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By adapting Direct Drive Valve (DD\} hydraulic actuator to the helicopter Fly-by-Wire (FBW) 

actuation, the system can be simplified ,\Vith the advantages of high reliability and of weight, 

size, cost reduction of the components. 

We have studied DDV hydraulic actuators for helicopter FBW since 1989, and in 1993, we 

developed DDV actuator installed in the first FBW experimental helicopter in Japan. 

This time, DDV hydraulic actuator with triple electrical and dual hydraulic redundancy has 

been developed under Advanced Technology 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 important problems of DDV actuator is the confirmation of jam proof 

capability. At first, problems and solutions are discussed at the development of rotary motor and 

rotary valve DDV hydraulic actuator chat 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 threshold 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 .:Hmple 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 simulation. enough to be installed in the flight control system of the 

helicopter FBW. 

INTRODUCTION of DDV is that of the type of the motor and the 

valve. At first. we worked on the DDV actuator 
Most of the present helicopter flight control 

systems are composed of mechanical linkage ·si1ich 

directly transmit the operation of the pilot ;:o the 

hydraulic actuator that controls the rotor blades. 

Recently the requirements for the helic·:·pter 

application has been getting more :1n•i :nore 

multipurpose and sophisticated. As to :h.:: ~--:tght 

control system, the realization of the FB'.\' .sys:::em 

instead of the conventional mechanicol !w~age 

system is longed for its flexible controll<:~~;!;ty." 1 \ 

And for the FBW Electro-Hydraulic actu:1wr. DD\' 

actuator can provide simple system arch::::::·:~ure 

with the following advantages over the El::ctric 

Hydraulic Servo Valve(EHSV) actuator sueZ"! as Oigh 

reliability, reduction of weight, size, cost o! ti1e 

components. 

DDV actuators are today installed tn .3'Jme of 

the fixed wing aircraft. \'arious type.s 'Jf JD\. 

actuators have already developed. A c!asstftntlon 

composed of rotary motor and rotary valve. 

2 DEVEJ.OPo!ENT OF ROT-\RY MOTOR AND 

ROTORY V-\1,\"E DDV HYDRj\JLIC -\CTF -\TOR 

(1) Design of DDV 

A study of FBW helicopter by the modified 

BKlll helicopter was started by E:a\\·asaki Heavy 

Industries, LTD at 1989. And we worked on the 

development of DDV actuator for the tail rowr 

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 type rowry 

motor with six coils radially arranged was selected. 

In the e\·ent of jam, the spool of the \'alve can 

not be driven and the actuator becomes out of 
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ACKLASH GEAR L (TRIPLE) 

Figure 1 The configuration of 

rotary motor I 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 

obta1ned provided for a short time in which the 

motor will not be damaged. 

The flow ports of the valve are arran:5ed in an 

axial direction so that the diameter of the spool 

becomes small, which leads to an increased ch1p 

sheaong force. The coils of the motor are arranged 

free from electromagnetic cross channel coupilng 

and completely separated from oil. The force due ro 
the hydraulic pressure that applied to the valve is 

balanced to prevent the spool from binding by the 

deformatwn of the sieeve. 

Three Rotary \"ariable Differential Transfer· 

mcr.s d~VDTs)arc C':jUlpped for position feedback of 

the '>:tlve, each of which is coupled with the rotor 

vi;1 ::tnti·bncklash ;;ear coupling to be free from 

bacKlash. 
To reduce resonant peak gain 1n the 

frequency response c:--~used by the coupling of the 

flo\\" :·orce and the t·rJtor inertia, electrical damp1ng 

is us~• d. 

(2) Test results of ;:he chip shearing capability 

The tests on the chip shearing capabd1ty were 

conducu~d in two pi1ascs, one on the chip .o:he:Hlll'i;. 

the <Jther on the jnmming detection. The test. result 

of tht.:· chip .'"ihC<ll"ln"' is shown in Figure 2. Some 

repre::.cnr.attve ch!p metals are set nt the mctenng 

Ref. 

orifice of the valve, and the generated shearing 

stresses and the time for the chip shearing were 

measured. The shearing stress was 136011-IPa 

maximum for 17-7PH corrosion resistant steel. The 

chip shearing time is likely to be longer as the 

chip metal is ductile, 13.5msec maximum for 

bronze. 

