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ABSTRACT ' X |
0 \ Design of a Hydrosta'ti;: Actuator - IR
N For Use in Flight Simulation Motion Systems ‘ .
' g Constantine Ca]ogéro?oulos P
* ! . v
A h"éh performance servo- actuator' has been des1gned and tes/ted for
use in fhght s1mu1avtmr‘1 motion s_ystems The frequency response and smoothness 4
of,the resulting system are significantly improved over previous systems. The
servo-actuator has hydrostatic piston and rod-end bearings, intemal cushiom'ng
and it uses an ultrasonic position transducer mounted inside the piston rod.
Force feedback is .proL‘vided both by an R’nstrumented rod-end pin and by pressure
. " transducers. |

;

The servo-valve has been aptimized for the application, and a drive.

circuit has been developed which blends positl?on and acceleration commands \/“,

i
i

to provide excellent controllability.
The repor'é reviews the design requirements and development. Rationale

and results are presented 1nd1cat1ng frequency response which is flat to 10Hz

with a 18,000 1b. paylded.
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NOMENCLATURE .
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Wash-out acceleration

Serbova]ve spoal opening area
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Cylinder body wall cross-section argq,'inz
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Cushion effective area, in® Co ¥

Cushion orifice area, 1n2,

' ¢

' Piston rod cross-section area, in

Tie rod nominal diameter, in.
Cylinder bore diameter, in. v
Cylinder outside"diameter. in. -t

-
“ *

oo v
. »

»

(i) .

Tie vod cross-section area (sum of 4 rods),. in2 b
Piston rod thread-stress area, in2 |

ayServova]ve uncovered s1ot area, 162 3 b
Cylinder cap end area, in? ‘ \ ‘ !
Cylinder rod ené area, inz‘ ‘ L 1 .
Thread pitch, in. . \
Viscous friction : . n
Hydrostatic bearing radial clearence - v oL ) :
Hydraulic stiffness, 1b/in ﬂ
Hydraulic of1 spring stiffness, Tb/1d 9

.+ Orifice discharge coefficient :
Thread stress concentration taéfbr}
CoTumn end condition constant. . 2
Hydroé%atic bear1ng’nom1ga11djame¥er T A
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G(s)

NOMENCEATURE (Cont'd) ‘ T,
’ A

Piston rod inside diameter, in.

Piston rod‘ outside diameter in.
Cylinder-piston eccentricity

E;centri city dimension'le;s pan;ameter.
Kinetic energy ’

Potential eriergy

ﬂCyHﬁder body modulus of elasticity, psi
Tie rod modulus of‘ e]astic;ity, psi

.
- "N

Hydrostatic bearing radial force . .-

% 13

,:‘-L
Load, Tbs. . L

-

-

T

Axial contact reaction load of cylinder boj » 1bsy '
Critical Toad, Tbs. o .
External load, 1bs. ' ﬁ‘
Coulomb friction, 1bs. )
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» Gravity cimstant, 4n(sec2 -
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Transfer function Cal
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NOMENCLATURE. (Cont'd)

-

Thread height, in. .
Traris fer function A

Servovalve current, amps.

Moment ‘of’ inertia oﬁ cylinder bedy, 1¢n4
Moment of inertia of piston rod, it -

Torque friction factor

W

Cylinder geometry constant

Servovalve position} feedback constant

Force feedback censtant

“Pressure feedback constant

Servovalve velocity gain
Servovalve-actuator (vel oc1b gaiff
Servovalve gain .
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Posifion Toop gaiﬁ‘

Feed-forward velocity correction
Hydrostatic conical bearing length

01 colum in cylinder EXp end, in’

0i1 column in cylinder rod end, in3
Piston rod Teng% _ |

Cylinder body length, in. '
Tie m}/é;, in. |

T ()

. Hydrostatic conical-bearing ?ad1a1 distance ey

Stiffness coefficient of cylinder body, 1b/in .
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- - 2 J P r ‘
M Mass L?aq | | ) e ; -
4 M;J o Bend‘lr‘s{ moment due to cylinder curvature. ' - ¢
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NOMENCLATURE (Comt'd)
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Cylinder hoop stress; psi
Endurance 1imit of material, psi
Equivalent column stress.‘psi
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1.0 INTRODUCTION'

.. : . w

[

The object of th1§ r;pbft is to summarize the study and
’develppment of an improved hyd;au11c servojack designed to
rebIace an existing, conventional servojack 1; a six degrbés "
of frgehom sjnergistic motion éystem used in aircraft

siﬁu1ator motion systemsf N

This report shall describe the motibn,gzj;em requirements ang

performance, basjc design concepts, tﬁe analysis of the hydro-

static béarings useq, the design of the energy absorbing cushion,

servovalve characteristics and servojack control circuits,

f'\_/ - . “~-r
The motion system consists of a fixed tr1énguJar base and moving

upper frahe connected at the verticesuby six iﬁdepehdent o
hydraulic servojacks pivotted at both ends. Tﬁ?s motion system
provides a six degrees of freedom motion to.the flight.compart-

ment which-is mounted on fop of, the upper frame.

The purpose of the flight s1mq&:tor is to stimulate the trainee
pilot's sensory inputs in a manner similar to that which occurs
in an gctua1 flight, to provide a realistic environment and to

simulate those motion cues which are useful to a pilot in

controlling an aircraft.

The motion system hydraulic servojacks are powered by a hydraulic
power supp]y which coﬁta1ns three electric moxof'driven variabfe
displacement pressuﬁé compenséted pumps, supplying 120 US gallons

per minute at 1500 psi.

&




Electrical position command and acceleration signals, computed by - .

.a digital computer according to simulated fl1ight conditions, are

fed into the servojack qf the motion system, so that.the simula

'will generate motions which will seem to the t ot,.to be \

similar to normal aircraft motions. >

e ’
The motion system;g;ovides excursions, velocities, and accelerations <

in six orthoanal es, vertical, lateral, longitudinal, pitch, roll .
and yaw. Conbinations of these motions aré d&eq\to provihe special

mot1on’effects such as, rough air turbulence, engine effects, stall, ]
\x buffet, stall onset, stalf'recoyery, high speedabqffet ang background !

i movement. \

¢

ﬁ: The computer software contains algorithms which determ§ne all
X\simulated mofion system command signals... These command'signa1s ;111‘
&pe dependent upon aircraft flight conditions such as aircraft loading,
é ntrol positions, atmospheric turbulence, autopilot command signals
azﬁ simulated ground roughness and should Se Fonsistent with human

— ‘ o
sensory system requirements.

4 .
. Figure 1.1 shows a Schematicxdiaqram of a typical simulator,

\

The motiye for the development of a new design was to improve the
\ )
f1de11ty‘§nd accuracy of motion. In the previous standard Sgries 400

motion system, conventional hydraulic servo-actuators were used.
\ .
\ ,

4: Due to the‘ugi of conventional piston seals in this actuator, friction
-up to 300 1bs was measured. The presence of Coulomb friction and

breakaway friction affected considerably the stability and accuracy

} i s e e e \
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S e e
of the system as well as the bandwidth. A reversal bump, an unwanted:

acceleration noticeable inside the flight compartment, was present at

velocity reversal. . o

»

3

The design and_deve]apment of hydraulic actuators with hydrostatic

piston and rod end pearings offers a major opportunity to improve

control accuracy and smoothness, as it eliminates Coulomb friction
: 7 , , .

completely. 23

In conventional motion systems, acceptable positional accuracy could
be achieved by the use of a high loop ﬁain which, due’to 1nﬁerent non-
iinearities preéent in the servojack transfer function, resulted in

a system which was noise sensitive or rough. In the new design an
acceleration servo is introduced to augment the pos{tion servo. The
 acceleration servo allows low position gain for steady state positioﬁal

. stability and a wide bandwidth for acceleration Cues. -

g

Vf"‘""\

“mg
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1.1

L]
s

PRIV Y

o \
Motion System;Requirements

1

|

\ ; : .
The motion system will be a six degree-of-freedom electro-

hydraulic servo system capable of providing rea11st1c pitch,

roll and yaw pius lateral, longitudinal and vertical translations

in’ respons‘;tc e]ectrica1 command signals from the computer
interface. The ' design approach wifl reflect- state of the art

techniques with due consideration given to simp11c1ty. weight, .

" reliability and ha1nta1nab1]1ty requirements, while maximizing

performance undew the constraint that safety must be maintained.

\

The motion simulation hust be capable of providing QcceIeration
velocity and posiLion cues to ‘the occupants of the simulator,

1n a similar manner to the same cues experienced in the actual
afrcraft cockpit dgring flight and ground handling. These cues
must be appliied to\the simu1ator‘occupa;t:'1ﬁ the absence of a
view outside the si%ulator cockpit. The movement of the cockpit

will therefore be sénsed only by the vestibular and haptic

.senéory systems of the occupants. The movements sensed by the

occupants must be cohpatible with the movements of the simulated

scene presented throqgh the simulator visual system.




1.2  Motion System Performance

-

The essential performance.requirements of the motion system are: |
3 ' . ) — ’ . '

s . - Resolution, the ability to respond accurately to small
amplitude inputs both in position, \and ‘acceleration.

. . X .
g = - Smoothness, the absence ,of self-generated or spurious

. acceleration di s_turbances .

- Stability, the absence of mechanical or electrohydraulic

L) !

" resonances which would adversely affect simulation.

- Frequency response, the ability of the motion system fo .

AN
respond to a wide range of frequencies. This is a
ﬁart‘lcu]arly important parameter in the simulation of cues |
- such as landing bumps, jerks or buffetg which have significant

high frequency components.

Generany, good simulation deperds on jud1cious compromise

between fidelity and stability. A h1gh closed Toop gain generaﬂy
tends to improve fidelity as indicated by frequency response
bandwidth and immunity to external disturbances; howfaver, an
excessive loop gain results in ringing due to sustained oscillations.

The use of force feedback and careful selection ‘of servovalve

‘character{stics allow gains to be increased while maintaining or

improving stability.

., B
The\g{:l\ity of the overall system depends on the final tuning of

the motion system, the selection of gains for position, velocity

b ) and force feedback and the tuning of the associated compensators

and, filters.

\

9




There-are several ﬁarameters which must be optimized to achieve good
simulation including motion envelope, system frequency response and
-the ability of the motion system to faithfuf]y respond to low amplitude

tnputs with minimal self induced disturbance.

N

The performance requirements for a larger motion ehv§10pe is compromised
by the.design criterion for\a simple and efficiqnt motion system. The
geometry of thg six degrees of freedom synefgistic motion system is
determined by many parameters §uch.as room size, required travels and

crew compartment size and weight. ’ 9

For the second performance measure, frequgnéy response experience has
shown that in conventional motion sygtems,'atfempt;>to maximize b;nd-
width are misdirected in terms of ovg;a11\system performance. High
frequency components are notfnormally as signif1cant in flight
simulation as smoothness.‘ More significant for simulation is the !
elimination of low frequenc§ structural resonances. ﬁt is only>with

. L]
Pthe improvements described in this report that a wide bandwidth and

smooth motion can be achieved simultaneously. o

. The reduction'of-accéTerattdn noise 1s an important design goal"
particulgrly {n the case of random discontinuitie¢ which can be
interpreted as false motion cues ana the reversal bump that tradition-
ally has served the trainee wish a‘congtiﬁ%:%gﬁinder that he is in

a simulator.

Series 400 which is shown in Figure T.2. In this 400 Series the flight
| L

compartment was installed on top of the upper’tr1angu]ar frame.

’ N
~ ]

At the beginning of this study the i%;ndard CAE motion Efgtem wasothe \\;:>_
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RN rr b
Its performance presented in table 1.1 is based on a payload -

of 12,500 1bs. The maximum excursions listed are functional .limits,
that is those which can be used in normal sim§1ation, as measured

" without distortion of a.0.1 Hz sinusoidal drive signal.
\ -

'fhe values in parenthesis are maximum possible or stop to stoh vanes.

- The values listed are measured independently in each axis about the )

14

s

cneutréTf'position except for the values for lateral. and longitudinal

motions which are about the neutral heavegposition. The motion system

9

can achieve any combinatjon of 20% of the maximum excursions. The

Towest structural resonant frequency in Series 400 motion system will

occur above 5 Hz. The closed 106p frequency response is shown in |

Figure 1.3.
Figure 1.4 shows the hydraulic schemafic diagram of the servojack,
motion system and.hydraulic power supply. The servojack shown in
Figure 1.5 is the conventional Jack used for CAE motion system.at the
- . . <)

start of the new design development.
. - . v
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1.3 Descrjption of Previous Design

Eac'l'fs;grvojack consists of la hydraulic -cylinder (Figure 1.5)

. provided with h;sarau'lic cushions at each end. The piston rod
1s‘ ha‘:dened and chrome plated td provide res1stanf:e to wear and
to prevent 1nadvért2nt damage to its surface. Dimensions and
materials bearing surfaces, wiper rings and seals are selected
so as to reduce leakage, maintain low friction levels and to

provide wear resistance.

Friction levels for a fully loaded and pressurized servo-actuator
.are approximately 360 1bs. Each servojack is fitted with
unidirectional metering orifice cushions at either end of full
stroke. In addition, a cam operated deceqleration valve provides
controlled deceleration at the ends of stroke and in the event

" of servovalve runaway .

The d;ce1erat1 on valve operaées brogresswew over a range of
(7.\5 inches from the end of the rod_ end stroke and 12.0 inches
from the cap end stroke. The deceleration valve is a‘djusted to
ensure an entrance velocity in the cushion of less than 2 in/sec.

The cushion regfon includes 1.25 inches at eitﬁer eg(tremi ty.

The servojack c;n operate in the deceleration region during
normal simulatfon; however, performance {is reduced as the end
stroke is approached. The jack 1is fot norma]Ty operated 1 n the
cushion region and a 1imit switch ad each end of the stroke -
provides an electrical signal to indich¥e that motion is out of

1imits.




g O ‘
A solenoid valve is included in the hydraulic circuit so that in

the case of electrical power failure, the rod end of every servojack.
is connected to system pressure and the cap end to return through

a metering orifice preset to control the rate of re_tract'ion (See

. Figure 1.4)

In addition, the servo valves are set with a small positive -

mechanical bias so that the servo jacks retract on loss .of power.

Anticavitatiof check valves are mounted at either end of the servo
jack to prevent either rod end or cap end pressure f'r:om dropping

Q

below return pressure.

-

The valve used to control the servojack is an assymetric four way
critically lapped two stage 'electréhydrauﬁ c servo valve, The
metering orificegf the. valve are sized to match the differential
areas of the single acting cylinder t(.) reduce discontinuitizas in
pressure as the piston velocity reverses direction. Pressure
discontinuities at zero velocity are contributors to reversal

bump. The amount of underlap is selected for minimal ldisturbance.
. .

1

The servojack incorporates pressure relief valves at both ends ’set
at 2000 psi. It also incorporates a tacho generator and a ten turn
potentiometer position transducer driven by a common rack mounted

on the cylinder and mechanically connected to the piston rod.

Pressure transducers are mounted close to the inlet ports at either
end of the cylinder to providg signals for the computation of a

force feedback term.

15
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A11 valves are manifold mounted to reduce 0i1 volume ang for '

piping simplicity.

A11 components are rated for at least 3000 psi working pressure

but ,restricted to 1500 psi operating pressure. =

@




2.0

. BASIC DESIGN

- of the servojack.

The design of the hydrostatic servojack must be capable of
meeting the requi rements and performance of the motion system
as stated in the introduction. The basic design shall define

the critical parameters, strength and vibration characteristics

: . ' ; v
2.1 Critical Parameters

~ When the maximm excursions éf\ the motion system as shown
"1 in Table 1.1 are transfémned into the servojack coordinates, .

| the critical parameters cgs be determined. The critical

parameters to be considered for the servojack design are

the f_oHowing: o .o

Response: The system shall have a responsle time of Tess

than .05 seco‘nds. The acceleration f'requency response for.
actual vertical af:celeraﬁon divided by ac'celeri‘:\tion command °
- {nput to thg analog circuit shall be at least 3 Hz at -3db

2 A

and 90° phase. The design objective 1s to have a max i mum

bandwidth. ‘The sysfem must perform smoothly at all times

~and friction sho:ﬂd not induce spurious acce1erat1ﬂon
“transients a;: the pilot station, with any or all of the rams
be‘lng drﬂ'l‘ver; with a sinusoidal fnput signal of 10% of
maximum voltage at 0.5 Hz frequency. The perception ]evg]
of an attentive pilot 1s normally )assqmed to bé 0.02g:, -
however, accelerations as small as 0.005g can be sﬂensed: ’

P -

in some circumstances.

L T e T



The motion must be able to produce v1bvlationé of at least 0.25g up
to 10 Hz and detectable vibrations up to 30 Hz. The following

diménsions have been selected based on experience with the Series

Y

5

Maximum Displacement

Max mum Velocity = .. v
Maximum Acceleration.

Cylinder Bore Diameter

Piston Rod Diameter s
Effective Stroke ( minus cushions)
Servojac}g Length Pivot to Pivot |

Minimum
Neutral
Maximum )

' Platform Mass Total !

System Safety Factor (minimum)
Hydraulic ‘gupp Spegd fication:
011 Flow (pump at 1800 RPM)
System Operating Pressure
System Maximum Pressure .
System Rated Pressure

S)(stem ’ Operati ng Témperature

~ Hydraulic 011

Hydraulic Servovalve Capacity
Hydraulic 011 Bulk Modulus
Pressure Line Accumulators
Return Line Accumulator

400: motion system: -

54.0 inchies
2.0 ft/sec’
g
3.5 inches
2.5 inches

50.25 inches-

[}

* 92.0 inches
119.0 inches
146.0 inches

16~,000»1bs.
4:1

125V.S. GPM
1500 pst
2000 psi
3000 psi
+100-115° F
“~ Shell Tellus 46
80 GPM @ 1000 psi
120,000-150,00 psi
15 Gal U.S. (Qty.3)
15 Gal U.S. (Qtij)




The factor thatl: limits maximum §cceleration is the~ operating pressure.
| It 1s important to have a cons gnt'pressure supply of sufficient
capacity to be capable of producing the desired maximum actelerations.
Maximun velocities are 1imited Fy the o011 flow supply and the rati ng
of the servo valve. Hydraulic pumps shati supp'ly the required oil1 flow
to .build up the desired pressure. At higher velocities the pressure
1ine accumulators precharged to‘\so-eoz of systg‘m pressure shall supply

‘extra flow during tra‘nsients. - ]

A hydrau'lic pulsation dampener qownstream of the pumps removes pump

puTsat1ons which would otherwise cause noise and vibration.

