-velocity in earth h e  

Helicopter y-velocity in earth h e  

Helicopter z-velocity in earth frarne 

Helicopter pitch angle 

Helicopter roll angle 

Specific x-force in body fiame 

Specific y-force in body fiame 

Specific z-force in body fiame 

Time since start of simulation 
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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 tnmmed flight with nul1 

control inputs, followed by basic checks of various control inputs, and finally hlly 

piloted flights. For al1 testing, the simulation was configured as a Bell 205 as best as 

possible with the helicopter data presented in Reference 5.1. Accwate 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 pitots, to ensure a fair level of operation before enlisting the aid of test pilots. 

5. I.  I Tests Performed 

This initial testing began with flying the helicopter in an open-loop fashion. This 

included a tnmmed cruise condition, and a steady hover under the control of the TRC 

controller. The next step was to check control responses. From the cniise, 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 contmlled 

hovering flight, a11 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. 

In addition, al1 of the logic switches were tested. This inciudes the failure modes 

by switching the fuel, clutch, and taii rotor Iogic flags, as well as testing the pick-up, 

carrying, and dropping of a slung load. These tests were perfonned both under human 

controi and with the assistance of the flight controller. 



5.1.2 Test Pli use Results 

At the end of this phase of testing, it was determined the simulation was ready to 

be flown by an experienced pilot. AI1 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 initiai in-house testing and this phase of testing, the HEMT simulator has 

logged many hours of operation, ailowing a fairly comprehensive examination of the 

simulator characteristics. 

S..?. 1 Tests Peformed 

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 fiom a TRC controlled hover, the pilot performed verticaI 

climbs and descents, forward and aft hover taxiing, sideways flight, pedal turns, as well 

as landings and take-offs, initially under TRC controI, and then without the aid of the 

controller. 

During the testing process, a number of unredistic qudities were observed, which 

are described below. Wherever possible, a remedy was apptied to improve the 

simulation, resuiting in the mode1 currently in place. With the curent rotor modeI, the 



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 instmment panel appeared non- 

functional. It was discovered that aithough 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. 

Lareral Cyclic - The laterai 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 unrealisticaIIy sensitive. To correct this, the lateral cyclic 

gain was halved and retested. This produced a cyclic response that allowed much 

srnoother control of the aircraft as well as yielding a realistic control feei. 

Tail Rotor - When one of the pedals is depressed, the immediate response in an 

actuaI 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 pedd would cause a roll in the opposite 

direction much stronger than the intended yaw, so much so that the aircraft would 

actually tum 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 actuat 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 be[ieved 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 fritering. To correct this, the tail rotor location 

in the simulation was moved dom,  directly behind the CG. This eliminated the rolling 

moment, resulting in a fai- more reaiïstic yawing motion upon use of the pedals, as 

demonstrated beIow, 



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 descnbed 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 (lefi) rolling moment is ais0 

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 

turn (OMEGAB-B(3)) show the desired result of the input - a steady yaw to the nght 

with increasing PSiB. 

Figure 5.2 shows the same step input afier tail rotor relocation. The pedal input 

and tail rotor pitch angle remains the same as before reiocation. 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 taiI 

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 roN angIe. [n this case, the tendency to roll IeA has been almost completeIy 

etiminated, with only a mal1 initial deviation to the leA due to other effects. Once again, 

the plots of heading and rate of turn show a steady pedal tum to the right being controlled 

by the TRC flight controlIer. 

Figure 5.3 shows the step input in an open-loop trimmed cmise with the original 

tail rotor location. Starting fiom a trirnmed cruise at 50 d s ,  the pedai step input is once 

again applied while keeping al1 other controls constant, this t h e  with no feedback or 



flight controller present, Due to this lack of feedback 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 defl ection 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 pedaf input, atthough the yawing moment is notably larger, on the order of ZOO0 

N-m compared to the 500 N.rn rolling moment. In the remaining plots, the problem 

becomes quite apparent, The helicopter rolls further and further to the leR (negative), 

while pitching up (positive) following the initial nose-dom pitch observed in the TRC 

case. This results in the heading angle showing onty a very small and very brief turn to 

the right (positive) before swinging quickly le& opposite the intended direction of yaw. 

This can also be seen in the rate of tum plot, where the desired positive rate of turn 

quickly swings negative due to the induced roll. 

