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SYNOPSIS

The integrated approach of engineering systems analysis enables
one to outline a systematic method of solution of a number of
engineering problems,

The investigation of the problem usually starts with the
definition of a physical model of the system on the basis of a set
of requirements; the system can be some equipment like a valve or a
pump. The physical model is normally much too complex to be
investigated directly, therefore, through assumptions it is simplified
to an abstract model.

From the abstract model, again via assumptions, a mathematical
model is derived which combines the separate subsystems (mechanical,
hydravlic, etc.,) into an integrated netwerk of 1dea1 network elements,.-

R
Network topology enables the 1nvest1gator to obtaln a set of |

independent equations which can then be solved, In parallel w1th the "

analytical work tests on the physical model are carrled out to compare

the accuracy of the analysis and, hence, to make sultable ad;ustments ?"”

[ECHE P . :
St HIS I
! IR

in the theory,

The knowledge gained from the exerc?se Just described is used o
with other considerations for the design of a new or improved product.

This is the approach which has been adopted in this thesis to
the analysis of a hydraulic, solenoid-actuated, four-port, directional-
control valve,

The experimental work was restricted to the operation of the
valve with fluid flow through two ports only, further to Pige 1.1

the hydravlic supply was conpected to port P’ and port A" to tank,



This meant that the fluid was passing through a single orifice without
flowing into an external load such as a hydraulic motor. This is in
accordance with the definition of the system under investigation
discussed later,

The complete system was simulated by means of digital and
analogue computers, and in addition, programmes have been suggested

to make suitable design changes in the valve.
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Variables

ot

¢

NOTATION

voltage*

current*

r.MeSo value of voltage
r.m.S., value of current
flux*

magnetomotive force#*
velocity*

maximur velocity
displacement*
displacement*
displacement of spool
force*

momen tum*

angular displacement®*
angular velocity

flow rate-

pressure*

time

scaled time

indicates differentiation

Laplace operator

A dot above a variable also indiéates differentiation.

\



Constanfs

height of water*

length*

length* or inductance

initial compression of springs

radius¥*

diameter

electrical resistance* or hydraulic resistance*
permeance*

absolute permeability

relative permeability

= Mo Mr

conductance*

resistivity or density
number of turns*

area*

surface¥*

mass¥*

gravitational acceleration
dynamic viscosity
kinematic viscosity

Reynoldt's Number

viscous friction cqefficient



velocity coefficient
contraction coefficient
discharge coefficient (= Cch)
function

congtant*
constant¥*

constant*

*  suffix will be used where appropriate

Where one symbol can represent more than one
variable or constant, the meaning of the symbol

will be clear from the text.



INTRODUCTION

In general, a directional control valve is a device.which when
connected between a hydraulic supply arnd a hydraulic motor enables
the direction of the fluid flow to the motor to be reversed or
stopped. Examples of hydraulic systems which use these valves are,
industrial presses, earth moving machinery, machine tools etc.

With reference to Fig. 1.1 the valves body is usually made from
a rectangular block of cast iron which is mounted to a base plate that
allows the hydraulic pipes to be connected, From the pipe connections
the fluid is conducted through channels to a centrally bored
cylindrical hole in the valve body., Hence the fluid is directed to
the ports, The directing of the fluid is achieved by a steel plunger
which slides along the centrally bored cylindrical hole., The plunger
is shaped like a spool and it is thus known by this name. The spool
is centralised by two springs, in this position there will be no fluid
flow to the motor., Attached to both ends of the valve body are
electrical solenoids. The armature of these solenoids can push the
spool, via striker pins, in either direction. The direction depends
upon which solenoid is energised. When the spool has been moved in
either direction there will be fluid flow .to the motor.

In the number of equations English units have been retained and
in others S.I., units are used, It is felt that at the time of doing
this work English units gave a better "feel" for the problem and would

be more meaningful to the possible users of this work.
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Statement of the problem

It is thought that there are three main problems

concerning these valves.

These are :-—

(1) Low force available from solenoid to actuate the spool,
The ultimate performance of a particular valve is
assessed by the maximum hydraulic power which it can
control, this is related to the force available from
the solenoid. Hence it appears that the larger the
force the higher the controllable power.

(2) There is a tendency towards standardisation of mounting
valves. This implies that the overall size of the
valve is restricted.

(3) In an increasing number of applications it is desirable
to control the solencid directly from small signal
sources (e.g., transducers and solid state devices),
This implies that the .control current is small.

In addition a further problem, which can be important
in certain applications, is the speed of operation of the spools
To effect this, the force available from the solenoid should be
larée to overcome the resisting force; and the inertia of the
moving parts should be small, hence a powerful solenoid and
small moving parts are required.

From the foregoing it is concluded that the requirements
in design of a solenoid controlled, spool-type, directional
control valve are conflicting. To achieve optimum design and

)

performance it is necessary to have a thorough understanding \

.

12
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of the operation, steady state and, dynamic characteristics
of the complete system, as defined in Fig, 1.2,

In all previous work the analysis has been concerned
with either (a) consideration of the solenoid or (b) the
mechanical-hydraulic parts of the valve, It is thus the
intention of this investigation to consider the valve system

as a whole making use of the systems approach(1’2’3)
(4,5)

and in
particular to make use of network analysis
However, before the complete system, as shown in Fige
1.2, can be considered it is first necessary to analyse its
individual parts, Thus initially, the electrical and hydro-
mechanical sub-systems of the valve are considered separately,
The operation of the valve is governed by the ﬁotion
of the spool. Thus the analysis is basically concerned with
the systematic derivation of a set-of differential equations
effecting this motion. In order to détermine the parameters
in the equations theoretical and experimental work Qre to be
carried out. Extensive use is made of analogue and digital

computing,

Historical Background

Much work has been done on the analysis and design of

servo—valves' 62 71819210,11,12)

, these normally assume that
the spool of the valve is displaced by only a small amount.
Very little consideration is given to the devices (solenoid,

torque motor) which actuates the spool. There is a scarcity

of work which specifically deals with directional control valveg.



Heat losses

Boundary
; Force
’ — — — — — —
T S——
i ~J '

1o A = ?=°
i SPOOL, Py
(Yoot . b mad  AHHATURE | AN N
A‘ll - L] r
: i SOLxY OI.]J ‘Y, - | ASSEMBLE. ORIFICE
240 V 50 Hz | ! | V
\ | _ | 0 pid
| Position of armature = AN
< | o]
.
Hyd¥au“g ieat losses
Supply
Block diagram of valve systen.

Fig, 1.2

+1



IS

Such work that there is consists of detailed investigation

of the flow of fluid through the valve(13’14’15) it considers
such matters as cavitation in the flow, the angle of the
stream of fluid immediately down stream of the orifice, and

the fype of flow, i.e., turbulant or laminar, The main
conclusion that can be drawn from these papers is that the
flow characteristics alter as the spool moves across the ports,
thus suggesting that there are distinct operating regions,
Reference 12 deals with the valves hydromechanical system, and
in this paper the operating time of the spool is determined
and experimental results are presented which verify the
theoretical results. It is of interest to note that the flow
characteristics are assumed to be the same throughout the -
entire spool movement, which is contrary to the conclusion that

(13,14,15)

can be drawn from references When considering the
operating time of the valve it is equally important to consider
the electrical energy stored in the solenoid, as this will
cause an additional délay time, It is not thought that the
total operating time can be found by simply adding the
operating times of the hydromechanical system to that of the
solenoid, since there could be interaction between the two
systems, .

Reference 16 develops analogues between the electrical
and hydraulic elements. The reason givep for this, quoting
from the text is that "Much empirical data is available for

specific fluid power design problems, but a systems approach

comparable to the electrical science is almost non-existent,



This is a serious handicap to efficient, creative, and
analytical synthesis or analysis of hydraulic components and
circuits. The essential principles of mechanics, electronics
.and thermo-dynamics all apply as fluid does its work. This
seriés introduces a powerful new approach in solving dynamic
problems in fluid power by using basic analogies. Adapting
the techniques of electrical analysis leads to a homogeneous
control philosophy which applies to all engineering system",.
Thus taking this idea one step further, if each element in a
system, be it electrical, hydraulic, mechanical, etc., can be
represented by its own network and if these networks can bhe
connected together into a complete mixed system, then the
powerful methods of network analysis can be used to analyse
the behaviour of the system.

A major contribution to the understanding of the
hydraulic valve is to be found in the bock by Blackburn,
Reethof and Shearer(17). Similarly the subject of solenoids is
well presented in the book by Rotar(18).

For the preparation of this work the above references,
along with others mentioned elsewhere in this thesis, have
been studied and in addition a post graduate course in
Automation Engineering was attendéd at the City University,

details of which are given in the Appendix.
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2o Electrical Sub-System

In this chapter the solenoid is considered as a separate
its network representation is developed and experimental

are presented.

Theory

The force developed by a solenoid as a function of the
relevant quantities is derived from energy considerations,
In the resulting equations it is found necessary fo consider
the permeance, and the rate of change of permeance with respect

to displacement of the solenoid's armature.

Developrent of the abstract model

A solenoid can be termed an electromechanical
transducer(z). The phenomenon that is utilized in a solenoid
is that of a mechanical force exerted on a ferromagnetic
material tending to align it with, or bring it into the
position of, the densest part of the magneticfield (See Fig,
2.1)e Provided that the magnetic field is created by a
current carrying coil, the process is reversible, i.e,, if the
ferromagnetic material is moved it will cause a change in flﬁx
linking the coil ana thus induce a voltage in the coil(18’19’20).

By applying the general principle of conservation of
energy to the system the.energy flow diagram can be obtained,

as in Fige 2.2

From'Fig° 202 the energy balance,/can be written in

\
differential form, thus,
(el ct) =AM (el Poe) o A U stoed Ve Qi Tl o)
,’ i A e - o \\ Y
+ OLW ("‘:'3"’."* [N LI ! Y '-4\5 "‘(\,"\‘.!’(n‘ QC.\.\ . (', ./ (2'1 )

Consider each of the terms given in equation 2.1
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The dW(elect input) is the energy supplied froxr some

electrical source, which has terminal voltage: ey
AW () = esi dx (2.2)

The dW(elect, loss) will be due to the resistance of

the wire used to wind the coil, let this resistance be Re’

A,\\)((’Cﬁc'\ "{k"c?..c\ = lz —Re A\,t - (2.3)

"3
o

The dW(fld. stored) will be the energy necessary to set
up the flux in the magnetic circuit and thus will be some
function of the flux and the magnetd.-motive force (m.m.f.)
which sets up the flux. The precise relationship will be found

from equation 2.1.

&N(%U.SXM\:: 3, (4, F) T (2.4)

The dw(fld. loss) comprises of eddy current. and hysteresis,
loss. The eddy current loss takes the form of heating in the
iron yoke and armature due to circulating currents that are
induced by the changing figld. Th£s this loss will be a
function of the frequency of the supply voltage. These currents
are reduced‘by a lamination of the iron paths.

When the flux is changing in a ferromagnetic material
it will always lag behind the changing m.m.f., this results in

hysteresis loss which is proportional to frequency. This loss
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is also dependent on the type of iron, it is minimum when soft
iron is used.

The solenoid under consideration operates at 50 Hz and
uses soft, laminated iron, therefore these losses will be

neglected.

AW (. fous) = O (2.5)

The dW(mech. losses) is the energy necessary to over-
come friction losses in the armature. It is intended to
consider this loss as part of the system which the solenoid
drives and if dw(useful mech.output) is the energy necessary

to drive the preceeding system, i.e., spool in this case, then

let

A\l (n\a c)« .Qbss * AW (u.x;o CAL me ()\ . eﬂ"puﬁ = AW (w\u)« Mv«—ﬁ

(2.6)

Let £ be the total force delivered by the armature and

dx its incremental movement, then, !

AW (e ouctput) =8 dx (2.7)

Substituting equation 2.2 to 2.7 in equation 2.9
- - . \{\lrb. ~ .
s Ldt = i Redt + Aw(Gil . steed) + 4 ax (2.8)

rearranging equation 2.8 gives

AW (S stoed) = (eg- iR) dx - dx (2.9)"



Let (eg "IRQ) = € ' (2.10)

where e is the induced voltage across the coil and N is the

number of turns associated with flux, thus,

e = W %—g— (2.11)

Therefore substituting equations 2.10 and 2.11 in equation

2.9 gives,

dW (I sTecd) = Nid g - § dx

(2.12)

If the armature in the system of Fig. 2.1 is held
still then dx will be zero and no mechanical work will be done,

but a force will still exist acting on the armature,
d W (8%\. STMA) = NJLdg | (2.13)

Thus energy stores in field due to change of 95 from 35. to

¢?_ is, ‘ !
. W(gtc\ ‘.LYO%QC\) :f¢l,¢/\j dL¢ (2.14)
¢,

(18)

Now i N is a function of 75 where

Iz , | (2.15)

where LM = ‘: o YN LN ‘Q_

YR
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In air and for a fixed armature displacément P will be a
constant but in iron P will depend on the value of ?5 and the
slope of the curve in Fig., 2.3 will not be constant.

