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ABSTRACT

Real-time computation speed is an additional requirement for simulations. It is
necessary for ‘man-in-the-loop’ systems like flight simulators and for ‘hardware-in-the-
loop’ systems where real components like new closed loop controllers are tested under
realistic conditions. In the past a lot of companies have designed and built special purpose
simulation computers which are very powerful but expensive and not handy enough for
‘in-the-field-tests’. The progress in computer science shows a trend to distributed systems
where multiple processors are running in parallel to improve the performance dramatically.
At the DLR Institute for Flight Mechanics a computer system, based on the transputer, was
designed to achieve the real-time simulation capabilities for the ROTEST model rotor.
This four-bladed rotor is a 2.5 scale of the BO105 main rotor, eqipped with elastic blades,
operating at 1050 rpm.

After an introduction to the ROTEST rotor, including the demands upon the simulation,
a short introduction to transputers and the associated philosophy is given. The next part of
the paper presents the characteristics of the simulation model, its mathematical description
and the transputer architecture on which it is running. In the last part of the paper the input
and output processes to the simulation are described. This includes a real-time
representation of the rotor and an oscilloscope like output device, as well as analogue
input and output devices to a controller.
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INTRODUCTION

The ROTEST model is a four-bladed rotor with elastic blades (without flap and lag
hinges) with 4 metre diameter, Fig. 1. It can be used with different sets of blades, one
being a 2.5 scale of the BO-105 main rotor blades. The rotor blades are equipped with



strain gauges to measure the elastic flap, lag and torsion motion. Additional sensors are
used to measure the blade root pitch angle and the pitch-link forces and shaft bending
moments. In the fixed frame a six component balance is instrumented to measure the net
rotor forces and moments. The rotor is used for investigations concerning performance,
vibrations and noise reduction. This is solved by using active control technique (HHC:
Higher Harmonic Control). The normal operating speed of the model is 1050 rpm, which
means that it is operating with 17.5 Hertz rotor revolution. This high speed results out of
the demand to match the same blade tip Mach number as the full scale version of the
BO105. The simulator model must cover these conditions, thus allowing controllers to be
tested under real-time conditions.

The frequencies of the model range up to the second lead-lag mode which lies above
the 5/rev. It is well known that, in an accurate time integration procedure, the step width
depends on the highest frequency of interest in the model and on the stability of the
integration algorithm. Basic research was conducted on integrating the equations of motion
on a parallel processing system in real-time. Finally a special Euler method [1] was chosen
which operates with 6 degree step size or 60 steps per revolution, so that the highest
frequency component is evaluated with 12 steps per period. But in terms of computation
steps per second one has 60*17.5 Hertz, that are 1050 Hertz. So it is necessary to
calculate the complete mathematical model in less than 952 microseconds. These demands
lead to the design and evaluation of a completely new real-time simulator, which is based
on transputers and which has been implemented in the real-time programming language
OCCAM.

Fig. 1. DLR rotor test stand ROTEST.



OCCAM AND TRANSPUTER

A system in the ‘real world’ can be described as a set of processes which work in parallel
and exchange information between them. These processes are local and exchange their
information only with neighbouring processes. A good approach for numerical simulation
would be, to have the same set of information exchanging processes on a computer, too.
This kind of mapping of communicating parallel processes in the real world to
communicating parallel processes in the computer would provide a consistent relationship
between the real world model and the realization in the numerical world inside the
computer. Unfortunately traditional computers do not match the basic requirements of this
approach i.e. parallelism, communication and locality in a sufficient manner. In addition,
most programming languages are not developed to do this job. Although most computers
allow parallel communicating processes on one machine or even two, their operating
systems, schedulers, semaphore-techniques etc. are the bottleneck for real-time simulation.
They need a lot of code and a lot of time, because these computers have been optimized to
do one job at a time. Parallelism has been introduced by software overhead to these
machines, but the basic concept of the machines has not really been influenced by
real-time simulation requirements.

What we need for fast real-time simulation of complex systems is
a) a significant improvement of performance by having a lot of physical computing

units,
b) a moderate price of the units because we need a lot of them,
c) a good balance between performance, memory capacity, communication capability

of each computing unit,
d) a configuration capability of the units in order to have a consistent model,
e) a language allowing a simple and clear description of the configuration and

communication.

The requirements a) - d) are fulfilled by the transputer. The high level language
OCCAM focuses on the requirement e), it’s basic concepts have been proposed by Hoare
[2]. The transputer has been optimized to run OCCAM programs. Since all scheduling
between processes is done in hardware, no operating system is needed and scheduling
between processes takes only some microseconds. Each transputer has four bidirectional
serial 20 Mbit/s links, each working with a separate link engine using DMA. Even if the
processor is sending and receiving on all four links simultaneously with full speed, the
internal bandwidth guarantees, that the CPU’s work goes on. Thus, the most important
feature of OCCAM is the communication between processes, Fig. 2. Two processes
communicate if one process sends a message on a channel and another receives a message
on the same channel.