Figure 5.4 shows the open-loop Aep 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 îrirn 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 stowly roIling over to the left. 

The initiai 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 turn to the right (positive). Following 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 pedaI response now much more 

accurately refl ects that of the actual aircraft. 

Main Rotor - As noted earlier, the rotor was a pnmary 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, aithough 

some unrealistic conditions continued to occur. In the hover, the helicopter can be 



controlled and maneuvered as desired, however al1 control movernents must be kept 

small and speeds limited. Large deviations can push the rotor into an unstable oscillation, 

rnaking the helicopter nearly uncontrollable. The sarne can occur with speeds in the 

range of 5 to 25 kts, particularly when attempting to decelerate. Once above this speed. 

the rotor once again becornes sufftciently damped and can be flown normaily. FinaiIy, as 

speed increases, the rotor can once again become poorly darnped making control difficult. 

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 

In 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 

- Clirnbs, Descents, and Turns under the sarne conditions 

- Hover, including slow speed forward, rearward, and sideways flight as 

weIl 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: 

- AI1 Iandings must take place with the helicopter fairly IeveI, 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 lefi 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 kts to 25 kts should be avoided. In this region, the 

rotor mode1 becomes quite unstable, fiequently causing an uncontrollable 

ml1 to one side. The transitional speed range c m  and has been iraverseci 



successfuIly both accelerating and decelerating, although is typically onIy 

successful if performed as quickly as possible. In particulaï, 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. 

- Ffight 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 fiom 

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 fiom 

powered flight to autorotation can be accomplished smoothly. 

5.3 References 

5.1 Reid, L.D., Haycock, B.C., de Leeuw, J.H., and Graf, W.O., 2000, "Flight 

Dynamics for Helicopter Emergency Maneuvers Trainer", DCIEM Contract 
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Table 5.1 Variables shown in Figures 5.1 through 5.4 

Variable 

DELTAP 

THETATC 

m w )  

GT-B(l) 

GT-B(3 ) 

PHrB 

THETB 

PSIB 

OMEGAB-B(3) 

Time (x-ais) 

cm 

rad 

N 

N.m 

N.m 

rad 

rad 

rad 

radh 

S 

Description 

Distance of pedal travel 

Tail rotor pitch angle 

Force along y-a is  due to tail rotor 

Rolling moment due to tail rotor 

Yawing moment due to tail rotor 

Helicopter roll angle 

Helicopter pitch angle 

Helicopter heading 

Rate of tum 

Time since start of simulation 



a s  
l 8 

m------------*----------- 
8 a,$------------ 1 - - - - - - - - - -  r - - - - - - - - - - -  

a , - - - - - - - - - - - - & - - - - - - - - - - -  
t 

a------------*----------- 
I t 

'=T - 
2 4 ta 

Thie 

ure 5.1 Tarl Rotor St-nse in TRC Hover 

135 



5 3 Tail Rotor Steu Response in Hover i&r Relocatim 

136 







6. Conclusions and Recommendations 

In its current form, the HEMT simulator mode1 is hily functionai 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 b e n  proven to fly exactly like any one particular mode1 of helicopter. in order 

to accomplish this, a more complete and formal testing process will have to take place 

using highly expenenced test pilots who are familiar with the intended helicopter. These 

piIots could then provide the necessary feedback to fine tune the generic helicopter 

simulation currently running into a realistic representation of the Bell 205. 

Before canying out this indepth m d y  of the simulator's flying characteristics, it 

is highly desirable to make a few modifications to ensure a successtid program. As 

discussed eadier in this thesis, the current rotor model has caused a wide range of 

pmblems. This has resulted in instability in various flight conditions, l e s  than ideaI 

landing characteristics, and marginal maneuverability under the control of the TRC flight 

controller, al1 requinng fixes placed in the code. As such, it would seem the best option 

is 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 

effectiveiy 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 mode1 should be an improvement. 

In order for the simulation to be used effectiveIy for emergency training, a visuai 

database suitable for performing autorotation training is required, aIthough this is beyond 

the scope of this thesis. in 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 welI docurnented. in addition, those features 



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 msh, 

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 Iow heights. The database currently being used for testing is a previously developcd 

database in the Fredericton area. In this database it is possible to get height cues from 

alternate sources, such as nearby buildings, altowing for testing in the approach and 

landing phase although not necessarily giving cues similar to those in a real helicopter. 



