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Description

TECHNICAL SECTOR OF THE INVENTION

[0001] This invention refers to a real-time simulation procedure for the rotor of a rotary wing aircraft based on the blade
elements. This procedure is applicable to the aeronautical industry and especially to helicopter pilot instruction.

PROBLEM TO BE SOLVED AND STATE OF THE ART

[0002] The procedures known to date for helicopter rotor simulation use methods that, as a general rule, involve the
study of equations that govern the rotor performance based on partitions of the blade elements, whose execution times
depend on the rotor rotational velocity. These procedures are very precise but are also very costly and slow, especially
if the aim is to perform a real-time simulation, which is of particular interest for training pilots of this type of aircraft. In
other words, with the known helicopter rotor performance simulation procedures, a rapid simulation is inconsistent with
their precision and cost. The procedure proposed by this invention solves this problem, such that greater speed of
simulation does not imply less precision or higher cost.
[0003] In the virtualization of helicopter performance, it is especially difficult to simulate the conditions that determine
the forces on the flapping articulation and the forces on the drag articulation, as well as the resulting moments in both
the flapping and drag articulations. The invention proposed herein describes a new procedure to simulate the performance
of a helicopter rotor, and especially to calculate the aforementioned forces and moments, in order to resolve the equations
that govern rotor operation by making partitions in the rotor disc instead of in each blade. In this way, the rotor actions
can be more rapidly determined compared to other procedures known to date, thus cutting costs and enabling a faster
real-time simulation.
[0004] There are various known references to systems for helicopter simulation. Document US 3645014 describes a
helicopter simulator that is provided with a system to calculate the forces and moments to which the rotor is subjected,
for which purpose it proposes the equations that govern the performance of the different rotor blades. However, the
procedure described in this invention differs significantly from that document in the way it calculates the forces and
moments to which the rotor is subjected and its subsequent implementation
Document GB 1562309 describes a method and a device to simulate a helicopter during its ground maneuvers.
[0005] Document EP 872819 describes a helicopter simulation unit with a multitude of control modules based on logic
support, where multiple simulation experiences can be presented to the user depending on the modules that are con-
nected. However, it does not detail a simulation procedure or a simulator such as the ones described in this invention.
[0006] Document US 5860807 describes a method to simulate helicopter turbulence via finite elements, which uses
a geometric and temporal distribution algorithm that maintains the statistical characteristics of the range of turbulences
on the rotor disc and applies a turbulent model to the blades of the helicopter rotor instead of to its center of gravity.
[0007] On the other hand, document JP 2004155218 illustrates a helicopter blade simulation method that is used to
analyze the blade tip stall.

DESCRIPTION OF THE INVENTION

[0008] The proposed invention describes a real-time performance simulation procedure for a first rotor and/or a second
rotor of a rotary wing aircraft according to the claims. In this procedure, each blade element is identified by means of its
distance r to the first rotor axis and its azimuth angle ψ. Moreover, the aforementioned na sectors of the disc of this first
rotor correspond to divisions of the range of azimuth angles.
[0009] In the described procedure, the geometric data that are determined for a blade are basically the torque distri-
bution along the blade θ0(r) and the chord distribution along the blade c(r). Likewise, the external actions that are
determined to act on a blade are: the local angle of attack of the blade αr, the local Mach number Mr, and the local lift,
drag and moment coefficients of each blade cl, cd and cm, respectively.
[0010] The procedure also comprises the operations to:

a) express the flapping β and the drag ς as a function of azimuth ψ, using for this purpose a Fourier series development: 

b) minimize the errors associated with the dynamic balance calculation by calculating virtual works with coefficients
analogous to the Lagrange multipliers, Qa0, Qai and Qbi, for both cases of flapping β and drag ς, expressing these
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multipliers as a function of the coefficients a0, ai, and bi,
c) reiterate the calculation process in order to minimize the total moments, using a certain characteristic scheme
convergence time.

[0011] It has been verified that, in this procedure, the minimum characteristic time that is reached is of the order of
four times the integration step.
[0012] During the procedure, at the end of each iteration, the induced velocity for each blade element is calculated,
and this will be used in the next iteration to obtain the aerodynamic velocity of the blade element. To calculate the induced
velocity, the local induced velocity vi(s) and the induced velocity resulting from the aerodynamic force of a blade element
vi

+(s) are related via a standard relationship vi(s) = G(s)vi
+(s), where G(s) is a transfer function that can be approximated

by the following expression as a function of the characteristic time At: 

[0013] When there is interference between the first rotor and a very close second rotor, e.g. a tandem rotor or a rotor
counter-rotating on the same axis as the first rotor, the procedure also comprises the inclusion, in the calculation of the
aerodynamic velocity of each blade element of each rotor, of not only the induced velocity of the first rotor but also that
of the other rotor, to obtain a reference induced velocity vip, resulting from the action of this second rotor prevailing at a

specific point of the first rotor disc, defined by its coordinates (rip, ψip), and filtering of this reference induced velocity vip.

[0014] The procedure accounts for the variation in the lift due to the so-called ground effect, which is modeled by
means of the reduction in induced velocity that it causes, such that the induced velocity with ground effect (vi)IGE is
related to the induced velocity without ground effect (vi)OGE via the ground effect factor, kG, which is the ratio between
these magnitudes.
[0015] This ground effect factor kG is also defined as a function of the following parameters: rotor radius R, rotor
distance to the ground zG, and the distance to the ground at which it is considered that the rotor is outside the ground
effect zG max, where kG: 

[0016] The invention also comprises a physical performance simulator for the rotor of a rotary wing aircraft which uses
the described procedure.