By considering equation 2,14 it can be seen that the
increased energy stored in the field when ¢ increases from
é, to ¢§2_ is represented by the area a d ¢ b in Fige. 2.3.
Substituting equation 2.15 in 2.14 for the case when the field

is in air, and letting the flux vary between 0 and ¢

¢ 2
-..\~J(_f§(.c\.s4(c\ut"c\>= L ‘2‘ d¢ = i%; (2.16)

or by substituting equation 2.15 in 2.16.

=
vE (2.17)

n
-

W %Qc\. STM&A\\ =

Consider the case when the armature is allowed to move
g small distance dx.i Let the armature of Fig. 2.1 bé.held
away from the yoke until the éurrent has reached ité steady
state value and then allowed to move a small distance dx, the
resulting flux/m.m.f. curve is shown in Fig. 2.4
Area 0 a ¢ 0 = energy extracted from the electrical source ) -
and absorbed by the magnetic field.
Area 0 e h 0 = energy stored after movement dx,
Thus increase in stored energy is,
AW (4. stered) = ceho - oaco

But from equation 2.12 i.e.,

\l\\,' A

JET G L I TP IR S I ¥ Ax v

where iﬂ&¢ =area achea



e - vaco = ochea - '&(’\K
*9\.\,\3 §VC\"X = &CQ\QO\—-OQQ\O-«-OO\CO
(2.18)
= O RO

o a e o represents the change in stored energy when F is
maintained constant and the flux changes by d;5 therefore

from equation 2.17.

ce\ow\ce,a ‘w\ sﬁ&m:\ en\e,x«%»ég = - % -’i\g ‘ (2.19)

(this is a decrease in stored energy)

o’ substituting equation 2.19 in 2,18 yields
u v 44 (2.20)
T 2 dx e

but ¢ = FP, where P is a function of x.
«*s equation 2,20 becomes

v 47
i— = = ‘gz* PR (2.21)

Having found the relations@aip for the force developedT :
by the solenoid it is necessary to consider its representation
as a network.

If the solenoid's coil has resistance Re’ inductance L,
and the applied voltage is ey the electric circuit is shown

in Fige 265..

24



Klectric circuit of 2 solenoid.

Fige 245,
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From this circuit, the mesh equation is,

C. = A 4 —
s e At (2.22)
Now since e is a sinusoidally varying voltage, i
will be time dependent. The self-inductance L is defined as
the ratio of flux linkage to current

N @

L = = NP (2.23)

"

P depends on x which in turn is time dependent, therefore

equation 2.22 becomes,

o dh 4L
Es —A—Re-*\-;; + A ™ (2.24)

and substituting for equation 2,23,

LU L

e, = AR, + NP :
> © dt At (2.25)

ov Gs'=£?e+m"'&>—§3—+if\12£ ax, (2.26)
At dx 4t
Bquation 2,25 is modified to give 2.26 because it is more
convenient to calculate dP/dx than aP/at.
If the mass of the solenoid armature is represented by
Ms and its viscous friction coefficient is FS then by considering
equation 2.21 and 2.26 the network in Fig? 2.6 represehting the

solenoid can be constructed, i \



In any numerical work it is necessary to find P and

dp/dx. Usually(19’20’21)

only the main flux paths are
considered and fringing and leakage are neglected. However,
to obtain reasonably accurate results it is necessary to

consider these flux paths. A comparison of results showing the

validity of this statement is given urder section 2.4.

The Permeance s %\\su\ &3(103

- Mo fty otea
P o=/ Zomgth (2.2

To estimate the permeance of a flux path for a given geometrical
configuration the mean length of that path and its average
cross-sectional area must‘be determined. This has been done in
reference 18 and these results are used in this work.

Consider the cross-—-section of the solenoid as shown in
Fig. 267,

To find the total permeance of the flux paths initially,
the following assumptions will be made. -
(1) the permeance of the air path will always be much

greater than that of the iron path.

(2)  +the effect of the shading rings is small when there

is any significant air gap. 4 '

The effect of these assumptions are investigated in 2.1.3% and
2.4, . Let each air path be represented by a resistor of
conductance G1, G2 eooo €tCo, where'G1 is equivalent to P1 and
similarly for others. Therefore the electrical analogue(21) of
the magnetic circuit shown in Fig. 2.7 is given in Fig. 2.8.

The numbering of conductances corresponds to flux paths,

in Figo 2.7. .

27
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2.1.2

Considering Fig. 2.8,

Conductance of branch A and B

Gr=2G, +26y+26, v 2G,

(2,28)
C\'B ‘:zcx‘g*lﬁ(‘,'ﬁ‘lﬁg + G4 (2,29)
Now total conductance of circuit is,
Cp = 206 (2.50)
Ga+ Qo
Combining equation 2.28 and 2.29 with 2.30 gives,
G = {2Ga*263+2 6o+ 26)(20: +2Ge+260 +Gs) (5 51y
VLG 426,120 t2Gy 1 2Gs +2 Gt G 42 Gy
Replacing G's for P's in equation 2.31.
P . QRA2RIRAORIQP+2RNR+E)
T 2P 2B +2BR 42+ 2P +2F 4 2R+ T

From equation 2.27 the values of P1 to P8 are determined
using the solenoid's dimensions, for the different

configurations shown in Fig. 2.7, see Figse. 2.9 to 2.13.

Application of theory to particular solenoids

The-directional control, valve under consideration(zz)

uses solenoids type 18-7202(23), the valve manufacturers are

considering the use of other types of soienoids(24). It is,
therefore, intended t¢ apply the theory developed in section

2.1+1 to both solenoids. ‘ '

29
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For_path }, and 7.

mean flux path

/U—i!&' (2.37)

AN

7 P%.:/_“Lt‘lQ_ | (2.38)

where L= ™

Fige 2.13

However, due to the distribution of the coil in the space
. . | ‘
tw, Fig. 2.13, equation 2.38 becomes(g), _
A

- &o,ﬁ n (2.39)
?Z? - Z.usfi \
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The physi;al dimensions of solenoid type 18-7202
are given in Fig. 2.14.

From considering Fige. 2,7 to 2.14 and equations 2.33
to 2,39 the total permeance of the flux paths can be
determined, Thus substituting the resulting equations into

equations 2,28 and 2.29, gives,

B =2|

—2[ 5/>+07/5f€? (%:555) 2.(x+ooo(g)]?‘ Saus 1 (2.41)

<77, <2
X JZ-M/% 10” (2,40)

! - 1.7 +.Q-_‘L=ZZ+ _9_’_‘.'____, 0.7 ,é 40'.27
B+ R Z[ 9 ” o0 75" oz(( %

-~ O-?“Z f;‘ - “
+ 0,778 jo@e(x»«o-aooﬂz' 4/,4,, lo (2.42)
Let PA: =2 B\ 2. 5.470!0 1551 and —PBIFZ-% 2.§‘+/u°;51

Therefore from equation 2.30

- sor i R
B = sodpio Pf?’r‘f (H) (2.43)

Thus the numerical value §f PT for any particular valu; gf
x can be found by substituting equgtions 2,40, 2.41 and 2.42
into equation 2.43 where x has the units of inches. Equation
2.43 is calculated by means of digital coﬁputer and the
resulting curve is generated on analogue computer as explained
in 2,2 ‘

It is also required to find the function dPT/dx,

0

differentiating equation 2.43
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& :2 1 _....._..._PA & + _J.;E-.- c.’.‘.?ik_ - —P‘\?'S OL(?A*‘PT') ( 2.4 4)
P LR P T LA Y S T
0.30f%
whew i\%ﬂ. 3.2 (x+0-006) - = }OTEZQL (2.45)
df . _ 0.207 _ o457 (2.46)

dx »x240.27x >

J. (Pt te 0.457 0.30% 0.2.07
== =- - 2 -l = R0 (XA 0.000)( 2,
dx X* X40.0065 x™0.27X ( >( 47)

Thus the substitution of equations 2,45, 2.46 and 2.47 into
equation 2.44 will give the function of dPT/dx in terms of x.
This is also found numerically by computing,

For the particular solfenoid under test Re was measured
as 62 o. and N given by the manufacturer as 1605, Thus

equation 2,21 numerically.

{v . Lt ios? aLBj
¢ 2 X

in which i can be substituted from equation 2,26,
Considering the case when the armature is held open

at a fixed position and a sinusoidally varying input is applied

. 4

...¥. =0
dt
. 2 '
and T € (2.48)\'

i (’RQL 4.(03‘\)_-\??)1)‘/2.
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Substituting equation 2.48 in the force equation 2.21 gives:

3 (ENY iR
'Fe T2 (?g‘ + (v NL'PT)L) o x (2.49)

Magnet Schultz Solenoid

This solenoid is of very similar design to the Expert
solenoid and thus the same procedure is adopted. Fig. 2.15
shows the physical dimensions of the solenoid.

The solenoid will have the same flux paths, thus from
considering Fig. 2.7 to 2.13 and 2,15 and equations 2,28,
2.29 and 2.33 to 2.39 the total permeance of the flux paths

can be found.

- 0'192 0.37C |y ¢, nle
2_{7 77"“07\94—903( ) = )').54 00 (2.50)

_ - Q3L 0.3 \h oy, =2
! :-_2[1.097 + o164 leg, (—x+mo.oob>+ X xz-“‘“/‘““ (2.51)

(Pl s;)-_-zﬁe.z?honwff‘ose(“o'm *0'7"“0"&(;"‘—03.‘3%)

L Q376 . _033v |, '34/(,( (2.52)
X X+ 0.006
' , -2
As before TSA =5.0¥ PSA/&“ {Q c_fc,,
. ' - o P Tsw
VP = Si08 U, gt SRR () (2.53)
/“/ ?5}'\"“ .YJ5Q_

1> )
and, BT :21, T B e, R AR R J,[Pq*f,i)(a 54)
Ax (lsp,*?sp\a\x ('PS‘\-%-D«()\ Ax (rqu dx A
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N APs!:Z.A,g(x—vo.oo(,) 2
L x (X+:,\.oo(a>

o, (2.55)

d¥en . __0.223 — 0276 (2.56)
dx x4 029LX X* .
d(BaRe) - dPha L ARe (2.57)

(_L‘/\ A—K OLK

From manufacturers literature number of turns is 1652 and

resistance is 53%.5 Qo

Effect of shading rings

Since a sinusoidally varying voltage is applied to the
terminals of the solenoid the force generated will be pioportional
to sine square (equation 2.21). This means that the.force
becomes zero twice in one cyéle causing vibrations in the valve
system.

With reference to Fig. 2,16 single turns of copper wire
lying at right angles to the main'?lux path are inserted which
set up a secondary flux in the solenoid at 90° out of phase with
the main flux i.e., when the main flux goes to zero the secondary
flux is at its maximum. This prevents the force generated by
the armature from going completely to zero, therefore the
vibrations of the armature will be reduced. The turns of copper
wire are termed shading rings and in the.solenoids under

\

consideration there aye two such shading rings.
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It is now intended to calculate the additional force
acting on the armature due to the shading rings.

From equation 2.21

(2.58)

| Ny JR
¥'=“ 42. dx

where iS is the current circula ting in the shading rings, Ps
is the permeance of the flux path produced by the shading
rings and NS is the number of turns,

Consider is e

Ly = .?; (2.59)

where RS is the resistance of the shading rings and can be

calculated from the knowledge of their dimensions and material.

RS: -S—Rg—-— | | | B ﬂ (2060).

where g is the resistivity of the material, 1 is the length
of shading rings and A is the cross-sectional area,

e the induced voltage,

e, = — N¢ té__(ﬁ__sl (2.61)

953 is that portion of the main flux cutting the shading rings
which passes through path 3 indicated in Figs. 2.7 and 2,16,

Thus it is necessary to find this portion,

39
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Referring to Fig. 2.8 let iN' be the magneto-motive force

across branch A then,

(2.62)

\ A“ M' = -~ ™
o QS—‘- \ 2?3 +) ?4 N 2’\42 ,(_:)"V;\ (2.63)

where Q{_\. = ’\M.PT
where PT is the total permeance, i is the current in main coil,

Substituting

. ?‘\‘ ?3 . ?7 ?3
¢s =N (2?3 +2 7, —\~2?2-Q\’):4M <“'—'\-3Z_> (2.64)

Substituting equation 2.64 for 2.61 and then into 2,59 results

N ANRR /R

be = Rs - dk

differentiating

A= - |NNRT v dBR/ED dx
< = .