Rotary '--::=~-=-====-=-=====----==-==== v a I ve ~ -=::::::::::-= 
command 0'--------:::=;-------

t Clip sheari~ 7 c End of chip 
Rotary 
valve 
position 

, Stress / F ...._____ .?)waring_. 
~ _...~~ ~s 
...._____...... ~±--Jmsec 

.;.Equivalent I .. • 
DDV ; to JJ')~==--
current l ==! MPa I' 

Jamming Ch1p matenal:l7-iPH CRES 

T2st result 

Chip material 
Shearing 

' Shearing time ' stress 
(~!Pa) ' 

(msec) 

17·7PH CRES 
1120~1360 3.8---4. 1 

(so ring- wire) 
2024·T.3 .-\L 3!0~.320 ' 5.2---.j.G 
SL'S304 CRES 440 ........ 5:30 8.5---10.0 
(safetv wire) 
C!20!W-O 
bronze 

180 ........ 220 11.0~ 13.5 

Figure2 The test result or" Chip shearing 

So, we assumed that the requ~r;;:j shearing ::tress 

should be 1800:C..lpa at minimum C:: taking the other 

tough metals into consideratl"J:"l, and the chip 

shenring time should be 20 :nse-: H maximum. \Ye 

judged that most of all chips u.n be sheared off 

provided the above condition. 3.r".d for fear of the 

exceptional failure, the jamm1n~ 1s detected after 

20 msec and the hydraulic sysc<::r:'. 1s shut down. 

Figure 3 is the test r·-:.:'ult of jamming 

detection. The valve spool is st:..t-:i. artificially. The 

generated equivalent shear:n; forces and the 

transient were measured. The e·-=;:..tivaient shearing 

stress was more than 29001Ipa ::1 every ca~e. The 

transient at the chip shcarin~ :s ~onsidcred \\'lthtn 

that of the test result. 
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Act~~torp==-= 
pOSltlon 

L_ 

i Trancient 

Rotary ~ t 
va 1 ve ff :;:;;-~' 5~%~0~~~~;:::::~::::::::::::::::::::~ position t 

tEquivalent ..:..__ Equivalent 
to 2970 -I to 5500MPa DDV 

current 1 MPa - :--- 20 msec 

Jamming 

Valve jamming Actuator 
position & cylinder 
command type trancient 

(mm) 

75%open 
Rectangular 2.5 
Triangle 2.1 

25%open 
Rectangular 1.3 
Triangle 1.0 

-Shut down 
(Fail detection) 

Shearing 
force(N)/s tress{;'o.!Pa 

102~ 189 1 29Go~5480 
lOG---187 /3660--....5410 

92 ---133 I 8030 ........ 1150 
101---133 /8790 ........ 1150 

Figure3 The test result of Jamming detection 

2 2 ROT:\RY MOTOR jND ROT:\RY V-\LH DDV 

ACTU-\TOR 

Figure -1 is the appearance of the hydraulic 

actuator on which the DD\' mentioned above is 

mounted and the Actuator Control Computer(ACC). 

The redundancy of this actuator is hydraulic single 

and electrical triple, two fad operative. To obtain 

fail detection ability after one failure, ACC is self 

monitored by the use of two Digital Signal 

Processor(DSP) for each channel. 

Figure ·l DDV actuator and ,\CC equtppcd on 

the I31\111 FBW Experunental 

Helicopter in 1!)!):3 

This actuator revealed remarkable performance, 

the frequency response was 9.5Hz at 45 degree 

phase lag, the threshold was 0.03% per full .3troke. 

In 1993, this actuator was installed in BKll i FBW 

experimental helicopter, and flight test \.,ras 

performed with no problem. 

3 DEVELOPMENT OF .LIM PROOF DDV 

HYDRAULIC ACTJJ ATOR 

A study of FBW flight control system has 

been proceeded at Advanced Technology Institute of 

Commuter-Helicopter(ATIC) smce 1994, and we 

have worked on the de\·elopment of actuaror for 

helicopter FBW actuation system. To meet the 

requirement for minimization of weight and cost , 

we selected DDV actuator. and the type of DDV was 

considered. 

Table 1 shows the comparison of some 

aspects classified by the type of the motor and the 

valve. Further consideration for the determination 

of the design of the actuator will be discussed in 

chapter 3.1 and 3.2. 

Table 1 Comparison of DD\" b\· ~he \lotor/\.alve tvoe 

Motor/Valve i 
Rotary/ Rotary/ 

I 
Linear.' ' Remark 

' Rotary Linear Linear i 
Output ! 

