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;o ..t~ ABSTRACT |
. A STUDY OF A SERVOVALVE CONTROLLED
HYDRAULIC RADIAL BALL PISTON MOTOR :
- o : " Alfredo I. Goitia
. This ihesisqﬁresents a study of an electrohfdraulic
servovalve controlled rﬁdial ball-piston .motor. The design
o~ - . and construction of a c1osed-1odp force servo systéh is
/ " described as aiparticular application.
The two main components of the system'are: a two-
f_‘____,at,,a_gs,_e1,egj,r,0hxd,r,,aulicﬁ servovalve with an external

, ~ ]
electronic spool positiaon feeqback, and a fixed displace-

mént; radial ball piston type ﬂotor.

The study of the system was carried out using a

general purpose test'stand specially designed, as part of
. the project, for testing hydraulic motors. Suitable

: N ~ .- - '
. instrumentation and drive circiits were selected.

. -

Lt .
For the evaluation of system performance, a number of

< ' steady-state and dynamic‘tests were programmed.

L

‘ Steady-state tests allowed evaluation of 1mporlﬁnt'

~

characteristics of the servovalve and motor including dead

. .
v




zone of the valve motor combina-tion, motor 1eakage mbtor

\v

viscous coefficient of frict1on, and motor static friction,

“ The behaviour of the motor under a variety of loading

rconditions was also analysed.t . .

.
v . I
*a‘ ! .
~ . \
&

Dynamc tests, which 1nc1uded step response of the

. '
*

. ' system
' vaHdity of a second order model for the servovalve moton.

in an ,open-loop conf’iguration_ demonstrated the

! -
/ y

. oL

_ combtnation. v

-~

«

The effeots of the sérvovalve externalse'leétronic

feedbac,k'\on "s'ystem ‘performance, were evaluated using 2
! 1 . . . ! M
closed-1loop force servo System.
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NOMENCLATURE

viscous .damping coeffiEient, N-m-s

1nterna1{dampinngoefficient of the pump, N-m-s

’

J . L4
distance between the center of the motor shaft and load cell, ma

discharge coefficient 2
motor leakage coefficient, (m3(§)/(N/m2) .
Tﬁfer;a1 leakage coefficient of the pump, (m3/s)/(N/m?)
internal friction coefficient of motor, m3
hydggulic motor displaceméﬁt, m3/rad , -
pumﬁ digplacement, m3/rad

spool diameter, m o ‘
differential ampiifier output, mv
force exerted on the load cell, N -
force input, N

force output, ﬁ

Servova{ve current, mA

input reference signal, mA

total inertia of motor and load, N-m-

>

servocontroller gain

flow-pressure gain coefficient of main servovalve (m3/s)

" valve flow - pressure gaincoefficient, (m3/s)/(N/m2)

differential amplifier gain

slope of the force cell calibratipn curve, mV/N
; .

LVDT and LVDT signal conditioning module gairF

servovalve pressuré coefficient, N/m2/mA

{(N/mz)

servovalve pressure/spoal disp/acqment coefficient, N/mz/ﬁ

/



'*;‘

P e T T

4

"

. fiow of servovalve, m3/s

- XY -

flow gain coefficient 6f maiﬁ servovalve, m3/s/mA

flow gain coefficient of main servovalve, m3/s/m

valve flow gain coefficiént, m3/s7m

" servovalve, spool displacement gain, m/mA

pressure drop across the load, N/m2

return line pfessure, N/m2

pressure difference acrpss the pump, N/m2

" supply pressure, N/m@ -

motor forward pressure, N/m2

séronalve port 1 pressure for t=0.s, N/m2

mdtor return pressure,'N/m2

servovalve port 2 pressure for t=0.s, N/m2

volumetric flows thrdugh the servovalve, m3/s

volumetric f]ows_thrbugh the servovalve, m3/s
leakage flow, m3/s

flow through the motor, m3/s

flow through the pump, m3/9

flow rate through main servovalve, m3/s

Py . .
flow through servovalve ports, m3/s
load flow, m3/s "

Laplace operator

. arbitrary load torque on motor, N-m

viscous friction torque of ,‘motor, N-Q .

inertial friction torque of*motor,” N-m

s I 1

|

et
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Tm = torque developed by motor, N-m '
Tp =  torque took up by pump; N-m
t a time, s
Vi“ = average contained volume of forward chamber, m3
: 3 Y
V2 = average contained volume of return chamber, m3 )
Xy " = spool displacement from neutral of main servovalve, m
Jiv;l = spool displacement from neutral of load servovalve, m
Xvmax = maximum spool displacement from neutral of main séryova]ve, m
Xvo = servovalve underlap, m
"B, = effective bulk modulus of system, N/m2

hydraulic damping ratio

dampjng ratio of main servovalve T

W

0il density, Kg/m3

\\ = . main servovalve time constant, s , e

hydraulic undamped natural frequency, rad/s

motor angular velocity, rad/s ) ‘

motor angular velocity for t=O.s, rad/s ' o

natyral frequency of main servovalve, rad/s
¥
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' - CHAPTER 1
INTRODUCTTON

1.1 General

The development of the present level of teEhno]ogy

has depended on the evolution of methods for the generation,

.distribution and utilization of power.

The energy requirements of the domestic population
“and industrial sector as well as tﬁe develobment of the
national defense in each country create an increasing demand
fof power. This, requires thelcontinued development of
‘methods for power transmissionxhcontrol and utilization.
Fluid power technology plays an 1hportant role in this task

- and promises to be even more important in the future.

. 8

The majority of contemporary power transmission
systems can be classified as electrical, mechanical, or
fluid systems. Fluid bower systems can be further divided
into pneumatic agd hydraulic systems, depending on the fluid
medium used to transmit force. The fluids employed in
pneumatic power and control systems are gases which are
chargcterized by high 66mprgssib1lity. In contrast, hydrau-

1ic fluids are relatively incompressible liquids.

o
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Magnetic saturation, a fundamental limitations of
electrical machines, limits the torque developed by an
electric motor. Heat dissipation is a problem of. frequent

importance in electrical power transmission.

’

Mechanicg] bower trénsmission systems employ a
variety of kineﬁatic mechanisms such as belts, chains,
pulleys, gear trains, bar 11nka§es, and cams. They are
suitable for the transmission of motion and force over
relatively short distances. The disadvantages of mechanical

systems include lubrication problems, limited speed and

. torque control. capabilities, and relatively large space

requirements.

Pneumatic power is fransmitted by the pressure and
f]ow’of compressed gases. The most commonly used gas is
air. Pneumatic systems use simple equipment, have small
transmission lines, and do not present a)fire hazard.
Disédvantageslinclude a high fluid compressibility and a
small power-to-size ratio of components. Pneumatic pawer
systems are more e]asticythan méchaniéal systems and are
very sensitive to small changes in pressure or flow. For
this reason/they are especially suited for pilot or control

systems.
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Hydraulic power is transmitted by the pressure and
fiow oflliqu1ds. Applications of fluid power have become
'yirtua11y limitless. These include systems on machipg

tools, cars,.earth moving and agricultural equipment, air-

craft, ships, and many other areas [2] . K

'kluid power devices lie between electrical and
mechanical power transmission devices, in respect to
performance. Fluid and elegctrical power sysﬂ?ms transmit
power more easily over appreciable distances, campared with
their meéhanica1'countérpart§. Elecwgical power devices are

‘especially good in this respect at low power levels.

Table 1.1 shows a summary of the most important
a ¥

features of the various types of systems [Zﬂ .~ The final
choice is a difficult one and is often 1pf1uenced by .the

rest of the system. T

®

N .
“\\\Dhe major advantaéého? fluid over electrical power is

that the former is not so limited by physical limitations of*
materials. For examp{e, ‘the saturation-\i%it'of steel
limits the performance of the electramdgnet. 'Jhis-sort of
~limitation does not apply to hydraulic systems until the

material strength is reached. . -

AN
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Property Best Good Fair
"Torque/inertia H P M. EM
Power/weight H, P - EM,M
- Rigidity in steady'state H M F. P.EM
= Friction EM, F H, M P
Dirt vulnerability E,EM,M - HF.P
Speed of response . E F.H \ ;’ M, EM
Compactness E ARH P, M, EM
Ability to work in
adverse conditions F P,MH EM.E
Relative cost M, E, EM H, P F

\\
Key: . M—mechanical
- —eloctronic
' F —fluidic

Table i.l Salient Features of the Power Transmission Systems -

(Source:

‘following disadvantages:.

‘{pba1rment‘of system operation by cgntamiﬁation.

EM electromechanical
P —poeumatic

H —hydraulic

r—

~

Hydraulic fluid leakage.

Fire hazard with flammable hydraulic fluids.

pressure fluid, although small, is always present.

e R Lo S

McCloy and Martin: “"The Control of Fluid Power")

On the othérphand, filuwid power devices ha;e the

Danger of burst pipes and componew@s containing high

¢

-




. X Hydrau]id 0ils are messy if proper care is not
pobserved. .

¢

To do work, oil flow and pres§ure~must pass tuzough
an output device. Output devices c9@ry the generic name of
, . ? ,
hydraulic-actuators. An actuator is a device for converting
PP L,
hydraulic energy to mechanical energy. An actuator, or
fluid motor, can be used to produce linear, rotary, or

oscillatory motion. \ _ <::j

P } o

f A linear actuator or hydraulic cylinder is a fluid
motor'that generates linear motioa. Various types are wide-
ly used inmhydraulic systems because of thefr high force

- capabiiity, ease of sbeed control, and high power_ output for

Y ,
a given size and weight. Thely are especfally suitdble for
. control[;ystems due to their high mechanical stiffness and

o=

’Spegg of response. ,
R
‘ijited-rotation motofs provi&e an oscil]§t1ng power
output. A Janiety of ‘such wnits is available, all of which
consist of one or more fluid chambers and a movable. surface
Gg . against which fluidlpréssure is applied. Both vane and

piston types can be used to obtain an oscillatory outpué\

]
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A hydrau]uq motor is spec1f1ed when the load must bg/\\

N

continuously rotated, or where stroke length or accuracy
—J -
requirements preclude the usé of linear actuators ZQ(

in—linear actuators, several types of hydraulic motors are .

" commonly employed in industrial applications.

SR
In this research, a fixed ~-displacement, radial ball
$1ston fiotor was chosen as the device which converts
hydraulic energy into:mecbanica] energy{ ‘A two-stage
e]ectro-hydrau]i& servovalve wyith an external electranic

spool position)feedback has been used to control the

hydraulic motor.

’ \L» ‘ oW
Several concerns governed tﬁihfh°1°§\°f the hydrau]fc
motor: ’
{a)  Electrohydraulic servoactuators, in gerieral, are v?ry 1

‘“expensise devices. A low-cost actuotor was used in,
theoattempt to improve system performance by usinrg an
electrohydraulic servovalve with electronic‘feedback.

(b) Ball oiston}fype motors ar? units with a 1om‘oumber
of moving parts which 1mplies&%asy mdintenance, low
wear, and high reliability. |

(c) Ball piston type motors have a low friction focgue

.loss at startlng. «This feature is advantageous 4;f /
.appTtcations such Es robotics, avtomated
manufdcturiﬁo, and control 'loading. ' * ‘

i : < -
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This work is based on the study of an e1eé%rohydra&-'

&11c servovalve controlled radial ball piston motor.  The

outline of the thes+s presentation is' as folloﬁs: Chapter 2"

includes a deta11ed.descr4ﬁt19n of the -main components which

make up the servdovalve controlled motor system as well as .

the load. The development of the experimental test stand. is
described in Chhpter 3. The modelling of the valve
controlled hydraulic, mbtor and the digital simulation of the

open-loop velocity transient response are covered in Chapter

4. Chaptérs'g and 6.deal with Steady-State and Dynamic
tests respectively. ‘A pqrticdlar application based on a
g}o§ed-1oop force servo in orde; to aﬁa]yze the éffects.of
the servovalée external e]ectrénic”feedbécﬁ on the system'is
presented in Chapter 7. Finally, conclusions and recommen-

dations are presented in Chapter 8. , ?

1.2, Scope of the Research Work

PR |} q
The main»objectivg of this- investigation was to

o
F 3 W

study the performance of an electrohydraulic servovalve
cbqfrolled hydraulic motor. A two-stage electrohydraylic
servovalve with‘external -electronic spool position feedback

was used to control a radial ba]],,fixed displacement

> “hydraulic motor. .

. 1’ .
.
[N
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. Ekperimenta] teéts Have’been performed in order to

derive.thé characteristics of the valve controlled motor.
To do this, a complete test stand was designed.and'built so
that all the steady—stat; and dynamic ;ngacteristics‘were

- -
obtained without difficulty. The design of the test stand

" was based on a torque feedback system which has the

capability of regulating torque loading by the motor. The

test stand was designed both to test the hydraulic motor

"used in this proiéct, and also as a general purpose ‘test

. stand suitable for testing other hydraulic motors.

A digital simulation using the MIMIC Tanguage was
developed in order to select the current step size used fqr.
the dynamic tests and gain insight into the open-Tloop
ve¥Yocity transient respon§e. -

. To investigate the effects of }hé servovalve external
electronic feedback on the éystem, design and constru;tioﬂ

of a closed-loop force servo system was carried out. Such a

system was composed of the valme-motor combination, a

tension-compression load cell used as the main feedback, and

. 1 .
wthe necessary electroniq apparatus to carry out such ,an
« .

evaluation. .
To accomplish the main objective outlined above, the

following tasks were performed:

7
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(a)
(bs
(c)
(d)

(e)

()

(g)

Ve mm e - e . et ek AP AR 7 :n«-lv--p.u—,,‘Th“ R
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Selection of a fixed displacement, radial ﬁh]l

piston motof after réviewing commercially

available alternatives. |

Selectibn of a tyo-itage electrohydrautlic

servovalve according to the hydraulic motor

technical specififatioﬁs.

D;sign and construction of an experimental

test stand to evalu&te the servovalve and
\ .

motor performance. : ‘ -

Selection of other components suitable for the

valve motor system 1including pressure,

/
velocity, torque-and force transducers..

S€lection and, construction of suitable

e]ectronic,circujts to obtain the required

data. That 1gqludes servocentroller, LVDT's
signal conditioning module, differential
amplifiér; differential pressure transducer
indicator, XY-plo}ter. strip chart recorder,
eto.

Y L]

Preparation of 2 complete set of tests to
jnvestigate the perforﬁance of the servovalve
controlled hydraulic motor. . .

Esaluation of system performance by carrying

out tests on the system. ’
V ) . N ——
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Va]ve controlled hydraulic servomechanisms are an
1mportant class of cdhtrol systems because of their
widespread use in fields requiring high performance and
1ight weight. This work introduces the use of a two-stage
eiecirohydraulic servova]ve with external electronic spool

position feedback to control a radial ball piston motor.

. Due to the advantages of that type of motor, such as Tight

weight and low friction torque loss at starting, the
combination of such a valve and motor can be used fn

applications where a minimal friction torque are required;

‘ e - - - —-,‘.u..-_.,l,,..m P I
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CHAPTER 2
o " DESCRIPTION OF SYSTEM COMPONENTS

2.1 Introduction

.
~, a
N

N 0& > ' \\ N

The main elements used in the servovalve controlled

motor circuit-are: a two stage, four way, electrohydraulic

servovalve; a fixed displacement, radial ball piston motor;

and a torque transducer connected as shown in Fig. 2.1.
' b : Torque Tringducer
Hydroulie AR m L '
Meter - T — i 7]
IR § ==~y = |l
a5 % , !/
Rigid Couplings |

Seivavaive

Supply

—~— T ——  Fig. 2.1 Schematic Diagram of the Servo Motor Circutt. )
‘ N |

In addition, a flywheel comprising a steel disc

rigidly coupled to the motor shaft, and a hydraulic.pump are

N
|

used to provide load torque.

| \ . . ’
|
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A controller was used for two purposes: to drive the
servovalve coils in all the tests carried ouf. and as the
control element. A proportional control mode was selected
for simplicity. ’

Finally, a differential amplifier, an LVDT signal
conditioning module, and ot?er electronic apparatus were

used to obtain the requiréd data.

In the following pages, a detailed description of

each one of these components is presented.

2.2. Radial Ball Piston Motor

’

2.2.1. General
A hydraulic motor converts energy transmitted through
a fluid into continuous mechanical rotary motion and torque.
Desirable features of rotafy hydraﬁlic motors include:
(1) .The ability to suddenly start, stop, and reverse
-in an easily controlled manner.
(2) A higﬁer horsepower-to-weight ratjd than any

other conventional power source.

(3) The ability to accommodate contaminants in tﬁe

fluid.

-~
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‘A brief description of several types of hydraulic

[

motors commonly used in hydraulic systems follows:

(a) Gear Motors.
External gear motors, Fig. 2.2 (a) consist of a set
of matched gears enclosed in a housing. Both gears have the

same tooth form and are driven by fluid under pressure.

Fluid under pressure enters the housing on one side
at a point where the gears mesh and causes the ‘gears to
rotate as the fluid takes the path of least resistancé
around the peripﬁery of the housing. The fluid e;its at the
opposite side of the motor.

.Internal gear mbtors’can be divided into two groups:
crescent seal and gerotor. The gerotor, Fig. 2.2 (b),
coﬁsists of a pair of gear shaped elements ingeniously mated
so that each tooth of the inner gear fs always in sliding
contact with the outer gear to form sealed pockets of fluid.
Both gears rotate in.the same direction aty1ow relative
speedg with the inner gear being faster. Fluid enters the
chamber with increasing volume, is trapped in the spaces
between the teeth, and is transported to the outlet.
Ffictiona] torqug§ due to hydraulic unbalance restrict

internal gear motors to low pressures (upqto 1500 psi.). It
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/
is not possible to Nary'the displacement of gear type

motors. )
. (b) Vane motors are usually classified by the type

of vane design: sliding vane, swinging vane, or rolling
vane. The slidiﬁg vane machine, by gar the most common
design h ], Fig. 2.2 (c), has vaneS‘which_fi% into slots in
the rotor periphery and are held in contact with the hbusing'

by“springs, centrifugal force, and/or preisure. A housing

"with a cam ring encloses the rotor and vanes. The inner

surface of the cam ring is eccentric with respect to the
rotor. ' |

Fluid under pressure flowing to the inlet pof; of a
vane motor is_divided by internal coring and directed into
chambers formed between the vanes. The fluid\exefts the
greatest force against the vanes extended the furthest,

fungihg the output shaft®of the motor.

The displacement of these devices can be varied by
changing the rotor eccentricity, and operation is geheﬁa]ly
limited from low to medium working pressures (up to 1500

psi.) because of the basic hydrostatic unbalance.

Hydraulically balanced units are preferred for opera-

tion at higher pressures and are more efficient. The dis-
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p]acemgnt/of/hydraul1cal]y balanced machines is not

variable.

, Vane motors have good operating efficiencies, but not

as high as those of piston‘mdtors. Vane motors generally

: ‘ . . L
cost less than piston motors with corresponding horsepowers.

(¢c)- Piston motors are classified by the motion of.

the pjstoﬁs relatively to‘the shaft axis as axial, bent-

N
axis, or radial, as illustrated in Figs. 2.2 (d) to0 2.2 (f).

Radial piston motors, Fig. 2.2 (d), héve a cylinder
barrel attached to a drive shaft, the barrel contains a
number of pistons in radially oriented bores. The outer
ends of the piston bear against a thrust ring held by a

'd

rotor. N <

The cylinder barrel is eccentric in the housing, and
fluid from the pintle enters half ;f the cylinder barrel
bores and forces the piston outwérd‘radia11y. However, the
pistons can move radtally only by ;evo1ving the cylinder

barrel which then rotates the output shaft. The pistons

ported by the pintle to the outlet move in a manner to

decrease the chamber volume, thereby expelling fluid to the

outlet.

pm——
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This type of motor has a very high operating
efficiency. These motors provide high torque at relatively
low shaft speeds and excellent low speed operation with high
efficiency, but they have limited high speed capabilities. y
Axial piston motors also use reciprocating\piston _

motion to drive the output shaft, but the motion is in the

axial rather than the radial direction.