Rs Pa o\t+ Rs dx at | (2.65)

Referring to Figo 2.7 and .2.16 it is assumed that the
flux generated by the shading rings will have a path passing
through P1 s P2, P3 and P4. The electrical analogue of these
flux paths is given in Fig. 217

From Fig. 2:17

_(B+BBN :
R (2,66),

¥ ?

Ps




Substituting equation 2.66 and 2.65 into equation 2,58,

noting that for the particular case under consideration Ns =1,

\ . %
.ot [RF 4l wi AR/ o4 (RRAT)
s 2 R{P; dat 'RS dx at Ax ?\r?ﬁa-ﬂ:’q ¢

There are two identical coils placed symmetrically on either

side of the armature therefore the total force will be 2 fs'

Application to solenoid type 18-7202

Calculation of RS

Length of copper coil = 0,071 m
. . -6 2
Cross—-sectional area of copper coil = 1,2 10 m
s opsos 0 -8
resistivity at 20C = 1,75 10 " om

Therefore from equation 2,60

?5 = \O—E_fL

Calculation of the permeances
P3 is given by equation 2.37
PT is given by equafion 2.43
BA' is given by equation 2,40

FProm equation 2,40

;
i%i :-(?T 4—<FL + 4—TFZ

and from equation 2.37, 2.36, 2.35 and 2433 equation 2.66

becones

4)
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42

_ L. 275/uo+g77s,¢x5£c.3e(l+ 2 ﬂZ/u 0457 (25U 18)

Pp X (2.68)
differentiating, 2
) (247 0355 01'7) s 0.096
ol? S.o¥ tf:z’\' XZ X * m”(l /g_’.,'t‘..ozii’fi—
Ak Ta

, 2z
[pen puioxsy, (o)l o2 exillicog )
(Pa Y

(2.69)

Thus the force equation 2.67 can be solved. Equations 2,69
and 2.67 have been solved numerically by analogue and digital
computers.

Since the flux set up by the shading rings is 90° out
of phase with fhe main flux, were this flux of comparable
value to the main flux it would reduce substantially:fhe current
in the main coil and thus reduce the main flux., It was
subsequently found from theoretical and experimental work that
this condition only occurred when the armature.was virtually
in the fully closed position. Therefore, this effect on the

transient behaviour of the solenoid can be neglected,

Computing
A Honeywell 200 digital computer at Enfield College of

Technology was used for the calculations of,



(a)
(v)

{c)

43

values of permeance

values of rate of change of permeance with respect

to displacement

the average force generated for solenoid type 18-7202.

All these calailations were computed for discrete values

of armature displacement. The computer language used for

programming was Fortran IV

(25,26)

Since the force produced by armature of the solenoid is

time varying, even when the armature is stationary, the solenoid

was simulated on an analogue computer for

(a)

(v)

when the armature was held at a fixed displacement.
For this case the potentiometers were set at given
values of permeance obtained from calculations by
the digital computer,

when the armature was allowed to move. For this case
the graph of permeance as a function of displacement
and rate of change of‘permeance with respect.fo
displacement was obtained from the digital computer
and set by function generators in the analogue
computer, -

Since condition (b) is only of interest when the

armature of the solenoid is pushing some object it is not

considered here but under -Chapter 4.

For solving (a) a Pace TR 48 analogue computer, available

at Enfield dollegevof Technology, was used.



A b

2.2.1 Digital Computing

Calculation of (a) permeance (b) rate of change of
permeance with respect to displacement and (c) the average
force generated for solenoid type 18-7202. These three
factors are computed on one programme where;

(a) to compute the permeance it is necessary to solve equation

2043,

T =\0.278+ 0.7 ZO% (1 + Q—-?:Z)-r 0.457

X

0. 242 0.305
'F& ={.S\8% *077520? (X556 ) ™ X+0.000

P Pe
) ’PA -+ ?3

(2.70)

T =062 ©

‘Where in the programme, PA’ PB' and PT are desigrated as A,

B and P respectively

(b) to compute dPT/'dx it is necessary to solve equation 2.44

dR - y 0.30%

vala 22 (x+0.000) o

Aty _ _0-207 _ 0.4S87 :

dX X +0.27x Xt (2.71)
AP - d . df

Jx A X dax .

C_[EL = 0250 \'g PA c\.?n/ dx ""?B d?g ,/cl\( - ?p.?g o\CPM?g\ .Zo_(ﬂ

AK (.PA‘* DP[;} . L’Pﬂ‘\"?&sz'
Where in the progremne £-F °t £.n i——f d (-‘}‘:?3) %EL

are designated as E, D, F and G respectively.

(c) to compute the average force it is necessary to solve

equation 2.49 .

]f _ (NS AP /dx
e (K4 (wnein)),



Where dPT/dx and P, have been found before and R, = 62 N

T
N = 1605 and & =2 R 50 rad/s.
The applied voltage considered for this case is 240V, therefore

equation 2.49 beconmes,

1[\, _ 0. 74§ " d B /dx
< &325’0 + (0.%1 10? ?T)"] (2.72)

in the programme fe is designated as A5,

Thus a programme can now be written for solving equation
2.70, 2;71 and 2,72 for various values of x from 0.01 in, to
0.26 in. (0.25 in. is the werking stroke of the solenoid). This
programme is shown in Fig. 2.18 and the results are plotted in
Fige 2019 and 2.20,

If the resulting values of PT are substituted into
equation 2,48 then the theoretical values of current can be
calculated. These results arevpresented in graphical form in
Fig. 2.19, Graph B. |

In addition to the final results information is computed
and printed out in the programme (i.e., Al, A2, A3 and A4),
these are intermediate calculations for checking the c;mfutation.

Regarding the Magnet-Schultz solenoid, the same
computations are carried out as for the solenoid type f8—7202°
Thus the same form of programme is used .and the notation is
identical with that of the previoushprogramme.

The equations programmed are equations 2.53, 2.54 and 2.49
with the appropriate numerical values. This programme is given

in Fig. 2;21 and the results in Figs. 2.19 and 2.20. \

&S



FURTRAN D SYSTEM TAPE
*JOBIDsF12

JOB NAME #NONAM
FORTRAN 200 SOURGE LISTING AND DIAGNOSTICS

C KeSIMPSON STAFF
001 X=0.01
002 13 A=10627540e TTH*ALOG(1e0+0e27/X)+0e451/X
003 Bzle51540e T7T5#AL0G(0e242/ (X+Ve006))+0e305/(X+0.006)
004 C=A+B
005 - P=0e638% (10,0%% (=7)) *A%13/C
006 E=3e2%(X+06006)=0e305/ (X+04006) %%2 ]
007 D2=0e207/ (XXX+062T%X)=00e457/ (X%X)
o010 F=E+D
011 5=0e251% (106 0% % (=~ 5);*(A*t/c+b*0/c A*d*F/(C*C))
012 Al=0.745E11%G
013 A2=(0e8lEIXP) ¥%2
Ol4 A3z=385060+A2
015 A4=Al/A3
016 A5=0. 745E11*G/(3850 O+ (OeBLE9XP) %%2)
017 WNRITE(3911)XePsGaAlsA29A34A4sAD
020 11 - FORMAT (4(2X+E18612)/10Xs4(2X9EL18e12))
021 X=X+0e01
022 IF(XeGTe0e26)G0 TO 12
023 GO TO 13
024 12 STOP
025 END

Programme for solenoid type 18-7202
Fig. 2' 18
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j’*Joulu,Flp

LI T T ITEFORTRAR S DTS SYJTEM TAPE REVISION NthER

JOB NAmﬁ " %LONAHM 7 7 7
FORIRAN 200 ' SOURCE LISTING AND DIAuNOSTICS ' PROGRAM: HON/
) c K.SIMPSON 5TA+F
S7.001 - y WRITF(3223) ’ R '
C02 23 FOPmAT(4X915HDISPLACEmFNTINasBXoLBHPERMFNANCt Hs eBXe21HDELTA PERMIZ
' LNANCE H/M3+43XsgHFORCE N3) :
003 X=0,01
004 13 AzT7.77+0764%AL0G(1a040,292/X)+04376/X
005 B21,0907+0.764%AL0G(04312/(X40,006))+0, 331/(X+0 006)
v0s " C=A+f}
007 , P=0,638%#(Ll0.,0%x%x(~-7))%AXB/C
1 010 - E=2.45%#(X+0,006)-0,331/(X4+0, 006) #%2
011 Dz=0,223/7(X#X+X%0,292)=04376/7 (X%X)
Olz2 FzEL+D
o13 520e251% (10 0%% (=5) ) % (AXE /C+BRD/C=A%BxF / (CxC))
Ols4 AS=0_ 748E11%G/ (2850,0+(0.,86E92P) #%2)
Ols WRITF(3911)XeP4GeAS '
~01le 11 FORMAT (4 (2X,Elg, 12) ¥
017 X=X+0401
. 020 IF(X,GTeDa261G0 TO 12
021 30 7o 13
022 12 STOP
023 ~END

Magnet—-schultz solenoid programme
Pieo. 2.21

6V
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Calculations of the effects of the shading rings
alone,

These calcuvlations are similar to those previously

‘carried out and the equations to be evéluated are 2,68, 2,69

and 2,67 multiplied by factor 2 since there are two shading
rings.

It should be noted that those equations only apply to
the solenoid type 18-7202 and the force calculated is the
average force due to the shading rings. The programme for

these results is in Fig, 2,22 and the results are in Fig. 2.23.

Analogue Computing

Analogue computer circuit for condition (a):-

(26,27)

The equations to be programmed are, 2.26 and the sum

- of equations 2,21 and 2.47 (noting that for this case ax 0)

dt
From equation 2.26,

85'=,A?e + Nzﬁ\;;

rearranging
5%:& _es _ Re i
dx N'B NTR ‘ - (2.73)

The total force due to both shading rings and main coil is =

j; __kny 4R _(ME? L 4R
T2 dx R;“' at o x (2.74)

50



FORTRAN D SYSTEM TAPE KEVISIQN NUMKER

®JOBID.F12
JO3 NAME  *NONAM
FORTRAN 2090 SOURCE LISTING AND ULI1AGNOSTICS PROGKAM: SHA
TITLESHADING RINGS
C KeSIMPSOIW STAFF

001, REAL N

002 ARITE(3423) ’

003 23 FORMAT (UX o LHX 918X 4 2HPU9 L TX92HPT 18X, Z%PX/IBX LTHC o L TX s 3HUPX o 18Xy 1HF
1)

004 X=0,001

005 13 PUS (Va5 T/X410428404 TTO5%ALOG(La0+0e27/X))%#63e8%(L0e0x%(=9))

006 A=10427940,77T5%ALCU(1e040e27/X)+04,457/X

007 B=1e5154+0e775%AL0G(0e242/ (X406006))+04305/ (X+0,0006)

010 CC=A+3

011 PT=0e638E=7xA%t/CC

012 PXZ(10a27540,TTI5%AL00(1e+0627/X))%(0ea5T/X)*¥2e% (0a319L=T)%%2/pU

13 £=240,0

El4 N=16054,0

15 RS5=z0,1E-2

0le 320e1455E-7T/X

017 T (N%P3RPT/(RO®PU) ) #%2

020 Rz=6240 ]

021 DEX==((4aT/(A%X)+ (04355%ALOG(1e40427/X)) 7/ (XxX) 406096/ (XXX34uelTxX*%
LX)) /A4 ((bel7 /X4 (Ue355%AL0G(1e+0627/X)) /X)X (=04207/(X%X40627%xX)=0,45
2T/ (X% X)) /ARE) ) %0 e 1256E-9

022 FaCrDPAX (E/ (PTHINAN) =EXR/ (NANAPTR (RXRK+ (3144 2 NKNKPT) 5%2) XX ,%) ) ®% 2

023 NRITE(301l1 )Xo PUsPToPXeloDPXotb

024 i1 FORHAT (4 (2X+L18el2)/10Xe3(2X2E18.12))

025 X=X+04,00U1l

026 IF(XeGlaeDe03)0GL TO 12

027 o0 10 13

030 12 Stulk

031 £

Shading rings digital programme
Fig, 2.22
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The parameters of equations 2.73 and 2.74 are found

for any particular displacement from the digital computer

results. Thus for a particular displacement the equations can

be amplitude and time scaled., As an example consider a
displacement of 0,02 in, From the numerical results (not

included) corresponding to Figs. 2.20 and 2.23

Po= 6.6 160 (H)

dE - p. a2 6% (0w
dx

NERRY_ 5210 (o
(%) A

é:?l = 0.2 o 3 (H "

Therefore equations 2,73 and 2.74 become

. AL .
]C = —|loeo * +0.504 \ob(i‘t—” (2.75)
L .

i_;c_ = % - 3G A ' (2.76)

Scaling the variables - .,

'Qmax. = ZOO '\\

A.N\ax. o= \I\

}

¢ thnax, = Soo Vv

1}

. T /rovo
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Thus equations 2.75 and 2.76 become,

. . . , ’ L
AT (/)

OLO%/.‘.) = (gi°>o.zq - 0.036 (-‘-}-—) (2.78)

To enable an analogue computer circuit diagram to be
drawn it is useful to first draw a signal fIOW'graph(28)
representing the equations as in Fig. 2.24a. The analogue
computer circuit diagram and potentiometer settings are given
in Fig. 2.24b, This technique of obtaining the analogue
computer circuit diagram is used throughout this work; however,
other signal flow graphs used have not been reproduced in this

thesis.