The hydrauHc cylinder 1is sized such that it shall be able to carry
\ ’ . s
the desired payload and produce |the required motions with a smooth :

operation and. minimum friction.
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2.2

2.2.1

Cylinder Stress Calcul atibnsv -

Stress caIchaﬂons are requixred to determine the maximum

load capacity of the servo jack cyHnder'assemET_y. Points

of interest shall be the tie‘ rods pre-}:orqué, '/the cylinder

.bo;iy, the piston rod and the buckling 'stress analysis of -

-

the assembl Y.

Stress Analysis of the Rods J ’

This analysis is based on the method described in Referenée 1.

This methdd shows how fie rod Toading in hydraulic _
cylinders is affected by Paisson ratio effects in the”
cylinder body and by the cylipder body and seals. Tie

rod Toading varies with cyﬁnlr length and position of

the piston along the s;roke. The tie rod ass;emb]y nreload
and the pressuré at whi;hse\paration of head and cylinder-
°body will occur, can be determined. - Thé section includes .,
the dimensional data required for stress analysis of the
tie rods togetheruwilth the calculations and the r:esu1ts

>

obtained.

20

PR




' Tie Rods and Cylinder Dimension Data ~ . = «
. ‘bo : . . '
L, = 62 in., C L ESTSn .
e, =0%10% pst £, =30 x 10 psi
w
A =9.621n2 . A =6.283 iy? | - !
A, = 1.227 1n?
Ny
N =4
W o= .25 5
p = 2000 psi .
P = pA = 2000 x 9.62, = 19,240 1bs. '
T = 62 ft-1bs
_ 12T, o ' .
e = TN |
e {
= 12 x 62 =
Py = ees K47 238 Ibs |
g = ,
e e e x30x108 L, 105 1b/1n
¢ L, 62 ' b/in )
AE, 6 :
M 107 x 30 %108 5
e T [ X3 5.6 % 10° 1b/in | J
.
i i ///" . ,
o/ ky = 5.8 | (

i
NS

N [

The tie rod thread is .625-18 UNF, with AN315-10R nut. .
The tie rod material specifications ar{dg l

5, = 145,000 psi

5, = 132,000 psi. A , RS S

,se'= 85,000 psi

|
|
n {
. ’ : 4




[N

L4

Tie Rod Preload - S - S

The tie rod preload (sumnof all tie rods) is the load produced b'_y‘

pre-torque (tension) ) , ‘ |
. g - » wE
Po= x4 12X62 4. 03,008 s ..

o

The same Toad is applied as compression on the cylinder body.

The _1n1tia1 stress applied to the tie rods w11 be

- Pt < 23,808
NATHD 4; 542 24,595 psi'per tie rod.

X,

The deﬂectwn from Hookes law is gi ven by
S

w

R -9008 /i , R
t 30x10 X o i .

'\Jhere € = fg ! < . .

oLy \ : SRR |
then Gt = Lt . 65.75 x .0008 = ,354 in.

N H]
Similarly the deﬂection in compression for the cyHnder body wﬂ'l be
e o 2P L
6c < 232808 X 62 = 0008 1"-

A:Ec 6.283 x 30 x.10°

o

when 1nterna1 pressure is applied the tie rods wﬂ] sg:retch additionally

and the cyhnder stress in compression will-be reduced and the (a_ddit_i_ooal

. tie rod stretch A, will equal the cylinder body axial expansion

(relaxation).

However, the axial deflection must take into account Poisson ratio effects

caused by hoop and radial stresses from the internal pressure.

In order to calculate the tie rod loads the pressure co-efficient
factor n has to be calculated first. This factor wﬂ‘l take into
conmderation Poisson ratio effects and s#es of cyHnder body

e
and.tie rads.. ..

2 -
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lgressure Load Coefficient (Nn)

r
The value of n .depends upon the length, area, and material of the

cylinder body and tie rods. The pressure load- coeffi cient varies
also with the piston position. At the begir;n'ing of the stroke .

the internal pressure 1’5 not appHeod at the full length of the ) "
cylinder, thus. hoop' and radial stresses do r;ot exist in fhis '
condition. However with the piston fully extended the cylinder

is subjected to full system pressure and the( Poisson ratio. v
effect must be included in the calculations.

a) When the piston is at full stroke the pressure load coefficient

is minimum
2 1220 1-2 x .25 _ o
n ‘ch/kt + .08 -

b) When the piston is at th& beginning of stroke the Poisson ratio
effect dofﬁn‘t aEp'ly and the pressure lToad coefficient is . -
maximum O . AN

} 1 1 C
"max T+ /&, *Tv5g= 16 A

\

-]

¢) Forminimum tie rod stress kca]c‘ulaﬂ on the value/ of n is given by

o2 2x.25 .
. nf "kc/kt 7+5.4 - ‘08

-

.

-
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1Tie Rod Load Stress with Internal Pressure

j The total Toad (sum for all tie rods) varies witfl app]i’ed internal
pressure and position of piston.  The equations uied below were

derived from reference 1.
4

"a) When internal pressure is not applied (p = o) and no other
r-

external loads are applied
The tie rod load (F ) = Preload (Pt)— 23,808 1bs.

b) When 1ntema1 pressure is applied (2000 psi) and piston 1s at’
the beginning stroke (Poisson ratio effect does not apply), the
fie rod Toad is maximum and 1s‘ given by |

“Fep =P 4 |

, Co / t1 "t 'max ‘(pA) _
.~ =123,808 +.16 (19,240726,886 1bs.

.

c) With internal pressure applied dnd piston at full stroke (Poisson
ratio effect applies), the tie rod load is given by )

th = 23,807 + .08 (19,240) = 25,347 1bs.
d) : The minimum tie rodqload is given by -
Ft3 = Pt' n'(PA) ‘ ) Q
= 23,808 -~ .08 (19,240) = 22,268 1bs.
. A , p

LN
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Cylinder Axial Load F .

. — o e ’

The .maximum cylinder axial load in compression is the preload of
the tie rods with no internal pressure, or external loads

applied. ~ o

. The cylinder axial load will be decreased when pressure is

applied and is given by
Fo=P- (1 -n)pA
= 23,808 (1 - .08) 19,240 = 6,107 1bs.

Separation Pressure

Separation bressure, the pressure at which tﬁge cylinder body loses
contact with the heads, is dependent on the preloéd forca of tie rods.
Under the condition F = 0, the separation pressure is given by

P
t 23 808 -
—-é—TT 08) 2,690 psi
Note that system operating pressure is 1500 pS'i and the maximum

Ps"

system reldef pressure is 1,875 psi.

Figure 2.1 sumarizes the tie rod Toad variation with pressure.

’ 1. The total internal pressure load is r‘epre;ented by line Ft=pA,

with no external- load or preload a;;pHed.
2. The tie md,1oad with zero pressure is 23,808 1bs.
3. If the internal pressure is increased but piston rod motioneis
externally restrained the tie rod 1oaq 1s represented by
Foy = Pt npo (PA) 1ine (maximum load).
4, If the:internal pressure is increased after piston rod has
completed 1ts stroke the tie rod load is represented by

} 4

Fep = Py+ n(pA) Tine (normal load). -

kY

et
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5. Separation of cylinder body from heads ogcur where either
of the Toad ‘1ines intersect the Ft = pA line. The Towest

value of separation pressurep; is 2,690 psi. |

6. At pressures beyond the separation point (2,690 psi), tie -

rod loading follows the Ft = pA line until tie rods fail.
Fatigue Analysis

4

Since tie rod loading fluctuates during normal operation a
fatigue analysis is required.

The tie rod average load is given by

Ft +Ft o~

Fray = —-——2-—— = 24,577 1bs.

- The tie rod range load is
F F

Fo, = —tlé—-—ti\:z,s'og Tbs.-
\Tiﬁa average stress in thz tie rod thread area is ‘
Stav = 31 * 2y A D (nrax = ') pe'r' tie rod
- 24,505 + E_,_Zi%m (.08)
= 25,390 1bs per tie rod.
Safety‘ factor = -l =°—|%2§:98% = 5.2

tav

27




The range stress in the tie rod thread assuming }thread

\
stress concentration factor (:,c 2.5, is .
CyPA 1
ZNII'.HD max *
/J
Ei}—‘i%ﬁ% (.24) = 5,962 psi
. . ¥
In order to determipe a finite fati gue 1ife the Sodebérg diadram..
for the tie rod 1s shown in Figure 2.2. "
: )
rj‘
/"(\L -
\*
A :
:\\ 3 '
/\\\
. N
. js",; \\\\
+ \\\
28 N\
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2.2.2 Stress Analysis of Cylinder

The hydraulic cylinder wil;)prdperly perform its design

function on{y if the stresses and def1ect19ns in the

cémponents do not exceed allowable limits. Stresses -
and deflections result from combined effects of axial ’

load and bending as well as the hydraulic pressure in

the cylinder.

The sliding connection between the cylinder and rod ‘ . ~
portions permits an 1nftia1 anguiar deflection which

%
interacts with the axial load to amplify bending

moments and deflections.

However, in the case of the hydraulic cylinder witk

conical hydrostatic bearings, even though diametrical

clearances may be larger than those in conventional . A
cy]inder¥, as the piston rod is extended or retracted

under system pressure, the piston and piston wod are . (\\‘//)
centeréd by the hydraulic pressure. Thus the initial |
deflection is almost cancelled during the operation.

Ag initial eccentricity, may exist, however, during the

assenbly of the cylinder components.

The ﬁ%nned mounting of the hydraulic cylinder prevents
the cylinder from being subjected to any applied bending
moment, except:those due to the jack itself. Any moments

created by misa]iénment bf the components and friction

29
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at be;¥ﬂngs of pivot points will bg,véﬁyfénn11 and_should
not affect the cylinder performance. Thus these effects

) r
will be omitted in this analysis.

The;mgtho& used in this analysis which includes both cylinder

and rpd, 15 that of the stepped continuous co]umq. Although

. the stress distribution in the stepped column is not the

same as the actual cylinder stress distribution,this method can‘

be applied for buckling ana1ysi§. In this case the cylinder
internal pressure replaces the axial load acting on the wall
of the cylinder . It should be noted that this analysis .
cannot be used to determine stress failure of the cy]inﬁer,
since the stress distribution in the cylinder due to“internal
pressufe is completely different from that due to axial
loading.

Development Analysis

A typical hydraulic cylinder is shown in Figure 5.3 in two
possible positions: perfectly straight; and with an initial
crookedness angle 8, due to clearances at no load. The
system is aésﬁmed to be éﬁerating vertically, to beDIinearly
elastic, and to be pin supported at boph ends. If it is
further assumed that the total deflections, due to initial
crookedness and component bending-are also small and tvat
the length of interface (pfston length and rod and beéring
}ength) is small gompéred to the total 1gngth, then the

30
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following relationships between deflections and loads

deécr'ibe the behaviour of the system (Reference 2).

2
d-y .
By 5Py, =0 :
V4 .
cdy "
1, 9%
2 + Py, =0
2t

Where Yp» ¥p are deflections of cylinder and rod, and x

4

is the distance from the cylinder pin, and I}, 12 are
the moments of inertia of cylinder and piston rod.cross |
. { :

sections. } °
Boundary condition and compatibility of the 'system as
shown in Figure 2.3 are:
Yy = 0 at ; =0
y§=0 atrx=x2. g -

dy, dy, .
Tt C9atxe=x A

where 0 is the crookedness angle at the interface.

The angle@ is a function of the axial lToad, clearances
between cylinder and pistr;n head, and clearances between
piston rod and rod ,énd bearing. It is also a function of
the modulus of elasticity of the elements in contact; at

the interface. e ., a

o




!
{
]
‘~ ;\}-
In the study done by Oklahoma State University (Reference 2),-

’

the analysis was based on fa conventional cy'linderhtaking into
consideration the co;rpreséj‘ibi‘lity of the piston, and rod end
bearing seals under axial ;.1oad. However, in the case of the .
hydmstafi ¢ cylinder ther:e are no seals, but there is a film
o'f hydraulic oi1 under syis._tem pressure. The hydrostatic
cylinder with conical pisfton and rod end bearing has thel
advéntage du;a to the cent%em’ ng force applied by the system
pressure during operatiot]{.

|

‘modmus, the oil film thickness, and

| %

~ possible contact area t;interfacp, the additional deflection

Considering the oil bu

(increase) of the c';'ookedness angle @ due to axial load is very
' |

small compared to the inttial angle @ , thérefore it can be

neglected. J

I .
The bending moment due to curvature obtained from ordinary

bending theory is ¥ - ) : :
' ol dy - .
meer G
, The {ending moment at the same location due to external load is t '

v M, =Py

where E & I are the modulus of elasticity and moment‘ of \1nert1'a“ °
of the cylindar or rod, P is axial load andy is the lateral
deflection. At equilibrium the 1onterna'| and external moments .
. must be equal as dzy; P : : ,
o RLiu=0 -

—
dx o

3




rd

P R

R SR LI T S

o e T S

i Qhere ;LZC = section modulus of cylinder < 5.67 in3

' ’ J
and &3 ¢ -
+ Y-, =0
ol Gl T2

The initial deflection, y;,' with piston fully extended was

]

calculated to .03-inches considering the dimensional tolerances

without internal pressure appliéd. {see Secti'on 3.3).

The bending stress in the cyHnder is then:

Py
. PYe 19,240 x L030 _ .
Sch I AT, 102 psi

‘The hoop stress in thé cylinder is

2 2 : .
D°+0D : ? 2 .
ch D, - Dy (4.5) - (3.5) S

0, = outside diameter of cylinder = 4.5 in.
D, = inside diameter of cylinder = 3.5 in.

ey

p = internal pressure = 2000 psi.’\r’\\
Total cylinder stress = S, + S, = 8,125 + 102 = 8,225 psf
From cylinder material (MT1018)
S, = 85,000 psi, ultimate strength
S, = 65,000 psi, yield strength
y - N
The c¢ylinder safety factor = %J-gg—g- = 7.9

Using Barlow's formula: for cylinder stress

~

-« _PDy 2000 x 3.5
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N
The maximum stress in the rod section is . B
S +
. Y' TI‘[(D %-
-4 x19 240 '|9 240 x .030 _

w5y, e T

Where Dro = outside dia!rleter of piston rod =>§.'5 in.
Dri = inside diameter of piston rod = .78 in.

Zr = gection modulus of piston rod = 1.52 1n3

From rod material specifications,‘
Su = 115,000 psi
S, = 85,000 psi

y
Safety factor = %’—g-g—g- = 18 (in tension)

Critical Load of Piston Rod

Compressive loading of Tong members (colums) may res:u’ﬁ: in buckling .

in which the members experience lateral deflections that are ’ ws

excessive. Buckling is a stability faﬂure and the resultant lateral
deflection is not related to the applied load by a dh‘ec?:lJ proportion.
Consequently, the relation between load, dimensions, material
properties and conditions of loading must be examined in column

analysis.

A compressed column acts like a spring and resists any lateral
deflection. The latéral deflection can be initiated by
eccentr_icit'les due to: devi ation; from absolute straightness of the
column and error in alighment wﬁen load is suppHgd. A small increase

in load above the critical load will significantly increase the

/ -
.
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initial deflection. This increase may be enoug'h to induce inelastic
action in the material of column which will/be sufficient to cause

collapse (stability failure).

A ct;lurm will be stable if it is able to return to 1;:’5 neutral .
equilibrium after removal of the applied load, (which will have
prodﬁced a 1ater°a\1‘)deﬂect10n). The point at which the column will,
becomé unstable (collapse) is the Bo1nt where the stres'ées due to the

. apph‘edﬁload are equal or above the material proportional’ Timit. éiqce
the pﬁportiona] limit strength of a material is hard to calculate,
the yield strength is used. | - g

x

The maximum load ‘that can be applied on a colufr, before the column
[l

becomes unstable is the critical load.
‘The critical load for slender (long) columns of uni fdrm cross section

. is given by the Euler equation (Reference 3)
e, o ColEAy | CroE (2.1)
o | S

|

" The critical load for moder&te length colums of uniform cross

section is given by the J.B. Johnson equation (Refegrence 3).

F_ - SyA\{l- Sy(Lyr)? ] (2.2)
4Cr°E
where ‘A= Piston rod area, 4.431 in?
€'= End condition constant, 1
E= Material Modulus of Elasticity, 30 X 16° psi
F= Maximum applied load, 6400 1bs. ..
L= Piston rod length, 73 in. )
~ r= Piston rod radfus of gyration 0.655 in.
Eya Piston rod yield strength, 85,000 psi

“
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Which of the preyious equations may be used is determined by the valué
of the slenderness ratio L/r. This ratio is obtained by equating the -
\\ equations 2.1 and 2.2 from which S |

\ = (ETE S

; ~ y
: \N \ffder to.use the Euler equation the condition is

L ‘L .

(+ actual > (,’7) slenderness ratio 5
L 1]

From the above data ~

L -7 73,0
(-;: )actua\j': 7655 = 111.45

/ =y 3
(L) s \/2x1xﬁ x30x108 _ g2 4o
) N2 . 35366

0

Since ( —"‘: l,&ézua] 1s greater than (%), the .Eufer‘s equation must
. R / ) ‘
be used. The critical load then is given by ‘
b oo ey 1x 17 2x30x106x4.. 431 )
F..= = - - -
" ’ Fer M2
The critical stress is O = +—— = = 23,837 psi. (2.4)

The equivalent column stress for an actual load F, is given by’

[

Euler's equation, N ‘ , |
2 ) Co ) :
& Al cn2e | "
_~ 6400 | 85,000 x (111:45)2 5 150 _
- 1 ‘ = s psi
4.43 [ 1XTi2x30x106 ]
37
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The equivalent stress is a fict'i‘tious stress -réiated to the yteld point
stress,.ip the same way as the actual load is related *o the critical

load. Equivalent stress depends on the yield point stress. In a column
of given proportions and lengths, changing the rﬁaterijﬂ does not change

the critical load, but it does change the stress.

A

As shown in equation (2.1) the critical load dependsA'on -the modulus of

elasticity 01'" the material and the dimensions of the column. In order '
et

-t0 increase the criticaT 16ad, the moment ‘of inertia must be increasd.

This may be done without changing the cross-sectioiial area A, but by
distributing the material as far as possible from the principal axis of

»

the cross-section; i.e. 1n/creasing’ﬂthe radius of g_yratidn r.

