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ABSTRACT ‘

Sophisticated and specialized tools are necessary to the full exploitation of modern computing resources.
Once available, the computing environment endowed with such tools may be defined a Problem Solving
Environment (PSE) which provides all the computing facilities to solve a well defined target class of
problems.

Numerical simulation is a major part of a PSE which requires efficient parallelization. In this paper,
we study how two well known platform for parallel programming, namely PVM and Linda, compare for
designing a computation-intensive acrodynamics simulation program running on a cluster of networked
workstations.

The program has been developed as a component of a distributed problem solving environment
oriented to the domain of rotorcraft aerodynamics.

We compare the available programming environments for PVM and Linda in our domain from a
software engineering point of view, namely we discuss how effective they are in the design phase of a
distributed application with special requirements of load balancing and data allocation.

1 Introduction

In the recent years, the scientific and industrial communities have required more and more high per-
formance computing resources. Currently the typical available hardware is a distributed computing
environment which consists of autonomous computers of different computing power connected by high
speed networks. Such distributed architectures are usually the result of a balance of computing power
need, flexibility and generality of purposes, and economicity.

Programming a cluster of workstations is usually done using some platform like PVM [5] or MPI
[3], which offer a library of primitives io design distributed applications and some tools to debug and
tune them. Alternative platforms as Linda [15] are also available. In fact, sophisticated and specialized
tools are necessary to the full exploitation of the available computing resources [10].

Ideally, a computing environment richly endowed with such tools might be defined a Problem Solving
Environment (PSE) [4], insofar as it provides all the computing facilities to solve a well defined target
class of problems, for instance in the field of aerospace design [14]. Numerical simulation is a major
part of a PSE which requires much computing power and large memory space.

For the aeronautical industry, simulation tools are particularly convenient, being cheaper, faster,
and safer than the real thing. The interest in this area mainly concerns the ability to face the problems
related to a highly reliable prediction of the aircraft physical behaviour, so that all the production
activities can benefit: design, production, flight testing, etc.

In this way, it is possible to reduce the number of expensive and time-wasting re-design loops usually
imposed by the lack of integration among the different design phases, and at the same time to satisfy
the requirements of flexibility and compliance with future trends.

From a computer science point of view, the best solution to these needs consists of building software
tools which can be effectively used by the engineers to design new aircraft. This is of course not a
trivial task, as there are at least two difficult issues:

o algorithms for scientific simulations are almost always very computational-intensive: hours or
even days of computing may be needed for a single run;

@ visualization of the results of the simulation algorithm can be not straightforward, particularly
when tracking and steering are to be implemented (usually the user interface has to be especially
designed to the application domain, in order to allow the desired information to be conveyed to
the user [11}).

Two strategies are possible to solve the computational problem: finding fast and efficient algorithms,
and implement them on parallel architectures. We have used both these approaches.

Actually, in our research project we have developed for aeronautical industry a prototype PSE
useful for designing and simulating (parts of) an aircraft. This kind of probiemns need high-performance
architectures to be solved in a reasonable time [14, 2]. We present here a mathematical model as well
as the basic structure of the related numerical algorithm for the simulation of potential transonic flows
using a boundary integral equation method. In such an algorithm there are two time consuming steps:
the evaluation of all the influence coefficients matrix and the construction of the known vector terms at



each time step of the simulation. Matrices involved in the computation of non-linear terms can reach a
dimension of 10° x 10° floating point elements, These matrices in general are not sparse, so an important
issue is how to allocate their representation when using a cluster of workstations to run the programs
that manipulate them. Luckily, both computing steps described above can be easily distributed to take
advantage of parallel computing techniques since each subset of coefficients is completely independent
from each other.

In order to build the prototype PSE we have used two different software platforms on the same
hardware, namely a cluster of networked workstations: PVM and Linda. In this paper we deseribe our
experience, and compare the usage of PVM and Linda in our application.

This paper has the following structure: Sect.2 discusses the basic algorithms and why they are
expensive in terms of space and time. Sect.3 presents a PVM implementation; Sect.4 presents a
Network Linda implementation. Sect.5 includes some performance results.

2 The numerical algorithm

The algorithm used in this work has been described in [13, 8, 9], where extensive mathematical details
can be found. Here the mathematical model used for the sitnulation of the physical phenomenon is
simply outlined.

The dynamics of a non-viscous, non-conducting, compressible fluid is completely described by the
set of the Euler equations,i.e., conservation of mass, momentum, and energy. Under the assumptions
of isentropic and irrotational flow, the velocity field can be expressed in terms of a velocity potential
function ¢, such as v = V¢ (see [13]). The resulting equation for the velocity potential ¢ appears here
in the form of non-homageneous wave equation,
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where aq; represents the speed of sound in the undisturbed flow.

The advantages of this approach are essentially due to the fact that the linear operator on the LHS
of the equation is the I’Alambert one; thus, the linear compressibility effects are completely captured
by the wave operator, and reduced to a boundary contribution in the final integral formulation [13, 12].
The term ¢ in Eq. 1 has the form

cF=V-b—— (2)
where

bz(1~i)v¢, b £ 199 (3)

poc poo | aZ, OF

and the ratio between the local value of the density g and the value it assumes in the undisturbed flow,
Pos, is obtained from the Bernoulli’s equation (which is a first integral of the momentum equation for
barotropic fluids)
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where ho, is the specific hentalpy, and v is the ratio of the specific heats. Note that ¢ is non~linear in
V¢ and is not negligible when |V ¢| approaches the value of the local speed of sound a (i.e., the Mach
number M = [V¢| /a approaches 1). Furthermore, when M > 1 (transonic condition} the behaviour of
Eq. 1 changes from elliptic to hyperbolic. This change is physically explained considering that in the
supersonic conditions the pressure disturbances can not propagate upwind.

The boundary conditions complete the differential problem. These are: the impermeability of the
surface Sg of a body moving within the fluid with velocity vz,

g—i-:v,g-n, for x on Sg, (5)
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and the vanishing of the potential at an infinite distance from the body surface, (¢ = 0 for x — oo}.
In the case of lifting bodies (not considered here) additional boundary conditions are required on the
surface of the wake, in order to take into account the convection of the zero-thickness layer of vorticity
generated at the trailing edge of the body {quasi~potential flow [12]).

The boundary integral formulation of the differential model outlined above, is obtained as follows.
Consider the adjoint problem of Eq. 1,
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where d(xX.,%.) is the Dirac delta function in x.,¢.. The “initial” conditions and the boundary condition
at infinity associated with the above problem are, respectively, G(x,o0) = G(x, o0} = 0, and G(oo,t) =
0. The solution of Eq. 6 is then
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where » = [x — x.| and § is the time required by the acoustic signal to travel from the source point x
to the observation point x.. Eq. 7 represents the fundamental solution of Eq. 1. Multiplying Eq. 1
by G, Eq. 8 by ¢, subtracting, integrating in time and over the entire domain V, applying the Gauss
theorem, and using the boundary condition at infinity for G and ¢, and integrating with respect to
time (taking into account the initial conditions on ¢ and G) yields
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where [...]° denotes evaluation at the retarded time ¢t = t. — 0. In Eq. 8, the effects of the moving
body on the value of the velocity potential at the point x. at time ., are represented by a distribution
of source and doublet singularities on the surface Sp with intensity proportional to the value of the
potential and its normal derivative on the surface itself, plus a sources distribution in the fluid volume
surrounding the body, with an intensity proportional to the value of the non-tinear terms.

if ¢ = 0 (i.e., in the linear case) and x. € V, Eq. 8 is an integral representation of ¢(x.,%.) as
a function of ¢, 3¢/0n on Sp. On the other hand, if X, is on Sp, Eq. 8 represents a compatibility
condition between ¢ and 8¢/8n on Sp for any function ¢ satisfying Eq. 1. Since d¢/0n is known from
the boundary conditions, then Eq. 8 yields a boundary integral equation for ¢. In the nonlinear case
(o # 0) the value of V¢ in V needs to be extracted by numerical differentiation in order to evaluate
the distribution of o. The integral formulation Eq. 8 presents two major advantages with respect to
classical CFD methods based on the direct numerical solution of the original differential equations.
These are: the boundary condition at infinity are automatically satisfied, thus the evaluation of the
potential in V is required only where o is not negligible {a small portion of the volume surrounding the
body); the iterative procedure required for the convergence of o takes advantage of the evaluation of
nonlinear terms at retarded times. Indeed, ¢ is unknown only for those points for which # < At (where
At is the time step used in the numerical solution).

In order to solve numerically the problem, Eq. 8 is discretized using a zeroth-order formulation.
The surface of the body Sg is divided into M elements, and the fluid volume V surrounding Sg into
@ volume elements. The integral terms in Eq. 8 are approximated with the sum of the contribution of
cach single surface and volume elements. Two sets of collocation points are defined on Sp and in V,
as the centers of the surface and volume elements. In the following we indicate with [.]g and [.]v the
arrays containing the values of the variables at these sets of points.

The value of the potential on the body surface is then obtained by the solution of the system

[ = A" B, (9)
with
[b]B = Bs DC]B +Cp [‘?S]B +Hg [oy - {10)

Once the solution on the body surface is known, the value of the potential in the field is simply obtained
as

[¢}y = Bv[x]g + Cv [8]g + Hv o], . (11)



Volume collccation point

@

Volume Element

Figure 1: Scheme of the body-field influence system.

