i n:g';""%"" .

[ 2

Design and Development of a- Novel Elgctrohydraulic
S%rvovalve Configdyration

<

.

Amit M. Limaye- - {

A Thesis
in j
The Department
- of

Mechanical Engineering

Presented in Partial Fulfillment of the Requirements
for the Degree of Master of Engineering at
, Concordia University
" Montréal, Québec, Canada

" February 1985

©® Amit M. Limaye, 1985



‘m

l,./ | )

ABSTRACT

Design ant' Developmént of a Novel Electrohydraulic
+ Servovalve Configuration

Amit M. Limaye ¢

In this thesis, a novel electrohydraulic servovalve
configuration is presented. In this configuration, the drain
line is connectéd to the tank4thrdugh a direction cont;ol
vq]ve; a metering valve and a relief valvé, which allows
external control over the drain arifice and the back

pressure.

The servosystems with the conventional servovalve and
the new servovalve configuration are modelled and simulated

for step inputs for various values of parameters. The

" simulation results showed that the servosystem with this new

configuration exhibits a higher steady state velocity, a
lower percent overshoot and a lower sett11pg time than the
servosystem with the conventional servovalve, if the orifice

opening and the back pressure are properly tuned.

A test bench basically consisting of a hydraulic

power supply, a linear actuator, a loading table and a
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veloc{ty feedback t}ansducer is developed and fully
1ﬁstrumehted to test bo}h the sérvovalve configurations. 1pe
servosystems with these two coﬁfigurations are tested ““er
sﬁme conditions, as 1ﬁ,simulat1on: The experimental results
cdnfirg;d that the new servovalve configuration offeks

better steady state and transient performance if the back

" pressure and the orifice opening are properly adjusted.
’ V4

The mathematical models of the servosystems are used to
evaluate thé ;erfbrmance of both the servovalve
dbnfigufations for four sets of system parameters. 4zom
these results, it is seen that for all the four sets, the
new servovalve configurgti&n offers a higher steady state
velocity, lower percent overshoot and q)1ower settling time,
if the ratio of the orifice opening to the ste;;y,state
servovalve open1n§ range§ from 1.5 to 3 and the ratio‘of the
back pressure to the supply pressure is less than 0.2. This
zone is termed as an 'operating zone'. A dgsign procedure is
provided fo compute the vallies of the parameters for the new

servovalve to operate in this 'operating zone'.

F e

itia

¢

1/



"~

ACKNOWLEDGEMENTS

The ‘author would 1ike to express his gr%titude and
deep appreciation to his supervisors Dr. R.M.H. Cheng and
Or. S.LeQuoc for initiating this project, their guidance and

L3

encouragement in all phases of this research work.

The author also highly appreciates the technical
assigtance and numerous suggestions given by Mr. Wesley
Fitch throughout this research work. Sp€c1a1 thanks to Mr.
K. Leung who was of invaluable assistance in the final

phase of this thesis work.

The technical support of Mr. E.Heasman, Mr. J.E1liot
and other technical staff 1is also highly appreciated.

Special thanks to Mr., J.Seeger who helped in developing
the hydraulic test rig.

The technical advice and help of Mr., N.Krouglicof and

~“, Mr. P.Favreau is high]y appreciated. The cooperation given

by the colleagues in the Center for Industrial Controls is

also appreciated\

Thanks also go to Mrs. C.Nadeau and Mrs. L. Palazzo

{

for their help in typing.

L

The facilittes pro;1ded by the Center for Industrial

Controls of Concordia University to carry out this work are

iv



wn i g o o e o

.qs‘."

also acknbwledged.

The funding for this project was provided by Natural

Sc1;nces and Engineering Research Council of Canada under

operating grants A 8662 and A

) :

>~

iy~ &

2 n N LW s Y o 1 e o

'3




4 ~

. ‘ o PAGE

ABST‘RAC‘T oooa-‘io.--no---o-.oo-o-oo-o.oo-aoocoooo:icoo-.111

ACKNOWLEDGEMENTS . \uveunenensenneeionnenennsnnecnsancdV
LIST OF FIGURES «ovevenneesnnenneeannesannnes eeeeeaaX

LIST OF TABLES..eruvuennenenenneseneneenestonneennsnnesXV
NOMENCLATURE.............an...........................xv1

CHAPTER 1
1.1
1.2

1.3
1.4
1.5

INTRODUCTION ~

Genefal.............;.........;......;....1
]

Historical Development of ,
Electrohydraulic Servovalves.......... cees?2
Types of Servovalves.......‘ ..... R

Applications of Servovalves..veeereeeens. 13
Literature Survey........:(...........;...15
1.5.1 On the Characteristics of
 SerVOVATVES..ueererraennnencnanesssl5
1.5.2 On the Characteristics of
Servosystems..................,....16
1.5.3 Present Techniques of
.Simulation of Servosystems.........18
1.5.4 Use of Microprocessors in ®
Servosystems...................;..;19
1.5.5 On the Velocity Control

Requirement of Machﬁne Tools.......20

1.5.6 On Relfef Valves.....cocvervsnsscassl0

1.6 Objective of the Research.........ce0.....21

vi




. )
-»
P

CHAPTER 2
2.1
2.2

2.3
2.4

2.5
2.6

CHAPTER 3
3.1
3.2
3.3
3.4

3.5
CHAPTER 4

4.1
4.2
4.3
4.4
4.5

R N R PAGE

ELECTROHYDRA(LIC sznvosvsi!hs .
lntroduction..........;.............ﬁ.....25
Operati'a‘f a Typical Hydraulié '
Servomechanism...........v... e Ceveens 26
Structural,Classification of |
Servomechanisms.......... Ceresessrssaesess2B

Development of A New Hydraulic

Servoc‘rcu‘t...l..l..'l.'.ll.l...."! ..... 36

A New Modular Servovalve....eeeeesccosesssd0
[l

Summary......cco0000 tessecessrsaaseanans “..42

&»
STEADY STATE ANALYSIS OF SERVOCIRCUITS

Introduction. . oeeeeeeeeescoses Cerenean L..44
whv ,
Non-dimensional Parameters....cceceeceeesss 45

Steady State Ana]ysis.l...'..‘.‘l000'0.0.'49
Comparison of Steady State Velocity
Characteristics and Conclusions........... 53

Summaryouo.oto.lotnloclol.o'o'.'loo.!t.ovtso

TRANSIENT ANALYSIS OF TWO

SERVOVALVE CONFIGURATIONS
Introduction....ciceiveiennrinrecnnesoanssbl
General......... veeens Ceteseananns PR YA
Development of Mathematical Model.........63

Simulation Results and.Comparison.....g...71

§gemary... ....... Ceerarees Ceereeateenaeaas 87

vii

.o

-



» ' ’ PAGE

CH PTER'S  EXPERIMENTAL INVESTIGATION DF.ThO
/!\' ~+  SERVOVALVE CONFIGURATIONS

. 5.1 Introduction..... RIS -

/ 5.2 Dgsign and Description of Test Stand......90
5.3 Operation of ;he Test Stand.........c0nven 94

5.4 Selection of Componen;s ................... 98

5.5 Experimental Results and’ Comparison...... .101

,5.6 Summary.....cciceiannenne I T S ...114

-CHAPTER6 COMPARISON OF SIMULATION AND
EXPERIMENTAL RESULTS )

6.1 Introduct1on.................: ............ 116
602 compa*‘son llllllll * 98 0600 0y .‘0....0.0.0..00116

6.3 conc]us‘onSle"o'0'..0.0.'.00...!.0..'000123

CHAPTER 7 DESIGN PROCEDURE

7.1 Introduction........ﬁ .......... Ceciesenees 125

7.2 Deterqination of Operating Zone........... 126

7.3 Determination of Orifice Size and Back
Pressure...t..... ....... tessepassesensanas 127

7.4 Sumnar’...ll‘.l..l......'.l......I'O....Il.1‘39

CHAPTER 8 ° CONCLUSIONS AND EXTENSIONS.......c.c0eunns 140

U TN O S

-

viii



REFERENCES.
APPENDIX A
ALl
A.2
A.3
A.4

A.s
A.6
A.7

APPENDIX B
B.1
8.2
8.3

APPENDIX C
Lis
APPENDIX D

)

A * PAGE

’ . AL

!

CC'....Ol...'..'..'.C'..Dl.OQO-II50...'...0.143

Calibration of Serqua]ve ................. 149

.Calibration of Needle valve...cevveneessoslbl

Calibration of Ve\ocitj Transducer........154
Determination of Coulomb and Viscous

Friction.’l...I.l..l..........'.0"..!.0..'156

Determination of Leakage Coefficient...... 158
Calibration of Relief Valve......... N 160
Calibration of Pressure Transducers.......163

-

Servovalve Controller.ccceeesecesecesnsssslb?
on‘Off COﬂtTO]]er................'......"...170
Design of a Circuit For Two Step

I“putlooll-.l0.'00'.0.-.....!00...o....lo.172

ting of the Computer Program.........c.....175
»

Specifications of Components.........cc0000...181

L



TABLE
(2.1)

(2.2)

(2.3)
(4.1)

(4.2)

(5.1)

(5.2)

(5.3)

(7.1)
(7.2)

L

LIST OF TABLES- L

PAGE
Formation ‘of Differént Classes of | |

Hydraulic SeryOmechanismS, s oersveronesnss3dl

Description of Individual Class..........33

Déscription of Individual Group.....u.... 34
Input and Test Cond"tions fo;“ , - -
Conventional and New‘Servova]ve; T
2 Step Input...... 'f...ﬁ ............. ..o 873

Input and Test'Conditions for.

Conventional and New, Servovalve:

Cyclic Inputx..ll......;.................82'

Special Features of Components Used

Tn Test Set UPuareennnveeesennsesyiveeessd0

/

-

Input and Test Conditions for\
Conventional and New Servovalve:

2 Step Input, (Same as 4.1)...... eeea L.102
Input and Test Conditijons fof
Con;enttona1 arid New Servovalve: '’
Cyclic Inputz (Same "as 4'2)"i ........... 109 !
System Payameters_for 4 Sets..:,..:....u.izs

Test Conditions for New Servovalve.......127

LN all



FIGURE

1.1
1.2

1.4

2.1

2.2

2.5

2.6

l. 3'

A3

LIST OF FIGURES E n

‘ ?‘.o . ‘ ‘ X pAGE

‘¥low-Pressure Characteristics of Flow
Control Servova1ves.;....................?
Flow-Pressure Characteristics of
Pressure Control Servevalves:..... evaae .7
Flow-Pressure'Chqracteristics of
Presﬁure-F]ow Control Servova]ves..;.;...é
Applications of Electrohydraulic

ServovalvesS....... Cereea eee e I ¥

_a) Industrial

t

b) Aerospace
Schematic of an Automobiie Power
Steering System......f ............ .....;.27
Structural Form of Automobile Power
Steerﬁng System.cievereeeneereocesnneenssll
Methods of System Synthesis.............. 30
Siructura] C]as;ificat?on of Hydraulic
§érvomgchanisms......(...................35
Schematic, Diagram of Servo Circuits......37
a) Convektiona] Circuit
b)«Circuit with Relief Vé]vé in Drain

pine
A Ciécuit with Needle Valve and . Relief.
Valve in Drain Line...c....... B 1.

A New SerVO c‘i(r‘cu‘it.o.oo.l“:l‘oc.00..'00'.'39

xi

AT v e e P g



T

]

2.8 A New Modular Servovalve..... [PPSR RN 3|
3.1 Schematic of Servo;;zﬁaﬁ%s& with

Conventional Servofalve..ceeeeeeeeceeess b

3.2 Schematic of Ser#omechanism with New ’—_S;
Servovalve.|./. . .48
'3.3 Steady Stat
3.4 Locus of
4.1 Effect of, Gain on Conventional
Servoyalbe :2 Step Input (Shmulation)....74
4.2 Effect of Mass on Conventidna] \
‘Servovalve :2 Step Input (Simulation)....75°
4.3 | 'tffect of Metering Orifice on New
n Servovalve :2 Step Input (Simulation)....77
4.4 Effect of Back Pressure on New
Servovalve ;2 Step input (Simulation)....78
.4.5_ Comparisdn pf Conventional and New
Servovalve :2 Stgpkfpput (Simulation)....79
4,6 Transient Response of New Servovalve for
Different Orifice Sizés :Cyclic Input
(SIMUTAtion).eeeesnrnen.. R X

¥ .
4,7 Transient Response of New Servovalye for

’ Different Back Pressur :Cyclic Input
(S1mu]at1°n)“.t... llllllll ‘l.O‘llOOll...!’.84

4.8 Comparjson’jj/pdﬁQenfional and New :
Servovalig/:Cyclic Input (Simulation)....85




5.1

5.2

5.4
5.5
5.6
5.7
5.8

5.9

5.10

5,11

6'1

™.

¢ 5.3

¢
Pictorial View of the Experimental Test

Set Up ..... ettt e eneeeneeana0]
Flow Path for Conventional Servovalve
Configﬁratiop.. ....... - 1)
Fiow Path for New Servovalve
Configuration....l...............;.......9§
Effect of Gain on Convehtiona]

Servovalve :2 Step Input (Experimenta])..lqa
Effect of Mass on Conventional

Servovalve :2 Step Input (Experimental)..l104
Effect of Metering Orifice on New

Servovalve :2 Step Input (Experimental)..106

. Effect of Back Pressure on New

Servovalve :2 Step Input (Experimental)..107.

Comparison of Conventional and ﬁew
Servovalves :2 Step Input (Experimental).108
Transient Response of New Servovalve

for Different Orifice Sizes :Cyclic

lqput (Experimental)..ceiieevecenreecenseesllO
Transient Response of New Servovalve

for Different Back Pressures :Cyclic

Input (gxperiméntal).....................111

Comparison of Conventional and New

Serqualve :Cyclic Input (Experimental)..112

Comparisonof Simulationand
Experimental Response :2 Step Input

(Conventional Servovalve)....e.ieesasasssll8

xiii

[k



PAGE .

6.2 ComparisopofSimu]ationdnd -
Expérimental Response :Cyclic Input
(Conventional Servovalve)..ieeeerennnns ..119

6.3 Comparisondeimulatronand
Experimental Response :2 Step Input
(New Servovalve)..oveieeeernenannnss cee..120

6.4 Comparison of Simulation and
Experimental Response, Orifice Size :

Cyclic Input (New Servovalve)............121

6. ComparisonofSimu]ationaﬁd
Experimental Response, Back Pressure :
Cyclic Input (New Servovalve)......i.ee...122

7.1 Iﬁfluence on the Settling Time: }
(Sets 1 and 2)e.cceen..... ceveeriiiinesaa130

7.2 Influence on the Settling Time:

(Sets 3 and 4)........... ceeses ceerisaeesldl

7.3. Influence on the X Overshoot: \

(Sefé‘ 1 and  2)eveeeeeerenereennieneeeeaa132

7.4 Influence on the ; Overshoot: |
QSegs 3 and 4)..iiiiiiiiiiiiinnenns cieeee 133

7.5 ° Influence on the Steady State Velocity:
(Sets 1 and 2)...“....“.“.;.“.“.n..134

7.6 Influence on the Steady State Velocity:

] (Sets 3 and 4).ccceviinriiiinenrnnnnnass 136

A.l Flow Characteristics of 73-207

Servovalve..ieeeeene. AR 11

Xiv




SN WS

S P T TR R
N

[N

o i A L ras v
e e . v

A.2

A.3
A.4

A.S

A.6
A7

A.8
‘A.9

A.10

8.1
B.2
B.3
B.4
0.1

_ PAGE
Flow Characteristics of 1RF4 Needle k
Valve..coieiiiiiieeeiinenqgecsssassassess 151
Calibration Curve for Needle Valve....r:}153
Cﬁlibration Curve for Velocity

TranSducer.--.--o-...--.;-o.o'-c.--o.o.-.lss

' Friction Characteristics of Linear

]

ACtuator..veiiiisecsvereanosessenncannesalh?
Leakaée Coefficeint of Linear Acéuator...159
Set Up‘'for Calibration of Relief Valve...160
Calibration Curve for Relief Valve.......l1l62
Calibration Curve for Pressure

Transducer (Transducer | 30 I 1 1 |
Calibration Curve for Pressure )
Transdhcer (Transducer #2)..cveeveneeeeea165
Schematic of the SefﬁocontnoI]er....g....168
Servovalve Characteristics...............169
Sghematic of On-off Contréller...........171
Schematic of Circu1£-for Two Step Input..173

Frequency and Time Response of 73-207

: Servova‘ve...l...‘.Il'.....l.ll.'.:.'0..'.181

=N

xv




A

A1,2

NOMENCLATURE

wa~ piston are, double ended piston

2

piston areas, single ended piston.in2

orifice opening -
servova]ve‘opening

normalized area ratio

viscqus damping coefficient
flow discahrge coefficient
leakage. coefficient

total leakage coefficient
coul&mb friction

coulomb friction when stationary
coulomb friction when in mot;on
viscous friction

frictional force ¥

actuator force

maximum actuator force
servovalve current)

spring stiffness

servqvalve amplifier gain
feedback gain

servovalve area constant
servovalve torque motor constant
pressures in aétuator chambers

supply pressure

xvi

-, MA

)
,1bf/in/sec

,in5/1bf seé
,in5/1bf sec
, 1bf

, 1bf

,1bf

,1bf sec/in

,1bf

,1bf

,1bf/in
,mA/V

,V sec/in
,1n2/4n
ym/mA
Wpsi

Wpsi
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Py = relief valve setting pressyre ypsi