DESCRIPTION OF THE DRAWINGS

[0017] Following is a description of the form of embodiment of the object of this invention, and for a better understanding
thereof it is accompanied by drawings, provided merely by way of illustrative, non-limitative examples, where:

Figure 1 shows a generic helicopter whose rotor is going to be modeled, with schematic ground plan, elevation and
lateral views, in which a system of axes (xR,yR,zR) associated to the rotor has been defined.
Figure 2 shows the convention of signs used for the flapping β(ψ) and for the drag ζ(ψ) of the rotor, for which a blade
reference system (xP, yP zP) and a virtual blade reference system (xP’, yP’, zP’) are used.
Figure 3 shows a typical diagram of partition into the blade elements normally used in the state of the art.
Figure 4 shows a new partition made in the rotor disc, as described in this invention.
Figure 5 shows a blade section, indicating some of the aerodynamic actions to which the blade is subjected.
Figure 6 shows the feedback loop in the calculation of the Fourier coefficients on determining the flapping and drag
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functions.
Figure 7 schematically shows the situation of interference between the first rotor and the anti-torque rotor.
Figure 8 is a simplified view of the situation of interference between tandem rotors.

DESCRIPTION OF A FORM OF EMBODIMENT

[0018] The helicopter subject to the simulation proposed by this invention is schematically represented by the three
views (elevation, ground plan and lateral) of Figure 1. For this helicopter, some reference rotor axes (xR,yR,zR) are
defined, as given by: axis zR in the axis of rotation downward, axis xR perpendicular to zR forward, and axis yR to the
right of xR and zR.
[0019] In addition to the system of rotor axes (xR,yR,zR) associated with the helicopter rotor, other reference systems
have been defined that can be easily understood by looking at figure 2: a system of blade axes (xP, yP, zP’) and a system
of virtual blade axes (xP’, yP’,zP’); these reference systems will be described hereinafter. In this description, this helicopter
rotor is also called the first rotor.
[0020] Figure 2 also shows the convention of signs used for the azimuth angle ψ, the flapping β and the drag ς. The
azimuth angle ψ is worth 0 forward, in the drawing (xR, zR), and π/2 to the right, in the drawing (yR,zR). The rotor rotational
velocity Ω = ψ is positive as per zR. The blade reference axes (xP, yP, zP’) coincide with the rotor axes when ψ = βh= ς
h= 0, and they always accompany the blade in its rotation, flapping and drag as a rigid solid. The virtual blade reference
axes (xP’, yP’, zP’) coincide with the blade axes when βh= ς = 0, and with the rotor axes when ψ =0; they accompany
the blade in its rotation but not in its flapping or drag. The flapping β is positive upward, and the drag ς is positive in the
direction of overtaking the blade, i.e., in the same direction as ψ (with this sign convention for the drag, it should be
called "lead").
[0021] To date, helicopter simulation models have normally used a blade element model, which assumes that each
element of each blade behaves at all times as a two-dimensional profile. One possible implementation is to divide each
blade into a certain number of blade elements (ne), and these elements are linked to it along its span. Figure 3 shows
a classic partition like the ones used in the past, and which are still used today, where each blade is partitioned by using,
for example, three blade elements (ne = 3). By formulating the corresponding equations that determine the rotor move-
ment, the aerodynamic actions for each blade are obtained in each iteration; the forces are transmitted to the helicopter,
and the moments with respect to the articulations determine the evolution of each blade’s flapping and drag. The main
complication that arises on applying this method is that this implementation requires a high frequency of integration to
have enough azimuth resolution when calculating the flapping, drag and derivatives (very high frequencies of flapping
and drag evolution would have to be reproduced).
[0022] With the model of this invention, an alternative to the blade element model is proposed that decreases the
frequency of integration and the burden of calculation associated with resolution of the equations; figure 4 shows an
example of the partition that is made. According to this procedure, the discretization is done on the rotor disc instead of
on each blade, meaning that the blade elements of the partition are linked to the disc (which does not rotate) instead of
to each blade. With this procedure of linking the blade elements to the rotor disc and not to the blade, each blade passes
through a range of azimuth angles in one iteration; the corresponding blade elements provide the aerodynamic actions
on the helicopter. Each blade is divided longitudinally into ne elements, and the rotor disc into na sectors, corresponding
to divisions of the range of azimuth angles. Therefore, partitions are made on ne·na blade elements. Each blade element
is identified by means of its distance to the rotor axis r and its azimuth angle ψ. Figure 4 shows a possible discretization
with 4 equispaced elements per blade (ne= 4), and 12 angular sectors (na=12, such that ne·na = 4·12 = 48). As seen in
figure 4, the position in which the calculations of each blade element are made is marked with a point.
[0023] The helicopter rotor blades, when they are in motion, are subject to a series of aerodynamic forces; figure 5
shows a section of a generic rotor blade, as well as some of the aerodynamic actions to which this blade is subjected.
Figure 5 also contains a drawing of the blade axis reference system (xP, yP, zP), where axis xP is orthogonal to the plane
defined by this figure. The blade has an angle of attack αr on the incident flow V, providing a lift L, a drag D and a pitching
moment M. For each blade element as per the partition proposed in this invention with ne·na sectors, the graphs of
aerodynamic forces of the profile as a function of the local aerodynamic parameters are known, basically the distance
r of the blade element to the rotor axis, the angle of attack α r and the local Mach number Mr. Also known are the torque
distribution along the blade θ0(r) and the chord distribution along the blade c(r); the usual thing is for θ0(r) to be linear
and c(r) constant.
[0024] Each blade element in each azimuth produces a lift dL/dr and a drag dD/dr per unit of span along the blade.
The aerodynamic actions of the blade element do not include moments or lateral force, although it is easy to introduce
them if they are eventually needed. To calculate the lift and drag of the blade element, the local aerodynamic conditions
(at least the Mach number Mr and angle of attack αr) must first be calculated. This is done by identifying movements of
rotation, flapping and drag, adding the velocity owing to the movement of the helicopter as a rigid solid, and adding the
contributions of wind and induced velocity. The angle of geometric torque of the blade in each element must be accounted

