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NOTATION 

all, a12, a21, a22 = components of the A dynamics matrix 

A 

AEE 

ARFU 

ARR 

ART 

ATEI, ATE2 

ATT 

AIS 

A(lji) 

A' (lji) 

bl, bZ 

B 

BEF 

BET 

BETA 

BRe 

BRFU 

= coefficient matrix in state equation X = Ax + Bu 
= engine state coefficient matrix In engine state 

equation 

= fuselage state coefficient matrix in rotor state 
equation 

= rotor state coefficient matrix in rotor state 
equation 

= drive train state coefficient matrix in rotor 
state equation 

= engine I and Z state coefficient matrix in drive 
train state equation 

= drive train state coefficient matrix in drive 
train state equation 

= main rotor lateral cyclic control input 

= coefficient matrix In rotating frame blade 
flapping equation 

= coefficient matrix in rotatIng frame blade 
lagging equation 

= components of the B input matrix 

= coefficient matrix in state equation X =- Ax + bu 
= fuel control output coefficient matrix In engine 

state equation 

= drive train output coefficient matrix in engine 
state equation 

= collective setting 

= rotor control coefficient matrix in rotor state 
equatIon 

= fuselage output coefficient matrix in rotor state 
equation 
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BRL 

BRT 

BTL 

BTR 

BlS 

B(Iji) 

B I (1/1) 

c/cc 

C l, c2, c3 

C 

CAFU 

CAR 

CEE 

CFG 

CGP 

CRFU 

CRR 

NOTATION (Continued) 

= lag damper coefficIent matrIX In rotor state 
equatIon 

= drIve traIn output coeffICIent matrix In rotor 
state equatIon 

= lag damper output coeffICIent matrix in drIve 
train state equatIon 

= rotor output coefficient matrIX in drive train 
state equatIon 

= maIn rotor longitudinal cyclic control input 

= coeffIcient matrIX in rotatIng frame blade 
flappIng equation 

= coefficient matrix in rotating frame blade 
laggIng equation 

= damping ratio 

= coeffICIents 

= coeffiCIent matrIX In output equation y = Cx + Du 
= fuselage state coeffiCIent matrIX in fuselage 

aero output equation 

= rotor state coefficient matrIX in fuselage aero 
output equation 

= englne state coefficient matrix in engIne output 
equatIon 

= parameter, fuel flow to gas generator dynamICS 

= parameter, gas generator to power turbIne dynamICS 

= fuselage state coefficient matrix In rotor output 
equatIon 

= rotor state coeffiCIent matrIX in rotor output 
equatIon 
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CTEl, CTE2 

D 

NOTATION (Contlnued) 

= drive train state coefficient matrix in rotor 
output equatlon 

= engine state coefficient matrix in drive traln 
output equatlon 

= drive train state coefficIent matrix in drive 
train output equation 

= speed ratio, tail rotor/main rotor 

= equivalent viscous damping between engine and 
fuselage 

= equivalent viscous damping between rotor hub and 
fuselage 

= equivalent viscous damping due to shaft rate of 
deflection between engine and hub 

= coefficient matrix in output equatlon y = Cx + Dil 

= rotor control coefficient matrix in fuselage aero 
output equation 

= fuselage output coefficient matrIx in fuselage 
aero output equation 

= rotor accelerations coefficient matrix in 
fuselage aero output equa~ion 

= drive train output coefficient matrix in fuselage 
aero output equation 

= fuel control output coefficient matrix in engine 
output equation 

= rotor control coefficient matrix in rotor output 
equatlon 

= fuselage output coefficient matrix in rotor 
output equatlon 

= rotor acceleratlon output coefficient matrix in 
rotor output equation 

ix 



ECU 

NOTATION (Contlnued) 

= drive train output coefflcient matrlx in rotor 
output equation 

= electronlc control unlt 

fo, fl c , fl s , fZ c , fZs = components of F(w) matrix 
expanded in a truncated serles 

F· 1 

F ( tjJ) 

F' (w) 

G( 1jJ) 

G' ( tjJ) 

H 

H 

HMU 

Ig 

Ih 

Ip 

J 

J 

kHl, kHZ 

LDS 

LF 

LH 

= i th force component 

coefficient matrix in rotating frame blade 
flapplng equation 

= 

= coefficient matrix in 
lagging equation 

rotating frame blade 

coefficient matrix in rotating frame blade 
flapping equation 

= 

coefficient matrix in rotating frame blade 
lagging equation 

= 

= rotor forward force 

= transpose of transformation matrlx from rotating 
blade coordinates to multi-blade coordinates 

= hydromechanical unit 

= inertia of gas generator turbine and compressor 

= inertla of rotor hub 

= inertla of power turbine and output shaft 

= matrix 

= rotor lateral force 

= equivalent torsional stiffness between the rotor 
hub and engine 1 and Z 

= load demand spindle 

= fuselage roll aerodynamic torque 

= rotor roll torque 

x 



m 

Mp 

MH 

NG 

NP 

Np 

Ng 

Np 

NpI, Np2 

P 

PAS 

PO 

PR 

PS3 

P41 

P45 

q 

QCOMP 

QE 

QGTURB 

QH 

QLD 

~R 

NOTATION (ContInued) 

= mass 

= fuselage pItch aerodynamIc torque 

= rotor pitch torque 

= gas generator turbine speed 

= power turbine speed 

= fuselage yaw aerodynamIc torque 

= gas generator turbine speed (rpm) 

= power turbine speed (rpm) 

= shaft speed of power turbines I and 2 

= roll rate, fuselage 

= power available spindle 

= ambient pressure (altItude) 

= compression ratio 

= compressor output static pressure (psi) 

= gas generator turbIne inlet pressure (psi) 

= power turbine inlet pressure (psi) 

= pitch rate, fuselage 

= compressor load torque 

= engine output torque (ft Ib) 

= gas generator turbine output torque 

= rotor yaw torque 

= sum of lag damper torques 

= main rotor torque 
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QPTURB 

QPl, Qp2 

QROTOR 

Ql, Q2 
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rHl, rH2 

RL 

s 

SHP 

tf 

T 

TIN 

Tr 

T2 

T45 

u 

u 

v 

VG 

w 

W45R 

WF 

NOTATION (ContInued) 

= power turbIne output torque 

= torque transferred by drive traIn to power 
turbines 1 and 2 (ft lb) 

= helicopter load torque on engine 

= torque, engines 1 and 2 

= yaw rate, fuselage 

= gear ratio between the main rotor hub and engines 
land 2 (rotor speed/engIne speed) 

= variable rate limit 

= Laplacian operator 

= shaft horse power 

= final time 

= rotor aXIal force 

= temperature in 

• engine thrust before rate lImiting 

• temperature, ambient 

= power turbine inlet temperature 

= axial velocity, fuselage 

= input 

= lateral velocity, fuselage 

= variable guide vane setting 

= vertical velocity, fuselage 

= engine mass flow condition 

= fuel flow rate (pps) 
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NOTATION (Continued) 

-x :: vector of states 

xE :: vector of engine states 

xl, xl = states I and l 

XEI, XEl = vector of states for engine I and engine 2 

XF = fuselage forward aerodynamic force 

XT = vector of drive train states 

Y = vector of outputs 

YE = vector of engine outputs 

YF = vector of fuel control outputs 

YL ,. vector of lag damper outputs 

YR ,. vector of rotor outputs 

YT = vector·of drive train outputs 

YF = fuselage lateral aerodynamic force 

ZF = fuselage downward aerodynamic force 

GREEK, ETC. 

6 

= linear parameter 

= vector of multi-blade flapping coordinates 

,. vector of rotating frame flapping coordinates 

6l c , 6ls , 6lc , 625 ,. multi-blad~ flapping 
cooralnates for a fIve-bladed rotor 

61 , 6l, 63, 64 , 6S = rotating frame flapping 
coordinates for a five-bladed rotor 

y = ratio of specific heats 
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NOTATION (ContInued) 

= power lever angle 

= deflectIons in the drive train between engine I 
and the rotor hub, and engIne 2 and the rotor hub 
(referenced to the hub frame) 

= vector of multi-blade lagging coordInates 

= vector of rotating frame lagging coordinates 

~o, ~lc, ~ls, ~2c, ~2S = multi-blad~ flapPIng 
coordInates for a fIve-bladed rotor 

~l' ~2' ~3' ~4' ~S = rotatinf frame flabPing 
coordinates or a five- laded rotor 

nc = compressor efficiency 

e = roll attitude, fuselage 

ec = main rotor collective control Input 

eTR = tail rotor collective control input 

u • rotor advance ratio 

r = summation signal 

T = time constant 

Tg - gas generator turblne dynamic time constant 

'p = power turbine dynamics time constant 

¢ = roll attitude, fuselage 

1./1 = yaw attitude, fuselage 

1./1. 
1 = azimuth angle of ith blade 

np = power turbine rotation rate 

nMR = main rotor rotation rate 

n TR = tall rotor rotation rate 
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NOTATION (Concluded) 

SUBSCRIPTS, SUPERSCRIPTS, ETC. 

( )IC 

( )N 

( )0 

( )0 

( )TRIM 

£l( ) 

o( ) 

*( ) 

/ ( )/ 

( )T 

( )-1 

( ) 

() 

= () at initIal conditIon 

= new ( ), refers to conditIon at current time step 

= old ( ), refers to condition at previous time step 

= trim or initial value of ( ) 

= trim condition of ( ) 

= perturbation of ( ) from trIm 

= perturbation of ( ) 

= the axis transformation components have been 
deleted from ( ) 

= absolute value of ( ) 

= transpose of ( ) 

= inverse of ( ) 

= vector ( ) 

= d CIT ( ) 

xv 



I. INTRODUCTION AND SUMMARY 

1.1 INTRODUCTION 

It is important to be able to predlct coupled propulsion 
system and rotor system dynamic responses for rotorcraft. The 
capability is needed for assessing the effects of varied fuel 
control design, rotor lag damper characteristics, and drive 
system equivalent flexibility, among other possible 
improvements. Specific occurrences of coupled propulsion 
system/rotor system dynamic problems have been observed in 
current rotorcraft, such as the CH-47C. The potential eXlsts for 
stability problems in new vehicles, such as the UTTAS, AAH, and 
XV-IS, and in prototype vehicles designed for enhanced 
performance, such as the X-Wing or HH-20 (CCR). Experimental and 
operational data from rotorcraft indicate that lmproper matching 
of rotor dynamic characterlstics with drive system and engine 
response modes is a fundamental source of undesirable vehicle 
stability and vibration characteristics. The technology applies 
to a wlde range of rotor system types and propulslon/fuel control 
configurations. 

Development of the capabllity to predict coupled 
propulsion/rotor dynamic responses for a range of rotorcraft 
designs has not been systematically initiated. The basic reason 
is that the development of a comprehensive analysis approach 
using a generic methodology, is a highly multidisciplinary 
objective. The objective is broader than the specific product 
development and manufacturlng objectives of many hellcopter or 
engine companies. 

1 



1.2 SUMMARY 

Systems Control Technology, Inc. (SCT) undertook a program 

to establish a generic methodology and model structure for 
performing coupled propulsIon/rotor response analysis that would 
be applicable to a variety of rotorcraft types. In this program, 
SCT performed the followIng tasks: 

(1) Developed a model structure, adaptable to a wIde range 
of rotorcraft configurations, for simulatIng coupled rotor/ 
propulsion dynamics. 

(2) Defined a methodology for parameterIzing the model 

structure to represent a particular rotorcraft. 

(3) Constructed a nonlinear coupled rotor/propulsIon model 
for a particular (though not existing) rotorcraft as a test case 
to use in analyzing coupled system dynamics. The model included 
a propulsion system and a rotor/fuselage system as follows: 

(a) The propulsion system was constructed from an 
existing engine/fuel control model and a drive train 
model derived by the author. 

(b) An existing helicopter rotor and airframe handling 
qualities simulation was used for the rotor fuselage 
system. 