01,2 = flow rate in/out of the actuator ,ind/sec

Qs = maximum supply flow ,ind/sec
Q1 = leakage flow : . ,ind/sec
s = Laplace operator ' -

t = time . »Sec

Ed = delay of direction gontro] valve ,séc
T = Normalised: settling time . )=
Te = Settling time using the

conventional servovalve s S€C
Tn = Settling time usiné the new -

servovalve ,seé
vi,2 * ~volume of oil under compression ,in
V* « Normalised steady state velocity ,-
Ve = Steady state velocity using the

conventional servovalve ,in/sec

Vy = Steady state velocity using the

new servovalve ,in/sec
Vi = input command v
Vi1,2= input commands oV
V¢ = feedback voltage WV
V1,2 = supply voltages N
Vref = reference input command oV
v = Jload velocity ¢ ‘ ,in/sec
Vmax = maximum load velocity - ,in/sec
Vo = reference velocity »in/sec
X = Jload disp1acem§ﬁt ,in ‘

_xvii
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B = bulk modulus of fluid
, ¥
8" = normalized percentage overshoot

0p ' = percentage overshoot using the

new servovalve

1

5@ = percenﬁaqe overshoot using the
\ / conventional servovalve
\ E = system damping '
s T, = servovalve time constant
b w" = frequency of input command

\" @, = system natural frequency

DIMENSIONLESS QUANTITIES
2o = restrictor opening

s Ly = Servovalve opening

\
2y = Servovalve opening (1=1,4)

&

Pr = pressure relief valve setting

P1,2.® Ppressure in actuator chambers

4

41,2 = flow rate in/out of.actuator

A s actuator force

¢ = actuator velocity

A

N
1

,Sec
,rad/sec

yrad/sec
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Onrnonuc'nou - .
1.1  GENERAL \. 2

Fluid power control is the transmission and control

-

of energy by means of a pressurised fluid. The growth of
fluid power control has accelerated where precise control of

motion is desired and weight and space are limited. The high

power to weight ratio makes hydraulic servomechanisms the

most ideal means of control. The demand to achieve more
accurate and faster controls at higher power levels is
achieved by using hydraulic servomechanisms along with the
electrical signal processing which led to electrohydraulic
servomechanisms. These electrohydraulic servomechanisms
employing valve controlled ram have found a widespread use
in sys§:§%§of automation, aircratt and missile controls,

earth moving equipment control, simulation and training

systems etc. The key element in the system 1is the

-electrohydraulic servovalve. With a power gain of 104 to

10?, the servovalve serves as a very effective forward loop

amplifier as well as an electrical to hydréﬁ11c transducer.

r
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1.2 HISTORICAL DEVELOPMENT OF SERYOVALVE [1]

~

Y

The earliest.contribution to hydraulics dates back to
early Greek and Roqan civilizations. During the 18th century
industrial revolution many 1nvent16ns were made which are
the essential components of the prgseﬁt electrohydraulic
servovlave. During the 19th century and the beg1ning of
the 20th century, the technology of servomechanisms was
limited to meéhanical and hydromechaniéal devices.
During the period prior and later to ;orId war 1I, several
significant developments were made 1in .controls and in

sjgnal transmission. These led to the development of a

valve using jet pipe principle.

By the year 1945, a servo{alve was essentfally a
sliding spool moving inside a sleeve to meter the flow. The
spool was driven by a direct acting motor usually a OC
solenoid. Proportional control was achieved by causing the
solenoid to act against a spring and varying thg motor
current to cause a change in position, forming a single
stage!valve. Single staée valves have 1imitationszsuch as
limited power apd flow capabifity. They also pose stability
problems in sdme’app11¢atiph§.%Two stage valves have a‘first
stage which worfs Ss a’hydrﬁy]ic preampljf1er ahd‘ﬁhe second
as metering device. Bécgusé the function of power

amplification and flow control is done in two different

’? ;ﬁtages, they‘eliminéte“botﬁ the limitations of single stage

i ' . ‘ <
N N 0 N
i A 1
I o v K
, . «
. \
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valves. By 1946, Tinsley of England patented the first two
stage valve, which used a direct acfﬁng solenoid to drive
the spool in first stage and differential pressure to drive
the second stage. This was improved by Raytheon of Bell
aircraft who developed two stage valves that implemented
direct mechanical feedback from second to first stage. About
the samg time, two important developments were done at
Massachusetts Institute 3; Technology. The first was a use
of a torgque motor instead of solenoid, which resulted in
significant power saving and improvement in linearity. The
second was an introduction of electrical feedback between

two stages, which improved the valve static characteristics

by reducing friction in the first stage.

In 1950, W.C.Moog developed the first two stage
servevalve using frictionless pilot stage. He wused a
fiapper—nozzle variable orifice in conjunction with a fixed
orifice to drive the second stage. The flapper-nozzle
valve was driven by a torque motor and spool position was
achieved by a spring acting directly on the spool. Such
arrangement gave an appreciable reduction in valve
threshold and S high dynamic response because of the lower
mass at the first stage. The use of mechanical force
feedback in a two stage valve was pioneered by Carson in
1953. By combining the frictionless first stage with
mechanical feedbackhfrom the second stage, he was able to
improve threshold aﬁd dynamic response. By
introducing a double symmetrical orifice bridge, Moog

was able to“redbce the null offset caused by enviromental

/

* b .
= e T e e e



changes. These were the major developments achieved till
late 1950's which 1led to the present form of

electrohydraulic servovalve configuration.

Throudhout this period, a number of other devices
were developed. Some of these include: servovalves with
dynamically shaped pressure feedback, three stage
servovalves etc. Presently the effbrts are df;ected to meet
the demands of industry. The demand to automate a high power
process control, such as die casting, has;ecessitated
replacement of present servovalve by a servovalve with
higher flow and pressure capacities. Also the need for
better reéponse in radar drfves and laser pointers have also
posed greater challange in developing servovalve with

superior frequency response.

1.3 TYPES OF SERVOVALVES

)

There are different types [2] of servovalvg
AT

08
i

available in practice. The types, their princi
operation and typical characteristics are explained befgz.
The nomenclature used to déscribe the transfer functions of
these typesof valves is valid only for this section.

1) Flow control servovalve:

This is a very basic servovalve in which the control

e
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flow at constant load is proportional to the input current.

Flow from these servovalves is influenced by éhanging 1oad

N

For the null stability considerations, the region

pressure as indicated in Fig. 1.1 [2].

shown in the plot is very critical. The change in flow gain

"at null can cause poor positioning accuracy and system

instability at low amplitude 1nput‘signals. This situation
can be improved by providing a .nominal underlap between the

spool and fhe sleeve, The dynamic response of flow control

H
Rnd v:.

1]

14
7@l
!

e hiw.
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e

Fig. 1.1. Flow-Pressure Characteristics
of Flow Control Servovalves [2]
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servovalves is generatlly ef%ressed by a second

.
'w

transfer function as given below.

Q .

— w K ‘

! ( 2¢ )' ( s )? '

' 1 + —]5 + | ——] ]
) Wy Wp

where,

K:=sservovalve sta?ic Tloﬁ gain at zero load
pressure drop, ind/sec/mA ‘
‘ ‘E=dampingratio, non dimensional
w, = natural frequency, rad/sec
Q = oufput load flow, in3/sec =
I = input current, mA a

s

2)Préssure ‘control servovalves

-

drder

(1.1)

1

These servovalves provide a differential pressure

<

output in response to the electric input current The static

flow- -pressure curves for a typical pressure contr01

servovalve are shown in Fig. 1.2 [2]. It ¢an be seen from

this Figure that the reduction in .controlled pressure with

the load flow is small.The second order transfer function of

pressure control servovalves is given by,

°
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where,

K1 = pressure control servovalve static gain,
ind/sec/mA

P = servovalve differential output, psi
.3) Pressure-flow control servovalves:

These servovalves combine the functigns of the
pressure and flow cdntrb] giving.effective damp1ﬁg in highly
resonant loaded servo systems. The flow from fhese valves is
determined by the electrical input si@na1‘and“the‘Joad
pressure. This types of valves exhibit a linear relationship

between flow, current and pressure as shown Fig. 1.3 [2].

"The applications of this type of valves are limited to the

cases which require this particular flow-pressure
characteristics. i ' ot

The dynamic performance of these valves can be

expressed as

| oy 2
Q =(K11-KzP) | L “(1.3)

where,

K1 = servovalve sensitivity to input current, -
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in3/sec/mA
Keg=servovalive sensitivity to load pressure,

.

ind/sec/psi
‘wp = natural frequency, rad/sec

4) Dynamic pressure feedback servovalves:

This type of servovalvés functipn as the pressure
control servovalves under dynamic conditions and as the flow
control servovalves under steady state conditions.
Therefore, in dynamic conditions, they provide a high
damping for resonant loads and in steady state they provide
a high resolution and stiffness. These servovalves are used
in applications where increase in damping of the valve
actuator combination is desired.

The dynamic performance of this type of servovalves

is represented by

2
TS : 1 ,
N 1+ Ts s
1+ —
wn

where,

T= time constant of thebuilt-in dynamic

-

‘pressure feedback filter,sec
, W= equivalent natural frequency , rad/sec
. TS

It.can be seen that, the term -—————-‘ph
: , 1+ 7s




associated with the pressure term gives the dynamic pressure
feedback. A longer time constant 7 , gives more effective

pressure feedback and hence more system damping.
5) Static load error washout servovalves:

This type basically is an extension of the pressure
feedback type technique. In pressure-flow servovalves, the
pressure feedback is proportional to the load pressure qnd
therefore it acts for static as well ds dynamic load forces.
This causes variation of actuator position proportional to
the load force in sfeady ;tate. In static load error washout
sFrv0vaJves. an additional positive pressure.feedback with a
low pdss filter is used to correct for postion error in
static conditions.

The transfer function for this type is given by

2
K3 1 .
Q= |KiI-[K2 - P (1.5)
' ~ 1+ 715 s
l +
wn

where,

Ki = flow sensitivity to current in3/sec/mA
Ko = proportional pressure feedback sensitivity,

ind/sec/psi | ‘ q

K3 = positive pressure\feedbﬁck sensitivity,

-

TSP,
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in3d/sec/psi S
T= time constant of the low pass built-in dynamic
pressure feedback filter, sec ‘
| :, Wy = equivaient natural frequéncy of the servovalve,

rad/sec.

5

.

L As can be seen from the above relation, the term Kyp
broVides the negative preséure feedback and thus the damping
- K3 u
and the term w—memmeee | P gives the positive pressure

3 1+ 75 ‘
feedback acting as a low pass filter. Normally Ky is set to
give desired load damping and K3 is set in order to correct

- for load position errors.

£l

6) Acceleration suitch1ng5servovalves:.

L

, ~
In this type of servovalves, the proportional input
current is replaced by.an altérnating switching action.
This technique is also known ag pulse width modﬁlation. The
net flow is produced by coﬁtﬂ‘l of relative on and off tiﬁe
durations. The transfer function .for this type of

©

servovaives is given by

Q K - o ) |
’ ! (-—). (——.—) B ) ' ’(1-5)
It s | .

-

oA where,

K = acceleration switching servovalve gain,

Viae
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in3/sec/time imbalance

It = time imbalance of the current input,
dimensionless. o

The net flow Q through the ;ervovalve depends on the
time unbalance of the current.'The advantages of this type
of servovalves are relaxed tolerance, higher reliability in
adverse enviroments and low cost. However, their use in
practice is limited because of .the fact thatggﬁey are
succeptible to exhibit 1imit cycle oscillations Eﬂ which

may not be accepted in most of the cases.

1.4 APPLICATIONS OF ELECTROHYDRAULIC SERVOVALVES

Electrohydraulicvservovalves'are'used“in a wide range
of applications. 'In aerdspace, they are used in radar
drives, control for missile launchers, flight controls
because of their high power to weight ratio and accuracy. In
industrial applications, they are extensively used in NC and
CNC machines because of the rigidity and accuracy of these
drives. Fig. 1.4a,b [1] gives the spectrum of -the

industrial and aerospace applications.

Many authors have used electrohydraulic servosystems
for their research appfications. Kearney et al [4}~used
electrohydraulic servosystem to test the reflex oﬁ human
vertibulospinal system which 1s.thought to influence the

postural control. In a recent design of 4 wheel drive
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4

. tractors, Lourigan [5 has proposed electrohydraulic
servosystem- for smootp and -accurate réspanse. Stikeleather
and Suggs [6] have proposed th; use of ele;tropydrauldcs
for their active §uspen§ion system. In order to study‘%he
prosthetic arm, Broome 2! us?dba hydraulic servo to achie;e
quick response of flexibly coupled lbads. Ly et al [8]
successfully deQe]oped an electrohydraulic servosys;ém'to
evaluate the dyhamic behaviour of piles under cyclic ioads.
For a high speed traini“theuproblem of current collection
from an ‘oyerhead contact wire ‘through pantograph was

effectively solved by Vinayagalingam [9] using hydraulic

servo.

-

1.5 LITERATURE SURVEY

-

1.5.1 On the characterdstics of the valves

L Various researchers have studied the basic flow
control servovalve characteristics from different aspects.
Vilenius a&d Vivaldo [10] studied the effect of
nonlinearities on the dynamic characteristics of
electrohydrauiic servovalves. They included the
nonlinearitigs in flow rate and flow force characterictics
and simulated the mathematical model. By carryidg out
experiments, they proved the validity of the model. Marting
and Burroughs [11] modelled the servovalve in two different

ways and simulated an electrohydraulic position control

system to compare the simulation with the experimental

4
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o . provides a good correlation 'with the experimental system
upto® 3% Hz, Montgomery anF{Lichtarowic2'[1ﬂ used
) . nondimensionlised model to examine the effect Of”spool valve
lap on operat1on of hydraulic servosystems The analytical

and experimentaf results showed that underlap improves valve

stability and the most stable system is obtained with .

.exhaust underiap and supply zero lap; or exhaust zero, lap

and supply underlap; whereas zero lap 1; the worst in

relation to stability. Kaneko [13] studied pressure‘control
servovalves and successfully established’a method of
* designing these valves. Cheng, LeQuoc and Limaye [14], [15]
presented an entirely new concept of electrohydraulic
*servovalve. The?new electrohydraulic servovalve combines a
metering valve, a relief valve and a direction control valve
in addition to the conventional servovalve. The novelty lies
in the fact that the metering orifice and the back pressure

could be tuned to give a higher steady state velocity and

higher damping than the conventional servovalve.

1.5.2 On the characteristics of servosystems
®

Considerable amount of* work has been done to

or single rod actuators which are widely used in open loop
systems have the advantage of being more compact and less

expensive. Watton [16] studied the effect of this asymmetric

resu1ts: They proved that the second Order “valve model

determine the performance of the servosystems . Asymmetric .
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- condition on the systgﬁ response. He concluded that under
c;rtain conditions the transient response in either
direction is same. In some cases, however; ne observed
severe oscillations in velocity response.‘Leburn and
Scavarﬁa (17 considered the nonlinearities such as
hysteresis at theutorque motor and coulonb fffction in the
actuator in their design of e]ectrohydrauljc exciter.(They
showed that the model considering these nonlinearities
favourably dagrees with the experimental resu}fs. Shearer

[18] and Parnaby {19] studied the effect of coulomb friction

in hydraulfc servosystems. Shearer modelled valve

controlled ram including coulomb friction and showed a close"

correlation between experimental and anafytfcal results. He
found that alternate ramp input reveals the best picture of
the system behaviour with high coulomb friction. However, at
high feedback gains he observed violent limit cycle
oscillations. Paranby used describing function technique to
analyse the coulomb friction and predicted stability
boundaries aha]ytica)ly which”compared favourab]y with the
experimerntal results. He showed that reduction in loop ‘gain,
increase in system damping and application of ditﬁgr are the

effective means to avoid limit ¢ycle oscillations.

A-technique of sensitivity analysis was applied to
position control system by Vilenius [20]. He proved, both
analytically and experimentally, that the paraméfer

sensitivity of position control system depends stronglypoﬁ

deadband nonlinearity of servovalve whereas viscous

N e —— < a1 I f Ausuin " o . . ae
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friction and 1eakagb are quite insensitive. Young and Saggs
[21] employed a lead compensating network to improve the
resonant frequency for a position control system..Houzong
[22] used a PID network to improve the stability of electro.
hydraulic servosystem used for revolving arm of an

industrial robot.

s e e o e et et

1.5.3 Present techniques of simulation of

.servosystems:

As the need for steady state as well as dynamic
simulation of hydraulic system pefformance 1s realised
before &eveloping a system, many computer packages have been
developed. Bowns et al [23], [24] have develaoped a Fortran

bgéﬁd General Hydraulic Simulation Program package (G.H.S.P)

~ which allows an engineer to simulate a hydraulic syé%em with

little knowledge of computers. It provides a library of
models with a facility to change the models whenever
necessary. This package uses Gear's method which is
espécially used for solution of stiff differential
equétion;. However, because of the limitations of the Gear's
ﬁqthod. this package can not effectively solve the

discontinuities such as direction change of a direction

" control valve, cracking of a relief valve etc.