Operation of a bent-axis axial piston motor, Fig. 2.2

'(e), is ;imilar.to tQat of a radial piston motor., Fluid
under pressure flows through one of the ports in a valve
plate into the bores of a bylinder(block open to the port.
The fluid under préSSure on the pistons in these bores
forces the pistons‘away from the valve plate. These pistons
rotate the drive shaft as they move to the maximum distance

from the valve plate because the piston axis’is bent fronm

that of the drive shaft. The cylinder block 1is driven
through a universal joint shaft from the drive shaft. While

some of the pistons are being driven, others are discharging

flow.

An inline axial piston motor, Fig. 22 (f), works
like a bent -axis type but differs in that the pistons
reciproate axially. Fluid under pressure entering the

inlet passage into the cylinder block bores forces the

TR e eunE e s n s b Ml S ¢ 0 . B N TS




ww SPERRRETARS S o e w mie, ¢

.
Sehat. o Rt o o e v e MWy v b

piston down the cam plate incline causing the cylinder
barrel to rotate against a port plate and turn a drive
shaft. As the cylinder barrel ro;ates, each bore in turn is
exposed to the pressure inlet. ’Refarn fluid is expelled
from the cylinder bores as the pistons move into the

Bl

cylinder block.

Axial piston motors have high efficiencies and
efficiency charactéristics similar to radial piston motors.
These motors cost more initially than vane or gear motors
with the same horsepower. Axial piston motors have a 16ng

design life. Because of this, their higher initial cost may

Y :
not truly reflect the expected 1ife cycle operating cost .

[29] .

In general, axial piston motors have excellent high
speed capabilities, but are difficult to control smoothly at
low speed.

Of all the types of motors discussed, only the vane

and piston units are capable of variable displacement.

Table 2.1 presents a summary of the most important

characteristics of the herau]ic motors discussed.

[ T
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_ {a) .;Eztcrnal gear motors have one
driving gear and one idler gear en-
Lo closed in & housing.

{d)} , The pistons in radial piston
motors raciprocate in ¢ plane per-
pendicular to the output :htfft.

" bl  Internal gear motors have a
gerator set, drive coupling, ond a
commutator wvalve, or plate.

(e) In bent asis, axial piston
motor, pistons reciprocate in ¢ plane
pardllel or inclined to cutput shafs. ,

FORT PMLATE CAM PLATE ROLLIR BIARNG ;

. SHAFT AssiumLy CTUNDIR BARMEL  #iETOM
, (¢} Vane motors (balance type (f)  Inline axial piston motors work
shown) have ovenes in a slotted rotor ) like o bent-axis type, but differ in

- snounted on a drivs shaft. . : that the pistons reciprocate axially,

Fig. 2.2. Typical Hydraulic Motors: (a)External Gear Motor,
(b) Internal Gear Motor, (c)vane Motor, (d)Radial
Piston Motor, (e)Bent-Axis Piston Motor, (f)In-Line
Piston Motor~ (Source:Klein, Edmund: "Hydraulic
Motors" ) '
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robotics, and force feel systems.

4
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The use of standard ball bearing elements as pistons

in hydraulic pumps and motors is a relatively old idea. It

‘was not until 1953, however, that General Electric developed

some small disphacement highxspeed servo pumps using ball
piston elements ﬁﬂ . That was the first commercialization
of suc\§%?its. Before that, the idea of using z%Fh a method
had mef wrth relatively little success.
- .

Hydraulic ball piston motors have been used in heavy
mobile drive applications. In 1969 the Fiu1d Power Division
of Eaton Corpor;tion sug;essfu11y commercialized two small

hydrostatic ‘transmissions using-an internal pump and motor,

both of the ball piston design [14 .

-

i

Y

. Even though there is little avai1abie Titerature on
hydraulic motors using ball pistons, and their use is not as
popular as thét of other hydraulic motors such as Gear,
Vane, or Piston types, such a hydraulic motor*wag\hhogen for
this.project(fbr design simp]iéity and a sma]i number of
parts which results in a 18% friction ;prque 1o§s at
starting. Th{; type of motor is suitable in.applications

where .a minimal friction torque is required, for {instance:

1
O
Ny
[\

- . (4
.

The motor ﬁsed in ‘this work is a .PLANET hydraulic

motor, Model MF47,. reversible, ball piston type, fixed:

~
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" displacement. The motor has 10 ball. pistons uniformly

Nt

distributed. . - ‘ o

2.2.2. Internal Confjgur;tion

Y
14

~

Three”main functional parnts make up the motor: (1)

the pintle; (2) the rotor, with ball pistons; and (3) the

- anti-friction bearing. ' v . .

{1) The Pintle provides the basfc porting arrange-

ment. It déhivers fluid under pressure tp the ball pistons

-from the motor'housing pressure port, and permits retdrn of

the fluid to the maotor housing return port. The p1ni1e

[
remains stationary with respect to the case.

(2) The Rotor is the.mechanism which converts force

- to torque. It is <closely fitted to the pintle and contains

accurately machined radial bores. Each bore holds a

preciself sized ball which gcts as' a line contact piston in’

the bore:

1%

(3) The Anti-Friction Bearing is positioned eccen-

‘tric to the rotor and pintle and produces a reactign ntng.

This creates a displacementrchange in- the cylinder chamber

under the ball piston as the rotor.revolves. . .-

\,

.‘\ /

B —- [ . - o
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As mentioned previousfy, the anti-friction bearing is
positidbned eccentric to the motor shaft producing fhus a
réaction ring: Pressurized fluidafpom the pintle enters one
half of the roto; baores and forces the piston outward
'radidlfy. However, the piston can move radia11] only by
revo?vfné the rotor which then rotates the output shaft. -
The pistons ported by the pi&t1e to the,outfet move in a
manner to décrease the chamber volume, thereby expelling
fluid to the outlet. A sectional view_of of the motor and
its internal parts is shown in Fig.02.3t Table 2.2 presents
the specifications for the pirticular motor that has been
used in this researcht This model was chosen s;nce tts
torqué speed characteristics\were compatible with typical.
‘app}4cations in robotics or force-feel systems, and because

the pressure-flow requirements were convenient for use with

“avaitable test equipment.
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Fig. 2’3. The Hydraulic Motor and its Internal Parts.
‘ (Source: PLANET-Hydraulic Motor.)
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" Pintle shown partially
withdrawn from rotor.
Normal position of
pintie is Inside rotor.

‘Eccentricity between

i.anti-friction bearing

| and rotor.
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Table 2.2 Technical Specifications.

Fixed -Displacement, Hydraulic Ball Piston Motor

Model MF47-Type 241

Number of Pistons

Displacement

Rotating Moment of Inertia

. Torque ‘ .

&

Total Volume of 0il1 Under Compression'

Rated Minimum Speed
Rated Maximum Speed .
Rated Pressure

Nominal Qutput at Rated Speed
and Pressure

Breakaway Pressure with 1000 psi /!
Servovalve Supply Pressure /

/
Flow Rate

External Leakage Rate @ 1000 psi
Hydraulic 011

N\

Maximum Operating Temperature

Degree of Filtration Recommended

10

0.47 cu. in./rev.

24.5 x 10-%in.-1b-s?

7 in. 1bs/100 psi

.0.62 cu. 1q.

5 rpm

’ 4000 rpm

1600 psi
4.5 hp. ”

40 psi

p
S/

0.20 gpm/100 rpm

15 cu. in./min.

Premium Grade 757
to 300 SSU at 1009F

1400F

10 microns

?

2.2.3. Advantages of Ball Piston%Units '

W

1

. The ball piston motor combines the features of good'

hydraulic equipment design in a compact single package.

i’
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Hence, the motor is composed of less and smaller elements
than a piston motor of the same rating. As a result ‘a low

moment of inertia can be maintained.

In ball piston“motors, a steel ball is used as a
piston. Fig. 2.4 shows such a ball which under pressurized
fluid\moves up against the cam rotating it. This scheme
complete?y replaces the piston, crank shaft, wrist pin,
connecting rod and associated Sea}1ng commonly found in
Qg}itive d%splaéement motors, Fig. 2.5. Expanding the basic

principle of a ball piston motor, a mult{ple cyTinder unit

can be constructed as shown in Fig. 2.6.

Fig. 2.4. Basic Ball Piston Motor Fig. 2.5, Conventional Piston Motor
.t s -
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Fig. 2.6. Ball Piston Hydraulic Motor

X

The radial ball piston motor pyovides several

desirable features, among them:

(a) Centrifugal force on the ball piston is 7
sufficient to maintain contact between the ball and the
race, In hydraulic motors 1tlis necessary to have‘V(
mechanism for maintaining contact between the piston and ihe
race. Thus, in vane motors of the sliding vane type, the
vanes are held in contacthwith the housing by spring;
centrifugal force(or pressure. For the motor which was used
in this research project, the centrifugal force generated by
the rotalfon of the motor acting on the ball piston Ys

sufficientéto maintain co?tact between the Ba]]

o B [
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and the race. For the motor stall position, there is no

cenrifugal force, however, the accuracy of the machined
s

radial bores and the-precision of the size of each ball

: N
ensure, contact between the ball and the race.

(b) The stroking ring of the motor ﬁsed in this work
is the inner of an -anti-friction bearing. In some types of
motors, - a profiled cam is employed as the mechanism to
conve}t force to torque. This gives an advantage to the

ball piston type motors, because a stroking ring is easier

*

(c) The inertia of moving parts is small.
" (d) Line contact between the ball and the race
reduce.the effective wear. ’

(e) The small volume of hydraulic .fluid contained in
the motor and cylinder chambers under the ball pistons mikes
a stiff system due to the 1imited compressibility of the
fluid under pressure and thus ensuring a high resonant

frequency of the motor and its inertia load.

Two other less significant advantages of ball piston
units are:
(f) Radial ball piston motors do not require a

mechanical piston to return the ball during the discharge

cycle [14] .
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(g) The simple construction of the motor reduces
cost.

-

‘2.2.4. Limitations of Ball Piston Units

The above'shows that ball piston un;ts.have design
advantages; however, the probliem of leakage between the ball
piston and the bore wall is significant. The seal is only
tangential, while with a plunger pigton it extends over the
length of the piston. Because of the high leakage, these
units are of low volumetric efficiency; as a result, their

- - N
operating pressure is also Tow.

"Another point associated with fairly high 1eakage is

the heat generated as the high pressuré fluid passes &hrough

the small clearances around the ball. For sustained
operation under high pressure, the temperature level of the
complete hydraulic system may rise to such a height that

external cooling may be required. Should the oil

- temperature exceed the operating value, the viscosity of the

oil would then decrease, causing more- leakage.

-

0i1 leakage in motors is associated with the pressure
drop across the motor. The total leakage through the motor

can be computed by using the term Qy = CqP_

et PR - e hee s -
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where Cy = leakage coefficient
’ P_L = motor pressure drop.
‘ “”\\\\\“‘/)
. However, the ieakagé char;cteristics in ball piston
métors-are a]go affected by the motor speed [Zﬂ . The speed
effect on leakage is produced by the ball piston spinning or

rotating in the bores as the rotor rotates.

2.3. The Electrohydraulic Servovalve

.2.3,1. Servovalve Components

E]ecqrohydrauljc flow control servovalves provide an

(%

output flow of hydraulic flyid proportional to an electrical
input current. Hydraulic amplification feedback in a closed

¢ i\ B
loop action is used to provide a stiff, accurate, spool

valve motion.

The servovalve used to control the hydraulic fluid to .
the rotary actuator in'this work was a PEGASUS Model 130 AA.
It is a two-stage, four-way, critically underlapped electro-
hydraulic flow control valve, which uses a hyd:;ulic:
follower arrangenment as internal feedback. The servovalve
also includes a linear variable differential transformer
(LVDT) attached to the main stage spool valve which can be

used as an external feedback.
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Fig. 2.7 shows a sectional view of the PEGASUS

servovalve. A complete diagram including the LVDT section

Af

—_—

-is presented . in Appendix A.

==
/A% '.':‘-_hlv s

Fig. 2.7. PEGASUS Servovalve-Sectional View.
(Source: PEGASUS Servovalve.Two

Stage Series.)

The servovalve consists of four basic sections:

-
1. Electrical Torque Motor -
2.  Double Nozzle-Flapper Arramrgement
r 3. Valve Spool ’
, - 4.

External Feedback
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1. Electrical Torque Motor

- The technical word "Electrical Torque Motor" has been

used by most manufacturers of servovalves to describe the

‘input stage of electrohydraulic servovalves, however,

“Electromagnetic Positioner" can be used instead, to define
that stage. In the Positioner an electrical current is fed
to the servovalve input causing a displacement of the drive

arm.

Fig. 2.8 shows a schematic diagram of the Electrical

Torque or Positioner.

P s e

rl-’h
Wzt

Fig. 2.8. Electrical Torque Motor-Schematic
? Diagram(Source: PEGASUS Servovalve.

Two Stage Series.) .

A

The input-output relationship is made linear and

. proportional. For positive: current the drive arm y111 move

-
!

3%
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}

. 1n one direction and for a negative current it moves in the

-

opposite direction.

The Torque mdfor, as shown in Fig. 2.8, consists of
two active air gaps, four separate coils which can be driven
in series or parallel, at the users option, the armature,
the flexure tube which performs several functions, the null
adjustmeﬁt mechanism whose function is to null the valve

center position, and the drive arm or flapper.

2. Double Nozzle-Flapper Arrangement

v

J
The servovalve first stage consists of the Electrical-

Torque Motor and the Double Nozzle-Flapper Arrangement. The
latter, also named "pilot stage", is a hydraulic amplifier
which amplifies the low force level of the positioner output
to the high force level reduired to drive the spob]

reliably. Because of the pasition intern®l feedback

arrangement of the servovalve, thf‘spool follows the flapper

movement as if it were attached.

rs s e i —_ S

o - " - - DT
D e L N i -



on the two sides..

e ™ rr b o - e W gt L o ol e et e e

- 33 -

with Spool on Center) (Source:

Flg. 2.9. Hydraulic Anplif1er-§:eldy State -
PEGASUS Servovalve.Two Stage Series.)

=

]

armature forms the flapper placed between two nozzles facing

each other. Note thap the nozzles are located within the'

|
spool. The control orifices and nozzles are symmetrical

Fig. 2.9 shows -the. f]apper centered between the

nozzles, therefBre the hydraulic pressures at 'A' and '8’

(also 'a' and 'b') are equal, no flapper movement is

- recorded because the balanced pressure on the ends of the

spool. However, if an input is applied to the positioner

to produce displacement 'X'at the flapper as shown in Ffg.

~-2.10, the flow out of noz2zle- 'A' is more restricted than t‘e

As shown in fig. 2.9, the ehd of the tordue motor*
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flow out of'nézzle ‘B'. " As a result, the hydrdulic pressure
at 'A' is hifher than the hydraulic pressure at 'B’. These'
pressure changes act on the end oﬁ~quol at"a“ and 'b'.
Therefore, because of the higher pressurg‘at';% the spool

will move in direction 'X'. Once the spool moves a distance

-aqual to the original displacement 'X' of ‘the flappqr; as

.
shown in Fig. 2.11, the flapper is again centered betwe&n

the nozzles and pressures 'a' and 'b' are equal. At this’

point a balanced pressure exists on the ends of the spool
and there is no further displacement of the spool. In like
manner, for any other flapper displacement, the spoal, movbs

the same amount in the same direction.

B T T D SU R R

I g
leg I tan| Teo !

Fig. 2.10. Hydraulic Amplifier-Transient. ' ‘? ‘
(Source:. PEGASUS Servovalve.Two Fig. 2.11. Hydrailic Aniplifier-Steady State
Stage Series.) with Spool off Center. (Source:
_ - :EGASUS Servovalve.Two Stages Series.)
¢ . . - P B
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.- is designed to control flow td both control pgrts.
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3. 7 VYalve Spéol o
The output stage -of the servovalve is a four-way:
spool valve. The valve has.a pbessure port, an exhaust (or

tank)-port, and “two control portg. The four-way servovalve

t

¢
v '

e ~

Fig. 2.12 shows a schemdtic diagram of sthe spool

H

which is of the four-land spool type. With respect to the
pr, which 1§ the,physicé1 relationship between spool

metéfing‘lands and port openings, the spool valve is

crjtical]y underlapped with .a specffied3under1apped region

between 0 to *+ 0.5% of the rated valve stroke.

ﬂ'
- - L L f o |
Fig. 2.12. Four May Spool Valve-On Center. ¢
“. {Source: PEGASUS Servovalve. Two
. . Stages Series. .
k' ‘ H . Coy

N 4

7 " : -0

If the spodl is displaced in direction X' as shown

fn Fig. 2.13, then the flow from pressure‘pOft PS to the
. p

r : L

e e g R e

e e e
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Coy
-

- control port C2 drives the actuator, with the discharge 0i]
from thbicontrol port Cl going to exhaust The velocity of
the actuator is controlled by theaamount of oil metered
through the metering edges L2 and L4. Therefore, the
greateh theyspool dis;Tncspent iX', the higher the flow rate

. and the greater the velocity of the actuator.

’, {9y \’ Y . .
- IR ez D AR
Jex i) P es -

Fig 2.13. Four Nay Spool Valve-Flow out CZ
(Source: PEGASUS Servovalve. Two
Stages Series.) o

If the spool is displaced in{direction.la' as
11luwstrated in Fig.'214fsflow from PS™tg Cl drives the
actuator, with the discharge oil from C2 going to tank.

~‘Therefore, the actuator moves in an-opposite dire;tion, with

# the velocity contro]]ed by the . amount of spool d1sp1a€9ment..

¢
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; Fig. 2.14. Four Way Spool Valve-Flow out Cl.
/ : ST & . (Source: PEGASUS Servovalve. Two
‘ \\ Stages Series.)
Q ) N
Vo ’ . »
4. External Feedback _

¥

i

External electronic feedback has been used i the

- ’

. three stage/électrohydrau]ic servovalves to control the
pilot ;tage. Fig. 2.15 shows an example of a fhree-spagé
sérvovalve. The standard two-stage flow control servovalve

is used for pilot operation. The two output flows of thep”

p1iot servovalve are connected fo the ends%Qf the. third

| + stage spool. @otion’of the third stage spool is fed back

o " electronically to the servoamplifier driving the torque
motor of the pilot servovalve. Therefore this is aﬁ"
. + alectronic position feedback servovalve. Typically, three-
stage servovalves are used for high flow control.
» §
N |
- > - A (.

L

L

L
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Fig. 2115. Three-Stage Servovalve. (Source:
= Trends in Control Components, M.
,Na]egz-Edjtorﬂ.

External electromnic feedback in two-stage
) - v 4 A ©
electrohydralic servovalves is a relatively new concept. It

has been used in Europe, but not commonly in N®rth America.

- Electronic feedback can be used to compensate for some of
nonlinearities present in servovalves ;uch as deaq zone,

‘torque motor hysteresis, spool stictian, etc

-

?