(4) Constructed a partially linear coupled rotor/propulsion 
model by applying perturbation and subset regression techniques 
to linearize the engIne and rotor components of the nonlinear 
model. This step was not completed due to difficulties 
associated with the periodic dynamic effects in the rotor 
dynamics at the rotorcraft speed chosen for linearization. 

1.3 ORGANIZATION OF REPORT 

ThIS report IS divided into two volumes. Volume I contaIns 
the body of the report and the analytical part of the appendIx. 
Volume II contains documentation on the computer models that were 
developed. 

2 



In Volume I, Chapter II gIves a problem overview and 
dIscusses the background of the problem. Chapter III describes 
the generic modeling methodology. Chapters IV and V document the 
development of the propulSIon system and the rotor/fuselage 
models, respectIvely. Chapter VI describes the formulation of 
the resulting coupled rotor/propulsion system model and descrIbes 
a test case that was developed. Finally, Chapter VII summarizes 
the project and makes recommendatIons for further model 
development. 

3 
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II. BACKGROUND AND PROBLEM OVERVIEW 

Thls sectlon reviews the background of the program and 
details the issues associated with development of a coupled rotor 
and propulsion system analysis. 

2.1 BACKGROUND AND PROBLEM OVERVIEW 

2.1.1 Background 

The basic dynamic elements of a typical hellcopter 
propulslon drive system are shown in Figure 2.1. One or more 
engines drive a system of shafts, gear reductions, the main 
rotor(s) and the tail rotor. The maln and tail rotor are the 
primary force and moment producers. While many elements of this 
sytem have been designed to minimlze coupling between the 
elements, recent experience has demonstrated the need for a more 
systematic treatment of rotor/propulsion system interaction. 

In older helicopters, the flight and propulsion system 
dynamics of the rotorcraft were not closely coupled because there 

was a separation between the speeds of response of these 
subsystem dynamics. Propulsion system dynamics were much faster 

than the flight dynamics, and thus handling qualitles designers 
could assume the rotor had a constant rate as far as handling 

qualities were concerned. In recent helicopter designs, however, 
demands for higher flight performance have led to designs In 
which there is significant and even destabilizing coupllng 
between subsystems. 

One dramatic example of this involved the CH-47C helicopter 
with a Lycoming T-53 engine [1]. During testing of this vehIcle, 

severe rotor oscillations were encountered, leading to pronounced 
fuselage vibration. Time histories of the responses of several 
of the variables that were involved are shown in Flgure 2.2a 

5 



.... INII01'Qa -..DCI / "'-DItAG IUIG& DAMHIt ... 
STAuo.JID na: TAIL IIOTCII 
T\It8INC .... IN IICITCIt SH& .. T 

/ \ ".----...,. 
WAIN IICITCIt I \ ItDUC'TlON 

_____ OC ... eox 

\\ / 
'\. 

INQIIC 
ItIDUCTICIN '111£ 
GUHQW WIC'U 

/ "- niL ItClTClt SM,to .. T 

Figure 2.1 Typical Helicopter Rotor and TransmissIon System 

6 



O~~q~n&l Fuel CQn~~Qls 
St&n4&~~ ~q Oampers 

Figure 2.2a Torque Oscillation Flight Test Data [1] 

sooo~------~------~------~ 

Oamper "St~f!ened" ;0 
Reproduce Osc~llat~on 
on Computer 

• 4000~------~------~--~~~ 
~ 

-<:l 
(J 

~ 3000~~~~~;-~~--~i----------

... , Oamcer "Softened" to 
~ /~El~~nate Osc~llat~on 
:. ' l.n Test .. 
~ 2000 

1000~~~~~--------+I------~ 

oamper 

O.:;.. ___ ..I. ___ -' ___ ~ 

3.0 o 
Peak Oamper Veloc~ty, In/Sec 

Figure 2.2b Lag Damper Force-Velocity Curves [1] 

7 



..l 

..l 
~ :.. 

10 • ., , 
S 

ORIGI~AL ClROD. !(.J3 SZC. 1'/C) 

• 30\ REDUC!D GAI~ ... 
.,..~.--~--.. 

•••• ', .... , !::CR[A.SEO Tn~ 
..... '..f CONS~. (.10 SZC.) 

• j.. ", " 
l:'I~"\" F""'/ '," . .........'" " " a (.10 SEC. l'/C, ".', , 
30~ ?.!:O. G.\I .. n ....', , 

2~ ____ ~ __ ~~~~~~ __ ~~~ 
t 2 3.. ~. 7 • J to 

E'REQt]£;lCY, C2S 

Figure Z.Zc Fuel Control Frequency Response [1] 

f\ 1\ /\ A 
ROTOR SHAFT 

, "'O"~'·-- ... ",,,,,, 
-. -. ..... 0. e vVV\J \ V-<:r- -

.HK L.'\{-t.B. ...l.OK r;:-!.B. 

~2S00 La. 

!.. 33 G2~ 

ORIGI:U.,L 
FUEL CO,'i'l'ROLS 

, A Aft,. 

VVV 
!. ';00 La. 

FUEL FLOW 

:!!:OUC!O GAIN .~li:) 
"S!.JWED COIm" 
FUE:' CO:''l'~Vr.S 

FIgure Z.Zd Final Torque Oscillation SimulatIon [1] 

8 



[1]. Two parameters were varied In the test program to reduce 

the oscIllation shown. First, the blade lag damper was "tuned 
down" which reduced that particular problem (Figure 2.2b), and 
then the fuel control tIme constant was Increased and the gain 
reduced (Figure 2.2c). The result was the acceptable response of 
Figure 2.2d. 

In response to the CH-47C problem, and related experiences, 

a series of studies was sponsored by the Army at Ft. EuStIS. 
Results of these studies are detailed in Ref. 2. Table 2.1 lists 
some of the relevant interface problems that are discussed In the 
volumes describing these studies. 

The background for the current program was the recognized 
need for a systematic approach to analyze and avoid such problems 

in design and test programs. 

2.1.2 Problem Overview 

The principal elements which must be considered in a 
systematic rotor/propulsion system response analysIs are: 

• engine models; 

• fuel control models; 

• rotor model; and 

• drive train models. 

The frequency range of interest initially is a range of 
approximately 0-5 Hz (or zero to approximately once per rotor 
revolution). A model valid over a larger frequency range would 
be desirable. However, thIS would require more detailed 

representations of the rotor system, drive train, and aIrcraft. 
This effort is beyond the scope of the present analysIs and 
consequently application of the model is restrIcted to thIS 
frequency range. Still, a signIficant number of previous 
engIne/airframe/drive train dynamic interface development 
problems [2] have occurred withIn this frequency range, includIng 
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Table 2.1 

Interface Problem History 

• TORSIONAL MODE OSCILLATION - COLLECTIVE LAG 
SIKORSKY CH-53E/T64 
BELL OH-4A/DDA 250 SERIES 
BOEING CH-47C/lYCOMING T55-L-ll 

• EXCESSIVE ROTOR DROOP & OTHER RPM CONTROL PROBLEMS 
SIKORSKY/BLACKHAWK 
BELL YAH-63/GE T700 
BOEING YUH-61A/GE T700 

• ENGINE HUNTING 
SIKORSKY XH-59A/PT6T-6 

• ENGINE LOAD SHARING OSCILLATION - 2 ENGINES 
SIKORSKY SH-34H/GE T5 
TILT ROTOR 

• EXCESSIVE TRANSIENT LOADING (HIGHER FREQUENCY) 
BELL YAH-63/GE T700 - OVERSPEED TRIP 
BOEING CH-47/LYCOMING T55 - ROTOR START UP 

10 



engine torque osclilations, engine load-sharlng problems, and 

exceSSlve transient RPM droop. 

Modern rotorcraft utilize free-turbine engines where the 

second or power turbine section is connected to the output shaft 
(Figure 2.3 [3]). Because the load on this output shaft varies 

with collective control and fllght speed, modern turblnes, In 
particular, require multiple sensing feedback paths and 

multlvariable controls to sustain design RPM. The control system 
of the current GE/T700 engine, for example, is illustrated in 

Figure 2.4 [3]. 

The propulsion system dynamICS are especIally important to 

flight control in the vertical mode because the propulsion system 
is then the only source of power. To change the amount of lift 

over even a few seconds, the fuel flow must be changed. In 
forward flight, kinetic energy can be exchanged for lift. In the 

vertical mode there is no mechanism of energy storage that is 
large enough to provide a sustaIned engine output varIatIon. 

Because of the close relationship between flIght and engine 
performance, overall performance can be enhanced by Jointly 

controlling these modes. 

In current practice, the engine and flight control system 

are designed separately. Handling quality analyses and automatic 
flight control design analyses do not typically consider the main 

rotor RPM a degree of freedom. In addition, specific goals for 
engine transient response are not well defined. Instead, the 
engine is specified to respond to a step input as quickly as 
possible without overly degradIng stability margins. This 
approach has its limits, especially when the engine/fuel 
controller response is not fast enough for good handling, but is 
so fast that it interacts with some torslonal/flexural modes and 
causes vIbrational oscillatIons. This situation can often occur 
in rotorcraft design because of the relatively low-frequency 
torsional bending mode of the rotor. Figure 2.S [4] shows some 
of the torslonal modes for the XV-IS. The first mode IS shown to 

11 
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Figure 2.3 Elements of Current Rotorcraft Engines [3] 
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, 
I Torsional modes Frequency (per rev) Mode shapes 

565 rpm 458 rpm ~~~-, , 
, , 

Engine 1st asymmetric flexible mode 39 48 
(Interconnect shaft model 

Rotor Interconnect See Note 
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be at 3.67 Hz. In addit1on, many convent1onal art1culated 
hel1copters need to incorporate a lag damper to prevent ground 
resonance. This adds another set of torsional modes, the first 
of which involve rigid blade collect1ve lag about the lag hinge, 
at approximately 3 Hz. The demand for more respons1ve 
hel1copters in recent years has been met by uS1ng more responsive 
engines. However, due to torsional mode interaction, the 

llmitation of this approach has been reached, and manufacturers 
have started to use combined automat1c flight/propuls1on control 
systems. 

In conventional helicopters, the propulsion system dynamics 
can cause handling problems and reduced responsiveness. A common 
mode of flight/propulsion interaction is known as rotor droop. 

Conventional rotorcraft regulate the rotor RPM to be near a 
design value which is limited in part by consideration of various 

rotor blade bending modes. When there is an external disturbance 
or a step-collective input, the increased drag on the rotor makes 

it slow down or droop. The increased torque demand is apparent 
to a separately designed fuel controller only through RPM droop, 
and therefore the engine response is delayed. This droop is 
caused by the transfer of rotor k1net1c energy into 11ft. 
However, as the RPM decreases so does the lift and the 
effectiveness of the collective input. This degrades the 
handling quality of the vehicle. Also, when the rotor torque 
increases due to fuel controller action, the yaw reaction torque 
on the fuselage increases. This causes a perturbation in yaw 
that is further compounded when the main and tail rotor RPMs 

droop causing a reduction in tail rotor effectiveness. Pilots 
often compensate for droop by applying some pedal input along 
with collective stick input. The cross-coupling between the 
propulsion system and the yaw mode can also act in reverse. A 
change in yaw moment causes a change in the reaction torque on 
the rotor, Wh1Ch w1l1 cause an RPM var1ation. A fast fuel 
controller can detect this and cause the eng1ne to change its 
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torque output. However, due to dynamic phase lag, thIS torque 

change acts not so much to regulate RPM, but rather to reduce the 
stability In the dutch roll mode. These fuselage/engine 
cross-coupling phenomena are discussed for the Blackhawk 
helIcopter in Ref. S. 

The XV-IS has some additional engine/airframe InteractIons 
that have caused trouble [6]. The aerodynamic dampIng of the RPM 
governing system decreases with decreasing power requIred. ThIS 
has caused the governor to oscillate in high-speed flight. The 
current solution is to lower the governing gaIn for good 
operation with worst-case damping. 