Consideration of the input voltage
, . _
€ = EMQ\( S»VV\C\\'t

teking the Laplace transform

C - EMQY\ w
6 ST+ Wt
or Sle(S) -t €(S)LQ7' - EMC\)(,(J.\) = Q (2079)




F30 - 0,212 I55 - 0,29
F31 = C.01 F56 - 0,036

F50 = Go1 | (b)

Analogue computer circuit diagram for a solenoid at fixed
’ displacements

Fig. 2.2h

e
p | A <5°f)

36, P35 (W) -~ 0,374
P37 (Bmax) -Ca68

Sinewave géneration.

Fig. 2025




2.3

Sb

Consider

Lre

032 @ = O ' .
OLkZ ol (2,80)

Taking the Laplace Transform of equation 2.80 gives,

5 . de L
Vg = (fe TSt WlegTe (2.81)

By comparing equations 2,79 and 2.81

- e\
Se(o} = 0 M\CL (%}T)@a\" EMQ}(.LQ

Equation 2,80 is simulated to generate sinusoidally varying
functions of angular frequency O3 in Fig. 2.,25.

With.the aid of the two circuit diagrams (Figs. 2.24b
and 2.25) the force generated by the solenoid, as a function
of time, can be determined, These results are given-in Fig.

2.26,

Experimental Work

Tests carried out on solenoid type 18-7202 consisted,
of holding the armature at a given displacement and noting
either the average or the instantaneous value of the force when
the input terminals of the solenoid.weré-connected to the 240°V
50Hz mains., The average force tests were also performed by
Pratt Hydraulics Limited on both the solepoid type 18-7202 and

the Magnet Schultz solenoid. Since the results for the \
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solenoid type 18-7202 were in agreement with those found at
Enfield (see graph in Fige 2.29) their results for the Magnet
Schultz solenoid are used for comparison purposes in this

‘thesis.

Description of apparatus

The purpose of this apparatus was to measure the force
generated by the armature for fixed displacements, Thus the
device for measuring force should have very little relative
movement between its sensing head and body when the force is
applied.

(29)

The equipment used was a load transducer s and to

measure the displacement of the armature an inductive-type,

(30)

displacement transducer The equipment was mounted on a
vice, the solenoid being fixed to one jaw and the force
transducer to the other jaw, as in Fig., 2.27,. Attacheq to the
sensing head of the load transducer was a short rod %hich'
displaced the armature of the solenoid when the vice jaws were
moved, as arranged in Fig. 2,28,

To measure the average force generated by the solenoid
the 6utput of the load transducer was connected via an
amplifier to a moving coil d.c. voltmeter. The éurrent taken
by the solenoid was also monitored by means of an a.,c., moving
coil instrument, To monitor force ﬁs a'function of time the

output of the load transducer was connected to an oscilloscope(31)

vhich had facilities for recording the trace onto a charf.

$§8
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2.4

The load transducer was a tensile/compressive type
with a range of 0 N to 222 N and overall accuracy of 1.5%,
The power supply for this load transducer was obtained from
‘a "strain gauge power supply and signal conditioning unit".(32)
The "signal conditioning" part of the unit consisted of a d.c.
amplifier to amplify the load transducer's output signal from
the order og millivolts to volts. The displacement transducer

had a range of O mm to 12 mm and with its read out equipment(33)

its resolution was 0,01 mm,.

Experimental Results

t
Results of average force against displacement for the

solenoid type 18-7202 obtained at Enfield College and also by
Pratt Hydraulics Limited are shown in Fig. 2.29.

Fig. 2030 gives the experimental and theoretical(average
forcé/displacement characteristics for solenoid type 18-7202 and
Magnet-schultz Solenoid, . ,

TlLe (average curreni}/ displacement curves for the solenoid
type 18-7202 is shown in Fig. 2.19, Graph B.

Curves of force as a function of time for fixed

displacements are shown in Fig. 2.19, Graph A.

Conclusions
Further to Fig. 2.7 if only the.main flux paths P3 and
P7 are considered then the total permeance of the air path will
be
2R R ‘

= —— : (2.82)
Fr 2P+

6l
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Substituting this equation into equation 2,49 the curve in
Fige 2.31 can be plotted. In Fig. 2.31 the experimental
curve is also given and by comparing these two results it is
‘clear that the leakage and fringing fluxes must be considered.
Prom consideration of the B/H curve, supplied by the
manufacturers for the iron used in the solenoid, the permeance
of the iron path was estimated and it was found that it did
not become comparable with that of the air path until the main
air gap was below 0,01 in. Also, if the results obtained for
the shading rings in Fig., 2.23 are considered it will be
observed that these have negligible effect when the air gap is
greater than 0,01 in. When the width of the air gap becomes
0,01 in. or less, the valve can be considered fully open and
the force generated by the solenoid is very large, therefore
the effective operating range of the solenoid is greater than
0,01 in. it is in fact from 0,01 in. to 0.125 in. Because of
this the effect of the permeanéevof the iron path aﬁd shading
rings can be neglected., This simplification results in the

network representation of the solenoid as shown in Fig, 2,6,
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3. Mechanical ang Hodrnulic Sub-systems

The basic purpose of this chapter is to evaluate all the
forces which will act against the force generated by the solenoid,
These forces can be divided into two, viz. mechanical and hydrauliec,
and initially will be considered sepzrately. To gain a greater under-
standing of the operation of the overall system, the network represen-—
tation of mechanical and hydraulic sub-systems are found. Experimental
results are presented to enable scme of the required constants to be

found and to support certain parts of the theory.

301 Theory
The relevant theory is derived to represent both

mechanical hydraulic sub~systems as networks,.

3s1.1 Development of abstract model for the mechanical sub-system

A mechanical systenm caﬁ be considered to contain three

(34)

elements viz. mass spring and friction, These will now be
discussed in relation to the valve system.

With reference to Fig. 3.1 the mass of the moving parts
M consist of those of the spool, the two solenoid armatures and
the striker pins. ‘

When the spool is in the centre position both springs
are slightly compressed. Let this compressior be Z and if z
is the displacement of the spool taken from the central position,
then the spring force,

SRS |

(3.1)
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where K is the spring constant assuming the springs to be linear,

There are two main sources of friction in the wvalve.

(i) friction between the spool and valve body, and
(i1) friction between the striker pin and the '0' ring in
the seal,

Consider (i)
It is assumed that the area of the contact remains
constant, there is a thin film of oil between the two surfaces

(35)

thus the friction will be viscous and iso-thermal operation

is considered

&:JZ év' =Fv | (3.2)

where
A - area of contact

h - clearance between the two surfaces

Consider (ii)

In this case the friction will appear in two parts viz.
break-out and running. The break-out friction is ope?étive when
the'striker pin first starts to move and its value depends on
the length of time the metal and rubber surfaces have been in
contact because the materials interact altering the value of

(35)

the coefficient of friction The running friction exists
when there is movement between the '0' ring and the striker pin.
Since the surface finish of the striker pin has a low R.M.S.

value and the diameter of the '0' ring is small, the’effect of |

this friction is neglected.



3.1.2

If £ is the appiied force the equation of equilibrium

is

4]Q_—M9L‘f- rR(Z+2) 4 F (343)

x

From equation 3.3 the network representing the mechanical

system is shown in Fig. 3.2,

Developrent of abstract model for the hydraulic sub-system

Further to Fig. 3.1 let the spool move in the direction
shown, a gap will open between port A and P and similarly
between port B and T, which allows fluid to flow between the
respective ports. These gaps between the valve body and the
spool at ports A and B can be considered as orifices which
have an area equal to the circumference of the spool at surfacé
Ss times the axial length between this spool surface Ss and the
port surface SP.

The force acting on the spool due to the flow of fluid
is obtained from consideration of the conservation of momentum.
The following assumptions are made.

(i) the fluid is nonviscous and incompressible !
. A i
(i1) the perimeter of the orifice is large compared with
its axial length so that the flow can be considered
two dimensional,
(iii) the leakage between spool and valve body is neglected.

The momentum theorem states that the net force acting

on a fluid within a stated volume is equél to the rate of changg
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of momentum of the fluid inside this volume plus the rate of
change of momentum due to the net rate of flow of fluid leaving
the stated volume,

Newton's second law states that the rate of change of
momentum of a system of fixed identity is equal to the net
force acting on it.

The application of these two statements will now be
congidered, Fig. 3.3 shows part of Opening 1 redrawn from
Figo. 3.1, Considering the fluid in volume 'a' and D!
flowing into volume 'b' and 'c' in time dt and letting L
be the momentum of fluid in volume ‘'a' in the 'X direction
and similarly for g and m__

(34
The total momentum at (t = 9)

and the total momentum at (t = dt)

Max = Miy + Meyx
From the momentum theorem, the rate of change of momentum in

time dt which is the force in the x direction exerted on the

fluid

X\ cit ] . ak&

i

) M“‘ > S V\_ QX (3-4)

dt

where in general m = mass. velocity

_8% . \
A d (3.5)



(A
: i
oo Mex = — 5 At
A
(3.6)
WV\G’\ qu': o
Substituting equations 3.6 in 3.4 gives,
)= - S
(‘-xn - (q‘ (3.7)
Similarly by considering volumes e, d and ¢, in Fig, 3.3
( {) 3 _ Mex = Mex
T Tan At
9§ @, 4*¢
= — M—__A e N
Ry .
(3.8)

Therefore the net force on the fluid in Opening {1 is the sum

of equations 3.7 and 3.8.

z o,
('{Zx\b*' (‘J;m) - - 2 S;z’b (3.9)

- - L("‘("xh + (' €x n)]
=. %m |

0}«2' @ o O, '
o 0 &’x\ = ’ 3010)
o

and the force on the spool

It can be noted that this force is opposing the motion

and thus will try to close the valve,
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Re-drawing Opening 2 in Fig. 3.1 gives Fig. 3.4.
Using the same notation and approach as for QOpening 1 yields;

Considering volumes f, g and h;

' 2
(_,g )= My =M - 3.’3._3_. S ‘ng’ﬁ&z_ Z,11)
‘m}, d% g4 “3
Considering volumes h, i and j;
%
(_aﬁ \;M:o B e - (3.12)
X4 ak Ay

From equations 3,11 and 3.12 the total force acting on the fluid

in Opening 2 is,

(3.13)

0 Ne . VS 4 8wb . 89*
(Q“) N Ag As Ay

It should be noted that force f¥14 acts on the surfacg
S4 which is not part of the spool and thus will have no effect.
Provided the force fx13 is negative, in equation 3.11, it will
act on the spool thus the total force due to fluid flow in
Opening 2 is,
k Ve Pgenq| |
X1

Aq- —'. | o A3 (3.14)

Equations 3.10 and 3.14 give the force acting on the

apool due to steady state fluid flow.
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Considering Newton's 2nd law it is possible to obtain
the force acting on the spool due to the time rate of change of
momentum of fluid in a space with fixed boundaries. Further
to Fig. 301, for each opening there is a volume of fluid
between spool and the valve's body. Since the direction of
fluid flow is altered within this volume, which causes eddy
currents, only a portion of this volume contains fluid capable
of being accelerated in the x-direction, this volume, for
Opening 1, is (L\-\-X\/l )A“‘where(l-. + X/ )
is the distance between the ﬁid—position of the inlet port

and the mid-position of the outlet port, thus,
Force = mass. acceleration (3.15)

Therefore for Opening 1,

%

(‘gx\sv = ’.(L\ N %“)i Ak (3.16)

and for Opening 2,

Ne d¥
(’ﬁxw) < (b2 %—)% a1k | (3.17)

Thus the force acting on the spool due to these forces

R A 50 PR B\ AR NS LT g



Thus equations 3,10, 3.14 and 3.18 give the forces

acting on the spool due to fluid flow.