First process: channelname ! message.to.send
Second process: channelname ? message.to.receive

If both processes above work in parallel, they communicate if both reach their send
respective their receive point. If one reaches this point first it waits until the other one
reaches its respective point. Of course both processes are de-scheduled automatically by
the processor if another process is ready to run. This is done in microseconds. The channel
‘channel-name’ is a logical channel, connecting two processes.

C Processes contain the activities in OCCAM
C Channels arc bidirectional data links between two

processes
C Processes exchange data via channels.
C A connection is established between two processes if

a process sends and another process receives on the
same channel

C There is no explizit synchronisation between
processes.
Synchronisation is done implizit by the channel
protocol.

Fig. 2. OCCAM’s process-channel concept.

If several processes run in parallel on one machine, of course they can only run
quasi-parallel. If it is nessesary to run these processes faster, they can be placed on several
transputers. Without modifying the source code of the program the same processes can run
each on a different transputer by connecting the hardware links of the transputer and
placing the logical channels on physical links. AU placing is done outside the source code.
Therefore, a system of hundreds of processes can be tested numerically on one machine
and then be placed on a lot of transputers in order to improve the performance.

SIMULATION MODEL

A first approach of simulating the rotor was chosen according to the rigidity matrix
method [3]. This leads to a partitioning of each rotor blade into a certain amount of blade
elements, Fig. 3. The resulting process- (or transputer model) is stuctured like a rotor
blade, each blade element has just to exchange state variables with its neighbour elements.
Thus, a direct mapping of the physical structure of the rotor onto the transputer hardware
is gained. The only disadvantage lies in the fact, that this approach can not be calculated in
real-time, according to the small stepsize which is needed for the partial differential
equations.



Fig. 3. Definition of the blade element processes for the rigidity matrix method.

Therefore, the blade dynamics of the real-time simulation is described in modal
formulation, leading the mathematical model to ordinary differential equations. Each blade
dynamic is described with three flap modes, two lead-lag modes, and one torsion mode,
which leads to 24 degrees of freedom. The eigenmodes are evaluated with a finite element
method [4], adjusted by modal measurements. The net forces and moments of the complete
rotor are calculated with the inertia forces and moments which are caused by the mode
deflections and the aerodynamic forces [5]. The amount of computation mainly depends on
the complexity of the right hand side of the ordinary differential equations. A blade
formulation with nine different elements was implemented, with the span of the elements
decreasing from the root to the blade tip in such a manner that each element describes the
same disc area during a rotor revolution. The computation of the aerodynamic forces at
each element is based on a fully nonlinear model with special tables depending on the local
Mach-Number. The downwash distribution over the rotor disc was chosen according to the
Mangler-Squire model [6]. In a real-time simulation a continuously time discrete
computation of the dynamics has to be performed. That does not allow any iteration
processes where the amount of computation steps depends on the convergency of a
formula. In this case one must avoid a thrust-downwash iteration which is common
practice in most non-real-time programs. Thus, a dynamic inflow model for the mean value
of the down-wash, which is formulated as a first order filter, is implemented. Filter input is
the actual mean velocity which balances the aerodynamic forces from the blade element
calculation.

The mathematical model of a technical system is defined, in general, by a set of partial
differential equations. By describing the movement of the rotor system with elastic blade



bending modes, a set of coupled ordinary differential equations is derived. This
initial-value problem can be formulated with difference equations and is solved by
integrating the equations of motion in the time domain. Therefore, a suitable numerical
integration algorithm is required. A real-time application excludes all algorithms with
variable stepsize, because all output signals have to be generated with equally spaced time
steps. The required calculation time for one integration step has to correspond with the
fixed stepsize. All predictor-corrector methods of higher order use results which belong to
the past, i.e. to a period before the jump in an input signal occured. Thus, all changes of
the input signals are filtered which is not desired. Furthermore the numerical integration of
the initial-value problem is a sequential calculation. This means that the approximation to
the solution of an ordinary differential equation evolves one point at a time. The solution at
each new mesh point is a prescribed function of the values of the solution at certain
previous mesh points. The widespread used Runge-Kutta algorithm has one great
disadvantage. It needs four evaluations of the aerodynamical function for one integration
step which takes to much time for this real-time application. Finally a special Euler
integration method, which was developed by Howe [1], has been selected.

Fig. 4. Network of 20 transputers for the real-time simulator.

