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ABSTRACT

Nowadays helicopter flight control in the most common con-
figurations is realized by collective and cyclic variation of the
angle of attack of each rotor blade. The collective blade con-
trol pitches the rotor blades to equal angles of attack around
their longitudinal axis, changing the rotor thrust at constant ro-
tor speed. Yaw and roll control is realized via cyclic blade mo-
tion by changing the angle of attack of every rotor blade local-
ly and periodically during one revolution. Although fly-by-wire
and fly-by-light technologies slowly have found entry into heli-
copter flight control systems in the last years, complex mecha-
nical systems are state-of-the-art to transfer all required control
signals and forces from the fuselage into the rotating main rotor
system. By Individual Blade Control (IBC) in higher harmonic
modes and with additional actuators in the rotating system, fu-
selage vibrationsand radiated noise can be reduced and as well
other IBC effects. This technology is subject of intensive rese-
arch work [1].

The intention of the research project INHUS (”Innovative
Steuerungskonzepte fiir Hubschrauber”) is the identification of
a combined actuation system for primary flight control and IBC,
which corresponds to the essential requirements of light weight,
low control power consumption and high reliability. Therefore,
a wide variety of technologies will be evaluated in terms of afo-
rementioned requirements, uneffected by known flight control
implementations in helicopters.

The content of this paper is the comparison of the required
power of different hydraulic and electric actuation systems, de-
signed on the basis of specification data of a 20 tons—helicopter
during several steady flight conditions.
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1 INTRODUCTION

Figure 1 shows a conventional flight control actuation system
for helicopters. On one hand the pitch angle ¥, at each root of
a rotor blade results from the collective and cyclic blade con-
trol of the primary flight control. They were realized by a pitch
link between the rotating part of the swashplate and the root of
the blade. If the swashplate is slantd forward or to the side, the
pitch angle of each rotor blade changes during a revolution (cy-
clic blade control). If the swash plate moves up or down, the
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pitch angle of all rotor blades changes at the same time (col-
lective blade control). Because of the high aerodynamic torques
M, that are encountered by the rotor blades, hydraulic actua-
tors are installed in the control system to assist the pilot moving
the swashplate [6]. On the other hand the pitch angle U, results
from the high frequency signals of the IBC-control. They are
realized by hydraulik actuators integrated into the pitch link.
The main rotor is driven by a shaft with constant speed Q.

M,,
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Fig. 1: conventional helicopter flight control system

It appears attractive to integrate primary flight control functi-
ons and IBC of an helicopter into one actuation system without
swashplate, located at each blade in the rotating system, to redu-
ce complexity and weight and to enhance reliability, availability
and maintainability of helicopter flight control systems.

With the selection of an adequate actuation system, control
power consumption is a fundamental criterion. Therefore the re-
quired power at each blade and thus of the whole rotor system,
based on measurement data in different steady flight conditions,
was determined. Subsequently, the losses and the control power
consumption of two hydraulic and one electrical actuation sy-
stem were determined respectively, based on specification data
of a 20 tons-helicopter, in an inverse calculation in identical
flight conditions.

2 POWER REQUIREMENTS

In this section, first the required power of the whole rotor system
is computed as a base for later comparison of control power
consumption of different actuation systems.

From tests in steady flight conditions with airspeeds

(1) ve{90,130} kt
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and orders
(2) ne{3,57}[-]

of higher harmonic IBC-signals the state variables of pitch angle
Op(¢) and load M (t) are available. Additionally, various phase
shifts and amplitudes of IBC-harmonics are conceivable, but
for demonstration purposes, they are set to a constant value in
this paper. From this measurement data the required power at
one single blade can be calculated with

() Py(t) = 0p(t) - Mpp(t).

A fundamental difference between various actuation systems is
their potential to transfer power between actuators of different
blades, which work in motor-mode or in generator-mode pe-
riodically. In an actuation system with cross supply power is
transfered from actuators in generator-mode to other actuators
in motor-mode. This has to be considered in the determination
of the control power consumption of the whole rotor system.
Therefore, two cases are considered below.

Actuation system with cross supply. The required power of
the whole rotor system is identified from the required power at
each single blade (see eq. (3)) with

k
(4) chs(t): ZPb(t)'
b=1

The mean value of the required power during one revolution of
the rotor system can be written as

Q 7
(5) chs:ﬂ'/(; chs(t) dt.
The left ordinate in figure 2 shows the mean values P, of the
required power of the whole rotor system in above mentioned
steady flight conditions. The right ordinate shows additionally
the difference

P

wces |with0ut IBC

(6) AP wes — _wcs |

with IBC

between the mean required power in identical flight conditions
with and without IBC.

It can be oberserved, that P, increases with rising airspeed v.
Also it can be stated that in most flight conditions with IBC mo-
re control power is required, but in some conditions little less
control power is observed. The results vary with the phase shift
neglected here, but they are in the same range. Further systema-
tics in the results are not observable.

All values in this paper are scaled with maximum occured
power Py.