The state of the art solution to engine/aIrframe interaction 
is to keep the fuel flow controller slow enough to eliminate 

unfavorable coupling and to use a rudimentary form of combined 
control. The combined control involves using the collective 

stick input to bias the RPM error signal. In thIS way the englne 
is made aware of the changed torque requirement when the pllot 
commands it. This was used in the Blackhawk and, to a much 
greater degree, in the tilt rotor. When the rotor lnertla is 

small, the link between the collective input and throttle control 
needs to be more pronounced. In the XV-IS tilt rotor, for 

example, the lever in what is normally the collective stlck 
position is the power lever which is the engine throttle 

control. The collective rotor blade pitch control levers are 
cam-linked to the power lever. Also, the RPM is not regulated 

using fuel flow, but rather by adjusting the collective pitch of 
the rotors. This method of regulation prevents the exchange of 

rotor kinetic energy for lift. It is necessary because the 
rotors have relatively low moments of inertia and therefore do 

not store much energy. Exchange of energy causes larger RPM 
varIations in smaller rotors. 

The helicopter or XV-IS response could be further improved 
if a controller were designed based on the combined coupled 
airframe/propulslon system characterIstics. 
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Another important engIne control problem occurs wIth 
multiple engines. This problem is load-sharing oscIllatIons, as 
demonstrated in Figure 2.6 [7]. An inItIal load-sharIng problem 
(now solved) occurred In the Sikorsky SH-34H/T-58 helIcopter. 

The major tool required for combIned propulsion/flight 

control is a sUItable dynamic model. 

2.2 METHODS OF ANALYSIS 

In the past, the procedure for desIgning for adequate 
combined system (engine, rotor, fuel control, etc.) performance 
has been to: 

(1) design the engine control for optimal response to 
step-load change; 

(2) design the rotor system assuming it will be driven 
by the engine at constant RPM; 

(3) use currently known rules of thumb to account in 
the design for interactions between system 
elements (e.g. rotor, fuel control, engine). 

More recently, at Sikorsky for example [5], high-fidelity 
nonlinear models have been used to analyze the interactions of 

rotorcraft system components and to design to prevent or to 
correct interactIon problems. Other approaches have involved ad 
hoc modificatIons to nonlinear models to allow consideration of 
specific interactIon problems. 
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III. GENERIC MATH MODELING 

The purpose of this proJect was to develop a generIc 
methodology and a model structure for performIng coupled 

rotor/propulsion response analysis. The methodology was desIred 

to allow accurate consideration of the interactions of rotorcraft 
system components, in a specific frequency range, without the 

complexity of high-fidelity nonlinear models. This chapter 
describes the method of approach that was developed. The 

sections of this chapter that follow identify the requirements on 

the model structure and the approach developed to meet these 
requirements. 

3.1 PURPOSE 

A rotorcraft/propulsion dynamIcs model would be used in 
applIcations like the following: 

• flight/rotor/propulsion control system research and 
development 

• trade studies for defining specifIctIon requirements, 
e.g. ensuring acceptable couplIng of rotor and 
propulsion dynamics 

• predicting flight characteristics for flight test 
plannIng and flight safety analysis 

• support of development flight testing In areas such as 
troubleshooting, control system revision, and data 
analysis 

These applications require an accurate model, but do not require 
the hIgh complexity of some nonlinear engine and rotor component 
models that are available, but not coupled together. 
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3.2 MODEL STRUCTURE REQUIREMENTS AND SCOPE 

The intended uses of the model requIre that It accurately 
predIct rotorcraft handling qualities, instabIlities, 
oscillations, and transient performance within a specIfIed 
frequency range. The intended uses also requIre that the model 
structure and variables relate directly to physical explanatIons 

so the results of an application of the model can be easily 
interpreted in terms of the structure. 

CertaIn effects should be consIdered in the model. These 
include torsional mode stability, engine load-sharing problems, 
RPM droop and effects on handling quality. 

Only a limited frequency range is required for the model. 

Figure 3.1, compiled by Sikorsky Aircraft [5], shows frequencies, 
representative of a medium-sized helicopter, from WhICh It is 

apparent that the dynamic modes of interest in this project occur 

at frequencies between zero and the shaft speed, QMR. ThIS 
frequency range includes the first torsional modes of the 
rotor/drive system and rotor/airframe, the drive system/fuel 

control "hunting" frequency, fuselage instabilities, and the 
rigid flap and lag motions of the rotor blades. 

3.3 GENERIC MODELING APPROACH 

The sections that follow give a general picture of a generIc 

modeling approach that was developed that can be used to 
construct a coupled rotor/propulsion dynamic response model for 
investigating performance in the zero to once per rotor 
revolution frequency range. 

3.3.1 Model Structure 

The generIc modeling approach entails constructlon of a 

total system model from linear or nonlinear state models of each 
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subsystem component (e.g. fuselage, rotor, engine). Thls 
approach provides a flexlble, adaptlve model structure that can 

be used to simulate a varlety of rotorcraft deslgns. The 
structure allows subsystem models to be added, deleted, replaced, 
or modifled to meet a particular application. 

Figure 3.2 shows the generic structure chosen for the 
rotor/propulsion dynamics model. The figure shown is for the 

dynamics of a twin engine, single main rotor helicopter in hover 
or forward flight. This fIgure contains a block for each 

subsystem model. Connecting lines show the paths of interactlon 
between subsystems. The subsystems are linked along these paths 

by physical principles. 

The structure used for each component in the coupled system 

rotorcraft model is shown in Figure 3.3. This input/output form 
is general, and allows independent subsystem components to be 

easlly connected together into a system. 

The subsystem model components are derived from detalled 
nonlinear simulations of each component. These detailed 
simulations can be obtained from the component manufacturers 
(e.g. for englnes and fuel controls) or currently available 
simulations (e.g. the GENHEL rotor, airframe, control system 
slmulation~ 

The control system components of the model can be allowed to 
contain important nonlinearities. The control systems are the 
lag damper, fuel control, and flight control. Nonlinear effects 
are important in the control models because of their effects on 
the dynamic response. Also the model may be used in the design 
and analysis of control systems and thus may require 
high-fidelity nonlinear control models. 

3.3.2 Linear Model Formulation Methodology 

Models for the linear components of the combined system 
model are formulated uSlng perturbation techniques. With these 
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technIques, equatIons are constructed using perturbation values 
about trIm (or nominal) operatIng condItIons of the rotorcraft. 
The trim values can be added back onto the predicted response 

perturbations to yield the "total" response values. 

Several techniques are available for extractIng these 

linear, simplified models from complex nonlInear simulatIons. 
These Include: 

• state and derIvatIve perturbation techniques; 

• subset regression techniques; 

• system identification techniques wIth time 
histories generated from a nonlinear simulation 
mode 1. 

AdditIonally, equations can be derIved or extracted analytically. 

3.3.3 Subsystems 

The subsystems of the generic model shown in Figure 3.2 

Include the following: 

• rotor 

• fuselage 

• engines (2) 

• fuel controls (2) 

• drive train 

• lag damper 

• tail rotor 

Some of the details and assumptIons which were used in developing 
the generic form for modeling each of these subsystems are 
described below. 
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Fuselage 

The fuselage was assumed to be rIgId. It was modeled by 

nine states. These Included aXIal, lateral, and vertIcal 
velOCIties (u, v, w); roll, pItch, and yaw rate (p, q, r); and 
roll, pltch and yaw attitude ($, 6, W). 

Rotor 

The rotor was modeled using multi-blade coordInates. 

Any of three approaches could have been used. These 
included rotatIng frame coordinates, multi-blade coordInates, and 
tip-path-plane coordinates. 

In rotating frame coordinates, each blade is modeled 
separately. This representation makes intersystem (e.g. between 
rotor and fuselage) dynamic coupling analYSIS more complex and 
results in a loss in engineering insight. A fIxed-frame 
representation is more amenable to Intersystem dynamic couplIng 
analYSIS. A fixed-frame representation, such as In multi-blade 
or tip-path-plane coordinates, using constant coeffICIent values 
is adequate for many rotor/drive train/engIne coupling modes. 

Because the fixed frame representatIon offers better inSIght 
into what is happening and is less complex, it was used in the 
generiC model structure. A multi-blade rather than 
tip-path-plane representation was used with the number of main 
rotor flapping states and lagging states each to be equal to the 
number of blades. This number of states could later be reduced 
1f it were found to represent higher frequencies than requ1red In 
the model. 

Lag Damper 

Helicopter lag dampers are very nonlinear, as shown by the 
typical response plotted in Figure 3.4 [7]. Because the lag 
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damper has an important effect on the rotor dynamlcs, It should 

be modeled as a separate, nonllnear element in the model. Thls 
approach was taken. It allows straightforward analysIs of the 
sensitlvity of rotorcraft performance to varIations in the lag 
damper deslgn. 

DrIve Train 

Drive trains are normally modeled as systems of torsional 
springs, dampers, and inertias. Gearing ratlos add some 
complexity to this, but standard models [1,5,12,13] are still 
linear. Nonlinear backlash effects were not considered. 

Engine and Fuel Control 

The engine and engine control system models were required to 
describe the dynamics and coupllng to the rotor and airframe up 
to the rotor RPM frequency (3 to 5 Hz). A perturbational model 

was used for the engine model while a nonlinear slmulation was 
used for the fuel control. The perturbational engine model was 
extracted from a nonlinear engine simulation. 

Tail Rotor 

Tail rotor dynamics could either be modeled explicitly, as a 

separate part of the model, or as a control acting directly on 
the dynamics of the fuselage, without separate tall rotor 

dynamics. Because this was the flrst construction of the model 
the simpler approach was taken. At a later date, the structure 
could be extended to allow explicIt modeling of the tail rotor. 
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Control Systems 

A flight control system model was necessary In order to test 

"fly" the model. A control system in an existing helicopter 
simulation was used. 

The pilot controls included in the model were: 

• main rotor - collective pitch, longitudinal and 
lateral cyclic pitch 

• tail rotor - collective pitch 

3.4 MODEL ORGANIZATION 

The generic model structure was constructed in a modular 

fashlon with modules as were shown in Figure 3.2. In this 
manner, the modules could be developed independently. This 
formulation gave the generic model structure flexibility because 
any module could be independently modified or replaced by a new 
module or one parameterlzed for a different helicopter. The 
detailed development of each of the modules of the model that was 

developed to test and demonstrate the structure are discussed in 

the chapters that follow. 
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IV. PROPULSION SYSTEM MODELING 

A propulsion system model of a particular englne, fuel 
control and drive traIn combination was constructed n the format 

of the generic model structure. The model was constructed n 
order to test and demonstrate the methodology being developed. 
The development of this propulsIon system model is described in 
this chapter. 

The elements which make up the propulsion system are: 

• engine models 

• fuel control models 

• drive train models. 

This chapter describes the development of this propulsion 

system model. The results of the chapter are a fully 
parameterized computer simulation modeling a specIfic helicopter 

engine/fuel control/drive train combination. 

4.1 DEVELOPMENT OF ENGINE AND FUEL CONTROL MODELS 

4.1.1 Problem Overview 

The propulslon system can be described in mathematlcal terms 
in several ways. The choice of model form has an important 

impact on the usefulness of the resulting model. A consideration 
in developing the model is the interface between the engine and 

the input/output boundaries. Models that describe the throttle 
linkage and fuel control as well as the engIne may be 

significantly different from "open-loop" models of the englne. 

An engine model for the propulsion system is desired which 
descrIbes the engine torque response to fuel inputs from the fuel 
control and to drlve train and rotor dynamlc loadings (wIthIn 
excitable bandwidths). Dynamics in the engine or fuel control 
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Wh1Ch are not excited during this operat1on are not cons1dered 

important to the modeling task. The SOph1st1cat1on of the eng1ne 
model should be consistent with that of the other elements of the 

coupled rotor/propulsion system model. The coupled model is 

intended to reproduce dynamic phenomena 1n the zero to once-per
rotor-revolution frequency range. 