·
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for. The induced velocity is obtained for each blade element in each azimuth separately, instead of assuming a uniform
induced velocity in the disc as a whole.
[0025] The described procedure enables the calculation of the forces and moments to which the rotor blades are
subjected when a helicopter is in motion, as a function of a given series of parameters. Once these forces and moments
are known, the rotor performance can be determined and this is what really enables its simulation. Therefore, the steps
followed by the simulation procedure are basically as follows:

a) Determination of the geometric blade data, basically the torque distribution along the blade θ0(r) and the chord
distribution along the blade c(r) (usually θ0(r) is linear and c(r) constant).
b) Determination of the external actions on the blade: the blade’s local angle of attack αr, the local Mach number
Mr, and each blade’s local lift, drag and moment coefficients c1, cd and cm, respectively.
c) Identification of the dynamic rotor balance (sum of forces and sum of moments equal to zero).

[0026] Once these steps are completed, we then proceed to:

1) Express the flapping β and the drag ς as a function of the azimuth ψ, using a Fourier series development to do so: 

2) Minimize the errors associated with the dynamic balance calculation by calculating virtual works with appropriate
coefficients.
3) Reiterate the calculation process so that the total moments tend to be minimized at all times. For this purpose,
the characteristic scheme convergence time must be studied, because it will set a limit on the frequencies that can
be reproduced under non-stationary conditions. As will be explained hereinafter, it has been verified that the char-
acteristic time that is reached is of the order of four times the integration step.

[0027] The total force, the total moment, the rotor torque and the moments on the plate are obtained by integrating
aerodynamic and inertial forces and moments on part of the rotor surface. The integration variables are r and ψ.
[0028] For the integration, the field of forces and moments on the rotor is adjusted to rotor axes by an analytically
piecewise integratable function, using as control points the stations to be discretized. This function is integrated on the
rotor surface swept by the blades in the time corresponding to one iteration. This gives the total force and total moment
referred to the origin of the rotor axes, torque in the axis and moments on the plate.
[0029] On calculating the rotor moments (pitching and warping moments, and torque), the articulation mechanism
between the rotor axis and the blade must be accounted for. If, for example, the blade is fully articulated in flapping, no
moments are transmitted as per the articulation axis, but the total force applied to the articulation does generate total
moment. This total force in the articulation includes the resulting reaction of the blade inertia forces.
[0030] For each azimuth, the total moments of flapping and drag caused by aerodynamic forces are calculated. For
these calculations, the aerodynamic forces expressed in blade axes are used.
[0031] The integrations are done numerically, using the blade elements that are discretized. It is similar to the integration
of the aerodynamic actions in the rotor, but it is done separately for each discretized azimuth, i.e., it is integrated into
one variable (r) instead of two (r and ψ).
[0032] As already indicated, the flapping β and drag ς functions can be defined by Fourier coefficients as a function
of the azimuth ψ, using a Fourier series development for this purpose: 

[0033] For a correct simulation, under both stationary and transitory conditions, the flapping and drag functions should
give rise to a kinematics of the blades and some resulting actions (aerodynamic, inertial and external actions on the
blades) that are in dynamic balance in flapping and drag at all times, i.e., they comply with the condition that the total
moment in flapping with respect to the flapping articulation and the total moment in drag with respect to the drag articulation
(including inertia in both cases) are zero for each blade at any given time. In general, this does not happen and the
Fourier development coefficients that will satisfy the dynamic balance must be found.
[0034] A possible procedure consists of finding, for each moment, the series of Fourier coefficients that minimizes the
aforementioned total moments. This is impractical for a real-time simulation because it would require many evaluations
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of the complete dynamic model, which would entail a lot of execution time and there would be no assurance that it could
be completed in a set time.
[0035] Another alternative is to implement a loop that feeds back the dynamic balance errors to the Fourier coefficients
so that the total moments tend to be minimized at all times. This is a practical solution for a real-time simulation because
it requires little execution time (and no re-evaluation of the dynamic model), and it would be the same in each integration
step. However, the characteristic scheme convergence time has to be studied, because it will place a limit on the
frequencies that can be reproduced under non-stationary conditions. In practice, the characteristic time that is reached
is of the order of four times the integration step; this is usually sufficient for the real-time simulation for training.
[0036] The equations for rotor balance (balance of forces and moments) on the flapping articulation are: 

where the terms Fhb
, Fe, Mhb

 and Meb
, are, respectively, the force that acts on the vehicle applied to the flapping

articulation, the force resulting from the external forces on the blade, the moment on the flapping articulation and the
moment of the external forces in axes "x" and "z" on the flapping hinge. Other terms used in the equation are the blade
mass mp, and the position of the blade’s center of gravity rcg.