Hence tubular sections are more economical than solid secfions K’or . i

et Sl e

compression members. However, the ’maximum value of the radius ’of |
gyration r, in eiuation (2.4) ‘is 1imited by the material proportional
) RS

1imit or yield point stress. - : L
, \ P 0
- Figure 2.4 shqws the Euler's equation curve, with critical stress as a

function of the slenderness ratio. The Euler equation is valid only for

, ; a
the portion BC of the curve (long columns). !

The critical stress for'(L/r)> 59 depends on the slenderness ratio _.
.‘v{_mi'le for (L/r) <59 it depends on the material yield point stress or --

proportional 1imit., The value of (L/r) from equation (2.3) as a
function of the yield point-stress is 83.47. -

Since the actual value of (L/r) is above 83.4'7 the use of the Euler's
equation is justified. ‘ -

~
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The safety factor for load and stress is

(SF)load

(SF)StT‘ESS

NOTES: -

¥ .

FCV’ =

Seq F

Ter

23,837

1

05,624

-__t———

6,400

= Jeq =—5':T56=4.63

-7

-

=165 T

1.
2.

3.

4.

The length of the piston rod L, was taken when the

o

piston was fully extended.

"The end conditions were considered a§ both ends‘pinned

. thus having C'= 1. o B

The rod area and radius 6f gyration were calculated
considering the rod as a circular tube with 2.5 in. . | ﬂ

0.D. and 0.78 in I.D.

The maximum actual load to be supported by the rod was
" measured to’ be 6400 Tbs. This was the case where all
Jacks of the mot{on syﬁtem are fully extended, and the
mbtion system is éubjected to annupward pitch at 1.25g : -

-~

“acceleration.

A11 load is carried through the piston rod.and supported by
the hydraulic ©0i1 pressure appIied'bn the piston head end.

Stresses on the cylinder body were calculated-in the

previous section.

ety

— .

Any shocks “applied on the rod, will be abs&%bgd by the
hydraulic o1l which is of lower stiffness.

t .
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| Piston Rod Thread Stress

Dimen . nal

" Thread Sizeg
Thread Engagemgnt Length: 1.70 inches
Load to be Carried:

!

»

‘where F
b
h,
n
m

then Sb
S

The bending stress at the rﬁot of the thread is given by (Reference

da:

[

1.875-12 UN-2A

g

6,400 1bs. in compression

5

- 3F N
Sb - Zﬂprmﬁz, (2'6).

The mean transverse shear stress is

= F

= (2.7)
‘ Zﬂr?r'mb‘
load = 6,400 1bs, - f& )
thread pitch = 0.083 in. .
thread height = 0.051 in. )
number of threads subject to load = 20
mean tﬁread radius = 1.806 in.
3X6’400 % 0581 . = 626 ps.i

2 x T x 20 x 1.806 x (.083)°
6,400

= 1,067 psi
2 x TV x 20 x 1.806 x .083

Above stresses are far below the material strength and they are

sé;isfactory when piston is under compression.

Considering the case of motion system fall-out (point of ﬁo recovery),

&here full system pressure of 1500 psi is applied on the é&]inder rod

_end, the applied %orcg is F = pA = 1500 x 4.71 = 7,665 1bs. Tension
o

stresses in this case are going to be siightly higher than those

calculated above.

vy
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2.2.3 Summary of-Stress Analysis

Stress analysis of tie rod indicates th%t selected material

and sizes are capable of operating an%f normal ﬁoaang with

a safety factor of at least 5. Pre]ogz1ng on tie rods is
sufficient in this ;pplication. Calculations show that separ-
ation pf cylinder body from cylinder head will occur at
appﬁoximatély 2700 Eét. The ma;imum system pressure, however, ’
is 1,875 psi (reliéf valve setting), and the system operating -
pressure is'limited to 1500 psi. The Sodeberg diagram shows that
the tie rods will have an infinite fat1§ue life.

The cylinder stresses due to bending are very small, almost
" : {
negligible, while the hoop stresses will have a safety factor

of at least 7. v

Thé piston rod‘loadjng will have a safety factor of 16.5. Even
though thé load capacity is very high, it 1s not advisable ‘to
try to reduce the critical loading by changing the rod dimension,

since this will affect the critical stress which has a safety

factor of 4.63.

Thread stresses on the piston rod in compression and tension are

?ery‘?mal] compared to the rod material yield point stresses.

A factor that has not been included in the column stress analysis
is the load eccentriéipy (Ref. 4). If the column is loaded
axially, ec;entricity will be zero. It is virtually impossible,
however, to eliminate all eccentricity which might result from
various factors such as_ghe initial crookedness of theccolumn,

minute flaws in the material, and a lack of uniformity of the

42
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" small slenderness Eatios below L/r=100. The critical stressy O‘C

/

crossi-section‘ as,weﬂ as accidental eccentricity of the Toad.
However, the eccentricity affects greatly the critical stress at
r,
for L/r >100, will be decreased s1ightly. Assuming that there is
0.030 1n. eccentricity, the calculated critical stress of 23',837 psi
will.be reduced to app;'oximately 22,000 psi, which still meets the

- ",
safety factor requirements,

Comparing the {:olumn strength from the obtained results wjth Series

- 400 hydrautic servojacks, it.was found that Series 500 piy'ton rod

is capable of carrying higher loads. If the Series 400 servojack
- !

were to be used under the present load requirements, its critical

parameters will have the following values:

L/r = 116
Fep = 69,093 1bs.
-Seq = 7,873 psi.

Oep = 22,000 psi.

. Event‘hough its load 'c':arry'!-ng' capacity is -sufficient, the critical “

stress does-not meet the safety factor requi rements. - In order that
a safety factor of 4 ‘to be met the maximum load to be' carried by
a Series -400 servojack is 4,500 1bs., which is equivalent to a

platform bay]oad of 15,000 1bs. approximately. -

[
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Vibration Characteristics

-

Mevious models on motion systems have been treated as Tow
frequency models. Effects due to oi1 compressibility and
structure vibrations wer:e not considered. Therefore, while the
models can be used to answer questions pertaining to the main
Tow frequency components of the motion, they remain mute on

the subject of rapid spurious 'motions.

Since these spurious motions lead to appreciable accelerations,
they are easily perceived by the simulator ﬁser. It is thus
important to understand the causes of such motions and {if possible

to gHminate them.

R 4

The normal operating frequency of the motion system is below one
or two Hz. However, it is required to.s1mu1ate flight
cond1t1'ons under ah;' turbulence, which will occur a&: much highe:
frequencies. Since it is desired to simﬁ]ate the actual flight
conditioﬁs as closely as possible, some low amplitude high

frequency noise is frequently added to the motion commands.

Thus, it is 1important to know the hydraulic and mechanical vibration -

. characteristics of the hydraulic actuators and motion system so

that the high frequency noise ;41]1 not excite the motion system
4

, resonances. Tﬁe existence of a resonant vibration is obvious in

that one can hear, feel and even at times see the vibration. How-

S

_ever, tﬁé whole frame appears to be shalzing gﬁd it is usually dif--

!

ficult to observe the mode shape.'

This section will investigate the hydraulic and the mechanical

vibration modes of the hydraulic actuator and motion system.

44,
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2.3.] . Hydraulic Modes

Considering one servo cyHnder~and taking into account oil

compressibﬂ'lty, the ﬂows at each sglc)ie of the cylinder are:

. V .
+Cap end Q = AS + ?- a-t—"- (2.8) .
| .V, dP, ’ ”
Rod end 02 = AZS + R

An dincrement in flow Q] will produce
QG = g(t) + 8gy(t) - (2.9)
s, (£) + 85 (v) D

wn
]

Violt) + A]SS (t)

-
L]

<~
L]

1= Prplt) + &P (2) - \

Where subsgripted zero variables correspc\md to ideal

o

incompressible case, i.e. 8 =oQ,.

Substituting equation (2.9) into (2.8) we have '
V1(t)+A,8S (1) py S(t+d(S e (t)]

B dt

0y (t1+ 80, (£) = K5 (£),8S (1) +

P d&P
- 1 o
and 3Q1 A, S§+ [vmm SSJ[ -t ] (2.10)
, Since the time behaviour of P1¢g, 1s sTow compared to SP.l and :
| sing&:VIQ)A1S$‘:, we have

adp, | (2.11)

-y
10
' Sq, ’A18§+‘p?"1t—
,aratd: similarly ‘ . : R |
Voo © dSP, -
5q, = - AZSS + ‘%9...3.{2- (2.12)
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CASE 1, VALVE CLOSED

If the valve is closed: then 801 =802 = 0 and by integrating both sides

of Equations 2.11 and 2.12 we have,

SP.‘ = A VE—SS o (2.13)
~ 10 ‘
and §p, = A B 8S ' (2.14)
2 2 VZO . ] ,
1
IfS 1is the distance between the piston and thé cap end dgr’i ng stroke,
then (with piston stroke = 52 inches) ot ,
\I ’ -
Y10 =4S
Vog = A, (52 - 5)
then ' ;/
5, -——§35 (2.15) i
B ’ ~ |
78 8P, = T _ ’ (2.16) 1
The upward positive forcq will be ' \
§F = A 5PT - [L89) n [ B 8
S§F =8Py -n,8p, =4 [_.S_%“S]_ AZ[W';T ]
: N (A A S
_ 1 2
- -A —S-—SS + Y FES) SS] ,
‘ " 52A A S -A;S -
= -B 1 27 ] ]85 (217) -
L S(52-S) - : : e :

Equation 2.17. -is the Force-Length relationship of a spring with stiff-
ness depending 'on the actuator position. The factor in this equation
has a broad minimum value of .43 near S = 30 inches and rises to about

.68 for S =15 or 45 inches.
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CASE 2, VALVE OPEN

o

In this case we must express the flow variation in terms of pressure

chaﬁges through the orifice re1atjonsh1p of the valve. For small changes
Clo(t) - 3
SQ] 3 - -—o——-——T}aS P.l T ’ (2-]8)
: Z[Ps'Pxo] ‘ w5 '
. ‘ cl_(t) - .
‘ 3 z"2§ " 9‘8"2 ‘ (2.19)
[ 2073 ]

3

- Above case 1is where pressure is supplied at cap end and return in rod

end of the cylinder.
. {

Combin'ing Equa%ions 2,11,.2.12, 2.18 and 2.19 3 ¢

Vip §q;-A,85 o | ,
BT @y -
V.. d§p .
1 1. o (t
or — ———ta3' - §p, - A8S
at S TR T e (2.20)
é 2[Ps P]O] ¢
— Dz — o ' dt
v P /4 B », 2[p. -p ‘ .
VR dopy/dt [~2° 3 ] (2.21)

|

Equations 2.20 and 2.2] are linear but time varying because of.the
value qf current, 10. The pressure PIO and on, and vojlume \(10 and Vzo‘

will change with time.

a

From previous study of heave motion the factor A - Cigy has
‘ o z[p P ]'/2-
{ s 10 o

a peak magnitudé!of 7x105 for variables in SI unit\s, and it goes down to

zero when valve is shut.

[ O R b e ey s
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‘ of 1.4 sec. ln order to increase this. to a value that might\interact

1
v

,\'Equations 2._20 énd 2.21 show that the pressure dynamics are of first

-

order with a rapid time constant. In effect 8Py and 8P, are always nearly
zero, so that, 6P and &Py are essentially at their equiTibrium values.
Thus , the pressure re'.{ponds very fési with first order dynamics to changes

in rod velocity. A sudden velocity change causes an almost instantaneous

change in pressure to the equilibrium valve. {he.re are no oscillator"y =
5 1

transients. The value of 7x10 sec” correéponds to a time constant

with order dynamics ye need to bring the valve current i, toa value

quite near zero. In essence, this rapid first order dynamic behavior

)

is obtained whenever the valve 1is fully opened. °

Results from Analysis o u K §
The, Tinearized model of the motion system is of the form
‘ M{=A x+B 5 F _— - (2
§5=8T x C (2.33)
where , °

Z(_fg[.x +Y12,6,0,¢ ] is :the vectdor of positﬁ)n and angular aeviations. ,
i

M= diag {m.m,m,.IX,Iy,Iz] is the matrix of mass (m) and moments of -inertia.

§F = Vector force increments from nominal, at six actuators.

§S = Vector of length increments at six actuators.

A,B= 6dx6‘}na'tr1ces .

Equatio\n 2.17 can be rewritten as

5F=-k8S ) (2.24)
. 5281 + (A)~A1 )S "
where K:‘- 43[ 5%52_5 1 ] _ - ToE




If we assume all six valves are shut the same value of K appiies for a1l

actuators (e.g. at mid—point), then we myy write the vector equation

[

§F = -k&S ’ (2.25)

Substituting Equation 2.25 into Equation 2.22 and 2.23 we have

“

- . T '
MX = Ax: - (38" % (2.26)

R

or X =M (A-KBBT)&

Let h].lz,_.'hs be the eigenvalues of the matrix M'] (A-KBBT), it is easy
to show that the systen modes are + VA, ,.... VA, -

The modes were computed for values of K corresponding to S=30 1in. and

S=450r 151in. The eigenvectors were also computed, S0 "‘that thq mode 1

P

components could be identified. The results are shown below:

N

Surge~ Surge- Sway- Sway-

Mode Pitch Pitch  Heave Roll Roll Yaw

Freq..(Hz) 4.5 _  26.6  8.27. . 4.53 14.% 15.6 ’

S X ¥ '
Freq. (iz) 574  33.4  10.4 5.7  18.1 T 105

S = 4 ‘

Above figures show that most '?f the hydraulic modes are Tlocated in the

range 5 iz to 20 Hz with surge-pitch mode to about 30 Hz.

These oscillatagymodes occur only with closed or nearly closed valves. It

is thus shown that it is impossible for a 50 Hz -mode (which has been
. measured in the system) to have its originin the compressibility of the
oil. ’

[N r— a2 Y gl gt aie Ak ik & [P




2.3.2 Mechanical Modes

Pt

-

‘motion system. o

[T

-

%

Since the upper and lower frames are quite rigid it is obvious
that the sources of high frequency vibration are the ax‘fa] flex-
ibi1ity of the cylinders due to ofl compressibility and the

‘transverse ﬂexibﬂ'it_y of the cylinders (beam vibt:ation). Section

2.3.71 showed that vibrétions of hydraulic origin are in the range
of 5 Hz to 30 Hz. Thus, h1/gher frequency vibration must originate

.'from the cylinder mechanical components.

In a recent st;'udy°(Reference 5) a standafd finite e]eme}lt

computer program SAP IV (Structural Analysis Prog'ra’m)“‘qu used to -~

N

. apaltyse the dynamic properties of a 3-d1mens’10}a1 mechanism,

involving hydraulic cylinders. In this study the oil column was
considered as a truss of a properly chosen serving stiffness. The
hydr;aulic cy 1inder waﬁ and pisti?n rgd were cons"lrde'red as bea;fns,
1ntera‘ct1ng at the piston and rod en/d beair'ing. After applying the
end conditions at the upg’etehr' ﬁg,d’ﬁjwer‘supports of;' the cylinder, 78

natural frequencies weve obtained for a total of six cylinders per

()

In the case of the motion system analyzed the 'natural frequencies |,

of the six degrees of freedom motion were calculated at the cen-

troid of the upper p1a_1;fokm. Some of the typical values obtained :
are Hstedﬂ below: ) : %

Horizontal Motion © 6.1 Hz 2 modes C ]

Vertical Mdtion T 11.3 Hz 1 mode
° Combined Pitch and Roll ‘ 18.2 Hz 2 modes
Yaw Motion ' 27.6  Hz 1 mode
Lgtei‘a'l Cylinder Vibration 14 to 48 Hz ° 11 modes

50
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2.3.3

M »

The evidence that the high frequencies were‘origi nated at the
i:ylinder sfructure was that the platform motions were very \

small and that the frequencui'es in eacﬁ group were the ségne.

m&wncm1wﬁmsuﬁmu

. Hydraulic ﬂuids though far less compressible than gas, when

compressed in 2 cylinder compartment act like a spr1ng and induce

L}

therefore a second order mass-spring system whose natural fre-

quency limits the bandwidth of any hydraulic servo. The hydrau-

lic stiffness <o is defined as the ratio:of change in force to
piston gisplacement and is given by- .
' AdP dp ‘
L il W
o * & RS | (2.27)

3

¢ ‘ . .
'Since the bulk modulus of oil (150,000)psi is given by

pEtl.fs  (2.28)

s

Substituting Equat1on 2,28 1nto Equatfion 2.27 the oil
spring constant is given as, & function of the 011\bu1k
modulus, the cap and rod areas and of the piston dj_sp'lacement

thus co = B o +§£ | e
&6 &l .

. » - ,
assaming that the oﬂ volume,i“‘h the hydraulic 1ines is neglig-

~ible canpared"to the of1 volume- at both 's1des of piston.

The value of c, #i1l be minimum at efther end of the stroke and

~ maximum at.mid-‘st\roke‘. ~ The o1 spring stiffg’ess constant for

. "tbe hydrostatic cylinder is ¢ . . ’ o

.g‘\

o
B
4
{




7 Co(upper end)

2.3.4

Co(lower end)

B
Co(mid stroke

: neg'Hgib'le, whi]e on the rod end it is estimated to be 50 in°.

. 150.000 [ %—l] = 13.58 x 10° 1b/in

t

) 150,000 [ 9,62 , 4.7 LI 1= 82.67 103 1b/in

962]

= 150,000 [ 27.75 x 10° 1b/in

\

Cylinder Hydraulic Resor{ance

The estimated weight supported by the hydréu’lic fluid*1s 18,000
Tbs. ‘At neutral position with motion stationary, the average

&
weight supported by each servojack is

18 000 000

6 cos 1332 ,

= 3,720 1bs.

~ The load supported by each .jack is a function of its position

from neutral and is also a function of the axis from which that
extensjon from neutral is measulred. Heave is the stiffest

‘axis and lateral {s the weakest.

The hydraulic resonance will be calculated with both tylinder
ports blocked. That is; the oil will be trapped in each cyﬁnder'

side and cannot escape.