These force equations govern the effect the hydraulic

‘system has on the mechanical system. It is now necessary to

consider the internal operation of the hydraulic system, which

is basically a controlled orifice and for simplicity this

orifice will be represented by a circular hole, From

consideration of the operation of an orifice it is thoughtfthat

there are three cases:

i)

ii)
iii)

(1)

orifice discharging fo atmosphere,
orifice discharging onto a plate which can be
stationary or can move,
orifice discharging into a pipe in which the pressure
is higher than atmospheric,
Orifice discharginé to atmosphere,

If ¢1 is assumed negligible cc_:rmpared with \rz
and p, = 0, applying Bernoulli's equation’36237:38,39,40)

to the orifice in Fige. 3.5.

_ 1% - .
Y =CGCh < (3.19)

|
Since the aim of this analysis is to at%empt‘

to represent the vaive system as an integrated network,

equation 3419 can be translated to network form by

assuming it represents ideal orifice ( i.e,, c, =1,

which is an ideal flow source) ig series with a restrictor,.

If there is an intermediate pressure P3 the network

representation will be as shown in Fig. 3.6,
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(ii)

From Fig. 3.6 the network equations are,

_ 2%
1= C¢A°é S; (3.20)

’RQ .2 ’k\ —JP3
Y+ (3.21)

by equating equations 3.19 and 3.20 the relationship

between P, and p3 is obtained

CV‘L ?, = ?3 (3-22)

Substituting equations 3.22 and 3.19 into 3.21 Rh is -’

obtained

'R - g (‘ - CVL)
R 2 (Cy Ce Aa)z (3.23)

Orifice discharging onto a moving plate.

Essentially the hydraulic.system in this case
is as above (see Fig. 3.7) therefore the network
representation will be the same except that thefe will
be an additional meqhénical network. It is thus
necessary to find the value of the force acting on the

plate. Considering the momentum equation(4o).

'¥o = g> Ry (\*i -‘J};\ ‘

. (3.24)

16



re-writing in terms of flow rate

l Fa
& - qule. (7%_5: - ._%— (3.25)

and by substitution of equation 3.19 the force is

determined in terms of the input pressure,

2R
gzo: chC\,Q\O '—%f" Cv Zé-PL ‘\)’N\ (3.26)

and for the case when' WV, is zero equation 3.25 and

3,26 become

S e ¥ '
Q;, § nCL (3.27)
o &B = CFrCRe 2'3?\ (3.28)

Thus the network representation in this case is as
in Fig. 3.8 where fo can be obtained from equations
30,25 or 3.26 or 3.27 or 3.28; Py from equations

3,20 or 3.,22; and Rh from.equation 3.23

17



Networlt representation of an orifice with moving plate: .

Fig. 3.8
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(iii)
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Orifice discharging into a pipe in which the pressure
is higher than atmosphere.
Applying Bernoulli's equation between section
1 and 2, in Fig. 3.9
: -
Z
L)T ’JPt — J’; < -‘Pz.

IR S wiR A S

where J} and p, are the input variables and\J‘2t and p,

the resultant theoretical output variables,

" From continuity equation

Ao o= B,

1t (3+30)

where A2 = Ao Cc, the smallest area of fluid flow;

Iy . .
andVJ,, = —*ywhere U, is the actual velocity. Therefore
2t T G, T .

7.
noting these facts and substituting equation 3.30 in

3.29,

> 2
?L.:B: - g_l (____%_l___\- 1 (3 31)
§ 2 I\ AuCely ' ’
: B
Considering the momentum equation (in the steady state)
between sections 2 and 3. _
Thrust on £1uid(4®) in section 2 - 3 is,

Yf = F\s (-\3"'?3)

(3.32)
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Let the fluid which is in volumes a and b at t = 0

flow into volumes b and ¢ in time dt therefore
J»(M{; TN - My N\,\\]

rate of change of momentum =

dk
M —M
- demr) (3.33)
at
(=
in general m = ? i C\t (3.34)
A
Substituting equation 3.34 into 3.3%3 and
equating the resultant with equation 3,32
| \
— L . —
ABC‘PL—TE\ - gc\’ (Ag gl\ (3.35)

* —P'z_ "—Fs | \
't T g T 9e (—E} o, A3> (3.36)

Adding équations 3.31 and 3.36

—F\ '—% -at -| | \ |
% - Cl/ A:- - “3 A0C¢+ Z(Agccc»\l)‘:— 7. A\:l (3037)

If the diameter of the upstream pipe is the
same as the down stream pipe, then A1 = A3, utilizing

this fact and rearranging equation 3.37 to give q,

i :/[' N



Thus equation 3.38 represents an hydraulic
resistive loss and has a network representation as
in Fig. 3.10.
From Fig. 3.10
o[y + (Sl (1 = EA)]
?\ - A, Ce Ao
& 2 (CyCe AT (3.39)

Consideration of velocity distribution:

In the previous derivation use has been made of the

relationship,
O = .91..
A

this formular assumes that there is uniform velocity
distribution over the flow's cross-section. It is now intended
to consider this statement.‘

The velocity distribution of the fluid particles in a
pipe mainly dépends on whether the flow is turbulent or laminar.
The determination of whether the fluid is in turbulent or
laminar motion can be determined by consideration of Reymold's

Number (36 38) where, the Reynold's Number

Ny = SALS - (3.40)
SA . 3.40

\J - average velocity of flow

area of flow
wetted parimeter

r - hydraulic radius (:

&\



If the flow is turbulent then very little error is
mede if the velocity is assumed to be uniform over the c¢ross-
section of the pipe. However, if the flow is fully devebped
laminar then the velocity distribution over the cross-section

(38,35)

will be that of a'parabola , when the flow is laminar,

Bernoulli's equation becomes

O ® K
% v Ay = = —-%“ oy —-;23:' (3.41)

oRare °<\="§"§§ U3 (3.42)

J - average velocity of flow
similarly foreX 5

Since for fully developed’ laminar flow the velocity
distribution across the cross-section of the pipe is a parabola,

equation 3.42 becomes,

. k , :
RO ARGk

vhere . - maximum velocity.

When the flow is laminar, the momentum equation becomescss’ss)

A (+, -8 = S"v(@»‘}a - Q\\rb (3.43)

‘ .
, . .7 J \ N '
i e 3 - ......-.‘— U '.\ ‘

.
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and for fully developed laminar flow,

o= (3) ow‘ “qumr = 5

R G 3

~

Similarly for @ X
In general if the fluid is in a state of laminar

motion these correction factors have to be applied. However,

consider the case when the fluid is flowing from a large

container through a small orifice and the final flow down

stream of the orifice is laminar. It is found(4°) that when

a fluid enters an orifice from a tank its velocity distribution

is uniform and it has to flow a distance L down stream of the

orifice before fully developed laminar flow occurs, where,

where D ~ 1inside diasmeter of pipe.
Thus if the Bermoulli's equatién or the momentum
. equation is applied for the region of flow immediately down
stream of the orifice it is thought that these correction
factors should not he applied.

For the case of fluid flowing out of a tank through an
orifice it is assumed that fhe velocity of the fluid just
before the orifice is negligiblg with that velocity just after

the orifice. When considering the orifice in the valve this

assumption is also made and by also noting the valves. dimensions,

it is concluded that a uniform velocity distribution can be \

assumed for the cases under consideration.
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The valve was tested with the pressure being supplied
to the P port of the valve and the A port outlet being
exhausted to tank. Thus only Opening 1 was used in the valve,
The orifice operation for this case is considered to be case
(i) (i.e., orifice discharging ontc a plate), the plate
being effectively the spool. However \r'm was considered to be
negligible compared to the fluid velocity and therefore the

orifice operation reverts back to case (i).

Application of Theoryto V,.D.S.34 Directional Control Valve

It is intended to apply the theory to valve VDS 34
manufactured by Pratt Hydraulics Limited and to a circular,
sharp-edged orifice. Experimental results will be presented
for an orifice when discharging to atmosphere and when
discharging into a pipe with pressure greater than atmospheric,
Consider valve VDS 34:

The value of the force as in equation 3.10 and
3.14 will be greatest when there is maximum pressure 4rop
across the valve. This condition occurs when the valvqlis
discﬁarging to tank, the rele%ant relationships from 3,1.1 and
301.2 will now be worked out numerically.

The mass of the moving parts
spool | - 0.,0454 kg
striker pin - 0.00335 kg

solenoid armature — 0.1555 kg

24



Therefore the total mass of moving parts

0,0454 + 2 ( 0.00335)+ 2 -( 0.1555)

= 0,363 kg
The total mass of the springs is 0,0059 kg. This represents
a distributed mass and is assumed to be negligible compered to
the mass of the other moving parts. The mass of the oil
contained in the volume enclosed by the spool and the valve's
body is ccnsidered tc be negligible (this was calculated to-
be 0.0023 Kg).
The viscous friction coefficient is evaluated by considering
the perameters in equation 3,2,

Kinematic viscosity of Tellus 27(41) 0il at 35%C =

0035 107 22 571 and its density is 858 kg oo,
Hence dynamic viscosity = QFD = 0,03002 kg g~
The clearance between spool and valve body = 6.35 10_6 n

A, area of surfaces in contact = 2,79 10_4 m?.
Hence the viscous friction coefficient is,

\

Fn ?/%\z\.EL ‘\\SN.\'

The springs:

The initial compression in equation 3.1 was found to be
0.198 107 m and the stiffness K = 10900 N m™ .

Considering equations 3.10, 3.14 and 3.18 the following constants

are required:

2S



Further to Fige. 3.1)A2 is the cross-sectional area of the fluid

stream immediately down stream of the orifice in the valve,

A, = C, (Area of orifice)
»énd, area of orifice = xxD
where D - diameter of the spool 1.585 1072 n
x -~ amount of spool opening
Also A2 = A3
2 2

and A, = ¢ 4,99 10" m
A4 and A1 are the cross-sectional area of the fluid stream

between the spool and valve body,

b, =x (W - wY)
_ - 2
A by = 121070 m
L, = 0.715 1072 n
L, = 0.791 1072 n

From experimental data in table B,f

Coo®
Ce

= 6.57 and CeCy = OG0

Substituting these values into equation 3.10, 3.14, 3,18 and
3,19

equation 3.10 becomes,

? . \oa o
X\ X (3.46)

equation 3.14 becomes

r 2
t

: L2 W < “5"“]
7 — a 1 — .
{' x. &_—{“—- ! (3.47)
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Since X can vary between 0 and 0.163 ‘IO-2 m when the valve
orifice is fully open :f"xz' varies between infinity and

(- 3.02 10°),

Thus the overall value of this force changes from positive to

negative, the change over point being when x = 0,94 10"3 m,

3

For values of x below 0,94 10 ~ m the force is positive and
therefore acts on surface S4, which is not part of the spool.
Thus this force term can only be considered for values of x:

greater than 0,94 10 m (0,037 in.),

equation 3,18 becones,

- - =L __)_(_‘ — 00 "7'__ Xz) -~ O&QI
1£x3 =(0NS 18  + =~ 07 107 - 2 Qs&?m (5.48)
Now x, LN x,
and since L1 - L2 >> _];I._ - _;g_ equation 3,48 becomes,
—n dV
ﬁxs = T 0654 At _ (3.49)

However, if only one opening is used, say Opening 1, equation

%.48 becomes
Ay

equation 3.19 becomes

9, = .49 \63X'hv‘ . (3.51)



where X = (2 = 1,88 107)

1,88 10~

m being the distance the spool has to travel before
the orifice starts to open, and z is the movement of the spool
from the centre position.