[0037] The total flapping moment is obtained as the integral along the blade of the arm multiplied by the force in the
axis. The arm is rcg - eb, where eb is the distance from the rotor axis to the flapping articulation.
[0038] The second derivative of the flapping function can be expressed as: 

and, in turn, the terms ,IbIbc are, respectively, the flapping moment of the external forces, the moment of inertia of

the blade with respect to the flapping articulation and a mass property of the blade. The latter two are defined by: 

[0039] The equations for rotor balance (balance of forces and moments) on the drag articulation are: 

 where the terms Fha
, Fe, Mha

, and Mea
, are, respectively, the force that acts on the vehicle applied to the drag articulation,

the force resulting from the external forces on the blade, the moment on the drag articulation and the moment of the
external forces on the drag hinge.
[0040] The total drag moment is obtained as the integral along the blade of the arm multiplied by the force in the axis.
The arm is rcg - ea, where ea is the distance from the rotor axis to the drag articulation.
[0041] The second derivative of the drag function can be expressed as: 
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and, in turn, the terms  Ia are, respectively, the moment of the external forces on the drag articulation and the

moment of inertia of the blade with respect to the drag articulation.
[0042] It can thus be seen that the balance equations depend on the flapping and drag functions and their derivatives;
if these functions are expressed as a Fourier series development, as explained above, the problem now is to find a
simple form of the expressions for the coefficients of this development.
[0043] As already indicated, one alternative is to implement a loop that feeds back the dynamic balance errors to the
Fourier coefficients so that the total forces and moments tend to be minimized at all times. This is very practical for a
real-time simulation because it requires little execution time that is the same in each integration step. In practice, it has
been verified that, for real-time simulation for purposes of training, it usually suffices that the characteristic time be of
the order of four times the integration step.
[0044] The feedback loop implementation is shown in figure 6. Once the kinematics of the rotor and its blades is known,
along with the external actions and especially those that act on the blades, the dynamic balance is identified in the
aforementioned manner, using the force and moment balance equations. These equations are used to find the dynamic
balance errors that tend to minimize the total moments, for which purpose the principle of virtual works is applied to
obtain coefficients analogous to the Lagrange multipliers Qa0, Qai and Qbi, for both cases of flapping and drag. These
multipliers Qa0, Qai and Qbi can be expressed as a function of the coefficients a0, ai, and bi, in order to find a transfer
function K(s), usually given by a matrix, that relates the coefficients a0, ai, and bi and their respective derivatives. When
new values of the coefficients a0, ai, and bi are obtained, it will be possible to execute a new iteration, based on the fact
that the balance equations are given as a function of the azimuth ψ using the aforementioned Fourier series development.
[0045] The feedback matrix K(s) includes disconnection between modes, feedback coefficients for each mode and, if
necessary, offset filters for each mode. The multipliers Qa0, Qai and Qbi are passed through the transfer function K(s)
to obtain the derivatives of the Fourier coefficients a0,ai,bi.
[0046] For the flapping problem, the following approximations are considered as valid:

• local angle of attack: αr - αr0 ≈ -β’(ψ)
• local lift coefficient: cl - cl0 ≈ -clα · β’(ψ)
• local dynamic pressure: q - q0 ≈ 0

[0047] In the case of drag, the multipliers Qa0, Qai and Qbi can be approximated with linear functions of a0, ai, and bi;
the resulting expressions are as follows: 

where:

• Mβ is the total moment of the flapping articulation,
• kI = Ω2 · I, where Ω is the rotor rotational velocity, and I is the approximate moment of inertia of a blade along the blade,

•   where c is the blade chord, c1α is the slope of c1 versus αr, ρ is the air density and R is the

rotor radius.

[0048] Therefore, the resulting values of a0,ai,bi, as a function of the multipliers Qa0, Qai and Qbi, are: 

· · ·

· · ·
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or else as a function of ai and bi: 

the value of the transfer function K(s), the matrix that relates the different coefficients and their derivatives, can be seen
in the two preceding expressions. In turn, the values of m0 and mi are: 

where τ0 is the characteristic time associated with the coefficient a0 and τi the characteristics times associated with the
coefficients ai, bi.
[0049] As indicated above, it is possible to insert offset filters between the Fourier multipliers and coefficients; if Hi(s)
if the offset factor for the coefficients of order i, the feedbacks are: 

[0050] Just as with the flapping procedure, the drag function can be treated in a similar way. A development similar
to the flapping procedure is used to determine the feedback of the drag function; the differences between the two are
indicated below. The linearizations developed are as follows:

• local angle of attack:  

• local lift coefficient:  
• local dynamic pressure: q-q0≈ρ·(rΩ)2·ζ’(ψ)

[0051] The multipliers for the drag Qa0, Qai and Qbi can be approximated with linear functions of a0, ai, and bi; the
resulting expressions are as follows: 
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such that:

•   where c is the blade chord, c1α is the slope of c1 versus αr, ρ is the

air density, R is the rotor radius and vi is the local induced velocity.

• kI0 =Ω
2·mp · ea ·rcg where Q is the rotor rotational velocity, mp is the blade mass, ea is the x-axis of the drag articulation

and rcg is the x-axis of the blade’s center of gravity.
• kI2 = Ω2 · I where Ω is the rotor rotational velocity, and I is the approximate moment of inertia of a blade along the blade,

[0052] For this case, the feedbacks are: 

[0053] In turn, the values of m0 y mi are: 

[0054] At the end of each iteration, the induced velocity is calculated for each blade element. This induced velocity
will be used in the next iteration to obtain the aerodynamic velocity of the blade element.
[0055] Several models can be used to determine the induced velocity. The simplest one is to apply the theory of
amount of motion or amount of modified motion. The procedure consists of obtaining the traction per unit of surface area
and calculating the induced velocity in the blade element that would give the same traction per unit of surface area. The
procedure proposed by this invention consists of relating the local induced velocity and the induced velocity resulting
from the aerodynamic force of a blade element via the following ratio: 

where vi(s) is the local induced velocity, vi
+(s) is the induced velocity resulting from the aerodynamic force of a blade

element, and G(s) is a transfer function that can be approximated by the following expression as a function of the
characteristic time Δt: 