~Kinoglu et al [25] have described an integrated

¢

approach in designing and analyﬁing hydraulic systems using

P

o ———y et o - . et - 3 VY e ot P —— | o E————c—n .Y
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CD/2000 Computer Aided Design and drafting software and the
Advanced Fluid System Simulation (AFSS) codes. The AFSS
programs contain Steady State (SSFAN), Transient (HYTRAN),

_Frequency (HSFR) and Thermal (HYTTHA) response p?ograms

which were originally developed by McDonell Doug]as\Corp.
This integrated approach provides a symbol library, graphics
programs and engineering data base in addition to the AFSS

codes.

An interactive graphics program for Computer Aided
Design of electrohydraulic control systems, has been
developed by General Motors Rg§earch Laboratory [26]. A
designer is required to input system constants such as load,

damping coefficient etc. and the PID controller gains. The

‘transient response can either be seen on the screen or

plotted on a printer. The controller setting and other
parameters can be adjusted till the desired response is

achieved.

1.5.4 Use of microprocessors in servosystems

In many applications, control strategy is required to
be chanded as the outbdt requirement is changed. Since the
microprocessors are extremely flexible in terms of

programming and therefore, in change of control strategy,

"they are extensively used as a controller in many

applications. Maskrey [27] has proposed the use of

microprocessors in electrohydraulic servosystems as an




element in closing the loop, as a pre foopvprocessor or as

an adaptive controll%r. H; has also proposed its wuse in

redundant controls which are common in space veh1c1e; and

aircrafts. Shgtty’and Copeland [28].have recommended the use

of microprocessors in electrohydraulic copying systems,

since use of<micropr9c§ssor§ siTplifies the programming job.
>

1.5.5 On the velocity control requirement of mathine

d

Bell ‘and Cowan [29] examined the requirements of
machine’tool feed drives which néed good‘dynamic response,
dynamic an; statid)stiffness}°{ast traversing speed etc.,
They found that severe step conditions as in case of high
speed motors pose danger of cavitation {n both sides of the
motor ports. They also showed that the stabi]izat{on of

velbcity loop is achieved by using a transitional lag in the

network.

1.5.6 MWork done on reljef valves N

(

Some work is also done on relief valve static -and
d;namic characteristics, its effect.on the response of a
hydrauliccontrol fystem ete. Steber [30] made an attempt to
simulate a pressure relief valve on an analog computer. He
noted that it is difficult to analyse the transient fluid

. ?
flow situations e.g. when a relief valve cracks open.

-
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Iyengar [3}] studied the effect of fluid contaminatian on
the static and dynamic characteristics on different makes
o} conound're]ief valves. He deduced:that the valves show
some hysieresis and exhibit 1imit cyclie osciilations in some
cases. He also proved that uniform wear of poppets does not
affect the performance of the valves but the pitting of the
pilot or main poppet leads to undesirable characteristics.
Chong and Oransfield [32] 1n¢§stigated the dynamic response

of an inertia loaded system using different pressure relief

“valves. By exper-simiental investigations, they showed that the

variation in system response because of chojce of relief
valve is more prominent at Tow pressure settings only and
that the relief valve can be repres%nted by steady state

flow-pressure characteristics if its dynamics is
.Y .

,approximately)so times faster than the system dynamics.

e

s 6

"
4

4.6 OBJECTIVE OF THE RESEARCH WORK~-

-

‘4

This research work is devoted to the deéeﬂopment-of a
new servovalve configuration. Fﬁrst, based on the steady
state and transient velocity characteristics of a test data

[#4], a new servoyalve block is thought of. An experimental

rigis designed and developed in the Center for Indistrial

Controls at Concordia University to carry out exberjments on

. the conventional.and the-new servovalive. The servosystems -

‘ .
with the conventional and new servovalve configurations are

mathematically modelled and simulated using VAX 11/780

VA
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digital. computer and the beh&viouf of the two configurations
is p;edicted. Experiments are carried out in order to prove
the validity of the model. Then, based on some simu]atio:
results, an operating zone is established in which ﬁhe new
servovalve configuration gives a higher steady state
velocity, lower % errsHoot and lower settling time than Qhe

conventional servovalve.

Thé thesis is divided into eight chapters. The first
cchapter briefly describes historical development of
hydrﬁu]ic servomechanisms and their applications. It reviews
the pFevious work that has been done on different aspects of
‘the e1ectroﬁydrau1i; servo systems. .
Thé s;cond chapter gives description of a typiciﬁ
‘servosystem used in practice. }urther it gives the
é]assiftsation and developmen%}of a.new gircuit. Finally it
suggests a modular servovalve blogk consisting of direction

*control vélvé, metering valve and relief valve in addition

to the conventional servovalve.

v

~ " '
In the third chapter, dimensionless parameters are

bdefined. A steady state analysis of servosystemsaw{th both
the cbnfigurations is done. From these characteristics, a
condgtion is derived for the new seryovalve to achieve
higher steady state velocity than the conventionak

servovalve. The effects of back pressure and orifice area on

the steady state velpcity are studied and some conc]usibns
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*

are drawn.

The foufth-chapter covers mathematical modelling of .
the two serosystems and depicts simulation results for two-
step and square wave input for different gains and inertial
loads in case of the conventional servovalve. For the
same conditions of inputs, the <circuit with the new .
servovalve is simulated for various metering areas

“and back pressures. Finally, comparisqn of thesk

LY
results is done and conclusions are drawn.

The fifth chapter describes -the design and working of
the test rig. It includes the experimental results carried
under samé set ofqinputrand test conditions used in
simulation. F1n§11y experimental results of the two

servovalves are compared and conclusions are drawn.

In the sixth chapter, the simulation and experimerftal
results are compared in order to see the validity of the

mathematical model.

In the seventh chapter, the performance of the two
servovalvef is tested for four sets of system parameters.
Based on these simulation results, an operating ioné is
established in which the new servovalve offers higher steady
state velocity, lower X overshoot and lower settliﬂg time

than the conventional servovalve.
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CHAPTER 2

"ELECTROHYDRAULIC SERVOSYSTEMS

2.1 INTRODUCTION

In the previous chapter, the historical development

of fhe electrohydraulic servovalves and their applications

have been discussed. The work done by several researchers
.. " covering different aspects of servosystems has been
" included. Later, the objective of the research has been

‘stated.

In this chapter, section (2.2) describes -the

“operation of a typical servomechanism which is used ih power

steering of an automobile. Then, based on the number and the

type‘of control elements-used, the hydraulic servosystems
ape:dlassified in different classes and groups in section
(2.32 Section (2.4) covers the development of a new type of
c{rcuﬁkbin which the back pressure and the return orifice
caﬁ be tuned. Finally in section (2.5), the modular form of
neg servovalve configﬁration consisting of a direction
cqntr61 valve, a metering valve, and a relief valve in

.addit%on to the conventional servovalve is discussed.
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2.2 OPERATION OF A TYPICAL HYDRAULIC SERYOMECHANISM

The principle of operation of hydraulic
servomechanism can be explained by referring to Fig. 2.1
[33] which shows a schematic diagram of an automobile power
steering system. The basic components used in servosystems
are a servova;ve. a pump, an actuator and a feedﬁack
element.

TheQ}otation of the steering wheel 1 drives a screw
which displaces the spool 2 with respect to the sleeve.
This alters the amount of port opening of the valve insuch
a way }hat a net quantity of oil is delivered to the
actuator 3, thus moving the piston against the external load
at the wheels 4. The feedback 1ink 5 transmits the motion of
the piston rod to the sleeve of the valve and ensures that
the displacement of actuator accurately matches with that of
the valve spool. A small force is required to move the spool
with respect to the sleeve but a Targe force is developed at

the actuator to overcome the load.

In the precious example of the positional
servomechanism, the feedback element is mechanical and the
feedback ratio is one. However, different input;output and
- ~feedback farms are possible. In a mechanical system, the
input or feedback could be amplified by introducing a lever
mechanism thus, giving a certain leverage ratio. In an
electroh}draulic servosystem, the input has to Dbe

electrical. The output element could either be a linear or a




27

!
‘Fig.‘ 2.1. A Schematic of an Automobile Power Steering System
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rotary actuator. Also depending upon tn€“ty2e of

servocontrol desired, the feedback Qlement could be a

position, a velocity, an acceleration or a force transducer.

2.3 STRUCTURAL CLASSIFICATION OF SERVOMECHANISMS

Tumarkin [33] studied the hydraulic servomechaﬁisms
on the basis of structural analysis. The objective of this
analysis was to ascertain possible connections between
eleéents s0 as to predict new circuits with special
;ropertiesland characteristics. He used a technique of

nondimensional analysis to compare the steady state velocity

characteristics of different. circuits. However, he did not

cover the transient analysis of the different circuits under
1nvestigat10q.

The servomechanism as shown in Fig. 2.1 havi;g
apertures Z1-14 can be represented by Fig.2.2‘[33] where all
the four apertures are varied as the spool 1is moved. The
ports Z1 and Z3 are connected to the supply side and the
ports Z, and Z4 are connected to the drain side. Depending
on the nature of‘control used, basically 3 types of
connections can be defined viz. controlled, constant and
variable. Controlled connections are operated or varied by
the input signal, e.g. opening of a servovalve is a
controlled connection since it changes witﬁ the input
signal. Constant connections are provided by elements such

as a flow control valve whose opening does not change with
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’the,inputwsignal but has to be set externally. Variable

connections can alter their opeﬁingrﬁith some of the system

parameterff(such as pressSure on one side of actuator) but

are not directly varied by’ the the input signal. Considering
the controIied elemedts,apasica11y 3 types of circuits are
Qossib]e. Figs.2.3 ‘a,bbc [33] respectively show these
éossible c1r¢uﬁtg with uncontrolled supply, uncontrolled

discharge and uncontrolled actuator chambers.

Z2 Z
Drain

Fig. 2,2. Structyral Form of Automolee‘Poyér Steering
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(a)
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Uncontrolled Supply I . 3

.

22 =0 7}
(b)

Uncontrolled Discharge

Zz " 2'4'0

(¢) Uncontrolied. Actuator Chamuper

Fig. 2.3. Methods of System Synthesis

———.

b destees e



e N
R Skl

°

. Depending on the Aumber of'c“opt;roll

i

ed elements, the

circuits can be divided. inte 9 classes as shown-in Table 2.1

Class 9

Class 5

Class 2

Class 8

Class 7

Class 6

Class 3

Class 4

Class 1
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‘As already explained, Z; and I3 are connected to

_pressure side and Z2 and Z4 are cqnnected to drain side.

A '0' (zero) entry in the table implies that it

!

s ndt a controlled element and a '1' {one) entry implies

" “that it is a controlled element, e.g. class 2 is

represented by ' 0,1,1,1 ' (or ' 1,1,0,1 ') and the notation

','00,1,1,1 ' against Iy, 75, 73 and 4, respectively means

tpat Z1 is controlled wrereas Z2, 13 and 714 are not
cont;olled.
\
The description of the individual class is given in
table 2.2. Circuits which are shown in‘Flass 8 a;d élass 9
have only one controlled element and therefore, are not
fegsible unless some more elements are‘added. Depending upon

the type of constant or variable connection introduced, in

all 5 groups can be formed as stated in Table 2.3
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Coantrol of both sides of actuator

Classl

Class 2 Control of only<one supply and control
of dischargg

Class 3 Control of supply and control of only
one ‘discharge

Class 4 Control of only one side

Class 5 Control of discharge only

Class 6 Control of supply only

Class? Control of supply to and discharge
from one side

Class 8 Control of only one side \ K

Class 9 Control of only one discharge

Table 2.2 Description of Individual Class




Group‘l Independent‘supp]y source
3
Group. 2 Constant connection such as a flow
\ control valve
1" Group3 Variable connection such as a slide-
valve

Groupd Variable connection such.as a relief
Y valve

Group 5 Differential acting actuator

)
'

servomechanisms can bé classifjed’as shown in the Fig.2.4

[33].

)

Table 2.3 Description of Individual Groups.

>

Based bn the 9 classes and 5 groups, the hydraulic

R ST I YR AW et

»

v
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2.4 DEVELOPMENT OF A NEW HYDRAULIC SERVOCIRCUIT

T

The servocircuit As shown in class 4-group 1 has an
uncontrolled discharge port. and it is assumed to offer a
cé%stant back pressure. Instead of the constant\backpressure
Pr, @ relief valve was introduced in the drain line. The
conventional circuit*and the circuit with a relief vaive in

the drain line are depicted in Figs.2.5 a,b respectively.

However, with the drain orifice very large (of the order of:

normal pipe diameter), the transiént response of the circuit

was found to be extremely undesirable. Therefore use of a
«

fine metering valve in the drain line was considered. The

schematic diagram of a circuit with a metering and a relief-

valve in the drain line is shown in Fig. 2.6 . Transient
response of this circuit was seen to be superior than the
conventional circuit if thé backpressure and the metering
diameters are properly tuned. However, as seen in Fig. 2.6,
one side of the actuator is aldays connected to pressure
port and the other to drain port. Therefore, this circuit is
opérable only in one direction. In order to achieve similar
character{stics in both the directions, a direction control
valve was introduced between the servovalve and the actuator
as shown in the Fig.2.7. R

For the circuit as shown in the Fig.2.5 a, the

servovalve spool is driven by current (I) in the torque

motor and the pressure and drain ports are switched’

depending wupon the sign of this current. Also, when the
¢ .

P

3
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when the current is zero,ideally. the actuator/ ports are

40

¢

blocked. The function of switching the pressure and . the
drain ports for the circuit as shown in jgg. L?, is
performed by the direction control valve, which is a 4 way 3
position (center blocked) 2 solenoids and spring centered.The
direction control valve is driven by an on-off controller
which switches approprfate solenoid depending upon the sign
of the error, (Vi-V¢).

2.5 A MEMW MODULAR SERVOVALVE

: .
The steady state and transient response of the

circuit described in the previous §ect1on is found to be
superior [14]. Therefore, tﬁe differént components viz.
direction. control valve, metering valve , and relief valve
can be assemblec together with the conventional servovalve
to form a new modular servovalve configuration. Fig.2.8
shows the design concept of this modular servovalve.
Henceforth, this modular form of servovalve has been termed
as ' new servovalve ' or ' new servovalve configuration"

in this thesis.

The various functions performed by different sections
of the new servovalve viz. inlet flow control, return
pressure control, return flow control and direction control
are indicated by chain dptted lines. The spool valve or the
inlet flow control section receives a caonstant pressure
supply Pg. Depending upon the magnitude of the input

current, the spool is displaced and the inlet flow is

—
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controlled. The two output ports of the spool valve section
are Jjoined to form a common- pressure port to the direction
control section. The two output ports of the direction
control section should to be connected to the two actuator
chambers. The pressure and the drain ports to the actuator
‘are changed dependigé on the sign_of the\ input to the
direction ‘control‘valve. Tﬁe return”port of the .direction
control section is connected to the tank through the :return

flow control and pressure control sections.

Some efforts have been made to design a valve module

incorporating relief, flow -control and direction control

valve to achieve savings in space and cost [35] and also
implemating a brake valve in actuator line to avoid
unintentional adjustment of the motor caused by an exterior
load [36) . Funk and Pecan ([37] demonstrated feasibility of a

dual input (hydraulic and electric) servovalve using fluidic

amplifiers and positive derivative feedback whose damping .

can be adjusted to optimize the system performance.

2.6

\

'
t

In this chapter, working of a typical hydraulic

servosystem has been described. The structural

'class1ﬁicaqﬁon of servosystem based on the numbér and the

type of (co&érolled,‘constant and variable) connections has
been done. B?e circuit in class 4- group 1 is modified by

|

oy L

PUN S



adding direction control valve, metering valve and relief
valve to form a new circuit. Then.a novel modu]ar servovalve
has been designed in which the orifice size and the back

4
pressure could be adjusted.to get desired characteristics.

Y




Y  CHAPTER 3

STEADY STATE ANALYSIS OF SERVOCIRCUITS <\K

3.1 INTRODUCTION i

In the previous chapter, structu}al classification of
hydraulic servomechanism has been done. Based on this
¢lassification, various other possible circuits have been
deve]opéd. Then a new circuit consisting of a direction
control valve, a metering valve and a relief valve in
addition to the conventional servovalvg has been thought of.
Finally, a new servovalve block has been designed which can

be tuned to give de$ired transient and steady state velocity

characteristics. This chapter includes steady state analysis
of conventional and new servovalve using dimensionless
parameters.

Section (3.2) defines the non-dimensional parameters
used for the steady state analysis. Section (3.3) contsins
the steady state velocity analysis of the two servovalve
configurations. In sectipon (3.4) the characteristics are
compared and cohclusions are drawn. Finally, the resuitsrof

the analysis are summarized in section (3.5).
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3.2 NON DIMENSIONAL PARAHETERS

~
fConsider'the servomechanism with conventional
servovalve as shown in Fig. 3.1. In order to compare

velocity characteristics of different servomechanisms,

vfollowiné non-dimensional Barameters [33] are defined.