The value of the engine model will be in its descr1pt1on of 
important aspects of performance. Steady-state values of torque 
and shaft speed should be predicted accurately. Dynamic response 

to small perturbat10ns should accurately reflect engine 
behavior. Match of intermediate variables such as internal 

temperatures and pressures describing engine operat1on is not 
cr1tical to predicting interaction problems between the rotor and 
propulsion system. 

Models used to describe typ1cal engine behav10r vary w1dely 

in complexity and accuracy [8]. The simplest description of 
engine response is a plot of corrected engine thrust versus power 

lever angle. A typical characteristic is shown in Figure 4.1. 
This plot can be used as a dynamic model if an appropriate time 

lag is associated between the actual throttle pos1tion and a 
lagged or virtual position. The engine is observed to accelerate 
and decelerate at rates dependent on the power level. Thls 

effect can be represented in the model as a variable rate limit. 

The experimental model thus generated is shown in Figure 4.2. No 
attempt is made at a phenomenological explanation of the 
behavior. Parameters are adjusted from observations. Since thIS 
model does not reflect the internal cause of the torque response, 
the match between the system behavior for various size inputs and 
for different starting and ending values of torque will be poor. 
A more significant drawback of these models is the poor 
closed-loop description of the behavior. This mismatch 1S 

typically manifested by an incorrect prediction of the 
closed-loop stabil1ty of the system. ThIS is due primar1ly to 

matching the step response in est1mating parameters rather than 
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matching frequency response over a suitable bandwidth. 
Generally, frequency matching requires more complex model forms. 
In order to accommodate this lack of precision, simple models 
tend to be "improved" by ad hoc additions WhICh attempt to 
correct the fundamental non-phenomenologIcal characteristics of 
the formulation. 

Far more complex dIgital simulations can be generated whIch 

model component characteristIcs measured from rig tests and 
aerothermodynamlc phenomena occurring in the gas path. Such a 
simulation is shown schematically in Figure 4.3. These 
simulations include basic physical laws relating energy, work, 
mass flow, and acceleration as they dynamically interact in the 
engine. Various "adjustable" parameters such as lumped 
isentropic efficiencies and areas are adjusted to match the 
observed steady-state relationships between input and output 

variables. A detailed representation of the governor is 
lnc1uded, and the overall response can be tuned to match observed 
dynamics. While the type of simulation recreates steady-state 
performance accurately, the match of transient response is poorer 

due to modeling uncertainties in the complex equations. 
Predicted stability characteristics for closed-loop control are 
quite good, however. 

The drawbacks of detailed analytical simulations are that: 

(1) a large computer capability is necessary; 

(2) detailed internal engine and control information 
is required which is often not available; and 

(3) the added complexity cannot be Justified or 
validated from input/output performance observed 
in operation. 

Clearly, a middle ground must exist. 

An experimentally valldated analytical descriptlon of the 
propulsion system is ideally sUIted to an analysis of an 
integrated rotorcraft system. It can be developed by conslderlng 
the aval1ab1e measurement data and the type of inputs provlded. 
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The development starts w1th a complete analys1s of possible 

dynamic effects. Data are exam1ned and unimportant or unexc1ted 
phenomena are removed. The remaIning model terms are examined 
for bandwidth of response relat1ve to the simulation 
requIrement. Frequency effects outs1de the dr1ve tra1n and rotor 
bandwIdths can be neglected. The result1ng system represents a 
description of the response including both steady-state and 
dynamic performance whose parameterizat10n is available from 
recorded measurements. This type of model can provide an 
excellent component module in a simulation used to analyze an 
integrated rotorcraft engine, fuel controller, drive train, and 
rotor system. 

4.1.2 Modeling 

The dynamics of the engine in the region near full power are 
nearly linear. Small perturbations in the state of the engine 
are characterized by changes in the speed of the power turbine 
and gas generator turbine. Previous analyses of engine dynamics 
have verified the linearity and the structure of the linear 
system representing this behavior [9-11]. 

Since rotorcraft engines typically have no variable geometry 
in the gas path, the primary dynamic exciter 1S the fuel flow 
which is metered by a hydromechanical governor. Fuel is 
chemically converted to heat in the combustor. This provides 
excess energy at the turbine entrance. The combustor lag is 
typically much faster than the dominant system response. The gas 
temperature at the entrance to the turbines is converted into 
work by the expansion through the rotating turbines. ThIS energy 
1S used to drive the compressor on the fixed shaft and the rotor 
on the free shaft. The dominant engine dynam1cal states can be 
associated with the rotating inertia of these elements. Newton's 
law for the shafts can be written in terms of the speeds and 
torques as follows: 
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Ng = t- (QGTURB - QCOMP) 
g 

N = t- (QPTURB - QROTOR) p p 

where ( )g' ( )p refer to the gas generator and power 

(4.1) 

( 4 .2) 

turbine turbine shafts. The torques are determined from the mass 
flow and pressure change across the component. The form of the 

expression is given below (for a compressor) 

T1Nm(PRy - l/y - 1) 

ncNg 

where the compression ratio, PR, is determined by flow 
equilibrium through the engine and duct. 

(4.3) 

These equations can be used as the basis of a global 
nonlinear model of the engine. Maps of nonlinear parameter 
variations and detailed dynamical repre,sentations of 
nonequilibrium flow can model the contInuity, energy, and mixing 
phenomena occurring in the gas path. However, these terms can be 
considered neglIgible if one is interested in system bandwidths 
characteristic of rotor and drive train dynamics. 

For this study, modeling the engine behavior during moderate 
speed excursions by a linear set of dynamical equations provides 
an adequate representation. The form of the system equations can 
be sImplified to second-order for most engines by considering the 
physical character of the motion. The linear system of constant 
coefficient equations which is constructed for the engine is 

shown in a Laplace transform block diagram in Figure 4.4 and 
collected in state variable form as follows: 

+ 

(4.4) 
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where the five linear parameters, L p ' L g , Cgp ' CFg , and 
a, represent the dynam1cal behavior of the engine. 

The dynamical equations are written for perturbat10ns away 
from an equil1br1um condition. A typical choice for this 
equil1br1um point 1S 100 percent power. 

The engine is not the only source of nonlinearity. The 
throttle linkage, electrical, and hydrodynamical fuel controls 

also represent limiting elements in the linearity of the 
response. The components are qU1te complex. Accurate 

representations of the internal dynamics are difficult to model 
with linear equations. 

The hydromechanical fuel control is the most complex 
nonlinear element of the system. The fuel control meters fuel to 
the engine in response to throttle inputs and engine demand. 
Instability, temperature, speed, and airflow constraints are 
accommodated while producing specified performance at different 
temperatures, altitudes, and speeds. 

Valid dynamic models describing the fuel control hardware 

need to be developed in a parameter1zed form consistent w1th Eq. 
(4.4). Yet, because of the control nonlinearity, this is not 

reasonable. The combination of nonlinear control equations with 
Eq. (4.4) will result in an engine/fuel control model suitable 

for analysis of the integrated rotorcraft system for the present 
study. 

4.1.3 Data 

SCT obtained the nonlinear, non-normalized versions of a 
small, ISOO-shaft horsepower helicopter turbine engine and fuel 
control system. The simulations used relatively simple eng1ne 

and control models and appeared to prov1de all the informat1on 
requ1red for the coupled model. 
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The engIne simulation used four states: 

( 1 ) power turbine speed, Np ; 

(2) gas generator speed, Ng ; 

(3) gas generator turbine inlet pressure, P4l; and 

(4) power turbine inlet pressure, P45· 

(Subscripts 41 and 45 on the pressures correspond to stations 

along the engine as were shown in Figure 2.3.) The model used 
nonlinear maps and detailed dynamical representations to 
represent the continuity, energy, and mixIng phenomena occurring 
In the turbine gas path. 

The fuel control system consisted of two parts. The first 
part represented the hydromechanical part of the fuel control, 
and the second part represented the electromechanical part of the 
fuel control system. 

The sections that follow describe the parameterIzatIon of 

the engine and fuel control models, for the coupled rotorcraft 
model, from this data. 

4.2 ENGINE MODEL 

A four-state linear perturbation engine model was derived in 

the present study to describe the performance of the small 
helicopter engine during moderate speed excursions from an 

operating trim of 100% Np and 97% Ng . This corresponds to 
a 356-ft lb torque output. This model of the engine was 
consistent with system bandwidths characteristic of rotor and 
drive train dynamics. 

The four states used in the model were the same ones used In 
the nonlinear sImulation. The nonlInear maps and complex 

dynamical expressions used in the nonlInear model were to be 
replaced by constant coefficIents evaluated about the operatIng 

trim condition. Parameters for the linear model were to be 
extracted from the nonlInear simulation by uSIng the central 
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difference, state perturbatIon method. The outputs from the 

perturbation model were those required by the engIne fuel control 
and by the drive train and fuselage dynamics models. 

4.2.1 Parameterization of Generic Engine Model 

4.2.1.1 Parameterization Method 

A state perturbation method was used to parameterIze the 

linear engine model. The state perturbation approach is 

described in Figure 4.5. 

This method involves freezing the integrators in the 
nonlinear simulation after steady state is reached, then 
perturbing the states and controls one by one to compute the A, 
B, C, and D matrices of the linear state variable representatIon 

of the system. The approach is shown schematically in Figure 
4.5. 

In Figure 4.5(a), a block dIagram of a linear model is 
shown. A linear scalar model is illustrated and discussed, but 

extensIon to a multivarlable nonlinear formulation is 
straIghtforward. 

The procedure for computing the parameters of the model IS 
to integrate the nonlinear model to the steady-state operatIng 
condition, where x=O. This implies that the system being 
modeled must be a stable, damped system. The integrators are 
then suppressed, as shown in Figure 4.5(b), and a perturbation, 
~x, added to x. The perturbation WIll cause perturbations ~y 
and in y and . x. The coefficients in the A and C matrices 
can be computed as 

A = tJ. 
t::.x ' 

C = M.. 
IlX 

A similar perturbation, t::.u, 

and D (see Figure 4.5(c)). 
can be input to u to compute B 

The procedure can be extended to 
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tiu 
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Ilu 

C. STEADY-STATE, INTEGRATION-SUPPRESSED, PERTURBED u 

Figure 4.5 Linear Extraction by State Perturbation 
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- -vector x and u by independently lncrementlng each element of 

the x and u vectors. 

The magnitude of the perturbatlons should be conslstent with 

amplitudes expected in the real system. Results wlll generally 
vary wlth the magnitude of the perturbations used. 

The approach is applicable to stable, damped systems where 
the integrators in the nonlinear simulations of the system are 

accessible and can be suppressed. The procedure may be tedious 
for large order systems. The procedure results in linear, 

dynamic equatlons in the perturbations 

~x = A ~x + B ~ u 

~y = C ~x + D ~u 

4.2.1.2 Four-State Engine Model 

A four-state linear perturbation engine model was extracted 
from the nonlinear engine simulation first. Figure 4.6 shows the 

form the linear equations were written in so they could easily be 
connected to fuel control and drive train models. The 
coefficients of the matrices used in the model are given in 
Figure 4.7. 

The operatlng trim about which this linear engine model was 

developed was 100% Np and 97% Ng at an altitude of 1000 feet 
and an ambient temperature of 34 0 F. This corresponds to a 

356-ft lb torque output. 