Actuation system without cross supply. It depends on the in-
dividual actuation system, what happens with generated power
at the root of a single blade. However, in the actuation systems
without cross supply, considered in chapter 3 in this paper, this
condition requires a power input of the actuation system. So the
required power of a single blade is given with

k
@) Pwocs(t) = Z |Pb(t)|-
b=1
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Fig. 2: required power P,; with cross supply

Identical to eq. (5) the mean value of the required power during
one revolution of the rotor system P,0cs can be calculated. Fi-
gure 3 shows the mean values P, of the required power of the
whole rotor system in the left ordinate in identical flight con-
ditions shown in figure 2. The right ordinate again shows the
difference AP, to the mean required power in identical flight
conditions without IBC.
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Fig. 3: required power P,,¢; without cross supply

Generally, a higher power requirement can be determined here
in comparison with the results from figure 2, since no actuator in
motor-mode can be supplied from actuators in generator-mode.
Further systematic differences to the results in figure 2 can not
be observed.

3 HYDRAULIC VALVE CONTROL

The design of this actuation system for a single rotor blade in
principle is depicted in figure 4.

A linear hydraulic cylinder is connected to the rotor blade by
a lever with length /. The commanded pitch ¥, is controlled
with flows Q4 , = — Op to the cylinder by a 4/3-servovalve,
whereas the pressures p4 5 and pp, results due to the effective
piston area Ak and the loads My ; and Fj j, respectively. The val-
ve is connected to a constant pressure network, which delivers
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Fig. 4: hydraulic valve control in principle

the required flow

®)  Op(t) =10as(t)| = |08y (1)]

to the valve. Thus, the actuator also needs a power input, if
the state at the root of the blade is in generator-mode. So no
cross supply is possible. The constant pressure pg is assured
by a pressure controlled variable displacement hydraulic pump
(VDHP). This is an axial piston unit, driven from the main rotor
shaft. Due to the constant rotor speed €2, the pump speed Wy pyp
can be adjusted by a gearbox with ratio i,,. All components in
this system were designed according to specification data of a
20 tons—helicopter with IBC.

The losses in the servovalve in this system architecture are im-
manent, because the valve produces the required flows Q4 5, and
Qg from the constant pressure net by a variable orifice. Thus,
the power

) Psvp(t) = po-Qv(t) = (Pas(t) — ppas(t)) - Qp(t) ..
active power
-+ [po = pap(t) + pep(t)] - Ob(1)

power lossPst,b (1)

is transfered to each servovalve. Thus, the power P; sy 5 (7), des-
cribed in eq. (9), is always lost at the servovalve.

The losses P, yppp in the VDHP can be basically divided into
volumetric losses and hydraulic-mechanical losses. A detailed
theoretical description of the losses of this pump type is given
in [4]. The losses of the pump with respect to the specifications
are described in [3].

The ratio iy, in the way it is necessary here, has to be realized
in a three step spur gear. The efficiencies Mg (1) results from
estimations in [2].

Finally, the control power consumption of the whole rotor sy-
stem can be described with

1
N (t)

k
(10) Pyc(t) = (Z |Psv(t)] + Pl,VDHP(t)> '
b=1

According to the definitions in eq. (5) the mean values Py¢ of
the required power with IBC during one revolution of the ro-
tor system is depicted in the left ordinate in figure 5 in identi-
cal flight conditions as in chapter 2. No further comparisons to
flight conditions without IBC are made, because the design of
all components depends on the capability of the control system
to provide IBC. Thus higher losses results from flight conditi-
ons without IBC with the system design accomplished in this
paper. Additionally the overall efficiency

P,
(11) Mye = 2100 [%]
Pyc

is noted.
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Fig. 5: power consumption Py of hydraulic valve control

Similar to the results in chapter 2, the mean control power con-
sumption Py increases with rising airspeed v. Futher it can be
stated that by IBC only little more or even less control power
consumption occurs.

The low efficiencies Nyc =~ 6...8 % result from the specifi-
cation, which postulating a reserve for the rotating speed at the
root of a rotor blade ¥, and loads M, 1» for manouever demands.
These maximum speeds and loads were not achieved in the stea-
dy flight conditions considered here. Hence, high power losses
P sv» can be oberserved, as given in eq.(9).

4 HYDRAULIC DISPLACEMENT CONTROL

Figure 6 depicts the design principle of the actuation system
with hydraulic displacement control for a single rotor blade.
Similar to the system described in chapter 3 a linear hydraulic
cylinder is connected to the rotor blade by a lever with length
[. In this concept the commanded pitch 8. is controlled with
flows Q4 = — Qg to the cylinder by VDHP. The pressures
pap and ppy, results due to the effective piston area Ag and
the loads My ;, and Fr j respectively. The VDHP is driven with
a constant speed ®ypyp through a gearbox with the ratio iy,
by the main shaft with the speed Q. Also, all components in
this system were designed according to specification data of a
20 tons—helicopter with IBC.