- Servovalve opening (Zy): The dimensionless

servovalve opening is defined as

CdAy Ps
Qs

Zv'

(3.1)

i where P; is the constant suppfy pressure and Qg is
the maximum supply flow,

- Pressures in actuator chambers (pl;pz)EThe non

' Ddimeﬁsiona1 pressures are defined as

s
Py ‘ : (
Pf A e i=1,2 | : (3.2)
Pg » ,
These values of pressures actually give the fraction
of supply pressure in the actuator chambers.
- Flow rate in and out of the actuator chamber

(ql,qz): The non dimensiona} flows are defingd as

‘ Q1 . .
( gy = —— i=1,2 ‘ (3.3)
U Qs.

~which represent the fraction of maxiﬁuﬁ supply flow
being used.';
. - Actuator-force (N): The actuator force is dgfined

as
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S F . .
A= ‘ ' . (3.4)

Fmax

where, F is the force developed by the actuator and Fmax is
the maximum fprcg that can be developed. When a single ended
piston is used, the noﬁ dimensional force is given as,
A= e i (A>Az) ‘(3.5)
PsAl ‘ Co
A2

(3.54)

P1-p2
A1

For a double ended piston, this eXpressjén reduces to

P1-P2] A - :
\)v L lp i] \ (3.6)3
S - .

A= p1-p2 ‘ (3.6a)

- Actuator velocity (¢):'The dimensionless actuator
velocity is defined as

v

¢= (3.7)
Vmax.
Thus, ¢ represents fraction of the maximum velocity

that is‘attained.

For servomechanism with new servovalve as shown in .
Fig. 3.2 , the following dimensionless quantities are

defined.

- Metering valvevopening (Zg):




Fig. 3.2. Schematic of Servomechanism with New Servovalve Configuration
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- * ) " " ‘. ’ ) . ' o
- ‘ oo Cdho- ¥ Pg & .
. g = P ] (3.8)
' - QS 2 - ‘ ,
4 . 3 ” -~
v Relief val sting (pr)
' - Relief va ’ve_75e ng (pr):
/ CPp ‘ " | ‘
'pr = omsesmtemmsee , M i . (3. 9) ¢ .
\ ‘ Ps " . )
YR .
' ! !
3.3 STEADY STATE ANALYSIS :
. * " . N n
- - a s . . ) . "
Referring to Fig. 3.1, and assuming that the Py g5 o
the  pressure side, ’:
» . . .
v B S a CdAV (PS-P]_ ) ° . °
T g e —8 Ar:SPLLIE. (3.10) v
o . QS 4
, ] multiplying and dividing the term under the square SRS
N\ rdot .sign by Ps, ’ . '

a1 * (3.10a)
Qs e

{ ¢ [ . R
therefore, as per the definitions stated above,

¥y

.

’ * . 2 N . ' . M ) '
/ . '
L : Caay ¥ 7 Ps f Ps-P1 - S
| Ps . -

e B e . ,-"‘ ,' . « v . L }
e \ T a - Zv[\l l-pl] - . ) - g f(3.10b)
V\ ’ similarly, gz%can be sqir‘nph'_fi'ed as . f 0
¢ [ . ’l . - ) X ‘, ‘ . '1‘ ‘ ) '
L4 - . ‘A’-.
. t . .
- - (Y PE. S ) RS
» St ) i \
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' ; ‘édA 2 P2 )
: v
qy = P (3.11)
Qs - X
2 ' ' .

C4A P <] P .
a v o ¢ ‘/ 2 (3.11a)
Qs ' PS '

= 7y Jpz_ A ‘ (3.11b)

The equations (3.106) and (3.11b) represent the

. ¢ .
actuator inlet and outlet flows in dimensionless form in
té?mé of other dimensionless quantifie;. Assuming that the

external leakage is neglegible; in steady stite, the inlet

LY

and the outlet flow rates will be equal.

Therefore, oS -

v v

1 = q2 (3.12)°

. 2t ’ : i
Sz, 1-py - 2y @ P2 3 - (3.12a)

For a double ended piston,uﬂrom'equations,(B.Gd) and

(3.12b),

Iy ¥ 1-p1 - 2y NETESY ¥

or,

4

(3113)

K

»
Simplifying (3.13), we get, ' .
1+)\ . . e :
Therefore,. subsfituting (3.13a) in ¢3.10b),
* : a
q = 0.71 z, y 1-)\ R 25 V)

LN

3

Assuming that the internal leakage i.e. the leakage

R | e

P T T T T
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from the high pressure side to the low pressure side is

.‘.

‘ néglegible,
v oo AV .
¢ = D 2 c— (3.15) .

Vmax R Vmax

‘but AV=Q] and AVpax=Qs, therefore,

Q . .
b= ——t © (3.15a)
Qs : e

from (3.14) and (3.15a),

o =071 7, 41N | (3.16)

«, In steady state, A\ can be cpnsidered to be constant.

Therefore, according to equation (3.16),the actuator

~velocity varies linearly with the servovalve opening for a

n

given load,k.

For the servomeEthism §hown in Fig..3.2, definitions
(3.1) to (3.7) are sti]lhva]id and for P connectgd‘to
pressure side, the equation (110b)‘for the flow 'is the

same. But the flow out of the actuator is given by

> ,
C4Ag \/—p— (P2-Pr) T T
‘92 © o, (3.17)

) . C4ho Y—p— (Bs) / P2-Pr (3 17;)
' . N QS [ ’ ‘.)S ‘ | ' | .

Therefore, using (3.2) and (3;§i, eqn. (3.17a)
"(\ /‘ . "'.p'-[ ~
.
. ;

s : -

RV e B e —— t
. >

reduces to

<.



be

a2 = 20 yp2-er (3.18) -

Now, for a double ended piston,

t—' P1-p2 - ’ ‘s’ame as (3.6a)

Let the pressure drop ac:psf the orifice ¢

p o -

which gives ' .
P2 = ppr " (3.19)

Therefore, equation (3.18) reduces to

92 = Zo\’ p ' (3.20)

]
substituting. the equation (3.19) in equation (Qﬁa),

)

A= p1-p-py ) (3:21)
or,

P1 = A +p+pp ' (3.21a)

Therefore, from equation (3.10b), .
(2 " .

a1 = Zy ¥ 1-N-p-pr | ' (3.22)

Now, as stated previousi&:%n steady state,

q;-= q?2 ( ‘ same as (3.12)
- ’ » ‘\ '

- ” N PO

» N
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Ttherefore, from equations (3.20) and (3.22), this

reduces to

Zy ¥ 1-\-p-pr = I 4 P . ' (3.23)

solving for p, we get,
Z,2

= e —————— 1- )\'- N .24
p Zv2+202 ( Pr) (3.24)

substituting (3.24) in (3.20),

> ' 2 '
Ly
4 = 2 {1-)\- 3.25
% * L0 ‘(‘ Pr) -——ZVZ"'ZOE | -/ ( )
é . ‘[' \ sz
. 1-\- (3.26)
0 Y(1-A-pr) )

Therefore for a given Yoad A ,fixed relief valve’

setting pp.and fixed orifice diameter Zg, the actuator

velocity varies with the square root.of (Z922,2)/(1,2+1¢2).

3.4 COMPARISON OF STEADY STATE VELOCITY CHARACTERIS}ICS AND
CONCLUSIONS

Equations- (3.16) and (3.26) respectively represent
steady state ve]ocity characteristics gf the serxoéy;tems
with the conventional and tge new sergovalve. \

Fig. (3.3) (a),(b),(c) and (d) pfof the veloc\ty

characteristics for the follow%ng conditions. .

[

et
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i \ o, {
0.1 0.1 ,

_ ol 0.2 |
0.2 0.1
0.2 0.2 .

Each case is tested for Zg = 0.1,0.2,0.3 and 0.4
as' 1y is varied from 0.1 to 0.5._
From these graphs, following conclusions can be
drawn. '

i) The steady state velocity for the conventional

servovalve varies linearly with the valve opening (till the-

. physical limitation of the valve). On the other hand for a

given orifice size Zg and back pressure pp, the slope of the

b

graph is initially high but reduces as Z, {is increased.

Therefore, for each combination of X\, pr and Zg, there

. .N-v' . .
exists a crossing point upto which the new servovalve offers

‘higher velocity.

ii) The region upto the crossing point, in which the

new servovalve offers higher steady state vélocity,

»

becomes larger as the metering orifice area Iy is increased
and the back pressure ppy 15 reducep e.g. consider points 1
and 2 in Fig. 3.3a and points 1 in Fig. 3.3a and 3’in Fig.
3.3b. For points 1 énd 2; as lg is increased from 0.1 to
0.2, the crossing point is increased from Z,=0.8 to Z,=l.8.

For points 3 and 1; as p, is reduced from 0.2 to.O.l, the

crossing point is increased from 7,=0.65 to Z,=0.8.
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iii) Increase in load from 0.1 to 0.2 reduces the

crossing point margina)ly (points 1 and 4 or 3 and 5).

|

Som 1‘deductions can be drawn from this analysis,

i) The crossing point is achieved when velocities for

both the configurations are same. i.e.,

o i
0.71 z\v \/;-x- Z()J(l—)\-pr)
.

\

‘ therefore, squaring both sides,

1-\ Z,2

- (l-X-p ——2———75
2 r) ZVZ+ZO
292+1,2 ' 2(1- N\ -Pr) '
292 (1-A )

zv2 (1'@ 'Zpr)

Now if A<<l, then l-)\ =1
ZVZ = Zoz (1'zpr)' . \

Zy = 2o V' (1-2py)

v
24742

(3.27)

(3.27a)
® .
(3.27b)
(3.27¢)

4
(3.27d)

(3.27e)

k]

Expanding the quantity under square root sign using

Binomial theorem and neglecting the higher order terms,

-

Zy = 1o (1-pp)

Y

(3.27fF)
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Fig.3.4 shows a 3 dimensional plot of the 1ogus of
tﬁe croséing point. The plot is based on the assumption that
the 1p and 1y could be varied from 0 to 1.5 (since by
definition, Zg and Zy could be greater than 1).

The “condition to get higher steady state velocity in

case of the new servovalve configuration is that,
Zg (l-pr) > Zy (3.28)

The boundary of the 3-D curve represents a limiting

case where

Iy = 70 (1-pr) "~ same as (3.27f)

Al] the points which are inside the envelope will
give higher steady state ve16city. Rest of the points either

give same velocity (points on the boundary) or lTower

, velocity (points outsidé the envelope) than the conventional

servovalve. . .

It can bé also seen that the operatfng region is

reduced as the back pressure is increased and at pp=1, the

cuc}é becomes a straight line and lies in io-pr plane.

A

e

ii) If'Zo = Zy and Py =0, then eqn. (3.26)becomes

<a

LN

1
= 7,2 (1-N) — . (3.29)
22y

’ = 0.71 Z, TN (3.29a)
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Which is same as equation (3.16), which gives
velocity for the conventional servovalve.

iii)'lf Lo = Iy then for the néw servovalve,

o 1 s ‘
¢= sz J}I'X‘pr) —Z—Z:T . . (3.30)

therefore at the crossing point, the following
.v’ ' <, 0 .

equality should be satisfied.

"0.71 1, \/(1,.)\)Jf= 0.71 Zy 4/(1- \-py) (3.31)
on, '
Pr o= 0 T (3.31a)

which is the same condition as that for the

conventional servovalve.
iv) If g >> 1y»

t292+1,2 ~ 792 | S , (3.32)

v therefore, ' .

(1-X-py) '
¢ = Loy —;—7——— (3.32a)
0

o= 1, J(l—k-pr) L : (3.32b)

therefore, for ¢rossing point,

0.71° ZV J(l'k) = Zv J(l‘ X'pr) (3-33)

ety
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, 1-\ ; -

pr - o (3.333)
2 :

or in other words, the vé]ocity for the new

1¢onfiguration will be greater than the conventional if,

1-\ ~ '
p'r< ‘—é'—' (3.33b)

3.5 SUMMARY . ‘ '

In this chapter, first non dimensional parameters are
defined. Using these parameters, both the servovalve
configﬁratibns are analysed. From the analysis the different
conclusions are drawn which are summarized below. The-steady
state velocity of the conventional servovalve varies
linearly with the servovalve openiné whereas the new
servovalve exhibits a non linear relatjonship for given
orifice area and back pressure. Hence, there exists a
c¢rossing point upto which the new servov;1ve gives higher
velocity. The zone upto the crossing point in which the new
servovalve has higher velocity than the coqventioné]

servovalve, increases as the orifice area is increased and

the back pressure is eruced.



CHAPTER 4

TRANSIENT ANALYSIS OF TWO SERVOYALVES

4.1 INTROOUCTION

v
[

In fhe previous chapter, non-dimensional p}rameters
have been defined. Later,‘steady state velocity analysjs of
servosystems with conventional servovalve and new servovalve
has been presented. From the analygis, it has been shown
that the new servovalve cgpfiguration gives higher
steady state ve]ocify "under certain conditions. Thi§'

chapter "contains transient analysis of the servosystems.

Section (4.2) describes features_of different met K6
‘used for transient analysis. 1In section (4.3), individual
‘components such as servovalve, actuator etc., which are used
in servosystems are modelled and a total system model . is
developed. Simulation results for various input conditions
employing the two configurations of servovalve are incladed
in sexfion (4.4). Tﬁe comparison of thesé results is

¥ .
presented in section (4.5) and some conclusions are drawn.



4.2 GENERAL : 5 o

2
Y

-

N . » © ! .
" The. design of any hydraulic control system basically

involves 3 steps viz. circuit design, static sizing and
dynamic analysis, For a simple on-off type. of. hydrau]jc
system, dynamic analysis i§ often not“«requifed. Howéver,
for a complicated comtrol system such as electrohydr;u]ic
senvosyﬁtem, “dynamic 'ana1y§is' iscextremely important in
order to determine the . stabi?ity and response

characteristics wunder different input “congﬂEions. The

dynamic analysis .could be done in one of the fb]lowinf ways.

o

ta

'i) Transfer functtion technique

ii) State space technique

ot

or

- : . ! v b
. iidi) A set of informal, equations.
} T ,. . - r

¥

%he.tran§ﬁer function technique is the most classical

method«.which gives a frequency dependent relationship

between the output and the'inpqt. However, -this method is

applicable only for linear differential eduations w{th
constant coefficients. The method of state space equatioﬁ
allows concise Fepresentatio; of dynamic relationship
betwéen thgg‘sysfem variables and simultaneous inputs

in the form of a matrix model. While this method can
» - N
’ . ) b G

o
4

inputs in the. form of a matrix model. While this method can

[

O o




2

© .the systemavar1ab1es and the 1nputs

?'analog or digital computers.

\\43 " DEVELOPMENT OF MATHEMATICAL MODEL S
. .. ’ - " . )

*}

x\

s

2

i

Sconfigurations: are modé]1ed uging the method of

X
-~

5 Lt , ,
include non linear entries, 'most subsgqﬁent formal vector-

. - o
matrix analysis dpplies Qn]y to ,11neqr situations. The

]

simultaneous linear and ‘algebra1c . and

dynamic ﬁode]i may also ;é orm of a set of.
non11near

LR

differential equat1ons describing the\relatwonsh1p ;;Stween *

Tﬁ1s method s ' very

. / o .
useful as it can be directly app11edlfor simylation wusing

bl

\ .
W A ' "

]

v
1 ¢ ' *

; The servosystemsrwi#h conventional and new servovalve

N

informal

-

mode 11ed

¢

equations, e 1nd}v?dua1 componeﬁts are

separately and 'a tota] model is developed. The various

(74 «

gomponents in the system with the conventional, servovalve
\V 1 4 v

can.pe modelled as folloWks

) ’ ’ ') )

- Inpudt to the s;>vpvalvei . o

El

t ’ a~
* ’

, - !
Stép response characterisgics of both the servoVa]J%

[}

configurations are investigated. Two different types ~of
C
step' inputs viz. a two step 1nput and a square wave 1npu§

I

: dre chosen. The selectlon of two-step ¥nput is bgéed on”

the following reason. Experimentally, it w;i observed that

the system with new servovalve shows a ve y h1gh prgésure
and yg}ociiy transient W 3% it 1starts 'f rom
i

£ . e s . * ., s
stationary conditions. This transient was not.seen to be
1

. 4 - ’ N . ’ .
. o ] . ‘
r . ‘
. PN u
. ) ,,,si‘, .
D : ’ s .
. . . - :

t

.
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severe in case of square wave input. Since the model is

not intended “to také into account the presshr? transient.

L]

1pccuring when the piston starts moving, only the response

-

. d*v/jéfl of the. second step is ‘used for‘compérison. The squark

wave -input i.e alternate positive and negative inpgt is

~

‘<

‘selected tp take into account the pure time delay,

involved in the switcMing of the direction cont'rol valve.

2 L

The two:step'ivgut is modelled as,

« f= 0.0 t =4d.0y -
’ [} ™ . . ’ ) . . ) .
Vid= Vi1 . ) o t 2 6\3 (4.1)
[ J . -
1= Viisvig S . to.2) .
b N .‘l 4 = '
- . ” T, -
Th squari/wave Tnput is modelled as, P
Vpes = Mrat ’ S . (8.2)
- : , <y . Y
‘ - ' { \
Vi1 : Vref > 0.0
Vi (= | ) . (4.3) ..
) : ‘Vil L (" . .\ Vre% <0.0
| A . a @
. -‘Servoc&‘}rol]ef

R A proportional type servocontroller is used. §%ncé
. A s . -
the range of the ingerest of inpat fﬁgQuéncx is low (5510

HZ), the servocon;roIIer dynamics 1is neglgctgaﬂ Thereforefi.

