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By adapting Direct Drive Valve (DDV} hydraulic actuator to the helicopter Fly-by-Wire (FBW)
actuation, the system can be simplified .with the advantages of high reliability and of weight,
size, cost reduction of the components.

We have gtudied DDV hydraulic actuators for helicopter FBEW since 1989, and in 1993, we
developed DDV actuater installed in the first FBW experimental helicopter in Japan.

This time, DDV hydraulic actuater with triple electrical and dual hydraﬁiic redundancy has
been developed under Advanced Technoiogy Institute of Commuter-Helicopter (ATIC). This
actuator is going to be installed in the ATIC demonstrator helicopter for flight test in 1999.

This paper describes the lessons learned through the development of these DDV hydraulic
actuators. One of the most imporiant problems of DDV actuator is the confirmation of jam proof
capability. At first, problems and solurions are discussed at the development of rotary motor and
rotary valve DDV hydraulic actuator cthat has chip shearing capability. Then the other DDV
actuator of jam proof type is discussed mainly on its design and performance obtained. In the
event of jam, DDV actuator of this type generally degrades in thresheld and response, for
additional force is needed to drive the valve spool against the nonlinear force of the detent spring
that hold the inner sleeve . Although simple control law that has no change from normal mode to
jamming mode is applied , required performance could be obtained. The actuator revealed the
performance, from the pilot simulaticn. 2nough to be installed in the {light control system of the

helicopter FBW.

L INTRODICTION

Most of the present helicopter flight conirol
systems are composed of mechanical linkage which
directly transmit the operation of the pilat o the
hydraulic actuator that controls the rotor blades.
Recently the requirements for the helicoprer
application has been getting more and more
multipurpose aad sophisticated. As tc thz iight

control system, the realization of the FBW s
instead of the conventional mechanical linkage
system is longed for its flexible contreifability "
And for the FBW Electro-Hydraulic actuator. DDV
actuator can provide simple system architzoture
with the following advantages over the Elscrric
Hydraulic Servo Valve(EHSV} actuator such as high
reliability, reduction of weight, size, cost of the
components,

DDV actuators ave today installed in same of
the fixed wing aircraft, Various types of DDV
actuators have already developed. A classificazion

of DDV is that of the type of the motor and the
valve, At first, we worked on the DDV actuator
composed of rotary motor and rotary valve.

2 DEVELOPMENT OF BOTARY MOTOR AND
F VALVE DDV HY ACTI

(1> Designof DDV

A study of FBW helicopter by the modified
BIK117 helicopter was started by Kawasakt Heavy
Industries, LTD at 1989. And we worked on the
development of DDV actuator for the tail roter

flight control actuation system.

Figure 1 is the configuration of the DDV
developed. In order to get enough force to acquire
chip shearing capability, gap winding tvpe rotary
motor with six cotls radially arranged was selected.

{n the event of jam, the spool of the vaive can
not be driven and the actuator becomes out of
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Figure 1 The configuration of
rotary motor / rotary valve DDV

control, which may cause a catastrophic failure.
Chip shearing capability is the ability to shear off
the chip materials and prevent from jamming.
Normal brushless motors are slot winding type
whose output torque is likely to be saturated with
the increase of the current because of the saturated
nature of the magnetic flux density . On the other
hand. the output torque of gap winding type motor
is not likely to be saturated and high torque can be
obtained provided for a short time in which the
motor will not be damaged.

The flow ports of the valve are arranged in an
axial direction so that the diameter of the spool
becomes small, which leads to an increased chip
shearing force. The coils of the motor are arranged
free from electromagnetic cross channel coupling
and completely separated from oil. The force due to
the hvdraulic pressure that applied to the valve is
balanced to prevent the spool from binding by the
deformation of the sieave,

Three Rotary Variable Differential Transfor-
mers (RVDTs)are equipped for position feedback of
the valve, each of which is coupled with the rotor
vin anti-backlesh gzear coupling to be free from
backiash.