[0056] The filter G(s) introduces a feedback in the rotor dynamics with characteristic time Δt. This feedback could give
rise to frequency responses that are too high to be reproduced by numeric integration, which would cause spurious
vibrations in the rotor response. To prevent this, the value of Δt is limited to below a previously selected value τG; this
value must be greater than the inverse of the integration frequency but as low as possible. Typically it will be around
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four times the inverse of the integration frequency.
[0057] In the case of different blades, the transfer function G(s) connects the mean of the vi

+ of the rotors to the vi of
each rotor. It would not be correct to connect the vi

+ of the rotor of each blade to the vi of the rotor of the next blade,
because the inertia of the air pipe prevents it from changing abruptly due to the pitch of a single blade. It can also be
seen that this would be replacing a -KG(s) type of feedback loop with another type (-KG(s))b, which is slower and probably
even has the sign changed (an even number of blades means unstable positive feedback, instead of stable negative
feedback).
[0058] Another specific case that should be considered is interference between rotors; when several rotors are sim-
ulated, it can happen that the disc of one of them is completely or partially inside the current-induced flow in another
one upstream or downstream. This happens in the case of an anti-torque rotor that is inside the induced flow of the first
rotor. It can also happen that there is a reciprocal relation and that one rotor is in the induced flow of another and the
second in the induced flow of the first; this is the case of tandem rotors, or rotors counter-rotating on the same axis. The
solution in all cases is to include not only each rotor’s own induced velocity, but also that of the other rotors, in the
calculation of the aerodynamic velocity of each blade element of each rotor. To this end, not only the distribution in the
disc but also the spatial distribution of induced flow will have to be taken into consideration.
[0059] Figure 7 graphically shows a case of interference between the helicopter’s first rotor and the anti-torque rotor.
To simplify the figure, a uniform induced velocity distribution has been shown, but this is generally not the case. Since
the anti-torque rotor as a whole is affected, and since it is much smaller than the first rotor, a reference induced velocity
vip due to the anti-torque rotor can be calculated. This induced velocity vip is the one prevailing at a specific point of the

first rotor disc, which is defined by its coordinates (rip, ψip), and it can be adequately filtered so that it smoothes out over

time and becomes attenuated in space and time.
[0060] To calculate (rip, ψip), it is assumed that the flow is displaced with respect to the air mass without disturbance,

i.e., that for a same distribution of induced velocities, it is displaced as a function of the helicopter’s aerodynamic velocity.
In each instant of time, the value of vip obtained in the preceding instant can be used as an approximation to obtain (rip,

ψip). In this way, to obtain (rip, ψip), the intersection with the first rotor of a line that departs from the anti-torque rotor is

found; the direction of this line is vaa
 - vip, where vaa is the aerodynamic velocity of the anti-torque rotor with respect to

the air mass without disturbance, and using the past value of vip.

[0061] If the size of the rotor is not negligible with respect to the distribution of induced flow that affects it, the procedure
is the same, except that, for each blade element of the affected rotor, the point (rip, ψip) in the other rotor is calculated.
This happens, for example, in the case of two tandem rotors, as shown in figure 8. To simplify the figure, a uniform
induced velocity distribution equal in the two rotors has been shown; as a general rule, the relation between affected
points of the two rotors is not reciprocal (as their corresponding induced velocities are not equal), and the distributions
are not uniform.
[0062] In all cases, to obtain vip at the point (rip, ψip), an interpolation will be necessary between values in the blade

elements, and to obtain (rip, ψip), the past value of the induced velocity will be used in the past value of (rip, ψip).

[0063] In the case of rotors very near to each other (e.g., the tandem rotors of figure 8), it is possible to neglect the
displacement of (rip, ψip) with the aerodynamic velocity and induced velocity changes and assume that the interference
relationship between a point in one rotor and the corresponding point in the other rotor is fixed, e.g. owing to a vertical
induced velocity and a null aerodynamic velocity.
[0064] Another effect that should also be considered in the simulation is the so-called ground effect, which is manifested
by the variation in lift that occurs when the aircraft approaches the ground; another situation in which the ground effect
can be relevant is when the helicopter is in stationary flight and there is a building, e.g. a skyscraper, in the proximity of
its vertical.
[0065] The ground effect is accounted for in the rotor model only through induced velocity; therefore, any induced
velocity model that is used should include ground effect.
[0066] The ground effect is modeled by means of the reduction caused in the induced velocity. This reduction acts on
the induced velocity caused by each blade element, so that if the delay in establishment of flow is simulated, the induced
velocity should be modified for ground effect at source, and not in its application.
[0067] Theoretically, the ground effect is manifested as an increase of thrust at constant power, or a decrease of power
at constant thrust, or a reduction of induced velocity. The induced velocity inside ground effect (vi)IGE is related to the
induced velocity outside ground effect (vi)OGE by the ground effect factor, kG, which is the ratio between these magnitudes.
kG is also related to the ratio between the rotor radius R and the distance to the ground zG. It is possible to use, for
example, the ground model of Cheeseman’s theory (see J. Gordon Leishman, Principles of Helicopter Aerodynamics.
Cambridge Aerospace Series, 2000), which in its original form relates the induced velocity inside ground effect to the
induced velocity outside ground effect with the following equation: 
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[0068] This distance zG is calculated for each blade element perpendicularly to the disc to account for local effects,
e.g. non-uniform ground effect in the disc due to obstacles or to the rotor inclination.
[0069] To prevent kG from taking on negative, non-representative values, and to limit the distance at which the ground
monitoring system should search for ground under the rotor, a distance to the ground zG max at which it is considered
that the rotor is outside ground effect is chosen, and kG is redefined as: 