I 
Rotary/Linear t~·pe 

force 
6 0 

! 
~ can take gearing 

I i RotaryfLinear type 
Configu· 0 0 I 

~ 

I 
cannot be coupled 

ration ~ 

in line 
i 

I 
\Veight 0 0 I ~ 

Equivalent 
! 

~ 

I 
' I Rotary/Rotary type 

Cost 6 0 I -
I 

cost much for jam 
~ 

! proof DD\. 

:3 1 CONSIDER .\TJON 0'\ .) A\! PROOF 

C.\P-\B!LlTj 

In the field of military fixed wing aircraft. 

chip shearing force of DO\. is considered to be 

adequate at the level of ·IOk";f :o lOOkgf for keeping 

!light reliability. On the other hand, !light control 

actuator of the helicopter requtre.:: higher reliability, 

for the operation becomes impossible if any of the 

Ref. AS02 Page 3 

! 

I 
I 
! 

i 
' I 

I 

! 
i 
' 
I 



24th EUROPE.-li'! ROTORCRAFT FORUM 
Marseilles, France 15th-17th September 1998 

four axes, pitch. roll, collective pitch, and yaw axis. 

becomes out of control. 0io standard of the chip 

shearing force required for [he helicopter exists. As 

for the actuator of helicopter flight control 

developed recently, jam proof 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-·17J, SH-GOJ, UH-GOJ, 

and BK117 in Japan. 

The loss of actuator control by the jamming of 

the valve has never been reported in Japan. But tO 

acquire jam proof capability is an important 

problem. \Ve jud~ed that for the actuator of 

helicopter actuation system, jam proof type DO\" 

actuator is adequate for its high reliability, and the 

design in deto.il was considered. 

One solution in order to give jam proof 

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. rnner 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 cylinder ports is formed, 

which enables the free control by the other 

hydraulic system. In the event of jam. the motor 

must provide adequate wrque to control the \·alve 

a~;ainst the load of the .sprin~s. The preload oi the 

detention springs was deternuned to lOkgf from the 

viewpoint of preventing the drive of inner slee\·e by 

the weak binding with the spool or by the shock 

applied. 

:~ 2 CONSIDER-\T!Oij o;; THE ~-IOTOR -\~0 

THE \'\lYE 

(l) Type of the motor and ;:h~ valve 

To give jam proof capability to rotary motor 

and rotary valve type DD\- actuator, its structure is 

likdy to be complex. D~:;pite the merit that the 

coupling of rotary motor :1nd rotary vnlve can be 

cilrect and free from backlac;h. we determ;ned to 

select DD\. composed of rtHary motor and linear 

valve for its comparati\"el;; simple configuration and 

for cu:-;t reduction. .c\s. :"or the type of the motor, 

ltne;\r motor was :11.'::',1 ..:t'il.'::'tdered. but for its 

difficulty to hold the arm:nure against the un.-::uble 

reluct;\tlCC torque. rot:1ry nwtor was selected 

For the DO\- ,li r:nar)· motor and \ine;1r 

valve , the mechanism to transform the rotary 

motion of the motor to linear motion of the valve is 

required. Several types of coupling were compared 

from the viewpoint of realizing smooth motion with 

less backlash and friction, the mechanism of simple 

direct coupling shown in Fig 5(2) was selected. 

~._!\-,~. 
~ 

(l)The flexible shaft JjokaoP (2)The direct ljnkage 

Figure 5 The types of linkage of rotary motor 

and linear valve 

(2) Design of the motor 

As mentioned in chapter 2.1, the motor of 

gap w~nding type can provide high torque for a short 

time. However tn case continuous torque 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 type 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 type. 

YOKE POLE E 

OIL 

SLEEVE MAGNET ~L\GNET COIL 

(1) Gap winding type (2) Troidal winding type 

Fig-ure G The types of rotary motor 
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To design troidal winding motor, we used 

simulation tool of finite element analysis of 

electromagnetic field.m 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 adequate 

characteristics of the reluctance torque, and of 

saturation of magnetic field to realize high 

performance and less power consumption. 

The stream ljnes of 

magnetic fo .. ce 

The distribution "f 

flux density 

Figure 7 The example of magnetic field calculated 

3 3 DESIGN OF ,J-\M PROOF DDV ACTl! \TOR 

The DDV actuator for the c\T!C ?3\Y 

demonstrator helicopter was designed under che 

consideration mentioned above. The actuator t5 a 

parallel actuator which has the redundanc:.- of 

electrically triple and hydraulically dual. Fi~. 3 is 

the appearance and Fig. !) is the schematic new of 

the structure of the actuator. 