In the previous equations, the matrices Bg, Cg, Hp represent the influence of the singunlarity distribu-
tions on the potential on Sg, whereas By, Cv, Hy play the same role for the potential in V (see Fig.
1). Note that the right hand sides of Eq. 9 and 11 are non-linear, thus the systern has to be solved
using an iterative procedure.

The formulation presented above has been widely validated in the past through comparisons with
existing numerical results obtained with well assessed CFD methods (e.g. Iemma and Morino [8], [9],
[6], [7]) and is being applied to two— and three-dimensional analysis of airplane wings and helicopter
rotors in steady motion.

In the following, the matrices Bg, Cg, F5,Hp, By, Cv, Fy, Hy are called Influence Coefficients (IC)
and depend only on the geometrical characteristics of the asrodynamical problem. The potential is
calculated both on the surface of the discretized body ([¢];) and in the discretized volume ([4];,), in
the form of arrays.

The temporal evolution of the system can be studied by iterating the solution procedure for different
time steps.

Two phases are clearly defined as composing the whole algorithm: the construction of the IC
matrices and the computation of the terms [b]; and [#];,, needed for the time domain solution of the
system (TDSL).

The suitability of a parallel implementation comes mostly from the IC matrices, in which each
element can be independently calculated. These matrices are very large: for instance Hy can reach a
dimension of 10° x 10° floating point elements. Hence, the design of a distributed implementation has
to deal with both the computational load and memory requirements for data allocation.

3 A PVM approach

We will now illustrate an existing application based upon the above formulation and designed using
PVM [5] as the message-passing communication package.

Message passing offers a straightforward way to implement parallel programs in distributed envi-
ronments. However, simple as it is, message passing offers little comfort io the programmmer: each
coordination operation has to be implemented directly in terms of low level send /receive operations.

In our application the most difficult issues to deal with are the size of the data structures and the
minimization of the communication overhead.

Data structures are accommodated in the multicomputer RAMs by partitioning them in pieces and
assigning each section to a different host. This implies that each host has to perform all the computation
relative to the section of data it holds. The partition of data is static because it is determined at the
start of execution depending on problem size and on the number of worker processes. Once these
parameters are fixed, it 1s not possible to change the amount of work processes are assigned to.
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Figure 2: Data distribution. Different sections of the data structures are allocated on different nodes.

A collection of worker nodes is in charge of the computations on different sections of the data
structures, given that no relation holds between different compuied elements. This approach has the
advantage of requiring null IPC in the influence coefficients phase because computation is done on
local data only. Of course, in the TDSL phase communication is required to keep the potential vector
updated in order to perform matrix-vector produets.

3.1 Influence coefficients computation phase

Figures 3 and 4 show the pseudocode for the IC computation phase with a message passing approach,
based on the static data partition concept discussed above.

for (i=1; i<=nproc; i<-+)

recv(<i—th section of B, C and F matrices>} from i—th worker
compute (AINV)
bcast (AINV)

Figure 3: PVM approach. Pseudocode for the master process in the IC phase.

Computing work is carried out asynchronously by the workers on their respective sections of data.
Sections are defined by the first and last local variables. When a worker ends computing its partt,
it performs a send() operation to the master, communicating its section of Bg,Cg and Fg. The
master process collects the partial results, then builds and broadcasts the A~! matrix with them. Data
collection is a synchronous operation achieved by multiple recv (). IC computation ends when all the
workers have received the A~! matrix from the master.

for each IC matrix (B, C, F, H, BV, CV, FV and HV)
first = first element in matrix section
last = last element in matrix section
for (i=first; i<=last; i-t+)
compute (<i—th matrix element>)
send (<B, C and F matrices>) to master
recv(AINV) from master

Figure 4; PVM approach. Pseudocode for the worker process in the IC phase.

3.2 Time-domain solution phase

Figures 5 and 6 are pseudocodes for master and worker processes in the TDSL phase. As can be seen,
they are structured similarly to those discussed for the previous phase.



for {(t=0; t <= ntime; time+-+)
for (iter=0; iter <= niter; iter+-)
for each TDSL vecter V {
for (i=1; i<=nproc; i++)
recv(<i—th section of V>)} from i—th worker
bcast (V)

Figure 5: PVM approach. Pseudocode for the master process in the TDSL phase.

for (t=0; t <= ntime; time+-+)
for (iter=0; iter <= niter; iter++4)
for each TDSL vector V {
first = first element in vector section
last = last element in vector section
for (i=Ffirst; i<=last; i-++)
compute (V[i])
send (Vifirst—last]) to master
recv{whole V)

Figure 6: PVM approach. Psendocode for the worker process in the TDSL phase.

Workers are free to compute their respective sections of solution vectors, one element at the time.
When the VEfirst-iast] section is complete, it is sent to master for collection and the worker process
blocks on the recv() operation. The block condition is hold until the master process has collected all
the vector sections and broadcast the whole vector to all the worlers.

4 The Linda implementation

Languages for programming parallel systems have been defined and used for many years without sig-
nificant changes in the basic communication pritnitives. Programming languages providing constructs
for explicit parallelism are usually based on sequential processes and some set of synchronization and
coramunication primitives. Two processes interact either through atomic operations on a shared re-
source (e.g., a semaphore or monitor), or by send and receive operations naming the peer process or
an explicit channel over which the two processes communicate.

A third possibility is represented by the emerging class of parallel languages which conceptually are
based on concurrent computations inside a shared data space of tuples. The main representative in
this class is Linda [15].

The adoption of the Linda coordination model in designing the software architecture of the program
provides a direct support for distributed data structures and agenda parallelism.

Agenda Parallelism is a way to coordinate parallel activities focusing the attention on simple sub-
activities which compose the global work to be performed. An agenda of tasks representing these
sub-activities is initially built, from where each computing agent is free to pick up one which can be
carried on independently and in parallel.

In fact, Agenda Parallelism [1] is quite natural in Linda, s0 it is not surprising we have chosen it
as the coordination strategy to implement our application. One of the most flexible realization of this
paradipgm s the sc-called maoster-worker scheme, where a master agent is in charge of writing tasks
in the shared agenda and worker agents pick and perform the tasks. This approach has the benefits
of being auntomatically load-balancing because each worker can compute at its maximum rate, even in
highly heterogeneous environments as time-sharing multi-user multicomputers.

4.1 Influence coefficient computation phase

The activities involved with this phase are:

e computation of the matrices of linear systems of equations Bg, Cg and Fg;



¢ computation of the matrix A~! (AINV);

o computation of the matrices of non-linear systems of equations Hg, By, Cv, Fv and Hy;

vhile (ENDBCF != getNewTask(&taskType, &row))
out ("Task of IC", taskType, row);

rd {<B, C, and F>);

while (WOMORETASKS {= getNewTask(%taskType, &row)}
tasks++;
out ("Task of IC", taskType, Tow);

<compute AINV>;

out (<AINV>);

while (tasks—-)}
in ("Task done");

out ("Task of IC", POISON, POISON):

Figure 7: Linda approach. Pseudocode for the master process in the IC phase.

In Figure 7 we show the pseudocode of the master process in the IC phase.

The parallel computation of the IC matrices is performed on a per-row basis, that is each task in
the agenda indicates the computation of a single row of one of the matrices. A bag of fasks is created
in the Tuple Space (TS) by means of tuples tagged "Task of IC".

This process is split in two, generating all the tasks for the linear matrices first, then waiting for
computed data to appear in the TS by means of appropriate rd() operations.

The computation of the non-linear matrices is done similarly, except that the master process collects
from TS a number of token tuples tagged "Task done", one for each task created. When all the tokens
are collected, a potson pill tuple is output in order to terminate the phase. The master process also
computes and outputs in TS the A—! matrix while the workers are computing non-linear coefficients.

In Figure 8 we show the pseudocode of the worker process in the IC phase.

The process iterates until a POISON condition is found. First, a "Task of IC" is picked up from
the bag of tasks in the TS and identification parameters for the task are assigned to local variables
taskType and row. The tasklype parameter tells the worker the kind of computation to perform
and the row parameter indicates which row to compute. If a POISON task is not encountered, the
worker performs actual computation depending on taskType and outputs resnlts in TS, ctherwise the
termination condition is recognized, the poisonous tuple is reinstated in TS and the phase ends.

Computation of one linear task produces one "Row of BCF" tuple containing the influence coeffi-
cients. Computation for non-linear tasks comprehends one row of each of the non-linear matrices and
is marked finished when a “Task done" tuple is output. In this case at least three tuples are created
(four if the row parameter allows).

The algorithm used is highly parallel because no relation holds between any two tasks and this
advantage is exploited with the "bag-of-tasks” approach: no relation between activities means that no
restriction is imposed on the ordering of the activities, thus the highest possible degree of parailelism
15 achieved.

4.2 Time-domain solution phase

Once the matrices in the IC computation phase are computed, it is possible to solve the non-linear
system of Eq. 9 in the TDSL phase.

Here, unlike in the IC computation phase, some small dependencies hold between the activities.
In fact, each vectorial equation in the system has to be completely solved before the next equation
can be solved and this creates three distinct sub-phases inside each time-step. Coordination is used in
this phase to keep these computational constraints satisfied. However, inside each sub-phase it is still
possible to coordinate the activities using the master-worker architecture and the bag of tasks data
structure.