"The volume 1n line connection (piping on cylinder cap end) is
3

The cylinder net stroke 1s 52 1nches

.Y *
1) The blocked port reson?nce frequency at neutral is given: by

ARy \[By 386

Thg IR VTR ‘+50] . | [(2:30)°

. 14.33 \l 50,000 x 386

) = 13.84 Hz

\
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2)

. - and the resonance

3)

ny

5),

[0

For the actual hydrau]ic resonance calcu1at1ons we will assume -

a1l hydraulic resonances are calcu1ated as the system is extend-

" ing and retracting and the cap end and rod end of cylinder are

alternately one pressunjzeﬁ and the other onen to reservoir.

At maximum extension up and cap end of cylinder pressurized the L

_jack “load will be

e . )
S .. .3,000 . .
Fju cos . - 3,424- ]bs . v . . e

. 9 62

: 150,000 x 386
Fru —ﬁ-—m—xv 8.90 Hz, . :

At maximum retraction down

jack load will be

and the resonance

oA
L} /fnd 'Z.T‘T.’

150,000 x 386

4,659 x (4.71x52+50 = 4.87°Hz

At neutral exten eh going up with cep end pressurized

}ngwmu% - 12.08 Hz
70 % 9.62 X 25 RS

} . © ,
At neutral extension- going down with rod end pressurized '~ . -

. 4.71 \[ 150,000 x 386 L
for = 200 \/zrhmwm—smy P12hz

. Since all’ frequency response requirements are to be met at neutral
'position the average value- of the hydraulic resonance about neutral
. position will be calculated This average’ va1ue\15 found by us1ng

. the average piston area and the average- yolume of the fluid under

compression at neutra].




“‘1*"2 /2 \/ 150,000 x 386

m = 10.42 b

= 65.5 rad/sel:

The damping ratio of a hydraulic spring based on other systems
and other designs is between 03 and :08. It is worthwhile to
. . note here that the oil bulk nndu]us can vary from 80,000 to

o
ERL TS

-y testing have been in the 14 Hz range. - .o
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250,000 psi, thus the hydraulic resonanceufrequency of .the jack ~

~ can be higher than the above calculated values: Values of actual’




RS e

2.3.5

Sumary /' -

The precee@in; vibration'ana1ysis may be summarized as follows:

1. Vibratéon~ ural frequencies in the motion system have
been measyred and vary up to almost 50 Hz depending on the
motion. r

2. Hydraulic natural. frequency modes vary from 5-Hz to 30 Hz;
again depending on the system motion. -

3.'“Na£uya1 frequencies due to oi1 compressibility vary from

"6 Hz to 15 Hz depending on the extension of tn; servo-

actuator. B |

4. Oscillatory modes in the hydraulic system eccur whén closed
cemter valves are used. nctual va]ves used in the/system v
have slight underlap, thus providing extra damping.

5. Natural frednency modes from 14 Hz to 48 Hz are cause& by

lateral cylinder vibration.

6. The ofl column hydraulic spring .stiffness varies from 13,580

Tb/1n with cylinder retracted to 82,670 1o/in with cylinder-

at neutral position. 01 spring stiffness may vany depend-
ing on the ol bulk modulus.
7. The hydrau]ic cylinder-mass system natural frequency is
" minfmum 5 Hz when cylinder is retracted and maximum 14 Hz

with cy11nder at neutral position with closed center valve.

NOTES: In order to"increase the frequency interval between the

system excitation frequency and the system natural

frequency to avofd resonance, the system must be as stiff ‘

as possible.
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Natura]qfreduency is proportional to the square root of the
system stiffness. Increaéing stiffness implies increase in
cy?inder, and piston rod area or dedreasing the cylinder 1ength.
Cylinder Iength however, is governed by the system motion
requirements. The piston area on the other hand is affecting (
the system velocity requirements. A larger cylinder requires

more 0i1 flow. Thus compromise is required.

From control theory it is well known that introducing feedback

control changes the overa]l dynamics of the system Ina

"’ -second order position servo, if the amount of position feedback

is 1ncreased the natural-frequency is 1ncreased implying that
the system hag been made stiffer, similarly ‘velocity feedback "
has the effe;t of damping and increase #n natural freguency,
current feedback (in recent study) has shown that 1t stabilizes
a single cylinder but, in the s1x-degreefof-freedom case, one of

the modes (45.6 Hz) primarily in roll, is unstable.

Force feedback has a stabilizing ef%ect on all hodei,‘similar to

that of valve pressure gain. This approach, however, has the

possible weakness that all modes a§e given additional damping. 1; ~

. is then preferred to simply damp only the unstable modes, without

affecting the dynamics of the other modes.

[
v
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HYDROSTATIC BEARING ANALYSIS

a Q

3.1 Basic Design Theory ‘ T o -\\

The hydrostatic servojack'contéins two double conical bea}ings.
bne tapered piston mounted on the piston rod lower end and one

tapered bushing mounted on the cylinder upper end (Figure 3.1). \

o

\
Performance-characteristics‘are given to- show the influence of

1

the axial speed of the piston in relation to the histon centering

force, influence of eccentficity, clearence and taper. ;

The following symbols - used in this section - are also defined
in the general Nomenclature. In this section English and metric

units will be used, with the metric values shown in brackets. o

¢ = Radial clearence (at e=0, x=0), in. (mm)
d -= Nominal diameter of bear%ng, in. (mm)

e = Eccentricity, in. (m%)

= Radia] bearing force, 1bs. (Newtons)

= Film thickness, in. (mm)

s o -
u

Axial bearing length, in. (mm)

P = Pressure, psi (bar)
P = Pressure droﬁ =P, - Py, psi.(bar)
q = Leakage flow, U.S. gpm (1it/min)
’ t = Bearing taper, in. (mm) -
X uf Axial coordinate —"
y = Tangential ‘oordinate o
J- = Dynamic viscpsity, 1b¥sec/1h2’(N-sec/m2)

g7 E . |
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Dimensionless Quantities ' .‘ .

E

F

V*

v

M

C

" e/c

f

0.25M d% (Py-Pq)
&4

© N ~
o

—?fgbL——-— refers to single bearings

v - refers to double bearings

Value of V* where cavitation might occur

Subscript 1 refers to the narrow end (2 to the wide end) of.bearing

gap, and 0 to the return line pressure. - \

3.1.1

Introduction

Since closed loop hydraulic servo-actuators are used for
accurate control of displacements, forces or varying speed,
control accuracy is the most important factor in _the

performance of the servo system.

An 1mportadt factor that affects control accuragy is
Coulomb friction of piston and rod in its cylinder and
bearing. Coulomb friction may reach from Sz,to 15°/,, of

the Toad capacity in a conventional hydraulic cy11hder.

fﬁe design of hydrostatic bearings offers a major

opportunitj to improve control accuracy as Coulomb friction .

" {s effectively eliminated.
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+3.1.2

y

the pressure distribution around the piston becomes - % %
St Y o s IV
. Dm - 2 . h h ]
p P]+(P2_P.|). h 1 + 6¢V. 1 Jth 2 (3.2) 3
. . 1_2--1__ ‘ q [L-{-.L..]\ o

2 h he ] »
h2 o , . 2 _ 1 - |
60 ‘ 3
‘ i

v

Taking into consideration, the results of the design study made

at Delft University. of Techndlogy, (Ref.6),the tapered bearings were
selected and this section will be on this type of bearing des{gn.

' The derivationof the equations used will not be presented here

but can be found in ﬁeference 6.

a
1

Since  in this application formulae of both single and double
bearings will be used, a summary of the characteristics of both h

designs 1s included.

Single Bearing

Conical hydrostatic bearings proyide centering forces Tf_thé
greater of the two pressures adjo1ning the bearing gap prevaifs

at the wide side of th; gap.“ Figure 3.2 shows a typical conical
hydrqostatic bearing. As long a§ presguré P2 is gre@ter thén P1,

a cente;ing force exists ;nd a permanent oil film can be maintaineq;

eliminating metal to metal contact and Coulomb friction.

Usin§ the Reynold's equation for two dimensional! laminar flow
around a fapered piston in a perfect cylindrical bore we have

2P 4 .
1t TR A 3y 170 G

h
7 3y
Solving the above equation by first assuming one dimensional flow

(L, =0) andwith nen + 5, n ey
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DOUBLE CONICAL HYDROSTATIC PISTON BEARING
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must be accepted, so that the bearing can operate. Knowing the

e

Proper integration around the piston gives the lateral force f.

/

The result in dimensionless form is

" 72 2
F_T| 2+ _1]_ auy | V0T P-E% Vi Y I
L E |\l a2 STE T (24 Zaae?

(3.3)
where =% Fe —1y
o 25T d(P,-P, )

e
E=~

C V = dv

C (PZ-P")QQ o

4
L=3

—

Applying hydrostatic bearings in a cylinder a certain leakage flow

pressure distribution of Equa‘tion 3.2 around the piston, the

stérting point for the calculation of the leakage flow is

3 -
B op .
, d = b 2P g : |
’ 121 ox (3.4)

In an one dimensional flow model straight forward integration at a

constant x yields

3 2 4. [ 24T 1T -
q= JTCaP j2(+)” % (2+7)EZ + —L [W - 1]]
12l 24T C 8(24T) L (2+T)¢-4E
which is épproximated l;y L CL {3.5)
o omca | angsT a1 (esT)ER 0 (3.6)
12 : | ‘




e

3.1.3

Since the leakage flow is quite small in 'comparison to the

displacement flow the influence of the speed is omitted.

3
Double Bearing

" The design of the single bearing 1imits its a%ﬂication to

one-d'irlect*lonal Joad because the,bearings provide centering forces

‘on'ly when the greater of the two adqoining pressures prevails at

", the wide side of the gap. Otherwise a decentering force will occur.

For this reason, a single bearing will not suppart a reversing, load.
. , ) \ g

. Another limiting factor is the speed, which directly influences

<

the bearing forces. - -

L]

However,-both Timitations can be overcome by using a double bearing
wh'léh consists of two identical single beqrings with opposite
tapers (Figures-3.3 and 3.4). In this arrangement it is ascertained
first of all that no ':negative" pressure drop can occur, so a positive

bearing force is guarénteed. Furthermone, the influence of Jspeed

‘ is eliminated by the negative influence of the same speed on the other

Bear‘ing 'hglf .. But even the double bearings Xhave 1imitations and

further analysis is necessary. -

From Equation ' 3.3 we see that the speed V does not directly influence

the b‘ehring as the negative half 1{s cancelled by the positive
influence of the speed on the other bear'ln; half . In one dimensiomal
flow model the total bearing force of a symmetric bearing can be

found by

63
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N’

.
l ’ '
.

L + Lodm 2. o :
f == - 1|— d°(AP; +4P.,) - (3.7) :
- B (2+T)°-4E : ]4 I i, r \ ' v 7
Vs 7 ’ ) \ ‘ ’ - '
where AP, andARy are the pressure drops ‘across -both bearing’

halves. ' \ T
& ~ :

Even though the speed does not directly influen}.*e the bear'lng force. \

\

'1nd'l rectly it does influence the maximum force. ‘\

Since negative pressures are ph,ysica]ly 1npossib1e. we ‘have assumed
that the pressure is alwws positive. and in order to verify this

assumtion we examine the mintmum pressure P 1

Introducing in E_quaﬂon 3.2 P min ™ 0 and so]ving the equat‘lon

we get

5! 1- cm-e lap + 2+T-25[p +\p Zp AP} (3.8)

14T E

£quat1on 3.8 shows that speed V increases with E. By '\ncreasmg"}he

speed, the cavitation risk 1ncreases;. and if we allow E. = 9.75

’
13

Equation 3.8 can be approximated by "'/ -7
v, - %"—"——“o.l L _ ‘ | (3.9)
' c (Pz q) ( Ca

In order to avoid possible cavitaticm the be’aring speed must be Tess
than V. U |
Intmducing V*, speed where cavitat'ion might occur the,,characterisﬁcs

are

RIxy! fiz (API+APH)3F - (3.10)
v Gl => thenF =T ERI
(PP T & -
S .
et 3ol = thenraF(a-t 2)
Ny O C(PPy) ' .
N ,
) N : l
) ‘ . »r
. . ‘ : ’
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3.2 _Calculation of Parameters

. 3.23&‘“ Leakage Flow Ca'1cu1adtions : N ;

The ‘Ieakage flow through a single conical bear‘lng 1s

given by Equation 3.6
_nciar [14.7514. 514, 5'r)rs2 o
9 T2pL |7 L

The above equation shows that leakage flow depends on
the' following parameters: ~

- The radial clearance ¢ between piston outside dﬁiameter
and cylinder inside diameter (or piston rod diameter and
" upper bear'lng i nside diameter). -

- The pressure drop AP across the bearing , .

- The viscosity ¥ of the oil, which fn turn depends on the

type of hydrauHc 011 and on the Dperating temperature. /

- The taper t of the conical bearing.
- The length 2 “of the conical bear'lag.
' - 'The eccentricity e  of the bearing. |

»

A'H the above parameters can be calculate; or measuned
¢
wﬂ;h the exception of the eccentr1c1ty

Ty

/ 'The critical parameters/ in the above equation 'are, the'

ot

A

L3

i

- * ‘ radial ‘aIearanceypressure drop, v1s'cosity and eccentricity.

sing?e bearings. The va'lues used for raqjaI clearance c
£

.and taper t in the leakage ﬂow equatiqn are the mean or

average valuese The viscosi ty was taken at operating

N -
L3 v

temperature near the bearing area of 140° F.

AT 'The leakage flow is calcu1ated for’ three different sizes of

!
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Table‘s.l shows the numerical values to be used for

ca1cu1ations.

Figures 3. 5 3.6, and 3.7 show the 1eakage flow for three

’

different sizes of hydrostatic bearfng, as a function of

- eccentricity and pressure drop, = q i

The leakage <flow :Brves were/obtainedgwith an average value

of radial clearance (.0017 in.) calculated from the bearing

dimensional tolerances. An increase or decrease in clearance

12,59x10 6‘Ib-sec/in at 140 F (20.5 cst kinematic viscos1ty)

will increase or decrease the leakage flow by a factor of

almost. three. .

Another factor that d1rect1y affects the 1eakage f1uw 15 the

oil temperature. The temperature effect 1s present in two areas
Firstr the viscosity of the o1l is decreased with 1\creased
temperature, thus the 011 becomes less viscous and higher Jeakage

flow 1is expected. . N
s . ‘ !

The flow curves -were obtained with a dynamic viscosity of

with a Shall Tellus 46 hydrauHc oil. Table 3.2 shows the

Y -

ukinematic and dynamic viscosity values at different témperatures )

6f SheHl- tel]us 46 hydraulic oil. The operating temperature

near the piston bearing area is estimated to be 140°F, a va1ue

higher than the system operating temperature (110°F) due to heat

_*. generated by the pressure drop across “the piston bearing T

@
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o TABLE 3.1 )
DIMENSION/ PISTON - .
PARAMETER BEARING ROD END BEARING UNITS *
‘ " LOWER " UPPER ,
d 3.500 . 2.500 2.50 in.
- (88.90 )  (63.50 ) (63.50 ) (rm)
), 2.585 1.450 71,60 in,
| (65.66 ) (36.83 ) (40.64 ) (mm}
c 0.0017 0.0019 © + 0.0016 in.
( 0.0432) ( 0.0483) ( 0.0406) (m)
N 0.007 0.0025 0.0027 in,
| (0.1778)  |' ( 0.0635) { 0.0686) ". (mm)
1= L 42 1.316 1.25 -
L= % 0.739 0.580 . 0.660 o
s ) - ) " 2
m 2.59 x 107° | 2:59'x 107 | 2.59 x 1076, | Tb=sec/in
(o0.018)- | (0.018) |°(0.018) IN-sec/m")
° = Dimensions and Parameter values to be used with Equation 3.6 for
calculating leakage flow, q. ‘ '
. * Dimensions in brackets are in metric units,
' ~
B 7 e
" 68 ' ' .o
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- Another affect of oil temperature 1is the change of q L
radial cTearan;e between the piston bearing outside diameter
'”“\\\ I-U n aqq the cylinder body diameter. Due to the difference in T&
" thermal expansion of the piston bearing and cylinder body ‘ A

materials the rad1a] clearance will be diffef%nt from fhat cal-

culated using the dimensional tolerances of the hydrau1}c cylinder.

Thermal expansion effects were cpnsidered in sizing the bearing
anq cylinder diameter. Eccentricity introduced by asigmb1y of
the components will greatly i;crease leakage flow at higher
pressure &rops. However, the centering force will tend to
eliminatd any 1ntroducéd eccentricity. Rhis implies that the

ledkage fiow values should be taken at an eccentricity value, e,
o . s \

]

less' than 50% of the radial clearance.
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" TABLE 3.2

VISCOSITY VS TEMPERATURE

HYDRAULIC OIL SHELL TELLUS 4 2 | \
W= 54.64 1b/ft3 '

TEMPERATURE KINEMATIC VISCOSITY, V DYNAMIC VISCOSITY, o
e < CENT;:ZI-OKES l?n;;ﬂ -6 N_:z_ssc_
i . sec m

| 100 220 46 5.83 0.0405
110 170 37 7 4.69 0.0326

. 120 140 30 3.79 0.0264
130 15’ 24 .00 | ooo212
140 98 " 20.5 2.59 0.0180 .

) . .
150 8 17 < 2.15 '0.0149
|
| 160 75 4.5 1.84 * 0.0128
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Bearing Centering Force Calculations

Slﬂving Equation 3.3 for single piston bearing (‘Figure 3.2)
the value of bearing force F, is obtained as a- function of
ecgentricity and pistqn‘speed. The resu]&s are shown in |
Figure 3.8, ForV =20 i—t shows that force F is continuously
1n§ceasing with eccentricity E. According to Equation 3.3
the bear1n§ force F, is reduced proportionally to the speed"V.
For each value of V, the correspdnding curve has a maximum F
at a certain value of eccentricity E, and for greater values
of E, the stiffness dF/dE. becomes negative. For single bear-
ings the decreasing part o'f the curves is*meaningiess, since
the corresponding bearing performance is unstable The locus
of the maxima\ (where dF/dE = 0) 1ncludes all possible combin-

ations of maximum bearing forces F and speed V.

Figures 3.9 and 3.10 show curves' obtained solving Equation 3.3
for the rod end bushing bearing (Figure 3.4). This double pear-
ing is not symmetrical. However, Figures 3.9'and 3.10 show the
charagter1stfcs of single bearing, one dimensional flow apd the

influence of eccentrici ty and speed on bearing force.

Comparing the three obtained figures, it can be seen that when

the dimensionless parameter T, is increased the maximim bearing

- force F, 1§‘1ncreased “at zZero ve]ocit:v, but it }s decreased as

veloci ty is increased. This proves that smaller taper on the -
bearing produces higher bearing forces at"zero Ve]oc‘ity. At
higher velocities the bearing force wilt be maximum at certain’

value of eccentricity, and then will drop drastically.