These equations are sufficient to describe the motion
of the spool when only one of the two Openings of the valve is

operating. Combining equations 3.3, 3.10, 3.14 and 3.18 gives

the equation of motion of the spool,

f S i é:._z.: = - JZ._ oYY _19&»@.9 2'_. 343.’ ’
©-2os db(c“»)_& \'321—{ R V-6 * (3,52)

R v .
4 = LeAE X (3.53)
X =(=-1.88\5%) (3.54)
\-g = (z. A~ \C\?_ \53) (3055)

Should the hydraulic network elements in Fig. 3.6
and 3,10 be required, which might well be the case of the
analysis of a complete hydraﬁlic system, then it is necessary
‘to solve numerically equation 3.23 or 3.39, To solve these
equations Cv and Cc, are réquired separately. For the above

&
condition, i.e., valve discharging to tank, only cgs

. c

and

€%
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Cy (where C. = Cch) were found by considering equations 3,10

D
and 3.19. However, to solve all three constants separately,
i,esy Cv, Cc and cos © three equations are necessary. The

third equation can be found by ccnsidering the case when the

valve is discharging to tank via some restriction. Thus

equation 3,38 can be used as this third equation,

It was considered useful to carry out experimental work

regarding equation 3,38 by conducting tests on simple orifices
in addition to tests on the orifice in the valve, These tests

and results are given in the next section.

Experimental Work

Tests have been carried out on the VDS 34 valve to
determine the necessary constants., When testing the simple

orifice the fluid was water.

Description of apparatus

Test on VDS 34 valve:

With reference .to Fig, 3.11 and 3,12 the valve without
its two solenoids was mounted on a gtand. The striker pins
were rigidly fixed to the spool Qn@ one of them was also

connected to a displacement transducer(so) and the other, via

(29)

a load transducer s to a device which enabled the spool to

be moved and held at any position., The hydraulic supply was

connected to the valve and the input and output pressures were

monitored by strain gauge pressure transducers(42). The

\ (43)

volume flow rate was measured by a turbine flow meter and

Q9
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the femperatures of the 0il at the inlet and outlet were
measured by means of thermocouples(44).

The accuracy and suitability of the load and displecement
transducers have been discussed in section 2,3.1. The pressure
transducers were calibrated on a dead weight tester(45). The
flow meter and the thermocouples were calibrated by means of a
bell jar and stop watch and by a mercury-in-gless thermometer
respectively,

The schematic diagrams of the equipment to carry out
tests on the simple orifice are shown in Figs. 3.13 and 3.14,
For the first test a sharp edged orifice was inserted in the
bottom of a water tank as in Fig. 3.13, and the water was
allowed to discharge freely. The second part of the test was
conducted with the discharging water being restricted by a tap
as in Fige 3.14. The pressure of the water, immediately after

the orifice and just before the tap was measured by vertical,

plastic tubes at these points,

3,2.2 Experimental Results

The object of the tests on the valve orifice was to find

' ' 8
the values of Cv Cc from equation %3.19 and cgz from equation

3106

The apparatus was capable of measuring f, q and p1.
However, Ao is the area of the orifice which is a function of x,
the width of the orifice opening. To be able to measure x it is
necessary to determine the position of the spool when x is zero,

\l




Tank Q. 1. N Tank
|
|

|- — T
T

NN O o
Cross sectional area (A4)=78.5 10 =m
Orifice discharging to atmosphere Orifice discharging into a restrictio:

Fig. 3.13 Figc 3.11"

o -t
ey =2 )
pa = 0,69 N m : ! 1,
3 _ _ o
p, = 8.28 MN m™2 /
Q0 _*) ¢ f
& ¢
éo"
®
©
H
= H O
o
—~
ey
|
201
\\ )
o 0.2 ) \\1 2 ! 12:3 ‘A ) /Za "0-‘* (‘Vh)
© g 3 O (raen)

Displacement = .

Graph for finding the spool's position
Figo 3.15



It should be noted that this point is not the point of zero
flow, because there is leakage across the spool surface. To
find this position the flow rate against displacement for
various constant values of supply pressure was plotted.
From equation 3.19 it can be seen that for the case when the
leakage is negligible compared with the main flow the curve
" of q/x should be a straight line passing through the x axis
at the required reference point. A set of these results are
shown in Fig. 3.15,

To find the required constants the spool was displaced
by a given amount and the input pressure was varied noting
the values of this pressure, flow rate and force on the spool.
From these results q2 against p and q2 against f were plotted,
as shown in Fig. 3.16 and 3,17 respectively. For all these
tests the temperature of the oil was kept at approximately 35°C.

3

From equation 3.19, noting that g = 858 g m © and the diameter

of the spool is 1,59 102 m.

]
3% 17,0 Sy £

CV Cc_ = "P XL (3056)

Consider the test with x at 0,038 mm {or 0.,0015 in.)
from Fige. 3,16, the slope is 3.9 10712 o' y! 3-2, therefore

from equation 3.56

CV Cc .= 0068

The other values obtained from this graph are given in Table

3ol

Qi
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cos O
X Ce Cy Cc
mm
From experiments ) 0.038 0.68 0.514
conducted at Enfiel 0.063 0.61 0.604
College.
: 0.089 | 0.59 0.570
From experiments 0.11% 0.53 0.523
conducted at Pratt 0.191 0.61
Hydrauliecs Ltd. 0.254 0.61  |See note®
0.317 0.58 ‘
Average values 0.60 0.57
*Note: Due to the non-linearities in these teets ihe
results are not quoted here, and will be dise}
cussed in section 3.3. The theoretical lines
drawn on the grath in Figure 3.19 assume a
value of 0.57 for cos®/C..

Table 3.1
y q Cy c Ce Other
n 1o-§"?§; dimensions
0.380 | 0.510 28.0 | 0,94 0.72 0.77
0.420 | 0.600 30.7 | 0.95 0.72 | 0.76
0.455 | 0,700 33,0 | 0.95 0.71 | 0.75 |*= 0-083 " 4 2
0.488 | 0,800 35,2 | 0,95 0.22_| 0,76 |%0=0.132 10w
0.95 0.72 0.76 Avegggé value
0.347 | 0,431 4.6 | 0.9% 0.73 | 0.78 dig:22§6;3
0.382 | 0,502 16.0 ; 0.95 0.76 0.79
0.430 [0.601 | 17.5 | 0.99 | 0.75 | o.75 |*=0:083m
| 0.469 {0,719 | _19.5 :0.96 | 0.75 | 0,78 |%0=0-73 10 7 |
0,96 . 0.75 0.78 | Average value

Table 3.2



From equation 3,10,

-1
£ e S
€O [ X .
Ce ;_ 7100

Thus for x = 0,038 mm from graph in Fig, 3.17 the slope is

4.32 102 p® y! g

The other values obtained from this graph are given in Table
3o1e The range of pressure and flow rate obtainable in the
Control Laboratory at Enfield College was limited well below
the valves capacity. Results for the valve's full range were
obtained by conducting similar tests at Pratt Hydraulics
Limited. Graphs for q2 against p and q2 against f for tests
at Pratts are given in Fig, 3,18 and 3.19 respectively. The
value of the constants found from these results are given in
Table 3.1,

The following experiments were conducted on the simple
orifice, For the first test the water was allowed to discharge
throﬁgh the orifice into the atmosphere. For various heights
of water in the tank the flow rate and the dimensions:x and y
were measured as in Fig, 3,13, This test was conducted for
two sizes of orifice and hence Cv and CD and thus Cc were

calculated,
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From reference 40

(3.57)

CD = (3-58)

(3.59)

Using the equations and the data included in Table 3.2 the
values of Cv, CD and Cc have been calculated and given in
Table 3.2,

For the second test the equipment was modified to enable
the outflow of water to be restricted. The pressure just after
the.orifice and just before the restriction was measured by
means of g plastic tube inserted into the pipe as shown in
Fige 3.14.

In this experiment the flow rate and the two pressures
(h1 and h2) were noted for various vdues of height of water.
These results, with the results found in Test 1, were used t9
verify equations 3.31 and 3.38.

Equation 3,31 becomes

A S T
T = 2% (Aocb>z e (3.61)




For orifice of area 13,2 10_6 m2,

R-ﬁ, - | i ; i ,ww_l”____
%z 2L (Q,?"ﬁ;) (3.0 02 \”h%a'L (18.S le(')?"

= 5.55 10° &% m™>

For orifice of area 7.3 10'"6 m2,

’ h*e\\
o»l

=1.69 107 &% 2

Simarly equation 3.38 becones,

C\—Q\z_ - \ “‘(C;RO/A\\Z(\“')-A\ /Ce. Qb
qrz. L%(Cb AQBL.

-6 2
m

Hence for orifice of area 13.2 10 ’

g}::gés = 4,45 108 &2 p°

%1

and for orifice of area 7,2 10"6 m2

Q\ Q‘ = 1,47 109 2 n™?
These theoretical results are shown with the experimental

results in Fig. 3.20,

(3.62)
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Conclusions

Considering the tests conducted on the valve at Enfield
the results (Figs° 3,16 and 3.17) are in good agreement with the
theory and with the results in other published work on this
subject(14’17).
It should be noted that these results are for relatively
small orifice Openings. For the teﬁts conducted at Pratt's
the results, (Fig. 3.19), when considering flow rate against
force on spool, show significant disagreement with the theory.
By considering both Figs. %.17 and 3.19 it can 5e seen that

all the experimental curves are of similar shape and this differs

from the theoretical results., The amount of discrepancy increases

with increase in orifice width opening. The theoretical results

are plotted from equation 3.10 and by considering this

equation it is thought that cos & may not be a constant, as
assumed. Reference 13 experimentally investigates the value of
this angle for variatioﬁ in the orifice dimensions, and it shows
that the flow downstream of the orifice can, under'certain
conditions, attach itself to either the valve body or to the
spool, thus making cos G equal to 0 cr 1 respectively: 'The
tests were conducted on a two dimensional model of the valves
orifice and only low pressures were considered (pmax = 0,14

Ty m_z). Thus this reference does show that cos @ can varye.

10~
From considering the results obtained, Fig. %.17 and 3.19, it is
therefore suggested that cbs ® can vary and is not only

dependant on the dimensions of the orifice but is also affected

by the flow rate and the pressure drop across the valve. \
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The orifice test results (Fig. 3.20) although not in
perfect agreement, do tend to support the theoretical approach
when considering the case of an orifice discharging in a pipe
with a pressure greater than atmospheric. The purpose of
these tests were to show that the values of Cv’ Cc and cos&
(if applicable) would be found for an orifice in a valve
(see section 3.1.3). The individual values of these constants
are required when it is intended to consider a valve as part
of a hydraulic system in which the valve directs tre fluid
flow to & motor. For this case the nétwork representation of
the hydraulic part of the valve is as shown in Pig, 3,10, and
to calculate the numerical value of the hydraulic resistance,
shown in this figure, the above mentioned constants are

required,



4, Complete System

In this chapter the work of the previous two chapters is
combined to obtain the overall network_representation of the complete
system. From which a set of independant network equations can be
systematically obtained. These equations are simulated on an analogue

(46)

computer and the dynamic behaviouvr of the system is studied. The

theoretical results are presented along with experimental results.

4.1 Theory

The system, as considered in this work, is complete when
one of the solenoids is attached to the valve and the valve's
orifice discharges to tank, generally as arranged in Fig. 4.3,
In theory this means that the three networks in Figs. 2.6, 3.2,
and 3.6 are joined resulting in the network of the solenoid
valve system depicted in Figo 4.1.

Fig. 4.1 (a) represents the electrical elements of the solenoid
where,

e - voltage source

Re - Tresistance of the coil

N2P - self inductance of the coil
e - induced voltage due to changes in the
magnetic circuit
Fig. 4.1 (b) represents all the mechanical elements of the
valve where,
f, =~ force generated by the solenoid (force source)

M - mass of all moving parts including the A

solenoid armature
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X - spring constant
F - viscous friction coefficient between spool
and value body

£ - force acting on the spool due to fluid flow

Fige 4.1 (c) represents the hydraulic elements of the valve
where,
P, - pressure source

Rh - hydraulic resistance (which is non-linear)

P -~ ideal pressure drop across the orifice

From topological considerations the set of independant
equations can be derived. Where from Fig. 4.1 (a) and (c) the

mesh equation 4.1 and 4.3 respectively can be written and from

Fige 4¢1 (b) the node equation 4.2 can be written.