Appendices 



A. Background Material 

This section contains background material which applies to the rest of t!!e 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 

variables. It serves as a bridge between the physical equations of the helicopter and the 

computer code written in MATREx. 

A.1 VectorJMatrix Notation 

In general a vector is represented by a bold letter such a s  V (for inertial velocity). 

The components of a vector V expressed in a particular reference fiame FA are 

represented by a co1um.n matnx using the notation 

The pseudocode representation of the above is V-A%). In general a mamx is 

represented by a letter with an undencore such as C and in pseudocode by C(I. J) where I 

represents the row number and J the colurnn number. A particular row of the matnx is 

represented by replacing I by the number of the row. For example, the row matrix 

representing the second row of C(I, J) would be indicated by C(2, J). In a similar fashion 

the third column of C(I, J) is indicated by C(I, 3). 

Matrix muitiplication is represented by 

A=EIC 
and in pseudocode notation by 

A([ J) = B(I. L) C(L. 4 

(A. 1-2) 



(A. 1.3) 

or, if C is a colurnn matrix 

(A. 1 -4) 

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

produces a full matrix A(I. J) the following 

(A. 1 .S) 

(A. 1.6) 

pmduces a column matrix A(I, JI. Similarly V(k) is a scalar and 

pmduces a full rnatrix A(I, J). A repeated lower case index does not imply summation 

over the index, thus 

A(L JI = B(I. JI v( J )  (A. t -8) 

represents a colurnn matrix B(L JI multiplied by a single scalar Vu]. 

The components of a vector in a particular reference b e  may be indicated 

afternatively by 



(A. 1.9) [V]B E ~ B  

and a particular component of a vector _yB cm be indicated by, for example, 

bB = rd elernent in (A.l.10) 

Ely vya (A. l . l l )  

A.1.1 Tilda Operator 

The cross-product of two vectors is oRen required. This is expressed by 

In matrix notation (see, for example. Reference A. I )  this c m  be expressed using 

components in reference hune FA by 

where the rildu operator produces the matrix 

An example of the use of a vector cross-product is the moment about a point produced by 

a force. In Figure Al consider NO points on a body represented by O and P. The 

location of P relative to O is given by the vector r. A force fis applied to the body at 

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



or expressed in re ference frame F4 

A.2 Reference Frames and Euler Angles 

A number of different reference fiames are required when modeling a helicopter. 

Reference &es are designated by the letter F with a subscnpt, e.g., FA. The orientation 

of one hune relative to another is represented by 3 Euler angles (4, 0, y) with suitable 

subscripts to identiQ 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 fiarne must be specified. For example: let 

the Euler angIes which carry F, into Fg be 

Starting with Fa the following steps are carried out in order to rotate it into coincidence 

with Fg. Place the origins of Fa and Fg at a cornmon point, First rotate F, about its 

z-axis by w to create an intermediate fiame Fa. Next rotate Fa about its y-axis by 0 to 

create another intemediate frame Fb. Finally rotate Fb about its x-axis by # to create Fg. 

EuIer angles can be used to detennine the rotation matrix L that alIows vector 

components to be specified in different refetence fiames. For example, for fiames Fa and 

FB 



With the EuIer angles specified above, which carry Fa into Fp, it follows Erom Reference 

A. L that 

cos 6 cos ry cos B sin ty - sin 6 

sin$sin6cosy-cosqisiniy sin#sin6siny+cos#cosy sin#cos6 

cos~sinOcosy+sin#siniy cos@sin6siny-sin4cosiy c o s ~ c o s 6  

cosOcosy sin#sinBcosiy-cos#siny/ c o s ~ s i n B c o s y + s i n ~ s i n y  

cos t9 sin y sin 4 sin t9 sin iy +cos @ cos iy cos # sin 6 sin iy - sin # cos y 

-sin 8 sin 4 cos B cos 4 cos 6 

The properties of rotation matrices result in 

b c =  &B LBC 

In pseudocode the rotation rnatrix hB is represented by L-A-B(M,N). 

A.3 Variable Names 

The narnes of scalars, vectors and matrices reflect their underlying form and the 

operations canïed out on them. The folIowing pseudocode conventions have been 

followed in this report. 