To reduce vesonant peak gain in the
frequency response caused by the coupling of the
flow force and the rotor inertia , electrical damping

is usad,

(2) Test results of the chip shearing capability

he tests on the chip shearing capability were
conducted in two phases, one on the chip shearing,
the other on the jamming detection. The test result
of the chip shearing is shown in Figure 2. Some

representative chip metals are set at the metering

Ref.

orifice of the valve, and the generated shearing
stresses and the time for the chip shearing were
measured. The shearing stress was 1360MPa
maximum for 17-TPH corrosion resistant steel. The
chip shearing time is likely to be longer as the

¢hip metal is ductile, 13.3msec maximum for

braonze.
13
Rotary ©
valve B
command

p Clip shear)gg,

End of
Rotary P——-—- nd o cmpgm
valve wwf—/—g[/*_ | mpe %iocus

position [ ==
tEquivalent
DDV f R "
current i 4 MPa I’
Jamming Chip material:17-TPH CRES

Tast result
Chip material Shearing | Shearing time
stress | (msec)
(MPa) !
17-7PH CRES 1120~1360 | 3.8~4.1
{(spring wire) .
2024.T3 AL 310~320 ' 5.2~3.6
@
EUS304 CRES 140~530 8.5~10.0
{safetv wire)
2 7.
cLZ0LW-0 180~220 11.0~13.5
ronze

Figure2 The test result of Chip shearing

Sn, we assumed that the requirzd shearing stress
should be 1800Mpa at minimum tv taking the other
tough metals into consideratica, and the chip
shearing time should be 20 m:zec at maximum. We
judged that most of all chips can be sheared off
provided the above condition. and for fear of the
exceptional fatlure, the jamming is detected after
20 msec and the hyvdraulic system 15 shut down.

Figure 3 is the test result of jamming
detection. The valve spool i3 stuci artificially. The
generated egquivalent shearniny forces and the
transient were measured, The sguivalent shearing
stress was more than 2900Mpa i every case. The
transient at the chip shearing s onsidered within
that of the test result.
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Figure3 The test result of Jamming detection

Figure 4 is the appearance of the hydraulic
actuator on which the DDV mentioned above is
mounted and the Actuator Control Computer{ACC).
The redundancy of this actuator is hydraulic single
and electrical triple, two fail operative. To obtain
fail detection ability after one failure, ACC is self
monitored by the Digital

Processor(DSP) for each channel,

use of two Signal

DDV actuator and ACC equipped on

Figure 4
the BK117 QNEANY
Helicopter in 1993

Expertmental

1998

This actuator revealed remarkable performance,
the frequency response was 9.5Hz at 45 degree
phase lag, the threshold was 0.03% per fuil stroke.
In 1993, this actuator was instalied in BE117 FBW

experimental helicopter, and flight test was
performed with ne problem.
VE A v

_HYDRAULIC ACTUATOR

A study of FBW flight control system has
been proceeded at Advanced Technology Institute of
Commuter-Helicopter{ATIC} since 1994, and we
have worked on the development of actuator for
helicopter FBW actuation svstem. To meet the
requirement for minimization of weight and cost ,
we selected DDV actuator, and the type of DDV was
considered.

Table 1 shows
aspects clasgsified by the tvpe of the motor and the

the comparison of some
valve. Further consideration for the determination
of the design of the actuator will be discussed in

chapter 3.1 and 3.2,

Table 1 Comparisen of DDV by the Motor/Valve tvpe

Moter/Valve I
Rotary/ | Rotary/ | Linears Remark
Rotary Linear Linear
Qutput A o : Rotarv/Linear tvpe
| -

force can take gearing

Rotarv/Linear tvpe
cannot be coupled

Configu- o O o

ratien R
in line
Weight O O - Equivalent
1 Rotary/Rotary type |
Cost TN O I T cost much for jam
! proof DDV
3.1 CONSIDERATION ON JAM P

In the field of military fixed wing aircraft,
chip shearing force of DDV is considered to be
adequate at the level of 40kgf 0 100kef for keeping
flight reliability. On the other hand, flight control
actuator of the helicopter requires higher reliability,
for the operation becomes impossible if any of the
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four axes, pitch, roll, collective pitch, and vaw axis.
becomes out of control. No standard of the chip
shearing force required for the helicopter exists. As
for the actuator of helicopter flight control
developed recently, jam preoof valves that bypass the
cylinder ports of the piston of jamming channel are
mostly adopted to helicopters of relatively middle or
large scale, for example CH-47J, SH-60J, UH-604J,
and BK117 in Japan.