Figures 4.8(a) to (f) show the validation of the linear 
engine model with the nonlinear engine model results. As can be 
seen the fit is very good up untll the engIne reaches 110% shaft 
speed at time 15 seconds. The open-loop elgensystem of thls 
linear engine model is shown in Table 4.1. All four eigenvalues 
of the model are non-oscillatory, exponentially decaying modes. 
The time constants of the modes range from 12.4 tlmes the rotor 
penod to 0.02 times the rotor period. The fastest mode (1' = 
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~E = AEE AXE + BE~YT + BEF AYF 

AYE = CEE AXE + DE~YF 

WHERE xE = {P41 , Ng, P45 , Np}T 

= ENGINE STATES 

YE = {Q E ' T45 , PS3 ' W45R } T 

= ENGINE OUTPUTS 

YT = {Qpl' Qp2' GTR , nMR } T 

= DRIVE TRAIN OUTPUTS 

YF = {WF} 

= FUEL CONTROL OUTPUTS 
AEE, BET' BEF, CEE, DEF = MATRICES OF COEFFICIENTS 

A( ) = PERTURBATION VALUE 

Figure 4.6 Four-State Englne Model 

44 
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Table 4.1 
Eigensystem of Four-State Engine Model 

NO. EIGENVALUE TIME CONSTANT 
( SEC) 

1 -.28 + 0; 3.6 

2 -1.4 + 0; .71 

3 -7.8 + 0; .13 

4 -150. + 0; .007 

NOTE: 1- - .028 SEC/CYCLE 
rlMR -
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MODE DESCRIPTION 

Power Turblne Speed (Np) 

First Turbine Stage Inlet 
Pressure (P 41) 

Gas Generator Speed (Ng) 

Power Turbine Inlet Pressure 
(P4s) 



·007 sec) IS faster than the dynamics requIred of the generic 

rotorcraft model and was determIned to be unneccessary. 

4.2.1.3 Model Reduction 

Model reduction was applied to the four-state linear engine 
model to sImplIfy It. Two states were proposed (see Section 

4.1.Z, Eq. (4.4)) for the generIc model structure, but four 
states were used originally. It was reasonable that the number 
of states in the four-state model be reduced since the model 
contained higher frequency characteristics than necessary, and 
would be inconsistent with modeling assumptions of the other 

subsystems. By setting the derivatives of faster states to zero, 
model order reduction was used to remove the faster mode. This 
approach is described in Figure 4.9. 

Figure 4.9 illustrates model order reduction for a two-state 
model. The first equation in the figure is the state equation 

for the system. Suppose it is found analytically (or in an 
eigenanalysis) that Xz is much faster than xl (i.e. 

Xz »~l)· Then Xz 
with respect to xl' 

is assumed to change instantaneously 
and xz IS set to zero. The equation . 

for Xz can then be solved for Xz in terms of xl and 
u. This result is substituted into the equation for to 
remove Xz from the equation (as shown in the last equation of 
Figure 4.9). The approach can easily be extended to a many 
degree-of-freedom system and also applied to remove unwanted 
state(s) from output equatIons. 

Table 4.Z shows the eigensystem of the three-state 
that resulted after model order reductIon was applied. 

the eIgensystem for the three states left in the model 

model 
Note that 

was 
practically the same as that of the three slowest modes before 

the fast mode was removed (see Table 4.1). Plots of the 
responses of the three-state model were indistinguishable from 
those of the four-sta~e model for the inputs and plottIng scales 
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{~: 1 Gll a
12J {:: } + [::J 'u I = 

a 21 a 22 I I 

WHERE: 
. 
x2 MUCH FASTER THAN xl 

SET 
. 

0 x = 2 
. 

0 = [a 21 {'ll I I x2 = a 22 ] xzj + b2 ,u( 

OR 
-1 -1 J I x2 = -a 22 a2l xl - a 22 b2 IU f 

THUS 
. 

[a 11 -a 12 
-1 

a 21 ] { xl} + [b 1- -1 
b 2] {u} xl = a 22 b2a 22 

Figure 4.9 Model Order ReductIon 
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Table 4.2 

Eigensystem of Three-State Engine Model 

NO. EIGENVALUE TIME CONSTANT 
(SEC) 

1 -.28 + Oi 3.6 

2 -1.3 + Oi .77 

3 -8.0 + Oi .13 

NOTE: 1 = .028 SEC/CYCLE 
l2MR 

S5 

MODE DESCRIPTION 

Power Turblne Speed 

First Turblne Stage 
Pressure (P 41) 

Gas Generator Speed 

(Np) 

Inlet 

(Ng) 



used In Figures 4.8(a) through 4.8(f), so no new plots for the 

three-state model are shown. 

FIgure 4.10 shows the form of the generic model structure 

for the three-state engIne model. Coefficients for the model are 
given in Figure 4.11. 

It is reasonable that only one pressure state be used in the 
three-state model. Theoretical fluId mechanics indicate that a 

quasi-steady relationship exists between pressures. Any 
disturbance of the relatIonship among pressures is quickly 

corrected, so only one pressure state is needed. 

4.2.1.4 Engine Subroutine 

The three-state engine model become one subsystem component 
of the rotorcraft/propu1sion simulation. Trim values were added 

back onto the perturbational engine states and output varIables 
in the model so total as well as perturbational outputs would be 

available. Figure 4.12 shows a flowchart of this engine 
simulation. 

4.3 FUEL CONTROL MODEL 

The fuel control simulation with the nonlinear engIne 

sImulation was converted directly into a subroutine for use In 
the generIc rotorcraft/propu1sion model. It was not linearized 

or sImplified. A flowchart of the fuel control model subroutIne 
is shown in Figure 4.13. This fuel control simulation could be 

used to control either one of the linear or the nonlinear engine 
simulations. 

4.4 DRIVE TRAIN MODEL 

Figure 4.14 shows the proposed generIc structure for the 

drIve traIn model. The equations for this model are described In 
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~XE = AEE ~xE + BE~YT + BEF ~YF 

~YE = CEE ~xE + DE~YF 

WHERE xE = { P 41' Ng, Np } T 

= ENGINE STATES 

YE = {OE' T45 , PS3 ' W45R }T 

= ENGINE OUTPUTS 

YT = {Op1' 0p2' QTR' nMR } T 

= DRIVE TRAIN OUTPUTS 

YF = {WF} 

= FUEL CONTROL OUTPUTS 
AEE , BET' BEF , CEE , DEF = MATRICES OF COEFFICIENTS 

~( ) = PERTURBATION VALUE 

FIgure 4.10 Three-State EngIne Model 
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Figure 4.12 Flow Chart of Generic Engine Subroutine 

S9 



FI RS T )-N..;;.Q __ -, 
CALL 
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STORE TRIM 
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Figure 4.13 Flow Chart of GenerIc Fuel Control SubroutIne 
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Figure 4.14 Form of Generic Drive Train Model 
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Figure 4.15. The derivation of the equatlons lS stralght forward 
and similar to that used to derive the equatlons In [12]. 

The drive train model is shown schematlcally in Figure 

4.16. Note that the transmission inertia has been lumped lnto 
the rotor hub inertia. This sImplification was made because 
numerical data were not available for modeling the transmission 
separately. The power turbine inertias shown in the figure are 

not really in the transmission equations, Figure 4.15, because 
they were already included in the engine model equations. 

The parameters used in the model are representatIve of a 
small, tWIn turbine helicopter. They do not correspond to any 

one helicopter. Although this drIve train is not the one 
connected to the engine, fuel control, and rotor being used in 

consideratIon, it is thought to be sufficiently representatIve 
for the purposes of demonstrating the simulation model. FIgure 

4.17 lIStS the parameters used in the model. 

Damping parameters were not available. Small values of 
damping were used to assure that the system would be stable. 

4.5 MODEL CHECKOUT 

The propulsion system model was checked out by executing it 
independent of the rest of the rotorcraft simulatIon. The 
propulsion system that was constructed includes two engine 
subroutines, two fuel controllers, and a drive traIn subroutine. 
A rotor load torque time history was specified to excite the 

propulsion system dynamics. The results of a checkout run are 
plotted In Figure 4.18. The plots in this figure show the 
responses of the propulsion system with both full nonlinear and 
three-state llnear engine models. 

It mIght be useful in the future to perform an elgenanalysis 
of the engine/drive train/engIne part of the simulation to 
determine Its frequency content. It might be shown possible to 
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0-
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Figure 4.15 Equations For Drive Train Model 
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TURBINE 
#1 

--- GEAR REDUCTION 
AND FREE WHEEL 

QMR 

POWER 
TURBINE 
#2 

r =-
H2 ~p 

Figure 4.16 Drive Train Model 

dE = O. 

dH = O. 

dHE = 1070. ft 1 b sec (referenced to hub) 

Ih = 880. ft lb sec2 (referenced to hub) 

kHE = 64930. ft lb/rad (referenced to hub) 

rH1 = rH2 = .010572 

Figure 4.17 Drive Train Model Parameters 
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reduce the order of this system by a few states, and stIll cover 

the desired frequency range. 

AddItIonal system dynamIcs, not demonstrated In the plots of 

Figure 4.18, are the engine hunting modes. Future propulsIon 
system runs should be performed that perturb one engIne 

dIfferently from the other, and thus excIte engIne huntIng. The 
dampIng of the engIne hunting mode could be observed after the 
excitation was removed. 

4.6 SUMMARY 

A rotorcraft propulsion system model of a particular engine, 
fuel control, and drive train combination was constructed. A 
methodology for parameterizing lInear verSIons of the model was 
dIscussed, and parameters for a lInear engine model developed. 
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V. ROTOR SYSTEM MODELING 

ThIS chapter describes a methodology for constructing a 
rotor/fuselage model. The form of the generic model structure IS 
also described. The model IS based on the structure defined In 
Chapter III. Model parameters of a particular rotorcraft, used 
to demonstrate the model, are obtained from a nonlinear 
sImulation of a research helicopter. Regression techniques are 

used to obtain these parameters. 

5.1 ROTOR/FUSELAGE GENERIC MODEL FORM 

The rotor/fuselage generic model equations were constructed 
In the input-output form shown In Figure 3.3. This form allowed 
the model to be plugged into the modular framework for the 

coupled system that was described in Figure 3.2. This 

input-output approach also allowed the rotor and fuselage models 
to be developed separately from the other modules (e.g. engine, 
drive train) of the rotorcraft system. 

The states used In the rotor model were multi-blade 

coordinates (e.g. So' SIC···' ~O' ~IC'···)· 
In the fuselage model were the SIX rigid-body 
q, r) and the three rigId-body Euler angles 

The states 
rates (u, v, w, p, 
(<P, 6, lji). 

The rotor and fuselage models were interconnected through 
the rotor hub forces and the fuselage states. The forces were 
outputs of the rotor model. 

The forces (and moments) acting on a helicopter fuselage 
include aerodynamIc forces, main rotor forces and tail rotor 
forces. These f?rces were kept separate In the model to provIde 
a better framework for identifying the structure of these forces 
and to provide flexibility in the model. 

The dynamIcs of the fuselage and rotor model and the 
fuselage aerodynamIc forces were described using perturbatIonal 

71 



quantitIes, as was done for the propulsion system. TrIm values 
were added back onto the perturbational quantItIes In the 

subroutines, as was also done for the propulsIon system. The 
trIm values were added back on after Integration so total 
response will be avaIlable. 

5.2 GENHEL RSRA SIMULATION 

The GENHEL RSRA simulatIon was used in parameterIzIng the 

perturbational rotor and fuselage models. It is a fully 
nonlinear sImulation of the main rotor, tail rotor, fuselage and 
control system of the Rotor Systems Research Alrcraft (RSRA). It 
does not include rotor propulsion system dynamics (l.e. engine, 
fuel control, drive train dynamics). The equations in the 
simulation originated from Sikorsky Aircraft's General Hellcopter 
Simulation (GENHEL) which is documented In [13,14]. The maIn 
rotor mathematIcal model in the simulatIon is a rotatIng blade 

element model of an articulated rotor system. Rotor blade and 
airframe flexibility are not taken into account. Flapping and 
lagging hinges are assumed coincident. A Bailey model [IS] is 
used for the tail rotor. 

The control system represented In the simulation includes a 
full complement of helicopter controls. It Includes the pilot's 
control system and the stabllity augmentation system (SAS). 

The GENHEL simulation has a modular format, as shown In 

Figure 5.1. It is well documented and IS easily accessible on a 
CDC-7600 batch computer. 