NAME - a scalar 

NAME-D - the time denvative of NAME 

NAME-DD - the second tirne derivative of NAME 

N AME-A(K) - a vector expressed in FA 

NAME-A-D(K) - the time derivative of NAME-A(K) 

NAME-A-DD(K) - the second tirne derivative of NAMEA(K) 

NAME-A-T(L,M) - the resulting matrix afier applying the tilda operator 

to NAMEA(K) (see Section (A. 1 . l )  

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 

ÇB =[C 6 VI; 

In pseudocade notation this is represented by 

E - B(K) = [PHIB THETB PSIB]' (A.3 2 )  

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

are represented by the notation 

SIPHIB = SiN(PH1B) 

COPHIB = COS(PHD3) 

SITHETB = SLN(THETB) 

COTHETB = COS(THETB) 



SIPSIB = SiN(PS1B) 

COPSLB = COS(PS1B) 

The same notation applies to the sine and cosine of al1 angles. 

A.3.2 Veiocity and Acceleration 

In this simulation there are three linear velocities: inertial velocity, airspeed, and 

wind speed. Since the Earth-fixed fiame FE is assumed to be an inertial reference Frame, 

the inertial velocity of a point is also its ground speed. These veIocities refer to 

conditions at a specific poinit on the helicopter and Vary fiom location to location. In 

general at a specific point, with al1 velocities refemng to that point, it foltows 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 fkom other parts of the 

helicopter such that 

W = W A + W I  (A.3. IO) 

where WA is that part of W due to atmosphenc effects 

WI is that part of W due to interference effects fiom the heiicopter 

The letter V i s  used to represent the inertial velocity of a point. The Vis followed by 

letters to indicate the point to which it applies. For example VB is the inertiai velocity of 

the heIicopter body CG. The letter U is used to represent the airspeed of a point. The LI 

is followed by letters to represent the point to which it applies, For example, UB is the 

airspeed of the heticopter body CG. The letter W is used to represent the wind speed at a 

point, and as above, WB is the wind speed at the heIicopter body CG. In a simiIar 

fashion to (A3.10) 



WB = WBA + WB1 (A.3.11) 

In 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 

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

where VINT is the tail rotor inflow. 

The inertial angular velocity o fa  reference h e  FA is represented by COA. The 

inertiai linear acceleration of a point is expressed as a and aB would represent the value 

for the heticopter 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 K fias been used in general for the 

elements of a vector; for example, in pseudocode, V-A(K) represents the vector V in F4 

components. The indices L, M, N, O, P have been used in gened  for the elements of a 

matrix; for exampIe, in pseudocode A(L,M). In the case of the main rotor, I and i have 

been used to indicate the blade number. Jand j have been used to represent the particular 

blade element. ïhus in pseudocode a matrix such as A(I, J) would contain data in which 

each row would pertain to a single blade and each eniry in the row would penain to a 

particular element of that blade. In the case of the landing gear, I and i have been used to 

indicate a particular strutlpad combination. 

In cases where the name of a reference frame contains the index i, for example the 

blade-fixed h e  Fsli, if the d u e  of i is indicated eisewhere in the name of a variable, 

the i may be dropped Erom the Ietters representing the M e ;  for exarnple, 



OMEGABL-BL(K,i) pertains to cornponents in FBo. Also, if a variable applies 

unchanged to al1 fiarnes FBli ,  then it may have a name which incorporates the letters B! 

without including the i, for example I B I .  - 

A.4 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 empIoyed in the Main Rotor module and is described 

below in Appendix A.4.1.1. It is 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 ernployed in the Landing Gear module and is 

described below in Appendix A.4.1.2, It is an iterative method that continually tries CO 

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. 



A. 4.1.1 Refarution Method 

The relaxation method is used to numencaIly sdve nontinear algebraic equations, 

[t is an iterative process employed in Reference A.2 based on the following. 

For a generaI algebraic equation of the fom: 

wherefi) and g(y) are general algebraic functions of one variable, create the Collowing 

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

The process is begun with a supplied starting value for X2e~t,,.~ (note that x,.l is 

the value fiom the n-t iteration). Equations (A.42) to (A.4.4) are executed iteratively 

either a fixed nurnber of tirnes or until 

where gis a specified tolerance parameter. The solution is 

at the end of the iterative process. 