The loss of actuator contrel by the jamming of
the valve has never been reported in Japan. But ¢
acquire jam proof capability is an impertant
problem. We judged thart for the actuater of
helicopter actuation system, jam preoof type DDV
actuator is adequate for its high reliability, and the
design in detail was considaered.

One solution in order to give jam proaf
capability is to use two independent separate valves
and motors for each of the two hydraulic systems.
But we determined to select the DDV of jam bypass
type for its small size and low cost. The jam bypass
type DDV is composed of dual sleeve. Inner sleeve is
normally held at the neutral position by the
detention spring. In the event of jam, inner sleeve is
driven against the load of the detent spring, and
the path to bypass the cvlinder ports is formed,
which enables the free control by the ather
hvdraulic system. [n the event of jam, the motor
must provide adeguate torque to control the vaive
against the load of the springs. The preload of the
detention springs was determined to 10kgf {from the
viewpoint of preventing the drive of inner sieeve by
the weak binding with the spool or by the shock
applied.

2,2 _CONSIDERATION ON THE MOTOR AND
DI ‘\" B

(1) Tvpe of the motor and the valve

To give jam proof capability to rotary motor
and rotary valve type DDV acruator, its structure is
likely to be complex. Despite the merit that the
coupling of rotary motor and rotary valve can be
direct and free from backlash. we determined to
select DDV composed of rotary motor and linear
valve for its eomparatively simple configuracion and
for cost veduction.  As for the tvpe of the motor,
Hinenr motor was also considered, but for its
difficulty to hold the armature against the unstable
reluetance torgue, rotary mator was selected,

For the DDV of rotary motor and linear

valve , the mechanism to transform the rotary
motion of the metor to linear motion of the valve is
required. Several types of coupling were compared
from the viewpoint of realizing smooth motion with
less backiash and friction, the mechanism of simple
direct coupling shown in Fig 3(2) was selected.

EXCENTRIC MQTOR

DRIVE SHAFT . N

SPQOL 12
-

Figure 5 The types of linkage of rotary motor
and linear valve

(2) Design of the motor

As mentioned in chaprer 2.1, the moter aof
gap winding type can provide high torque for a short
time. However in case cantinuous torgue is required,
it is not superior in efficiency. To get continuous
torque efficiently, we selected troidal winding type
as shown in Figure 6(2). Slot winding tvpe is also
efficient but like force motor, it requires method
such as mechanical springs to stably hold the rotor
against its reluctance torque, which is not the case
with troidal winding tvpe.

STATOR/\?KE YORE POLE PIECE

it

SLEEVE MAGNET

(1) Gap winding type 12) Troidal winding type

Figure 6 The types of rotary motor
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To design troidal winding motor, we used
simulation tool of finite element analyvsis of
electromagnetic field."™™ The example of the
analyses is shown in Figure 7. By the use of the
numerical analysis, the shape and dimensions of
each components were determined to give adequaze
characteristics of the reluctance torque, and of
saturation of magnetic field to realize high

performance and less power consumption.

The DDV actuater for the ATIC F3W
demonstrator helicopter was designed under the
consideration mentioned above. The actuator is a
parallel actuator swhich has the redundancy of
electrically triple and hydraulicaily dual. Fig. 3 is
the appearance and Fig. 9 is the schemartic viaw of
the structure of the actuator.

Figure 8 DDV actuator and ACC
for the ATIC FBW
Demonstrator Helicopter
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Figure 9 The schematic view of jam proof type
rotary motor/ linear vaive DDV actuator

In crder to meet the requirement of parallel
cvlinder, DDV is located at the center of the
actuator surrounded by the two manifolds which
compose rip stop structure of two independenc
hydraulic systems

Linear Variable Differential Transformers
{(LVDTs)are mounted for the position feedback of
DDVs and pistons. Bypass valve is mounted to
bypass the cylinder ports of the piston tn case
hydraulic system is shut down . Load relief valve
functions to pretect the components from  being
damaged by the excessive load that may be caused
by any stiek of the Iinkage to which the ram of the
actuator is connected,

The timing of the open of the control orifices
of two DDVs is tuned to be mechanically
synchronized so that the dead band of the total
output force of each piston may not be cauzed by the
mismatch.