4
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Even though high velocities imply nega;ivg pressure on one side _
of the piston, with the use of double hydrostatic bearings, the
negaj:ive pressure is cancelled by the positive pressure on the
other side of the piston. Thus, speed influences the maxi mt;m,

‘bearing force only indirectly.

-

Table 3.3 shows the dimensions and values of p'arameters used for
calculating bearing forces, and summary of calculated-values for
F, v=*, V_ and f.  For calculations of the rod end ‘bearing

o

“forces, the dimensions of the upper bearing ( Figure 3.4 ),

were -used, and were applied using the theory of double

symmetrical beariﬁg.

_The calculations were done under the condition where the pistorf is

at neutral position, stationary, with balanced forces (650 psi -on

‘cap end and 1500 psi on rod end). Under this condition, theatotal ‘

pressure drop at piston bearing is 2150 psi (148 bar). The pres-
.sure drop at the rod end bearing under j:he same cdﬁditions is 1500

psi (103 bar). =

With pi:t‘bn maximum required velocity v =24 in/sec, the value of

-t

the dimerisionles§ speed parameter V* is: -
- . - 4 - ' ‘\
a) For piston bearing
“V*\ = pLdV I 2.59‘)((10—6 X 3.500 X 24 = _0 035
.2 , 2 N
c¢"(Py+P,) . .(0.0017)° x 1,500 ™
TS S I P Y
and V. .= 0.1¢ 0.1 x5-935. = 0.558

Since V* (¥, , F =F=0.12 at V=0 and E=0.75

L
.
; a
\
.

n‘,‘ ’

<]

/

‘then the ‘piston bearing force is , f=F [%— ] A{I;I-APII)A] -

°
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1 /V \‘\ ) *
1 e z N
oL r
. \< I - ‘
’ & TABLE 3.3 =
- . ' » '\. , -
” DIMENSION/ PISTON ROD END‘\ UNITS
PARAMETER - BEARING (¢ \ BEARING -
. DOUBLE - DOUBLE
- . M
S 3.50 2,500 in.
( 88.90°) ( 63.50 ). (mm )
2’ | 2.s85 1.60 in.
;0 . 4 {6566 ) ‘(_40.64 ) (mm) »
R '
. 0.0017 - |  0.0016 ©ins
) (0.0832 )" (_0.0406 ) {_mm )
. T & .
T = t/c 4.12 . 1.25 -
L = 4/4 0.739 " 0.660 | - .
J
2.59 x 106 2,59 x 1076 ,1b-sec/;n2
F ( 0.018 ) - (0.018 ) (N-sec/m)
. : ' . 2
PY’ 650 , o 1b/in _
(45) (_bar )
o 1500 1500 Tb/in’
(103) . (0103 ) - ( bar )
V=0 - ’ i
F b0 127 119
v 24.0 24.0 in/sec
. (0.60) | (0.60) (_m/sec )
L 35 0.040
- » 0-0 . -
V= 2P ' -
: ~ N
V=01 T/L 0.558 0.189 -
N 4
£ ' 2,622 " 886 bs.
(11,666 ) (3,943,) (_Newtons )

Dimenéions and parameter values for calculating bearing forces.

* Dimensigns in brackets are in-metric units.

&
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where AP, = 650 psi (4§ bar ) B
~  Apy= 1500 pst (103 bart). g -
and f =0.12 [—%x (3.500)2 x 650 + 1‘.500] v
A ) ' 1
= 2,622 Tbs. (- 11,666 Newtons ) S
Similarly for rod end bearivng , . L N .
e = 2:59 x 10 x 3,500 x 24 g
- {0.0016)2 x 1,500
='0.04 o ' SO T
Again V*<V_, and F=F=0.12"at y=0 and E="0.75 ~
Then', thé rod end bearing force is ’
. “ .
£=0.12 [—Er—x (2.500)% x 1,500]
- ) w . .
= 886 lbs (3,943 Newtons ) v
» 2
; . . ’
,
A
1 %
. g
. _1,164)
.
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R e R T S

-'requiﬁes very close tolerances. The effects of the c¢ylinder

'centering force depending on the piston velocity. If the

Figure 3.8. The system maximum operating velocity is 24 1in/sec

-(V* =,035, or VL =.026), producing a maximum centering force of

. T, .
.
- \ . A
-
1
.

Design Critical Parameters ) L

The design of the hydrostatic bearings in alhydfpuﬁig cyTinder

piston bearing c\;aragces were examined 'ip Section 3.2. 1, ‘where
1t was shown that an 1ncrease or décrease in c1ea§§nce will
increase or decrease the leakage flow significantly. A large
tolerance in piston bearing and cy]%n;er diameters will make

it impossible to predict the leakage fWOQ. A recommended

clearanée is in the range of .6008 to” .0025 ‘inches.

The tapers on piston and bushing bearings will affect the

dimensionless parameter T = t/c is increased by increasing the

taper t, the maximum centering force will be'decreased at zero
velocity by almost the same factor. At hiqhe# velocities, | )‘
VL):.IS the maximum centering force will be increased. T A
Reference 6 , recommends T=2 for L=0. 5 to 1.0. In the

present hydrostatic bearing §z§1gn the va1ue of T is 4.12 for

L =.73 and T =].25 for L =.66 . \\. ,

\
With the above dimensions the system performs satisfactorily.

The centering force is a function of the piston velocity and

it is linear up to a certain value of eccentricity as shown in

2,623 1bs at piston bearing and 886 1bs at rod end bearing.
Since there are no lateral.external forces on the cy]inden‘the

above design is satisfactory.

g RN
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Another critical parameter to be considered in the bearing.

"l P

- \

de'sign 1is piEton bearing and rod end bearing housing materjals.

By u§ihg the same mgtqrjal for the cylinder body and bearing,

co thermal ‘effects are eliminated. However, in practice, sejzing

problems may be” encountered due to very small clearances. 3

[

It is thus recommended that bearing be manufactured of lower

strength materials than the cylinder body and piston rod. The

B materials for the cylinder tube and piston rod are selected

P

Y
ta withstand the system pressure, and loading, while. the bearings

can be made from a softer material, such as bronze bar.:

In Section 2.2, the cylinder strength and stresses were analyzed
where it was found that eccentricity may be introduced by

misa¥ignment of the assembled cylinder parts.

The\component parts that are considered to be the causes of
misé]ignment are: piston bearing, pistén shaft,‘cy11nder tube
and rod enJ bear%néi_,#he errors have been ca‘cu1ateﬂ in terms of
angular disp]ace&ent of the piston shaft about the true axis of

the servojack, between the piston center and rod end bearing.

The &alcutated errors due to misalignment of the above

mentionéb parts when assembled are as fallows:

82
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\ “ , <
N " Piston mijor diameter eccentricity . = 0.027
Piston mounting diameter clearance | \ = :0.074'
4 Piston shaft eccentricity ; L = 0.027'
~, Piston shaft stratghtness © o m0,27
Cylinder straightness : - " e 0.40"
e : Cylinder end squareness - ' ., = 0.26
. Cylinder mounting diametet clearance = 0.27'
Rod end mounting squareness = 0.76' !
Rod end tapers run-out '0 . = 0.49'
Total theoretical worst case angular error = 3.08'

Jhe probable worst case angular error is calculated in terms of

\

- 3 - sigﬁa values = 1.30'.

. ~ The worst case permissible angular error of the shaft within the .
Yo, " rod end bearing before mgtal-to-metal contact occurs is 1.76°,
. ’ corresponding to a lateral deflection of épproximately 0.030 in.

when’jack is fully extended.

L n | 8
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" . 4,0 CUSHION DESIGN

h )

The cushion is required to act as a safety’ djyice in the event,
of loss of contr:ﬂ, or runau}ax of any'éervojack. The cush‘ion
‘must be capable of safely ghsorbing the full impact of any
servojack reac;ﬁng the end of its stroke at maximum velocity,
.driven by full system pressure. The cushion also ensures a

smooth ‘return to neutraT rest under normal shutdown.

The‘cush‘mn‘ safety system is aided by programmed deceleration
which occurs automatically at the ends of stroke, when the
system is under computer control.’ A limit switch shuts-off the

\ : .
system power when the jack is at fully retracted position.

Conve.ntionally a piston 1is cushioned by closing off the discharge
and b:y-passing the trapped flow through a fixed or variable -
orifice. This can be achieved internally with a spe;r at fhe
end of the piston, mating with a close fitting fluid ex‘ha‘ust
passage. A problem egists when f.he passaée initially is blocked,
and the pressure build-up is very rapid due to load inertia,

‘velocity and driving force.

5

AN

A fixed orifice provi:ies a"dec&e'ratfon' force whgch diminishes
rapidly as the piston slows down. Conséquently, the'pressure

1n1ti"al'1y builds up and then reduces rapidly.

A variable orifice can provide a constant deceleration, or -
constant pressure drop, as the orifice area is varied continuously

to compensate for the piston velocity.
-~

1
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The kinetic energy absorbed by any cushion is représénted b!y the

area under the performance cugvé (Figure 4.1a).

For the strai ght spear cushion, most of the work is concentrated

at the beginfﬁng of the cushioning and the initial pressure can be

\ extremew high. The remainder of the cushionipg stroke absorbs
"~ relatively little energy, and therefore, it has 1littledecelerating -
effect on the piston. | '

For- the variable orifi Ce area cushion ( co_nstéqt dece1era.t1' on), the
samé total kinetié energy is absarbed but it is done gradually apd i
smoothly over the entire cushioning stroke. The stresses are lower i
the proéess is more tffective, and the overall cushioning tilme(is |

less.

The best way to vary the orifice area, is to have a spear or plunger,

that is tapgred, slotted %r drilled to produce a continuously

A}

varying area. The ideal profile of the tafier is a concave parabola,

- where the ori fice area 1is larger 1in the beginning of the cushion and
. rapidly reduces at the end. It is impractical, hov)ever. to produce
a perfect. parabb]a without a tape-controlled machine tool, so it is

approximated by cutting a series of straight taper slots ‘along the .

“axis of the spear.

B oy //
- “ * - -
& ) he

The cushioning design f:n."both Tower and upper cushions is similar as

shown 1in Figures 4.2 and 4.3, with the exception of diameter) and the

~ “adjustable metering orifice is preset to pr:ovide a_constant felocity

.of 0.5 1in/sec, once the piston has entered the stop region at pofnt- D. -

- "
‘ 85
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Spears of both cushions are provided wit[h four tapered grooves :  * '
[ - 4

on the ou‘ésideA diamefer, sized such that, the cushion (‘oriﬁce\)

atka is gradually decreased as cushion enters the cap or rod end

cushion bore of the cylinder.

e

In ‘order to determine the plot of orifi ce area versus piston
. 3 .

. posjﬁgn for a constant deceleration (variable orifice) ‘the

'foﬁowmg basic equations are involved (References 7,8,9)

op

PR —

’

F= My= §N' " Newton's second law of motion (4.8)
r o . {: : '
PP v, . ‘ |
0 - = '2?‘ Bernoullis equation ) (4.9) .
Ayv; = CA v, Law of continuity - . ‘l »
Work = E. - Ep  Conservation of energy (4.11)

v
EK = § ° Mvdv Kineti,c energy equation

vy . :
x . | . \

Ep =§ Fdx  Work done equation- i\ (4.13)
0 | N

et
,

Refering to Figure 4.4 the following equations can be obtained.
Qg = Ay o C(4.19)
0 = ek

WP A, = 4 PIAF P MK

WPy = 4 (Py-Paly +

v



W,M

.
N \\
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™
a™
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# *
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FIGURE 4.4.

CYLINDER CUSHION PARAMETERS
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where the term (P1"—P3) is tha.pressure drop across the orifice , v
and f is the piston friction. As the spear approaches the o

cavity bore,

© 4y = A\ [2(PPy) . (4.16)
\/ -

~
\ -

.where p - fluid density = ‘é—f 1b secz/‘ln4

’

[ Y

w = fluid specific weight, 1b/in°

From Equations 4.14 and 4.16 the orifice pressure drop 1is o0
Py -Pyn Wi te . (4.17)

. T2 7 L

_ 2gC A0 -

In order to obtain a constant c}echerationf, "the pressure drop

must be constant. This will be obtained by réducing the orifice ' *

area A0 as .velocity v'1 is reduced.

The exhaust or return line pressure "is assumed to'be 100 psi

v ’ - Y
~
N !

From Khe above equations and considering the case of a vertica]

drop the orifice area is given by the following corrposite equation.
. :

. 3
.A - A3(v1. -20X) 172 , : , )
&) 5 S . (4.18) :

: 2C°W (+g) \ ‘ -

The only unknown parameter in the above equat'lon is the&aﬂ‘

acce'leratwn, which 1s obtained from (

v 2. .
.i o
q s éx_‘ - . (40]9)
- o : g ’ "J J
Where X is the effective cushion trayel (1.57 in) - . . \

b e g
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Mathemaﬁi cai Model

By

In the presenfly used cuéﬁon design (Series 500 'motion system) s .
the cushion (orifice) area changes accordmg to the fo]]owﬁ!g -
relationship, as the cu:sh1on spear travels by a d‘lstance X 1nto’ 1, |
cushion area. - | . |
ia) Lower (cap enda) cushion | R .
. . o < . *
Ajcg ™ 0-653 - 2.581 X - 1.045 ;2 for ‘o<x<o.2‘2' | (a.20)
ABC = 0.054 - 0.043 X ‘ for €040 (4.21)
x Ao;:b = 0.035 < 0.012 X , for 00KC1.00 (a.22) .
; b) U;)per (rod end) cushion ¢ o 5
Apg = 1-035 - 4.388 X - 1.046 X2 for 0.0¢%0.22 (4.23) l _
Agc - 0.044 - 0.039 X - for 0.0¢K<0. 40 (4.26) "
Agep * 0.025 - 0.008 % for 0.0¢X<1,30° (4.25}
ﬁher‘é the subscript of Ao denotes area for X between p91nts,
~ AandB, BandC, CandD. L, & ~
The curves obtained us1ng the above equations are shown in
Figure 4.5 .
The m:athematical model equations are F,h:oretica1 and the actual ' /

area may vary, depending on the dimensional tolerances of the r

mating parts.

o

Note that the effective cushioning will start at X = 0.3in.at thch
point the om’fice area is approximately 0.05 fnz. Figure 4.6 shows
cushion orifice area versus travel in. Tinear sca]e for travel from

-

point B to bottom of stroke. s

i
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4.2 Calculations of Cushion-'Pressure and Forces

e ' E-fquat‘ion 4.17 can give’an instantaneous pressure generated behind.
. ‘ the piston as it enters the cushion area. This pressure ,depe{nds

< mainly on the piston velocity, orifice area andYorifice constant.

- —‘\

o Assting a hardover failure of the servovalve,.the piston '

’ ac‘ce'ler.ates to its maximum-velocity, Vion and as the piSton spear .

i ) 7 [ enters the cushion relgién; the cuﬁhion pressure will star:t' t6 o ”
bu;1d up. | | 1

\\- . ' N t L) ‘
¢ The maximum cushion pressure can be calculated at the beginning - o

of the effective cushioning where all parameters in equation 4.17\'
5 )

" are known. For ‘ l . Co - \
. b Yo,
W = 0.0316 1b/in’ , - ‘
. : vy = 24 in/sec o , |
2 . ' .
Ae =q7.2] in \ ‘ _,g
A, = 0.045 in’\ X -

c =0.8 i

* g =386 in/sec®| . , -

. 3 / ) * - . ¥
{ - , (/ﬂ = 2 ’
p. =_0.0316 x (28)° x (7.21)° _ ,'y40
s 1 ’ 2 2
‘ 2 X x (0.8)° x (0.985)

P, = 100 psi

“ " This cushion pressure will generate a resistive load of

cer T P r=P1A'e=_1.O46 X 7.21

/ = 7,542 1bs. .

)
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In order that the piston ve]Ncan be dec‘\!eas;aq t; zer; ov;r t;he -

1.57 /in‘. cushion length, the "theoretical ‘decezleration constant is -
0‘% ;—;(-‘= %%—f—sﬂ = 183 in/sec’ | . ~

and the diration time is .- . S C \

| -t =K’Zqi—‘-=-]%g——-;=0.13 sec.. S

L

2: a constant

Assuming now a'constant deceleration of 183 in/sec
or_‘i%‘i‘ce constant, and a yertd'c_:a_l load of 4,000 1bs, equation 4.18
will give the g,rifice area as a function of cush'{on’ travel X with ah *-- ol

initial velocity v
1S

1/2 ,
y = |0.0316(7.21) [24%-2(183X)] /_ | -
o | 2(0.8)%(4,660)(183+386)

= [0.0020-0.0013x] /2 L 4 a \ B

_— .
2

oY)

o -

. 3
The maximum cushion area will *be Ao = 0.045 in" at the beginning of

(g

e Vet s A

effective cushioning where X = 0.

The curve obtained by solving the above equation is shown in-Figure
4.5 as theoretical curv‘e\, and it is compared.to the actual curve

~—

obtained by the actual piston-cushion dimensions.

During an actual servojack cushion testing the acceleration and

velocity profiles were recorded as shown in Figure 4.7 for a | o
vertically {nsta11ed Jack with a dead weight qﬁ 3,600 1bs. The

cylinder piston was driven into the lower cushion with a 20.5 in/sec

Y
]

velocity.
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To obtain the above 'velocity the piston was accelerated downwards

—~—

at 0.5g, and as it entenk the cushion region after point B the

Ti e

of

acceleration changes to upwards for a total change of 2.2g. Most -
décelenation, thus velocity- dfop, céurrgg durind approximately

1.00 {n. travel. o R

¥

The cushion ce developed during -deceleration can be calculated

for a decelerated load of 3,950 1bs (which includes 350 1bs for
piston assembly weight and oi1 column) at 2.2 g. ! 4

. F.=3,950 x 2.2 = 8,690 Tbsa (theoretical 7,542 Tbs),

-—

The cushion pressure is then
' {

. 'F \
», "KE - %zg%9-= 1,203 psi (theoretical 1,046 psi)

»

_Tbe actual cushioning time was measured to be 0.05 seconds compared

A}

to theoretigal 0.13 s&conds ' - -

°

A11 recorded values for. Acceleration, pressure and force were higher
" than the .expected ones,\probab]j'ﬂ‘gause of the actual  shaping

Nl

4 -
profile of -the cushion orifice,,and change in the value of the
orifice constant coefficient. \

)

-The results showed the cushion pressure is still far below the system
pressure of1,500 psi and does not create any problems. However, it
could. be dech;sed by increasing the orifice area at the begiﬁning of
the stroke, thus providing a better distribution of the kinetic energy
to be absorbed. )

Examining the orifice area curves in Figure 4.5 1t can be seen that
. , , P

96

S T U (SR




A e At

| r
the theoretical-and actual curves are qu‘i‘te close, iowever, the ﬁ
aesults showed much higher deceleration than the calculated one.