A. 4. I .  2 Newton-Raphon Merhod 

The Newton-Raphson Method (Reference A.3) is a numerical method for soiving 

nonlinear aigebraic equations. It is a single step gradient method. Consider a nonlinear 

equation in the variable x. Arrange it into the form 

Ax) = O (A.4.7) 

Now consider the relationship 

Y =flx> (A.4.8) 

as plotted in Figure A.2. The task is to tind .P. the value of x that resuIts in y = O and 

hence satisfies (A.4.7). Assume that afler n steps in an iterative soIution method we have 

an estimate .r,, of the desired x-value, x*. Construct a tangent to (A.4.8) at .r = .r,, and 

extend it to reach the x-axis at x = . h i .  x,l is taken to be the next estimate of x*. This 

process is repeated until 

I - ~ I  -xnI E (A.4.9) 

where E ~ S  a small tolerance parameter. 

In order to carry out the above process we need an expression for the siope of the 

cuve  in (A.4.8). This is found fiom (see Figure A.2) 

tan 8= dyldr 

= f '(x) 

For the case with .r = .r,, it is seen that 

tan 8 = f (xn)l(-& - .r,-l) 

Setting x = .tn in (A.4.10) and combining it with (A.4.I 1) obtain 

(A.4.12) is employed iteratively until (A.4.9) is satisfied, to obtain the desired estimate of 

x*. 



A.4.2 Euler Integrution Sclteme 

A numencal 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 suficiently accurate for the 

present application. The time step is & (or A7) seconds. 

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

integral 

where 

At the end of the n-th step in its impIementation the following holds 

where 

and At is the time step ernpIoyed. In the present simulation, when feedback Ioops are 

employed, y,-, may contain contributions invoiving x,.~ and other system variables. The 

most recently computed vatues of the other system variables are used. 

The above is achieved when using MATRIXx by employing the integration 

method labeled Backward Eder which is represented in the block diagrams by the 

The feedback of xn,l 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.2 Newton-Raphson Method 
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m d  Cor i 

#l = oi 
for X - 1 1 2  do 
for JnIiID da 

I ( - n t  Ii 
Llrï-vvu 
-VfhJ . 

indfori 
mdtarr 



N 01 
for Km1 1 3  do 

Cor L-113 do 
n - w + i 4  
I c U I K , L I  

mdforr 

n - O #  
Cor 1-113 do 

Cor Li113 do 
n - n t 1 1  
ILS-LVlHl L-8-LlK.Ll r 

andfor, 
andfor r 







tlomc O W ~ S I ~ I . L - B L ~ - S - V I ~ I . ~ L ~ - ~ - V ~ ~ ~ ~ ~ D J  
tlomt O H ~ L I - B L l  I ll .OHCûABL1-8L' I I3l  r 
tlonc 0 n m ~ ~ ~ 1 l . I l . ~ ~ n ~ 1 ~ 0 1 3 . 3 I . ~ B L ~ g c 3 . l l . ~ r c s t l l . ? l r  

cor II r 1 1 3  do 
t o r  L - 111 da 

O n # W L - B L I K . L I  - O M C U A K B L I I ( . L I I  
wndtorr 



-#.((cl#-- - *OP(OY).t- I l C l b - O  - Cw)ïiWW*iifS 
4 l 6 l . t I )  

s-wmno.tatn ( t r t m  - rripuw.ttlu-.ywuol.taosi.isso3 
* ie-a.ttl 

S - ~ U o . i U i U  - ( t c ) b -  6 vomoil. ( t t C - W ~ Y 0 t  *10051 mtmdft 9 4 I 'LIUT-O 









1 or 
f o r  K - 8 1 3  d m  

for  L-113 do 
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- 
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2 01- 
f o r X  1 1 1 d o  

for L 1 1 3  do 
Z 0 2 + l i  
M-BL1U.L) - AS-BL-VIZII 
(U?JLII.LI OAT-BLVIZli 

mndlorr 
indfocr 

1 01 
f o r  R - 1 1 3  da 

for Li - 111 do 
L r t t l ,  

for L lil Po 
lor H - l i a  do 
TRIPIL.NI - 01 

mndfori 
andlori 
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01J[Z) - T D o ( a  l}.COBl - TEHPI3 11'5181 TEHPI2 Zl.COB1 t ~D(P13.3l.SlB21 -a()) - 'PD(P{J:~)~sTB> - T M P ( ~ :  ~I*COBI r T D I P I Z : ~ I ~ S I B ~  - TRIPI~.PI*COII>I 
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I tloac V B ~ I ~ I . O ~ ~ - B - T - V I ~ I ~  
tloat V 1  1 1 3 ) ;  
r10.c n s 3 1 1 )  L S - B I ~ , ~ ) @  
rioac onurhs-kiii .  11 ,vs -s i i i  i 
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pmruacari: NLi 