2 X . + d= JP
?Ni‘;’ = €5 —Ke4 =N ;G‘A 1= (4.1)

4 fde\_ NATdP_pdy St
Mol-( ) 2. olz._FoLt— K% v Lg - (4.2)

_ ;S£I~Cﬁ 2 S 2
1)‘:3'" 2 ('CchAoy' q’ + CCLAth’ (4.3)

Substituting numerical values into equations 4.1, 4.2
and 4.3 and re-arranging where necessary

: bl . JP o

;; T 2,59 o 2,228 \o° S dz

lct



4.2

L2 _ ‘h '\.3’2. cg_'._v.- 10900 Lz*" 9¢ \0)

—— —

dt T 0.208 0.L0% dt 0.20%

_ toa-bo cvz _ (9-‘3 dc(/
0208 X 0.20% dk (445)

o, = 1.49 530 x #s/z (4.6)

-3
where X '= (2 - ¥R ‘°)

Differentiating equation 4.6 assuming that Pq is constant

d -3 4K 4 Y |
SRR ﬁ""sL (4.7)

The terms in equation 4.5 containing either x, q or

‘dg/dt will be zero when z.<:1,88 102 n

Computing

For analogue computing equations 4.4, 4.5 and 4.6 need
to be amplltude and time scaled.

Substituting equations 4.7 and 4.6 into 4.5 and letting
the maximum value of the supply pressure 128 be 2.07 107 N'; m—z
and to be able to obtain values different from the maximum let
Py = 2,07 107 ¢ ¥ n™2 where the value of C can vary between 0

and 1.

d‘—% = ¥ - 6382 - 6’2.5'00(—:.+ \.‘)‘(Jo‘.‘>
dt 0.20%

3 10°C (-1 13) — 197 2 2 (4.8)

1o/f
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The maximum vaiues of the variables hsve been estimated

from experimental data and these are

£ = 1000 N z = 10ms”
2 = 0,310 m Y = 2000 m s ?

Scaling equation 4.8.

Y i —_— __22)0.01\7 - O.o-l io-bb'\ .—Z—:]
(;oo;> (100;52'41 (\0 ? -(S\OQ

_ v, [Z
....3.4“[(33\3; —0.62b —-0.9‘§C/"('\‘g> (4.9)

but,

L ()R
b (s3) (£

Therefore,‘introduce time scale factor t = 7:/1000

L)
¢ ° |



The maximum values of the variables in equation 4.4

which have been estimated from digital computing and experimental

work are,

3—‘—)— =125 151 W oW e = Soov

2

L =5A  1-2000 As" TS st W

Scaling equation 4.4.

(t.:\é’-'“)(Zia\) i (;Q)O.O6q.g- "@0'04 %9@?%;)%)447(4.11)

and
LA\ (4 - |
Je (?> N (1000>O'q' (4.12)

e
-——) is a sinusoidally varying voltage and its generation is

S
500
shown in Fige. 2.29. The supply pressure, is assumed constant

" throughout the experimental work and is thus represented by a
constant voltage.

Thus from considering equations 4.9, 4.10, 4.11 and

4,12 and Fig. 2.25 the analoéue programme is as shown in Fig, 4.2,
It should be noted that there is a slight alteration in the
generation of the escircuif as shown in Fig. 2.25 to that in
Fig. 4.2. The new circuit enables the voltage to be switched

on at any point of the waveform during the cydle,
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It was then possible to simuwlate the dynamic behavioﬁr
of the valve for the case when the voltage is supplied to one
solenoid. The variables, e, i, 2, f_, di/dt, dz/dt and
'dzz/dt2 being recorded on a chart recorder. The tests were
conducted for various values of supply pressure, supply voltage
énd at different switch on points on the supply voltage cycle,
as mentioned above. A sample of these results is shown in Fig.
4.5 (1), and it should be noted that for cases (a) and (b) the

valve fails to function.

Experimental Work

As shown above the dynamic behaviour of the value system
is described by equation 4.1 and 4.2 containing two independant
variables; the current through the inductor and the velocity
(or displacement) of the spool. To study the validity of these
equations experimentally it is necessary to monitor these two

variables together with the input variables,

Description of apparatus

For the following tests the valve was assemble; ;omplete
except for the removal of one solenoid as shown in Fige 4.3
and 4.4, it was replaced by aAdisplacement transducer, and the
electrical and hydraulic sufplies were connected to the
appropriate terminals. An ammeter was placed in series with
the eleqtrical supply to ﬁonitor the current on a U.V. recorder(47)
via suitable arranged resistors. The ﬁ.V. recorder was also used

0

to record the supply voltage, and the displacement of the spool

.
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Photograph of apparatus

Fig, 4.4
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4.4

via resistors and by means of an inductive-type displacement

(30,33)

transducer respectively. The pressure of the hydraulic

(42)

supply was monitored by a pressure transducer which was

‘either connected tc a voltmeter or the U.V. recorder, .

Experimental Results

With the valve in the off position, i.e., the solenoid
disconnected from the electrical supply, the pressure of the
hydraulic supply was set at a given value. Then the
electrical supply to the solenoid was.switched on., The input
variable ey and the variables i and z were recorded on the U.V.
recorder. py was also monitored but this signal appeared to
contain a large amount of noise and tended to obscure the other
signals as indicated by the results, therefore this signal
was not recorded in the majority of the testse

The above tests were conducted for various_values of
input pressures Py and inpu¥ voltage ey Tests were also
conducted to observe the effect of switching the input voltage
on at various points on its waveform,

The results are given in Fig. 4.5 (2), and it should

be noted that for case (g) the va}ve fails to'!unction. |

Conclusions

With reference to Figé. 4.6 and 4.7, there is a signifi-
cant variation in the time the spool takes to reach is maximum
position depending on what position of the voltage waveform the

supply is initially switched across the solenoid. Also, it is
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noted that if the amplitude of the voltage applied to the

solenoid is varied then both experimental and theoretical

results

show a supply voltage below which the solenoid will

‘not operate, which is about 150 V,

results

(1)

(ii)

(iii)

(iv)

The discrepancy between the theoretical and experimental
is thought to be due to four main factors:

there is an uncertainty in the theoretical value of

the viscous friction coefficient

there is an uncertainty in the theoretical value of

the force due to fluid flow

the hydraulic supply is assumed to act as a constant
pressure source

there is an uncertainty in determination of the force

generated by the solenoid.

Considering these four factors:

(1)

The theoretical value of the viscous friction coefficient
is calculated assuming that there is a constant and
uniform gap between the spool and the valve body. In
practise the spool will probably be off centrel!723%)

and its relative position is likely to vary during the
operation of the valve, 4190, as previously mentioned

in section 3.1.1 there will be friction due to contact
between the O-ring and striker pin. It is therefore
thought that the viscous friction coefficient will not

be a constant and its values tend to be higher than the

theoretical value used,
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(ii) The graph of the square of the flow rate against force
on spool (Fig. 3.19) shows a marked variation between
the theoretical and experimental results, as discussed
in Chapter 3.3. The graph indicates that at a given
flow rate the actual force on the spool is lower than

the theoretical value.

(iii) Since a constant pressure source was assumed the flow-
rate will be proportional to the width of the orifice
opening, this will give rise to large theoretical
flow rates, which in turn imply larger theoretical
forces on the spool. In Chapter 5 an alternmative
analogue computer programme is presented which over-

comes this problem,

(iv) Further to Fig. 4.7 the theoretical curves of current
lag behind the experimental curves, and since the force
is proportional to the square of the current (equation
2.20), which in turn govern the displacement curve,
this lag in current curves will cause a lag in the
displacement curves., A possible reason for this
discrepancy is due to the accuracy in estimating the
permeance and rate of chaﬁge of permeance with respect

to displacement curves.

The overall effect of these factors could account for
the most of the difference between the theoretical and

experimental results. Y
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The major effect on discrepancy appears to be due to
factor (iv). This is deduced by comparing the spacing of the
current curves (Fig. 4.7) with those of the displacement
curves (Fige 4.6). This indicates that if the theoretical and
experimental current curves were to be the same, then the
corresponding displacement curves would be very close together.

As stated in Chapteri.! there are a number of problems
affecting the design of a new valve, and to achieve optimum
design and performance it is first necessary to have a thorough
understanding of the operation, steady state and dynamic
characteristics, of the complete system. In the previous
chapters the complete valve has been analysed and the theory
applied to valve VDS 34(22). To facilitate the experimental
work the hydraulic part of the valve was restricted to the
operation of one opening (Fige 4.3) i.e., there was no
hydraulic load. The experimental results for both steady state
and dynamic tests supporit the thedretical calculations.

As stated in Chapter 1.2 it is believed that in previous
work concerning valves, either only that part of fhe valve is
considered which comes under one of the well defined engineering
disciplines or, if the complete sxstem is analysed, certain |
characteristics are assumed to be linear and consequently
only small displacements of thé spool are considered. In the

present work neither of these restrictions have been imposed.
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5 Design Considerations

The object of this chapter is to suggest:

(1) improvements in the mathematical model

(ii) procedures by which the design of the valve type

VDS 34 and solenoid type 18-7202 can be improved.

Non-ideal Pressure Source

In Chapter 4 the theoretical results were obtained
assuming the hydraulic supply to act as an ideal pressure source
and by comparison with the experimental results and from

theoretical considerations it was concluded that a non-ideal

.pressure source should be considered. It is therefore intended

to consider what effect a non-ideal pressure source will have
on the force acting on the spool due to the steady state flow,
and thus to determine the necessary alterations in the analogue
computer programme used to study the complete system depiczted
in Fig. 4.2,
Let the valve be supplied by a positive displggement
(23)

pump whose pressure is controlled by a relief valve,

It will be assumed that the pressure will remain

constant whilst there is flow through the relief valve and

that there is no 1eakaéé across the pump., Therefore the source
characteristics will be as given in Fig. 5.1 in which the
pressure is determined by the set compression of a spring in

the relief valve.
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The hydraulic load of this source is the valve

discharging to tank., For the valve from equation 3,53

9 =149 & x ‘F\V’- (w3 s”‘) (5.1)

Therefore, considering Fig. 5.1 and equation 5.1 the
soufce variables (3, q) cen be expressed in terms of the load
variable x, as in PFig. 5.2 where x1 is the opening of the valve
at which all fluid from the pump passes through the valve,

A graph of force due to steady state fluid flow acting
on the spool against displacement of spool when considering
this type of hydraulic source can now be plotted. M series
of curves as in Fig. 5.3 can be drawn for different rating of
pumps by considering equations 5.1 and 3.46,

. Let the maximum flow rate be 15 gal/min. (1.1 35 10"3
n> ™) and the nominal supply, pressure (p ) is 3000 1bf in:

(2,07 10Nw™2

2

)o Therefore, the value of 2! in Fig. 5.2 can
be found from equation 5.1

x' = 0.167 mm

For values of x below 0,167 mm the force is given by equation
3.46 and 5.1, . |
} = x agoooo (w) (5.2)

and for value of x greater than 0.167 mm the force is from

equation 3.46.

F - O O3S
x (v) (5.3)
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The curves of f against x are given in Fig. 5.3 for
sources of nominal supply pressure of 3000 1bf in':2 and various
values of pump ratings. It can be seen from this graph that
there are peak forces over a small range of spool position.

It is therefore important in the design of the valve that this

peak force be considered.

Non-ideal pressure source in the analogue computer programme

1

Letting the meximum flow rate be 15 gal. min~
(1,135 10 o> &™) and the maximum pressure be 3000 1bf iA°

7

(2,07 10' N n2) and to enable different ratings of flow source,

from zero to the maximum ratings given above, to be simulated

on the analogue computer, then,

q g 135 167 (w0 &) (5.4)

Bz Ke 2.077 W37 (N M"“) _ (5.5)

where Kq and Kp are coefficients which can take on values from
0 to 1, ’ . ;

Substituting into equation 5.1

, ¥
x'= 0.6 18° —ﬁ (5.6)
4

Therefore for values of.x¢(‘x1, equation 5.1 becomes

)

. | | (5.7)



L%
and for values of x > x1, equation 5.1 becomes

= K. Vs 2P '
Y v ° (5.8)

The nor-ideal source .affects equation 4.5 which now has to
be considered valid in two regions of operation.
When x < x1 then equatior 5.7 is substituted into the last

two terms of equation 4.5, wvhich gives

2 ' Y,
10860 (6.8) % Ky U Ket 6% dx (5.9)
0.20¢ ' O.20% 4tk )
When x > x1 equation 5.8 is substituted into the last two
terms of equation 4.5, which gives
_\)7-

wwdbo (Kq VA3S 1\ - (5.10)

' 0.20% X
Noting that x = (& —1.88 10-3) equation 4.5 becomes,"
for x < x1
i - -3
°-‘—— = (l - .38z - 52§oo(z +\.99‘0)
Ak 0.20%3

—2350° (2 — 1% &) — \97(“»)%’- (5.11)

and for x> x1
0. 065 ¥Kq - (5.12)

2 - L€ 153



and writing x1 in terms of z1, equation 5.6

- -3 K -5
2! = x'+L?%\03::0467 m(z%g*\.gggg

v (5.13)

Equation 5.11 is identical to 4.8 when
-3 K -
z < (0,167 10 5 _Kj(;'x + 1,88 10 3) therefore the analogue
‘P

computer programme will be the same as that given in Fig. 4.1l.