5.3 PARAMETERIZATION METHODOLOGY 

The parameters (or coefficients) for the rotor and fuselage 

equations were obtained from time history data generated by the 
nonlinear GENHEL simulation. A stepwise regresslon algorIthm, in 
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use at SCT, called OSR was used to compute the coeffIcient 

values. 

The stepwise regression method, OSR (Qptimal ~ubset 
~egression), requIres as input the time histories of the states, 
state derivatives, and control inputs. These inputs are the data 

that can be generated by the GENHEL sImulation. 

Conceptually, the use of OSR involves settIng up an equatIon 

for each acceleration term, mx, as 

mX 1 = EF. 
1 

+ • 

where the terms xl' xl' u, etc., are candidate independent 
variables and the coeffic~ent: (c l , cz, c3 ... ) are 
unknown. The variables xl, xl' xl' uI' etc., are input 
to OSR as time histories. OSR then determines the subsets of the 
candIdate independent variables WhICh best represent the data for 

the dependent variable, mx l . OSR also computes estImates of 
the unknown coefficients of the independent variables in the 
subset. The subset independent variables and variable 
coefficients are chosen to minimize the mean square error between 

the mx 1 , time history and the subset tlme history. Thus, the 
"fit" of the linear equations is a mean square minImizatIon. 

The stepwise regression procedure implemented In OSR IS not 
applied to data from the steady state performance of the system, 

but is applied to data from specific traJectories or maneuvers. 
The traJectories are defined by sets of control inputs chosen to 
excite the system performance that is to be modeled. 

A single maneuver is often insufficient to properly excIte 
all the states so a sequence of maneuvers is performed with the 
rotorcraft returned to its trIm condItIon between maneuvers. 

Subset regressIon has an advantage over perturbation methods 
In that it automatically averages over a tIme interval or 
period. ThIS averaging is important when identIfYIng constant 
coeffIcients for a system that has sIgnIfIcant perIodic 
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coefficIent effects. An addItIonal advantage of the subset 

regressIon method is that it can easily handle a large number of 
states. 

The stepwise regression method as formulated above applies 
to a linear or non-linear model of the motions of a dynamIc 

system from test or simulation data. The approach can also be 

used to determine a perturbation model (i.e., where the states 

are perturbatIon motions about a nominal or trim state rather 
that total motIons). 

Difficulties are often encountered in the application of 
this approach when there is a high correlation between any of the 
states and/or controls. Correlation causes a reduction in the 
linear independence of the regression variables and degrades the 
Identification process. 

5.4. ROTOR MULTIBLADE EQUATIONS 

The perturbational rotor model was defined in the 
multi-blade coordinate system. Recall that the nonlinear GENHEL 
simulation defIned the rotor blade dynamics in the rotating 
coordinate system. Multiblade coordinates are preferred for the 

perturbational model because they are constant in steady flight 
(except for higher harmonics) and because they provide accurate 

information on the magnitude and direction of the thrust of the 
rotor. They are useful in modeling and gainIng a better physical 

understandIng of the coupling between the rotor and the 
fuselage. They are also useful In feedback control synthesis. 

RotatIng blade coordinates on the other hand allow a better 
physical understanding of the forces on, and dynamics of, a 

single blade, but do not provide for easy understanding of the 
effects on the fuselage. 

The transformatIon from the rotatIng blade coordInate system 
to the multi-blade coordinate system is described in Appendix A 
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for a fIve-bladed rotor system. ThIS appendix also dIscusses the 

form of the resulting equations which were parameterIzed. 

5.5 ROTOR/FUSELAGE EQUATIONS 

The final forms of the fuselage aerodynamIc and rotor 
equations are shown in Figures 5.2 and 5.3. More detailed 
descriptions of the matrices in the rotor equatIons are given In 
Appendix A where the multi-blade transformation is discussed. 
ParameterizatIon for the models is discussed in the following 

section. 

The unknown or uncertain portion of the fuselage dynamics is 
the aerodynamics. RigId body dynamics are well understood. 

Standard simulations are available. A regressIon to identify a 
fuselage model need only identify the particular form of the 
aerodynamic equations. 

In the current study the fuselage aerodynamic forces are 

separated from the hub forces and identified as a separate module. 

5.6 PARAMETERIZATION OF ROTOR AND FUSELAGE MODELS 

Parameters for the lInear rotor and fuselage aerodynamICS 
models were obtained by applying OSR to the perturbation data 

generated by executing the GENHEL simulation. This section 
describes this work. 

The trim condition about which the GENHEL-RSRA simulation 
was operated was as follows: 

• forward speed = 120 knots 

• altItude = 1000 feet 

• gross vehicle weight = 19,600 pounds 

• ambIent temperature = s90 F 

• ambIent pressure = 14.7 pSI 
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where 

ORe' 0RRl' 0RFU = matrices of coeff1c1ents 

J = axis transform matrix (see Eq. (A.4) 1n Appendix A) 

u 

xFU 

= rotor controls 
= {9C, Al s , B Is, 9TR } T 

= fuselage states 
= {u, v, w, p, q, r, rj, 9, rp} T 

= rotor states 
= 180, : •• , 82s, .[,0, ••• , 

82s, [,0, ••• , f.2s } T 

xT = drive train states 

YFU = fuselage outputs 
= {ti, V, W, p, q,~, Iv/}T 

YR = rotor force and torque outputs 
= {H, J, T, LH, MH, QH-QLO} T 

YT = drive tra1n outputs 

YIR = {so, ••• , 82s, €o, ••• , €2s} T 

... , 

Figure 5.2 Form of Rotor Perturbational Equations 
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where: 

U a rotor controls 

XFU = fuselage states 
= {u, v, w, p, q, r, <t>, s, tjJ} T 

XR = rotor states 

YA = fuselage aerodynamic force outputs 
= {XF, YF, ZF, LF, MF, NF }T 

YFU = fuselage outputs 
j. • • • •• t T = lU, v, w, p, q, r, Iv/r 

YT = drive train outputs 

YIR • rotor accelerations 

Figure 5.3 Form of Fuselage Aerodynarnicss Perturbation 
Equations 
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The data generated by the GENHEL sImulatIon was stored on a 

computer dISk to be used In the regressIon analYSIS. These data 
Included the states, state derIvatIves and control Inputs. 

5.6.1 Control Inputs 

The control inputs were defIned so they would excIte all of 

the rotor and fuselage dynamIcs in the frequency range 0 to 

2 QMR' where QMR IS the main rotor speed. FIve dIfferent 
control inputs were used. These included 

eC - main rotor collective 

Als - main rotor lateral cyclic 

Bls - main rotor longitudinal CYClIC 

eTR - tall rotor collectIve 

QE - engIne torque on rotor hub 

The engIne torque, QE' on the rotor hub, was included 
because the GENHEL sImulatIon did not have a rotor propulsIon 
system. The engIne torque was used to vary the rotor speed and 

to thus excIte the rotor dynamics that needed to couple wIth 
propulsIon system dynamIcs. 

A doublet was used as the form for the control Input 
perturbatIons. Doublets at four dIfferent frequencIes were used 
in order to excite all response frequencies of the rotor and 

fuselage between zero and 2~R. The shape and duratIon of 
these doublets are shown in Figure 5.4. 

5.6.2 Attitude Control 

The GENHEL simulation contaIned a Stability AugmentatIon 
System (SAS) to stabilize the fuselage dynamIcs. The SAS would 
not "fly" the simulatIon, though. Some type of pilot-ln-the-Ioop 
was requIred to keep the helicopter from flYIng off erratIcally. 
A sImple attItude controller was .coupled wIth the SAS In order to 
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keep the hellcopter near the nominal trim fllght conditlon that 

was belng modeled. 

The attitude controller consisted of a slmple proportlonal 

controller applled to the roll and pitch axes of the fuselage. A 
schematic of the controller for the roll axis is shown ln Flgure 

5.5. The gains for the roll and pltch controllers were chosen to 
be small so as not to wash out the transient effects of the 
control perturbatlons. 

5.6.3 Data Generatlon 

Table 5.1 summarlzes the data runs used to generate data for 
the regresslon analysis. Twenty data generation runs were made 
(five different controls times four doublet periods). The run 
tlmes and sampling rates are also given in Table 5.1. The data 

from these twenty runs was catenated end-to-end to create one 
long tlme history of 3950 tlme points. 

5.6.4 Dependent and Independent Variables 

Table 5.2 summarlzes the dependent and independent varlables 

that were used ln the regression analysis. The independent 
varlables are the ones that are collected into equations to 

describe each dependent varlables tlme history. Table 5.3 
descrlbes the nomenclature used in Table 5.2. 

Some additional constraints, pertaining to which dependent 
variables were allowed into the equations, were applled that are 
not shown in this table. These constraints forced the diagonal 
matrix form, found in Eq. (A.lO) of Appendlx A, into the 

regression equatlons. 
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Table 5.1 
Description of Data Runs Used to Generate Data for OSR 

a. CONTROL DISTURBANCES 

NO. CONTROL NOMINAL VALUE PERTURBATION 

1. 9C- COLLECTIVE 11° 1. 5° 

2. A1S- LAT. CYC. -1. 5° 0.3-

3. 81S- lONG. CYC. 9.3 0 0.9
0 

4. 9TR- TAIL ROTOR COll. 5.9° -2.2
0 

5. QE- ENG. TORQ. ON HUB 31630 FT. LB. 3160 FT. LB. 

b. DISTURBANCE FORMS 

PERIOD lENGTH SAMPLE INTERVAL 
NO. (SEC) tf (SEC) T (SEC) 

l. .142 ( 2/n) .5 .02 

2. .284 ( l/n) 1.0 .02 

3. 1.14 (. 2s/n) 6.0 .05 

4. 5.68 (. 02/n ) 20. .10 

PERTURBA TION - ~ 

TRIM 
, 

0 0.1 
I 

t f 

~ T/2-.J 
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DEPENDENT VARIABLE 

I1XF 

I1YF 

I1ZF 

I1LF 

~MF 

I1NF 

.. 
*1180 

.. 
*118 1c 

*1181s 

* 1182c 

*1182s .. 
*11~0 

.. 
*11~lc 

.. 
*11~1 s 

.. 
*11~2c 

.. 
*11~2s 

I1H 

I1J 

I1T 

I1LH 

I1MH 

~QH - ~QLD 

Table 5.2 
Regression Model Setup 

INDEPENDENT VARIABLES 

- GROUP 1 (I1U, I1V, I1W, I1P, I1q, I1r) 

- GROUP 2 (~80,···, 1182s, ~1;0,··· , 

1180'.'" 
. . 

~82s, 11~0'···' 

- GROUP 3 (11 s·o, ... , 
.. 

1182s, ~r;o'···' 

- GROUP 4 (I1U, ~V, ~W, 
. . . 

~p, I1q, I1r, 

- GROUP 5 (I1&TR, ~nTR) 

- GROUP 1 

- GROUP 2 

- GROUP 4 

- GROUP 6 (116c , I1A1s, ~B1s, ~nMR) 

- GROUP 1 

- GROUP 2 

- GROUP 4 

- GROUP 6 

- GROUP 7 (I1~MR) 
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Table 5.3 

Nomenclature For Table 5.2 

A ( - PERTURBATION VALUE 

*( - DOES NOT INCLUDE AXIS TRANSFORMATION "J" TERMS 
(SEE APPENDIX A) OR LAG DAMPER TORQUES 

- AERODYNAMIC BODY-FIXED FORCES AND MOMENTS 
ON FUSELAGE 

80, ••• 82S - ROTOR FLAPPING MULTIBLADE COORDINATES FOR 5 BLADES 

~0""'~2S - ROTOR LAGGING MULTI BLADE COORDINATES FOR 5 BLADES 

H, ••• , QH - HUB FORCES ON ROTOR IN SHAFT COORDINATES 

QLD - LAG DAMPER TORQUE FOR 5 BLADES 

u, v, w, p, q, r -FUSELAGE RATES IN BODY-FIXED COORDINATES 
6C, A1S, B1S - MAIN ROTOR COLLECTIVE, LATERAL CYCLIC AND 

LONGITUDINAL CYCLIC CONTROL INPUTS 
eTR - TAIL ROTOR COLLECTIVE INPUT 

nMR , nTR - MAIN ROTOR AND TAIL ROTOR SPEEDS 

" 
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5.6.5 Results 

5.6.5.1 Coeff1cients 

The coefficients for the fuselage and rotor models that were 
obtained from the data are listed in Volume II. 