Computational loads have been found to be smaller with respect to the IC phase (each vector element
requires fewer flop to compute), so that we assigned a larger granularity of parallelism. The choice here



vhile ( taskType !'= PDISON )
in ( "Task of IC", 7 taskType, 7 row };
if ( taskType {= POISON )
switch (taskType)
case BC:
coefbBC (row) ;
out ("Row of BCF", BC, row, <data>);
case F:
coefbF (row);
out ("Row of BCF", F, row, <data>);
case OTHERS:
coefvBCV(row);
out ("Row of IC", BCV, row, <data>);
coefvFV (row) ;
out ("Row of ICY", FV, row, <data>):
coefvHV (row) ;
out ("Row of IC", HV, row, <data>):
if (row < ncnb.w}
coefbH{row);
out ("Row of IC", H, row, <data>):
out ( "Task done" );
alse
out ( "Task of IC", PDISON, POISON );
rdéd { "AINV", 7 ainv : };
rd {( <B, C and F> );

Figure 8: Linda approach. Pseudocode for the worker process in the IC phase.

has been to compute the potential vectors as distributed data structures made up of distributed chunks
of elements. Each chunk of data is actually a section of a distributed vector and lives in TS as a tuple.

for (t=0; t <= ntime; time---4)
for (iter=0; iter <= niter; iter++)
out {<tasks for rhs and phivu>);
<synchronize with workers>
cut (<tasks for phin, vb, vf, psiu and hkiu>);
in (<pressure coefficiemts ¢p>);
in (<velocities vb and vf>);

Figure 9: Linda approach. Pseudocode for the master process in the TDSL phase.

Figure 9 shows the pseudocode for the master process in the TDSL phase. The solution process is
accomplished by the inner iteration loop in order to reach numerical convergence of the solution. The
outer loop is needed in order to compute the solution in the time domain,

The two out () operations summarize the agenda-writing functions of the master process: for each
vector it is created a bag of tasks, starting with [b] 5 and [¢],,. The following synchronization operation
is needed in order to stop workers until at least a part of the bag of tasks are ready, as shown in the
workers’ code. At the end, the master process collects the computed results in form of pressure and
velocity coefficients for output purposes.

The actual computation is accomplished in the worker code shown in Figure 10.

For each vector element to be calculated it is needed one row of the corresponding IC matrices in
order to perform the inner product. Under the dynamical agenda paradigm, this implies that one rd ()
operation is needed in order to compute a single potential vector element because it is not possible
for a worker to predict which task it is going to get next. Also, in the case where the TDSL phase
iterates for multiple time steps, the IC rows are not "reused” for successive time steps computations



if (ICbuffering)
rd (<hv matrix>);
for (t=0; t <= ntime; time--+)
for (iter=0; iter <= niter; iter+4+4)
<synchronize with master>
compute {rhs, phivu);
compute (phiu);
compute (dpht, vb, vf, cp);
compute{psiu, hkiu);

Figure 10: Linda approach. Pseudocode for the worker process in the TDSL phase.

and this may cause excessive IPC overhead. For this reason it has been added the option to buffer part
of the IC data in the workers’ local memory in order to eliminate multiple rd() operations for the same
IC data over multiple time steps. This option significantly increases the memory requirements for the
application, but allows better runtime performance. The bufferization option takes places at the very
start of the TDSL phase, when the whole Hy matrix can be retrieved from TS. Actual computation
starts with a synchronization with the master process, then the different subphases are worked out one
at the time, creating the relative distributed data structures when completed.

Figure 11 shows the actual implementation of TDSL subphases. For example it is shown the
pseudocode for the computation of the vector [¢};, (in the code referred to as phivu}. It is intended
that each subphase completes the computation of a single vector by means of chunks.

while ( inp(“phivu task", 7 first, ? numltems) }
in ("phiwvu®, first, 7 float =% :);
for (index=first; index<first+numltems; index+-+)
if (!ICbuffering)
rd (<index—th row of bv, cv, fv and hv>);
compute (phiva[index]);
out ("phivu", first, <numltems elements of phivu>);

Figure 11: Linda approach. Pseudocode for the worker process in the TDSL phase.

The implemnentation of the agenda paradigm in the TDSL subphases relies on the use of the inp(}
predicate. Workers reach in the bag of tasks while tasks are available and the termination condition
is detected by means of the inp() operator itself. This implementation has been chosen because of
its simplicity, not requiring any additional termination protocol like those used in the IC phase. The
first and numItems variables are the identifiers of the chunk of vector to compute for the current
task, representing the index of the first element to compute and the size of the chunk, respectively.
The starting in() operation removes from TS the previcus time step instance of the vector chunk, so
that TS is not flooded with old tuples as time advances. Actual computation for each vector element
is achieved in the for() loop, where the inner products are carried out. Here, any IC row is retrieved
from TS via appropriate rd() operations, as long as the IC buffering option is disabled. When all the
vector elements in the chunk are computed, a chunk tuple is output in TS, tagged with the name of the
vector and the index of the first element contained. Concurrent computation of vector chunks builds
the distributed vector.

5 Performance evaluation

We have tried to evaluate how well our agenda application performs when run in a time-sharing multi-
user multicomputer composed of a cluster of workstations. For this purpose we have used a cluster of
15 SUN SPARClassics running on a standard Ethernet network.

While always running in non-dedicated mode, all the tests were performed during weekends or night
periods.
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Two issues have been investigated in our test work: performance and scalability of our Linda
application and its load balancing capabilities. The comparison term for both measurements has been
the PVM application.

The main performance metric adopted has been the Hardware Performance Ry [16] defined as:

Ry = Fu /M., (12)

where Fyp is the total number of flop and M., is the Master Elapsed Time of the application. This
metric is appropriate because the two applications ran on the same architecture.

The raw performance has been measured using the same asrodynamical problem with increasing
dimenston of state vectors, which corresponds to higher spatial resolution. Corresponding Mflop give a
measure of the increase in computational workload. The multicomputer was composed of a maximum
number of 15 nodes (master + 14 workers) and exactly one process (master or worker) has been placed
on each node. The reported values are an average of at least three independent measures.

The results for increasing number of nodes in the IC computation phase are reported in Figure 12
for ¢ and 15 nodes, respectively.
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Figure 12: Hardware performances of the Linda and PVM applications for increasing problemn dimen-
sion. Left: 9 nodes multicomputer. Right: 15 nodes multicomputer.

It is clear that the Linda application scales properly with the number of nodes, i.e.

[Mflop/'s}Snodes/[Mflop/S]ISnodes jad 9/15)

and is roughly twice as fast as the PVM application for every computational workload measured, when
the number of nodes increases to the maximum number available.

The previous two tests dermonstrate that virtval shared memory systems can be at least as efficient
as message passing systems, which are reputed o be the best suited for distributed architectures.

In fact, our application has been found to run considerably faster when the number of nodes exceeds
10.

Figure 13 show the performance of the Linda and PVM applications when run over an aerodynamical
problem in the time domain phase, with dimension about 2.5 Mflop. Data refer to clusters of 4 nodes
(master + 3 workers, at left) and 9 workstations (master + 8§ workers, at right), respectively. The
increasing parameter on the abscissa is now the number of iterations used in each time steps.

Performance increases for both applications, but the Linda application clearly scales better.

In order to evaluate load balancing performance in non-dedicated environments we set up a test
using a 4-nodes multicomputer (master + 3 worker). We ran a time-consuming external application
on one of the workers’ nodes in order to simulate a time-sharing multi-user environment. On the busy
processor the CPU time has been measured to be equally shared between the worker process and the
*interfering” application, so that the computational power of the node could be considered reduced by
roughly 50%.

11
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about 50%. 4 nodes multicomputer.

Figure 14 shows the performance results in these conditions.

Figure at left (the same as in Figure 13) shows that the base performance of the applications is
roughly the same when run in optimal conditions. However, optimal working conditions are not always
possible in a cluster environment: interactive applications from other users can greatly vary how a
multicomputer performs with respect to load balancing.

Qur test shows that the application implemented with Linda shows a considerably better per-
formance in this environment. In fact, the static work partition scheme cannot handle the added
complexity of the computational environment and this causes the application to perform as slowly as
the slowest node in the network. Instead, the automatic load balancing capabilities of Linda’s tuple
space produce performances comparable to the real aggregate computational power of the cluster and
thus a smaller performance degradation.

The curves in Figure 14 reflect the expected values for the performance. The PVM application
measured at right performed at about half speed with respect to that shown at left, because the
whole computation proceeds with the speed of the slowest node in the network. Instead, the Linda
application at right runs at about 70% the speed measured at left, thanks to the automatic load
balancing capabilities of agenda parallelism when Implemented by Tuple Space.
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6 Conclusions

We have compared PVM and Linda in the design of a computation-intensive simulation program. Both
platforms are well known, however lesser studied is their usage from a software engineering viewpoint.

The software engineering tools available for PVM and Linda influence the development costs. We
have measured much shorter development times in the case of Linda. However, Linda was especially
useful as rapid application development platform. We were able to perform several experiments rear-
ranging the coordination of the main components of the program.