-3 K -
However, when z > (0.167 10 3 KQV"! + 1.88 10 3) equation’
p
5012 has to be used giving a different programme. - The new

scaled equation representing equation 5.12 is,

) s ¥
( 1000 L% -—(.—B\O.o'&l?-— 0-0‘19{).(,(, —\.('&z\c‘i\

o .ot \(qj'

B (szxo')"o‘ bua

=

(5.14)

Scaling equation 5.173 gives,

2'=0.05S7 (.\%17;>+ 0. 626 (5.15)
¥

The scaled version of equation 5.11 is given iﬁ equation 4.%
where K = Kp. . . |
Thus, the modified part of analogue computer programme to
simulate equations 5,14, 5.15 and 4.9 is given in Fig. 5.4.
Attempts were made to use the modified analogue computer

programme but at the time a suitable computer was not available.
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Design procedure using Computers

A summary of tﬁe criteria for improving the design of
the valve, as discussed in section 1.1’is that the valve should
control the maximum possible hydraulic power, but it should
maintain approximately its external physical size and that the
electrical power input be a minimum. An additional criterion
is that the valve should operate in the minimum possible time,

A possible method of design is to alter the various
parameters of the valve system separately noting the effect
of the alteration by means of the computer programmes given,
thus determine whether the alteration improves the design of
the valve, as defined above, -or not. However, since the
solenoid parameters can only be altered individually on the
digital computer and the valve parameters on the analogue
computer this method of design has "to be carried out in two
stages. In general, the valve will be able to control the
maximum amount of hydraulic power in the fastest time.if at
any particular displacement the forée from the solenoid is a
meximum, noting that the_mass of the armature will affect the
time of operation. Thus the force displacemenf curve can be
used as a criterion of "goodness" of the solenoid, This
characteristic for any particular solenoid can be obtained by
the theoretical approach used in Chaéter 2. It wuld there-~
fore be useful to start off with an existing solenoid and then
to alter its parameters (e;g., dimensions, number of turns
etc.) by a small amount and re-calculate }ts new force/

displacement characteristics to compare with the original %

characteristics, This process could be repeated a large numbex

\



of times until a maximum curve is obtained. This approach
would require vast amovnts of calculation which could only be
done on a digital computer. To achieve this the same basic
programme as given in Fige. 2,48 could be used except that all
the dimensions of the solenoid and the number of turns of coil
would be given symbols and the permeance of the flux paths would
be calculated in terms of these symbols, then a separate data
card would be added to the programme. To enable the assignment
of symbols to the relative dimensions of a solenoid Fig. 2.15
is re-drawn giving Fig. 5.5

Further to Fige 565

Equation 2,33 becomes

Vs =R =osz2ul, | (5416)

equation 2.35 becomes

(assume g remains £1.5 t) .
w4, 2 |
TZ. - T 20%& (‘ + _Z.LS . (5-17)

equafion 2.35 becomes

2 124 t
P(g = 7t Qo(jel‘ Tz +2(,—JQA

W'here gﬁ___ﬁ& - 1% (£ + 2+ f-La)
- A
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equation 2.36 becomes

] D
RS

equation 2.37 becomes

g=/&%J0
2 4
?7 - /:."‘fzb"'ez

equation 2.38 becomes

(ﬂ, *@3)/'(1 ’64‘
/ 2 (Qq - Qa) Q

Therefore, equation 2.70 becomes

/A]
(5.18)

(5.19)

(5.20)

(5.21)

(5.22)

?A :ZLﬁé-(Ga-'()’l) + L(fs’jz) + %Ioat(l-— %)"’o-szq (5.23)

-5 (G- 2) z
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20 4, -0 =z +Ua-4s) Jxc\
R=2 O-§2'04 ™ ?B/QO(OQ(’\ M z '*?:'Qb -ii >

(‘67 '(Q‘)“‘e}) /7(\7.[4 . 483 /ea. 0. &

(5.24
1(99 -0,3) Q-, A ""Q(D—-le )
P, =0.63% 10 s (5.25)

Pa < Py

Thus equation 5.23 and 5.24, when written in Fortran IV can
replace the expreésion for A and B in the computer programme
given in Fig. 2.18,and by differentiating these two equations
(with respect to displacement) the new eipressions for E and
D can be found. The programme will now compute the force/
displacement characteristic for any given physical size of
solenoid, An additional programme could be added to enable the
dimensions of the solenoid to bé altered by increments and to
compare the resultant force curves automatically,
Using these results or the existing characteristics of..the
solenoid type 18-7202 the modified analogue computer programme
cen be used to investigate the effect of the following changes.
(a) to véry the spring stiffness, potentiometer Q40 and Q34
are varied
(v) to vary the amount of initial compression of the spring
(i.e., when the spool is central), potentiometer Q34

is varied .



(e) to represent a non-linear spring, potentiometer Q40

is replaced by a function generator
(a) to vary the amount of travel of the spool before the

orifice starts to open, potentiometer Q34 and PA2

are varied
(e) to vary the radial dimension of the Spool, potentiometers

Q33 and Q41 are varied
(£) té investigate the action of the valve when the solenoid

is de-energised and thé spool returning to its original

position, initial condition can be applied to the z

integrator (A31).

To carry out a similar investigation when the valve is
operating through both Openings there will be additibnal
forces due to flow and rate of change of flow forces, the
formulae for calculating these forces are given (equation 3.47
and 3.49) and can be included in the analogue computer
programme,

The following simple considerations can be deduced from
this work,

Further to Fig. 3.1, the orifice area is equal to the
circumference of the spool times the axial distance (x) betwden
the spools surface Ss énd the valve body surface Sp. Thus the
same orifice area, at the fully open position, can be obtained
by-increasing the diameter of the spool and decreasing the
distance x. The effect of decreasing x would be to bring the
armature of the solenoid closer to its fully home position

during the period the flow forces are acting on the spool, A



thus the force available from the solenoid will be greater,

In addition, the peak flow force, as shown in Fige. 5.3, wouid
occur at a point closer to the force axis which again means
that there will be a higher force available from the solenoid’
to overcome this force. If the diameter of the spool was to

be increased by a factor of two then for the same area the
orifice opening distance (x) is halved and the increase in
force available from the solenoid at the point when the orifice
just starts to open will be increased by approximately 45%

(see Fig. 2.30). The limit by which the spool diameter can
be increased will be determined by consideration of the possible
increasé in leakage between the spool and valve body, possible
increase in the chances of hydraulic lock occurring, and
manufacturing techniques; however, these factors have not
been considered in this work,

The force/displacement curve for the solenoid in the
case when the solenoid is operating the valve can vary
depending on the transient behaviour of the current and the
armature displacement, Examples of this characteristic,
obtained from the computer results, are shown in Fige 5.6,
Because of the large variation in the curves shown in Fig. 5ﬁ6
it is not thought useful to design a non-linear spring solely
based on the forpe/displacement curve determined for the steady

state current condition when the armature is stationary.
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5.4 Stationary position in the spool displacement curve

Further to Fig. 4.5 (e), (f) it is seen that the spocl
can stop and even move backwards, this occurs when the
solenoid is switched on when thesupply voltage is at its peak,
The spool's motion is momentarily halted approximately iﬁ the
region of the orifice starting to open. It is not thought that
this will have any detrimental effect in the majority of
applications of the valve., However, should it be decided to
eliminate this effect in any particular application a circuit
is given in Fige. 5.7 which ensures that the voltage is always
supplied when the supply voltage is at zero.

Further to Fige 5.7, the circuit given in section A
has a mains voltage input and provides a low power d.c. output
which is the supply for circuit B. Circuit B is an integrated
circuit(48) where terminals 5, 8, 9, 10, 11, 13 are not used
in this application. The function of this circuit is to ensure
that the triac in circuit C is only fired when the mainssupply
voltage is passing through zero, The triac is a semi-conductor
switch which enables the a.c. mains to be switched on or off
depending on the voltage supplied to its gate terminal,
(indicated by G on Fige 5.7)s The cost of the complete |

circuit is approximately £7.

6. Discussion and conclusions
Considering the proposed programme of work for this
thesis given in the application form submitted to the C.N.A.A,

it can be seen that the theoretical and experimental work has

been covered within certain boundaries and assumptions,




The precise nature of these boundaries and assumptions have
been defined in the relevant chapters of this work and the
consequence of some of thgse assumptions are discussed later.
From considering the proposed design criteria it can be
concluded that the ultimate aim of this work was to design a
valve which had the same overall size as the existing valve
(or smaller), but was capable of controlling higher hydraulic
power with solenoids that needed less electrical power inpﬁt,
all at an economical price, This has not been fully
accomplished. However, it is thought that Chapter 5 does
provide the tools by which an improved design of the valve
could be attempted.

References 17, 18, were consulted extensively through-
out this work, and in particular the application of the theory
given in reference 18 for the célculation of the permeance of
the flux paths in the solenoid was found to give good results.
The writer would therefore like to express his gratitude to the
authors of these referénces whose work has greétly aided the
understanding of the valve system.

The problem has also been used ﬁs an example in the
application of systems analysis, and shows the advantage of |
obtaining individual networks of each sub-system and by jéining
these networks together a network of the complete system is
formed; +the governing equations for the complete system can
be found from this network. This shows that network analysis
yields a uniform method of solving probl?ms which include a
number of sub-systems, whether these sub-systems be from the

same engineering discipline or not,

d

D’n



It is thought that future work on this subject could
be divided into two main divisions, these being, |
1. To accept in principle the network representation of

the valve system given in this thesis as being

adequate to represent the valve and to investigate
further the operation of the valve., In particular
the performance of the valve when the supply voltage
to the solenoid is switched off and the spool is
moving back to its equilibrium position under the
action of the springs. Thus to use the computer
programmes given in Chapter 5 (or modified programmes),
to aid the design of a new valve to meet a set of
specification. It should be noted that alterations
in the numerical values of certain parameters in the
network are necessary to represent the valve when
there is fluid flow through both of its openings,

The necessary information for finding the new values

can be found in Chapters 3 and 5. To étudy the

operation of the valve when it supplies a hydraulic
load it is necessary to replece the network given

in Fige 4.1 (c) with the combination of the network

éiven in Fig. 3,10 and a network that will represent

the hydraulic load. This latter network would have

to be derived for the particular load,



To consider various aspects of the valve which
either have been shown to need further consideration
or has not been investigated in this work:- Further
to Fig. 3.19 and References 13, 15, there is a good
indication that the angle of flow through the orifice
is not a constant, as assumed in this thesis. From
the experimenfal results given in Fig, 3,19 this
angle appears to bé a function of the flow rate and
the orifice axial gap width. The effect of this
discrepancy is to reduce the force on the spool due
to steady state fluid flow.

Furfher to Fig. 4.5 the experimental results
show that the spools motion is often oscillatory
before settling in the fully-open position. This part
of the dynamic operation of the spool cannot be studied
theoretically with the existing analogue computer

programmes given in this thesis because the amplifiers

reach the limit of their operation. Therefore to study

the spools complete dynamic behaviour it would be
necessary to consider the permeance of the iron path
in the solencid and then to produce a modified and
re~scaled analogue computer programme,

Some aspects of the valve which have not been

considered in this thesis are

(a) hydraulic lock between spool and valve,
{p) friction due to '0' rings,
(e) the effect of hysteresis and eddy currents in \

the solenoid,

155
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(d)

(e)

IRY

when the valve is connected in certain systems
and the spool is in the central position the
pressure at the tank ports can be high.

Thus there will be a force acting on the

ends of the striker pins pushing against the
solenoid,

further to Fig. 1.1, if the flow of fluid

is as indicated, there is a pressure drop
along the fluid peth between the two tank
ports, this pressure difference between the
fluid acting ;n the two ends of the spool thus
giving an additioral force acting on the

spool.
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Appendix

Between the 11th November 1968, and the 1st April 1969,
the writer attended a course on a part-time basis at the‘City
University, Department of Automation Engineering. This was & full-
time postgraduate course in automation engineering leading to a |

Degree of Master of Science. The subject matter studied was :-

(a) Systems Theory and Design (Dynamics analysis and
Models)

(b) Control Theory (Linear and non-linear)

(c) Computing (use of Fortran Computer language)
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