In our case, a Lanear Variable Differential
Transformer (LVDT) is the external feedback device. The
spool 6f the output stage is 1inked tg the LVDT via a core
connecting rod. Displacement of the spool valve thus causes

an equivalent displihement.of the LVDT core. This displace-

[

ment is monitored by the LVDT coils, and the resultant

electrical feedback signal sent to the servocontrol

electronics which control spool position.

pr
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Fig. 2.16 shows schematic and circuit diagrams for an
LVUT'd1!Elacement sensor. The excitation of such a device
is a sihusofdﬁ] voltage, typically between 3 to 15 volts

C ;ms amplitude and frequency of §0 to 20,006 H% [5]. The two
secondary coils afe jdentical. Sinusoidal voltages as the
same frequency as the excitat1qn are induted in them,
however,, the amplitude varies with the positioﬁ of'tHe iron

core. U
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’\!l , Cord sbove aul i

t NI\/ " Cora ot nell
4 4
“ Cors below nell
L

. Fig. 2.16. LVDT Schematic and Circult Diagran,

{Source: Doebelin,Ernest: "Measurement
Systems" &) _ . . :
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Wiring connections for the two secondary coils are made in
series opposition, as shown in Fig. 2.16. Thus a null
position exists (Xy==0) at which the net output, eq# is
essentially zero. The Sctual ,wave form of the output ‘is an
amplitude modulated sine wave, an undesirable form for

control purposes. To have an output signal related to the

“mechanical motion being measured it 1s necessary toyinclude

a demodulation and filtering stage. The demodulation stage
must be phase-sensitive' to detect unambiguously the motions

on both sides of null. Fig. 2.17 shows a schematic diagram

of the demodulation and filterfng stages.

| 'r \/
2 vor |2
& tocord is “wisvely”
the tome fer twe very
Gilforeme ay vocords,
P R .
. Lvor tdhee

]
¥

8

" Fig. 2. 17 Demodulation and Filtering Stages-Schematic
! Diagram. {Source: Doebelin,Ernest: *Measurement
. Systems”)

+
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The demodulation and signal conditioning circuit used 'in e

this work was the SMS/GPM - 108 A/ LVDT SIGNAL CONDITIONING

. MODULE manufactured by SCHAEVITZ Engineering. This module

converts the LVDT output into a high level 0OC signal which
can be fed to the controller 1nput. For more details of ///

this module, see Section 2.4.

N

Fig. 2.18 shows a schematic diagram of the LVDT and "

its associated circuitry.

LINE

B T s

0cC
POWER
SUPPLY

SMS/GPM MODULE
\

L. .|

OSCILLATOR g

&

+15VDC £10VDC |
4 ) C1lAL.A N
ISMA " \oEMODULATOR/AMPOUTPUT

L+

3
3

LvorT

»

Fig. 2.18..LVOT and its Auxiliary Equipment- -

Schewatic Diagram.
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2.3.2. Performance Characteristics

P
The characteristics of a flow control(servova]ve are

obtained for steady-state and dynamic conditions. The flow
and pressure charactersitic curvés dépict the overall
operation of the valve ﬁnder steady-state conditions; while
jﬂhe open-loop frequency response plot, with no 1qgad, gives
the servovalve dynamic characteristics. The servovalve
trans1ent response was not considered in this study,
h?wever. transient response can be derived from the

frequency response presented.

2.3.2.1 Steady-State Characteristics

The servovalve flow curve shown in Fig. 2.19 was
obtained as manufacturer's data. The curve was obtained by
cycling the valve through its input current range. The
curve shown is for zero pressure drop across the valve and a
supply pressure equal to 1000 psi. From the curve, servo-
valve flow gain, hy;teresis, linearity, deadband, rated
current in either direction, null bias, and threshold can be

- obtained.

»,
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'In_Fig. 2.20 a sketch of the experimental sét-up useds

to obtain the pressure gain curve is illustrated. “
’ 'eg

14

‘Ll___._‘
1
-~ Diff.?nlswn :
Transducer fmplifier \
P 3
NS 1
@—-—-——”—-.j-_-l’
' R al,
Pressure
r-z ' ] T .1 Stigna)
Servovalve ) ’

Fig. .20, Experimntal Set-Up for the
Pressure Gain Curve,

Rs can tge noted, a differential pressure transdtiqer
is connected across the servovalve blocked contr‘ol ports.
The control pressure por"tskcha/nge\as,the valve spool moves
from its centered position. The: continuous pressure curve

is shown in Fig. 2.21,

D D T e TR PED S ]
A G s o) .



P s

i
I
}
f

]
:
'

|

t

e L

Dt o

-
=008 _

¥
:

L

+l

+
t

B T L
le

-

1)
)

T

N

¥ QPR SOV,

e
'

b

2L Sermvilve Co:t;cl Ports S8Tockedt—
t

— e

i
!

.

viy-
1.0

.
H
!

-F

——r
Ygriide
S

W4

£




- 47 -

w

While the\re]ationship between input current and
output flow is essent™ally linear, ,the relationship between
fnput current and outpufkpfessure is non-linear. Pressure

gain is usually specified hsfthe’s1ope'of the pressure curve

between +40% of the maximum differential pressyre across
. : P .

1 / P
the valve. For the two furves shown, the se7&ova1ve flow.

gain is equal to 3.1583/x 10-6 m3/s/mA 0.1925 *1n3/s/mA),
~
while the presgure gajn \3\gqu ?/io 0.8136 x }/mA
J
118 psi/mA ;’dzéff/}}
( p ). h-._~¢» ’

2.3.2.2 Dynamic cg\Fi teristics

g

. The open 100;\frequency response plot of the
servova]ve was provide}\@y the maanacturer, Fig. 2.22.
That curve was obtained for a constant input current of
small amplitude and zero 1oad pressure drop. The frequency
response‘curve is expressed as amplitude ratio, and phase
lag. Amplitude ratip fs the ratio of the servovalve
congrol-flow amplitude to a sinusoidaf input current ampli-
tude at a particular frequency divided by the same ratio at

the same input current amplitude but at a specified 1ow

quency“ whose value depends on the servovalve

frequency 5 Such a specified frequency-is cal Fd "base fre-
ynamics. The

amplitude ratio is expressed in decibels where; db = 20
— e —\ —_— .
logleR. The phase angle is the time separation between the

two signals measured at a specified frequency and expressed

13 }

G
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'analytical work is well established [4@ .
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. \es
in degreés: thus, deg = time separation, s x frequency, Hz
x 360, ) o
The frequency résgonse curve gfves us an'importan$,

tool to determine an Approxima e transfer function for an

e‘ectrohydraulic servovalve. The difficulty 1nlﬁssum1ng hni f
explicit. .transfer fuﬁction fon,glecéyohydraulic servovalyes

is that many design factors and manyJoperat1ona1 and
environmental variables prodice sign{ficant differences 1in

the actual‘dynimic response. Thus, it is often convenient
‘§n~servoana1ysis to represent an electrohydraulic servovalve °
by a simplified, equivalent transfer function. Such a,
qrepresentation is, at best, only ah\hpproxim&tion of adtual.

servova]#e performance. However, the usefulness qf 11nea1r o

transfer functions for approximating servovalve response in

]
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. Fig. 2.22. Frequency Response for PEGASUS Servov
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-In our case, two models for the servaa]ve tr;nsfer
function w{re assumed. In the open-loop ‘dynamic
cha(acter15t1csnof the servovalve hon¥ro]1e¢ﬂhydrau11;
motor, Chapter 6,m3 first-order transfer function was
as#umgd, while ;n'Chapter 7, .a second-order transfer
function has been assumed. The reasons for that are as

follows:

In th}‘open-loop,tests of dynamic characteristics of

the sys?hm. experimental tests to obtain the motor ve]ocitya

transient and the open-loop‘frequency re;g;nse were carried
out. A theoretical analysis for -that system was also
performed. Frpm that analysis, a transfer function bétween
the motor velocity dhd servovalive Qtrdke was obtained. Such
a transfer function showed that ghe relagioﬁship between
those variab]es'(xg and’ wm) can'be.represented.as a second-
order transfer function in whHich a hydrhul{c aatural

»

frequency was given by:

“’h = -\/2 BeDmZ/voJ ’
| .
where Be = 0,51708 x 109 N/m?
L
Dp = 0.1226 x 10-5 p3/rad
' Vo = 0.14749 x 10-3 m3

€.




For the moment of inertia, with values of 0.003,
0.03247, and 0.0428 N-m-s2 which were the figures for the
three &iscs employed in the tests, hydraulic natural

frequencies of 9.43, 2.86, and 2.49.Hz resulted.

If these values are compared with those of the open-

w
loop frequency response of the servovalve, Fig. 2.22, it can

bé noted that the servovalve contributes mainly to a phase=x’

lag for frequencies up to about 15 Hz. Thus, for the open
loop dynamic characteristics of the servovalve controlled
motor, it 1s‘c1ear that the physical system is the limiﬁing
dynamic element rather than the servovalve. So, in this
caee, it is only necessary to represent the valve response
throughout a relatively low frequency spectfum. Therefore,
2 f1rst -arder transfer function can give a refspnable
approximation for frequenc1es up to “about 20 Hz. Fig. A-1,

Apgend1x A, shows the servovalve frequency response* with

first-order transfer function,fit. : v
1? .

For the Chapter 7, a seéond-order’transfer function
for the servovalve has been assumed. From the theoretical
analysis caﬁfied cut 1n that Chapter, the ?relatlonsh1p
between the servovalve stroke and motor torque was a first-

order transfer function with an equiva]ent time constant

determined by:

}

4
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™m = Vo/2Kca Pe ~”1

where Vo = 0.14749 x 10 -3 p3
. Kece = 0.59388 x 10-11 (m3/s)/(N/m2)

oy = 0.51708 x 109 N/m2

g

- ' 3\

Substituting the values of Vo, Kc:\ and Be into the
equation for wm, a break frequency of 7 Hz for the open
loop Bode-plot between the servovalve stroke and the torque

of hydraulic motor is obtained. For frequencies of

-operation greater than 20 Hz, .a better approximation for the

servovalve transfer function is obtained using a second-
order transfer function, Fig. A.l.

Assuming a second-order transfer function for the
servovalve current and servovalve stroke, a third-order
system for the force servo system result;; that assumption

was confirmed in the experimental results obtained, see

-

The second-order transfer function a]lpws extending

-~

the rgﬁgg of useful approximation for the servovalve as can

. be observed in Fig. A.l. Thus, for a first-order transfer

fuction, the range of useful approximation is up to 20 Hz,
while for the second-o;der tra??fer function, a range of

useful approximation up to 40 Hz can be obtainedx

g ﬁé?
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In summary, the following characteristics apply to

the servovalve used, Table 2.3.

t

Table 2.3 Pegasus Servovalve Performanii/Character1stics

4
-

2.4.

Rated Flow @ 1000 psi

Rated Current’

Y .
Freq. Response -3 db point

Phase Lag of 90 degrees

Int. Leakage @ 1000 psi

Confined 0il

*Flow Toler;nce

Linearity
Threshold i

Hysteresis (total band)

Pressure Gain

(% AP/% A1)

FEEDBACK ELEMENTS

2.4.17 Torque Sensor

A

5 GPM

100 mA

60 Hz

125 Hz

.3 GPM

.1 cu. in.
+ 10% - 0X
5%,
1/2% \

. 3%

13%

A strain-gage torque sénsor with buflt-in slip rings

was used in this research as a torque measuring device.

Torque is transmitted through a\high tensile steel shaft to

which is Bonded a network of strain-gages, protected with a

-




<4
tough resin ffdm. Torsional shear strain causes a change in

the resistance of the gages which\are connected in a fully

active fbgf arm bridge which produces a linear output signal

d1rect1y proportional to the transmitted torque.
\ R
Electrical connections between the rotor and stator
of the transducer are made with silver slip rings and,sifver

graphite brushes.

The tdrque transducer, Fig. 2.23; was manufactured by

Experimental & Electronic Laboratories of British Hovercraft

Corporation Limited, England. The model is a TT2/4/CA. Tﬁe'

transducer specifications are shown in Table 2.4, and its

calibration curve is illustrated in Fig. 2.24.

{
)

o ey B 4 e e e st o | At - . . , [T .. - B T
U % - . . ’
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;able 2.4 Torque Sensor
Load Range
Maximum Load
Speed Rahge//
Sensitivity @ full load
bridge Registance @ 200C

Maximum Continuous Yoltage |

.

" Maximum Total Error due to
Lihearity & Hysteresis
Moment onInertia

Maximum Ambient Temperature

Specifications

0 - 100 1b-ft
200 1b-ft

0 - 6000 rpm
2.260 mv/V |
601 okms

20 AC or DC

¢+ 0.2% F.S.

'8.2 .x 10-5 in-1b-s?

450C

Fig. 2.23. Torque Transducer with

R e e et . e e e

D

4
Built-in Slip Rings.
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2.4.2. Differential Amplifier

The gutput signal obtained from the torque transducer
is in the order of few millivolts. The maximﬁm output
s1§na1, in the event that full supply pressure is acting on
the motor is only 2mV. Therefore, it was necessary to use a
differential-input instrumentation amplifier, which besides
increasing the torque sensor output gignal, can adjust the
gain of the torque feedback signal. /Fig. 2.25 illustrates

the electronic diagram of such an amplifier.

.....
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The differential-amplifier provides connections to
use an acfive low pass fi&ter. Because of the inherent
torque ripple of the hydraulic motor, a cut-off frequency of
30 Hz determined experimentally was selected.

-

Fig. 2.26 shows a schematic diagram of the external

, -
connections of the amplifier. The total gain is governed by

the equation:

Eout = (Ey; - Ez) (1 + 40k/Rg) (10k + R2) / (10K + R1) X A

A = 1ﬁxﬁﬁ+[2w(um + R2) C x%]z

where Eout = gutput voltage, mV

E;1 -.E2 = 1input differential voltage, mV

Rg

external resistor of the first stage ampli-

fication, ohms -

Rl. = external resistor of the second stage
amplification, ohms , \

R2 - extérnal.resistor of the second stage ampli-
fication, ohms

c O‘G ‘eitgrnal'capacitor in Farads

fo = frequency, Hz

"k . = factor equal to 1000-

s PR TN At ke e lh S it sy o o b - “ R

- b e
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("
Ve
) fig. 2.26. Differential Amplifier E;(tema! Connections.
o~ The amplifier, model 3630, was manufactured by Burr-
{ . Brown Research Corporation. Its specifications are shown in

., Table 2.5.

ANt ° s Table 2.54~ Differential Amplifier Specifications
Rated Qutput + 10V, + 5 mA
Rated Input + 10V
‘ Dynamic Response 2.5 kHz for gain =°1000
Power Supply + 15 vDC
- ~ ot
Operating Temperature ' - 259C to + 859¢C

.~

v

PeerT—
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2.4.3 LVDT Signal Conditioning Module

The LVDT signal conditioning module is wused to
prov;de an AC excitation signal @ 2.5 kHz, demodulation and
siéﬁal aqg]ification for the LVDT sensor. It converts the
LVDT output into a filtered, high level DC signal which can
drive voltmeters, high response recorders or other dynamic
fndicators. Fig.2.27 shgys'a picture of the actual signal
conditioning module, while the wiring diagram is shown in

Fig. 2.28.

Fig. 2.27. LVDT Signal Conditioning
Module-Actual Hardware.
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' WIRING DIAGRAM oL
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MATING CONNECTOR: CIICH 80-10A-20

Fig. 2.28. LVDT Signal.Conditioning Module
Wiring Diagram.

 This module provides important features such as zero.

and/gain adjusts. Using the zero elecHbrical adjust, 5he

mechanical zero of the LVDT can be adjusted to coincide with

the transducer electrical zero. The adjust of gain'allows

one to increase or decrease the LVODT output signal modifying

4
thus the feedback signal of the servo-system as the LVOT fis

used as feedback element.

'}: By
;t’:f:’é
J .%)‘ .ﬂ
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Fig. 2.29 shows a .plot of LVDT signal versus
servovalve current for a sé]ected LVDT gain adjustment.
A proportf%;al relationship befween the two signals 1is
evident. The hysteresisu(total band) is of 0.70 mA or 0.7;J

of the servovalve rated current.

> a0} .
§' 18 4 .
4 o
[
B 1} 1
)
TR | )
-8 -8 -8 2
a} — -
. ¢ 2' 4 ® 8 /
408 .
4 Servovaive, Current -’mA
' <
k110 N
pat S
20

Fig. 2.29. LYOT OQutput versus Servovalve Current

2.5. The Controller /

Fig. 2.30 shows the electronic diagram of the servo-
controller used in this research. : It was des1gned and bu11t v

in the Eluid Power Research Lab at Concordia Un1versity.

=T
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N ‘ x
The control mode is proportional.’ Thus, its output,

- o ° [ ! - - /

» . ‘ the current into the servovalve.coils, is directly ;/
a2 ' ﬁropoftional to the summation of voltage signals at the
/e - ‘ “a

+~ input of the amplifier.

'

-

' /’ Two major functions pro;ided by the se plifier
. _are: (1) control of the electrical cyrrent fiowin i%to the
torque motgr coiis of the servovalve as a function of the j
L . +

input voltages of the amplifier; and (2) limiting current

_drawn by .the torque motor to a safe level.
v N <

The amplifier was designed taking fnto account the

"‘servovalve rated current.; That is, the éervo»amplifier qgfs*
\ .
to saturation at the rated current of the valve, protecting

" the torque motor coils.’ T <*v
} AT

+

- fmgfﬁéntrolfgr consists of .a preamplifier
'(operatipnhl amplifier Al and A2), a feedback stage

(operational amplifier A3), and a current amp]ifier which

.
~. ¢
et e s+ sttt e T A ms e
N
. .
—~
€

consists of the operationai amplifier A4 and the power ' '
atransistors Ql and Q2. The torque motor coils are connected

\\ . to the output terminals. %ﬁ Ty ?

¢ . ~ ' . !

The seifcontained faedback circuit vides
. operational stabiiity. Iinear response charactnristics. and

a lcans of adJusting gain. - s
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\
Fig. 2.31 shows the input-output relationship of
“ " servocontroller for a particular gain of . 17.5 mA/V.
However, the gain to which the controller is adjusted’
- dépends on the par‘ticula}"\ ;yracteﬁsﬂcs,of every servo
’ system. A lineéar relationskhip between input and output of
the servocontroller can be qbserved.
1’ ¢ 2
! v *
) J
} . ( ? ”7e T %
( i a9 ¢ .
A 1 ’ 3 e
N ) p
‘ @ ns
y 190
Lie -
45 30 28 40 A6 48 -4 rd
. 4 8 1:. 28 18 iﬁ .9
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’ (\ . e B Fig. 2.1l  Servecostialler }Wmu Characteristics. ’ . o L]
ot DN
‘ w 4 . . ‘ i K
, It is 1mp.ortx:,to know the dynamic characteristics
N of the servocontrol18x alone. 1In other words, to know its
;1\'- “ operational bandwidth.  One waxy to find out that {s by
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obtaining the open-loop frequency resﬁonse of such a

servocontroller. |

1 | '

Frequenay response characteristics in an opén-loop
configuration given In the form of Bode Plot are illustrated
*'1n Fig. 2.32. Amplitude ratio is pfesented as the ratio of
_the output current\auplitude to a sinusoidal 1qput voltage
aqplitude at.a part;culaf frequency divided By the same

ratio at a specified low frequency (5 Hz2).

~
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2.6. LOAD SYSTEM | | s
5 . - ~..\/-\__\///
2.6.1. Elements of the Load Torque

{

Two différent load systems were devised.’ The first
one consists of several steel discs of the same diameter but
each one of different thickn:ss.\ Egch disc is composed of
two halves to facilitate attachment t6 the shaft, Fig. 2.33.
‘These’discs were used as 1ner€?a] {oads to the motor to

derive dyﬁamic characteristics of the servovalve cont;olled

motor.