‘the actual current fed intq serypvalve coi]s'taq;bewmode11ed,

;o ‘ , \ ~,
as ,

t M ) s ‘ ' ' ' ¢ i

* Ka (Vi-Vf) T , (4.4)
, R i . - , :
'a - Electrohydraulic servovalve: ,
- . +
' ¢ - T~
\ . ' - -
| o ) v .

»

S

3

4.
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[l
~

’ "y . N
(a) Servovalve transfer_ function: Servovalve transfer

[ 4
‘function is difficilt to derive analytically [2]. The

”

relationship”between servovalve area available for flow, Ay
and the iﬁbut current is rusually expressed as first or
second order transfer function depending upbn the input

A

frequency range. The values for equivaLgnt first order time

. - <
.constant or second orger equivalent natural frequency and

dampfng can be obtained from the valve manufacturers or tHey

\ : o P
may be established by curve fitting. Again, since the input

v

frequency range %sfﬁow, the servovalve is modebled as a

first order system. The equivalent time constant is
o .

determined from the specifications provided by the.

"manufacturer [Appendix D]. ThereFore, ‘the servovalve can be

q

{

|
modelled as

Q\ ’
A KK - \
Vo xKy ) (4.5)
I ( Tys+1) N
IR |
or, * . * R L Y
L ﬂ‘" dAv . _ i B . o ‘ )
Ty = KxKv.(I)-Av‘ . s (4.56)
"oodt v ' . : ‘ P
4 P - v
) d’AV -l‘, 1 v ’ a.. ' - - ux
AL [k (1) (4.55) %
dt T . ‘

.

o

.
;

. o/

,'mot&r constant (Ky) and the servovalve area constait (Rv) is

The cinstant KxKy <.e. product of servovalve torque,

A a B
h : o ¢

N
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determined experimenta11y as explained in Appendix A.l.

(b) f]ow equations: The output stage of the
servovalve is the four way spool .valve. It is assumed
[37],. [38], [39], that the valve has symmetrical porting and
zero lap. Further, it is assumed that the radial clearance
between the valve body and the s]eeve.is zero, the metering
edges'are sharp and the flow rate through the ve]ve~is
described by orifice flow equation [40] for incompresgibte

flow. Therefqre, the flow equations can be stated as

- ',2
™ - chv\[eﬁ— (Ps<P1)

Q2 = CdAy 2 . .

Ay > 0.0

© 'olm
'0

Q = CdAv —_— P1)

S ; A, <0.0 (4.6)
b Q2 = CdAy J (Pg-P2) 0
r , .
- Q; = 0:0 ) \
. Ay = 0.0
, Q2 3.0.0

.y

.l / N 4
- Conduits: //// -

The pictoria] view of the test stand Fig.5.1,5hows
‘\(‘

,*fhat there are number of bends leading to the actuator. A
~.calculation for prissure 1osses due to the friction .and

. bends. was done which showed'that these losses are negligible

compafed to the operating pressure for the rande of the
- ' ,I rd . v
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actuator velocity (less than 5 % of the opereting pressure).
Therefore, these Ioeses are neglected. The 0il temperature
and the density are,assumed to be constant. The effects of
0il.under compression are included. Therefore applying the

continuity equation to each actuator chamher [37], we get,

: ' \ )

dPy

— & -E-(QILQ[) '
dt Vi ‘ : (4’7)‘

. f A , Y M

dP '

— = i (-FQ.).Q()
dt V2 ) ‘ .

‘0 ) 7] ©
- Actuator. '2* .

(a) Leakage flow The leakage coefficient 1is
determined experimentally as explainedin'the Appendix(h
and is seen to be proportional to the pressure differen‘eh
across .the actuator. Hence, the leakage flow canun
expressed as

, RN . ' . .
Q= C (P1xPp) (4.8)
{ t N

gp) Force equations: The net force developed by the

\ acqpator is used to overcome the inertial force and the

coulomb friction. The frictional force between the Bbearings

mounted on the ‘.bading tab]e and the shaft is assumed to be’

@zero and the viscous damp1ng force is found to be negligible

[Appendix A.4)]. The supply pressure is assumed to be

/
constant and the losses in the filter are neglected. Hence,

"the force equation can/be expressed as,

. 4 . '
% . & R .'(“E“””““"Mwwmwwmm”
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d2x

(P1-P2)A = M + F
1-72 \a‘{z‘,c

L) ?

, \ .
The coulomb fo\i(:e Fc can be represented as follows.

«

F
& F
~ F

c

& (4.9) 1

©

Model of Coulomb

e

d ||

' g

-

/m‘ction . <
s £* Ideal Coulomb Friction
i . " -

L 4

-

Velocity

Ideally, the switchover from the static (Fg) to

There\fore,:' the, cSulomb friction could be modelled as

equal to zero) Vg, which is chosen in order to give

sufficient numerical stability. o

dynamic friction.(Fg) is considered to occur at |V|= o*.

-\

- However, thits causes some instability .[18] when th model is
to be solvgd by nufrical technigques. Therefore, th{

. . .
switchover is assumed to take place at certain velocity (not

-
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follows [18].
g
Fsum = (P1-P2)A

©

.. F¢ = Fsum Fsuml <DFs , |V|S,
FC = FS .—Fi-u—T— FSUITI
' |Fsum| .
[y v ' )
Fc = Fd'-l_rl- VI> VO "

> ;s,'|v| Vo (410

The value of Vg is chosen to be 4.33*10-9%

in/sec (1.0%10-4 m/sec) which is 0.15% of the steddy state

velgcity (3.0 in/sec).

- Oytput actuator velocity:

LS

THe vechity of the actuator is measur@a u§1ng '

moving magnet type transducer which

feedback device. The sensitivity of the transducer (Kf) 15 ¢

is

also used a® a

determined experimentally as explained in Appendix A.3.

Therefore, the output voltage corresponding to the actuator-

velocity can be expressed as,

y ( dX )
L Ty

For the servo system with new servovalve,

({;Ll"\

-

the above’

ha hematical model holds gdod exhept for the flow

equations. In the case of new servovalve configuration, it
Ia

is assumed that the relief valve offers a

constant

back pressure Pr and its dynamics s negﬁected. The

4
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f

direction control valve introduces a pure time delay 1n 'the
actuation. Expermentally, it was seen that this time delay
is 8 ms and sometimes varies form 3-10 ms [Appendix B.2].
The losses in the direction control valve are assumed to

be negligible.

& As eiplained in sectiqn'(2.55} in case of the new

~,

servovalve configuration, the switching of pressure and

drain ports is done by the directon control valve, which is

“controlled by an on-off controller. Depending uppn the sign

o} the input error voitage (Vi-V¢§), the on-off controlier
p;rforms gyitEhing of the ports and if thg feedback voltage
V¢ is never greater than the input voltage, the switching
depends on thg.s{gn of input voltagd;. However,;the
'switching action is delayed by ty sec, which is the pure
time delay of the direction controlfva1ve. This can be
éxpla}ned furiher referring to the foi]owing figure.

.o

( .
y
N 1
4&%' : ! |
-t IR
1 —tpl e et e i
! ! : 7+? T
) LA TR 2 HER L |
'Y i 1 i | ;
. - § [ 1]
v ' : L '
: N - ' * y r
' A o




switching. Therefore, the flow model for the n
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]

As shown in the figure, the sign of the voftage 1npyt

changes at 0.5 sec. However, because of the time delay of

"tq sec, the switching of the préssura and thevdrain ports

occurs at 0.5 +t4 sec. Same delay is shown 1gjiase of other*

w servovalve

can be written as,

»
For t4y <t < 0.57T+ty or THtg <t < 1.57+t4 -
. 2 ) 4
Q1 = CdlAv| e (Ps-P1)
2 ’ .
02 =-Cq Ao 15'(P2‘Pr) ‘ iP2 = Pr,
Q0 = 0.0 . ; ’;PZ < Pps
’ /
. v 1 (a.12)
For 0.5T+tq g t < THty or 1.5T+ty < t < 2T+ty|
24
, 2 o -
Q = 'FdAO -7;-(P1'Pr) iP1 2> Pry
3
- . “b *
3Py < P
Qp = 0.0 zm;\ T
02 = -Ca|Aqyg (Ps-Pa) ~
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4.4 SIMULATION RESULTS

The system of equations (4'1WL12) are solved by
Runge-Kutta orher IV method us%ng Fortran 77 on VAX 11/780
minicomputer. The program listing is given in Appendix C.

' The sygtems with conyentional and new servovalve are
simulated for two~steb under input and test conditions as
stated in Table 4.1. Figs. 4.1 and 4.2 respectively show the
"effects of gain and inertial load on thedsystem with
conventional Servovalve.

As seen from the response of the convgntional
servovalve for different gains (Fig.4.1), it can be stated
that increase in galin from 6.67 mA/V to 7.46 mA/V, "
increases tﬁe steady state velocity from 2.36 in/sec (0.06
m/sié) to 2.51 in/sec (0.064 m/sec).There is no significant
différence in dynamic response for-this increment in gain.

‘Theoretically, the relationships between the system

natural frequency w, and system damping ¢ for a second

order system are given as follows [37].

8
/ 40 A2
@ = s —————
" (vi+va) M ’
. k" f pM .
A (vi+v2)

i.e the natural frequency varies inversely with the

\ ‘ (4.13)

k1

squéfe root of load and the system damping varies directly

with the square root of load, other quadtities being%V

constant.

L

-

Ty
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“From simulation results.it can be ‘seen that, as4mass
M is increased from 653 to 938 Slugs, the damped natura]
frequency is reducéd from 262 rad/sec to 207 rad/sec and the

¢
damping is 1ncreased ,

Figs. 4 3 and 4.4 respectnvely show the effect of ™.

meter1ng orifice and back pressure on the new servovalve
X
conf1gurat1on Fig.4.5 shows the compar1son of the new hnd

convent1ona1 servovalve under same sét of irnput conditions.

From F1g 4.3, the metering orifice is seen to have
the fol]ow1ng effect As the orifice size is reduced from
\3.2510-21412 (2.067*10-5 m2) to 8.77*10'3'dn2(5.66*10'§ m2)

to 4.38*10-3 in2 (2.83*10-6), '

»

o
~

‘ . : ' . . e’
- + i) there is no significant change in the rise time .,

(and is approx. equal to 9 ms). .

i) the,damped natural frequency also does not/&hange !

(and s approx. equal to 150 rad/sec).

ii1) the damping is increased and therefdte the -

settling time is reduced. v b

iv) the steady state velocity is reduced from-2.64 °
in/sec (0.067 m/sec) to 2.55 in/sec (0.065 m/sec) to 2.4§
in/sec (0.063 m/sec). This can be explained by steady
state characteristics of the new servovalve as shown 1n"Fig.
3.3, which indicates that as 13 is reduced,'steady state-
velocity is reduced (e.g. points 2 and 1in Fig.323a):

k4
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. From Fig.4.4, the following conclusions c%n be drgauh‘-‘
As the back pressure is increased form 80 psi (4.83*105
N/m2) ‘o 180 psi (1.24*106 N/m2) , .

i) the X overshoot)is reduce& from 48% to 44X but
there 1s no significant change in settling time. .

1) the steady state velocity is reduced from 2.64
in/sec (0.067 ﬁlsec) to 2.46 in/sec (0.0625 m/sec). This
can be explained by equation 3.2g which shows that the
steady state velocjty is proportional to square root of
(1- N -py).

.
Fig. 4.5 shows the comparison of fransient and steady

3

state response for the conveintional and the new servovalve
which are tested under same inpat conditions. In case of
the new servovalve configuration, the orifice size Ay and
the back pressu%e Prp are adjusted so as to‘get better
characteristics than the conventional servovalve. Following . .
cornclusions can be drawn. |

. i) the steady state velocity for the new servovalve
is 2.3 in/sec (0.059 m/sec) and that for the conventional
"servovalve is 2.06 in/sec (0.0528 m/sec).

i1) the new servovalve offers higher damping Ehan the
conventional under same input conditions.

ii1) the conventional servovalve has lower rise time
{approx. 4 ms) than the new servovalve (approx. 9 ms%

iv) the damped natural frequency of the system with

the conventional servovalve is 250 rad/sec whereas that with




/ ’ -~
8l ‘
4
the new servovalve 1is 150 rad/sec.

},.

The two servovalve configuration were also tested for .

square wave input under conditions as stated in Iakj@ i}z.

Figs.4.6 and 4.7 respectively show the‘f@ffggtw‘of
. : P "

orifice area and the back pressure and Fig 4.8 Shozﬁa‘the
comparison of the conventional yand the new servovalves f6¥

kY
square wave input.

-~

Fig. 4.6 shows the effect o* reduction of orifice
size from 3.2%10-21n2 (2.066*10-5 m2) to 8777*10-3 in?
(5.66"10"'6 me). It ca; be concluded that as the orifice area
is reduced, . A

i) the rise time does not change considerably (and is
approx. equal to 17 ms). ‘ ‘

i1) the damped natural frequency of the system ;lsq
independent of the orifice gize (and is approx. equal to 136
rad/sec).. ' .

i11) the damping is increased and therefore the
settling time is reduced. )

iv) the steady state vgloc1ty is reduced-froﬁ 2.84
in/sec (0.073 m/sec) to 2.8 in/sec (0.072 m/sec). As already
explained, this confirms with the equation 3.26.

From Fig. 4.7, we can say that as the back pressure
s increased form 80 psi (4.83*105 N/m2) to 180 psif
(1.24#106 N/a2), .

1) the X overshoot is reduced from 59% to 57% and the

s — it
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3
sett41ng time is reduced marginally. ) s

s [
A

i1) the steady state velocity is reduced from 2.5
in/sec (0.06% m/sec) to%&S in/sec (0.064 m/sec) kgain,

-

G
this also confirms with the equation 3. 26.
" %

Fig. 4.8 shows the comparison of the conventional and

{

1

ihe new servovalve under same input conditions. The response
of the new servovalve with AO“-33*}0'3 in2 (2.83*10-6 m2)
and P,=80 psi (4.83‘;106 N/m2) is chosen for comparisaon.
Following deductions can be drawn form the comparison.

i) the steady state velocity for new servovalve is
2.69 in/sec (#®069 m/se¢) whereas that for conventional
servovalve 1s 2.28 in/sec (0.058 m/sec).

i1) the new servovalve also offers higher damping
tt:s the conventional servovalve.

i11) the rise time for the conventional servovalve is
9 ms and that for the new servovalve is 17 ms.

iv) the damped natural frequency for the conventional

servovalve {s 192 rad/sec whereas that for the new

servovalve is 136 rad/sec.

4.5 SUMMARY

L8
In this chapter, the two systems with the
conventioﬁa] and the new servovalve arg*modelled and

simulated on a digital computer. The transient and steady

/’“‘\\



[ 4

" state response of ‘both the servovalves is tested under
jdentical two-step'and square wave, input conditions. From

’ﬁ\ (f(\ these simulation results the <conclusions are drawn

¢
which are summarized below.

—

For the new servovalve configuration,

a) as the orifice size is reduced,
i) the damping is increased and the steady state
velocity is reduced.
ii) there is no appreciab]e change in the rise

time and the damped natural frequency.

¢ N H

b) as the back pressure is increased,

i) the % overshoot is reduced and there is some
reduction in settling time.

ii) the steady state velocity is reduced.

The comparison of the conventional and the new

servovalve shows that,

«

ﬂ
i) the new servovalve offers a higher steady
state velocity and higher damping under similar input

conditions.

ii) the damping of the system depends on the

size of the orifice and the back pressure.
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1i1) the sy'stem with conventional servovalve has

'iower rise time and higher damped natural ‘,,frequency than

L
that with Ene new servosalve.
4/, . Coe ! * R
N Al
- * '
"
<
k/”“:‘s;":J o~
L 4
P . ,
\
! 2
L4
- |
P
1
T '
N B
Y
S

°

-
PP URUSTRR S

2

D g v A

e B




"

CHAPTER 5

' .S ’ N N
EXPERIMENTAL INVESTIGATION OF THE TWQ SERVOVALVE.

CONF.IGURATIONS -

b d

5.1  INTRODUCTION ) S
In Chapter 3, steady state ama]ysigqffservos¥§tems
with two servo configturations has been done. This éna]ysis

showed that the new servovalye gives higher steady state

X

‘velocity under certain copditions. The two configurations -

have been médelled  and simulated and thgjr transient
resﬁon§es have been studiéd;in Chaptér 4. The,transient
ana]ysi; was based on simplified mathematical répresentation
of 1ndi§idua1 components. This'chapter describes the

experimental evaluation of the two servo configurations.:

~Section (ﬁZ) describes the test set up used for
experiments. In section (5.3), operation of the test rig isf
explained. The selection and speciaf féatunes of the
components used in the &est set up are discussed in section
(5.4). Section (5.5) includes results of various experiments
carried on the two servov?lve‘configurations: Finally=in
section -(5.6), the results are comparéd and conclusions are

G

drawn.