The &iff,erence caused is most 1ikely due to different loadihg,
¥ ] -
velocity, change in the orifice constant value and the actual

cushion leﬁgth. v

ot

The cushion must also Jbe designed fér a terminal velocity, so that .

sufficient_flow area is available to come out of the cushion. .

»

»
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’ 5. _SERVO-VALVE CHARACTERISTICS
5.1 Introduction (References‘lo 11,12)
- Specification and selection of a servo valve 1s ane of the

most important and difficult tasks in system design. It is
the component that links the electrical and the hydraulc
. - -, components of a system. Tﬁe servovalve controls the dyn;mié\‘
response, rate capability and accurac} Jf the system. "The
tybe of servovalve to be discussed is the twog stage type
snbwnvin Figure 5.1 .‘ . * '
The first stage is double nozzle flapper valve controlled by
- . an electrical torque motor. The second stage 1s a 4-way spool
valve whose,dﬁiﬁut flow at a fixed valve pyessure‘drop is
prbport16n§1 to spool disprcemth'from'nu11. Feedpack o%athe
second stage spool positjon i§ thréugh a cantilevered feedback

spring wire attached to the armature.

The.servpvalve is connected ‘to system supply and return by

‘ports on the moﬁgfing fgce of the servovalve. Supply gressuéé

. " ., fluid 1s.ported to the output spool where i; is metered to

. the control pgrts and also applied through two fixed inlet
sorifices to the arrangement. The fluid pressure developed

ﬁ ‘ E between the fixed and variable orificés exerts a force on both

— — ends of the second stage spool. Depending on the différential

pressure created by the variable orifices of the nozzle-flapper

the second stage sp001 is displayed thus connecting the supply -

"’

-and return to the control ports.



*

TORQUE MOTOR

\

3

NANSRANNNN

: ]
> NOZZLE ;8
R //
L L L L L L L L L L L VN\NW L L 2 L2 VA AV AV

NN
AN

SNNNEI

_L
AL
“

\

%y

S

////%EEDBKCK WIRE r/
T

/)

7 ;

NANNNNNNN

ZIn
A
/]

]
/..
s

NENNNN

\ YIS,

"o FIGURE 5.1

I

N
a l
i

—
=g

\ ‘
‘ LINEAR _—
\ - ACTUATOR\ 1

'

P3
lRETURN l

- |SUPPLY
t PRESSURE

le—%F

99

- TWO STAGE ELECTROHYDRAULIC SERVO




,.w‘(//
'ﬁll
\
N\
\\‘
AN
]
¢
/

oy

The output flow from the servovalve is proportioadl to the

2nd stage spool disp1écement and is expressed by

Q =

where q =-

C =

>
<
[}

P =

Thus, servovalve control flow is proportional to the square

c A!V 2Lvp/p | .. (5.1)

Output flow

Discharge coefficient (.611) .
Uncovered slot area

Valve pressure drop

Pe - P,

s-PL-P3 - (5.2)

Mass depsity

root of the pressufe;drop across the valve. Since the firgt

stage controls the second stagf®spool positions and since the

flapper position is proportioné] to input current and control

‘ floﬁ is expressed as

t:, 4

here Q
I

i

s

K,i VAP , ' (5.3)
Output flow
Valyg siziﬁﬁ constant

Input current _ '»

[

The plotted graph in Figure 5.2 shows the control flow ve}sus

input current
be a straight

consisting of

in the normal flow regionz The null region is that area of low

input current where flow is affected by the relative spacing of

o

spool edges and sleeve openings. Because of- spool lap effects,

relationship. The ideal or normal .curve should

J1ine at zero load pressure. The normal curve

two slopes are gn the %u1l region and the other .

v

o~
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flow gains in the two regions are not equal and can vary up

' \

to 200% of thé normal flow gain.

~ The graph in Figure 5.3 shows the output pressure versus input
current relationship. The curve is non-linear and the pressdre

‘Lgaih=slope is given between + 40% of" maximum pressure drop.

5.2 Types of Lap and Their Characteristiﬁs k

The 1ap type of the second stage in a servovalve greatly -
influences the servovalve performance. Figure,5.4 presents a
.schematic diagram of a spool in relation to the output ports

in the valve sleeve. There are three possible conditions:

a) Zero Lap. In’the'nuli position the spool lands are
* exactly the same size and coincide with the supply and
return pressure ports on,@bf valve bushing. In this case, ; .
at null position, the flow is completely blocked. Any
movement of the spool will result in instantaneous flow
in the control ports. The flow ggin in the null region
is the same as in the normal region resu1;1hg in a -linear

flow curve.

b) Overiap. Here the spool land width is_greater tha; the
’bush%ng slot width. The result dgajn is zero flow at nu]l
§051t1qn: However,in this case, a fipite amount of spool

v motion must occur befdfe the bushing slots are uncoveréd
and there is flow to phe control port. Flow gain in null
region is less than normal flow gain. The pressure gain
in fP9 overlap valve can be as high as in the iéro-lap

once the dead zone is traversed.

102 '
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c) Un&er]hp. In this c;;e the spool land widfh is less than the
‘bushing slot width. Under this condition, control, return and
pressure ports are 1nteréonnected at null position acting as an f
“open cente},valve. In an uﬁderlappéd valve nu11,.nu11 flow gain'
is greater than the normal #TOW gain. The pressu;e gain in thg
null region is Tower than the zero-lap Jﬁlve, because the ynder-
1ap produces 1ntermed1até pressure to the gyiinder ports at null.
. Full systeﬁ pressure 1is not-deVe1oped in the control port until

the Teakage path to the return ﬁ%rt is completly blocked.

~,

5.3 Position Accuracy s N

N,

Since in the most apﬁiications, one Ofythe primé reasons for using

[4

an electro-hydraul}ic position servo is the ability to position a load
B kP

precisely, position accuracy is an important characteristic to be

considered. In the case of motion simulation position accuracy is
r .

not critical;  however, the following parameters affecé the position

P
3ccuraqy of a servovalve.

[+]
a) Null Flow Gain. A servovalve operates most of the time around

null position, where the error szgna1 is c]ose.zb}zero. Thus, -
gh

null.flow gain affects position accuracy. A slightly underlapped

valve with high flow gain is the mSSp‘desirab1e from the stand-
po{nt of reducing posit1on1ng ;rror. Howevér, any d1sturbanced
(caused by shock vibration, gcceTeration electromagnetic

- disturbance of torque motor or noise:in‘lhe command input) wjl]

generate a large flow increase to the actuator.

y

o4
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Erom a staugpdint of accuracy the "ideal" Valve has zero lap’

with tinear flow throughout the null and noymal region. -
¥ . .
any of the three. l1ap types can

]

Depeﬁding\oh the application,
be used. An overlapped valve will have a dead zone inﬁthe null
regfon which may not be acceptable in certain applications_since
it increases the Steady state error of the system. |
’ »
b) Hysteresis. Hystegesis decreases, position accuracy ahd is affg%ted

by fémperature; f)ufd coﬁtamin§t1on, and electro-magnetic effects.

1 L -

For example a 50% drop in tempera%ure ﬁay increase hysteresis by

~

o
25%. Contamination which increases internal friction also increases

hysteresis. Magnetic effects can increase valve hysteresis:and

bd

system position error. o

¢ k)

c) Null Bias. Null bias will directhy introduce system error, and
. ) s
an‘error signal will be required to null out the valve. Null

bias is affected by pressure fluctuation in supply pressure,Qand

—qh?émpeﬁatUre fluctuations which caflse differential expansion in

the first stage torque motor.

AY

d) 'Threshold. Theresho[d contributes to increase in system position
error and it is affected by fluid contam&nation, sﬁpp]y pressure,
‘temperature and output spool lap. Due to very small clearances
in the spool-buS??ng assembly, the pr?sence of small pafticles ’

will cause spool friction. | -

-

In a two gtage, value, threshold depend5°oﬁ the force available to

PN .
drive the second stage spool. For this reason supply pressure’

ad
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. slots resulting in a decrease in pressure gaiﬁ.

4

-~

affects Ihresholﬁ because the force qyai]aﬁ\e to drive the spoal
depends on the fluid pressure acting on the ends of the spool.

Any significant decrease in supply fluid pressure will increase ' >

“valve threéhold. A change in temperature will change o0il1 viscosity

which 'will increase threshold aE lower temperatures. Spool lap
can dnfluence valve thréSho]d: In’én overlapped valve the presence ~
of fluid contamination creates spgol frict1on)at null and the va]ve‘
has a tendenéy to silt. An underlapped valve ig mofe favourable -
since it has larger leak paths résu1ting in constant %1ow through
the metering edges&ﬁthus avoiding increases'in threshold. One

way to improve serqualvgizﬁFésho1d without altering the valve is

to add dither to the input signal. Dither is 1ow’amp1itude, high
frequency signal superimposed on the input signal. The effect of '
dither is to move the output spool at Tow amplitude, high frequency.
Thus apparent spool friction is decreased from breakaway friction

to sliding friction. “

. . . aQ
Pressure Gain. When a hydraulic system must position a lcad, - - ’

load fluctuations or diétu;bances tend to alter the positién of 7
xthe load. Because the fluid is somewhat incompressible a valve
with high pressure gafn can cause the systeﬁ fo respond rapidly
to such load disturbances and thus improve position accuracy -
under load fﬁuctuations or djsturbanges. Pressure gain is

affected By temperature, contamination and spool Iap.' Age is

another factor which causes rounded edges of the spool and sleeveél

106
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. leakage paths. Valve underlap increases leakage flow,

- 6 ! . - X
- Pressure gain'is higher for zero lap spools, but because

of the difficulties involved in prodbcing zero lap vaive, }
the best practical condition for pressure gain js a minimum

overiap sérvova]ve. The underilap valve has 10Qer pre;sufe

gain than the overlap and zero lap valves. Butg since tﬁe

flow gain at null position is an important criterion in

determining system frequency response and stébi1ity,

underliapped valve may be more desirable. C - ' i
Trade 0ffs

In specifying servovalve ;haracteristic; it 1s'understood
that certain tradeoffs are involved accarding to~£%é
app]ication.\ Overlap improyes valve 1ife because-of lower t‘_";
wear and reduces energy demand by reducing valve null leakage. é
Moderate overlap also .results’ in nressuré gatin higher than that
of an underlapped valve, thus improving the frequency respoﬁ;é

and stability due to IOZﬁ flactuations. However, -overlap- can

increase positioning error due to dead zone. Valve . ¥

susceptibility to contamination is increased in an overlapped

valve since it causes silting and results in system instabilty.
o ' f

Underlap on the other hand, improves dynamic response at

small amplitudes and decreases contamination sensitivity of‘J

a va]ve; bgcause fluid is coﬁtinually permitted to flush the

which is undesirable when energy“supply is limited.

) &

107




ok

in addition, system performance is degraded at large amplitudes.

- «

For stability system gain must be set at null, where the vaive's

contribution to damping is Tow and gain is‘high. As a result,
system gain decreases and performance sufferg. High Tleakage

flow is desirable from the standpoint of frequency response and
cpntamination. High leakage permits the us; of looser tolerances
and manufacturing costs Qecrease. However, the disadvantages -
of high ledkage in a valve are: shorter life, performance degrad-
aéion due to erosion wear, reduced pressure gain and increased

energy consumption.~

+
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;5.4“ §ervova1ve Important Paramefers -
-Some of the mos? important parameters whi&ﬂhhqve to be qensidered
after specifying the valve size are: ’
a) Frequency Response. The servovalve dynamic response can pe .
expressed for comparative purposes by the frequency at which the
servovalve phase is 90°. ‘The dynamic response in the frequency
rénge to the 90° phase Tag and t%low can be approximated by a
second order transfer function with a damping ratio between

¥
0.5 to 0.7. The frequency response of a typicaT servovalve is

shown 1in Figure 5.5. The servovalve frequency response will
. vary wifh the input signal amp]itude, supply pressure, feﬁper-
‘ature and internal valve ﬁarameters. Response measured with
+20% peak-to-peak sinusoidal input signal and 1,000 psi supply
pressure is used as a staadard for éomparative purposes.
Servovalve  response will improve Qith‘higher supply pressure.
For closed loop control, in order to have high pe¥formance
the servo Qalve 90° phase point should exceéd the load resonant
frequency by at least a factor of two. The load resonant frequency
is usually determined by the load mass and the fluid compliance.
Thé average load resonant frequency of the hydrostatic actuator
is approximately 9 Hz at neutral pbsition.
b) Stability. The stability of a linear system depends on the
characteristics of the system. The degree of stability caq be
rﬁetermined from an analysis of either the transient behaviour or

the response to sinuscidal inputs.
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Since the servovalve is approximated by a second order sysggi, its
sthﬁih%ty depends on the system damping‘rqtio, The dampidé ratio
depends on the fluid viscosity, which is also affected by the |

Fxd
fluid temperature.

The system stability can also be affected by the servavalve spool
configuration, since flow gain at null position is an important

criterion in determining frequency response and stability.

Reversal Bump. Reversal bump in many motion systems when the |
p]atforh sTows down, .stops, and changes direction. Previous studies
-have shown that the causes of reversal bump or turn-around are '
friction in the jack, overlap in the servomh]ve and mismatched
fidh in the servova]ve due to differential piston areas. All the
above causes can be reduced or eliminated b& introducing the

;hydrogﬂStic bearing servojack with asymmetrically ported critically.

lapped:servovalve.

Noise. Coulomb friction in servovalye spool produces acceleration
nois€. The Tevel of accelération noise indicates the motion system

smoothness and it is different in each degree of freedom.
,J"— -

Audible Noise. It is important that there should be no audible

noise in the simulator cockpit, produced by “¥he hydfau]ic fluid
\

throttling in the servoval ring operation at the required

acceleration movements.

m
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© 5.5

5
Servovalve Asymmetry -

Symmetric cy]i\y\\ders controlled by' symmetrically ported valves

|

do not cause complications. But in the case of a ﬁydrauHc

servojack where \an asymmetric cylinder is used, a symmetric
valve is not idedl. Probfems will be noticed, even at no load
condition, around\any zero velocity point. As the direction
of velocity changes, pressure jumps are caused due to the

L]

differential pi;ton area.

For accurate and smgot\h control the incompatibility of:a
symmetric valve and an \asymetfic cylinder has been'proven

by test. In order to avpid discontinuities and ensure smooth
operation, an asymmetric servdvalve should be used, having port-

opem’rys proportional to the corresponding piston areas.

Figure 5.6 shows an asymmetrical cylinder controlsled by a

4-way valve. The implication\of an asymmetrical 4-way zero
lap valve is ’

4

¥ a a, a
1 3 2 _"4
. =4 and \ 5=
- AR AR ,
With a piston area ratio of 2.04 the valve orifice area rating
. . R g
3 will be . a, = 1 33 % 5 04 0.49
with _a] = a3 =y

More detaﬂvéd study on the va]ve-cy]indér symmetry is found in
v .
Reference 6 .

The standard rating of a servovalve is given for a symmetrical

3

valve. The relative rating for an asymmetric valve is given as

a percentage of the symmetric valve rating. ' 4 .

12
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“For a symmet\ric valve 3] T3, T az =3 = 1,
and considering that orifices 2, and 3z are in series, the net

orifice area.coefficient is given by ‘
1a.2,2
L 3 =y = 0.7
2.2 T+T )
%173

For an asymmetrical servovalve a.’=a2 =1 and a3 = a4 = (0.45.%

Considering agairi that orifices a4 and ag are in series the net

are& coefficient is:

|a 2 2
A = 3 = 1 x 0.24 = .44
net-assym. a]2 + a32 1+ 0.24
Then the rated flow of the asymmetric valve is ’
_-0.44

Qrated o 0.62 or 62% of the symmetric valve flow.

e
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5.6 | Servovalve Evaluation - \ .
_ Due to the system design requirements, standard s\érvovalves
were not satisfactory and cuétom r};ade valves ‘were required.
’ A number of servova]ves by two manufacturers were compared .

on the test stand and on the motfon system.

A1l valves were asymmetric, and matched to the jack area ratio.
Slight o\iariations in underlap and valve dynamics were compared
with 60, 80 and 100 GPM valves. The valves were compared on the
basis of open loop frequency response, and acceleration noi'se
Tevel at constéint ngoc‘ity, for a ranad of velocities from a
very Tow to mximum. Finally, two valves, ene Moog 100 GPM '
and one Pegasus 80 GPM have been setected for compari’§on on a

complete motion system.
‘I1 N ) [
Considering the parameters discussed in Section 5.4, the spec- ’

1f1cat1’6ns and comparison’ of the two selected valves are shown

in Table 5.1.

&

) (o
Th‘e Model' 1282 Pegasus valve providesggood dynamic response,
negHgib]e“ thresho]d and good turnaround bump performance
Actuator velocity versus servovalve current was quite Hnear up
to 80 GPM with slight 1ncrease in gain at the extremes. T\hres-
‘hold was significant (3 to 4%) and 1t was apparent on small

. amplitude operation. Noise level was considered acceptable.

The model 79-074 Moog valve originally provided non-1inear

actuator velocity versus servovalve input current and poorer.

dynamic response than the Pegasus valve. Thresheld was negligible

a}nd noise was higher. Later improvements by Moog broughf its

1
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performance to equal that of the Pegasus valve.

Figure 5.5 shows the dynamic response of the 79-074 Moog
g
valve. Dynamic response of the Pegésus valve js

\
similar with slightly higher /gaim.f?

Comparison for acceleration noise is shown in Figure 5.7
for both valves. Noise on} Moog valve at maximum ve]ocity
is double of that of Pegasus valve. Reversal bump noise.

is not included in this graph. .