{

I A

7

7

1>

1

. I .\ JT:\"‘ ‘ | )
Fig. 2.33 Sectional View of the Steel Disc |

. A
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Fig. 2.34 shows a schematic diagram of the second

load system used. It consists of a hydraulic pump driven by

the hydraulic motor, and an electrohydraulic servovalve used

to create flow restrictions through the pump outiet port

i

increasing the-pumping préssure.

9 \

This system was used to derive the steady-state

¢

characteristics of the servovalve controlled motor.

T T

g | |
‘% ¢
\ i .

Fig. 2.34, Schematic of Loading System. - ’

..L»; \ v
(- " r :
- The pump was a bent-axis type, Fig. 2.35, whose ‘
‘specifigations are shown in Table 2.6. ' . . %
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Table 2.6 Load Pump Specifications

Displacement

Flow @ 1000 rpm
(Theoretical)
Torque @ 1000 psi
jMonent of Inertia'of

\ Rotating parts

~

0.298 Cd.in.[rev
1.29 U.S. gpm,

47 1b- 1n

1.2432 x '10-3 1b-1n-s?

* Fig. 2.35. Load Pump Sectional View

A two-stage, four-way, electrohydraulic seryovalvé,r

o

o 'MOOG Model 62-105 was used as a restr1ction to the flow from

*
.

the pump outlet port Fig. 2. 36 e 0

R 'The valve performance 1s {llustrated leFié.’2.37

x4

showing the,flou~cprvg\characteriéﬁics. andAIFig. 2.38

.'1 {

'
1

« A
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v - » i
-~

showing a typical servovalve frequency response curve .at no
. ) »

load.
-
The servovalve specifications are shown in Table 2.7.
Table 2.7 Load Servovalve Spééif1cat10ns

Supply Pressu}e 200 psi m1n1mLm
Rated Flow @ 1000 psi, 2000 psi maximum
Yalve Drop , 5 gpm
Internal Leakage < 0.4 gpm

> Linearity , < 7%
Pressure Gain o ‘
(¥ ap/¥Al) | > 10%
Rated Current + 50 mA

Coil Connecgion Series

| N 8

 Fig. 2.36. Settional View of .N00G Servovalve. |

=Y
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Fig. 2.37. Flow Curvc Characteristics-mos
Servovalve.
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Fig Z 38. Typical Frequency Response HJOG
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2.6.2. Analysis of the Loading System

‘ In the following, a theoretical analysis of the load
.system is presented. The purpose is to determine how the
variable; which make up the load system (pump-servovalve)
are related and how such variables affect the motor

performance.

Let us consider the torques generated by the servo-

motor. The {deal motor torque is:
\

Ty = Dy (P1 - Pp) | (2.1)

However, there are at least two major sources 6f

torque losses which detract from the generated torque:

\

r g§ l. The viscous friction torque loss. This term fis

-

proportional to motor speed, and‘is gfven by:

L . 4

' Td = Bmwm (2'2)6

where By is viscous damping coefficient, N-m-s. The
coefficient By, obtained experimentally in Chapter 5 was
;;' ' equal to 0.012 N-m-s. Thus, for a motor speed of 1000 rpm
B . (104.7 rad/sec), a viscous friction torque loss of 1.25 N-m

was obtained. .

Q |

« s et b o e S 2 et < i
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v
2. The Coulomb friction torque loss. The mechanism
to translate ball motion into rotary shaft motion will cause
a friction torque opposing motion of the motor shaft that is
proportional to the pressure acting on the ball. The sign
of this torque loss is dictated by the velocity of the
motor. Other motor elements, such as bearings, are also
loaded proportionally to the motor pressures and cause
friction torque losses. Therefore the friction torque loss

can be represented by:

Te = wa/leal * Crp (P - Pp) o (23

[4

/]

where Crg = internal friction coefficient, m?. The
coéff1c1ent, Crr, obtained experimentally in Chapter 5 was
equal to 0,537 x 10‘6m3.” For a pressure prop across tﬁ@
motor equal to 6.894 x 106N/m2 (1000 psi), a friction torq;e
of 3.70 N-m was obtained. '

The coefficients By and Cyp were obtained

experimentally and their values are given in Chapter 5.

In the analysis which\fo]lows, only the viscous
friction torque, Tq is considered. The Coulomb friction
torque, Tys is.not taken into account, because the loaded '
‘steady-state characteristics of the motor were obtainéd for

~unidirectional.motor velocities and in this ﬁase Cou}omb

3

e e a —— n e . o omem e
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friction can be dignored. , .

~

The torque developed by the hydraulic motor is given’

by:
Tm = Dy x (P = Pg) = Bpwpy = Jdwp/dt + T (2.4)
whe?e .Tm a torque developed by motor. N -m -
' Pl,Pz', = forward and return pressures, N/mz
O = volumetric displacement of motor, m3/rad.
L = total jnertia of motor and load, N-m-s2
Bm = total viscous damping coefficient (it
1nc1udes,tﬁotor. pump, Bearing 1nteroa1
; ’ damping), N-m-s '
L = arbitrary load torque on motor, N-n'uv
t = time, s

fA linear analysis was selected at least for a first

approximation, for simplicity.

N

From Eg. (2.4) it can be hdted that the torque

“develloped by the hydraulic motor depends on the afgular

velocity, wp, and the arbitrary load torgue, Ty, i.e., Ty:
o - "ﬁ .

= F(wm, TL).

e s i 48 e ) e
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. The necessary torque to turn the loading pump‘is‘
given, by: ’
U

Tp Dp X Pp + Bﬁu)m + non-linear terms (Z.Sf

where Tp torque took up by tﬁe pump, N-m
Dy pump displacément , ' m3/rad N
Pb pressure difference across the pump, N/m2
Bp ‘ internal damping coefficient for pump, N-m-s

®

The term Bp wp has been included in the By coeffi-
cient and as mentioned before, non-linear terms are ignored.

Therefore, an equation which represents the load terque is:

LI

The flow throdgh the pump is determined by: .. __° _ - )

| | %

where C]p" = {nternal or cross-port leakage coefficient of .

Tve 11nearized,seFJOVQIVﬁ flow equation is determined

by Eq. (2.8) (for a more detailed analysis, see Chapter 6).

f‘, ‘ N

Qv’]

T, = 0p x Pp . L (2.6)

Dpwp - C1p x P (2.7) ,

’«, Kg,1 * Xy1- 7 Ke,1 x Pp (2.8)

»

pump, (m3/5)/(N/m?) T L

~

!
i




where Qy 1
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.
flow of servovalve, m3/s
valve flow gain, m3/s/m
valve spool displacement from neutral, m

valve flow pressure coefficient,

(m3/s)/(h/m2)

Apblﬂcation of the continuity equatigg\to a control

volume fermed by the pump-servovalve yields:

Qysl = V/pe * dPy/dt t2.9)

volume of forward chamber (includes servovalve,

-

connecting line or manifold, pump passages, and

volume swept by pistons), m3

effective bulk modules of system (include§ oil,

\\entrapped air, hoses, etc.), N/m2

) a

Substituting Eqns. (2.7), and (2.8) into Eqn. (2.9)

and taking the Laplace transform gives:

Dp dp - CipPp = (Kq,1 X Xy,1 = Ke,1Pp) = V/Bg * sPp (2.10)

°

!

3

Rearranging the eqiation above and repﬂacing the term Pp by

TL/Dp

| . . o, o
Dp‘”m(’ Kqy1%v,1 1= (C1,p - Ke,1 ¢ Vﬁ%ﬁ) T /0y (2.11)

{

4

-
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.7 v . If,Cy ps- Kooy fs replaced by Kq ), Ean. (2.11) becomes:
l\ .An r ' .\“ . ‘
p S . ‘

;\”%rbm Eqn. (2.12), it can be concluded that the 1oad torque
depends on the motor velocity, wp, and $pooTl valve

di£P13ceyent/ Xy, 1 ‘ o & . .

" A block diagram for Eqn. (2.12) is shown $n Fig. 2.39.

’

W - X -
qu1
> .a"
ol
- .L? I .
)
S s
\ 4 ’ "

% . TL

3 Fig. 2.39. Block Diagram for the Load System. \\

A brief examination of the block diagram leads to the
conclusion that”:: increase of the motor velocity results in
an increase of Fhe Toad torque. On the othet hand, an
infr&ase of the spool valve displacement will result in a
decrease 6f the load torque.

\\\V o | o

[PPSO R, n e e it it 2

Dpf”m - Kg,1¥v,1 = Ky, (1 + W/ ﬂeCl,l.' S;)~'TL/Dp (2¢12).
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The load system imposes some limitations in _

determining the steady state éhar&ﬁter4st1cs of «the valve

through the pump, theref

controlled motor. If the gotor is'stopped, there s no flow
jte no load torque dresent on the

motor shaft. Thus, that system does not allaw the motor to

areach a’ §tall position. _ ' . ,
- e e ' @ - f

>
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DEVELOPMENT OF'ExﬁERfMENTAL,TEST STAND
; ( ‘» 7 !
3%12 Introduétioh ‘ | . . )
) ' T ) - : 'd

Experimental tests have been perfbrmed in order to
qérive fhe‘charﬁcteﬁistics of the servovalve controlled
N&ydnauiic motor. A complete tes} stand was.desighed and.*

built for that purpose.

\ L s /)/J, .

The design of ‘the test stand is based on a torQue

\) feedback systém which has the capability of contro]iing
torque developed by the motor. Figs. 3.1° and 3.2 show

pictorial views of thé complete experimental set-up.

o
o .
) y e

¢

The test §tandfbr.tﬁﬁsresearch was des-igned both to
test the motor used in this project, and also as a genetal
purpose test stand suitable for testing other hydraulic

motors. Several features were considered during the test

L]
kY

stand design: .

L4
'
D

%
. \ s
4

"1. To'provide.the user with easily mogntable (or

/dismountabzr) platform for the motor to.be tested. ?

A
2. To provide all necessary hydraulic connectors to .

- carry out the required tests. ™

-

-
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3% To .provide transducers and

' 'to enable the user to obtdin the hecessafy data with' minimum

, ' ’

measuring-instruments = , ¥
[ T

consumption of’tjme.-/\/ . <
. © ¥ . .o L
4 \ oo . i
' ' : \ N
4. The loading o'f/ the‘mo'f,or‘@nuld be such that it 1
- - ) \ "
. can be tested within a reasonable range of operation.
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test stand. It is ewvident that a c1osed Toop seryo controls

tﬁe .t/orque 1mposed on the motor shaft. _As was explained

I

earlier in Section _2.6.2-. the Joad torque depends on two

variables: the motot speed and the valve stroke of the

1o'ad1‘ng valve. -hen a fixed position for the spool loading

ha

valve is selected then the torque created on the motor
shaft should depend only on the motor speed. Thu§, in order
to impose-a constant torque on the motor shaft regardless of
the motor",‘velocny, it 15“'n.ecess‘ar_y to'use a é1osedéloop

system to control the valve stroke.

1

'

servovalve which controls the motor"ﬁas a rated flow of 5

gpm, resu]tivhg in a nmaximum mdtor speed~of 246Q rpm (where'.

N*Q/Dpy) without taking into account the motor and valve

leakages. The pump has a displacement of 0.298 in3/rev and -

the 1oading servoua]ve has a rated flow of 5 gpm.  Thus, the:

loading pump ean be driven up td a speed of 3880 rpm. The

motor has a minimum speed of 5 rpm, while tﬁatwaf }he pump

)

is 200 rpnm.

. The motor -has a specified torque of 7 1b-in/100 psi,

> _ while the th_eoreticalivalue of the loading pump is 4.7 1b-

1'\n/1't;)0 psi. = For a .pressure drop of 1000 psi aéross the

motor, the torqu'e generated by the motor is 70 ib-in.
£y t ] . N

’

13

"Fig. 3 3 shows a block d1a§ram of the exp rimental '~

~The-motor-has a displacement of 0.47 ind/rev and the,
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‘In order to impose 70 1b-in on the motor shaft, the pump.

qut]et pressure should be equal to 1500 psi. However, the
r?laximum pre‘ssur,e delivered by the pump in the exlper,iments
was 1200 psi, resulting in a.torque on the motor shaft

equal to 56.4 lb-in.

In summary, the fo]iowing,specifications apply to the

"loading pump-servovalve.

Minimum Velocity . : 200 rpm

Maximum Velocity : 3880 rpm

Maximum Torque : 5§6.4 1b-in (6.37 N-m)

Safety is one of the Important considerations in test
stand design. Thus, to control the peak pressure value in
thelhydrau%-ﬁc driving system a pressure relief valve ‘was

inserted on the supply line. The digital’simulation of the

system which was performed before the experiniental test

stand was built helped predict conditions whereby cavitation

could occur in the motor chamber during the transient

response tests.

Another important point concerning safety was in the.
design of the steel discs used as inertial masses. A very

careful analysis of the size of bolts and number of thenm

required in each disc was carried outsr Bolt size and number

was based on the maximum motor shaft angular velocity

¥ X
\
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used in the tests. ' - * \
. o

|
The hydraulic power supply unit, Fig 3.4, used ’1n

a11 tests contains a variable *displacemene piston pump which

is manufactured by Sperry Vickers, and the spgcifications

.are shown in Table 3.1. ' f

« Table 3.1 Hydraulic;Power:U;nt Specificat'ior\/

r
Theoretical Max. Displ. . | 2371 cu. in./rev
GPM Delivery (Rated) : 120 -’ ,
. .
Drive Speed ' ) 1200 rpm
J "Pressure: Rated g 3000 psi
5 ~ - Maximum , \ 5000 psi
i
P R
!
) !
ACCUMILATOR

<>Mlﬂi
. PRESSURE
FILTER

¥ .
VALYE R
. ==
)

LQ: é weAr - o
PRESSURE EXCHAGER
COPENSATED N » . .
VARILE \

. DISPLACEMENT Lo
P
PRESSURE

——

RESERVOIR FILTER

Fig. 3.4, Hydraulic System Sthemstic Disgram.
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3.2. Test Stand Design Stage

»

The design of an appropriate test stand wa's based on
the rotarj actuator characteristics to be determined and on
the types of tests required to estabH"sh or obtain such
characteristics. Since the teet stand is also intended for
fgture general use, the main features considered in the

design were the following:

1. Ease of modification was required so that a

‘sequence of tests could be performed wtthout major changes.

For example, when the system was to be tested with no load,
the hydrauHc pump was removed In the other tests to
detervrine the dynamic characteristics, several- steel discs
were attached to the transmissfion shaft without removing it

from the structure.

2. N‘o\ Flexible couplings were used. Better dynamic
test results were obtained a;ld backlash effects were
eliminated. The use of rigid couplings, however, resulted
1;1 an increase in cost because a fine alignment of the rigid
coupling was required.

r R

3. High speed, low friction bearings were selected.
As stated before, high motor speeds were expected. -Llow
friction l?earings were required in ord'er.to avoid an

3 .

o



1

additional increase of the viscous friction torque of "the
system. '
7
‘4. Types of load to be used. As mentioned before,

two load systems were ujhd. The first consisted of a steel

. disc attached to one of the transmission shafts. The second

was a hydkaulic pump c5ntrolled'by a servovalve to restrict

the flow through the pump outlet port.

Each inertial disc was made up of two segments. That

allowed tests of the hydraulic rotary actuator using various

)s‘ . . ~ AN .
inertial masses without disassembling any part qf the t@stf

stand. The th-half discs were joined using bolts. Such .

design prompted the following considerations:

"For the bolts:
ka) type of bolt to be selected
(by bolt-preload
{c) number of bolts to be used for disc

(d) \1ength and engagement of the screw threads

For the whole disc:
(a) maximum angular velocity to be used

(b) relationship between the internal force and the

R NN

e;terna] force applied
(c) =~resultant load on each bolt ‘
(d) resultant compression of the connected members.
L4
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5. Location of Servovalve and Hydraulic Motor. The

performance of a closed-loop servo system depends mainly on

thé re;oﬁant frequency of the system, which is determined by
the amount of f]uid'quer compression and the inertia mass
‘of the gctuafor assembly. Becausé natural-frequency is
inversely proportional to the sqhare root of the amount of
fluid under compression, the amount of such a fluid shou]@
be kept to a m{nimum. Thus, the servovalve was located as
near as possible to the hydraulic motor to‘keep theﬁ]ength

’

.of the piping connections to a minimum.

-

-

~6. Hydraulic Supp]y System. THhe hydrau]ii)motor used

in‘this research was a reversible one as was the hydraulic

| pump used ds a load device. Because the motoy had to be

tested in both directions of rotation, it was necessary to
desigq a hydraulic supply system in such a way that the

lTines of the pump Qorked according ‘to the direction of

rotation of the motor. _For instance, for the clockwise

rotation of the motof the return-Tine of the pump turned
into the presure line as the motor switche& the direction of
rotition. That hydraulic system consisted of a high
.cylindrical tank to produce at its bottom a pressure head
ébottom equal to‘3 psi, and of four check valves which

allowed the change of direction of the hydraulic fluid fed

. ¢

to the pump. Two of the check valves had setfing pressuéj/.

2
i ]

. : Z\f
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of 2.5 psi, the: other two check valves had sett1ng pressure
of .20 psi. A schematic diagram of the hydraulic supply
system is shown in Fig. 3.7.

- ( -
5
A

3.3 . Test Stand Assembly and TunetUp

1. + Assembly. At this stage’provis1ons forl
additional hydrau]ﬁc connecfions were taken. Those
eonnections allowed the use of a pressure transducer
connecxed”aeross the hydraulic motor ports as well as to the
main pressure line. A needle valve was also located across
the actuator lines to provide a controllied leakage.’ L

N ¥ - '
. e "

A very careful alignment was carried out by checking

. different parts of the transmission shafts. Thus, disalign-

ment greater thaQi;z .004 inches was not tolerated. Such a
s

fine alignment wa ictated by the torque traheﬂ”%kr and the

rotary actuator specificat1ons o A

2. Tune-Up. . Some adJustéEnttand balance .problems

came up dur1ng this stag; Thus, the final adjustment for

the gears was made after several runs.
b

-

/

Balancim? i's the technique of correcting or
nted vibration %orces. “Such fdrceé cause
vibrations which éubjgct,bearing% to repeat loads that cause

1
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parts to fail pr'ematurely by fatigue. “Vibrations é]so cause
. . & -~ '

,an increase in the ripple of angular velogcity and ,tor;Q/e
signals which are not desirable. .In order to balance parts,
an arrangement as shown in Fig. 3.5 wa# built. o
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P \ .

3.4 Test Stand for St%¢§1;5tate and Dynamic

Characteristics ' - “y
. 7 '

~ N i

‘ ./

Fig. 3.6 shows a schemafic of the.experimental test ,
“.stand for tes;}?g ithe characterist1cs of the servovalve

?ghtro11ed hydraulic motor in steady state without load.

To determine/the steady- state characteristics. for the ]oaded‘

motor a te{; stand configuration as shown in Fig. 3. 7 was

./
used.

/

: /
Fig. 3.8 shows a schemaﬁ)ﬁ/of the experimenta1 test
stanhd . for testing the 8ynam1c/character1st1cs of the 'valve
’ntrolled hydraulic motor. //In this case, 2 pure inertial

ﬁ?!! was used as a 1oad S{/tem

Chaptersfgand 6. //

Deta11s of a11/¢ests carr1ed put are described in
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CHAPTER 4

MODELLING OF A VALVE CONTROLLED MOTOR
SIMULATION OF THE OPEN LOOP VELOCITY TRANSIENT RESPONSE

S ptanning of the system test parameter§ such-as the selection

. \ of servovalve ‘current step size fO( the open-loop ve[ocity
\‘ transient response tests.