—

)

5.2 DESIGN AND DESCRIPTION OF THE TEST STAND

\ . yo

The design of the test stand was pased on the
operational and functional requirements. From the
operational point of view, space, ease of operation, and
ease of changing from the conventtongl to the'new servovalve
configuration were of thg prime 1mporthﬁce. In order to
reduce the space requirement, most of the oompbnents were
mounted on a plate which was fﬁxed to the base vertically.
To facilitate quick change from the conventional to the new
configuration,” seven quick change manual on-off valves were
installed at the appropriate locations. From the functidhal

requirement servovalve, direction control valve etc. were

. selected [section 5.4] and thg servo controller, on-off

controller were designed.

Fig. 5.1 shows the pictprial view of the experfmenta1
set up. The hydraulic power supply consists of a tank (1),‘a
variable displacement non-compensated piston pump (2), an
*q]ectr{c motor (3), a direct opérated relief valve (4), a
check valve (5), and an accumulator (6) The electric motor
dF\ves the pump whose delivery cou]d be Varied by changing
the pump d1splacement. The Qressure developed by the pump
depends upon the relief valve setting (4). Once the pump
displacement is set, the pump delivery is constant. This
del}very has to be afWays greater than the load flow
requifément at any time in order to achieve constant
pressure. The relief valve maintains constant pressure by

»

<
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dumping the excess quantity of the oil back to the tank. The
accumﬁlator (6), helps to reduce pressure ripple caused by
discontinuous pump delivery and change in load flow
requirement. fhe'cheék valve (5) installed between the pump
and the accumulator prevents back flow from the accumulator
to the pump. A fine high pressure filter (7) is placed
between the accumulator and the servovalve to keep the

contamination level to a prescribed limit.

Since the excéss quantity of oil is always dumﬁed to
the tank at high pressure, 0il temperature is raised. In
orde; to keep this temperature at the permissible level, a
heat exchanger, a low pressure pump and a low pressure
filter is used to form an independent pumping and cooling
system (8). The oil from the tank is passed through the low

pressure filter and the heat exchanger where it is cooled by‘

circulating water.

A two stage flow control servovalve (9) is used to
control the flow to the actuator. In order to drive the
servovalve, a proportional type servovalve controlter (10)
is used. The controller output is connected to the first
stage of the servovalve viz. the torque motor which
displaces the spool and controls the flow to the linear
actuator (11). A double ended piston %s selected so as to
obtain symmetrical characteristics in either directions. One.
end.of the piston is connectéd to a loading table (12) on

which inertial load could be mounted. A heim joint is used
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to couple the loading table and the piston so as to take

some misalignment. The table is mounted on two sets of .

linear roller bearings and shaft assemblies which offer
negligible frictional resistance and also takes some
misalignment. Two external stops are installed outside the
cylinder so that cylinder damage due to piston impact is

avoided. A 4 way 3 position direction control valve (13) is
installed between the servovalve and the actuator which is
required to switch the pressure and drain ports in case of
the new servoyaTve configuration. An on-off controller (1l4)
1s used to drive the appropriate solenoid of the direction
control valve depending upon the sign of the error. A fine
metering valve is placed (15) in the drain line which can be
adjusted to give accurate orifice by means of a calibrated
vernier handle. A pilot operated relig} valve (16)_is
instlalled in the downstream of the metering walve to
adjust the back pressure. In order to change the servovalve

configuratioh quickly, seven (7) manual on-off valves are

-

Diaphragm type pressure tranducers are used to record

installed in appropriate locations. .

pressures in the actuator chambers. A moving magnet type

velocity transducer is used to measure the velocity of the

Y

loagd and also to use it as a feedback device.

!
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5.3 OPERATION OF THE TEST STAND &
. ‘ .

The hydraulic pump, which is coupled to the electric
motor, pumps oil from the tank and gives a constant
displacemént. The relief valve and accumulator combination
provides a constant pressure to the servovalve. The spool of
the servovalve is displaced proportional to current‘in the
torque motor coils. This current can be variéd by varying
the input voltage and the forward loop gain. The controller
can be used in éither open or closed loop mode and thé type
of input can be selected by function generator, In order to
test the system with the conventional servovalve, manual

valves (3) and (6) are closed and the rest are kept open.

[Fig. 5.2]. The flow path in this case is shown by arrows

drawn adjacent to the pipe lines in Fig. 5.2 e.g. in the
forward stroke, the pump supplies oil which passes through
valve (1), and %he servovalve, to the valve (5). Since the
valve (5) is open, the oil is supplied to the actuator. The
return line is connected to the tank through valves (7) and
(4), the servovalve and valve (2). For return stroke, valves
(4) and (7) are on pressure side whereas valves (2) and (5)

are on return side.

The actuator drives the load which is mounted on the
loading table. The output velocity is sensed by the velocity
transducer attached to.the table. The velocity transducer

gives output voltage proportional to the ¥able velocity.

-
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This voltage is fed back to the summing junction on the

servovalve controller to complete the loop.

For testing the new servovalve configuration, valves
(2),(4),(5) and (7) are closed and rest of them are kept
open [Fig. 5.3). In this case, for either stroke, the
direction control valve receives a common pressure line
since the output ports of the conventional servovalve are
joined together. For forward stroke, port A of the direction
control valve is connected to the pressuré side and port B
is connected to the drain side. Similarly, for return
stroke, B is connected to the pressure side and A is
connect;d to the tank through the;valve (6), the metering

valve and the relief valve.

As exp]ainedwin section 2.5, for the new servovalve
configuration, the function of switching the pressure " and
drain ports is done by the direction control valve. The sign
of the error voltage (Vi-Vfg) is used as an input to the
on-off controller which drives the direction control valve.
Depending upon this sign, either solenoid A or solenoid B is
activated. A fine needle type metering valve and pilot
operated relief valve are installed in the drain line. The
needle valve is fitted with a calibrated vernier handle so
that the drain orifice can be adjusted accurately and
repetetively. The relief valve is also calibrated so as to

set the back pressure accurately.




- the components are given in Appendix D.
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5.4  SELECTION OF COMPONENTS

Table 5.1 describes the special features of important
components and the reasons for their séledtion. As a common

selection criterion, the hydraulic components were selected

in such a way that the pressure rating is at least 3 times

the operating pressure (1000 psi). The specifications of all

.
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Components Special Reasons for selection
features
- Servovalve .Aircraft quality|{.Good linearity and low
threshold.
.Flatfrequency TCanbe répresented by
upto 35 Hz byfirstorder transfer
function for this
A ' application
Actuator .Double ended .Similar characteristics

in both directions.

! .5 inch stroke .Compact

.No cushioning .Full stroke can be used

for‘testing

Needle valve .Extremely accurate

.Ratioof orifice |.Differentarea ratios
size to servovalve available
o

opening at rated

current =16

Table 5.1 Special Features of ‘Components used in

Test Set Up.
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Table 5.1 (Continued)

Direction

control valve

.Rated flow 7 gpml,Low pressuré losses

120V AC
solenoid
.4way,3positioan
spring centerei

center blocked

in the valve

.Faster switching

time than DOC solenoid

.Replacethe servovalve
vaive to perform the
function of switching

pressure'and drain ports

Relief valve

.Pilot operated
.50-1000 psi

pressdre settings

.Low pressure override
.Different pressure

Tevel settings (Pn/Pg)

possible
Velocity .Linear
~transducer .Moving magnet .No external excitation
type required, output voltage
proportional to the
’ velocity
xh' )
' S
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5.5 EXPERIMENTAL RESULTS AND COMPARISON

As explained iﬁ the Chapter 4, the two servovalve
configurations are tested for two types of inputs viz.
two-step and square wave. The input and the test conditions
for the two-step and the square wave input are
respectively given in Table 4.1 and 4.2. In order to
verify the results obtaiﬁed from the simulation, tests
are carried out on the two servovalve configurations

under same conditions.

~

The Table 5.2 gives the input conditions for two~step
input which is same as Table 4.1. Fig. 5.4 and 5.5
respectively show the effect of system gain K; and mass M on
thé transient and steady state response of the conventional
servovalve. [t can be seen as the gain is increased from
6.67 mA/Y %o 7.46 mA/V (Fig. 5.4), the steady state velocity
‘15 increased from 2.0 in/sec (0.051 m/sec) to 2.5 in/sec
(0.064 m/sec) and there is no change in damped natural
frequency of the system. Also, as the mass is increased,
from 653 to 938 Slugs (Fig. 5.5), the damped natural
frequency of the system is reduced and there is reduction in
the éteady state velocity (2.5 in/sec to 2.35 in/sec). The

effect on damping, or % overshoot is not significant.

Fig. 5.6 and 5.7 respectively show the effect of
metering orifice Ay and back pressure P, on the response of

the new servovalve which can be stated as fo]lgws. As the
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¥

orifice size Ap is reduced (Fig. 5.6), the steady state
velocity is reduced from 3 in/sec (0.076 m/sec) to 2.2
in/sec (0.07 m/sec) tg 2.2 in/sec (0.056 m/sec). Also the
settling time is seen to be reduced (especially for curves 1

and 3 in Fig. 5.6). As the back pressure is increased, the

steady state velocity is reduced from 3.0 in/sec (0.076

m/sec) to 2.8 in/sec (0.071 m/sec). :
A . 1

In Fig. 5.8, the response of the cohventional and the
new servovalve is cqmparedv. For the new servoxalve,
AQ=8.77*10-3 inZ and pr=8d p§i*is chosen which is seen_fo
give best response out of the different test conditions. It
can be seen that fhe under 1dent1ca% input conditions, .

i) the new servovalve gives 2.6 in/sec (0.066 m/sec)
and the conventional servovalve gives 2.43 in/sec (0.061
m/sec)

ii) the new servovalve offers higher damping than the
conventional servovalve. '

iii) the conventional servovalve shows a rise time of
approx./3 ms whereas that for new servovalve is approx. 5
ms. . 0

The two servovalve configurations are then subjected
to square wave input under the input conditions as given.in
Table 5.3 (which is same as -Table 4.2).

Fig. 5.9 and 5.10 respectively show the effect of

AN

prifice area and back pressure on the new servovalve under

o

cyclic input.

i
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From Fig. 5.9,°it can be seen that as the orifice is

reduced,

¥ i) steady state velocity is reduced from 3.21

. in/sec‘(0.083 m/sec) to 2.93 in/sec (0.075 m/sec) o

ii) there is ﬁo appreciable change in the rise

time or the dZmped‘natura] frequency.
iii) the damping is increased.
In“case of negative voltage input (return stroke),
ththransient response was seen to be inconsistent.
~ Some nonlinearity is seen for about 66 ms after the
direction of the step has been changed. This can be
explained by the fact that immediately after the s%ep change
the velocity and hence the flow is changing, causing the

3

relief valve opening to adjust for the flow.

.Fig. 5.10 shbws the effect of increase in back
pressure from 80 psi (4.83%*105 N/m2) to 180 psi (1.24*10°
N/mz). It can be seen that as the back pressure is
increased,

i) the steady state velocity reduces from 3.26

in/sec (0.083 m/sec) to 2.82 in/sec (0.072 m/sec).

ii) the nonlinearity viz. the dead zone is seen .

to be more promiﬁ?ﬂ? in initial (approxJ 60 ms. This can be
explained by the‘fact that as the back pressure is
ipcreased, the force required to move the relief valve spool
to another position is increased.

iii) the damped natural frequency is not affected.
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In Fig. 5.11, the convgpt{oﬁal and new éervova1ve are

‘compared.,From the comparison, following conclusions can be

L

drawn. .
i) the system. with conventional se[yoValve shows

some nonlinearity close to zeré velocity. This may be due to
‘ : A
-change in the coulomb friction as the direction of motion is

changed.'

i1) the neﬁ servovalve gives steady s%ate‘ve]ocity

of 3.26 in/sec (0.0083 m/sec) whereas the conyentional

servovalve gives 2.8 in/sec (0.072 m/sec¢).

i11) the new servovalve offers higher damping than .

the conventional servovalve.

5.6 SUMMARY

In this chapter, conventional and new servovalves are
tested under 2- .step and square wave inputs on the
experimental test rig. From the experimental

‘ +
results, the following conclusions can be drawn.

For the new servoval#e configur;tion, ( \‘ E
a)'as the orifice size is reduced, \
. i) the Jamping is 1n§reased and the steady stgﬁe
vé]qcity is reduced. -
ii) tﬁéré is no significant‘chqnge in thé“rtse
time and the damped\wiTural frequency of the sysfem.
b) as the back pressure is increased,

i) the. effect of relief valve dynamics is ﬁore

a

L O




e

ey

1. .

significant. ‘ ‘
ii) the steady state velocity is reduced.

<

v

The éompafison of the conventional and the new
servovalve shows that,
i) the new servovalve offers a higher steady

state velocity and higher damping under-similar input

conditions. . .

ii) the damping of the system depends on the

size of the orifice. Increase in.back pressure reduces the %

*

overshoot.

iii) the system with cohventional servovalve has

lower rise time.
‘ L

e
&
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CHAPTER 6

COMPARISON OF SIMULATION AND EXPERIMENTAL RESULTS

‘6.1 INTRODUCTION ‘

In chapter 4, the systems with the conventional and
the new servovalve are modelled and simulated for 2-step and
square wave inputs. In chapter 5, experimental response of
both the servovalves is analysed for tﬁe same set of input
and test conditions used in chapter 4.

"In this chaptgr; section 6.2 covers the comparison of
experimental and simuiation results for two-step and square
wave inputs and in section 6.3 conclusions are drawn

based on this comparison.
6.2 COMPARISON

As explained in section 4.3, the mathematical model
is developed based on some assqmptions. Some of these
assumptions are, that the actuator coulomb friction is as
described by equation 4.10, that the switching of direction
control valve is described only by a pure time delay, that
the relief valve offers a constant back pressure gtc. Even
though the simulation and the experimental nresults, in

general, show the same trend, it is necessary to compare

the two sets of results in order to check the mathematicat



'model.

J

===

ER

Figs. 6.1 and 6.2 7€§bective1y show the comparison of
experimental and simuf%tion respoﬁse for confentional
servovalve. Figs. 6.3,-6.4 and 6.5 show the comparison of
experimental and simulation results for new eervbvalve.

' 4

IndiJidhal]y, the simulation and experiméntal results
have been afready included in sections 4.4 apd‘S.S
fespectively. “

From Fdig. 6. l 1t can be seen ‘that the d1screpancy'
between the two sets of results in steady state ve1oc1ty is
.only 3%. The exper1mentql response is “seen to be more
oscillatory than the simulation. The-discrepéﬁcy in damped
natural frequency is seen to be high (appro&. 27%).

' 3 «
Frqm Fig. 6.2, {t can be seen that the discrepancy in
steady state velocify 1£ 6%.'{n this case elso the
experimental respbn%e is found to be more oécil]atory. SQTe
nonlinearity in experimeptal response is observed near zero

velocity. This may be due to the change in coulomb friction

as the direction of piston mO(ement changes.

v “
}

JIn Fig. 6.3, simulation and experimental response of
new servovalve for 2-step input is compared. Jt is seen that

the initial transient in experimental response does not
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match favourably with ‘the simulation. This .can be explained
by the following fact. When a second step is given, flow
going through the relief valve is increased. During the
trans{ent flow condition, relief valve opening is changing
and t;ying to adjust to the changing flow. Since the
mathematical model does ﬁot take into account this
phenomenon, dis;répancy is seen between the experimentai and
simulation response during this period. v

In Fig. 6.4, the effect of orifice sizé on the new
servovalve is compared. The discrepancy in steady state
velocity is seen to—be 4% and also the correlation in

transient response is close.

In Fig. 6.5, the simulation and experimental results
for Pr=180 psi is compared. The discrepancy in steady state
velocity is seen to be ?l%. The effect of relief valve
dynamics is seen to be more because of the increase in back

pressure.

6.3 ~ CONCLUSIONS ) ‘
: ‘Based on the comparison of the experimental and
ﬁhé simulation results, the following conclusions could be
drawn. a

- The mathematical model for servosystem with
conventional servovalve 1s a sound guide to predict‘iys

" performance when controlling an inertial lgad on




e S v————CT

4 i _

jm,m .

124

frictionléss bearings.

- The mathematical model for servosystem with new
servovalve is good to predict the transient response for
different metering orifice areas and back pressure except in
initiéf transient at high pressure setting. This model does
not take into account the pressure transient dhe to sudden
opening of the direction control valve when the actuator

starts its motion.

B Lkl




CHAPTER 7

DESIGN PROCEDURE

7.1 INTRODUCTION

From the steady state analysis (Chapter 3) and
transient analysis (Chapters 4 and 5), it has been proved
ithat the new servovalve configuration offers hijher steady
state velocity and higher damping if the orifice size and
fﬁe back pressure are properly tuned. In Chapter 6, the
correlation between the ;jmulation and the experimental

Pl

results is shown.

This chapter describes a.genera]_design procedure. In
section (7.2),\an operating zone is established based on
results from 4 different sets of system parametegs, in which
the new servovalve gives a higher steady state velocity,
lower % overshoot and lower settling time. Section (7.3)
provides a procedure to determine the orifice size and back
pressure for the new servovalve knowing the system
parameters. Finally, in section (7.4), the results are

summarized.

-
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. 7.2 - DETERMINATION OF OPERATING ZONE

[

In order to determine the operating zonef the systems

11th the conventional and the new servovalve are tested for
4 different sets of systenm ;;rameters. These. 4 sets are

given in the Table 7.1.