n - Oi 
for I-113 do 

!or L-111 do 

andfori 

n - oi 
Cor K-111 do 

for 5-1110 do 

andfori 

mndforr 
ondfori 

andtorr 

for J d i n  do 

cor 11-113 do 
for J-11bL do 

WOLl BL1IK.JI ~ L l L B L l I W . J I  VINBL~IW.JII 
~ L ~ ~ ~ L ~ I K . J I  . WBLZLBLZIK.JI * VINPL?II(.JI~ 

mndfori 
andfort 

1 70; do 
for J-1ilO do 

I n - n t  1 1  
MLI-BLl-VIHI - WLI-BLIIK, JI i 

Aua 1 2001 1853:SO WBU BLi ~ a o e  2 
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il.. 
c ~ v ( 1 O  r alorimntN - NLI *.CLNi 
CD-v(10 C 8 1 8 ~ n t N  - HL) CWI 

mditr 
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1.1.2.3.3 Calculate NF 
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1.1 2.4.1 DEF-V-D Integrator 

1.1.2.4.1.1 Integratorx2 

1.1.2.4.2 CalcuIate NF (1.1.2.3.3) 

1-1.2.4.2.1 Caiculate GJ and R (1.1.2.3.3.1) 

Block 4 
1.1 -3 Gear Forces and Moments 

1.1.3.1 TILDA 
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1.1.1 
7-AUG- 101 

Discretc Procedure SuperBlock Procedure Class Inputs Ouiputs 
17 3 On Ground Check Standard 

I 

In Air PHIâX 
Ur 

Block 

Script 

'alculata WSN-I 

U? 

SUPKR [ 
Procedura 

On Ground Check 
U 

Block 

Scrlpt 

Touchdown Variable In: 
LI! 

BMCK 

mropHrB 











1.1.2 7-AUO-101 

Discrets Procedure SupcrBlock Procedure Class Inputs Outputs 
On Ground Calculations Standard 3 1 



Discrete hrocedurc SuperBlock Proccdurc Class Inputs Outputs 
Initial Sliding Check Standard 1 2 

mit Sllding Check 
IS 

B h c k  

script 



Procedure Class Inpuis Outpuis 
Standard 31 3 

1.1.2.2 7-AUG-10 1 

Discnte Procedure SuperBlock 

- 

Noxt Sliding Check 1 
w 





. ~ 

Disc~te Procedure SuperBlock Procedure Class Inputs Outputs 
Calculate PHISK-D Standard 22 O 

Block 

Riad from 

v"R:Ate*,siei 
landln?ufoLi< 

Writa co 
O VARIABLE 

landing ear PHISK-0 
d!obai. 

I 

~ B -Sar13~31 



1.1.2.2.2 7-AUG- I O 1 

Discrete Pmcdure SuperBlock Procedure Class Inputs Outputs 
Calculate RU-V-D Standard 23 8 



1.1.2.2.3 7-AUG- 1 O 1 

Discretc Procedure SuperBlock Pracedure Class Inputs Outpub 
Sticking Variable lnit Standard 1 O 

Block 

Script 





1, l  . S M  
7-AUG- 1 O1 

Dhcreta Procedure SuperBloçk Procedm Class Inputs Ou tputs 
Calculate L-V Whcn Sticking Standard 24 8 

CONDITION 

mmr 

Block 

Scrlpt 





Discrcte Procedurc SuperBlock Procedurc Class Inputs Outpuis 
Calculate 01 and R Standard 1 O 

Block 

Writa to  
VARIAüLE 





7-AUG-101 
Discrets Procedura SuperBlock Procedure Class Inputs Outputs 

Sliding Variable Init Standard 1 O 

LbZ 
Raid troa 
VARXABL 

~ l o c k  

LéP 
Re86 tron 
V A R I M L  ~AI-I~~~J~~I~~~ 

L 

O 





1.1.2.4.1 
7-AUG- I O 1 

Discrete Procedure SuperBlock Procedure Class Inputs Outputs 
DEF-V-D Integralor Standad 9 8 





. . 