Our plans now include the full development of a problem solving environment devoted to aerody-
namics applications. We are building this PSE around the main tools offered by the Linda programming
environment.
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Basic Parameters
of Coaxial MOV’S Helicopters
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Single & Coaxial Rotors
active disk areas, effective diameters,
power & thrusts at hover
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THE STATISTICAL CHART
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Wake Side Views

for Several Flight Speeds

VTAS = 5 [km/ h]

Vr1as = 73 [km/h]

Vras = 138 [km/h]

Vras = 227 [km/h]

Wake Front Boundary Longitudinal Position
Versus Flight Speed

Vs CosQ { ri

o «1.0 1.0 4

R
e

rfR=ro, /R, for rIR<r /R, V<35
riIR=1, for V> 35
1= Vips CosOLI { QR ), V= Vs WT T (2PA)

{ rIR=1-27p, for /R > ry /R, V<35

Fig.5

A

=}



P

Simulated Aeroelastic Phenomena of Coaxial Rotor
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Blade Tip Coefficients
Comparision of Calculations and Flight Test Results
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Ka-50 Aerobatic Maneuvries

The Measured Parameter Values (min/max)
MANEUVER | Airspeed Pitch Roll DESCRIPTION
Viae | Load Factor [g] |atfitude |attitude
[ki/h] [deg] | [deg] _
Hard Turn 280=-60| 1.0 >29 - 1.0 (20+50 |0 =-T0 Unsteady Turn
(Right/Left) with Pitch & Roll
Flat Turn 220+0 | 105 15 > 1.0 5 +20 Jaw Attitude
(Right/Left) +80 = £90 [deg]
Hammerhead | 280+0 | 1.0~ 2.9 - 1.0 [0 +£90 | +90
(Right/Left) — 2.9 5 1.0
Dive 0+ 390 1.0 - 0.25 0-+-90 +30 Push-Down,
—2.9->1.0 Dive & Pull-Out
Skewed Loop | 280+ 70| 1.0 - 2.9 > 1.2 [0+ 360 | +150
(Right/Left) —+35=>10
Quick Stop | 150 +40| 1.0 - 20> 12 | 0+ 40 +55 Pitch / Roll
(Right/Left) = 1.0 Decceleration
Pull-Up $0+0|10->15—->1.0 |0 +-70 | £10 |Backward Acceleration
with the Tail & Pull-Up with the Tail
Forward Forward/Up

Flight Path While Performing Skewed Loop
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1 ABSTRACT

High levels of noise and vibration continue to hamper the utility of helicopters. Lower
cabin noise and vibration levels will reduce crew and passenger fatigue, resulting in fewer
crew task errors, and thereby improving the mission effectiveness of helicopters. Reduced
arframe vibration levels will lead to longer life spans for critical components, lower
maintenance costs, and higher reliability. Although passive approaches for these problems
have been implemented, they carry significant cost and weight penalties, In addition, passive
technology bhas reached its limit in attaining further reductions within helicopter cost and
weight constraints. The innovative vse of active control technology provides the potential to
reduce noise and vibration levels below those currently achievable with purely passive
approaches, or alternatively, to achieve reductions comparable to passive approaches but with
a lower weight penalty. Sikorsky has developed and flight tested active noise and vibration
control systems. A prototype active vibration control (AVC) system has been flight tested on
an UH-60 aircraft and achieved significant reductions in the main rotor 4P vibrations felt
inside the helicopter cabin and cockpit. A productionized version of the AVC system is
currently undergoing development flight testing on the Sikorsky S-92 Helibus™. Also, an
active noise control (ANC) system has been successfully flight tested on an S-76 aircraft and
achieved tonal notse reductions of up to 20dB in the helicopter cabin.

2 INTRODUCTION

Active Noise Control

Interior noise is an increasingly important discriminator in the commercial helicopter
market, with “acceptable” noise levels traditionally being achieved passively, albeit with
substantial weight penalties. Increasing performance demands (i.e., longer range, higher
payloads) have driven the pursuit of lighter-weight solutions. Furthermore, continuing
reductions in the noise levels commonly experienced by passengers in various other modes of
transportation, including ground vehicles and commercial fixed-wing aircraft, have
heightened the awareness and sensitivity of passengers to helicopter internal noise. In the
last decade the continuing trend towards cheaper, faster, and more powerful computers has
lead to the evolution of active noise control (ANC) from a laboratory experiment o a
practical approach for reducing aircraft cabin noise levels (Ref. 1-2). ANC, properly
integrated with traditional passive techniques, offers substantial promise of reducing
helicopter cabin noise levels with lower weight penalties than purely passive treatments. This
will benefit the helicopter industry by improving commercial acceptance and expanding the
helicopter market.



There are three primary components of helicopter interior noise: (1) large amplitude, low
frequency rotor harmonics; (2) broadband noise; and (3) higher frequency structure-borne
tones generated within the gearbox, power train, and hydraulic system. A typical spectrum is
shown in Fig. 1. The low frequency tones (<200Hz) are less important to passenger comfort
than this figure would imply due to the natural attenuation of the ear at low frequencies. The
high frequency gear-mesh tones (>700Hz) fall into the speech interference range and, since
these tones generally rise far above the broadband noise floor (Fig. 1), are generally
considered the most intrusive and irritating component of noise in a typical helicopter. The
primary gear-mesh tone generally falls in the frequency range of 700-1000Hz, and is typically
much louder than its higher harmonics. It is this tone which is typically the most irritating to
passengers and crew, and unfortunately falls into a frequency range in which traditional
passive treatments are not very weight efficient.

Recently, a multi-year program was initiated at Sikorsky Aircraft Corporation to develop
a flight-worthy ANC system to actively cancel gear-mesh noise inside the cabin interior.
Initial concepts explored for the helicopter gear-mesh ANC problem included both structural
acoustic contro} of accelerometers/microphones using force generating actuators and acoustic
control of microphones using speakers. However, the speaker/microphone control approach
that has proven successful in lower frequency tonal applications such as turbo-prop aircraft
(Ref 1) and for the Jow frequency rotor harmonics in helicopters (Ref 2) is not practical for
this problem due to the high frequencies and resulting number of participating acoustic
modes. In this approach, the speakers must set up a sound field inside the cabin that matches
and cancels that created by the disturbance. For global noise reductions this requires that the
number of speakers be at least equal to the number of relevant acoustic modes (Ref 3). There
are several hundred acoustic modes present in the gear-mesh frequency range (>700Hz) for a
cabin the size of the S-76 (Ref. 4), thus requiring at least as many speakers to achieve global
noise reductions.

A more promising approach for the gear-mesh ANC problem is to use a choke-point
methodology to prevent the structure-borne gear-mesh vibrational energy from entering the
cabin by placing actuation where the gearbox is mounted to the structure. The approach
described in this paper, and flight tested on the S-76 helicopter (Ref. 3), involves the use of
point force (proof-mass) actuators surrounding the gearbox mounts to actively cancel the
gear-mesh vibrations before they enter the airframe. This approach avoids interrupting the
primary load path of the helicopter, thus avoiding flight safety concerns, and is generally
more effective with a wider frequency range of operation than tuned passive absorbers. A
schematic of the gear-mesh ANC approach is shown in Fig. 2. The approach taken in Refs. 6-
7 to address helicopter gear-mesh noise used structural actuators mounted parallel with struts
supporting the gearbox to introduce the canceling forces directly into the load path. However,
in the case of the S-76, the mechanical interface between the gearbox and the airframe is
significantly different, in that the gearbox is bolted directly to a pair of transmission beams
integral to the airframe structure. Thus the actuators were mounted on the transmission
beams near the gearbox mounting points as in Ref. 8. The gear-mesh ANC system utilizes
microphones distributed throughout the cabin as feedback control sensors, as shown in Fig. 2.

Active Vibration Control

Helicopter vibration is largely a result of vibratory aerodynamic loads generated by the
rotor as it moves edgewise through the air in forward flight. Traditional passive approaches to
reducing vibrations involve the use of tuned-mass absorbers. These absorbers tend to be very
heavy, are only effective in a very narrow band about the tuned frequency, and generally only
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reduce vibrations in close proximity to their mounting location. Furthermore, passive
systems appear to be approaching an asymptotic limit in terms of weight efficiency. A major
leap forward 1n terms of passive vibration reduction in helicopters was the introduction of the
hub absorber. The hub absorber, which reduces the inplane NP (blade passage frequency)
vibratory loads at the hub, results in significant reductions in the NP vibrations in the cockpit
and the cabin. An example of the magnitude of vibration reduction provided by the hub
absorber is shown in Fig. 3 for the Sikorsky S-61. As described in Ref. 9 and also shown in
Fig. 3, significant reductions in the failure rates of critical components were observed in
connection with the lower vibration levels, which ultimately translated into reduced
maintenance costs.

Since the introduction of the hub absorber, however, the vibration levels of modern
helicopters appear to be hovering about an asymptotic limit of 0.10-0.15 g. This is due to the
fact that the hub absorber does not affect the vertical vibratory hub load component that
propagates unattenuated into the airframe. This component is generally attacked in Sikorsky
helicopters using tuned passive absorbers located in the cabin. These devices are generally
very heavy and incur significant weight penalties. Lower vibration levels can be achieved by
increasing the number of passive absorbers, but this tends to result in diminishing returns.
Thus modern helicopters appear to be approaching a vibration limit driven by weight
efficiency. What is required is a paradigm shift in vibration reduction technology.