Values Set 1 Set 2 Set 3 Set 4
P 700.0 700.0 700.0 700.0 .
vi 26.0 26.0 26.0 26.0
vy 19.5 19.5 19.5 19.5
; 11.63*104 | 11.63*#104 | 11.63%10%4 | 11.63*10%
P 0.03 0.03 0.03 0.03
Kf 0.23 0.23 '0.23 0.23
Fs 101.0 101.0 101.0 101.0
Fg 39.1 39.1 39.1 139.1
Vi 2.15 2.15 2.15 3.5
Ka 7.09 7.09 10.0 10.0
Cy 6.31%10-3 | 8.21*10-3 | 8.21*10-3 | g8.21*10-3
M 820.0 1230.0 1230.0 1230.0
Table 7.1 System Parameters for 4 Different Sets
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, » The vglueﬁ'of the parameters which are underlined are
different fhan the values shown in Set 1 i.e., basically,
the 1eakagé coefficient (C|), amplifier gain (Ka),'ma5§ (M)

and the voltage input (Vi) have been changed.

First, the sys%em with the conventional servovalve is‘
simulated for the 4 sets of ;alues and the steady state
opening of the servovalve (A,) is determined. Then, the new
servaovalve is tested for various area ratios (Ag/Ay) and

relief valve setting (P./Pg) as tabulated in Table 7.2.
. .

AO/AV Pr/Ps
0.5 0.00

0.8 0.08

v J

o 2.0 0.20
) '3.0 0.30
5.0 - 0.40

8.0 —_

&

-

Table 7.2 Test Conditions for the New Servovalve
) (‘ ”

Each vilue of area ratio is simulated for all the
five values of relief valve setting. Thus in all 120
_comb1na£ions are simulatedf For all the cases, the %-

overshoot, the steady state velocity and the settling time
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are determined. ‘ LT . , >

In order to compare these values with the

conventional'servovalve, following normalized quantities

N »

are defined.

Normalized % overshoot 5*

» ’5 ) oo
6= 20 i=1,4 | (7.1)
-0 set i

Normalized settling time T*

Tn

T* ' —

Te

i=1,4 (7.2)

set i

Normalized steady state veiocity v*

Vn

V2 e i=1,4 ‘ (7.3)
Ve set i
' & [y
- Normalised area ratio A* .
AD
COAY A e ' _ (7.4)
. i=1,4
. . Ay set i

where, thq‘settling time Ty is the time required to
.,reaéh + 5% of the steady state value. The subscripts n and ¢
represent the corresponding value ™ for the new and the

conventional servovalve respectively.
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«Figs. 7.1 to 7.6 showhtﬁe v;riatfon aof the normalized

o settlfng,time T;, normalized % overshoot & and mormalized
ste;qy"state velocity V* for different area ratios (AO/AVL
;s the relief valve setting (Pr/Pg) is changed from 0.0 to

0.4. 1In each figure, the different curves are marked as,

o

Number Pr/Ps
1 0.00
2 0.08
3 0.20
4 0.30 u .
5 0.40

From the Figs. 7.1 to 7.6, following conclusions can
be drawn. The effect of area ratio and back pressure can be

stated as follows.

a) As the area ratio AgjRy is increased from 0.5'to

~

8.0,

7.2) . then starts increasing. For sets 1

T* is less than 1.0 upto Ag/A, =

55 wherefas for the sets 3 and 4, the settiing time T* is
n 1.0 upto 3.5. This is valid for all the pressure

ratios for 0.0 to 0.4.

¢
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ii) the % overshoot §* is seen (Fig. 7.3 and 7.4) to
. . '
be less than 1.0 for all the pressure ratios except for set

4 (Fig. 7.4) at Pn/Pg = 0.0 and Ag/Ay > 7.0.

iii) the velocity V* is increased (Fig. 7.5 and 7:6)
and for all the sets, it is greater than 1.0 for Ap/Ay > 1.5
and Pr/Pg< 0.2. The vefodity.v* is less than 1.0 for all

the sets for Pn/Pg = 0.4 and is seen to be saturating beyond

Ag/Ay > 4.0 for all values of Pr/Ps- J///

. i ’
b) The effect of back pressure Pr/Pg,as it is

increased from 0.0 to 0.4 is seen to be as follows.
\ .
i) there is a reduction in settling time T* which is

seen to be more for sets 3 and 4 {Fig. 7.2) for Ag/Ay > 4.5.

i1) the % overshoot &* is also reduced e.g. for set

‘

2 (Fig. 7.3), at Ag/Ay = 0.5; increase in Pp/Pg from 0.0 to

0.4 results "in reductioﬁ in ¥ overshoot from 0.76 to 0.67.

iii) the velocity V* is reduced e.g. tor set 1 (Fig. =R

7.5); at Ag/Ay = 0.5, increase in Pr/Pg from 0.0 to 0.4

results in reduction in V¥ from 0.61 to 0.35.

‘Based on the the settling time T* , the % overshoo;/
5* and the steady state velocity V*, the new servovalve will
be better if it gives higher velocity, lower settling time

and lower ¥ overshoot than the conventional.

4
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. Qn the individual plot, a regio% is marked beyond (or
upto) which thé new servovalve gives jbetter performance e.g.

o :
in Fig. 7.5 and 7.6, the steady st@te velocity V¥ will be

greater than 1.0 for Ag/Ay > 1.5 for Pp/Pg < 0.2.

A common region for all the sets, which may be termed

as an ‘operating zone' is seen between Ag/Ay = 1.5 to 3.0
for P./Pg < 0.2. In this zone, the new servovalve gives
better performance than the conve&tional i.e. it gives
higher steady state velocity V,, lower settling time T, and
lower % overshoot 0. It should be noted that this region is

common to all the four sets of system parameters and such

zone is not seen for Ppr/Ps = 0.3 or 0.4,

. ‘
7.3 DETERMINATION OF ORIFICE SIZE AND BACK PRESSURE,

In order to determine the orifice size Ag and the
back pressure P} so that the system is opefating in the
‘operating zone', the designer should know the opening Ay
of the conventional servovalve at the steady state. The
value of A, could be determined by knowing the ﬁystem
parameters and the operating velocity as follows.

’;:: actuator flows Q3 and Q2 in the stead& state are

given as follows.

)
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\ |
, o 5 . ,
L | ' }Av>0.-0
¥ - ’ . ' 2 , | l
02 = Copvy —5— (P2) (7.6)
. ‘ ;
r ~M‘:J o ' , ) ' (same .as 4.6)

oy - ; C .
, _Also, .. / {

’Ql-cl(Pl-P"z) = AV (7.7)

Qz-Cy(P1-P2) = AV 4 L (7.8)
Also in steady state, the force eqn.(4.9) reduces to

(P1-P2)A = F{ o o (7.9)

where Fq is the magnitude of coulomb friction when
the piston is in motion. In steady state, the relationship
between the supply pressure Pg and the actuator pressures P}

and Py is given [37] as
P1+P =Py B _ (7.10)

The values of Fg, A, Pg, Cd» C(sP and V are assumed
to be known. Theré'.fore, from eqns. (7.9) and (7.10),
directly P] and Pp can be found out. Substituting eqn. (7.5)
in (7.7), |
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2 B

Theréfore, fram eqn.(7.1i), the steady state value
of Ay, could be determined. Then, based on the conclusions
drawn in section (7.2), thq orifice size and the back
pressure could be selected (Ag/Ay=1.5 to 3.0 and P, <0.2)
which will gf%e higher steady state velocity, lower %.

overshoot and lower settling time than the conventional

servovalve, '
‘ v
Y

7.4 SUMMARY

In this chapter, simulation results of the
conventional and the new servovalve, for 4 different sets
of system parameters are studiéd. It is seen from these
results that there exists a region, which is termed as an
‘operating zone', in which the new servovalve gives higher
Qe1ocity, lower settling time and lower % overshoot than the
conventional servovalQe. Lafer, a procedure is described to
determine th% tuning parameters for the new servoyalve 50

that the system could be run in the operating zone.
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CHAPTER 8

~ CONCLUSIONS AND EXTENSLIONS N

In this thesis, a novel electrohydraulic servovalve
configuration was proposed and was followed by simulation
and experimental investiga;ions into its characteristics.
The simulation and experimental results were compared and
it was shown that tke ‘mathematical models are good to .
predict the performance of éhe fwo“ servovalve
configurations. Therefore, the simulation technique

v

was used as a basis for further comparison.

The advantage of this new servovalve is that if the
orifice size and the back pressure are properly tuned, it
gives higher steady state velocity, lower settling time and
lower % overshoot than thé conventional servovalve. It was
shown (based on 4 different of system parameters that there
exists an operating zone 1in which this advantage is

r

observed.

An apparent disadvantage of this 'new servovalve must
be mentioned. The direction contrql part of the new
servovalve introduces a pure time delay which may cause

limit cycle oscillations .in some cases.

+
°
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Further extensions on this research work could

include the following.

1) A servosystem with the new servovalve
configuration could be used in CNC machines, robots etc.
Therefore, its response to load disturbance should be

studied.

2) Expermentally, it was found that the servosystem
with the new servovalve configuration exibits 1imit cycle
oscillations at high back presgure and low flow. Therefore,
therole of relief valve should be studied in more detail by
including the relief valve dynamics in the mathematical

i

model and also by carrying out experiments. |
|

3) Based on some criteria such as rise time, settling
time etc., an optimization program should be deve]oped‘to
determine the orifice size and the back pressurwifor the

i

desired operating velocity.
)
4) A tuneable controller should be designed so as to
adjust the metering orifice and the back pressure of the new
servovalve configuraton based on the current operating

conditions of the system.

5) The mathematical model should be used to stuydy the

effects of the pure time delay of the direction gontrol

&

\

A\

\
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valve on the transient response of the system. *
e ’
6) Mathematicat’analysis of the new servovalve should

be done so as to obtain a third order or a second order

& transfer. function which would help in predicting frequency

response,‘ef%ect of orifice size and back pressure on tﬁe
damping and the gain etc.
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APPENDIX A

A.1 SERVOVALYE CONSTANTS

/
The equivalent transfer function of the servovalve

A
is - given as ‘

A K xK %
v KxKy _ (A1)
I S +1 (Same as eqn. 4.5)

The constant KyKy is a product of the. servovalve
\ -
torque motor gain K, and the servovalve area constant Ky .In

steady state, the flow through the servovalve is given as

Qo= Cq A — P (A.2
v (Same as eqn. 4.6

-

.Therefore, from equation A.l, in steady state,

- 2 .

-

This equation was used to determine the constant
KXKV'
)

For different values of the input currents [, the,

»

supply pressure Py was adjusted such that the p;eésure pp is
520 psi (3.44%106 N/m2). The output flow G, was measured for
each value of input current. The graph of the current I

> &\
-

,
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.

versus, flow Qz was plotted Fig. A.l1 and the constant KyKy

!

was determined as follows. {

Slope of the graph = 4.57 cm3/sec/mA
. )
Therefore,

4.57

L]
Y

KKy =
’ 0.6 4/ — *520%6894.57
860

. KKy = 0.08334 cm3/mA

d.051 in3/mA

A.2 NEEDLE VALVE . ‘

For the experimental purpose, a 1RF4 needle valve
with regulating stem was used . The characteristics of this
valve have beemwgrovidgd by the manufacturer as shown in

Fig. A.2 ‘(Courtsey Whitey Valves).

-
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-

Thé relationship between flow rate and the flow

4

coefficient is given as

Qp = Cyq| — C(AL8)

G
where AP is the pressure drop across the va]ve in

psi, G is the specific gravity of the fluid and Qg is the
, flo& rate through the needle valve. By using Equation A.4,
the flow coefficients of the valve for different openings

were determined.

. The flow rate through the valve is also given as

z h } |

Qo = CgAo -;?s , (A.5)

Using equations (A.ﬁ) and (A.5), various orifice

diameters were calculated. The calibration curve for the

needle valve is shown in Fig. A.3

LY
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A3 WELOCITY TRANSDUCER

A moving magnet type velocity transducer was used as
a velocity'measuring and feedbagk device. It is a seff
generating device that provides a DC voltage output. The
voltage i; geﬁerated across the induction coils as the
magnet moves with respect to the coils and is direct]j

. . S
proportional to the velocity of the magnet.

This Qe]ocity transducer was ca]ib}ated by mounting
it ‘'on a precision 1atﬁe. The rod which holds the magnet was
connected to the moving carriage and the body was fixed on
the guideways. The voltage across the coils was measured for
both the strokes and for different velocities. Fig. A.4
shows the calibration curve for the vé]ocity transducer. The
transducer is seen to be linear over the range of velocity

selected for measurement.
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A.4 VISCOUS AND COULOMB FRICTION

Friction is present whenever one mechanical part
moves on another part. The friction present in Tlinear
actiuator can be divided in 'two parts viz. viscous and

coulomb. Therefore,

Ff = Fy+Fe . (A.6)

Viscous friction is present when a film of lubricant
is -sheared as the mechanical parts move and is directly
ﬁroportiona] to the he]ative velocity between the moving
parts. Couiomb friction is present when there is incomplete
or no effective Tubrication. The coulomb friction can be
further divided in two parts viz. stariing and runﬁingh
“friction., Starting friction is the force required to start
the motion. Once the motion starts, the coulomb friction

force between the moving parts is called as the running

fr%ﬁtion. )

For the linear actuator used in the experimental set

up, the nét force'developed can be written as

»

d2x - d X ,
(P1-P2)A = M -== + B -= + F¢ (A.7)
dt?2 dt

o

When the actuator is stationary, the net force is

used only to overcome the starting friction. Hﬁereas, when a




" (29s/w) A3100(3A 3Indu]
0°¢t 02
| 1

403eN30Y JeBULT JO SILISLUd}IRARY) cowuuwgu \.w.< 614

006~

(N) 33404 [RUOL}ILAS

>

Sem




158

1

steady state yeiqpity is.achieyéq, it is used.to~ovarcome
running and viscous frigtion. In order to determine these
parameters, following tests were cérriéd out.

The supply pressure was increased slowly from zero
_ till the actuator was in motioﬁ. The actuator velocity V and
the two pressures P1 and P2 were recorded. The same
procedure .was carr%;d out for different velocities. From the _
two pressure readings at V=0 and V=0%*, the sfific and
dynamic va1des of cou]omb fricpion-were"determined. It was
seen .that the viscous friction force is negligible.-The
coulomb fric;ion characteristics of thé actuator are given
in Fig. A.5. i]

A

A.5 LEAKAGE COEFFICIENT

ﬂ]l the moving parts have some clea}ance which acts
As a leakage path under high'présgure. R fhe test stand as'
shown in Fig. 5.1, the combined 1eak;ge through the small
flow control valve installed ééros§ the actuator ports and .
through the cylinder was measured in order to deterque thé
leakage coefficient. Fig. A.6 gives the varfation of the
leakage flow w#th the pressure differential., |

As seen from the‘graph:_the variation of the-ieakagg
flow i; direét]y proportional td the.pressure differénce
across the piston. Therefore, the slope of the.graph gives

the valve of .the leakage coefficient.

¢ e At ———— s = o = e emen
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N drain.line of the n%w servovalve. Fo]]owmg procedure was
used to caﬂibra/te the re]ief va‘]ve.’ ‘Fig. A.7 shows thea Lo
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? o
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and no f]ow was observed through the drawn line. This ns
because the d1rect operated re11ef va1ve (1) was set atys
neg11g1b1e pressure (initial setting of the .gpring) whereas
the pilot opeérated vé?ve was set at certain initial pressure
(50 psi approx.) and therefore all tﬁe'pump}dutput was
dumped tpiihé tank through the valve (1). The pressure in
the line was s]pu]y increased by adjusting the pressure

.
settingfénob of the valve (1) till some f]OW'WBS\PbSerVEd

‘through: the drain line. Thﬁs,pre$sure at which the valive ;

creckéd open was noted. Then the pre§sure'in the Tine was

.

,rednced slowly til] the f]ow'was stopped The pressure was

A

a1s noted. The pressure setting knob af the valve 2 was
oclosed by'l 1.5, 2 and 2. 5 turns success1ve1y and the.

same procedure was. repeated. Fig. A.8.gives the callbrata\n
\
curve‘for the relief valve. Some difference in closing and-

opening pressure'qu o;éer ed {approx. 30-40 p51 n&1cat1ng

hysteresﬁslof fhe'véTve. For simplicity, this is not shown

Ce \¥
on the .calibration curve.
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N 4
A.7 PRESSURE TRANSDUCERS

'A calibration curve for the pressuré transducer-

indicator combination was obtained by using a dead weight

_tester as follows. The positive port of the transducer was

connected to the outbut of the dead weight tester and the

negative port was kept open to thé atmosphere. Various

pressure levels from 0-1000 psi‘with'IOO psi steps were
obtained by mounting appropriate dead weights on the dead
weight tester. The-pressure was tﬂen lowered back to zero in
steps of 00 psi. The corresponding output voltages givén by
the transducer indicator were reporded. Same proceduré was
u§fq for the,fecond transducer-indicator -combination. No
considerable hysteresis was observed ( <20 ps#). Figs A.9

and A.10 show the calibration curves for the two pressure

transducers. ) \
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o *  APPENDIX B

e

14

B.1  SERVOVALVE CONTROLLER

“ Fig. 8.1 smows the circuit diagram for the
servocontroller used to drive the servovalve. The controlier
is proportional i.e.the output voltage of thé controller
is directly proportional to the sum of the inpht voltage
signals.