Discrate Proccdun SuperBlock Procedure Class 
Oear Forces and Moments Standard Inpu" 1 Our 





7-AUG- 1 O I 
Discnte Procedure SuperBlock Procedure Class Inputs Outputs 

Filter FLG Standard 6 6 

Block 

script 

ITz) - (Ti1 - 
(=-Il (-1) 

XO- tl&nding9.ir.FLG?4-Dic 

1 Block 1 
1 script I 



E. Landing Gear Block Script 

TabIe of Contents 

Check PHISK 

DEF-V 

DEF - V - D When Sliding 

FLG - B-DD 

Gear Forces Moment. 

Gear-N Break 

Gear Sums 

GJ and R 

GLGB-DD 

GRADPOSN-E 

In Air PHISK 

init Sliding Check 

L-B-SKN 

L-BJ' 

Location Vars Init 

Logic Vars [nit 

L - V E  and L-VE-D 

L-V When Sliding 

L-V When Sticking 

New PKISK 

NF 

On Ground Check 



PHISK-D 

PHISKInit 

POSN-E 

RSK RGS-B 

RU-V-D 

Sliding Check O 

Sliding Check 1 

Sliding ICs 

Sticking ICs 
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d o t ,  

for  K 1 4 3  da 
for 1 1 1  do 

aw-olK, geern) - ~ w - ~ l l < . p e n r ~ 1  I~~~cI~QBJ-~I~(** I  *-JIB*ga'fl' ' 
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z r O )  
f o r  ?i - 113 do 

for  w 1 1 4  do 

L O1 
te r  R Il1 do 

for W r Ir4 do 
: - s i  1, 
DL? V K Hl  PL? V Voldl211 
DCIZV~C~X,H)  . D Ë I ~ V I U - V ~ ~ ~ I Z I  i 
RDJIK,N) ~>,r-voldlZl I 

andtorr 
mndfori 

L - O1 
t e r  R 111 do 

for t~ 1 1 4  do 
z.zt1: 



tor w - 8 1 4  do 
XSLXDC(NI . ISLlD~old(Nlr 
WCOUNTIHI NCOUUToldlNI i 





1 (ptoA-lr-'I'dN'A-a-A-nU ' H l  WDbl t mandu 

5 eB8d 6ulpl1s-usqM-A-1 LE: 1Z:L 1 LOOE L flnf 



i n d f o r i  

AG; 7 2001 1 7 : ~ : ~  L-V-When-Stlcklng Page 1 

V 

- 

Cor U 9 1 1 2  do 
DE?,VlU,PiarNI 0 1  
for r( - 1:3 do 

PCr,VIK.gliarHI DerYIK.gmarNI 
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for U r  114 do 
Z03DIW) IONDoldlN) I 
rnxnrln, r P H I ~ K O ~ ~ I N I I  













Cor n t 1 4  do 
JSL3DLIHJ XSLlDEoldlNli 
w c m a  IN) . N C O V H T I ~ ~ ~ I N )  I 
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I 2 r 01 
Cor K - I r3  do 

for W r 114 do 
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.nt.pir garrN. NCDVHTOldl4l r 
Ilornt O E ? , V - V ~ ~ I ~ P Z V - V ~ ~ , V O ~ ~ ~ I ~ I  
.nrenrr HCQVHTI Il  1 
'iomt D E I  V i e  V I 0  i 
horr ~tr:vta,o ,Prr,vioiz1 4 1  I 



t r Of 
!or X 9 & : a  do 

Cor H r I i b  do 

L 9 01  
Cor L w 1 1 1  do 

Cor l( l i l  do 
t " z * l l  
W , V i L . l ( I  w 4-E-V-VlZJt 

endtar r 

rndfori 

Z  - 0 1  
Cor X r l i t  do 

for N r 1 1 4  Qo 
Z r Z * I .  
M-E-VIL)  RD-LII(.Wl r 
DL?-Vif-VIZI = i3Li-VlclK.N)1 

endtorr 
mndlorr 

AUQ 7 2Q01 17:21:31 Sticking-Es Page 1 
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