The selection of the servovalve current step size

) \\ plays ‘an important role. When the size of the step.currént

fed to. the servovalve coils is too ﬁarge while inertta load

! ..

v, ’

is present, excessive pressure transient peaks are produced
o

\
ﬁxpthe motor lines. In addition, cavitation in the return
1

f\ne may occur. . .

“

7

,\\A Another important aspect at this stage of the

research was gg improved understénding of the systenm

%41 General - !
_ \ The purpose of modelling the valve controiled motor
‘a\-, was to develop a computer simulation model to aid i# the

,

behavidour. Thus, the effects of parameters such as the f

servovalve and motor leakage, mgtor friction, inertia of
load, on\ overall system performance were comprehended more
)
fully. \\ : A
- | : ‘
A system can be represented schematically by a block

diagram, each block being associated with it a transfer

LS

. H

—
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function describing the relevant input-output relationship.
Also, a complex block diagram incorporating many elements

with relat{vely simple transfer functions can be reduced to

-a single block with a higher order transfer function

L

>

relating the system output to the system input. In studying
the system behaviour i} is desirable to determine the system

reaction to various input or disturgaﬁée functions.

[f the form of both the input function and the
fransfer function is simple, the dynamic response can be
determined analytically by solving the governing

differential equation. If the restnse is required for a

number of different input functions, or for a number of

different system parameters, the analytical approach may be

ineffective.

A
t

It is. useful to be able to obtain time response
traces quickly, particularly for cowplex systems, or where

it is necessary to investigate the effect of parameter
A

changes. This can be satisfactorily achieved by computer

solution of the governing equations. Computer solutions can
be achieved by means of° analogue computers or digital

computers.

S AT P e Y N R [N Ay SO —— AL o ¢ e m
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In this work, the evaluation of system performance is

carried out by constructing analytical mode]s.using MIMIC, a

digital computer simulation language.

« The constants and parameters used .in the digital
simulation were obtained as follows:

1. Manufacturers' Data.
Motor Displacement, Dm (m3/rad)
041 Density, P(kg/m3) ‘
Motor Leakage Coefficient, Cy km3/s) (N/m2) o
Servovalve constant, Ky = 565 (m)

where @ . a 3.1416

Al

Ds =  spool diameter

Servovalve rated flow, Qmax (m3/s)

1

Servovalve rated current, Imax (mA)

Servovalve underlapbed region, Xvo (m)

] B

.
A

2. Experimental Data. As part of the project, tests
to determine the motor internal coefficent, C1r,
as well as the total viscous damping coefficent
Qf Fhe system, B, we}e penformed. '

Motor internal coefficient, Cyp (m3) /
Total viscoﬁs damping coefficient (it in- |
" cludes motor, bearings internal damping), By

"(N-m-s)

. )
~ 1’
s t
. . ‘ .
s .
R T . ' -l
' A .
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3. Measured Data.

Volume of oiT under compression, Vi, V> (m3)

- !
4. Calculatéd Data
) Equivalent time constant of the servovaige,
. Ty (s). |
nServovalVe spool displacement gain, Kx;(m/mA)
Inertia of load, J (N-m-s2)
‘ AN
.5, Estimated Data | ¢
Effective Bulk modulus, Pe (N/m2) [27]
' Dischargé coefffc'ient,_‘Cd' [27]

The numerical values for all the coefficients are

given in Appendix B.

In the f1\§t part of this chapter the development of

a mathematical model of all essential system components is
pmse\ntjd. In the second part, the digital simulationhocje]
‘using the MIMIC 1anguag'§\~1s presented. Finally, some

experimental and theoretical results are given. .

?
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A

4.2. Development of the Model . | o
‘
comprising models of individual components, to\épcommodate
the chﬁnges and corrections réquired during system
develépqent. A schematfc diagram of the system is
{RTustated in Fig. 4.1.- The diagram shoys all important
systém’parameteﬁs and constaﬁts. The foilow#ng paraéraphs

describing the development of 1nd1v\dua9 component models,

should be read with reference to this diagram.

- . .

o N

For the dynamic modelling, the time dapain Approach
was chosen@,J{%ce it is suftable for MIMIC simulation.

~

'R——-’- — Ky
. ';v
b o
POW
A ZS b - g
A m \
oI s o, |
L% ¢, IF.
1 1 ,/G? wm am
TR
. L
" le '

Fig. 4.1. Simplified System Diagram for Modelling Purposes

Y

~

The system model was segmented into. modules.



4.2.1. Input Reference Signal
Ty

Since dealing with an open-loop servo system, it is
not necess;ry to include in the model thg part corresponding
to the servocontroller. Thus, the input signal to,the
servovalve éoils can be modé}led'as/; step function whose

ampl de tan be varied. :

[
) . 0. , t < 0 . _
IR’ = ’ > ' (4.1)
R ' .
'4.2.2. Electrohydraulic Servovalve
a) ServovalVe transfer function. A first-order
<;\ relationship js assumed between spool positiéw-and input
- \\\\\\iurﬁent: . B,
| { t .
_ § xv = Kx/ Tv[ (IR - IF) dt + Xvo (4.2)
Coa o' ® '
where the spoplrposition feedback signal is given’by:‘
“ ’ . - s
B .‘/ v i [P S .
i ‘ IF = Xv/Kx o ' (4'3)

14
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b) Flow Equat@on%. The output stage of the
" servovalve is the four=way spool“va]ve With respect to the

lap, the spool valve is modelled as s]1ght1y underlapped,

acconding to the techn1ca1 spec1f1cat1ons given by the

servovalve manu?acturer. A schematic of the under]anped

sp001 valve is shown 1n Fig. 4.2.

3
» w0 c m ‘o, C L

§ "ﬁ—é\d \uéz‘_—-__a
- “af a_l_gﬁm f”’",,
. / a

‘\

. ~~ Fig. 4.2. Undertapped Spool Valve
. . ’ : \,’) \

The flow equat1ons are given as follows [ﬁ4]
L~

J

. If Xyo * Xy&>0 @ Q4 = Caky(Xyo + Xvi\/% (Pg - P1) (4'4){ - )

\

L Y . ) o N
~ Qg = CgKy(Xyo + Xy) f2 P2° - (4.5)
‘ Al

2N i ‘L ‘[

CaKy (XVO - Xy). (PS - P2 (4. 6)

If xvo ".Xv>0 E .Qb

0

Qc = CgKy (xvo - Xy) /2 P //ﬂ

o

i 3 W3 PITWAS Ye
| Womecchuy
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IfXyo + Xy S 0:Qa =0 =0 - (4.7)
If Xyo ~Xy S0 :Qp =.0c =0 4 © 0 (4.8) -
. ‘ , - . - ",
[ - » .
“The flow Q; is given by: ;
Qg = Qa - Q¢ o (4.9)
\ a
The flow Q2 is given by:- - , . g ¢
“ o : 2, . )

Q2 = 04 - Gy o

A1l the servova]ve coefficients used: 1n this part are

. (4.10)

[
deta11ed in Appendix A

4,2.3. Conduits

The pressure losses in the conduits are neglected. «
Ahe model expresses the pressure buiﬁd -up Fue to the
dtfference between the flow-in and flow-out of the volume of
control applied to each motox chambert\_The effects omJthe

0il under commression has been included in the ‘model, and

o the o011 temperature and density hqve been‘cons1dered to be

“constant.




Qp - Qu = V1/Be - dP1/dt:

»

‘Solving the above equation for Py1:

s

[

and, ~-02 + Qm = V2/.pe - dP2/dt’ (4.13)

-

Solving the above.equat{bn for Py

4 " ’ R ‘: g
' P2 = . ( Pe/vy) j( (-Q2 + Q) dt + Pog (4.14)
= o ‘

4.2.4. Hydraulic Motor

The hydraulic motor- shallpe destribed by a flowrate ,°

. vy
and torque equations.

a) Flowrate equ&tion. It _cah be assumed that the

»

leakage flow is‘prOportional to the pressure difference

across the motor: v e ‘- ‘ ,
. . 5
Um. = Dy wy + CyP - (4.15)

/

o , ] ,
Pr = | 5ek/V1)f (Q1 - Qm) dt + P1o (4.12)

W
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A
-

where C; is the 1eakag§ coefficient and can be obtained froi

v Qm vs PL plot at a motor constant velocity. ﬁ(/ .
rque equation can .

b) Torque-equation. The form of torqu

be.assumed as: .

. CTEPL - (8.16)

v f

Tm' = Dp Wy -

~where CtF Is the Coulomb friction cQéfTiEienf'and can be
obtained from%Tm Vs PL\pTot for the motor shaft locked. The
term'wh%ch corresponds to the viscous friction coefficient
of the motor has been included in the equation of the load,
Such a term, Bp, wasnot only obtained for the
hydraulic mﬁtor}~but also for the rest of system rotating

.parts (bearings which support fhe shafts of transmissiop)

The 1oad equation is based on the acceleration of the

1nertia mass by the motor torque. 'The model includes the

inertia torque, JL dqu/dt and fr1ct10n tofq&e: CfFPL, and
Bpwpe Thus, for the velocity of the load
7 et ' -
’ Um ' = (1/JL)[ (Tm - B‘m wm) dt "" wmo :(/4-17)
(4} . . ’ [
' t //‘
oo )
o b

L
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4.3.: Mimic Model

. ) . ' ’ .

Y LA digital simulation for the|system evaluation was
g developed using "MIMIC, a digital simulation language. The

= MIMIC listing is given in Appendix 8. " The MIMIC model

includes all components and calculation loops described in -

Sgct{on 4.2, . L

' ”

4.4." Simulation vs. Experimental Results

Fig. 4.3 shows the experimental and theoretical

ﬂ results of the velocity transieét fesponse fof Etep inputs

of 18 mA and 24 mA, In Fig. 4.4 are 111ustrdted'£he’results

of the velocity frapsient response for a step input of 24

mA, with a larger inertia load used. Finally, in Fig. 4.5,

..the'pressure transients in the motor pressure line for the

sake inertia load and two differen; step functions of -
current aré presented. ’ ‘, ! .

*
As can be noted, a good agreement between the

< experimental and theoretical results has been achieved.

#
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CHAPTER 5

\

SERVOVALVE-MOQOTOR PERFORMANCE:é STEADY-STATE CHARACTERISTICS

5.1 Geneﬁai ‘ .
«
This chaﬁter deals with the’ servovalve-motor

characteristics obtained for steady-state conditions.

The experfmentalsetéup shown 1n'Fig;§4l was used to
obtain the unloaded and loaded charaqtegistics\for the.
valve-motor combination. A closgd-loop torque servo systeh
on the loading section was used to select the‘1oadjng
‘torque. ‘ | ‘ ' d

The following anaTysis 1onres dynamic conditions as
well as non-l{near terms due to torque developed by the

hydraulic motor.

L]
3

@
; The flow rate through the electrohydraulic servovalve

can be approximated as a linear function of input current

ﬁnd load pressure in the region of an operating’point:

Qy = Kol - KePL (5.1)

where 1 = *servovalve current, mA
K = Flow gain coefficient, m3/s/mA
Kc = Pressure gain coefficient, m3/s/(N/m2)

PL = Pressure drop across the Toad, N/m2

B L T
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In the e case of a servovalve controlled fluid motor,

Fig//SI, the total flow rate through ‘the va]ve must be

equal to the flow through the motor 1nc1ud1ng the leakage - .

flow. The flow due to the compressib1lity of oil is

neg]ected. Thus:

Kl - KePL = Qp + Q1 (5.2)

Flow rate through the motor is given by p = Dmuﬁm

. where Dy = Motor dispIacement, m3/rad

wm = Motor. angular velocity,‘rad/s

-
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" Motor leakage in hydraulic motors can be classified
as internal or cross-port leakage between the motor
‘thambers, and external leakage from each motor chamber past
the pistons to case drain. Because all mating clearances in
a mogor are intentionally made small to reduce losses, these

leakage flows are Taminar and, therefore, proportional to

the pressure kﬂ . Total leakage flow in a moter can be

calculated by using ‘the equation Q1 = CyPL. Cp is the

leakage coefficient and can be obtained from Qp versus P

plot at a constant motor velocity.

Substituting the terms for .Q; and bm into Egq. (5.2),
one has:
\ ) ‘A
Kl - KePL = Dy wy/ + CiPy - (5.3)
/
‘ Positive displacement motors.are those in which
energy is periodically added by aIB11cation'of force, to one

or more movabTe boundaries of any desired number of enclosed

fluid-containing volumes. In the posffive displacement

machines fluid passes through the inlet into a chamber which'

3,

expands in volume and fills with fluid. The volume
expansfon causes shaft rotation in a motor in contrast to a
pump where the revwerse is true, that 1is, the volume

expansion {s caused by shaft rotation.

.
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In positive displacement motors the torque developed.-

by. hydraulic motors is given by:

4

" where, By =- Viscous damping coefficient, N-m-s., !
TL = Torque delivered to thg']oad, N-m
Combining. Eqns. (5.3) and (5.4), Eq. (5.5) results in:

Lo N ) . ',’ \r
Oy wm + (Kc + a)ﬁm/bm x wm = Kl = (Kg + C})TL/Op (5.5)

Rearranging the above equation: . , &
K (ke + C1)/On
wm' = Q - I - - TL (5.5) .
' Dy + (Kc + C1)Bm/Dy Dm + (KC + C1)Bm/Dp . '

¢

The above equat’ion shows how the motor speed, wp,
the main servovalve current, I, and the loading torque, ‘TL,
are related. Thus, motor speed depends not only on the
servovalve current but also on the load tor;we applied to
thé hydraulic motor. 3

/ —
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5.2. Unloaded Valve-Motor Characterﬁgtici

K

. Two important tests were per‘forme/d to determine the

unloaded valve-motor characteristics. Jn this part of the

‘
work the hydraulic pump \5), and\servovalve (6) were not '
used. '

¥
5.2.1. Mgtor Shaft Angular Velocity versus Servovalve .
Current Characteristics | : Lo \

Fig. 5.2 shows how the motor speed va‘r‘/ies as th‘e
servovalve current is cyéled from negative to positive rated
c'ur'rent.a The unloaded motor speed/valve currerii:
characteristic al/lows to see the servovalve hysteresis and
the motor fricti/c/m effects. - R

\

In order to"il}lustrate thé input hyste\r,esis( value
better, Fig. 5.3 ;is. shown indicating a hysteresis width of
3m‘A. The hysteresis width is composed of servovalve
hysteresis equal fo 1.5 mA (servov‘al\./e manhufacturer's‘data)
and the motor friction toquue effects at starting, which in
this case are equal to 1.5 mA. Thtis, for a greater friction -
torque at starting of the motor, a greater hysteresis width

should be expected. - . . “

\
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-coeffictient, Bp.
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The velocity gain of the valve-motor cqmb1natﬁo% is
also determined from this test. fhe velocity gain s the
basic steady-state gain used in the servo-system design.
It is the slope of the motor speed/servovalve current plot:

The value equal to 2§70 rev/min per mA was obtained. -

As Eq. (5.6) shows, the velocity gain is affécte& by
-\-'N - . ,ﬁ\ °

the leakage’sco €ficients of the servovalve and motor, Ke and

‘ s
Cq respectively, as well as by the viscous damping.
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5.2.2 Viscous Damping Coefficient : o
~al
Fig. 5.4 shows the unloaded pressure difference
across the hydraulic -motor versus the motor speed

characteristic. Important results can be observed: (a)

" breakout pressure peaks of the motor which have an ddverse

5éffect on‘thé stiffness, stability, and ]oﬁhspeed behaviour

L

of the élosed-1bob system [1], and (p) the viséous damping

coefficient of the motor-torqqé~;ransducer-bearings

. combination.”. The pressure difference loss gradient is 9.22°

bar (133 psi) pd? 1000 rev/min.

P
- -

.The vi{pous damping coefficient is calculated as

follows. The torque developed by the Hydrau]iC'motor is

A

z ' : {

given by:

Tm = DmPL "lB.m Wwm L CTFPL = JL * d Um/dt +‘TL (5.7)

5

N
For steady-state conditiong, the term correspéﬁding
to the inertial mass is zero, and because no exterh:1 load
'was apb]ied to the hydraulic motor to‘determine'the
coeffitien; Bps TL is also equa] to zero. Hence, Eq. (5.7)

can be written as:
1Y

i)

DnPL = By wp *+ CTRPL ) T (5.8)

.
[ = P R S N - " D
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a motor pressure
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ion
Replacing

3

ly (see Sect
From Fig. 5.4,.

ental

friction cdefficient.
is obtained.
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the values for Cyf, wp, and P into Eq. (5.8) a value equal

cogfficient was obtained experim
difference of 24.08 bar (349 psi)

and the value is e

where Ctp
to 0.012 N-m-s for Bp is obtained.

*for a-motor speed of 1120 rev/min,
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5.3. Hydraulic Motor Friction Torque

Fﬁg. 5.5 shows a-plot of the torque devéloped by the
motor against its pressure drop a% the motor shaft is
" locked. This~tesk was:done to define the non-linear .

frictional term, Cyf.

Fig. 5.5 also shows the linear equa of the torque

fines the internal friction effects of the motor. From
5.5, a motor friction cqefficient; Crp, of 0.5375 ;,l9>6
m3 is obtained. f“e/motor,f%ittién is affected by the
pressure drbp‘acro§s the @otor-but is indebendéht of motor

speed. '

L] Wm0
‘. ne ¢ ' )
- ideal
Eowet

- - R actunl
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— i
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e + +

1.2 348 0.7 800
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, Fig. 5.8 fotor Torque versus Motor Pressure Orop-Shaft Locked.
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5.4, Loaded Valve-Motor -Characteristics '

é

In this section the complete test system as
i1lustrated in Fig. 5.1 has been used. As stated in Chapter

2, the loading tordug to the motor depends on two variables:

‘the servovalve spool position, Xy, and the motor speed, me

In order to generate a constant loading torque applied to
the motor, a closed-loop servo torque was implemented.
‘ | | 7
Results presented on the following two sections were
obtained using a hydraulic motor.with\the same technical
‘spec1fications as’:;;—;;z\bsed in the previou§ segtioﬁs.
This motor suffered a moior shaft damage and had to be

replaced.®

The motor tested differed significantly in small
signal characteristics. Thus, in Fid} 5.6 a dead-band of 10

'/

dé is observed, while the dead-band of the second motor was-//

only 3 mA (Fig. 5.2). ' .




Motor Velocity-rev/amin
rd
°
[ ]

ServavalveLurrent-mA

[

, Fig. 5.6.. Unloaded mtnr'Smd/Scf:voulvc Current Characteristics.
¥otor Employed to Detarmine the Coaded Valve-Motor
Characteristics.

! 5.4.1 Angular Velocity of the Motor Shaft

versus Motor Torque Characteristics

-

Fig. 5.7 Eepicts the motor speed versus motor torque

characteristics as several values of servovalve currents are

applied. : -

®

The curves were thained as follows:

e
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1. A value for the current of the main servovalve was
chosen (25 mA). ‘

2. No load was applied to the dotor'shaft so that rated
current was fed to the motor coils of the' loading
servovalve, and the hydraulic motor reached a maximum speed
for the current of 25 mA.

3. Electrical signals from the torque transducer and
tachometer were connected to the XY-plotter.

4. The desired torque of the closed-loop was varied in such
a way to apply to the hydraulic motor shaft different
loading torque levels. |

5. A different current for the main servovalve was selected

and the above steps were repeated.