The actuator velocity Jversus servovalve input c'urreqt
re1‘_a‘j1~or\i§hips for both valves are shown in Figs. 5.8 and 5.9
" These figures were obtained from a valve static test with a
maximum input curreﬁt "of 4 mA which is 10% of the full range
cu_rr'ent.' The ahtuato'r ve)oc‘ity is proportional to tr;e

" hydraulic fluid flow, and 0.10 m/sec 1s proportional to

10 gpm. Figures 5.8 and 5.9 are thus, similar to Figure 5.2.-

This servovalve evalugtion has shown that both valves perform
equa'l'ly,\aﬁd they are interchangeable w;th the difference of
an adaptor plate required for Moog valve (due to larger port
size) and driv%ng circuit (due to e]\ectr‘ica] specifications as

shown in Table 5.1).
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~TABLE 5.1

SERVOVALVE SPECIFICATION COMPARISON

PERFORMANCE
PARAMETER

Actuator Area Ratio

Spool Lap
Hysteresis

Resolution

-

MO0G
79-074
2.04:
. 10-028 0.0
3% |
1%

Rated Flow @ 1000 psid 63 gpm + 10%

Rated Current

Coil Resistance” -

Coil Inductance
1

50  ma
320\ghms

20 Henries

117
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PEGASUS
T282 A .
2.04:1
0.1 - 0.4% U.L
*
0.5%

84 gpm + 5% .

40 ma
285 ohms |
20 Henrtes
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6. SERVO JACK CONTROL ' ' o

6.1 Mathematical Model ' :

\

Considering a hydraulic asymmetric actuator conirolled by an asym-
metric 4-way zerolapped valve: (Fig. 5.6), and uSing the theory in

Ref. 6, the following relationships are obtained:

{

P.IA.l -P2A2=2F= Fe+My + By ! (6.1)

a P -P, a P, § -
. 1 s~ ' 2 1 4y .

- = c\/[2 Loy Lolp 6.2
‘ y K‘( P 1 TRY- 2 (6.2)
a P a P - P P, .

. 3 2 94 s~ "2 2
y = pty2 -4V + P (6.3)
2 P 2 pP . B 2

where the symbols are defined in Nomenciature and in Figure 5.6.

The dhove equations can be rearranged as follows: Lt
. * . r—
T PN T P ol L LT P -G
VPN xy P |28 L (6.4)
S I N . i
: 1 s 1 . :
or 2. ..—_C —— X - . P - ————'—"P 6-5 i
YERONE T S L] 28 'L (6.5) ¥

By introducing parameters Ky c,'] » and c_, for velocity gain:‘

hydraulic stiffness and oi.] stiffness, 0
by [P ' .
— s oA
Kv = K{C T . (6.6) .
A +A \ '
=_1 2 ' :
¢, Bl P ] o (6.7)
2 2
_ A1ﬁ AZ/B- .
€y = — e + 2 (6.8)
Math RS , ‘
Equation 6.5 becomes N
; ‘ IF]_ EF - ‘
y = K [x - - ‘ : (6.9)
! v {71 | %o ‘
. 7 -
where LZF =XF - 0.5({&1 - Az) Ps
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Equation 6.9 is represented by the block diagram in Figure 6.1

where thé servovalve transfer function is

>

X .
1 o .
"""‘—QE = KS GS (S) ~ (6.]]) -'\/\\
Substituting Equation 6.11 into 6.9.afd after laborious |
calculations the following differential equation is .formed;
5=+ 2 ty K, (GSE 5 ) e (6.12)

Wy . W . h o

G - 1
where W, =V[;;;- Undamped natural frequeiﬁyl! (6.13)

= —— = Relative damping . (6.14)
2w0Ch . .
’ _ - . . . )
Ky = K K, = Velocity-gain (6.15)
C, = col = 011 spring stiffness (6.16)
- - . . . . 3
C, Ks ¢, Hydraulic stiffness (6.17) o

Equation 6.12 is represented by the block diagraﬁ‘in Figure 6.2.
The systems shown in Figures 6.1 and 6.2 are theoretically linear,
according to the linear differential equations. However, in reality

they are not, because none of the parameters is truly constant.

- [} \ . o i
For example, oil spring stiffness, Co, varies considerably with

piston position as indicated by Equation 6.8 and Section 2.3.3.
Thus analysis on a linear model ho]ds'only for small perturbations

~about oﬁé<positionﬁ
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" Hydraulic stiffness, Ch; also, changes drastically from an

. Fjgure 6.3 shows a modified block diagram that inc]udes.compen;

The compensating functions are defined as follows:

-

underlapped valve (|xﬂ {U ), to a zero lap where . ‘

i

Ch =0 X = 0.

]
In the application of the hydrostatic servojack the Coulomb

friction Fg and~the viscous friction By will be neglected,
since the design of hydrostatic bearings have almost eliminated

friction (to--less than 1.0% of 1oadbcapacfty)ﬁ

Velocity gain K; is frequency dependent, since the servovalve is

also frequency dependent, ,and the valve-actuator system ji;/ﬁe

represented by the following transfer function oo ;
. K’ K
Voo v ‘ ‘
3 = . ] (6.]8) ‘ §
. g ; -~ + 2'§v——.S + 1 ﬁ
"oy "ov

e e w2 o1

where Kv = Ve]ocity gain of servovalve and actuator, and

from serv6;a1ve data fhe typical values for

B T W 20

w,, and 'Cv are w,, = _35Hzand G = 0.9 |

ov Qv

In order to have a system that will act as a pure 1ntegrator with

a large load variation and large frequency domain, compensation is

a

required for the load effects from the mass and external forces,

as well as the servovalve lag.

sation for ofl1 stiffness, hydraulic stiffness and servovalve lag.

v
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¢

FIGURE 6.3 - -MODIFIED BLOCK DIAGRAM OF SERVO-LOOP
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CJ = W , & ) (6.]9)

M., = —1— ‘
c2 ¢, ) (6.20)
. (1 +7T.5)2 ) ‘
Hoy = -
3 T _ (6.21)
s )

Where 'Z’V = 5ms and 'Z] = 0.5 ms.

<
1 '*
o
]
L]
&
i
. \ ' K
| [3
5 :
., fn
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6.2

Damping Methods L o

P

The RelatiVe damping coefficient Z in Equation 6.14 s

- !§L1£2_ and including ‘the viscous frict{on becomes

K, - C.
4 ‘[2"5;‘ . Eﬁ']* EB,&; | (6.22)
Thé4desirab1é value of ;' is 0.3 to 0.7. As the two.compon-
ents of C are proport1on51 to the ratio of oil épring stiff-
ness to hydraulic stiffness C /C,, and the viscous friction
coefficient B respectively, one of the factors or both must

be present.

However, it is desirable to have a low CO/Ch to produce a
small load sensitivity at Tow frequencies. Thus, an excellent
damping method depends almost completely on the viscous

friction coefficient B.

. The damping coefficient in the hydrostatic bearing dgsign

~ stiffness ana valve gain. The oil stiffness Co’ whic%gis ]

w Y

ol

(where Coulomb friction 1§ eliminated) can be as low‘as
Ta 0.05. If insufficient §1scous friction is present,
Equation 6.22 suggests increasing the ratio Co/ch'1n‘order
to obtain sufficient damp1ng}‘but this will decrease_iﬁeﬂload

-~

proportional to. the piston area, has to ensure both lopd
capacity and bandwidth. The hydraulic stiffness Ch, which is
proportional to Pg A/U, then has to be decreased in order to

{ncrease damping.

A direct method to increase damping 1s to introduce an under-

laEbéd valve, "at the expense of larger fluid flow required.
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At highgr frequencies B,“wo, _QO/Ch has no effect, and Hm = K

Pressure feedback 1s another important damping method, which
provides an-extra’;ervovaTve spool displacement X,
proportional to the load pressure.\’Pressure feedback&E?s the
disadvantage of increased load/sens%tivity, but this could be
avoided by introducing dynamic pressure feedback which has a
transfer function

in = % [{-;If"]‘] (6.23)
At low frequencies Hm = 0 and the load stiffness is not affected.

P

- proyiding adequate damping 1f 1/TKw, or w, » 1.

A very elegant damping method and most attractive for electro-

hydraulic systems 1; the usé of acceleration feedback. Simple

feedbacks can be achieved using transient velocity feedback and
shapiné networks in conjunction with the servo amplifier. This
method has the disadvantage of being less sensitive to structural

noise which might be picked upo by the accelerométer.

T,

' Feedback shapiné can be used to greater'effect,\especia11y in

closing the loop around the valve, torque motor and ampiifier.
This"give§ much greﬁter control of the valve position which is

effectively equivalent to output velocity.

) A
In the present hydrostatic servojack motion system in order to

_increase damping Z, the viscous damping B, was fncreased by-

using higher viscosity hydraulic fluid. The viscosity of the
o1l used is 46 centistokes at 40°C.
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6.3 Load compensation
The. valve-actuator system shown in Figure 5.6 acts as an
. y \
///A}ntegrator with a velocity {flow) inpit and a displacement,

~ output. The flow input is a fuﬁctién of the sérvovalve spool T

displacement x (see. Figure 5.1), producing an actuator piston
o displacement y. °
PR - . ,

If an external force EF is applied in the opposite direction

i : of piston displacement y, the pressure P] will be increased. I

Consequently, the pressure drop PS -~ P1 will be decreased and

the f1ow.into cylinder Q1 - Q2 will”also be decreased. This

. . 1
4
effect is introducing a load error ZF/ch, where, h (Hydraulic
- Stiffness) changes drastically from an open center valve to a
closed center valve (ch ac® 3t x = 0). ' ;

Qn/%he other hand, the load £F applied on the piston will
compress the oil column by a small deflection depending on the -
) } fluid compressibility. Thisleffect now introduces another load

©

error EF/co, where < (dﬁ] Spring Stiffness) depends on piston

position and the bulk modulus of fluid, 8. = .

Both of the above load errors are“shown in block diagram in !

Figure 6.1. The piston velocity is given by the equation

- . FF ] ..ZF
y= K [x- - ~———-] - — (6.24)
v Ch o €4 _
< v
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KB . KA ‘
c =
o a o
A1:[1" oAby
Kv = _ch _PiS_
‘ Al P

The objective is to have 'a system that will act as a pure

integrator .

&
¥

y = Kxq

with a constant velocity gain , K, = oy

ax
" In order to have a, pure integrating system, compensation is
required to eliminate the terms ZF/chn énd i‘F/co. Th; ideal
system impti@s 1nﬁ'nité hydraulic and oi1 stiffness, but since
B} ‘thesg ﬁ dependent on the cyHnder dimebnsions, increasing
the cylinder diameter and reducing its stroke is ;ﬂmost'

impractical in most cases,> when performance motions have to .

be met,

- . 130
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6.4

14

Effecks of Coulomb Friction and Damping .

Dynamic analysis and the adjustment of control action is based

mainly on frequency response. A‘non711near analysis 1is

L

-

f

-

1is known that velocity gain is Timited by the system natural

required due to the presence of.the Coulomb friction, but,

practice has shown that Coulomb friction only slightly affects, g
the adjustment of the ‘control gain and the stability of the

system .in some applicatibns. -However, even though Coulopb
friction can be neglected in some applications, in other ¢

it may deteriorate the system completely with respect to s

specifications such as agcuracy (due to dead zone) ﬁgndwidth

(due to dynamic dead zone) or slip s;ick mqtion (due to ac

disturbances caused by irreqular friction behaviour (Ref.

Bésides'load compensation the oily other remedy to overcome these -

effects i the elimination of Coulomb friction completely

introducing hydrostatic bearings.

From frequency response analysis of a Hydraulic servo system it

frequency and the dampfng ratio. Satisfactory responses are

obtained with a damping ratio of 0.3 to 0.7. Low damping

in a nervous.§tep response while higher damping slows down step
response and the bandw&dth decreases rapidly.. A hydraulic control
system with an adequate damping coefficient between 0.3 and 0.7

and a well adjusted velocity gain shows a.bandwidth Jimited by

the yalye natural frequency.

4

4

ases

pecial

celeration

6).

by

raesults
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Damping on the othem hand depends completely on the viscous
friction coefficient which is almost impossible to predict
beforehand. In most cases, viscous friction is neglected, but

\

is present all the time along with Coulomb friction.-

°

Iﬁ the hydrostatic bearing design where the Coulomb friction is
eliminated’ the damping c&Lfficientlis very low (as low as .05).

In this case, in order to increase dahpiﬁg the hydraulic stiffness
must be reduced. This can be obtained by the iptroduction of

open center or underlépped valves. Another method to reduce

" hydraulic stiffness is to introduce a leakage flow with a cross

v

port bleed.
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6.5

L

I}

-

Preliminary Design Performance

The design of Tinear servo actuator deals with the detefmiqation‘
‘of the bis;on area Al,stroke S, valve capacity Q. .and supply
pressure PS for actuating of mass M. Certain specifiqations such as
maximum speed Ynax® maximum ac;e]eration Ymax and required bandwidth

or speé? of response are determined to meet the systeﬁ requirements.
¥ N .

This section will show the relations between the specification and
design data for a sinusoidally actuated linear actuator, lqaded by -

inertia forces and a constant preload. A performance diagram will

show some fundamental relations in a frequency diagram. ’ \

- 1Y
Performance calculations will be obtained for aﬁ‘ggymmetric actuator
. o

gonxrolled by an asymmetric 4-way zero-lapped valve. D e

Specifications of the system to be designed are:

Load mass, M = 7.81 lb-sec?/in (3,000 1bs Toad)
Piston cap end area A1 s 9,62 inz ‘
Piston rod end area A, = 4.71 in? ‘ )
Asymetric servovalve flow Q. = 60 U.S. GPM = 231 in’/sec
Supply pressure Ps = 1,500 psi

Maximust actuator stroke S = 52,0 in. (1.32 m)

Calculations: (Ref. 6) ) ' K

a) Maximum actuator velocity upward.

. Gax__ - 231
Ypax = » = 5 62 = 24.0 in/sec (0.69 m/sec)
A S : ;
Yax * 3 % Se=2in. (0.65m .
\ 133




Py

b)

c)

d)

spring with stiffness C, and the m‘?ving mass M.

1
\

In order to remain within the linear behaviour of the valve,

it will be assumed that only 66.6 ¥ of the supplied pressure Ps'

is available for dynamic generation.

o

Relation betweep valve capacity and maximum speed ymax for

full ampldtude sir{usoidal movements.

-

Orax = M Ymax = P1Ymax 7 Apwy \
- Q 5. ( .
max max
L S . (6.25)
1 M1 Ymax Ymax
24.0 :

=—273—0' = 0.93 rad/sec = 0.15 Hz

Relation between cavitation boundary and maximum acceleration

‘ymax‘ The load pressure is given by
~ My+F |
. nF 7 st
PL Al Al (6.26)
v
To avoid cavitation PL\< 0.66 Ps , then at sinusoidal .
. movements with Fst = 0 ‘ b “ .
MY +F, MW :
p = —mX__ st . € 0.66 P
F A A S
1 1
. 0.66 P A - r o
or Wy = ——— ; - (6.27)
. . l M Qmax 5 e
’ . 0.6 x 1,500 x (9.62)% _ g o ra&/sec - 8.1 Ha
7.8 x 231 ' _ e

‘Relation between maximum stroke and bandwidth.

For a well designed servo system the obtainable bandwidth Wy

{

rt;ughly equals the natural frequenc‘?/ Wo caused by the oil1

>
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For an open"'loop transfer function

N KV ST
- H (s) = —— “ (6.28)
® S S .
J T s,[_‘2+2zr+]:| ; -

Wo 0

,where proper choice of K, enables wy = w, with values of ¢

between 0.3 and 0.7, and

-

&", ' C Lo ‘
o |
e VM o

A 2h
C T - 7
, ‘ max

N e

LI

A
A B

Wy MR My T\ - (Gf”

. \ 1/2
=|_2 %x9.62 x 145,0 = =
W, [ Seps 2t 2D ] . = 116.3 rad/sec = 18.5 Hz

-»
Atk dunbr s &

\
.~ e) The maximum acceleration is given by ,
R A 0.66P_A .
. . . se = S 1 R . g
3 ' Yrax — | ‘ (6.30) ;
[ N ! N
i
! « 0.66 x 1,500 x 9.62
% .o . , ' . 7.81 -
j ) 2

_ = 1,220 in/sec” (31 ;n/secz) = é.lﬁg's
with the jack vertically installed » ‘

' Ymax = 1,220 - 384 = 836 in/se¢ (21 m/sec)

*

e ————" S AL O T L et
PR o
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f) Actuator force . o » ‘ b

g)

»

et o A W ST A AT C P A 7

1.

W

. -
Maximum upward Fup = PSA] . . ‘

= 1,500 x 9.62
= 14,430 1bs > o .
Haxmum downward Fd = PSA2

- = 1,500 x 4.71 °

=7,065 1bs e
Preliminary Performance Diagram. Q

Figure 6.4" shows the performance of the sergo-actuator when
excited by’ays1nusoida1 signal. Tl"le diagram shows the maximum
di,spllacement, maxcimqm ve]ocﬁ:y, max1n1um acceleration, and the
bandwidth values, obtained by the preceeding calculations.