Identification of the fuselage aerodynam1c models (equat1ons 

for XF'YF"" NF) and for the rotor hub forces and 
moments (equations for H, J, T, LH, MH' QH) were 
straightforward and proceeded without difficulty. OSR runs were 
made using the dependent and independent variables listed 1n 
Table 5.2. Very good fits to the data were obtained. 

Significant difficulty was encountered 1n attempting to 
identify coefficients for the rotor dynamics model. In1t1al OSR 
runs were made with the "axis transformat1on" terms (the terms 

involving "J" in Eq. (A.S) of Appendix A) removed from the 
regression. "Removed from the regression" means the terms were 
known beforehand and were subtracted off of the acceleration term 
before attempting to fit an equation to the accelerat10n term. 

All of the blade states, fuselage states, controls (except for 
the tail rotor), and fuselage accelerat10ns were allowed in the 
analysis during the initial runs. No attempt was made to force 
the diagonal matrix coefficient form of Eq. (A.lO) of Appendix A 
into the analysis. The analysis results of Appendix A were not 
available until the completion of this study. 

The model identified in the initial regression analysis 

(just described), had very high mean squared fit values but was 

unstable when integrated. Since the nonlinear model equations 
were stable, the ident1fied model was definItely wrong. Although 

the mean squared (and also the F-test) fit measures saId the f1t 
was good, it was not. It is known, though, that when there 15 no 
uncorrelated n01se 1n the data, as was true for th1S data, the 
F-test is of quest10nable value. Also, the mean squared fit 
value increases w1th each var1able allowed 1nto the regressIon. 
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A good fit, although not necessarily physIcally reasonable, can 
always be obtained by allowIng enough variables Into the 

regression. 

Several attempts were made to obtaIn better equations. In 
the first attempts, the number of blade states was reduced. The 

lc and ls blade lagging states were dropped, then the lc 
and ls blade flapping states were dropped. It was thought that 

perhaps there was insuffIcient information on these states in the 
data or that Identification of these states was corrupted by high 

frequency (greater than lQMR) responses in the data. No 
significant improvement in the resulting model resulted from 
these changes. 

Other changes in the regression that also YIelded no improvement 

were; 

(1) filtering the data to remove responses with 
frequencies higher than approximately 4 QMR, 

(l) using larger control input perturbations to try to 
excite more inplane (lag) response, and 

(3) not allowIng the fuselage accelerations into the 
analysis. 

The results shown in Volume II were finally computed by 

forcing the diagonal form of the coefficient matrIces, shown in 
Eqs. (A.8) and (A.lO) of Appendix A, into the regression 

analysis while also analytically subtracting off the fuselage 
acceleration terms before performing the regression analysis. 

These acceleratIon terms were found analytically by linearizIng 
and partially transforming the GENHEL equations Into multi-blade 

coordinates. The rotor equations thus constructed using the 
regression analysis were stable, although when integrated, did 

not fit the nonlinear response particularly well. A sample of 
the results is shown and discussed in the next section. 

The reason for the difficulty in obtaining the parameters 
for the rotor equations is now understood. It was uncovered 

during the analysis of the multi-blade transformation dIscussed 
In AppendIx A. 
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The dIffIculty was caused by perIodIc effects In the rotor 
dynamIcs. Generally, perIodIc effects In the rotor dynamics are 
consIdered to be small and can be neglected up to rotor advance 
ratios of = 0.3 [18]. The flight condItIon analysed In thIS 
contract was a helIcopter forward speed of 120 knots, WhICh 
corresponded to an advance ratlo of 0.3. Thus, perlodic effects 

should have been expected to be slgnificant. 

The problem was that the periodic effects were not handled 
correctly in the inltlal analysis. As shown in Eq. (A.ll) of 
Appendix A, trim for hellcopters at forward speeds where perlodlc 

effects are present is not tlme-independent. The trim state IS 
gIven by the sum of a steady, non-acceleratIng term and a 
periodIc, time-varying term. When computing perturbatIons from a 
trim state, the perlodic portion of the trim must be removed as 

well as the time-Independent portion. This perlodic portion of 
the trim was not removed when the perturbatlonal data for the 
regression analysls was saved. 

The procedure used in thIS study to subtract off the trIm 
values was as follows. Flrst the GENHEL slmulatlon was trImmed 
out. Then second, a "snapshot" of the states, responses and 
controls at this trim condition was taken and stored. Thlrd, 
thIS "snapshot" of the data was subtracted off of the data as It 

, 
was stored during the helicopter maneuvers to create the 
perturbation data. 

This approach was in error because the "snapshot" of the 
data was dlstorted by the tlme-dependent trim effects. Thls lS 
shown in Figure 5.6. The correct procedure would have been to 
subtract off the steady part of the trim value, labelled In 
Figure 5.6, and the perlodic trim signal. The "snapshot" could 
occur during any phase of the perIodlc motion so it could error 

from the steady trIm by up to ~ the amplItude of the perlodlc 
motion if the trIm values are not removed correctly. The 
magnltudes of these amplltudes are observable In the plots In the 
next sectIon. If it IS only possIble to remove the steady 
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portion of the trIm, OSR may successfullY average out the rest, 

assumIng the steady portIon is removed correctly. 

The error in removing the steady trim caused the 
perturbatIon data that was stored to be bIased. Each channel (or 
variable) in the data had a different bias value. 

The correct way to compute the perturbation values would 
have been to save the trim response for a period of time. Then, 

average the data to fInd the steady trim value and fIt a SIne to 
the periodic portion of the trim signal. Finally, subtract off 

the steady trim value and the sine from the maneuver data to 
leave the perturbation values. 

There were insufficient resources left in the contract at 
the end to redo the rotor model parameterization and correctly 
consider the periodic effects. ThIS was because the regression 
data had been originally taken incorrectly. 

5.6.5.2 Simulation Results 

The linear rotor and fuselage models that were extracted 

from the GENHEL simulation were appended back to the GENHEL 
sImulation for checkout. A nonlinear lag damper model in 
multi-blade coordinates was added to complete the rotor model. 
The parameter values in the linear perturbation models are given 
in Volume II. 

The plots in Figure 5.7 show the comparIson of the lInear 
perturbation rotor and fuselage results with those of the GENHEL 
simulation. Both sets of results were computed assuming a 
constant rotor speed (i.e, no propulsion dynamIcs). The trim 
condition is 120 knots forward speed, 1000 ft altitude, which is 
the same trim for which the perturbational data were developed. 
The plots in Figure 5.7 show the response to a pIlot longitudInal 
CYClIC input. The input is ramped up from 78% pilot stIck 
position to 88% over one second. 
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The effect of the poor rotor model parameters IS apparent. 
Flgure 5.7(a) shows the pilots longltudinal cycllc input. Figure 
5.7(b) shows the total longitudlnal cyclic input at the rotor 
hub, includIng pilot Input, SAS input and attituae controller 
lnput. Figures 5.7(c) to 5.7(f) show"some of the blade .. .. 
accelerations. The ones shown are *6 *6 2 and *;0' 0' c 
The "*" symbol implys that the terms are not total 
accelerations, and the "axis transform" or 
(A.S) of Appendix A have not been added on. 
approach taken in Ref. 20. 

"J" terms in Eq. 
This was the 

The periodic effects are quite apparent for the nonllnear 
rotor simulatlon in Figures 5.7(c) to 5.7(f). These effects have 

a major effect at the snMR = 17.6 Hz frequency. Note that 
time scales on some of the plots have been expanded to allow thls 
frequency to be eyeballed. 

The effect of the periodic motion on the choice of the trIm 
condition is especially apparent in FIgure 5.7(e). Here, trIm 
data was taken near the peak of the perlodlc motion of this 
response. 

The remaining figures, FIgure 5.7(g) to S.7(j) show some of 
the forces and fuselage motions. The periodic effects are mostly 
filtered out before they reach these responses, although they are 
still quite apparent in the rotor hub forces. These four plots 
also show that the perturbational model is drifting off in error 
due to the poor rotor fit as time increases. 

5.7 SUMMARY AND RECOMMENDATIONS 

A generic methodology was defined for developing a 
simplifled rotor/fuselage model from detailed nonlinear 

slmulations. The approach is generic in that it can be applied 
to any helicopter or rotorcraft. The modular structure used In 
the approach also allows parts (i.e. rotor, fuselage or lag 
damper) of the total model to be obtained from different data 
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sources, then combined lnto a slngle slmulatlon. The slmulatlon 

itself, used here as a test case, was not generlc as it applied 
to one particular twin englne, slngle maln rotor rotorcraft 
simulatlon. 

There were problems in the parameterization of the rotor 

model. The rotor model did not fit the source data very well. 
The problem was attrlbuted to lnltlal lack of knowledge about the 

effect of periodic rotor dynamics. The periodic effects were 
subsequently studied and found to cause a component of the trim 

solution to be periodlc. This periodic trim was not correctly 
accounted for when the perturbatlon data was taken. 

An analysis of the transformation from rotating blade 
coordinates to multi-blade coordinates was performed. This 
analysis showed the form of the rotor equatlons in mu1tl-blade 
coordinates and also the eXlstence and equation form of the 

periodic terms. The analysis is documented in Appendlx A. 
Periodic effects cannot be modeled by constant coefficient linear 

equations. The new informatlon on the periodic effects can be 
used to obtain better multl-b1ade coordlnate rotor models. The 

periodic effects can be either averaged out, now that their 
structure is known, or included in the model. 
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VI. SYSTEM MODEL FORMULATION 

The rotorcraft model developed In thls contract was appended 
to the nonlinear GENHEL simulatlon to form a single simulation. 
Thls was done for two reasons. First, the perturbation model 
developed in this contract needed a flight control system to 
"fly" it. The GENHEL slmulation had a fllght control system 
whlch could be used for this purpose. Second, combining the 
simulatlons together facilitated their comparlson. Checkout of a 
parameterization of the generic model structure could be 
accomplished by running the nonlinear and the perturbation models 
with the same controller and then comparing the output directly. 

Formulation of the combined perturbation and GENHEL 
simulatlons into one simulation was divlded into two steps. Step 
one consisted of appending nonlinear englne, fuel control and 
drlve train subroutines onto the GENHEL simulation. This step 
was taken to provide a full nonlinear helicopter model capable of 
simulating the dynamic interactions between the rotor and 
propulsion systems. The second step was to append the 
perturbatlon model equations to the GENHEL simulation. 

The sections that follow in this chapter describe (1) the 
addition of the nonlinear propulsion system dynamics simulation 

to the GENHEL simulation, (2) the formulation of the combined 
perturbation and GENHEL simulations, and (3) demonstration and 
discussion of the resulting model. User's notes and common block 
descriptions for the augmented GENHEL simulation are glven in 

Volume II. 

6.1 ADDITION OF NONLINEAR PROPULSION DYNAMICS TO GENHEL 
SIMULATION 

The nonllnear engine, fuel control and drlve train 
subroutlnes discussed in Chapter IV were appended to the GENHEL 

slmulatlon on the CDC 7600 at NASA-Ames. Thls addltion created a 
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helIcopter simulatIon that could model the Interactlons between 

the propulsion system and the rotor system. 

The nonlinear propulsIon subroutines (engInes, fuel 
controls, drive traIn) were connected to the ROTOR subroutine In 
the GENHEL simulation. A simplified flow chart of the GENHEL 

simulation was shown in Figure 5.1. The propulsion subroutines 
contained their own fourth order Runge Kutta integration 

package. Options were wrItten into the GENHEL simulation so the 
sImulation could be run assuming the following three propulsion 

system models: 

(1) constant rotor speed, 

(2) constant engine torque on rotor hub, and 

(3) nonlinear engine, fuel control and transmissIon 
dynamics. 