As a result of the above procedure, the set of curves
shown in Fig. 5.7 was obtained. The results can be inter-
preted with the help of Eq. (5.6).‘ With no load applied to
the motor, maximum motor speed is reached. For a greater
value of current fed to the servovalve, a greater motor
speed results. The curves obtained are a set of straight
lines with a slope given by the coefficient of the variable,
Ti- The slope has a negative value. For. T =0 the motor
runs at maximum speed. With anreasing 1oad torque, the

motor speed decreases until it stalls.
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5.4.2. Anqqlar Velocity of Motor Shaft versus Servovalve:

»

Current Characteristics

“ -
Fig. 5.8 shows’the set of curves obtained as a fixed

load torque 1is applied to the motor and the system
servovaIve is cyc]ed from zero to positive rated current and
from zero to negative rated current. Five different torque

levels applied to the motor were selected.

From Fig. 5.8 a dead-band of about 10 mA {is observed..
The dead-band is composed of a servovalve dead-band equal to
1.5 mA (servovalve manufacturer's data) and the motor. .

friction torque at starting, which in this case is equal to

8.5 maA. J \\ ““““
Results obtained in this section can be explained
again by usiﬂg Eg. (5.6). The higher loading torque is

selected, the lower values for the motor speed are obtained.
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§.5. Summary and Discussion of Results

’

Based on the evaluation of the expérimenta] results
obtained, it can be stated that  the exggrimental test syand
used in this research is suitable for general use in
evaluating the steady-state characferistics of virtually any

-~

hydraulic motor within the size range of the stand.
N
Results {llustrated in Fig. 5.2 show that the second
motor presented symmetrical characteristics with respect to

flow. Furthermore, because of the low value shqwn for the

dead-band of the motor servovalve combination, it 15.

apparent that the motor had a low value of internal friction
at starting. | /

On the othe; hand, the original motor employed to
determine the 1loaded servovalve-motor charécteristics
presented some irregularities. Thus, the results
illustrated in Fig.S.é were not symmetric wif% respect to
flow, and discontinuities in the[f1oy through the motor were

also observed. Furthermore, a greater déad-ﬁand was

_-observed, which was due to a higher 1d¥erna1 friction of the’

original motor at s$tarting.

Loaded valve-motor characteristics can.be considered
»

acceptable, however, some 1rregu1arit1es‘wefe also observed.

' , AW
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Thus, the results presented in F'g.\5.7 show a set of -

4

straight lines which should be paral]él according to ‘fq.

(5.6). The difference in ‘slope is pain y due to the non-
.

linear effects of the motor friction torque.

Differences in motor velecity presented in Fig, 5.8

are due to the asymmetric characteristics with respect to

flow through the motor as stated befare.

s




) CHAPTER 6
SERVOVALVE-MOTOR PERFORMANCE: DYNAMIC CHARACTERISTICS

.

6.1 General — N

- ~—

In this chapter, the open-Tloo.p dynam1Cj

13

characteristics of the vaIQe controlled motor are presented.

Tests to determine the motor velocity transi%nt response and

4

[#
s”frequency response were performed.
L]

[

Fig. 6.1 shows a block diagram of the set-up used. A

signal generator was employed to provide the excitation

(.

"1
.

signal to the amplifier. The motor velocity was obtained.

using a tachometer attached to the motor shaft. A pressure )

transducer connected to the motor pr%ssure,line was utilized

to record pressure transients. Finally, a strip chart

recorder was used to obtain the values of the motor velocity -

and the motor line pressure.

A theoretical analysis of the valve controlled motor

based on linear theory is also included.
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o,

Flow‘thrhugh sharp-edged orifices is predicted by

orifices formed within the valve in this way gives:

G DXy (P M%(z/m (6.1)

Q.

‘and

Q2 = CqmDsXy(P2 < Po)¥ (270)% | (6.2)

wherd Q1,Q2

P1,P

] .
» Equations (QJJ and&B.Z) may be simpl ed by making
.certain'assumpt1ons ar hpp}qgimations to the actual

‘situation gjth real values.

r

forward and return flows, m3/s
forward and return pressures, N/m?

spool diameter, m

supply pressure, N/m?
return line pressure; N/mz Lo

. .
3.1416 A .

I

0il density, kg/m3

spool displacement, m \

discharge coeffildtent. A discharge

coefficient of Cq = 0.61 is often assumed

-

for all sharp-edged ovifices [27]. ‘

P 4

Trea;idgathé annular

One assumption is that the-

. | V4

c
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valving orifices are métched.“ Matched orifices require that

Q1.7 02, implying that Pg - Py =Py - Py, [27]. The other
1] { !

assumptions are that the return pressure, Po is neglected

because it js usually much smaller than the other pressdres

A

involved. By introducing the term P -= P; - P, we have

Pg - P = 2P and P * PL = 2P1. //

The linearized servgvalve flow equations-are:

3 | , |
\ Q* = quv\- 2 KePy ' . (6.3)
’ Y
O\ | ‘ ' | .
02 = Kq¥v * 2 KePo - (6.4)
§
' . , .l
where Kg - = valve flow gain coefficient, m3/s/m -
Ke = valve flow pregsure coefficient, (m3/s)/(N/m2)
The flow gain coefficient, Kq, is given by:
™ » - %
Kq“ = Cd‘n’Ds'\/I/P) £Pg - .PL) :' ‘ (6.5)
. . )
while the flow-pressure coefficient, K. is given by:
] cdwnsxv\Al/p) (P - Pp) : - (6.6)
c - .
2 (Pg - PL) - .
7 .

5\

-

s
s
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As can be noted in Eqs. (6.3) and (6.4), the flow
-pressure coefficient for _each port is twice that fo'r the
el

valve as a whole becay/eKc had been defined with respect to

PL- Adding the servovalve flpw equations gives

QL = quV - KcPL ' . (6-7) P

where® q_ = (Q1 +Q2)/2 = 1load flow; m3/s
PL = Pj - Pz ='load pressure difference, N/m2

o ‘ .
fhis isl%he usual formﬁof the Tinearized flow equétion.of /4
the. servovalve. The ]oad.f]ow‘represénts the averagé of the
flows in the lines and cannot be intgrpreted$as being ‘equal
to {he,flow in each line unless external leakage is zero.
In examining the motor c#;hblrs and assyming that
the pressure in each chamber is the same everywhere and does
not cavitate; fluid velocities in the chambers are small so

that minor 1lo0sses are negli§161€§'and temperature and

density are constant. Application of the continuity -

Ll
,equation to each motor chamber yields:"
Q1 - Qp = Vi/ Be ~° dPp/dt (6.8)
U * Q2 = 3Va/ ge - dPp/dt ‘ (6.9)
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motor flow has been defined as

A Dpuwnm + C]PL N

internal or cross-port leakage (i.;?:~7§€kage
from one motbr line to the other) coefficient of
motor, (m3/s)(N/m2)

effective bulk modules of system (includes oil,
‘éntfapped air, and mechénica] comﬁjiance of
chambers), N/m2

average cgntained volume of forward chamber
(includes servovalve, con{ecfing line or
manifold, and motor passages), m3

average contained volume of return chamber
(includes servovalve connecting line or manifold,
and motor passages), m?3 )
volumetric displacement of motor, m3/rad
angular ve!ocity of motor shaft, rad/s

time, s

It is desirable and possible to express the continuity

equation in a more useful form; thus, substituting Egs.

(6.3), (6.4), and the motor flow equation into Egs. (6.8),

.and (6.9) and then adding them yields:

)

au = Q'+ Q2)/2 = Dyup + CiPL + (Vo/28,) * dPr/dt (6,107

. \ ’ |
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Equation (6.10) can now be written using the Laplace

transformation:
' !

AN

=
<

AL = DpWp * C1PL + (Vo/28e) s P (6.11)
Eq. (6.11) is the basic fof}*of*the continuity equation for
all hydrauiic aﬁtuators. The flow term which is
proportional to the pressure der{vative is known as the flow
compressibility. Thus, the load f]o@ qL is consumed by

~

leakage, flow to displace the actuator, and flow stored due

.to compressibility. ~Substituting Eg. (6.7) into Eq. (6.11),

the basic form of the continuity equation is:

A3

KgXy = (€1 + Ke +Vo/2Be " S)PL = Dpuwpy (6.12)

the equation . above can be simp]ifiéd. by defiming

Kce = C1 + K¢, where Kece is the total f]ow-pressure‘

coefficient, (m3/s)/(N/m2)'

&
.

hence:

[

Kqu - Kce (1 + VO/Z ﬁeKce * S) pL = Dm Wn (6-13)

A block diagram which represénts the-variables Xy,

PL, and  wp is shown in Fig. 6.3. -

D
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The torque balance equation as the non-linear terms are

E

neglected 15 given by:

Oy (P1 - P2) = Jp duwp/dt + By wp *+ T (6.14)

~
‘e

Taking Laplace transforms, Eq.’(6.14) becomes:

DmPL = JLS (;)m + Qm wWm + TL ’ . (w6-15)
where P m Py - Py N .

If Eq. (6.15) is combined with the results oﬂtﬁined‘in the
‘block diagram of Fig. 6.3, a compléﬁe block diagram for the

L]

=%
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valve controlled motor is obtained, Fig. 6.4. In order to °*
simplify the analysis, a predominant inertia load acting on

the motor has been supposed, and T; has been taken equal to.

zero. - - . : , . , /

xv H ; U -
Ou

v Jys 48
Kegll + 2 fbf b 0
2B Kee bl

Fig. 6.4. valve Controlled Motor Block Diagram.

AN -
¥ ﬂ :
f .

A\» A transfer function that relates the motor speed,

L

wm» and the valve stroke, Xy, is given below:

-

v

“’m?l(qxv 3 1/ (6.16)
("'\ Vol s% + (Keedl + VoBp) s+ (1 +'Keabp)
i bl Ol 24Dy Oy’

The term KceBm/sz can be neglected compared with the
unity, as long as the accuracy of results obtained can be 1

N B

»
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—

ké}f within an acceptable margin. In thigf%hse, Eq. (6.16)

reduces to:

W ' v"K/ :
¥ _om | ’ @/l (6.17) &
Xy Vol 2 + (Keedt +  VoBp ) s + 1 :
2Beln? D2 2 Baby2 .

/ RN

Eq. (6.17) shows that the relationship between the
motor*Velocity, wms and the valve stroke, Xy, is related by
;\second-order system. In steady-state conditions, the
ﬁotor velocity is affected by the servova]v; flow gain
coefficient, Ky, and the motor volumetric displacement , Dp,
as was demonstrated before. Expressions for the hydraulic
natural frequency, and the hydraulic damping ratio are as

follows:
wh = (2 BeDp2/VodL)%E , (6.18)

\} O Kee (3 Be/2Vp)8 +. By (ZVO/BeJL)% q (6.19)

. Oy 40y
Wh = hydraulic undambed natural frequency, rad/s
6h . hydraulic’damping ratio, dimensioniess.

@ ) !
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When tﬁ,e contribution of the second term of Eq.
[ ‘/-,“
(6.19) to the hydraulic damping ratio is very small, then
! 1

'6h can be appr;oximated‘to:
s \“

éhp = (Kce/Dp) (HJL Ba/2Vo)k (6.20)

6.3. Tridnsient Response Tasts

- Transient response tests .were carried out using a
step function as an input. The amplitude of the step was
selected w!it‘\ﬂ reference to the results obtained from the
digital simulation described in Chapter 4. By using the
simulation, problems such as high pressure peaks and the

possibility of cavitation in the motor chambers were

--In all the tests carried out, a hydraulic powbr

supply of 1500 psi has been used (recall Section 3.1).

Servovalve current and motor speed are directly
related in steady-state conditions, and result in increases
in servovalve and motor leakage respectively. Hence a, valve

controlled motor system exhibits increased damping, due to

-flow dissipation of energy. Fig. 6.5 depicts the velocity

response for several current levels:. It can be observed

<«

v
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that a higher damping coefficient is obtained as the stép of
servovalve current is increaied.
v

_Ipcreasing the motor inertiawaoad resu]ts in
correspondingly higher acceleration forces and therefore an
increase in pressure transient effects. Fig. 6.6 shows the
pressure transients on the motor pressure line while ng.
6.7 shov(s‘tthe velocity response. Results\fr.om Fig. 6.7 are
predicted by the thqoretical analysis made previously, i.e.
the greater the motor inertia load, fhe s]gwe( speed

response 1is obtained.

A step function from zero to a selected ' amplitude
was used as the excitation signal for driving the servovalve
coils. When the servovalve current returned to the zero
level, the servovalve ports closed, and the oil flow was
trapped. That situat{on along with other external
conditions such as servovalve current level, and thé 'motor
inertia ﬁdad produced cavitation in thg motor chambers.
Results of the above tests are prese;ted in Fig. 6.8 for a
motor inertia load of 0.04283 N-m-s2. Curve l shows the
pressure transient effects for a 24 mA where no cavitation
was observed. In curve 2 the pressure }ransient effects for

a 32 mA current are presented. There, the bressure motor

line reached a value of at least zero psig. Pressureine1ow
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atmospheric pressure were not re,corﬂed since the pressure
transducer used registered only pressures above the atmos-

pher%c pressure.
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6.4. Frequency Response Tests . ' -
. , ¥

Open-loop frequency‘yespoqse data are widely used to
represent tﬁe dynamics of control sysfzhs. From this data,
closed-]ooP stability and performance can be predicted and
electronig compensation networks designed.

>

The test waveform was selected so that the valve
oscillated about neutral position at different amplitudes.
A base frequency of 0.1 Hz was chosen.

“h - )

Most of the tests were carried out using flexible

hoses between the servovalve and motor ports. A test using

*
rigid piping is included in order to show the effects of

flexible housing on the system performance.

»

The results are presented in Bode diagram form.

Families of curves are used‘to\demonstrate the effect of
4 B
various control parameters. /

i 5 ’ A
~ -

Fig. 6.9 depicts the results obtained for a constant

motor inertia load and current stqp’inputs of 24 mA, 48 mA;
n +

\ .

and 60 mA. Increases in input amplitude ‘result in increases
in the valve stroke . as well as in the motor speed.

Consequently the valve and motor leakages increase. Thus,

»
-

S

-
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. . L
it is found that damping‘increases anjhapparent natural
frequency decreases as input amplitude increases. Similar Z

results were obtained by Merritt bf], and Bell and Cowan -~

[1].

Y

<,

Results obtained Tor a constant current amplitude and , ¢
‘motor ~knertia loads of 0.003, 0.03247, \d 0.04283 N-m-s? ‘
are presented in Fig. 6;10. The effects bf increasing the

motor inertia load are as predicted by theory.

e

Fig; 6.11 shows the results obtained for flexible
hoses and for rigid piping used be£ween,the servovalve and
motor ports. By using rigid piping a higher value for the
bulk modulus is obtained. Thus, as predicted by theory the
Aapparent natural frequency increases.

Fig. 6.12 shows a comparison between the results

- ' obtained for rigid piping, servavalve current of 24 mA and
\\ . fnertia load of 0.003 N-m-sZ and the theoretical results as

’ %
/Jﬂﬂiﬁxg/ predicted by theory. The numerical values used in this part . il

are shown in Appendix B. g ‘ . N
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6.5. Summary and Discussion of Results

Transient and frequency response results have been

presented for a valve controlled hydraulic motor.

The results of the épen-loop frequency response show
that system behaves mainly as a second-order system with a
slope for the amp]iﬁude ratio of -12 db/0Octave. Thus, the
contribution of the amplifier and valve dynamics po the
complete system are almost negfi{ib]e. The frequency
response p1ot of the amplifier, Fig. 2.32, shows a bandwidth
of 70 Hz. The servovalve frequency response, Fig. 2.22,
shows mainly a lag contriBution to the system around 20 Hz.
That explains why the op§n-1oop velocity frequency response

presents a phase lag of 2100 for frequencies near 25 Hz.

The prés§ufe peaks recorded indicate that the use of
cross-port pressure relLeF—vaTve is desirable. Even though
a digital simuldtion was used to predict the step current
amplitudes for driving the hydraulic motor aqd thus to avoid
thg possidi]ity of having‘cavitation in the motor chambers;
cavit¥tion took place when the hydraulic motor was suddenly
stopped. In other words, in the digital simulation
implemented, the case when the motor was driven from a
determined speed to zero was not consiqerqgli Thus, for

certain external factors such as the level of current

Cap T
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applied to the servovalve and the external inertial mass

driven by the motor, cavitatipn took p]i&e as shown in Fig.

6.8.

Merritt @ﬂ , and Bell and Cowan [1] suggest

insertingQa‘relief valve across the lines to avoid

"cavitation in the motor chambers (a similar relief valve is

required to protect the other chamber). This safety relief
valve helps prevent cavitation by pumping fluid to the

forward chamber.

Fig. 6.12 shows the theoretical and experimental
results obtained for a current amplitude of 24#mA and
inertial mass of 0.003 N-m-s2. For the calculation, a bulk
modulus of 0.517 x 109 Ny/m2 (77550 psi) was used. Such a
value for bulk modulué'aﬁ/; system is considered low. In
pEevious works carried out by Merr#tt @f] and Stringer B4}
the value of the bulk modulus around 0.6888 x 109 N/m?2
(100,000 psi) w;; suggested. The low bulk modulus value
observed by the dufhor can be er1ained by the leakage of
the hydraulic motor. Fig. 6.13 shows a schematic diagram of
a linear actuator fil]eq with fluid under compression. Bulk
modulus caﬁ be calculated as follows:

| 2

AP
,B 2. e ———— N (6.21)
: Av/v *
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where AP = pressuyre increase exerted on the fluid and

container
i ‘'
AV =  decrease in the initial volume
vV = initial volume of liquid
' T4
av is compésed of change of volyme due to compressibility
and change of volume due to leakage. Thus, an increase in

the 1eakabe~causes an apparent dgcrease in the bulk modulus

hSY
4
LY

Fig. 6.13. A Linear Actuator Filled with Liquid
under Lompression.




A CHAPTER 7-
DESIGN OF CLOSED-LOOP FORCE SERVO SYSTEM

7.1 Introduction

This chapter deals with the design and test of a
closed-loqp force servo-system based on the components

discussed previously.

The key element in this servo system is a servovalve
with an LVDT attached to the servovalve spool, a ball-piston
hydraulic motor, and a tension-compression load cell which
is used as the main feedback. Motor shaft rotation was

prevented by a clamp in all tests.
A theoretical analysis has been included in order to
study the effects.of the various components on overall

system performance.

Several steady-state and dynamic test results are

included.

7.2. Experimental Set-Up

Fig. 7.1 shows the experimehta1 apparatus used. The
servovalve (1) controls the hydrau]fc motor (2) which con-
verts the hydraulic energy into mechanical energy. The

mechanical-arm (3)* transforms the torque developed by the

b ALY
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2

{ hydraulic motor into force applied to the tension-
compression load cell (4) generating the main feedback
~signal (5). ‘In addition, a second feedback is generated by
the servovalve LVDT (6), and the LVDT signal conditioning
module (7). A proportiona1'controller is- used in this -~loop
(8). A pressure transducer (9) serves to invest<dgate the

relationship between the differential pressure across the

motor and the torque developed by the motor.

FIGURE'7.1. EXPERIMENTAL APPARATUS

1.Servovalve; 2.Hydraulic Motor;
J.Am Plate; 4_Force Transducer;

>
28 :
. S.Differential Amplifigr; 6.LVOT: Py
7.0emodulator; 8.Controller; . { |
9.Pressure Transducer; 10.Torque Motor. Tt el e
4
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ﬁ‘The 1oadmce11 used as the principal feedback element
was preferable to the torq;e transducer described in
Section 2.4.1 since it was difficult to eliminate the
effects of Micklash in the mechanical coup]ihg between the
torque transducer and the motor shaft. The load ce]f was

rated at + 100 1bf-

As before, a supply pressure of 1500 Psi was used

through a11‘the tests.