The distribution of the mathematical description into processes running in parallel is a
result of the chosen integration algorithm and the possibility of splitting the simulation into
local physical effects. The distribution is done in a tree-like structure, Fig. 4. Each rotor
blade can be modelled seperately. Therefore, four processes can run in parallel, each
containing the integration algorithm and the function evaluation. Describing the complete



aerodynamical effects of the blade, the function evaluation time is much larger than the
linear- combination time associated with any given integration algorithm. Since local
physical evaluations are carried out, each part of the blade can be described in parallel to
the other parts. The transputer is provided with four links. In a tree-like structure one link
is needed for the connection to the upper level and three links can be used for the leaves.
This knowledge, combined with some runtime examinations, leads to splitting the blade
into nine elements, that means nine processes, of which always three are, evaluated on one
transputer. E.g., from the ‘AERO’- transputer in Fig. 5, one is always processing the tip
part, one the middle part, and one the root part of the blade. The numerical integration
algorithm is run on the ‘ROOT’- transputer. Since all local physical effects are summarised
on this transputer, it represents the connection of the blade to the rotor head. Thus, the
tree-like arrangement of the transputers in Fig. 4 represents the physical structure of the
rotor. This leads to another advantage: On all twelve ‘AERO’-transputers the same
program can be run. The same applies to the four ‘ROOT’-transputers.

Fig. 5. Modelling of a rotor blade.

The above mentioned summarizing of the forces and moments on the
‘ROOT’-transputer can be done while the ‘AERO’-transputers evaluate the function. This
takes approximately the same amount of time. Thus, the function evaluation at the mesh
point k runs in parallel to the summation of the forces at the time step (k-1). The
consequent continuation of this idea leads to Fig. 6. At any given moment on the horizontal
time-axis quite a lot of preparatory work and work which belongs to older mesh points is
done. On the other hand, if one follows the information flow which belongs to any given



mesh point a pipeline structure of the information processing can be seen. The following
advantages are gained:

- The sequence ‘aero. (aerodynamics) - ODE (ordinary differential equations) - integ.
(integration)’ can be repeated at a high frequency, determining the resulting stepsize.

- Additionally for one integration step just one data transmission in each direction
between the transputers is necessary. This point is very important in speeding up
calculations through parallel processing.

Fig. 6. Time diagram for the main processes.

INPUT AND OUTPUT PROCESSES

The I/0 system works as an interface between the simulated model and the real world.
Normally the ROTEST is operated by specially trained personel. Part of the control inputs
are set manually while the instruments and displays are observed for correct (or better:
expected) reaction of the model. The same procedure is implemented in the simulator.
From a PC the five control parameters tunnel speed, shaft tilt, and collective and cyclic
pitch (absolute value and phase) can be manually adjusted. Additionally higher harmonic
pitch angles can be changed manually as well. This host interface is written in Turbo
Pascal and supports a very comfortable way of changing parameters. It includes also a
change of parameters for the graphical representations. Of course this user interface is
decoupled from the real-time simulation. For the hardware-in-the-loop test of controllers



an analogue interface can be used with the real-time simulation. This is another transputer
with A/D and D/A converters which is connected to the simulation at the ‘PITCH’-
transputer, Fig. 4.
The simulator reaction can be seen on an oscilloscope like real-time graphics. Here, up to
six selectable signals can be displayed, either as discrete value ‘distribution’ in the time
domain, or as distribution at a given azimuth step in the space domain. Thus, it is possible
to look at blade deformation, blade loadings, velocity distribution etc. This system runs on
an additional four transputer network. Furthermore a 3D-graphics tool for visualization and
view simulation to be used with simulations has been developed at DLR [8]. It runs on a
transputer network as well. This tool shows for this application the movement and
deformation of the rotor from any point of view. It is for instance possible to place a
rotating camera onto the rotor hub looking at one blade from this point of view. Since the
rotor movement is to quick for the human eye, a trigger can be activated. showing only
certain stroboscope like points during one rotor revolution.

Fig. 7. Real-time simulation with PC and graphics.

CONCLUSION

It was shown that a parallel hardware arcitecture based on transputers and OCCAM
leads to a new design in real-time simulation. The consistent mapping of real world
processes into a corresponding hardware-software system provides a clear and, this is the
most important feature, easily extendable data processing structure with real-time
capabilities. The hardware expense is as low as possible. OCCAM is a high level language
which incorporates the constructs for parallel programming. Because the software
development is independent of the amount of processor modules in the target system, only
the logic and physics of the real world processes must be met by the program.

The computing speed is an additional and independent degree of freedom which can be
modelled by the network structure and the amounts of computing elements. The discussed
real-time simulator clearly shows a lot of advantages in performance, modular design, and



expense. The only disadvantage at date is that there are only four links available for each
processing unit (transputer). Thus, possible network structures are restricted. But this
limitation will be dropped with the next generation of transputers.
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