\

The controller consists of a preampliifier stage (op-
amps Al and Az), a feedback stage (op-amp A3) and 4 current
amplifier stage-(op-amp A4 and transistors Ty and T2). The

torque motor coils o;}%e servovalve are connected to the

4

The preamplifier stage is provided with summing

‘junction at the amplifier Aj and .adjustment for bias and

gain at amplifier Ap. The feedback stage provides
operatianal stability and linear respbnse characteristics.

The two transistors used in the current amplifier stage are

PNP and NPN type and therefore provide sufficient current in

positive as well as negative voltage input.

Fig. B.2 shows the input-output relationship of the
controller for a gain of 7 mA/V. The controllier was also
tested for 4 mA/V and 6 mA/V and a linear relationéhjp was

observed in all the cases. ' .
& ~
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B.2 ON-OFF CONTROLLER

©

In order to drive the solenoids of the directiop
control valve, an on-off controller was designed and built.
Fig. B.3 shows the schematic of the on-of% controller.

Depending upon the sign of’the input, the output of
the op-amp A} is + 15 V. The amplifier Az inverts the signal
and feeds it amplifier A3; A set of opto coupler-triac
driver and triac is providé@bfor each of the amplifiers Aj
and A4. The output of triac Ty is connected to solenoid A
and that of Tz is connected to solenoid B of the direction
coﬁtrq1 valve. An additional circuit is provided at the

amplifier Ay to adjust the offset (swithching level) and to

-introduce intentional hysteresis 1f required.

Thus, depending on the sign of the input, appropriate
solenoid .isactivated and switching of the supply and drain

port is achieved.

The on-off controller and the di}ection control valve
together introduce a pure time delay in qctuafion. This
delay was seen to be 8 ms but sometimes varying from 3 to 10

ms.
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B.3  "CIRCUIT FOR TWO-STEP INPUT -

In order to get a two-step input, a circuit, which

will add 2 signals was designed. Fig. B.4 shows.ﬁlsgﬁqmat§c

<

of this circuit, o, " o 131.

It was seen that the:switches S aﬁd 52 iﬁfrodué} a

v ¥

,short (is.ms) but h1gh transient output when switched on.
Therefore, a monostable and OR gate combinat1on‘was used to

7

o e11m1nate this traﬂs1ent In order to add twoﬁs1gnals or get
a two step, the switch Sy should be closed i.e. pin 3 of OR

grte shouTd be high, When S 1s closed, Vi (pos1t1ve

vo1tage) is added to the s1gna1 from the function generator ..

and when S is open, Vp (negative voltage )is added to the’

signal from the function generator. Thus the position of
swith S decides whether Vior Vp is added. The magnitude of
the second step can‘be adjusted by varying the supply

'voltage (V1 or V2)
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. _~ " LISTING™OF THE COMPUTER PROGRAM

[ 4

A

THIS PROGRAM CALLS o’(me FUNCTION RUNGE TO SOLVE FOR THE
SYSTENS OF DIFFERENTIAL EQUATIQNS FOR THE CONVENTIOHAL AND NEW
SERVOV ONS, EQUATIONS WITH THE GIVEN INITIAL
CONDITIONS DESCRIRE THE VELOCITY RESFONSE SUBJECTED T0 -
STEF INPUT UOLTAGE COMMAND
THEY ALSD GIVE THE TRANSIENT RESPONSES FRON SUDDEN ADJUSTHENT OF "
RESTRICTOR AREA OR BACK PRESSURE. K IS THE VALUE RETURNED °
BY THE FUNCTION RUNGE. IT EQUALS') WHEN THE DERIVATIVES
ARE TO RE_CALCULATED AND O WHEN INTEGRATION ACROSS ONE-STEF
IS COMPLETED. \

INTEGER RUNGE ) b
REAL KAsXXKV,KFsMASS

DIMENSION F(4),Y(4)

DINENSION XARRAY(20000)YARRAY(20000)"

OPEN (F]LE"C“LCOHP "»STATUS='OLO "sUNIT=20 )’

REAB AND PRINT OUT THE INFUT DATA ' /

READ T18110) PS,PR,ACVINPUT |
“TO FORMAT,(BE10.4)

READ (18y20) V1sV27CLsCF CDsBETA,RAO,MASS
20 FORMAT (BE10.4)

READ (18y30) KA:KF »KXXV ) TAUV AREA:FS:FD
¥ FORMAT (7€10.4)

READ (18/40) DXMO»MsLOOP

Qoo

40 FORMAT (2£10.4,12) .
* " READ (18y50) DELAY
. S0 FORMAT (F10.4) (\ B .
g INITIALISATION OF VALUES .
z 0,0
mtmr = DXMOKKF
ICOUNT = 0~
i M=o
c Y(1)sz SERVOVALVE OPENING
¢ Y(2)== PRESSURE Pi ,
¢ Y(3)-= PRESSURE P2 .
‘c: Y(4)=* QUTPUT VELOCITY ) . . »
Y(iy = 0.0 : _
Y(2) = 0.0 : o p
Ym = o o ~ . '
3
NOITE (.l!”) Tv(Y(DvI'lvl)vlhﬂvluFFvTﬁT‘
y
% CALL ON THE FOURTH-ORDER RUNGE-KUTTA FUNCTION ’
200 N - M ' , ' ,
c K = RUNGECA»YsFsTrHsM) :
C  WHENEVER K=1, COMPUTE DERIVATIVE VALUES FROM.THE svsrsn oF
C DIFFERENTIAL EGUATIONS FOR ROTH AU REING GREATER THAN OR
C LESS THAN ZERO., 'THE STATEMENT 208 GIVES THE u.remmnvs
¢ EQUATION FOR AU<0. )
IF (1 .EQ. SYM= O \
c IF (K .NE. 1) 8070 210 ‘
E RODEL OF THE INPUT '



: = SIN(Y.8S42T) o
. ¢ If w( +0.0) VINS = VINPUT
: IF (WLTe 0.0) VINS o ~VINFUT

HODEL OF THE SERVOVALVE CDNTROLLER . 1 -

l‘.’

N -

k]
onon O0o

4
HODEL OF THE WNEW SERVOVALVE

r;<11> 2 (K!l’val}AI -Y(1))/TAUY -
IF \T oLTo °0“DEL&Y +OR. (7 -BE. 0.84DELAY .AND,
’ { JLT. 1,24DELAY)) THEN
{1} = ARS(Y(1)) - !
GOTO 203 :
ENDIF
. IF (Y(1) .EQ. 0.0) GOTD 202
\ IF (1. .GE o A4PELAY "gn. T .LY, 0,84DELAY) .OR.
b T .GE. 1.2+9ELAY) THEN
. m; = -answun .

ENRIF @
201 IF (Y%?% +LE. PR) THEN . :

Q1 » 0. \ .
J ELSE
i ' A1 = -CD*ADSSORT(2, ouvm-m/mo) . .

ENDIF
Qs = CDtY(l)lSORT(Z.O!(PS-Y(B))/'RHO) .
GOTO 204 o .
202 Q1 = 0.0
. g2 = 0.0
- GOTO 204
’ 203 Q1 = CB"(U!SGRI(?-O!(PS Y(2))/R0)
IF (Y(3) .LE. PR) THEN
@ = 0.0
SE

EL ~ :
.. @2 = CORADSSORT(2,0%(Y(3)-PR)/RHD)
ENDIF

204 CONTINUE )

MODEL OF THE CONDUITS _

F() m mfwu(m-msanm—uuvm !4:3 ' i
F(3) = mn/\m(-azmsnuumuvu) ))) .

MODEL OF THE ACTUATOR
OL = CLEY(2)-¥(}))
MODEL OF THE COLOUMR FRICTION IN THE ACTUATOR

IF (¥(4) .EQ. 0.0) BOTO 207
GOTD 208

207 FRICT a.0

208 FSUM = (Y(2)-Y(3))SAREA -
JF (ARS(FSUM) .LT. FS .AND, ABRS(Y(M)) .LE. 0.0001)
4 FF = FsSun .
IF (FSUH +EQ. 0.0) THEN

=
GOTD "‘09
ENDIF
IF (ARS(FSUM) .GE. FS .AND. ANY(’)) +LE. 0.0001) )
¢ FF = FSBFSUM/ARS(FSUM)
209 IF (ARS(Y(4)) .GT. 0.000)) FF = FDRY(4)/ARS(Y(Y))

doo

OO ON0
L4

DELTAI = KAR(YINS-KFev(4)) - " : -~ \\ r A
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F(4) = (FSUM-FF)/NASS ' y '

GOTC 200 /
FOR T GREATER THAN 0.1s PRINT OUT THE RESULY FOR EVERY S
INTEGRATYON TIMEASTEPS - ) A

210 JCOUNT = ICOUNTH1 ° . ) v

IF (ICOUNT .LT. 4) GOTO 200

PRINT THE RESULTS A N ‘ -

THETAF = Y(4)$KF
IF (T .GT. THAX) GOTO 300

-+ WRITE (8,230) TrY1,(Y(I)112253)sR1:02+QLsFFsTHETAF

glziz el alalinle]

ixlelyl

-

230 FORMAT (1XsF&.4:5Xs8(E10,493X))
ICOUNT = 0 .
TIN - T-0.8 ’
IF (TIN .GE. 0.0) THEN o \
NO = MO + .
XARBAT (NO) = TIN -
YARRNY (NO) = THETAF '
ENDIF o

PASS” THE PROGRAM TO THEASECOND PART IF THE TINE VARIABLE EYCEEDS
‘ THE TINE RANGE

IF (T .LT, THAX-0. 00001) GOTO 200 ) ‘

CALL THE GRAPH FLOTTING LIBRARY SUBROUTINES TD FLOT THE GR&PH
OF THE CONVENTIONAL CONFIGURATION

300 CALL PLOTS(0:0,20) '
CALL PLOT(0,0,0,0s=3) ¢
CALL-SCALE (XARRAY»34,.0,NO» 1)
CALL SCALE(YARRAY»14,0»N0s1)
XARRAY(NO42)=0,.024
YARRAY(NO+2)=0.190
YARRAY (NO+1)=-1,125
CALL AXIS(0.0+0,0s1H 9y~-1+34.000.0
$ ARRAY(NO+1)!XQRRQY(NO#2)) M WY
CﬁLL AX1S¢0.050.,0s1H +11,14.0+90.0» !
YA RRhY‘NO*l)vYARRﬁY(NO+2))
CALL LINE (XARRAY s YARRAY)NO»1+0»0) . 4
CALL PLOT(13.052.0,3) .
CALL PLOT(14.0+2.0,2)
CALL SYMBOL(14:321.7+0. 6:11HNEH CONF1G.»0.0,11) . .
CALL PLOT(0.050.05-3) :
. g#h% FLDT(0.,0:0.0:,999) .

END “
THE FOURTH-ORDBER RUNGE-KUNTA FUNCTION
FUNCTION RUNGE (NsY»FsXsHs M)

THE FUNCTION RUNGE EMFLOYS THE FOURTH-ORDER. RUNGE-KUTTA METHOD .
WITH KUTTA’S COEFFICIENTS TO INTEGRATE A SYSTEN OF °N SIMULTAN-

EOUS FIRST ORDER ORDINARY DIFFERENTIAL EQUATIONS F(J)sDY(J)/DX»
(J-192s,..8N)s ACROSS ONE STEP OF LENGTH H IM THE INDEPENDENT _—
VARIABLE ¥» SURJECT TO INITIAL CONDITIONS Y{J)s (J=192s,442N),

EACH F(J): THE DERIVATIVE OF Y(J), MUST BE COMPUTER FOUR TIMES

FER INTEGRATION STEF RY THE CALLING PROGRAM, THE FUNCTION MUST

BE CALLED FIVE TINES PER STEP (PASS(L)...PASS(SI) SO THAT THE
INBEPENDENT VARIARLE VALUE (%) AND THE SOLUTION VALUES

(YC1)4.0Y(N)) CAN.BE UPDATED USING THE RUNGE-KUTTA ALGORITHH.

.-
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'2D0 22 J s 1IN

) +2
(L) {(J"X. SAVEY(J) ¢ HRF(

S,

M I8 THE PASS COUNTER., RUNGE RETURNS AS ITS VALUE 1 TO
SIGNAL THAT ALL DERIVATIVES (THE F(J)) BE EVALUATED OR 0 TO
SIGNAL THAT THE INTEGRATION PROCESS FOR THE CURRENT STEF IS5
FINISHED, SAVEY(J) IS USED TO SAVE THE INITIAL VALUE OF Y(J)
AND PHI(J) IS THE INCREMENT FUNCTION FDR THE J(TH) EQUATION.
AS WRITTEH» N MAY BE NG LARGER THAN 3

INTEGER RUNGE
DINENSION FRI(50)9SAVEY(30) 2 Y(N)oF (N)

GOTO (1,2:BesB) )
*er e PASS l-"'..

1 RUNGE = 1
RETURN s

.'.QD‘PASS .'..O

SAVEY()) & T(U)

FHI(J) = F(J)

2 Y(J) * SAVEY(J) + 0.SENSF(J)
X 2 X+ 0,StH

RUNGE = 1

GETURN

ro s P“ss 3 [ X R XA

3 D0 33 J = 1N
. PHI(J) = PHI(J) ¢ Z.gtf(J)
(J) + 0

33 YCJ) = SAVEY(D) + 8. WEF(S)
RUNGE. -

1 .
RETURN s 5

ser0 0 P“ss‘ st L

4D0 44 J = 1sN .
PHI(J) = PHL(J .0‘5;.!) o

t+ 0,
RUMNGE = 1
RETURN

*re D P“ss s [ KX N X2

DO 35 J = 19N
59 :(J)ol SAVEY(J) ¢ (PHICJ) + F(J))SH/6.:0
=

RUNGE = 0
RETURN .
JFAD

St Sl 5 35 G s e A ER i & R
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Parameter Values : : ' -
J’ - . . ‘
T I 4

100dpst
100 psi ca e,
0.032 1n2 :

2.1V “ . ;.

26_1n3 : | .
19.5 in3 ‘

'6141*10'5
0.6 ‘ o
11.6205%10% & L o
0.03 1b/4n3 P
§20 slugs -

7.09 mA/V ISR

\ B k * + g h‘: ﬂ -
0.23 V/in/sec ey L
0.004 sec A -
0.98 1n2 v .
101 1bf I o

39.1 1bf : o j' o : ‘

0.008 sec .
. A"
‘ . L
S Ve
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APPENDIX O

In tﬁis appendix, the speciﬂicqtioﬁs of the

i
|
é 181 l\ 0o !
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~c'oinponents used in the test set up are included.

~SERVOVALVE E ;
Mode Moog 73-207
Rated current + 15 mA
Linéariéy w1th1g,1 5% ”

Internal leakage- < 0.17 gpm
Coil resistance 200 “~ single cails

"Figs. D.la and D.1b respectively show.the frequency

and time response of the servovalve.

1 »
. [ . e
- ] N . ‘
1 T ,\ L . [
=4 |- &N 0 e - . , ,
.'.‘r-:;:l':'l-ﬂ'u X = !n 4 S
' A} sanmnm— A 10 | ! ‘ r,-a:v;:r-
) B ol h\ . ° ] 1enmnm
! tnmnmn o l"—‘ ——— e -
1 9. [ ] .
NP7 a BNk o
id 1 /e ¥ I~
- » ! ; i
] R . ‘ \
n se na l'I_I!II.. el ;
- ’ 1 » n » n
| g o
(a) Frequency Response (b) Time Response ‘

K

Fig. D.1. Frequency and Time Response of 73-207 Servovalvk
(same as 73-101) :

-
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 \CACTUATOR |
Model Cowan Dynamics, MCE 845
‘Rated_pressure 3000 psi :
) Stroke ™ .‘;\\‘ 5 in
Bore size \\\143f4;
Rod size 1.0 in, double ended
Cushioning not present

i

-NEEDLE VALVE 3
Model Wpitey 1RF4

Rated pressure 8000 psi
Orifice size 0.25 in (Cy=0.73)

)

~DIRECTION CONTROL VALVE -

Model Parker Hennifin, D1VWI
Rated pressure 3000 pst '

Nominal flow 7 gpm ~

Tyﬁg 4 way, 3 position, spr1ng‘

centered, center blocked.
Solenoid AC 120 'V, double

-RELIEF VALVE

Mode " Parker Hennifin RP40OSM
Rated pressure 3000 psi
Rated flow 6 gpm

Pressure settings 50 to 1000 psi -
Type pilot operated

NS e s o+
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GVELOCITY TRANSDUCER
Model \
Stroke
Type

‘ 19

-HIGH PRESSURE FILTER
Model
Rated pressure

- Burst pressure

. '
Element ¢

&
-HYDRAULIC OIL
Make
Dengity
Viscosity

Bulk modulus

3 e
LI
,

s

t

6 in

moving magnét

-

Moog HP 010 A

3000 psi

iS,OOO psi
071-60300, 3 microns

4

Shell Tellus 32

860 kg/m3 (at 15°C)

29.5 mm2/sec (at 40° )
2.046+108 N/nZ (with no air

content)

[

t

S ‘ .
Robinson HalpérnaZAOA-:BHO(,1F§a
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