L4

7.3. Theoretical Analysis and Block Diagram of the System.

The following tests were carried out with the motor

*

shaft c1amped'to prevent rotation. Thus, the theoretical .
analysis is simplified. because the\motor shaft ve1ocity is
zero and only leakage due to the servovalﬂe and motor dqd
the effects of the compressibility of the hydréulic 0il are
significant in the flow equations. |

Recalling Egs. (6.7) and (6.11) developed in Ghapte

6:
\\//‘j.\.
©
qL = CPL + (Vo/28g) s P, (7.2)

Q
P&““"‘"‘"“"‘" e
} - R A
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A, ' . . N
. ° : A
) where g = Tload flow, m;/s
« . , ‘ ,
| 4 ~ 4 R
‘ vKg e valve Alow gain coefficient% (m3/s)/m
o~ -KC = valve flow- pressure coefficient, (m3/s)[(N/m2)
. . V] Xy = valve stroke. m L . .
- P = pressure drop across the hydraulic motor, N/m2
- 4 ’ |
% . - CL = 1nternal leakage. coeff1§1ent of motor, , } |
3 -
b (NB/S)/(N/H\Z) ‘ .
* 3 . Y
. Yo . volume of oil under compression. m3 ~
o ) .
pe = effective bulk modulus of the system, N/m?
CY s = %taplace operator
1 Substituting Eq. 7.1 into Eq. 7.2:. = ° | B
'e‘ ' . ) & . $
. ’ K . ‘ ».' ) . A
Al ‘ Keky = KePL = CiPL + Vo2 s s(\,:(_ ©(7.3)
‘. g ~ The torqﬁéﬁdevelopad'by the hydraul1c.mnt6r is gi#en by:
4 . \ v R . "-ﬂ‘ X . '
r,/ 4 ol ¢ f | ":-‘
. Tm . L DmPL a St ‘ ( 7 '4 ) // ‘ 'ﬂ;r“%
- "~ where Dy = motor displacement, m3/rad ' g
N P |
’ o g, o Replacing the variable PL given by Eq. 7.4 into Eq. f?}g
N N . i © . - B 1 ,‘\“
, 7.3 and rearranging terms it follows that: . S~
N ’
- | ‘{‘ v .
L3 \ ‘\'
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L Voo o1, .
< KWy om (KE ow Gy # ==—5) Ta - (7.8) ™

»

<;;§i§ql(l.5) determines the relationship between the motor

torque and valve’stroke. fThus, the transfer function for

o Ty and Xy is obtained: . ~ ' ' o~
) . » ¢ S
&
T KgOm/Kee . . (7.6)
Xy 1 4 (Vo/2Kce Be) S | | »

- electrical output is given by:

The torque developed by the hydraul® motor is:

N -

\ ‘ }
VAT S |
¢ Ta = F x b L (7.7)
: , R ‘
wheseeef = Force exerted on the load cell, N R "~ T
b = distangé between the centeriof mptér shaft.ind» ' »

°, ) . .

load cell, m

4 1
| ,'U »

y

A differential amplifier with a gain equal to 150 was k\ o

" used to increase the load tell output (for details of the ’
) ~ . C .

d1fferent1al am 1if1er see.Sect1on 2.4.2)., The relationship

between the. force applied-to the load ce{t‘aﬁd its

N

[ Y
s
&
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Eoc = K¢ = F - Kpa (7.8)°
' 7
where Eo = differentialvamplifier output, my
K¢ = slope of the fg)te cell calibration curve, mV/N
Kpp = differential amplifier gain, dimensionless
? ¢ ) .
>

fﬁr the électrohydrau1ic servovalve used, a second
order transfer functjon 15 used, matched to the
manufacture@'s data. The transfer function sho:ed ahgbod
approximation for the servovalve amplitude ratio as well as
todthe phase-lag for frequencies up to- 40 Hz:

-

X/ = Ky wnl/(s? + 2fwnsS + wnz) ‘ (7.9)
‘ : )
where [ = torque mator current, mA
& = demping ratio of $ervova1ve, dimens%pn]ess

wp? ® natural fregquency of servovalve, rad/s

servovalve spoo) displacemeni gain, m/hA
] ' \ - - .
i . : L]

: 4 .-
;\bldck diagram of the closed-loop force servo system .

is shown 15.F1g. 7.2.
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' From the block diagram a transfer funLition for Fo an&
Fi Qis obtaineé: ¢ ’

o KaKy | ' KqDw/Kce b
Fo  (shm)?ifagton)s + 1 1+ (Vo/ZeaBe) 5 :
Fy 1 +‘, ’KAKx I ' J anm/'(ce ‘ /b KnaK (7.10)
T (shen)? +';(2£M)S +1 14+ (Volzsceﬂe)sv.?;/ . _?.,A.f; |
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The above equation is simplified by defining:

’

¢ ) Tm = Vo/2KeeBe
Kz = KpaKx(KgDp/Kce) - 1/b
K3 = Kz ° KpaKe
‘ ~ )
hence, ) ) \
> KZ i ‘ }
. F (s/wn)2 + (26/wn)s + 1] "(1 + Tps)
—» | ) n (7.11)

Fy K3

1 +

(s/wn)2 + (2¢&/wn)s # 1 (1 + Tps)

Further simplifications'in Eq. (7.11) result in the
following equation: ‘

\’- 0
: 3 Fo K2 ®(1.12)
Fi [(s/«un)2 +(2f/wn)s + 1] (1 + Tps) + K3
/ . . - . .
.. . ‘ Ifestep function of amplitude Fy = AmV is applied
W - ) ¢ A
to the system, ‘the steady-state value for Fy will be:
-‘) lim s v Fols)/Fyls) * A/s =sfK n '
CFy % Pl (7.13)
" a ' '-‘ 1 ‘!' K3 * ' ' )
S-==0 .
. L .
’ ’
k¢ ’ —
4
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The characteristic equation of the closed-loop

transfer function, Eq. (7.12), indicates that the force

/
i~ servo system is a third-order system.

4

7.4, ‘Performance Chagacteristics of the System

« " In this section the results of several tests carried
out in order to investigate'the performance of the force

servo system are éresented. A steady-state test was carried

out to obtain the relationship between the torque developed

¥

by the motor and the pressure drop across it. Several
dynamic tests were performed to obtain the response of the /V
. o . : Y,

L " -closed-Toop force system to a step change of input and to~ ~—

determine the system bandwidth.

.

7.4.1. Motor Torque versus Mdtor Pressure Drop

- Characterdstics

¢ y - |
) * . ‘ ™ a
The torque develdped by the hydraulic motor for a
! given motor pressure drop can be compared to the theoretical
motor torque, gh1ch is given by the equation Ty = DpPL..
The deviation between the experimental and théoretical

~values reveals tHe  Coulomb friction of the motor %gchanigm.

L
‘e " - -

v ' ' .
Y . ' - .
[ . .
f)}'if X e 4 M
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Fig.” 7.3 shows a set of curves of the motor torque
plotted against the motor pressure drop. The curves were
obtained for various positions of the motor shaft. The
characteristics depend on the motor shaft position. Each
graph of Fig. 7.3 shows a different shape. The differences
in the“r‘equt’s can be attributed to the pintle-rotor
assembay of the motor. As des‘cribed in Section 2.2.2, the
pinti]e - roto'r assembly forms the valve which controls the

fluid to the motor chambers. Howeverf the effect of the

valving 1?"not observed at frequencies higher than 1.5 Hz.

The hysteresis observed in" each graph of Fig. 7.3 are
due to the motor hystereﬁs and motor friction. The
back 1ash effects are due to the’pintle-rotor assembly of the

hydraulic ‘motor.

~
i
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7.4.2. Transient Response of the System. . .

fransient response tests were carried out using a \\<

Ay

step input as the excitation signal.

Fig. 7.4 shows the result obtained as a step function

equivalent to 13.3 1bg is fed to the system. Because of
the high gain‘of the servocontroller which was of 0.15

. mA/mV, the steady-state error obtained was less than 3.0%.

Fig. 7.5 shows the system step input response for a
very high servocontroller g;in. It can be seen that the
system became oscillatory. The result is typical of third-
order systems. The system non-linearities coupled with the

very high system gain cause the 1imit cycle oscillations.
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7.4.3. Closed-Loop Frequency Response of the System

The closed-Toop frequency response p\1ot provides a
further measure of the *performance of the system under
investigation. Several definitions of bandwidth can be used
[Zi » but the most common definition of bandwidth is the
frequency at which the amplitude ratio is attenuated to

0.707 (-3 db) from its low frequency value.

In Fig. 7.6 the closed-loop frequency response plots
for two values of the reference signal are shown. Curve (1)

was obtained for a reference signal equivalent to + 3.3' 1byg,

while curve (2) was obtained for a reference signal-

equivalent to * 7.7 Tbg. These results were obtained, when

o

only the signal from the force cell was used as a feedback.

@
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7.4.4. Effects of Servovalve Dither on Amplitude Response °

Results illustrated in Fig. 7.3, Section 7.4.1., show
that the hydraulic servo system has non-lingigitiEs wﬁich
affect system performance. As a consequence, the output
wavéform is not in éiact propbrtion to the input ;ignals.

\

One of the methods used to reduce the effect of non-
linearities on the system performance is the application of
a dither signal. Dither is a high frequency sinusoidal
sign;ﬂ of small amplitude which is added to the control
signal at the input. The minute valve spooﬁ motion induced
by the dither signaﬁ reduces the effects of the static
friction. Furthermore the motion of the valve spopl is also
effective in preVenting'si1t1ng. The small-contamination
particles in the fluid at the metering orifices are kept in
agitation and are swept through as the orifice opens during

the dither cycle.

The dither amplitude should not be too large,
otherwise it 1s transmitted to the load which could result
-in an excessive wear of the drive system.

/

The dither frequency shoyld be considerhb]y in excess

of the expected signal frequehcies and should not coincide.

wih resonances in the servovalve or in the actuator or load;

\
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otherwise fatigque failures could occur. To determiqé the
dither frequency, it is necessary fo have the information
concerning the open-loop response of the servovalve as well

as the operating frequencies of the entire system.

v

~ ' ,
Servovalve dither was used in the closed-Toop force

s
servo system for operating frequencies of 0.1 Hz and 4.0 Hz.

-~

The amplitude of the dither signal was approximately *+ 5% of
‘the servovalve rated current while the‘dithe;&Trequenéy was
selected equal to 70 Hz. The results of the tests with_o.l
Hz input are shggn,in Fig. 7.7. As can pe seen, the use of

dither %mproved the fidelity of the system response

Ksignificantly. 7
J
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) 7.4,5. Effects of the-Servovalve Linear Variable .-
. / v . . . . R
. .. Différential Transformer on’the System Performance ™

1. L ' :
" Characteristics T :

- N

' '. E : When the servovalve LVDT is included in the system,

thesblock diagram of Fig. 7.2 is modified as Shown in Fig.

7.11, < . ; o T
« . : -
. 4 Q
- % - °
© X ' R F
. ]Sl u
- \ v . W
c »
o 1+ L f
. . 2K, p, :
- “ ‘\ A}
! .
* V0T #nd VDT Sijoal— . : =
i d N Conditioning lbdm. )
. . : ) - i
i 14 . l' @ . }
T 5L i
. . 0 '
' b . ‘. ] Fig. 7.11. Block Diagram of the Force Serve System with a Secondary
o : Feedoack. - -
, _ Solving the inner feedback loop, the block diagram
shown in Fig. 7.12 yields: I o :
. A o
! ’ ’ “ ' \
. . . !
t N .
N\
| - ?
PRy '
¢
i , . . r.
. X e | oot s oroo— AT _ e N o
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) @ o~ L
! . . .t "‘ ] R ! . v t *1‘ ’
’ ) —-6 I . / L T ‘
- 130 - . , c .
2! / ! ’ ’ »
. 5 .
e ! /
,‘ .”' .2 i . R ’
. - K‘AK“% . - |- Kngll_xc( -L s | d
O TR AU A -
o " * '
"o N ‘ ZKCQPQ ‘
. te ’ - he
3 . ., - Ku K' \
J' U
. N . =~ A
T Fig. 7.12. Stwphitied Block Diagram. ’
» ’ 4 R d
From Fig. 7.12 a'transfer lfunctioﬂ' for F{, and Fy 1s.
‘obtained: ' | .
o .‘ o '. »\ .
) KaK - KqOn/K .
s X ~ ——L0—8— /b (7.14)
Fo (s/wp)2 + (26fwn)s + 1 + KakK 1+ Vp/KeaBg s
]
Fy KaKy Kqln/Kee ‘ .
1+ : 1 b . Koaks
(shon)2 + (28fon)s +.1 + KaRek 1+ Vo/2K o0 A
4 » ' : ! A
;’ »
‘ Let us simplify this equation by defining:
! ".. . - ¢ . \\ '
Tm = VOIZKCE ﬁ e . i
Kz = KpKy KqDp/Keg
K3 \: KoKpaKs .
o ‘u ‘
L ) ) . R iad \ t

,l
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. - l} » <
: . - Kz “ )
hence, Fg  [(s/wn)? + (2&/um)s + 1 + KakKL | 0 + Ts) - (7.15)
) N ) ‘F ) ) B . ) . K . ) , ‘.
v T T e . 3 - o

ferom)? + (2&pm)s + 1+ kpkeky] (1 478)

ﬁufthér simplifitations gijg: . . ‘ ;
+ . " . % ’ I

’ [}

. &% ‘ * ’

.. F - ' -

. o, v K2 . (7.16)
Fi [(s/wn)2 + (2&pwn)s + 1 + KAKxKIJ (1.+7m) + K3 ~ ‘

. e ) N ,
~If a step function of amthude Fi = A is appHed to the
1
~ system, the stead& state value for' Fo is: .
".F'i: ) ’ . ¢

%
. - FO(S)\ A N ‘ A KZ )
- ' Fo = lim(s .. —m .. — = * - (7.17»
Fi(s) s 1 + KaKyKL + K3 .
s. A A -
’
=

-

.Fig. 7.13 shows the effect; of the servevalve LvoT od
system«performanCe as predicted ‘by theory. Curve'kl) shows
/- ‘ the- closed loop amp11tude response, obfained f?om Fq.
(7.12), for the overall system withdut 1dc1uding the servo-
valve LVDT feedbaek. Curve (2) shows ehe theoretica‘l
resul%s, pbtained f}om équ(7.17 : when‘the servovalve LVDT
g ' ""feedback is added to the system. The values of coeff1cients
¢ used 1ér?hs. (7 12) and (7.17) are 11sted in Appengdices A

*

+ and B.- : ,
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4

Combining Eq. (7.16], Eqé (7.17) and the theoretica)

- results shown ip Fig. 7.13, the effects of the LVOT fee'dback\ ’

on the system performance can be summarized a6 follows;

o

Eq. (7.16) shows that the charactédristic equation of

the closed-Toop system is a thjrd-oraer equation.‘

Thus, the servoactuator remains a third-order system.

Eq. (7.17) shows that for the same servoc“ontroﬂ,er
gain the steady-state value of thesystemgain ;$t-h
the servovalve LVDT is lower than the steady-state
value of the system without LVODT, “Therefore,: in
order to have the same overall system gain, the
servocontroller gain must be increased when LVDT is
uséd. ‘

L]

Fig.. 7.13 shows that adding of the -LVDT feedback
increases.the bandwidth of the ‘system. " In Fig. 7.14,
Curve (1) shows the experimental ~c]osed-]oop,
frequgr;cy response for the system withqut thé LvDT,
and' Curve (2) shows the same f’re)quency response ‘when
the LVDT was incTuded in the circuit. ]In the 1latter

‘case, as predicted by theory, a larger bandwidth was
‘ B . '

~ ‘observed (12 Hz, compared with a .bandwidth of 8.5 Hz

for the system without the LVDT). An improvement in

LS T L P - i L o b ey g e s ol 5 o
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the phase-lag wygs also obtained when the LVDT was
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Fig. 7.14  Effects of Servovalve LYDT
Experimental Results,
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v 7.5, Summary and Discussion of Result$
' ~
, A study of a closed- 1oop force servo system has been
presented In order t& carry out such a study, a
theoret1ca1 analysis was developed and several experimental.

tests were performed. : ~
. k i}

The theoretical analysis gave a clear idea of how
System'performance,was-affected when the servovalve LVDT was

used as second feedback. Another important result obtained

from the theorétical analysis was that the whole System withy
. f

ok without the-servovalve LVDT behaved as a third-order

) system.

'Seveﬁél steady-state and dynamic tests wére carried
out. Fig.}:3 shows that the'hydhaulic motor torqué and
hydrguiic motor pressure drép ;q]étionship depends on the
moior shaft position Figs. 7.9 and 7.10 show the
servovalve dither effects on the system for command signals
of +7.7 1bsf and + 3.3 bbf respectively. An improvement on
system performance was observed for small comma;d signals
operating at low frequencies, Fig. (7.7).

1 _U ’ . . ' {
Fig. 7.14 shows the effects of the servovalve LVDT on

the overg)]! system. A significant improvement in the system ,

bandwidth asﬁwell as in the phase- lag is observed.’
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| CONCLUSION AND RECOMMENDATION FOR FUTURE WORK
‘ o ’ Servovalve control of a hydrau11c rad1al ball piston
motor was 1nvestigateq,1n this thesis.. The design of a
‘closed-loop force servo.has been carried out including a
review of the effect of servovalve "external electronic

feedback'on system perform&nce.

-
/

To chi]itate‘;his investigation, an experimental
test stand was constructed. The experimental test stand
used in this research is suitable for deneral use in
evaluating- the steady;sfate and dynamic characterlft?cs of

» ;hydrau}ic motors with the following limitation: the load
system used is not suitable to determine motor

characteristics at low speeds due to low speed limitations

c]amping the motor shaft.

~ ' B

-~ ' . \

Cr , ‘ The servovalve controlled hydraulic motor was
stadieg fn steady-state and dynamic conditions.  For steédyf
gtate conditions the system was analyzed for unlpaded and

- 1Qadea motor cond%tions. The dynamic tests were carried
with inertia load. “

< . . . .
A digital simulation uang‘tHe MIMIC language was

of the loading pump. The evaluation of‘the motor

charatter1st1cs in the stalled Fond1t1on was performed by
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performed to assist in the planning of dynamic)tests.

The steady-state characteristics ngh load show

L;hat, as expected, speed varies inversely with load.~ﬂhe .

L] .

assymetry with resbect to direction of rotation which is
apparent under load, would require compensation in critical

control app]icatibns.

1

4

- ' .
' ~
A

ﬁEroh the steady-state test reéults,yﬁzvera]

important conclusions:- can be drawn. The ao load

-

speed/current characteristics are symmetrical, an i

quality in a motor to be used for control purpose

AL

addition; the low starting torque whii;/jaﬁTEatés Tow s
ions

friction is necessary for applica

’s

performance force loop configurations.

¥

involving high

As is the case with .,

" most hydraulic motorsy the ball piston motor was difficult

AR g

to control "at low -velocities. Sporadic pressure pulse§ were

observed in the differentiaf pressure jacross the motor for q’
speeds beﬁ%w.370 rpm. Above this speed motion was smooth
and predictable. L o < ' |
: | \ '/ ‘
The evaluation Bf the mbto: torque characteristics

" with the motor shaft locked revealed that’ the pintle valve

contﬁo]]ing the fluif to the motor chambers affected the’

results obtained. Several tests for.different positions of

motor shaft were carried out and the differences in the

4

A
. «

Y st e e e e

P T

TR D v e e AR et
Iy

]
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e
/
results can be attributed to the pintle-rotor assembly of

-

- the motor whith forms the valve controlling the fluid to the
Q . R A Y
motor chambers. - Step-tnput and frequency response tests

indicated that for an opén—loop se:vo configuration with a
velocity cbmmand £h; valve Eontro]ied motor system 1is
overdamped. Damping tebﬂs to increase with the amplitude of

the inpuot, a qon-]jneér e?fect due to the dissfpat%on of

flow energy [1].' By using rigid piping for the hydrau]ic
conhections, a higher value for the bulk modulus was '
obtained and thus, a farger bandwidth of the syséem was .
observed. The rather low value of the bulk moduﬁus was

attributed to motor leakage.