The units used in the diagram of Figure 6.4 are in MKS fystem.



il

s S LAl

R R s

) xy .
SZLOOL 08 €9 0§ OF GIE ST OT 9L €TL O ©8 €9 § ¥ Sre g T 91 sT1 1 - M- cie° ST T
r T L T R 1 ] ¥ T 1 AT T 1 k ] . i L L I L ¥ I T 1 1 1 1 1
008 0£9 006 00F CIE 08T OOZ 09L SZL OOL 08 €9 08 Oy SIC ST OZ of SZTL .04 8 €9 vy sic 2] T w1 sTL %
T T T 1 T X T T T T T — ro
— 3
: <, .
Kelpe 7 ) 5 s
<@,
(4 . i “©  £90°]
o , a
4 »... ...m < 80" _Im
\ o 15 N b |
P A (e) i _ )
. |
& art > sz
o
v S s S £ -1
> ° |
9 CAN ) i oz’
¥ i n' /! ; —
N o
D s o (. — ST |
AN s _ o |
€ LAY Sie
. < | e 9 i
2 A <4 DN % - v .1
%x0 . a.m. ‘Q { NG < i
09 x09 e * 3 :
ol 2 Q K < (e LN I
% N AN C : e
€4 7 o' y
X9z %09 e N 4 e
> & ) ) &
X9T’ . /
A ‘ = ~ | (M
(- - - (4 i
3 Oo
o) (4 24N oz
<
‘g ‘0 el o
(7) ~
o, v z
L °14

137



6.6

-
o

*

Cue Generation and Wash-out °

«

The basis for wash-out acceleration is a constant wash-out ° .

acce]Mvéﬂab]e and allowable velocity as a
function of positioﬁ. this way, 1t'-1's’possib1e to have an

efficient use of the available stroke. Assuming that the series

—

500 actuator will have

&max = 23.6, 31.5, 39.4 in/sec (0.6, 0.8, 1.0 m/sec)

(depending “on the servovalve used)

' » 23,6 in. (0.
Ymax * 23,6 1n'(06m)

3y

Several conditions can be detemmine ) i.e.:
a) Given 3, what is the maximum velocity at a given position
to permit the actuator to come to a standstill at maximum

stroke with a constant wash-out acceleration aw? b

The maximum velocity- as a function of acceleration and distance

is given by: . . . .
Ymax \/2 a,y (6.30)

If assumed .that the wash-out should be possible with

W
restriction over at least half the total stroke it cah be

a = 19.7 in/sec2 (O.Sm/secz), without a system velocity

concluded that ¥

wax 2 30-7 in/sec  (0.78 m/sec)

_ b) Starting at mid position with a positive (up)sfep acceleration

cue, what is the maximum permissible duration of that cue ‘to
obtain y .. ? The maximum velocity is given as a function of

acceleration and time, by

-4

. - ﬂymax -a.t (6.31)

138

'7.9, 19.7 in/sec (0.2, 0.5 m/sec?) = .

The graph obtained from above equation is shown iq Figure 6.5. |
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Figure 6.6, obtained by Equation 6.31 shows the combination of

acceleration and duration time to obtain maximum actuator velocity.

Given a, = 19.7 1'n/s\ec2 (0.5 m/secz). Starfing at midgposition wi'th
a positive step acceleration cue, what is the maximum permissible .
duration of that cue to obtain by means of the wash-out acceleration?

The cue duration time is given by

2ay ' " ‘
th = ¥ oo (6.32) |
a~ +a 2, §
where t, = Maximm cue duration time, sec {
a, = Wash-out acceleration, 1n/sec2, (misecz) %
a = Cue acce1e;rat1'on, 1n/sec2, (m/secz)

-y = Total actuator stroke, in., (m)

Given in Figure 6.7 is the cue duration time versus cue ampli tude.
If vrélocity is limited to 23;.6 in/sec (0.6 m/sec) this limit M}'I
enter before acceleration cue takes over. Figure 6.8 shows the
relationship ‘between cue acceleration and travel during cue

acceleration., r

To summarize the resuits from the obtained graphs, the %ollom’ng
example may be used:

Assume: A step input acce1er;atfon cue, a=236.0 1n/sec2 (8.0 m/secz) ’ ﬁ
2

A wash-out acceleratfion, aw=19.7 in/s"ec (0,5 m/secz) T ,‘
=23.6 infsec (0.6 m/sec) :

= +23.6 in. (0.6 m)

Maximum actuator velocity, ';'max

Maximgm“actuator travel, Ymax
From Figures 6.7 and 6.8 we obtain

0.1sec - - . ot

1.56 in. (0.04 m)

Acceleration- cue duration time, ‘ta

Displacement duration cue, y
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FIGURE 6.8 RELATIONSHIP BETWEEN VELOCITY, CUE ACCELERATION AND TRAVEL .

DURING CUE ACCELERATION
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6.7

“required. -

Servo Jack Control Block Diagram

A simplified b10ck'd1agram of the servo jack control is shown
in Figure 6.9. This diagram shows nonaly- the major components,
which are directly lrelated to this study. In order to eliminate
digital noise at velocities above 20 Hz, 5th order elliptical
filters are installed in the analog computer outputs.
Forward Patdh ' ;'

The command signal is an acceleration or position input. The
required velocity obtained after integrating the \requi;ed
velocity is added to the forward acceleration compensation. The
need for the forward accelaration is to comp;nsate for frequencies
h'1‘gher than 1 Hz. The sum of the above signals, through a Tead
compensator, is fed 1ntnoo the cyrrent ;mplifier, and fhen into

the servo valve torque motoy., The servovalve output is flow

" into either end of the hydraulic cy,Hﬁder. The lead compensator

fs required to compensate for the servo valve lag. The output o

of the cylinder is position, velocity, 9nd acceleration, as

A

Feedback Paths ' )

Feedback paths are required in a closed loop gygtem because they

provide: - . - 3

a) Increased accuracy, the abiltty to faithfully reproduce the
input signal.

b) Reduced sensitivity of the ratio of output to input to >

'v ‘variations of system characteristics.
¢) Reéduced effects of non-linearities and distortion.
: ’ b4
d) Increased bandwidth, for the range of frequencies (of the .

1vnput) over which the system will respond satisfactbrﬂy.
v

142




4

. .~

o

o

—

TOUINGD ¥OVCONUIS 40 WVHOVIQ Y0018 - §°9 Jun9ld.

o

NOLLISOd vAL)Y

.

IMNidwvQa

, S AMIIOTIA VNIV 2 1
. - yOHYI
NIVIOAHIS u3naswvi ) G
¥IDNASNYYL NOwu , . -
34553 { 5 dWNO)
A A1130713A
d WY ] dWNO)
A i LN3YEND p avil ¢
o U Do
Yy h L g IAIVA OANIS
HIDNGSNVHL
dy) 3404
‘ Fawy YWOD
32504 ) 1 Y5 .
SSYN
) wumOu °
ALY
2y >
- HINAILINW
) 32804 >’
a310dWOD NOILDIMA

ALI20T3A

+

143

o e gl




1s M A T T e e

~

The feedback paths and their fuhctions from block diagram in.

&

b)

’compvarec‘i wit g

(=

___Figure 6.9 are the following:

a)

Velocity Feedback. The actual velocity is compared to the
required velocity and the difference (error) is fed back
thr“oygh a velocity er'ror: ucompensaté%:“tﬁ Ve'lc;.‘city feedback is
a form of damping, but its effect on the nétural frequency
harmonic of the load and actuator is limited. A signal
lwh'ich is strong enough to reduce the Ha"rmon'i cs will give W

too much lag at Tower frequencies. However, if another feature

is 1ntro~duéed to deal with the harmonic, e.g. orifice bleed, .

"then velocity feedback will enable the gain to be increased

and a decrease in dead zone will be achieved. Actuad velocity
is obtained through differentiation of the actual position

measured from the position transducer in the servojack.

Force Feedback. The force feedback .is used to compensayte for [
load errors due to external loads, j:he 011 compressibility,
and h}drau]ic stiffness. The computed force 1s measured by‘
two pressure transducers on each side of the piston and it is
h/t{: actual force measured frsm a force transducer
(mounted between the piston r;)d and the load). The di fferénce
between the computed and actual forces,' is Ithe friction. The
force feedback is composed of two paths. One path is used for
compensation of the 011 compressibility co. and it has a minus'
sign. The other path is used for compensation of the hyd;'auHc
stiffness Ch. Th; actua‘l force on this path is comparedv‘ to the
valve design load a~nd fhe error.is multiplied with the requiyed

ve'locfty. at the specified design load.
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c)

d)

1

Position feedb}.tck. The actual position measured by the position

transducer is compared to the required position and the ' error

is processed to provide a valve command signal. Another path

£ Y
that is added to the position is the required velocity feedback
through a velocity damping potentionmeter. This setting counts,

for the second order system damping ratio.

Current feedback. This feedback 1is used in the servovalve

inner Toop to provide stability.

" Drive System

The control parameter 1:'or a motion system is the acceleration of the
ac‘tuatdr, thus an Acceleration. Servo System (ASS) should be useg‘.
The commar_md signal may be either acceleration or position. In Figure
. 6.9 the ;ctﬁ'ator is considered ‘as a pure integrator, the input of

which is a velocity command and the output is position.

_Thé acceleration servo impl eme:\ts Tow posi}n’on gain for s:tgady state
si:a.nbi‘lity and a wide bandwidth for acceleration cues. The position
servo system has a bandwidth Timited to 0.5 Hz. The acceleration

nojse resulting from the Qiqita-'l-to-anawg conversion ‘must be kept j

below the assumed human peception level of- 0.02 g.

In recent study (Reference 13) it was shown that a position servo

system with a 1 Hz bandwidth 1s suitable for motion simulation.

' The acceleration transfer function beyond that frequency is

greatly 'déterio;'ated, if -only the position Tloop is wused. o
~ This

—

can be improved by adding a acceleration signal. However,

t

\
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adding only an acceleration to the accelefation suming point
gives an undesirable notch at 0.95 Hz. This is shown in Fig, 6.10,

which was produced for a second order system, whose transfer

function 1is:

Hs) = gt P (6.33)
+ Kis+1
o]

The transfer function is derdved.from the block diagram in Figure - .

6.9. The acceleration transfer function is identical to position

transfer function.

A 2nd-order position system has the fol]owing normalized transfer

‘ function ‘ ‘
H(s) = —p] C (6.34)
So+ 272 +1
o A}
where Natural frequency, Wo = IOKz
Ky»10 K

Relatfve damping, T = _‘___i__é .

The position servo system has three adjustabIe‘fconstants:
l(.l = Position Toop damping '
K2 = Position loop gain - ’ )

K3 = Feed for'war? velocity correction term

-~
Y

Figure 6.10 was produced from software with term Ky =0 (see block
dfagram in Figure 6.9). To compensate for this notch, a velocity:
term has to be added and therefore the conséant Ky'was set to the
same value \as K]. " With no e114 ptic filters at the computer signal
outpuf. the acc;eIeration output over acceleration input is forced

to un1 ty for the full frequency range, with frequency Hmi tations

on'ly 1n the computer programming.
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- The effect of the velocﬂ;y‘;tenn witﬁ constant, K3, is shown ;in

R

Figure 6.11 for a simulated system. Also shown in the same

figure are:

—

a) The total transfer f}mction ACC output to ACC input.
This is indeed almost a straight 11ne. The actual hardware
“system wﬂl drop off beyond 20 Hz. according to actual

measurements . \ s

i

b) The acceleration transfer fuﬁc%fon with o°n1y position input

| @

connected.’

i ' -

l c) The acckleration transfer func;tion with only -acceleration
. .« input comnécted.! - *f
, !

* In practice, a fifth order eﬂipti? filter tuned to 20 Hz, is

used to eliminate the standard jteration rate of 20 Hz. .
The elliptic fﬂter which is in series with the comnand 1nput

_1s the Timiting-factor in the moti n system response.

|

Figure‘,G.‘lZ shows the response of the 2nd order transfer functien

with di‘rect acceleration input mea ured on an actual actuator. °
" The position loop bandwidth in this| case was 0.5 Hz. This shows < -
that controlled and 1inear accelera ion are _pbssible from w, =0

‘up to approximately 20 Hz. =

. these groups. ‘ o
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7.0

- which defidés measgres“of performance and purposes testing methods

,\figrees‘of freedom, measurement of frequency response in all éix

, Thelmost exhaustive tests,:and the mdst.significani. were those of'

' The purpose of these tests were to measure“the smoothness of motion

which; more than any other parameter, Qetefﬁines the qéulity of the
\‘ya+1estbetween .02 and .04g, depending o the level of activity and

" “would not detect a pulse .04g if he were accelerating. If one is

~Figures 7.1, 7.2 and 7.3-show the hydraulic schematic of the tested

Secyo”jackg,rhe six DOF motion system and the test equipment set-up,

. , - NG
SERVO JACK PERFORMANCE

Following the design and gonstruction of the first production motion
system, a vigorous series of tests was carried out to establish the

performance capabilities of the system.

The tests were based on reccomendations of AGARD Report 144 (ﬁef. 14)

o

fér flight simulator motion systems. The tests included measurement - -

of éystem Timits 1ﬁ'tréve1, velocity and acceleration in all six v

degrges of f?eedpm,‘and delay time for pulse or step inputs.

mv....ii f"- -

PRI

acceleration noise.- Peak-to-peak and rms noise levels were measured

k

in_all six, degrees of freedom for command inputs in all axes. Further, ’

noise was plotted as function of velocity and commanded écce1eration:, ,

©

motion simulition. As a réference, the threshold of human perception .
. ' S

the ghount of backgrdQnd acceleration. That is, an active pilot

cohcentratiné on detecting a disturbance in straight and~1eve1)f1ight,

a

however, a .02g pulse can be felt. , .
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7.1

Results ' . : o - |
The ‘'motion system frequency yesponses'in thg'six axes are shown

~

in Figures 7.4 through 7.9.

These responses were generated using computer qenerated) sine
wave inputs to sweep over the required range. The payload was
20,000 1bs and the output acceleration was determined using

high precision accelerometers mounted on the ‘upper bearings.

‘ ~
The bandwidth of 10 Hz is well in excess of other commercfgﬁly

available syétems.

Figure 7.10 shows the freqbenc§ respoﬁseﬂﬁithout the elliptic
filter and Figure 7.11 shows the frequency resbonse of the
electronic fifth'ordef’filtér used to-provide a cut-off at 10 Hz,
to eliminate computer iteration noise. Clearly this filter is the

Timiting factor on the system response.

i

Typical acceleration noise versus velocity plots are shown in

. Figures 7.12 and 7.13. In"this case the mot{on system is driven

with 0.5’Hz sinusoidal input in one axes, roll in the case of

" Figure 7.12. The peak acceleration noise is measured at a variety

of velocities in both the driven axes and the five non-driven

axis. Peak noise includes. the effects of reversal bump.

/4

Figures 7.14 through 7.19 show the noise to signal ratio, -
(écce1erat1bn noise/commanded acceleration) for the six axes modes
. a4 . . \

of excitaiion. Isolated points are p]ottéd on a éomposite grid .

. of ampiitude‘versus frequency for a sinusoidal 16put.
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Maximum bosition, velocity and acceleration can be inferred as ;'ho‘wn
by the grid. The ohysical limits are shown by the dark line, i.e. up
to 0.08 Hz the system is limited by available traVe'l » between 0.08 and

1.2 Hz by velocity, and from 1.2 Hz hpwards by acceleration.

© - The noise to ‘signa1 g}atios show the performance that can be ‘achieved

at various points within this operating envelope. -

1

“’F\igure 7.,20 shows the impulse response used in flight simulation

primarily to indicate the delay time or latency. It is important that
the detay time Se compatible with those of the other cueing devices in
the simulator, in particular with the visual system. In add{tion, the
delay gﬁme‘ shou]dobe short relative to the characteristic reponse time*

of the pilot to avoid induced oscillations.

Current simulator regulati ons require a maxi mum latency of 150 msec from
control input to response; however, delays inhgrent in the aircraft may
be added. Thev delay in' the Series 500 motion system hardware is
approximately 68 msec, so that an overall delay of 150 msec is |

achievable, provided good prégramming techniques are maintained.

“Fidure 7.21 sﬁows_ the Series 500 motion sy;ftem for KLM DC10 simulator

which was used during performance t'esting.

.
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7.2

- amp14 tude of un\}ignted ‘acceleration disturbances>

Conclusion

A high performance hydraulic servo-actuator was designed and tested. .

One of the major improvements over conventional actuators is the
1ntroduction of the hydrostatic piston and sleeve bearings that,
reduce the static andl coulomb friction to 38 1bs, from the 300 1bs

friction experienced with the conventional actuators.

Another anticipated advantage of the hydros;:atic bearing design,
is an extended actuator 1ife due to the absence of mechanical
contact. A nominal leakage flow of 1 U.S. gallon per minute is

suppHednto each hydrostatic bearing.

The reduction in fri¢tion ipposed a requirement for further 4
deve10pmeht i n servovalve design and drive circuit implementation. '
The servovalve port opening areas are underlapped and matched to

the actuator di fferé;\ti al areass .thus, e1iminating reversa1l bump

around the -neutral ‘position and, in general, reducing the

(o

The introduction of the magnetostrictive position transducer in
the piston rod eliminated the rack driven potentiometer that was

relatively noisy.

A force transducer, mounted in the upper attachm'ent/point of the
actuator to the flight compartment provi cie‘s a force signal which
1s used to compensate for the load variations which occ'ur due to -
the six degrees of freedom configuration, and fo compensate for. -
the Toad related valve non-linearities.

- 3
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The tépered .sTotted spears at both sides of the _piston provide .

adequate cushioning at both extremities of stroke, thus,

: }

eliminating the external deceleration valve.

y (Pressure transducers installed at both cylinder ports are used‘ as a

s -I‘ -
maintenance aid to monitor piston friction levels. . . °

The use of the hydrostat1c bear'c ngs reduced the hydravlic st1ffness -

e LT

of the actuator' thus, a force forward compensation technique 1n
the design control circuit 1s used to increase the apparent
; . stiffness of the servo-actuator. This technique has proved

effective in increasing the bandwidth,

Improvements in the drive circuit were achieved by 1ntroduci‘ng

RS

acceleration control at high frequencies, and posii:ion control at

At

T low frequencies. Acceleration control is effective, since, it s

changes 1in acceleration that are perceived as motion cues by the

e

human sensory systems. Position control is used to ensure that

S mechanical limits of the motions system are respected and to

slowly reposition the flight comparitment to 1its neutral position.

Compen’s’ating terms for force rel ated non-1inearities in the servo-
. ( valve and. mid-range compensation- to ensure a smooth transit1:}\
between the position and acce]erat'i on regfmes are included in the
drive cicuit. Experimental optimi zation provided a flat frequency
response ‘to 10 Hz in comparison to the previous system where the.

flat frequency response was in the range of 1 Hz..




s

. A Tt et - e

. The mechanical design of the.actuator wes predicated upon a safety

factor of 4.0 based on worst case conditions. The actqha}ors of the
motion system were pin jointed at the two ends s SO, 1‘:hat no

external Bending moments were applied although tranverse’,dynamic

* Toads are generated through the inertia load of the actuator

itself. A twisting load, which dccur-s if one actuator s bottomed

while another moyes, was Timited by the design of the hydrostatic

piston. | .

In the design process, which evolved from the previous conventional

~

' design, al1 dimensional changes were such as to increase strength

to improve safety and performance by stifféning the actuator and

hence raising its natural frequency.

The improvements were achieved with no significant increase in

manufacturi ng cost as compared to the conventional actuator which

- was replaced. To date some one hundred and fi fty actuators have.

been produced and installed in the field. Predictions of
maintenance free operation  and long 1ife appears to be valid as
no mechanical problems have been enc&untered to date and the

systen requires Tittle calibration or adjustment.

-
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