limited to the interval [0,1]
[0070] It is advisable to refer zG max/R to the value of R so that the ground effect influence will only depend on the
dimensionless parameter zG/R.
[0071] The considerations concerning the first rotor should be extended to the case of the anti-torque rotor and also
to the case in which the helicopter has two tandem rotors, although in this situation the calculation of the aerodynamic
velocity of each blade element of each rotor should include not only its own induced velocity, but also that of the other
rotors. To this end, the spatial distribution of flow in the rotor disc should be considered together with the distribution of
the induced flow.
[0072] It should be noted that the grounds for the proposed procedure are valid not only for the real-time simulation
of the rotor of a rotary wing aircraft, but also for other devices that employ rotors, e.g. wind generators, turbines, com-
pressors and fans, with the peculiarity of absence of flapping and drag (β=ς=0). Likewise, the study made for the case
of a compressible fluid such as air can be extended to the case of non-compressible fluids such as water; consequently,
this simulation procedure can also be extended to other objects such as the blades of a ship’s propeller.

Claims

1. Computer implemented performance simulation procedure for a first rotor and/or a second rotor of a rotary wing
aircraft to obtain real-time simulation for the training of pilots of rotary wing aircraft, which comprises the operations to:

determine the geometric data of one blade of the first rotor, on the basis of which the movement of this first
rotor is determined;
determine the blade’s local angle of attack αr, and the local Mach number M;
determine the external actions that act on a blade in each iteration of a plurality of iterations and each blade’s
local lift, drag and moment coefficients cl, cd and cm, respectively,
discretize the blades of the first rotor into blade elements to identify the dynamic balance of this first rotor,
such that

a) the discretization is done on the first rotor disc and, therefore, each of these blade elements is linked to
this first rotor disc, which does not rotate, and
b) this discretization divides the first rotor disc into na sectors and each blade longitudinally into ne blade
elements,

characterized in that it also comprises the operation to:

calculate, at the end of each iteration, the induced velocity for each blade element, which will be used in
the next iteration to obtain the aerodynamic velocity of the blade element,
and for simulating interference between the first rotor and a very close second rotor, e.g. a tandem rotor
or a rotor counter-rotating on the same axis as the first rotor, the procedure also comprises:
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inclusion, in the calculation of the aerodynamic velocity of each blade element of each rotor, of not only its
own induced velocity but also that of the other rotor, to obtain a reference induced velocity vip, resulting
from the action of this secondary rotor prevailing at a specific point of the first rotor disc, defined by its
coordinates (rip, ψip), and
filtering of this reference induced velocity vip.

2. Computer implemented procedure as per claim 1, characterized in that each blade element is identified by means
of its distance r to the axis of the first rotor and its azimuth angle ψ.

3. Computer implemented procedure as per claim 1 or claim 2, characterized in that these na sectors of the main
rotor disc correspond to divisions of the range of azimuth angles.

4. Computer implemented procedure as per any of the preceding claims, characterized in that the geometric data
that are determined for a blade are basically the torque distribution along the blade θ0(r) and the chord distribution
along the blade c(r).

5. Computer implemented procedure as per any of the preceding claims, characterized in that it also comprises the
operations to:

a) express the flapping β and the drag ς as a function of the azimuth ψ, using for this purpose a Fourier series
development: 

b) minimize the errors associated with the dynamic balance calculation by calculating virtual works with coeffi-
cients analogous to the Lagrange multipliers, Qa0, Qai and Qbi, for both cases of flapping β and drag ς, expressing
these multipliers as a function of the coefficients a0, ai, and bi,
c) reiterate the calculation process in order to minimize the total moments, using a certain characteristic scheme
convergence time.

6. Computer implemented procedure as per claim 5, characterized in that the minimum characteristic time that is
reached is of the order of four times the integration step.

7. Computer implemented procedure as per any of the preceding claims, characterized in that, to calculate the induced
velocity, the local induced velocity vi(s) and the induced velocity resulting from the aerodynamic force of a blade
element vi

+(s) are related via a standard relationship vi(s) = G(s)vi
+(s), where G(s) is a transfer function that can be

approximated by the following expression as a function of the characteristic time Δt: 

8. Computer implemented procedure as per any of the preceding claims, characterized in that it also comprises
accounting for the variation in the lift due to the so-called ground effect, which is modeled by means of the reduction
in induced velocity that it causes, such that the induced velocity with ground effect (vi)IGE is related to the induced
velocity without ground effect (vi)OGE via the ground effect factor, kG, which is the ratio between these magnitudes.

9. Computer implemented procedure as per any of the claims 1 to 7, characterized in that it also comprises accounting
for the variation in the lift due to the so-called ground effect with the ground effect factor, kG, as a function of the
following parameters: rotor radius R, rotor distance to the ground zG, and distance to the ground at which it is
considered that the rotor is outside the ground effect zG max, where kG
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10. Real-time rotor performance simulator for a rotary wing aircraft, characterized in that it implements the computer
implemented procedure as per any of the claims 1 to 9.