~
[

. /
) The evaluation of the external electronic feedback

of the servovalve was carried out using the servovalve ¥n a
closed-loop force servo. External electronic feedback can

{ -

be used to compensate for some nonlinearities present in
servovalves sgch as/dead zone, torque’motor hysteresﬁfﬁq
spool stiction, etc. In this research; the external feed-
Sack was used with the purpo%e of improving the performance &
of the radial ball piston motor. The use of the serQovalJe
external electronic feedback extended the\gandwidthyof the

system. - A decrease of therphase-lag was also observed.” -

3

- J—

e Another method usedin this project to correct thé ,

nolinearities present in the motor was of using dither



e

] .

” .

signal. The use of. servovalve dither improved tha fidelity
‘ /

of the system response significantly for small command

signals 6perating at low frequencies. 4 ‘

, YN

\ !
IR
~N

Based on the abe@ve, the hydraulic ball pisto?fmotor
investigated in this work can be used in the f&Wlowing

applications: . A
« 3
LAY

-~

1. System operating at high speeds and low
pressures. Because of~th;‘ﬁigh( leakage, these
u;ﬁts are of}]ow volumetri; efficiency; as a

o result, their operating pressures is also low.

2. Sygtem wﬂere a minimum friction torque at
starting/is'required. The nonlinear effects.
observei\;an be corrected ?Q the use of external

devices, such as the LVDT feedback used in this

work.

_Eet future investigation in the use of radial ball
piston motors, the follpwing-sugggstfons are mades
- f
l. Experimental investigation to determine the
motor leakage effects on the apparent system

bulk modulus should be performed.
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2. ‘A study of‘the motor speed’versus motor leakage

. \ N k 4 N
relatiaqfhip should be carried out.

ro * 3
1 k]

.Experimentai investigation to determine the

behaviour of the hydraulic motor at low speeds
for a constant loading torque should be

pérformed.\
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- ~* Al. Servovalve Céefficient;f‘“//ﬂ/( ‘ : ~

- N *
In the following, the coefficients for .the servovalve
R ) Y . -
which controls the hydraulic motor are calculated. g

14
-

‘ t %;
— ! A h
. "%

- . fﬁ Flow coefficient, Kq. When thg servovalve flow™

is given'id terms of thé spod1 displacement and the pressure

L4

drop act®¥5 the actuator, the following equation is used:

-

o , , , N
Qv= KgXv - ‘KcP (Al)

. , ,
o
)
E e
.
T } N .
. .o - : ” - ;
. ‘ .<:::
. ) .
i .
.

where Kq s the flow gain coefficient and Kc is the flow/

pressure coefficient. If the supply pressure remains

d constant and small variations in the load are observed, then ~ - J"

- s the flow and spool displacement are related directly by the

‘ a5
atio, Qv = KgXv where,

; ‘ ) ' [ Qv = deDsXv\/ Ps - B /o , '(A2)
| o - o

; . ' N
' : and, .Ds = spool diameter =.0.01267 m

é - - . ’ ’
; . ’ Cd = discharge coefficient = 0.61 [27]

| & - o
:; % , p. a\yi] density = ﬁﬁﬂ. Kg/m

. [ . .
. . [ .
3 . -

. P N

: - , ' » ‘ o
.

¥ . .ot b =, .
n hd '
’ on s .

2 AR : .

) . he

The servovalve rated flow @ 10001p§# pressure drop
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‘(P\L =0) is 5 gpm.-or 3.1583x10°“m® /s.. The flo'w‘gailn

coefficient for these condit{ons.is:

«

b,

Kg(rated flow) = CdWDs\/%.GBQSXIO’/éﬁb. m* Ls/m
5') ‘ ’

J ) o .

Kq = 2.174 m®/s/m . : . o \
. - :

2. Maximum spool ‘displacement, Xvmax.

-

»

Xymax = Qmax/Kq = 3.1583x10”" (m°/s)/2.174 m®/s/m =~
¥ _ A | '

o . ‘ ¢ ' . N
Xvmax = 1.11528)(10" m |

. b A 3. Spool Displacement Gain, Kx, is defined as the

slope 6f servovalve spoo¥ pos’itiog/sérvova]ve current plot..

N , o e .
Kx = Xv/I = 1.4528x10"* m/100 mA
« ' Y 3 ’ - & '
4 Kxs 1.4528x10"° m/mA

v " — . S
. ‘4. Pressure gain coefficient,. Kp, fs defifjed as the
L slope of the pressure gain curve. The curve for the valve

. employed in this project is shovi.n_ in Fig. 2.21.

\’/«y

Kp-= 0.8136x10° N/m*/mA (118 psi/mA) = .

@

b »;-suv'* . -
& 2 o8

[ U N

PN v AR S
. -
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5. Pressure/spool displacement coefficient, Kpx.

. e

Kpx = Kp/Kx = 0.8136x10° (N/m2/mA)/1.4528x10°° m/mA

~ ‘ ~

‘.
Kpx = 5.6002x10""  N/m?/m ’
. S - o )

6. Flow/pressure coefficient, Kc.

" Ke = Rg/Kpx = 2-1Z£%Rm°/$/m)/5.602x10"(&/m2/m)

. N ) . ’
Ke = 4.746x107"m* /s/N/m?.

.r

-
)

In summary, the servovalve coefficients are:

| "y
Kv , ° 2rDs "= 0.03988 m
) .o . ‘ .

v “
Kq = 2.174 m* /s/m

:
Xvmax = 1.4528x10** m
1 . - - L4

1.4528x10°° m/mA

Kx ‘ .
g\ | .

Kp . = 0.8136x10® N/m?/mA - -
Kpx = 5.6002x10'" N/m’/m

| o Coe
Ke .= 4.7460x10°7° m*/s/N/m2.
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)

Rated Flow = 3’gpm @ 0.6895x10° N/m? (1000 psi)

5

Rated Current = lbd mA

~ r
¥

A2. Servovalve Transfer Function.

As was stated in Chapter. 2, Section 2.33; two models

lfor the servovalve transfer function were'issumed. In the

following, the way in which the two models were obtained is

:
hi,

explained.

1. First Order Transfer Function..

.
-

A first order tfansfer function for the servovalve °

b
can be described by the following equation:

")
B = Qu/Kyl = 1/1+7vs (R3)

Since the actual freguenc® response for the

servovalve is supplied by the valve manufacturer, the

coefficients of the approximate transﬁfr function can be

‘determined by fitting the above equation to the known

hY
frequency response curve. -

A -

&

If a sinusoidally varying input current is applied to
the ’servova]ve,. the amplitude ratio can be expressed as

G(Jw): In this case the operator (s) 1is replaged by~'the

7
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complex operator (Jjw) which is the frequency of the
sinusoidally varying input current.

]

The numerical value of the amplitude ratio or
frequency response for any frequency is found by taking the
absolute value of the Eomplex function G(jw).

% . S

In order to simplify further calculations, the squiare

sl = [1+ (rve)] " = Flo)” (A4)

of the amplitude ratio shall be written:

%

Tﬁe actuallvalJ:s‘of F(w) are &nown for any frequency
from the frequency response plot and therefore the numerical
value of Tv can be obtained by fitting the aboxf equation
to the Eurve of the actual vdlue of F(w) versus (w). Thus,

the ;oefficient Ty is found és follows :
’ \

4

2

IG(yﬂlﬂ=(1 +wiry )

Al

or s (1 Ref] sleere (A5)

For a - .,3 db value, the frequency of the actual |

servovalve &nansfer functi&ﬁ is equal to 60 Hz or 377 rad/sf

s

‘ Bdt, - 3 db corresponds to an amplitude ratio équal to

M

B e L rPN—— - b et e B g s B - TramaprR
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0.707, thus: o
.

™vi= (1 - 0.501) /(0. 501) (377" = z.ooxlo'%
or™v = 2.64x10°% '
}7 .

L
1

Now, the servovalve transfer function can be

expressed as:

N }

> »

The phase-lag was determined byvusing Eq. (A7)

$= - tg' (wTv) , (A7)

‘u .

A plot of the actual frequency ‘response from
manufacturer s data and frequency response based on Eqgs.

(AG) and (A7) is shown 1n F1g Al(a).
2. Second-Order Transfer Funtion. r

A similar procedure was followed to determine an
}pproximated second-order transfer  function of 'the

servovalve.

- Assume the transfer function has the form:

3

\ . ’ Toes ® ' N
: N § >

8ls).= 1/[1 + (2.68x20)s] (A6)
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\

G(s) = 1/ ks/wﬁ)’+ (26/wn)s + l]

Replacing s by juw:

1 M : . .8 '
'GL(A‘jw) 2 1/[(1<_u/w’n)’+ (2&/wn) + 1]'

|63 |« 1/\f[1 S (wpny] s (28 o)’ = FW) (A8)

14

The actual values of F(w) are known for any frequency

lfrgm the frequpncy'response plot. Assuming numerical values

for ‘fand Wn, the curve given by Eq. (A8) is fitted by

jteration to the curve of the actual value of F(w) vsw.

Thus, The toefficients & and wn are:
£ 2 0.8

Wo= 90 Hz (565 rad/sec) and the second-ordér transfer
functioﬁ is represented by:
G(s) = 1/[(s/555)’+ (2 /565)s + 1]
Fig. Al(b) shows a plot of the actual ° and

apgfox1ﬁated transfer function of the servovalve.
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A3. - Servovalve Assembly. Drawing,/
. |
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\ ’ i ! ALY
. g Fig. A2 shows a complete assembly drawing of the
servovalve and servovalve Linear Variable ' Differential
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BTN Transformer. . o ;
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folloﬁing,the MIMIC 1listing of the digita]
presented.The 1listing also includes the
parameters used as well as the results

atter are presented in the following ‘order:

L

Motor speed transient _ response for a

current step function of 18 mA, and

inertial mass of 0.003 N-m-s

. Pressure fiansient 6f the motor chamber for

current step function of 18 mA and - dnertial
mass of 0.0ﬁ3 N-m-s .

Motor speed transient response for a curfent
step function of 24 mA and inertial mass of
0.00% N-m-s .

Pressure tréngient of fhe motor chambers for
a steb function of 24 mA and inertial mass of
0.003 N-m-s .. |
Motor.speed trangient response for a current
step function of 24 mA and inertial mass of
0.03247 N-m-s . V

Pressure transient of the motor chambers for
a current step function of 24 mA and 1nert1a1

mass Iof 0.03247 N-m-s .

/’

/
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MINIC FROGRAM FOR. AN OFEN LOOF VELOCITY SERVO SYSTEM

CONSTANTS AND FARAMETEFR GIVEN -

IRT
IF

CONC(PIKX:TAUV:XVOKV:CD)
CONCROMWIPSrFOIBETAPV1+F10?
CONCVZ-F20,DMsXUMIN» XUNAX)
CONCCTFCLy OMEGACEM)
FPAR(JL yIRL)

REFERENCE SIGNAL

(IRL%100,)xT
LIM(IRT 0. rIRL)

SERVOVALVE EQUATIONS

A FIRST ORDER-RELATIONSHIF IS ASSUMED BETWEEN SPOOL
FOSITION AND INFUT CURRENTs THE FLOW IS A FUNCTION
OF THE SQUARE ROOT OF THE FRESSURE DROF,

XVFO0S

O M oM X XK X

XVFO0S
XVFOS1

XVF0S1

XVUNEG
XVNEG
XUNEG1
XUNEG1

XV
IF
XVFOS
XVF0S 1

oA
QD
QA
@D
XUNEG
XUNEG1
QE
ac
QE
ec
Q1
Q2

. 04

(KX/TAUVIXINT (IR-IF = XV0)

XU/KX
FSWEXVO+XY s TRUE s TRUE « FALSE )

NOT ( XUPOS) : .

0. N . .

COXKUX (XU+XVO)IXSQAR( (2, /RON) X (F§~F1))
COXKUX (XV+XVO)IXSARC (2, /RDH)I X (FZ-FO) )
FSH(XV0=XVs TRUE: TRUE s FALSE) .
NOT (XUNEGS

0,

0 . ,
COXKVUX (XVO-XV)IXSAR( (2, /KON )Y X (FS-P2))
COXKUX (XVO-XVIXSORC¢ ¢ 2’ /ROM) X (P2-FO0))
QA-QC :
@D-0E R

" ACTUATOR. CONDUITS ?

i

A DYNAMIC MODEL OF THE CONDUITS IS INCLUDEDrTHIS ELIMINATES
THE IMLFPLICIT RELATIONSHIF BETWEEN FLOW AMD PRESSURE THAT

WOULD RESULT IF THE EFFECTIVE ERULK MODULUS WAS NOT INCLUDED,

P17
F1
F2T
P2

 mvner e b e =y
)

INTCCRETAZVLIX(QLI-QM) sFP10)
LIMCF1T»0,FS)
INTCCRETAZV2)X(~-02+QM)P20)
LIMCP2Tr0,9PS)
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x MOTOR SHAFT ANGULAR VELOCITY
x -
30 OMEGA €1,/JL) XINT(TM—BNXOMEGA: DMEGAO)
b 4
x ‘ »
x SPECIFY STEPSIZE
} 4
31 DTMIN 0,005
32 DT MAX 0.005
33 DT 0,05
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$DELETE
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AUXILIARY EQUIPMENT DESCRIPTION AND CALIBRATIONS
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'Gear System. Two gears were used in order to obtain
motor .speed measurements. A gear was attached to fhe main
shaft, while the another was connected to the tachometer
shaft(see details in Figs. 3.1 and 3.2).- Both of them are
manufactured by PIC, a Benrus Division,and the

specifications are:

Gear Model : 657-96

No. Teeth : 96
Diametral Pitch : 4.00 in.

Outside Diamelgg\\\: 4.083"n.
Pressure Angle '\20

Tachometer. A DC tachometer was used as velpcity

13

transducer, with a ratiovof 7 V/IOOO rpm .The tachometer was

<

manufactured by Servo TEK Products CO:(N.J.)

S A calibration curve for the Eachometer was obtained
‘by using a stroboscope. Once the tachometer shaft through
the gears was ;onnected ‘to the main shaft of the system,
fluid was fed to the hydraulic motor .The motor shaft
.velocity was varied by the servovalve. Thus, for different
motor gnaft velocities, the curve 4'shown in Fig. cl

resulted. From the curve ,a tachometer sensitivity of 6.7 -
-
\

V/1000 rpm was obtained.
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Pressure Transducer; A - differént1§1 pressure
transducer was used ‘to obtain press;ré measuremeﬁés across
the motor ports. The transducer, Model DP15T, _was
manufactured by Validyne Engineering Corpﬁration. The DP15T
pressure transducer is designed for Tow -and medium pressﬁre
mgasurements of laboratory accuracy. -In typical AC excited
bridge Eircdits, the system delivers a full scale output of
35 mV per volt af 300b Hz.

) The pressure sensing element, Fig. _C2, is a.flat
Q“diaphragm of magnetic stﬁin]ess. campled between case halves
of the same material, in a symmetrical assembly. Pick off
coils, embedded in the case halves, sense the diaphragm
deflectjon.The embedded coils are covered with a
non-magnetic stainless- layer, so that the presure cavitf
\\presents a completely stainless exposure to t?e Qorkﬁng

‘fluid. Vent valves facilitate complete liquid fil®ing for

dynamic measurements.
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The transducer specifications are: x/.
Range _ . 3000 psid ‘
Lipe;rity : 1/2 % F.S,rbegf straight
) line =
. Hysteresis o 172 % bressure\excursion ’
\ Output Ch 35 mV/Y full scale nominal
Inductance , ¢ 20 mh nominal,each coil.
Zero ‘Balance . . within 5 mV/V
Excitation : rated: 5 Vrnms,

3 KHz to 5 KHz

Presgure’Transducer Indicator. It is used to provide
an accurate visual indication of the measured variable as
well as providing an analog output. ‘Excitation of 5 KHz
sine waves is applied to the two inductance ratio arms of
the transducer 'and the resulting output is amplified and
¢emo§h]ated usingiintegrated circuit techniques. .The DC
output is obtained from an active filter circuit and\éiQes -
uniform response from steady-state to 1000 Hz. The Pressure
transducer indicator used fs also manufactured by Valydine

Engineering Corporation, model (212. Fig. C3 shows a

picture of the indicator, and its specifications are:

P
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Power Requiréments : 95-125 VAC 50 to 400 Re

‘ at 5 watts.

Output S+ 10 vOC

Output Impedange 't 16 ohﬁs nominal '

F;equency RgsponSe : Se]ectab1e,0-10,0-50,0-200:\
0-1000 Hz flat 10.%

Ripple : less than 10 mV‘peak to peak.

Sensitivity : 15 mV/V transducer output

minimum for full scale

Fig. ;3.'Pressu}e Transducer Indicator.

h
.

A calibration curve for the pressure
transdqcer-tranducer indicator combination was- obtained

using a dead-weight tester. The calibration curve was

obtained as follows: the pressure line from the dead-weight

feste; was connected to the positive port of the piressure
transducer, leaving the negative port  open to the

atmosphere. Then, various pressure levels/were applied to

-
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the transducer, and the output vo]tages from the transducer

indicator were recorded. Negative read%ngséwere obtained by

t

"a similar procedure, but with the dead- weight tester

pressure line connected to the negative port of the presure
transducer. The calibration curve s shown in Fig. C4.
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Force Transducer. A strain gage load cell was used

_in, this -experiment as a force Meésuring device. A strain

gage based transducer is a unit converting %eight or force

into an electrical output by virtue of the internal strain%

gage installation. The electrical output is then connected to

bridge amplification 1nstruments for ind1cat1on. o
N

Fig. C5 shows a picture of the toad cell and its

electrical diagram. This type of load cell is capable, of

both‘éfeqdy—state and dynamic load measurements.

\ 7

Fig. C5. Force ﬁll and its. Electrical
Diagras.
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The force transducer used in this work is
manufactured by Kulite Semiconductor Inc.model TC-2000 and

the specifications are:

’ -
4

Range ' : 100 1bs
Diaphragm Thickness .. |, : 0.029 in
“Nominal Deflection "1 2 0.0007 in
Natural Frequency : 5.4 KHz _
; Oveload T 1150 % J} Rated Capactty‘
‘ Operational Mode ° \ ¢ Tension and Compression

_Rated Electrical Exc. \ : 10 VDC/AC (rms)
Maximum Electrical Exc. s 15 VDC/AC (rms)

Input Resiiiance \: 3000 ohms
Full Scale Output f 75 mV (nom)
Output Resistance é 1000 ohms
Non-Linearity J 0.5 % FSO
Hysteresis ¢ 0.1 % FSO
Repeatability oo 0.1 % FSO
Resalution o : Infinite

v -

'Fig. C6 shows the Johd cell calibrat1on_cur§e which
was  obtained as follows: severa ’stee1 discs weighed
previouly were used to’ load the force cell. A DC pbwer
supply was uéed‘ to supply 10 volts tq the’ four-arm

whextstone semiconductor bridge, integrally compensated for
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thermal changes. Then, the load cell was 1loaded 1in- a
compression. mode Ey the discs and the electrdcqi output was
recorded. . Fina¥y, the force cell was loaded in a tension

mode recording the electrical output.Tﬁys,the calibration

. I
curve shown in Fig. C6 resulted
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