The feedback signals of the LVDTs are also
tuned among channels so that the fighting of
current that leads to the increased power
consumption may be littie. The motor current is
controlled with Pulse Width Modulation(PWM} for
the reduction of the power consumption,
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The jamming of the valve is detected by the
pressure switch and the signal of jamming is sent to
the pilot.

By the use of the jam proof type DDV, flight
control is obtained even in an event of jam.

Figure 10 is the block diagram of the actuator
controel . Minor loop is formed for the DDV control to
improve total response. For the determination of
the servo loop compensation , control parameters
are researched by software simulations and finally
tuned using the actual actuator. When electrically
failed, the failed channel is shut down, with no
change of control law of the other channel.

Four actuators are instalied for the actuation
of pitch, roll, collective piteh, and yaw axes. The
Flight Control Cemputers{CCs) send command
signals that are determined from the operational
signal of the side stick or other sensors to the
Actuator Control Computers (ACCs). The ACC
controls the actuator according to the command by
the use of the feedback signals of the LVDTs.

CURRAREMT

LIMITTER AMP GAIM

= ; i A

The test results of the DDV performance iz
shown in Table 2. In an event of jam, the spool must
be driven against the nonlinear force of the detent
spring, which lead to the degradation of the
threshold and response. The DDV obtained required
performance by the preliminary considerations
mentioned above .

The internal leakage is little, which is one of
the advantages over EHSYV that has more leakage
due to its structure,

Table 2 The DDV performance

Normal i?ed?:;hc Jamming

Rated flow 1,200 em?/min
Internal leakage 17~24 cm®/min
Frequency
response T7Hz 7THz 43Hz
@ 90deg phase lag
Threshold 0.2% 0.1% 1.1%
Hvsteresis 1.3% 1.6% 4,4%
Linearity 3.1% 2.6% -
Symmetry 2.6% 2.6% | —
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Figure 10 The block diagram of actuator control
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3.6 TEST RESULTS OF ACTUATOR
PERFPORMANGE

The test results of the actuator performance
is shown in Table 3, and Figure 11,12, The test
cendition of the load for the actuator is equivalent
to that of the linkage to which the actuator will be

connected .
Table 3 The actuator performance
Normal ?nyedi::;hc Jamming
| Stroke(mm) +23.8
Maximum |
velocity 34~05 91~99 l 91~~99
mm/sec)
Frequency ;
response 9 Hz 9 Hz ’ T Hz
@ 45deg phase lag
Threshold 0.05% 0.02% | 0.08%
Hysteresis 0.10% 0.14% | £.28%
Linearity 0.15% 0.18% | 0.39%
or
Gain N
(dB)-ID L ~
v i
.20t :
0 —  .0Hz
Phase .45 _\N T-4ideg
derr ~,
dogy oo
135 .
<180 . LT
0.1 1 10 30
Frequency (Hz)
Figure 11 The frequency response of the actuator

at jamming condition
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Figure 12
the actuator at

The Threshold and the Hy=teresis of
januning condition

By obtaining good DDV performance at
jamming, actuator also showed good performance,
the threshold was 0.08% per full stroke, the
frequency response was 7 Hz at 45 degree phase lag.
From the pilot simulation ,this actuator revealed
the performance enough to be installed in the flight
control system of the helicopter FBW.

4 CONCLUING REMARKES

Through the development, The prospect to
realize the reliable jam proof DDV actuator could be
obtained. The flight test of the ATIC demonstrator
helicopter in which this actuator is installed is
programmed. Many fruits of the technologies for
flight safety are expected.

5 W MEN

The development of jam proof DDV actuator
was proceeded as the study of actuation system
among the studies of basi¢c technologies of the
commuter- helicopter for the next generation. The
authors appreciate those concerned for the precious
aid and advice.
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