FIgures 6.l(a) through (1) demonstrate the response of the 
resulting augmented simulatIon. The change in rotor collective 

due to a ramp input of 20% to the pIlots collective control is 
shown in Figure 6.l(a). Figure 6.l(b) shows the rotor speed 

droop. The two curves in this figure correspond, in one case, to 
a constant speed rotor model, and In the other case, to the 
nonlinear engIne/fuel controller model with the collectIve Input 
fed forward to the fuel control. The plots that follow these two 
show the fuel flow rate, rotor torque, rotor 
fuselage motions for the two configurations. 
propulsion system dynamics had little effect 

moments, and 
The addItion of 

on the response of 
the system except for the effects on yaw rates, as shown in 
Figure 6.1(g). 

A paper [21] wrItten in conJunction wIth thIS report 

provides additlona1 results and a discussIon of the Influence of 
the propulsIon system dynamics on this model. 
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6.2 COMBINED PERTURBATIONAL AND GENHEL SIMULATIONS 

The perturbational rotorcraft/propu1sion model was appended 
to the GENHEL simulatIon. The perturbational model consIsted of 
the propulsion system constructed in Chapter IV and the 

rotor/fuselage system constructed in Chapter V. The 
perturbational model was connected so, at the option of the 
person running the program, the perturbational rotor, fuselage 
aerodynamics, and propulsion subroutines would replace those of 
the GENHEL simulation. The organization of the resulting model 
is shown in Figure 6.2. Note that there are two possible paths. 
The first is through the existing GENHEL nonlinear rotor and 
attached propulsion subroutines, and the second is through the 
perturbational subroutines. 

Recall that the perturbational equations do not YIeld total 

values. The perturbational equations are integrated separately 
from the GENHEL equations. After the perturbational equations 
are integrated, trim values are added to the perturbation values 
to yield total values which can be compared with the GENHEL 
predictions. 

Figure 6.3 compares the responses predicted by the 
perturbational equations with those of the GENHEL simulation. 
The trIm condItion here is the same one used previously; 120 
knots forward speed, 1000 feet altitude. The solid lines in the 
figures are the GENHEL results and the dashed lines are the 
perturbational model results. Note that the problems caused by a 
poor fit of the rotor equations (this was discussed in the 
previous chapter) appear here also. 

6.3 DISCUSSION 

A mostly linear perturbational model for modeling the 
interactions between the rotor system and the propulsion system 

of a helicopter was developed and demonstrated. The program that 
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implements this model has a modular structure that provldes 

flexibility to change, add or drop independent modules from 
consideration on anyone run. 

The perturbational model has been coupled wlth a nonlinear 
rotorcraft simulation. This coupling provldes a means for 
checking out the model (other than wIth real test data) and 
provldes a flight control system to "fly" the model. 

The input-output software and plotting software developed 
for the nonlinear slmulation are then also avaIlable to the 

perturbational model. 

One rotor/propulsion interaction problem, rotor droop was 

demonstrated with the perturbational model. The model was also 
developed to look at other problems, such as hunting between 
engines, but this applIcation was not tested. 

The generic model formulation methodology checked out, but 
the model (consisting of the coefficients) did not. This was 
because of the difficulty encountered in identifying a rotor 
model. The periodic effects, as discussed in Appendix A, were 

not sufficiently understood before creating the data file for 
identifying the rotor model and performIng the OSR runs. Since 
then, more has been l~arned about the periodic effects, most 
importantly their structure in multi-blade coordInates. The 
rotor model that was obtained was sufficient to test and check 
out the generic model methodology, but the coeffIcients did not 
match the response of the nonlinear rotor model. 
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VII. SUMMARY AND RECOMMENDATIONS 

7.1 MODELS DEVELOPED 

SCT has developed several models durlng the period of this 
contract. These models include: 

(1) a nonllnear rotorcraft propulsion system model 
includlng two engine subroutines, two fuel control 
subroutlnes and a drive train subroutine. 

(2) a mostly linear propulsion system model including 
two linear engine models, two nonlinear fuel 
control models and a llnear drive train model, 

(3) a mostly linear, perturbational rotor system model 
including a linear perturbational rotor model in 
multi-blade coordinates, a perturbational fuselage 
aerodynamics model in multi-blade coordlnates, and 
a nonlinear lag damper model, 

(4) an augmented version of the GENHEL simulatlon 
which consists of GENHEL [14] augmented to include 
the nonlinear propulsion system in (1) above, 

(5) a perturbational rotor/propulsion model, which has 
been connected to the augmented GENHEL simulation 
in (4) so it can make use of the GENHEL fllght 
control system, and which has been parameterized 
to model the RSRA. 

The nonllnear and the mostly linear propulsion system models 
were developed as modules that could be connected into a 

rotorcraft system. The perturbational rotor and fuselage 
aerodynamics models were developed similarly as modules. The 
perturbational rotorcraft model was constructed by connectlng the 
mostly llnear propulsion system model and the perturbational 
rotor and fuselage aerodynamics models together. 

Some of the models developed durlng this contract were 

checked out by comparing their responses with the responses of 
existing nonllnear simulations. No test data was analyzed. The 
drlve traln model, on the other hand, could not be checked out In 
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thls manner because no previous 
with parameters for comparlson. 
check out this model. 

drlve traln model was avallable 
Further work is necessary to 

The perturbational fuselage aerodynamics model and the 
perturbational rotor model outputs were compared to outputs from 
the nonllnear GENHEL simulation for verificatlon. The flt for 
this perturbational rotor model has been poor. The poor fit was 

attributed to coefficients in the model that were in error 
because the periodic effects in the rotor dynamlcs were not 
consldered when the coefficients were identified from GENHEL 
response data. Analyses of the periodic effects in this and an 
associated study [17] have SInce determined a better form and 
approach for modeling these periodic effects in multi-blade 

coordinates. Further work should be performed to identify new 

rotor model coefficients making use of this new informatIon. 

7.2 RECOMMENDATIONS 

Recommendations for further work with the perturbational 
rotorcraft models and generic methodology developed during this 
contract include the following: 

• Develop parameters for a new perturbational rotor 
model. Include the effects of the perIodic 
dynamics as described in Appendix A. 

• Test the perturbational model in control system 
design. 

• Analyze wind tunnel or flight test data by using 
the perturbational model as an equation structure 
for parameter identlfication and as a sImulation 
for executing and testing the identified model. 
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APPENDIX A 
TRANSFORMATION FROM ROTATING TO MULTI-BLADE COORDINATES 

A.I MULTI-BLADE TRANSFORMATION 

The transformation from rotatIng to multi-blade coordInates 
IS defined, for flapping of a fIve bladed rotor system, by 

- Z HTS (A. 1) 8 = ! r 

where S = { 1280 , 81c ' Bls ' 8zc ,Bzs }T 

= multi-blade flapping coordinates 

13r = { 81' 6Z' 63, 64, BS}T 

= rotating frame blade flapping angles 

HT = 5 x 5 transformation matrix 

I/J. = azimuth angle of ith blade 
1 

and where 
I 1 I I - - -

I'l I'l IZ .;z 

-cos l/iZ cosl/JS (A. Z) 

- sin l/i l - sinl/JS 

- cosZl/J1 - cosZI/JS 

- sinZl/i1 - sinZl/iS 

Similarly, 

~ = i HT ~r (A.3 ) 

where ~ = 

= multi-blade lagging coordinates 
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= rotating frame lagging angles 

HT= same as above 

The transformation, H, has the interesting properties 

(A.4 ) 
. 
H = H J 

IiT= JT HT 

d (H-l) = err 
where: 

0 0 0 0 0 

0 0 n 0 0 

J = 0 -n 0 0 0 

0 0 0 0 2n 
0 0 0 -2n 0 

n = main rotor speed 

Now, the equations of motion for the flapping and laggIng of 
the blades are given in the rotating system by 

control Inputs 
+ and fuselage 

inputs (A.S) 

where, assuming the blades are independent and identIcal, the 

coefficient matrices, F(1jJ)' G(1jJ)"" ,B(1jJ)' are 
diagonal. For example, 
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o 
o 
o 

o 
o 
o 

o 
f(l/J ) 5_ 

But, the multI-blade coordInates (8 and ~) are related to the 

Individual blade angles (Sr and ~r) in the rotating 
system via the transformation 

which follows from Eqs. (A.I) to (A.4). Thus, applying this 
transformation (Eq. A.6) to the blade equations In rotating 

coordinates (Eq. A.S) yields the blade equations In multI-blade 
coordinates. 

fuselage inputs) 
(A. 7) 
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Figure A.I Example Dynamics Matrix Structure for Five-Bladed Rotor 
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for the generlc model, the terms HTFH, HTF'H, etc. are 
dlagonal and glven by, for example; 

where [I] = 5 x 5 identity matrix 

(A.lO) 

When periodic effects are not small, then there are 
addltional coefflcients on and off the diagonal of the "constant" 

matrix, as well as matrices of coefficIents for perlodic terms 
(e.g. the cos 5 term in Figure A.l). 

A useful theorem about the solutIon of a periodically time 
varying equatIon at trim is found in [19]. ThIS theorem states 

that the trim solution of a periodically time varying system at 
trim contains a constant part and a periodically time varying 
part. 

xtr1m = xconst + X(t) periodic (A.ll) 

The trIm value is not constant but time varying. 

A.2 IDENTIFICATION FORM 

The terms in the equations of motIon (Eq. A.8) for the rotor 

in multi-blade coordinates can be separated into several groups, 
as was done in Ref. 20. First, there IS no need to include the 

portions of the blade acceleratIons containing the "J" terms in 
the OSR regression analysis, since they are already known. 
These "J" terms (i.e. 2J, j, J2) can be subtracted off 
before the regreSSIon analysis. Second, as was found in the 
present study, the diagonal form of Eq. (A.lO) can be assumed to 
simpllfy the regresslon for a constant coefficient model. In 
addItIon, Ref. 16 shows that if the diagonal structure of Eq. 
(5.10) is not imposed, the mode shapes cannot be correctly 

predicted by a constant coefficient model. FInally, the fuselage 
lnput portion of Eq. (A.8) can be studIed to determIne "known" 
terms such as inertial effects which can also be subtracted from 
a regression analysis. 
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Rearranglng and multlplYlng out YIelds the useful form 

s - 0 I 0 0 

hi i I.~ (H T FH + HTG H J) (HTG H) (HTA H + HT BHJ) (HTB H) 
t I ~ J 5 0 0 0 I 

~ (HTF'H + HTG'H J)(HTG'H) (HTA'H + H T B ' HJ )( H T B ' H ) 

S 0 0 0 0 
(J2 + j) 2J 0 0 f s I 

0 0 0 0 ~J 
J2 

. 
0 0 + J) 2J 

0 

+ ~ ! H: (control and fuselage inputs to flapping) ~ 

0 J (A.S) 
H (control and fuselage inputs to lagglng) 

The terms such as HTFH (also HTGH, HTG'H, HTAH, 

HTA'H, etc.) have an interesting form, as shown in Refs. 16 and 
17, and explained below. If the coefficient matrices F(~), 

F'(~), G(l./J) , G'(~), etc. are expanded in serIes and 
truncated, for example, at second order, 

~ 

F(~) = FO + Flcos~ + FZC cos2~ + Fls sin~ 

+ FZs sin2~ (A.9 ) 

then, after much trigonometric algebra, we get the form shown In 
Figure A.I. 

The fO terms are the components that would appear in a 
constant coefficient model (i.e., one which neglects perIodic 

rotor dynamics) [16,17]. The components flc,f Zc ' etc. are 
associated wIth the periodic effects. For small advance ratios 
(~ <.3) [18], the periodIc effects, and thus these coefficIents, 

are small. 

The importance of these results to the present study IS 
that, for a constant coefficIent model such as IS beIng developed 
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