The VDHP can operate as a motor during generator states at the
root of a rotor blade. Therefore, this actuation system allows a
power cross supply between single actuators by means of the
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Fig. 6: hydraulic displacement control in principle

mechanical connection between all actuators via shafts and the
gearbox.

The losses P,yprpy in the VDHP and the efficiency ng (1) of
the gearbox were mentioned in chapter 3 and can also be taken
from [2, 3, 4].

Hence, the control power consumption of the whole rotor sy-
stem is given with

1

12) P, .
(12) Ppc(t —

»(t) + Prvpupp(t)) -

k
Z My (1

Similar to figure 5 the mean values Ppc of the required power
during one revolution of the displacement controlled rotor sy-
stem is shown in figure 7. According to eq. (11) the efficiencies
Npc relating to the mean required power P, with cross supply
are noted.
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Fig. 7: power consumption Ppc of hydraulic displacement
control

In general, higher efficiencies Npc ~ 14...20 % in compari-
son to the efficiencies Myc of the hydraulic valve control can
be observed. The main reason for this is, that no immanent los-
ses occur at a valve . Further, no systematic differences to the
results in chapter 3 can be determined.

5 ELECTRIC CONTROL

The architecture of an electric controlled actuation system with
brushless DC-Motor for a single rotor blade is shown in princi-
ple in figure 8.

gearbox

motor

controller and inverter

rectifier

Fig. 8: electric control in principle

The axis of the rotor blade is connected directly to the output
of a gearbox with ratio iy, transforming the rotation speed B
and the load My, at the root of a rotor blade to the speed w4
and load M)y at the output shaft of the brushless DC-Motor.
Additionally, the intertia Jj; of the motor and Jg, of the gearbox
are considered in the torque

(13) My p(t) =Bp(t) - (I +Jgp)

since frequently changes in the direction of rotation of the motor
and gearbox are required.

The motor is energized by a converter, which controls the com-
manded pitch 9. ;. The converters of all motors are energized by
an intermediate direct current link. Thus, a power cross supply
between motors in motor-mode and generator-mode via the di-
rect current link is possible. A rectifier unit supplies the interme-
diate direct current link. Also, in this system all components are
designed according to specification data of a 20 tons—helicopter
with IBC.

The efficiencies ng;, are mentioned in the chapters 3 and 4 above
and are estimated from [2]. The losses of the motor are estima-
ted by measurements, which were done with a motor of same
type but from a different power class. These losses can be in-
tergrated to PLMJ, with the losses of the rectifier, described in
detail in [5, 7].

The control power consumption of the whole rotor system is
given with

(14)

k
Pec(t Z (Mpp(1) + My (1)) -Ngb(t) - Op (1) - +Praa (1)) -

The mean control power consumption during one revolution
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Prc is calculated identically to eq. (5) and are depicted in fi-
gure 9.
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Fig. 9: power consumption Pgc of electric control

In comparison to the efficiencies ny¢ of the hydraulic valve con-
trol and npc of the hydraulic displacement control the efficien-
cies Nec ~ 48...57 % are the highest. The main reason for
this is, that again no immanent system losses occur in this sy-
stem architecture. Further, the losses in a brushless DC-Motor
are comparatively small, if the operating point during steady
flight conditions is far away from the nominal operating point.

6 CONCLUSION

The paper presents two hydraulic and one electric actuation sy-
stem, located at each blade. These systems integrate helicopter
flight control system without swashplate and IBC. The requi-
red control power at a single rotor blade was calculated from
measurement data in different steady flight conditions. Based
on this, the required control power of the whole rotor system,
taking into account the possibility to transfer power from an
actuator in motor-mode to another actuator in generator-mode,
was computed.

Each system was designed by specifications of a 20 tons—
helicopter. The power losses and efficiencies were estimated as
a basis for the calculation of the control power consumption
and the overall efficiency of each actuation system. The control
power consumption of the hydraulic valve control is compara-
tively high because of the immanent system losses in the ser-
vovlave. A lower control power consumption was determined
by the hydraulic displacement control. The highest efficiency
and lowest control power consumption was observed with the
electric control.

Further criterions like mass, reliability, controllability, redun-
dancy capability plays a role in the selection of an applicable
actuation system. They will be included in future work of this
research project. Variants of the actuation systems introduced
here are conceivable and will be analyzed as well.
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NOTATION

Functions and Scalars

A m? area

¥ rad pitch

¥ rad/s rotating speed at root of rotor blade
¢ rad phaseshift of IBC-harmonic
vy rad azimuth angle of main rotor
F N force

k- number of blades

M Nm torque

P W power

t s time

vkt airspeed

Q rad/s rotating speed of main rotor

Indices

b relating to rotorblade b
DC displacement control
dcl direct current link

EC electric control

gb gearbox

K piston, (ger.) Kolben
L load

l loss

M motor

N scale factor

SV servovalve

vC valve control

VDHP Variable Displacement Hydraulic Pump)
wocs without cross supply
wes with cross supply
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