Patentansprüche

1. Computerimplementierte Leistungssimulationsprozedur für einen ersten Rotor und / oder einen zweiten Rotor eines
Drehflügelluftfahrzeugs, um eine Echtzeitsimulation für das Training von Piloten von Drehflügelluftfahrzeugen zu
schaffen, die folgende Verfahrensschritte umfasst:

Bestimmen der geometrischen Daten eines Blattes des ersten Rotors, auf deren Grundlage die Bewegung
dieses ersten Rotors bestimmt wird;
Bestimmen des lokalen Anstellwinkels aτ des Blattes und der lokalen Machzahl M;
Bestimmen der externen Wirkungen, die auf ein Blatt in jeder Iteration einer Vielzahl von Iterationen wirken,
und der lokalen Hub-, Widerstands- und Momentkoeffizienten ci, cd und cm jedes Blattes;
Diskretisieren der Blätter des ersten Rotors in Blattelemente, um das dynamische Gleichgewicht dieses ersten
Rotors zu identifizieren,

so dass

a. die Diskretisierung erfolgt auf der ersten Rotorscheibe und daher ist jedes dieser Blattelemente mit dieser
ersten Rotorscheibe, die sich nicht dreht, verbunden, und
b. diese Diskretisierung teilt die erste Rotorscheibe in na Sektoren und jedes Blatt längs in ne Schaufelelemente,

dadurch gekennzeichnet, dass es auch die Schritte umfasst, um:

am Ende jeder Iteration die induzierte Geschwindigkeit für jedes Blattelement zu berechnen, die in der nächsten
Iteration verwendet wird, um die aerodynamische Geschwindigkeit des Blattelements zu erhalten,
und zum Simulieren
der Interferenz zwischen dem ersten Rotor und einem sehr nahen zweiten Rotor, z.B. ein Tandemrotor oder
ein Rotor, der sich auf der gleichen Achse wie der erste Rotor gegenläufig rotiert, das Verfahren umfasst auch:
Einschließen bei der Berechnung der aerodynamischen Geschwindigkeit jedes Blattelementes jedes Rotors
nicht nur seiner eigenen induzierten Geschwindigkeit, sondern auch derjenigen des anderen Rotors, um eine
Referenzinduktionsgeschwindigkeit vip zu erhalten, die aus der Wirkung dieses Sekundärrotors resultiert, die
bei einem bestimmten Punkt der ersten Rotorscheibe herrscht, definiert durch ihrer Koordinaten (rip, ψip), und
Filtern dieser induzierten Geschwindigkeit vip.

2. Computerimplementiertes Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass jedes Blattelement mittels
seines Abstandes r zur Achse des ersten Rotors und seines Azimutwinkels ψ identifiziert wird.

3. Computerimplementiertes Verfahren nach Anspruch 1 oder Anspruch 2, dadurch gekennzeichnet, dass diese na
Sektoren der Hauptrotorscheibe Teilungen des Umfangs von Azimutwinkeln entsprechen.

4. Computerimplementiertes Verfahren nach einem der vorhergehenden Ansprüche, dadurch gekennzeichnet, dass
die geometrischen Daten, die für ein Blatt bestimmt werden, grundsätzlich die Drehmomentverteilung entlang des
Blattes θ0(r) und der Akkordverteilung entlang des Blattes c(r) sind.

5. Computerimplementiertes Verfahren nach einem der vorhergehenden Ansprüche, dadurch gekennzeichnet, dass
es auch die folgenden Verfahrensschritte umfasst:
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a. Ausdrücken des Flatterns ß und des Zugs ς; als eine Funktion des Azimuts ψ, wobei zu diesem Zweck eine
Fourier-Reihenentwicklung verwendet wird: 

b. Minimieren der mit der Berechnung des dynamischen Gleichgewichts verbundenen Fehler durch Berechnen
virtueller Werke mit zu den Lagrange-Multiplikatoren Qao, Qai und Qbi analogen Koeffizienten für beide Fälle
von Flattern ß und Zug ς, wobei diese Multiplikatoren als Funktion der Koeffizienten a0, ai und bi ausgedrückt
werden,
c. Wiederholen des Berechnungsprozess, um die Gesamtmomente zu minimieren, indem eine bestimmte Kon-
vergenzzeit des charakteristischen Schemas verwendet wird.

6. Computerimplementiertes Verfahren nach Anspruch 5, dadurch gekennzeichnet, dass die minimale charakteris-
tische Zeit, die erreicht wird, in der Größenordnung des Vierfachen des Integrationsschritts liegt.

7. Computerimplementiertes Verfahren nach einem der vorhergehenden Ansprüche, dadurch gekennzeichnet, dass
zur Berechnung der induzierten Geschwindigkeit die lokale induzierte Geschwindigkeit vi(s) und die aus der aero-
dynamischen Kraft eines Blattelements vi+(s) resultierende induzierte Geschwindigkeit über eine Standardgleichung
vi(s) = G(s)vi

+(s) in Beziehung stehen, wobei G(s) eine Übertragungsfunktion ist, die durch den folgenden Ausdruck
als eine Funktion der charakteristischen Zeit Δt angenähert werden kann: 

8. Computerimplementiertes Verfahren nach einem der vorhergehenden Ansprüche, dadurch gekennzeichnet, dass
es auch die Berücksichtigung der Variation des Auftriebs aufgrund des sogenannten Grundeffekts umfasst, der
durch die Verringerung der induzierten Geschwindigkeit modelliert wird, die er verursacht, so dass die induzierte
Geschwindigkeit mit Grundeffekt (vi)IGE mit der induzierten Geschwindigkeit ohne Grundeffekt (vi)OGE über den
Bodeneffektfaktor kG in Beziehung steht, der das Verhältnis zwischen diesen Größen ist.