Active vibration control (AVC) systems have the potential for significantly reducing
helicopter vibration while decreasing weight dedicated to vibration reduction. Many studies
and tests have shown that active systems are effective. Early AVC studies summarized in
Refs 10-12 focused on higher harmonic control (HHC) and showed that significant vibration
reduction could be achieved using this approach. HHC systems introduce additional higher
harmonic control inputs into the conventional swashplate o attempt to minimize NP
vibrations as measured by accelerometers located in the helicopter cockpit and cabin.
Although receiving considerable attention over a period of 25 years, HHC has yet to be
incorporated into production aircraft. Some of the major impediments are the excessive
hydraulic power requirements of HHC (Ref 10) and concerns that high frequency operation
of the main rotor servos may potentially cause excessive wear to this flight critical system. A
similar approach commonly referred to as individual blade control (IBC) utilizes active pitch
links instead of the conventional swashplate to oscillate the blade (Ref 13). This approach
has some advantages over HHC such as enabling greater control over the blade motions, but
suffers from the same drawbacks of high power consumption and, in this case, being in series
with the primary flight control system of the helicopter. A third approach, commonly known
as active blade control (ABC), utilizes control surfaces such as trailing edge flaps on the
blade to affect the blade motion (Ref 13). Moving a flap requires an order of magnitude less
power than oscillating the entire blade, and does not use components of the primary flight
control system. This approach offers significant promise of providing significant vibration
reduction, in addition to possibly reducing the helicopier radiated noise signature and
enhancing performance. However, there are many technological barriers that must be
overcome before this approach can be implemented on a production helicopter.

For implementation on production aircraft, several criteria should be met by an AVC
system. It must: 1) reduce aircraft vibration more effectively and over a greater range of
flight conditions than passive systems; 2) result in a lower weight penalty that passive
systems; 3) have low energy consumption; 4) be based on proven, reliable technology; and 5)
have reasonable life-cycle costs.

One AVC approach that seems to fulfill these criteria is derived from the active control
of structural response (ASCR™) method. ACSR, developed by Westland Helicopters Ltd.
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(Refs. 14-15), places its actuation between two hardpoints in the fuselage to produce equal
and opposite forces between these two hardpoints. The ACSR approach utilizes these dual-
point actuators to minimize the response of the fuselage to the NP vibratory Ioads. In the case
of the production ASCR system for the Westland/Agusta EH10! helicopter (Ref. 15), dual-
point actuators are integrated into four of the struts supporting the main gearbox.

Unlike the EH101, Sikorsky Aircraft helicopters such as the UH-60 bolt the main
gearbox directly to the airframe instead of using struts. As a consequence, ACSR dual-point
type actuators are not applicable. The AVC actuator configuration discussed in this paper,
and flight-tested on the UH-60 (Ref. 16), utilized single-point inertial actuators mounted at
various locations in the helicopter fuselage. Unlike dual-point actuators that produce a force
on the fuselage by actuating between two fixed points, single-point inertial actuators produce
a force by oscillating a reaction mass that is free to vibrate. In general, to develop large forces
either a large reaction mass or a large stroke of the mass is required. These two approaches,
however, are neither weight efficient or power efficient. In the former case the system mass
is excessive, and in the latter case the power consumption is excessive.

The single-point actuators used in the flight test, termed servo-inertial force generators
(SIFGs), solved this problem by utilizing a mechanical resonance and a novel inner-loop
electronic control system. Tuning the SIFGs to be near the NP frequency minimizes the
required mass and power to achieve a given vibratory force output. The SIFG actuation
system was designed and developed by Moog Inc. The SIFGs are devices that integrate a
Sikorsky UH-60 passive vibration absorber with a hydraulic servo-actuator. The moving mass
of the absorber 1s usually connected to the helicopter structure via three leaf springs.
However, by inserting a hydraulic actuator between the structure and the middle spring, the
passive vibration absorber is transformed into an active device. A schematic of the SIFG is
shown in Fig. 4. Since the SIFGs were based on a modification of the passive absorber, they
were capable of operating in two different modes — a passive mode (i.e., hydraulics off) in
which they operated like a traditional tuned passive absorber, and an active mode in which the
hydraulic actuator drives the SIFG to a desired force output. Each SIFG was capable of
generating +/- 1500 Ibs at NP.

A schematic of the AVC system flight tested on the UH-60 is shown in Fig. 5. The AVC
system utilizes accelerometers distributed throughout the cockpit/cabin as feedback control
sensors, as shown in Fig 5. The tuned passive absorber typically installed in the cabin
overhead just forward of the main gearbox and in the helicopter nose were removed and two
SIFGs were installed in the cabin overhead. The SIFGs could be operated in passive mode to
operate just like the passive absorbers, or alternatively, operated in active mode as part of an
AVC system. When in active mode, a closed-loop controller utilizes feedback from the
accelerometers to determine the optimal SIFG commands to minimize the NP vibrations.

3 CONTROL ALGORITHM

The algorithm used in the ANC and AVC systems is based upon that developed by
Sikorsky Aircraft and United Technologies Research Center for helicopter higher harmonic
contro] (HHC) of rotor vibrations (Ref 17-18). In this approach the disturbance frequency is
obtained from a tachometer sensor, a harmonic analyzer is used to identify the desired tonal
information (i.e., magnitude and phase of frequency components of interest), and a minimum
variance control algorithm is used to generate control signals based on an estimate of the
plant transfer function. In Ref. 19, numerous approaches for tonal control are described, and



the connection between the underlying approach used for HHC, and other tonal control
approaches, is illustrated.

In the narrow bandwidth required for control about each tone, the actuator/sensor transfer
function is roughly constant, and thus the system can be modeled in the frequency domain as
linear time-invariant using a single quasi-steady transfer function matrix, denoted by T. The
derivation of the control algorithm given below follows from Refs. 17-18 and is described
more fully in Ref. 4. Assuming linearity, the change in the sensor response vector z due to a
change in the actuator command vector u can be written as a local model:

Az=TAu+w
The control law is derived to minimize the quadratic performance index:
T=z"z+u™Wa + (Au) "W, (Au)
that is a weighted sum involving the squared magnitudes of the sensor measurements, control
commands, and rates-of-change of control. Substituting the local system model into the
above expression and solving for the control u which minimizes J yields:
T T -
Uit =0 - V(W + Ti zg); Y= (T T + Wy + Way)

The subscript k has been added to indicate the recursive nature of the feedback coatrol
algorithm resulting from the introduction of control rate weighting. The matrix Yy
determines the rate of convergence, but does not affect the steady state solution (Ref. 4).
Greater control over the stability of the above control law is obtained with a step-size
multiplier B<1:

Uper = U - BYR(Wug + Ty z,)

The behavior of the above control law is described in detail in Ref., 4,

4 FLIGHT TEST SETUP AND PROCEDURE

Active Noise Control

Two ANC flight tests were conducted on a Sikorsky S-76B commercial helicopter with a
nominal gross weight of 10,000 lbs. The first flight test, conducted in 1995, is the first
known successful flight test of a high frequency gear-mesh ANC system on a helicopter. The
primary focus of this developmental flight test was proof-of-concept and architecture
validation. The second flight test, conducted in 1996-97, focused on validating the pre-
production ANC algorithms and architecture, and determining system requirements and
performance tradeoffs for production.

The aircraft was equipped with a partial utility interior consisting of only the cabin
ceiling and sidewall trim panels. A total of 64 microphones were distributed throughout the
cabin interior, with the majority mounted on the cabin ceiling. Several microphone
configurations were evaluated during the flight tests. A schematic of a typical microphone
configuration tested is shown in Fig. 6.



Proof-mass actuators were bolted to each side of the transmission beams. The actuators
were located on the beams as close to the gearbox mounting points as possible, since this is
where the gear-mesh vibrational energy enters the airframe. Extensive ground testing
validated that this approach was capable of achieving greater than 20dB tonal noise
reductions. This method of mounting the actuators on the transmission beams is considered a
viable approach for retrofitting an ANC system on current helicopter production lines and
aircraft already in service.

The ANC flight tests included conditions such as: (1) ground runs at flat pitch (Q ~
15%) and light-on-wheels (Q ~ 45%); (2) out-of-ground effect (OGE) hover; (3) steady flight
ranging from 40 knots to Ve at 145 knots, up to Vy at ~155 knots; and (4) transient
maneuvers such as takeoffs, accelerations, turns, autorotations, decelerations, approaches and
flares to landing.

Active Vibration Control

The AVC testing was performed on a UH-60 BlackHawk that was ballasted to 16,8001bs.
The UH-60 is a four-bladed helicopter with a nominal rotor speed of 258 rpm, yielding a NP
frequency of 17.2 Hz. The two baseline UH-60 tuned passive absorbers were removed and
the resulting NP vibrations were measured in flight to establish a baseline. Two SIFGs were
then installed in the cabin overhead just forward of the main gearbox (see Fig. 7).
Accelerometers were installed at ten locations on the cockpit-cabin floor, as shown in Fig. 7,
in both the vertical and lateral directions. Ten of these accelerometers, 8 in the vertical
direction and 2 in the lateral direction, were selected as AVC feedback sensors.

Several flights were performed with the SIFGs operating in both passive and active mode
to evaluate the benefits of AVC over conventional passive vibration reduction. The
performance of the AVC system was evaluated in steady level flight at various airspeeds and
rotor speeds, and during maneuvering flight.

5 FLIGHT TEST RESULTS

Active Noise Control — First Flieht Test

All results presented for the ANC flight tests are for the reductions achieved in the
primary bull gear tone (778Hz) of the 5-76. A typical time history of gear-mesh tonal noise
when the ANC system is activated, and then deactivated, is shown in Fig. 8 for an OGE hover
condition. The quantity plotted in the figure represents the average reduction achieved on 24
controlled microphones. As shown in the figure, an average reduction of 9dB was achieved
in the primary gear tone within 10 seconds of the ANC system being activated.