Figure 8 DDY actuator and ACC 

for the ATIC FBW 

Demonstrator Helicopter 

TORQUE 
MOTOR 

VALVE 

PORT PRESSURE 
PORT 

DDV 

N 

VALVE 

LOAD 

RELIEF 
VALVE 

PRESSURE 
SWICH 

INLET 
FILTER 

Figure !) The schematic view of jam proof type 

rotary motor I linear valve DDV actuator 

In order to meet the requirement of parallel 

cylinder, DDV is located at the center of the 

actuator surrounded by the two manifolds which 

compose rip stop structure of two independent 

hydraulic systems 

Linear Variable Differential Transformers 

(LVDTs)are mounted for the position feedback of 

DDVs and pistons. Bypass valve is mounted ~o 

bypass the cylinder ports of the piston in case 

hydraulic system is shut down Load relief vah·e 

functions to protect the components from be:n-g 

damaged by the excessive load that may be caused 

by any stick of the linkage 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 mechantcally 

;;ynchronized so that the dead band of the total 

output force of each piston may not be caused by the 

mismatch. 

The feedback signals of the L\'DTs are also 

tuned among channels so that the fighting of 

current that leads to the increased power 

consumption ma;; be little. The motor current 1S 

controlled with Pulse Width .1\"lodulation(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 

control. 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 installed for the actuation 

of pitch, roll, collective pitch, and yaw axes. The 

Flight Control Computers(FCCs) 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. 

CUPI':E:~H 

-;;..-=~AMP GA I N 
,lXI, lQI)I' ~ 
OIII'£115Af!l)~ L~ .. ~-l"! • 

I 
l,l1,ll lQIJ1' _(t;""lj 
ER~AIIQ.~ 

.3 5 TEST RESUJ.TS OF DDV PERFORM oNCE 

The test results of the DDV performance is 

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 EHSV that has more leakage 

due to its structure. 

Table 2 The DDV performance 

I Normal 
Hydraulic 

Jamming I one fail 

Rated flow I 1,200 cm;1/min 
Internal leakage I 17.-....24 cm 3/min 

Frequency I 
response 77Hz 77Hz 43Hz 
@ 90dee o base lae 
Threshold I 0.2% I 0.1% 1.1% 
Hvsteresis I 1.3% 1.6% 4.4% 
Linearity I .3.1% 2.6% I -
Symmetry I 2.6% 2.6% I -

VALVE 
L 11>41 TER 

l~l ----------------~ 
L 

Fit;ure lll The block diagram of nctuator control 
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:j G TEST RESULTS OF ACTUATOR 

PERFPORMANCE 

The test results of the actuator performance 

is shovm in Table 3, and Figure 11,12. The test 

condition of the load for the actuator is equivalent 

to that of the linkage to which the actuator will be 

connected . 

T bl 3 a e The actuator performance 

Normal 
Hydraulic I -Jamming 
one fall 

Stroke(mm) ! +23.8 

Maximum 

I 
i 

~1elocity 
94-95 91-99 

I 
91-99 

mm/sec) 

Frequency 

I 
response 9Hz 9Hz 7Hz 
@ ·l5dee ohase laP' 

Threshold I 0.05% I 0.02% I 0.08% 
H vsteresis 0.10% 0. 14% I 0.28% 
Linearitv I 0.15% I 0.18% I 0.39% 

10 

Gain o"--------------------------­
(dB)·10 

-20 

/ ____ : 

Of------­
Phase -45 

7.0Hz 
:0-4-5deg 

(de g) 
-90 

-135 

-180L---------~---------L--~~ 
0.1 10 ,jQ 

Freauencv (Hz) 

Figure ll The frequency response of the :tctuator 

at jamming condition 

... 
1 ..\ctu~tor 

~ Posn1·Jn 

Command 

Thre:oncJ;d 

L<igurc 12 The Throshold and the Hy,.:ccrcsis of 

the actuator at jnmming condttlOJn 

By obtaining good DDV performance at 

jamming, actuator also showed good p€rformance, 

the threshold was 0.08% per full stroke, the 

frequency response was 7Hz 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 CONCL1JJNG REMARKS 

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. 
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