9. Computerimplementiertes Verfahren nach einem der Ansprüche 1 bis 7, dadurch gekennzeichnet, dass es auch
die Berücksichtigung der Variation des Auftriebs aufgrund des sogenannten Bodeneffekts mit dem Bodeneffektfaktor
kG in Abhängigkeit von folgenden Parameter umfasst: Rotorradius R, Rotorabstand zum Boden zG und Abstand
zum Boden, an dem der Rotor außerhalb des Bodeneffektes liegt ZG max, wobei kG wie folgt berechnet wird: 

10. Echtzeit-Rotorleistungssimulator für ein Drehflügelluftfahrzeug, dadurch gekennzeichnet, dass es das compute-
rimplementierte Verfahren nach einem der Ansprüche 1 bis 9 implementiert.
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Revendications

1. Procédure de simulation de performance mise en oeuvre par ordinateur pour un premier rotor et/ou un second rotor
d’un hélicoptère afin d’obtenir une simulation en temps réel pour la formation de pilotes d’hélicoptère, qui comprend
les opérations pour :

déterminer les données géométriques d’une pale du premier rotor, à partir desquelles le mouvement de ce
premier rotor est déterminé ;
déterminer l’angle d’attaque local αr de la pale et le nombre de Mach local M ;
déterminer les actions extérieures qui agissent sur une pale à chaque itération d’une pluralité d’itérations et les
coefficients de portance, de traînée et de moment locaux de chaque pale c1, cd et cm respectivement,
discrétiser les pales du premier rotor en éléments de pale pour identifier l’équilibre dynamique de ce premier rotor,

de façon que,

a) la discrétisation soit faite sur le disque de premier rotor et que, par conséquent, chacun de ces éléments de
pale soit relié à ce disque de premier rotor, qui ne tourne pas, et
b) cette discrétisation divise le disque de premier rotor en secteurs na et chaque pale longitudinalement en
élément de pale ne,

caractérisée en ce qu’elle comprend aussi l’opération pour :
calculer, à la fin de chaque itération, la vitesse induite pour chaque élément de pale, qui sera utilisée dans l’itération
suivante pour obtenir la vitesse aérodynamique de l’élément de pale, et pour simuler
une interférence entre le premier rotor et un second rotor très proche, par exemple des rotors en tandem ou un
rotor contrarotatif sur le même axe que le premier rotor, la procédure comprend également :
l’inclusion, dans le calcul de la vitesse aérodynamique de chaque élément de pale de chaque rotor, non seulement
de sa propre vitesse induite mais aussi de celle de l’autre rotor, pour obtenir une vitesse induite vip de référence,
résultant de l’action de ce rotor secondaire qui prévaut en un point spécifique du disque de premier rotor, définie
par ses coordonnées (rip, ψip) et filtrant de cette vitesse induite vip de référence.

2. Procédure mise en oeuvre par ordinateur selon la revendication 1, caractérisée en ce que chaque élément de
pale est identifié au moyen de sa distance r par rapport à l’axe du premier rotor et de son angle azimutal ψ.

3. Procédure mise en oeuvre par ordinateur selon la revendication 1 ou la revendication 2, caractérisée en ce que
ces secteurs na du disque du rotor principal correspondent à des divisions de la gamme d’angles azimutaux.

4. Procédure mise en oeuvre par ordinateur selon l’une quelconque des revendications précédentes, caractérisée
en ce que les données géométriques qui sont déterminées pour une pale sont essentiellement la répartition du
couple le long de la pale θ0(r) et la répartition de la corde le long de la pale c(r).

5. Procédure mise en oeuvre par ordinateur selon l’une quelconque des revendications précédentes, caractérisée
en ce qu’elle comprend aussi les opérations pour :

a) exprimer le battement β et la traînée ç en tant que fonction de l’azimut ψ, en utilisant pour ce faire un
développement de série de Fourier : 

b) minimiser les erreurs associées au calcul de l’équilibre dynamique en calculant des travaux virtuels avec
des coefficients analogues aux multiplicateurs de Lagrange, Qa0, Qai et Qbi, pour les deux cas de battement β
et traînée ç, en exprimant ces multiplicateurs comme une fonction des coefficients a0, ai et bi,
c) réitérer le procédé de calcul afin de minimiser les moments totaux, en utilisant un certain temps de convergence
de schéma caractéristique.

6. Procédure mise en oeuvre par ordinateur selon la revendication 5, caractérisée en ce que le temps caractéristique
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minimum qui est atteint est de l’ordre de quatre fois l’étape d’intégration.

7. Procédure mise en oeuvre par ordinateur selon l’une quelconque des revendications précédentes, caractérisée
en ce que, pour calculer la vitesse induite, la vitesse induite locale vi(s) et la vitesse induite résultant de la force
aérodynamique d’un élément de pale vi

+(s) sont liées via une relation standard vi(s) = G(s)vi
+(s), où G(s) est une

fonction de transfert qui peut être approchée par l’expression suivante en tant que fonction du temps caractéristique
Δt :

8. Procédure mise en oeuvre par ordinateur selon l’une quelconque des revendications précédentes, caractérisée
en ce qu’elle comprend aussi le calcul de la variation dans la portance due à ce qu’on appelle l’effet de sol, qui est
modelé par la réduction dans la vitesse induite qu’il provoque, pour que la vitesse induite avec effet de sol (Vi)IGE
soit liée à la vitesse induite sans effet de sol (Vi)OGE via le facteur effet de sol, kG, qui est le rapport entre ces grandeurs.

9. Procédure mise en oeuvre par ordinateur selon l’une quelconque des revendications 1 à 7, caractérisée en ce
qu’elle comprend aussi le calcul de la variation dans la portance due à ce qu’on appelle l’effet de sol avec le facteur
effet de sol, kG, en tant que fonction des paramètres suivants : rayon R du rotor, distance du rotor par rapport au
sol zG, et distance par rapport au sol à laquelle on considère que le rotor est à l’extérieur de l’effet de sol zGmax, où kG

10. Simulateur de performance de rotor en temps réel pour un hélicoptère, caractérisé en ce qu’il applique la procédure
mise en oeuvre par ordinateur selon l’une quelconque des revendications 1 à 9.
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