Similar reductions to those shown in Fig. 8 were achieved over a wide range of steady
flight conditions, as shown in Fig. 9, with tonal reductions of 7-9dB over this speed range,
including 8dB at Vcg. The two curves plotted in Fig. 9 represent the average gear tone level
at the 24 controlled microphone locations with ANC “off” (upper curve) and with the ANC
system “on” (lower curve), for various steady airspeeds.

Though the performance of the ANC system during this first flight test was sufficient to
validate the system architecture for proof-of-concept, the noise reductions were much poorer
than the 20dB expected based on extensive ground testing of the ANC system. Post-flight
simulations based on T-matrix and ambient measurement data collected during the flight test
indicated that much greater reductions should have been achieved with the architecture

G23-6



implemented. Analysis of flight test data revealed excessively poor signal-to-noise ratios
during the system identification procedure used to construct the T-matrix. Thus, in
preparation for the second flight test, a more sophisticated system identification procedure
was developed which better accounted for the high background noise levels encountered
during the flight test.

Active Noise Control — Second Flight Test

The new system identification method developed for the second flight test greatly
improved the estimate of the T-matrix, which resulted in dramatic improvements in ANC
performance compared to the first flight test in all conditions tested, including ground runs,
hover, steady forward flight, and transient maneuvers such as speed sweeps. It should be
noted that all the results presented in this section were obtained using a PC-based ANC
system. This system was ufilized more extensively than the prototype ANC computer since
the PC-based system was capable of controlling a greater number of microphones, which is
more representative of the planned production version of the ANC system.

Typical noise reductions at the various microphone locations in an OGE hover condition
are shown in Fig. 10. This figure shows an average reduction of 18dB on the 36 controlled
microphones, compared to only 9dB on 24 microphones achieved during the first flight test
(Fig. 8). It is interesting to note from Fig. 10 that the maximum tonal noise level measured
in the cabin was 23dB lower with the ANC system “on”™ than with the ANC system “off™.
This is a very substantial improvement. The gear-mesh tonal reductions achieved in all
steady flight conditions are very stmilar to those shown in Fig. 10; the OGE hover case was
selected for presentation as a critical ANC condition due to the relatively high gearbox torque
and resulting high gear-mesh noise levels in this condition.

Further examination of Fig. 10 reveals some interesting qualities of the noise reductions
which are very noticeable to a passenger in the helicopter cabin, but may not be evident from
a casual examination of the figures. The high degree of spatial variation in the ambient noise
levels (i.e., with ANC “off”) with microphone position should be noted in Fig. 10. For
example, there is about a 20dB difference in the ambient tonal noise level between
microphones 9 and 10, even though they are only about one foot apart. This spatial variation
is quite evident to passengers whenever they move their heads, even for small motions, e.g.
when just leaning forward. With the ANC system activated (“on”) however, this spatial
variation is significantly reduced, as shown in the figure. Due to the reduced overall noise
levels, this reduced spatial variation is almost imperceptible to passengers, even when moving
about the cabin.

ANC performance was substantially improved over the entire flight envelope, including
speed sweeps from hover to Vg, compared to results obtained during the first flight test.  As
shown in Fig. 11, average gear-mesh tonal noise reductions of 14-16dB were achieved during
a quasi-steady speed sweep, compared to typical reductions of only 7-9dB obtained during the
first flight test (Fig. 9).

Also included in Fig. 11 is the ANC performance during a transient maneuver consisting
of a typical acceleration from OGE hover to Vy, followed by a deceleration back to hover. It
should be mentioned that the acceleration commenced immediately after take-off to hover
without waiting for the ANC system to fully converge to a steady state solution. This was
done to simulate actual flight procedures. As shown in Fig. 11, the ANC system not only
remained stable, but maintained 8-14dB reductions relative to steady state ambient levels
during the acceleration phase, and 12-14dB reductions during the deceleration phase. During
accelerations, the actual ambient gear tone levels (not shown on the figure) are typically ~3dB



higher than steady flight levels due to the higher torque loads required from the gearbox.
Conversely, ambient gear-mesh tonal levels are generally ~3dB lower during decelerations
due to reduced gearbox torque requirements.

A typical time history of ANC performance is shown in Fig. 12 for steady flight at 120
knots. The quantity plotted in the figure represents the average reduction achieved on the 36
controlled microphones. As is evident from the figure, the controller achieved a 10dB noise
reduction after three seconds, a 12dB reduction after five seconds, and then slowly converged
to a steady 16dB noise reduction after 30-40 seconds. Faster convergence rates (i.e., higher
controller bandwidths) were also tested without driving the controller unstable. However,
these faster rates had no impact on ANC performance during steady flight conditions, and
produced only minimal improvements in performance during transient maneuvers such as that
shown in Fig. 11.

Active Vibration Control

The NP vibration results for 145 knots and 100% Nr are shown in Fig. 13. The three bars
in the figure for each of the ten accelerometer locations represent a comparison of the ambient
vibration, passive vibration control, and active vibration control cases. Also shown in the
figure is a comparison of the average value of the ten accelerometers for the three cases. As
expected, the AVC levels shown in Fig. 13 are lower than for the ambient case, but more
significantly, these levels are substantially better than the passive case. This is a crude
indication that AVC is more efficient than passive vibration control, i.e. that lower vibrations
can be achieved for the same or lower weight. Especially interesting is that the vibration
reductions are global in nature, i.e. reductions are realized at the forward cabin accelerometer
locations which are not part of the AVC feedback sensor suite.

A global measure of the aircraft vibration is the average vibration level defined as the
root-mean-square of the NP vibration magnitudes measured by the cockpit-cabin
accelerometers. The average vibration measured at 12 accelerometer locations (10 AVC and
2 midecabin accelerometers) are plotted in Fig. 14 for a forward speed sweep at 100% Nr.
Notice that the average NP vibrations are dramatically reduced over the entire range of flight
speeds, and that the AVC reductions are significantly better than the passive case.

As discussed previously, one major advantage of AVC over passive systems is their
ability to adapt to changing rotor speeds. The passive system on the UH-60 aircraft is a fixed
tuned vibration absorber system optimized to a rotor speed of 100% Nr. A comparison
between the passive and AVC system performance versus rotor speed 1s shown in Fig. 15.
The classical “bucket” is shown for the passive system, i.e. the vibration is a minimum at
100% Nr. In contrast, the AVC system can readily follow the rotor speed variation,
producing a virtually flat response. Of special interest is that the AVC case yields lower
vibration levels than passive at 100% Nr. This is further confirmation that AVC can be more
efficient than passive methods. Of course the SIFG hydraulic actuators must work harder as
the Nr departs from 100%, but sufficient hydraulic power is available over the typical range
of rotor speeds.

Sikorskv §-92 AVC

Encouraged by the SIFG flight test on the UH-60, a trade-off study of AVC versus tuned
passive vibration absorbers was performed during the preliminary design phase of the S-92,
and the decision was made to include the AVC system as baseline on all S-92 aircraft. The
results of the trade study indicated that an AVC system would provide a lighter-weight
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solution than a comparable tuned passive absorber system. Furthermore, an AVC system of
comparable weight to a passive system would provide greater vibration reduction.

The S-92 began development flight testing in December 1998 and included an AVC
system from first flight. Typical AVC performance is plotted in Fig. 16 for a steady Veruise
condition. The plot compares the NP vibration levels with AVC off and AVC on at 10
accelerometer locations in the cockpit-cabin. The AVC system is similar to the SIFG system,
except that the SIFGs have been replaced with purely mechanical actuators referred to as
force generators (FGs). The results shown in Fig. 16 were obtained with 3 FGs. It should be
noted that the FG locations flight tested so far are trial locations only and are most likely not
optimal. But as shown in the figure, AVC achieves substantial vibration reduction in cruise.
Developmental flight testing of the AVC system on the S-92 will continue through 1999 and
2000 and will focus on optimizing the FG locations with the goal of maximizing vibration
reduction for systems with one, two or three FGs.

6 CONCLUDING REMARKS

Active Noise Control

An approach for actively controlling high frequency structure-borne tonal noise in
helicopters has been validated in a flight test program on the S-76 aircraft. Structural
actuation near the gearbox mounts has been used to cancel the disturbance before it enters the
airframe.  This approach has been successfully demonstrated to produce substantial
reductions in the primary gear-mesh tone of the helicopter, over a wide range of flight
conditions. These reductions have bee maintained during maneuvers such as typical
accelerations and decelerations with good system stability. Application of this ANC
technology will provide noise suppression and create a quieter passenger environment.

Active Vibration Control

AVC systems using single point actuators is a viable vibration reduction technology. The
system uses minimal power due to the resonant behavior of the SIFGs and can revert to a
passive absorber in the event of a controller failure. A global vibration metric shows that
AVC is more efficient than passive systems for a wider range of forward speeds and rotor
speeds. AVC systems have the capability to adapt to changes in helicopter loading and rotor
speed whereas traditional passive tuned absorbers cannot. AVC technology, propetly
integrated with traditional passive vibration reduction systems, offers promise of yielding a
significant improvement in helicopter vibration levels.
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Abstract

The nonlinear differential equations for
rotorcraft simulation (in this case, flap-lag-
pitch and ground rescnance equations) are
saropled once a period (or once a blade
passage) and the resultant sampled errors in
periodicity and trim are considered a
discrete system. The algebraic Riccati
Equation is then used to design a controller
to trim this discrete system. The resultant
controlier is applied to the original nonlinear
simulation in that the errors at each blade
passage are fed back to give discrete control
changes. When all states cannot be
measured, a discrete observer is used to
estimate them. The resultant algorithm is
shown to be a robust tool both for trimming
and for stabilizing a nonlinear set of
rotorcraft equations.

Notation
a lift curve slope, /radian
[A] matrix multiplying states in
discrete system
[a] modified matrix = A — BG
b blade semi-chord, m

(B]

i
o JorJe
Tsdond,

(G24-1

matrix multiplying controls in
discrete system

blade profile drag coefficient
thrust coefficient,

T/ p(QR) R
observer matrix
damping matrix, period T
desired constraint values

lag damper setting, percent
critical damping
state-derivative functions

generalized loads

blade principal moment of
inertia in flap, torsion, lag,
kg —m?

constraints

constraint integrand

Jacobian matrix
flap stiffness, N-m/rad

lag stiffness, N-m/rad
pitch stiffness, N-m/rad
stiffness matrix, period T

mass matrix
stiffness parameter for blade



flap 1+ K, /QJ,
number of blades
radius of rotor, m
period of system
induced flow, normal to disk

inplane flow of disk
normal flow to disk
state variables
discrete states
flap angle positive flap

and angle positive up, rad
coning angle, rad
lateral cyclic flap angle, rad
Lock number

pacR*[J,
difference of ()
pilot pitch control

8, =6, + 0 siny +8cosy

collective pitch angle
longitudinal cyclic pitch angle
lateral cyclic pitch angle
vector of controls

inflow ratio, (I{ +V,)/QR
square matrix with eigenvalues
on the diagonal

NBDd BNNS,SSNREO

=7
S

el

L)

D

o

a“qj

~ @

>

u advance ratio, V, /QR

Jo, density of air, kg/m®

o rotor solidity, Qc/nR

/74 rotor azimuth angle = €2r, rad

Q rotor angular velocity, rad/sec

o, dimensionless nonrotating lead-lag

frequencies at 8§ =0, ’KC / QJ s

, dimensionless nonrotating elastic
pitch frequencies at

0=0,./K,/Q%,

( )n n-th iteration of vector

Introduction

The analysis of a rotary-wing system
consists of three steps. First, one must
assemble a set of ordinary differential
equations that describes the physics of the
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system. Unlike modeling in many other
technical disciplines, the equations so
assembled are generally nonlinear, have
periodic coefficients, and contain certain
unknown parameters called “trim settings™.
It is the job of the analyst to solve these
equations subject to a number of side
constraints on the solution equal in number
to the number of unknown parameters.
Thus, the second step in a rotary-wing
analysis is to find simultaneously the
unknown parameters and the corresponding
solution that satisfies these constraints.
(This is called the “trim™ solution.) The
third step in the analysis is to analyze the
stability of the solution about this periodic
orbit. Many times, the solution strategy
used to find the rim solution holds the key
to the stability analysis.

There are several reasons that the trim
solution is difficult. First, although there
may be only a few trim variables (usually 3-
7), there may be thousands of dynamic
states. Thus, an iterative solution of the
state-space equations for a periodic sclution
may be prohibitive. Second, there are often
hidden states that occur due to the various
mathematical algorithms that are used to
evolve the system equations through time.
Thus, the states may not be in the form to be
interrogated numerically.  Third, the
periodic trim solution is often unstable (due
to aeroelastic effects or due to flight
mechanics modes) so that it is impossible
simply to time-march until transients decay.

Recent work has found that, when all
states are known and limited to a hundred or
so, a very effective trim strategy is the
discrete auto-pilot, Ref. [1]. Such an auto-
pilot makes adjustments to the trim settings
every blade passage based on an optimized
gain and controller. Such a controller can
fly even an unstable system to equilibrium
and satisfy the trim constraints. Since a
discrete auto-pilot does not change the poles
of the system, it is perfect for a subsequent
stability analysis, Ref. [2].

Despite the successes of such a system,
it is still subject to the limitation that all



states must be known and that they must be
limited to about one hundred. In this paper,
we offer an alternative strategy designed for
the case in which states are hidden. In
particular, a discrete-time observer is created
that gives an estimate of the hidden states
that can be used in the discrete auto-pilot.
This paper will describe how such an
observer can be created and will give some
simple examples for helicopter flap-lag-
torsion stability.

The use of observers is not new to
rotorcraft analyses, Refs. {3] and [4]; but
this paper uses them in the sense of discrete
systems and for mathematical trim and
stabilization rather than real-time vibration
control.

Mathematical Background

The nonlinear differential equations for
a rotorcraft following general form:

;= f(%,.1.9,,) (1)

where the x; are the state variables, © are

the trim parameters, and ¢ is time. For every
unknown trim parameter, there is a trim
constraint of the form:

T

8 EJ.O

In general, states can be comprised of
positions {displacement or rotations), rates,
pressures, inflows, engine temperatures or
pressures, damper states, etc. Trim variable
can be collective and cyclic pitch position,
throttle position, prescribed fuselage
attitudes, RPM, or any unknown parameter
in the equations. The trim constraints can be
force or moment equilibrium, time averages
or space averages of vehicle positions or
velocities, etc. In trimming, one usually
considers the equatiops to be linearized
about some periodic equilibrium, X during
each part of the design process. Thus, for
simplicity, we consider the linearization of
Eq. (1) about X,

Gx,1.0, ) =d, @
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{£}=[a0lx}+po)e.} ®

where x; are the new states which are

perturbation states; and it is understood that
A(t) and b(r) depend on X;. Equation (3)

is never actually used in our trim algorithm,
but it is an important conceptual tool.

The trim problem is to find the initial
conditions x;(0) and trim parameters, ©,,

that will result in a periodic solution to
either Eq. (1) or Eq. (3) that satisfies the
trim constraints. One way which has been
tried in the past, Ref. [1], is to design an
auto-pilot for the linear system in Eq. (3)
that produces a ©, proportional to the

current errors in the trim constraints. Three
disadvantages of this approach are: 1} it
produces unsteady ©, () when they should

be constants, 2) it is hard to find a suitable
auto-pilot since this requires solution of a
periodic-coefficient Riccati Equation, and 3)
the method cannot work if the system is
unstable. References [1] and [2] have
shown that this can be overcome with a
discrete auto-pilot. In particular, if the
system is sampled once a period, the etrors
in periodicity, x{T)— x(0), and the errors
in the trim constraints in Eq. (2),
e, = g, —d,, can be considered as a discrete

system vector, Z,

ZrH-l = A'nzn + Bnen (4)
where 7 is an iteration index, not a vector
subscript. Again, Eq. (4) is not actually
used in the discrete auto-pilot, but it is a
conceptual step that is used to understand
how to design such an auto-pilot.

Naturally, it is important to know how
the discrete matrices, A, and B, relate to

the continuous matrices, A(z) and B(z) , or
to perturbations of the original nonlinear
system in Eq. (1). In particular, we consider
how A, and B, would be related to the

Jacobian matrix that would be formed by



making perturbations to an initial guess for
the x{0)and ©_.
The Z, vector is defined as follows:

where g, 1s the nth iteration on constraints,

and d is the vector of desired constraint
values. Next, one defines the following
Jacobian matrix (J) for the linear system in
Eg. (3). This Jacobian can be computed by
time-marching with perturbations to x ; and

S
xn+E - xrx X
s EUH”} (6)
{gm-l - d} 6”
Here is exactly how A and B are
computed from a given J. In general:

me-

1) partition J according to x and ©.

[ﬂ=[£x Lﬁ} ™

J@x J@@

2) Rearrange the top partition of
equation (6) to be in standard form

(o} =l + Iz} +[1c [0, }
{x}=[Ta+ I p+ [T {0, ]

3) Subtract to obtain equations for
errors in periodicity

{8} = [V + T{Ax, }+ [T {20, } )

®

4) Similarly, consider that the
constraint errors from equation (6) are

fen} = {80~} = 7o Mz} + [7eo 01}

{860} = o liax} 10 ]20,} 10

G24-4

5) Recombine Eq. (9) into the form of
Egs. (4) and (5)

Ax, J. 0][Ax, J
s +{ 7 a0, 11
en-)-l Jex I en Je@
It is now clear that the partitioned
matrices in Eq. (11) are the A, and B, of

the discrete time model. Thus, one can find
A, and B, from a numerical Jacobian of the

original, non-linear time domain system.
Discrete Controller

What we would now like to do is to
design a controller that produces changes to
the controls at the end of every period (or
blade passage) based on the errors in
periodicity and frim constraints (i.e., the
Z,). In general, we would like a feedback

law that would give
A®, =-GZ, (12)

If one can find an appropriate gain
matrix (, then Eq. (4) would become:

Z. =(A-BG)Z, (13)
where (A — BG) is designated A,

Although we plan to use A®_ on the

original continuous nonlinear equations to
perturb the controls after every simulation of
blade passage, we will design the controller
(G based on the discrete form in Eq. (4).
We desire a G that places all of the
eigenvalues of A less than unity and as

close to zero as possible. Such eigenvalues
will drive a difference equation to
equilibrivm. For linear systems, such a &
can be found from an algebraic Riccati
equation, Ref. [6]. Once A, B, and & are
found, Eq. (13) is a feedback system the
states of which converge to an equilibrium;
thus, the thought experiment using the linear
discrete system is over.
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As the simulation runs, we sample the
continuous system to obtain e, and x, and

compare the sample with the previous
sample to form a Ax,. These form Z, by

Eq. (5). Equation (12) is then used to adjust
the controls. It is important to keep in mind
that x, must be completely measurable in
order for Eq. (12) to be used.

We now come to the consideration of
what happens if some states cannot be
measured or the case in which we can
measure only certain combinations of the
states. This can happen for either of two
reasons. Either there are too many states to
measure, or some states are truly hidden due
to the nature of time-marching algorithm.
For example, a pure time delay in a dynamic
stall model or in a drive-train model has an
infinite number of states, and they are all
hidden. Another example would be when a
structures code is linked to a CFD or free-
wake code in which states are hidden in the
“black box” that is the aerodynamic
algorithm for generating induced flows. The
idea here is to use an observer to estimate
states that cannot be measured.

If we only know some of Z,, say,

Y, =C.Z, (14)

we will make a new system in Z, which

will be an estimate of Z,. The ZA'k dynamic
system should be a discrete, dynamic
feedback system having a forcing function
dependent on Y, and that we can control
such that 2k = Z, a time increases. In other
words, we want to build a dynamic observer
that will estimate 21- given the
measureinents that are known, Yk

Z,=AZ_ +LY, (15)

~

for some A, and L. Thus, we have Z,

dependent on 2k_1 and Y.

Now replace Z, in Eq. (14) above with

Zk such that all terms in Eq. (15) are k£ —1.
This yields

Z,=AZ, ,+LCAZ_,  (16)

Now define E, = Z, — Z, by Egs. (4)
and (16). After collecting Z,_; terms, and
setting:

A =A-LCA 17

we have
E,=(A-LCA)E, (18)

All that is needed is to find an L which will
minimize the eigenvalues of A—LCA.
This can be dome by eigenvalue placing or
by a Riccati solution.

Now, the Z term can be used entirely
in place of the Z term which could not be
measured. Specifically, we use instead of

Eq. (12)

A®, =-GZ, (19)

where 2,( is computed from Eq. (15).

For the case in which we want to
stabilize the system (rather than trim it), the
mathematics is identical. There are no trim
constraints, and the &, become the controls

used to stabilize. As the controller drives
the solution toward a periodic solution, it
will automatically stabilize it.

Mathematical Model

We are now ready to apply this theory
to an actual case. In this study, we will use
the rigid-blade, flap-lag-torsion equations
for a rotor in forward light which implies 6
states. We assume guasi-steady
aerodynamics and neglect reversed flow.
For trim variables, we include collective
pitch and the two cyclic pitch values. The
corresponding trim constraints are the time-



averaged coning minus the desired value,
and the time-averaged tip-path-plane tilts.
Equations of motion for this system are
based on Ref. [7], but with some corrections,
and appear in the Appendix of Ref. [8].

To proceed with our methodology, an
initial guess on controls and initial
conditions is used to time march through
one period for a baseline. Next, a Jacobian
of perturbations is computed during which
all states are measurable. Laier, we will
assume that, even if all states are not
measurable for use in the feedback law, that
the Jacobian is still available by some other
method. [A] and [B] are computed from
the partitioned [J] as in Eq. (11). To find
G , we tried two kinds of software. First,
we tried using software which simply placed
the eigenvalves of A. This resulted in an

ill-conditioned G because such software
works by first asking the user to input the
exact desired placement of the eigenvalues
of A, [A], and then iteratively (by brute

force) finding a G which satisfies the
characteristic equation for the given [A].

This iterative algorithm in MATLAB, called
“PLACE”. created a matrix of very large
numbers (order 1,000 or higher). Such an
ill-conditioned G, when used in Eq. (12)
tends to give huge A©,.

An alternative approach is to do an
optimal control in which the squares of
controls and states are minimized over the
iterations. The weighting functions of the
errors and controls are set equal to unity for
our work. The fact that states are in the
objective function keeps the system stable.
The fact that controls are in the objective
function keeps the gains from becoming too
large, as they do in eigenvalue placement.
The result is a Riccati equation for G. The
G computed by this Riccati solver is used as
the feedback law in the discrete controlier.
The resuits work well in this application. _

Next, we turn to creation of the
observers. L must be computed by the same
type Riccati method used to compute G for
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Eqg. (12). The MATLAB command used
here is called “DLQR.”

Note that a Riccati solver may require
that a matrix be in the form A-—BG.
Equation (18) is not in this form, however.
Instead, we have the form A— GB. The
equivalent system is A" — B'G” which can
be “plugged into” the Riccati solver to yield
a gain matrix which is the transpose of the
G needed for A—GB. Also note that the
MATLAB command “DLQR” does not
work very well in this case because it does
pot accept non-square A’s and B's. We
therefore made a copy of the source code for
DLQR in a new file, named it ndlgr (for
New-DLQR), and changed it to work with
non-square matrices. The math is the same
as long as the dimensions agree, because the
Riccati equation does not care if its
argumnents are square. The alternative is to
put the non-square matrices from Eq. (20)
into large square matrices the rest of which
are just zeros.

Next, the simulation is started; and,
after the n"simulated blade revelution, a
A®_ is computed by Eq. (12) or Eq. (19).
Then A®_ is applied to the controls. This

process is repeated until the error in the trim
constraint is within certain parameters at
which point the current controls are said to
be approximately the “trim” control setting
for the given system.

The above 1is similar to the
development in Ref. [8] except that we have
improved some of the derivations to give a
better observer theory.

Results and Discussions

The equations of motion for all
numerical experiments are given in Refs. [8]
and [9]. The system of equations used for
the numerical experiments were first ran
with the following constant parameters.

b/R = 0.10
c;/a = 0.0016
dlp = 0.10



P

s

P = (1.05)%
o} = 0.1

4 = 5.0

u = 0.3

w, = 0.49
W, = 14.1
C, = 0.003
I/, = 101
Jo/Jy = o

The above parameters yield an
inherently stable system which simulates a
helicopter in forward flight. In other words,
even if there is not a closed-loop feedback
control, the states will converge to a periodic
flight path, although this equilibrium will
probably not fuifill the trim constraints.

We begin with a discrete controller
when all states can be measured. Figure 1
gives the error in trim constraints and the
control settings as a function of iteration
number. The first guess is identically zero.
One can see that, after about 20 iterations,
the system is trimmed; and the controls have
reached their final values. Although not
shown, the periodicity errors have also gone
to zero. (Since these errors are in terms of
radians of flapping angle, the final error of
.001 is only .05 degrees.) This is typical of
the trim convergence of a discrete auto-pilot
with unity weighting matrices. In general
terms, the control system is over-damped
and could be 1mproved by other wewhtmg
factors. .
Next, we con31der the same system but
assume that we can measure only the trim-
constraint errors. No states are assumed to
be measurable. Thus, the C, matrix is
assumed to be a 9x3 matrix of all zeroes
except for an identity at the far right. This
makes the computation of the L for the
observer very straightforward. The result is
indistinguishable from that of Fig. 1. In
other words, the direct measurement of
states is not that important to the trim auto-
pilot.

In the next case, we consider a system
that is unstable. We switch to a stiff-inplane
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rotor (a)g =0. 70) ata .hich;e::r edvaxice ratio
( u=0 4) We remove the lag damper (de

= 0.10) and replace it with 1%’ negatwe
damping (dpl = -.01). ‘This gives'a powerful
flap-lag instability. We assume that only the
three trim constraints can be measured
Thus, this is a case with an observer Plgure
2 shows the errors in trim constraints and the
developing control settings. ~ Also shown on
the lower half of Fig. 2 are the evolvmo
controls when all states are measured
Although the lack of state measurements
causes some initial oscillations, the ulumate
convergence is the same as when all states
are measured. The convergence is also
about the same as it was for the stable
system, Fig. 1. .

‘These results are much better than
those previously published in Ref. [8] due to
an improvement in the observer equations.
The observer equations here are slightly
different than those in Ref. [8].

In the next set of results, we apply the
control to a 4-bladed ground resonance
model. Thus, these are no trim side
constraints; and the control to a periodic
equilibrinm is actually a stabilizing control
to eliminate the ground resonance
instability. Equations for the system can be
found in Ref. [9]. The control is assumed to
be an applied roll moment accomplished by
force actuators at the base. It is assumed
that only 2 of the twelve states can be
measured, roll angle and pitch angle. Thus,‘
an observer is used. :

Figure 3 shows the resulting roll and
pitch angles as well as the necessary control
torque to achieve stabilization. Note that
torque is discretely changed once per
revolution. Figure 4 shows the motion (with
the same step input in roll} when the
controller is not used One can see the
powerful ground resonance instability.

Summary and Conclusions

The method of discrete control with
observer theory is applied to the problem of



numerical trim of a rotorcraft simulation.

First, the general problem of rotorcraft trim .

is reformulated in a discrete-time
framework. Second, we show how to do
numerical perturbations of simulation code
in order to find a Jacobian. Third, we show

how to use the partitioned Jacobian to form 7~

the discrete-time system matrices. These
can then be sent to standard Riccati tools to
find the controller and the observer.

The methodology is applied to
nonlinear, flap-lag-torsion equations for a
rotor blade in forward flight and to ground
resonance. The results shown that the above
scheme can successfully trim both stable and
unstable cases in the absence of all
measurements. For stable cases, only the
trim constraints need to be measured. For
unstable cases, the method stabilizes the
system.
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