D \0 Y-1488

Engineering & Equipment

\

AEC RESEARCH AND DEVELOPMENT REPORT

o

v‘l

AN ACCELERATION SWITCHING VALVE CONTROL
SYSTEM WITH MACHINE TOOL APPLICATION

J. B. Mankin

Y-12 PLANT
Oak Ridge, Tennessee

UNION UNION CARBIDE CORPORATION

CARBIDE NUCLFAR DIVISION

Operating the

OAK RIDGE GASEOUS DIFFUSION PLANT e OAK RIDGE NATIONAL LABORATORY
OAK RIDGE Y-12 PLANT * PADUCAH GASEOUS DIFFUSION PLANT

For the Atomic Energy Commission
Under U.S. Government Contract W7405 eng 26



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



Printed in USA. Price $4.00. Available from the Clearinghouse for Federal
Scientific and Technical Information, National Bureau of Standards,

U.S. Department of Commerce, Springfield, Virginia

LEGAL NOTICE

This report was prepared as an account of Government sponsored work. Neither the United States,

nor the Commission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with respect to the accuracy,
completeness, or usefulness of the information contained in this report, or that the use of
any information, apparatus, method, or process disclosed in this report may not infringe
privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages resulting from the use of
any information, apparatus, method, or process disclosed in this report.

As used in the above, ‘‘person acting on behalf of the Commission’’ includes any employee or

contractor of the Commission, or employee of such contractor, to the extent that such employee

or contractor of the Commission, or employee of such contractor prepares, disseminates, or
provides access to, any information pursuant to his employment or contract with the Commission,

or his employment with such contractor.




Date Issued: September 27, 1965 .‘Reporf Number Y-1488

. Engineering and Equipment
TID-4500 (44th Edition)

UNION CARBIDE CORPORATION:

Nuclear Division
Y-12 PLANT

Contract W-7405-eng-26
With the US Atomic Energy Commission

AN ACCELERATION SWITCHING VALVE CONTROL
SYSTEM WITH MACHINE TOOL APPLICATION

J. B. Mankin

This report is based on a study by the author as
partial fulfillment of requirements for the degree
of Master of Science in Electrical Engineering

from The University of Tennessee.

Ocdk Ridge, Tennessee
August 11, 1965



Distribution:

Ackerson, R. D.
Bailey, E. W.
Ballenger, H. F.
Bell, B. B.
Bernander, N. K.
Briscoe, O. W.
Burkhart, L. E.
Center, C. E.
Christman, A. M.
Cowen, D. D.
Evans, G. W.
Harwell, W. L.
Hemphill, L. F.
Huber, A. P.
Jackson, V. C.

Jennings, D. A.

(AFSC)

(2)

(ORGDP)

(ORNL)

(ORGDP)(5)

(ORGDP)

Report Number__Y-1488

Engineering and Equipment

TID-4500 (44th Edition)

Keller, C. A. (AEC-ORO)(4)
Kite, H. T. |
Lewis, F. O. (ORGDP)
Mclendon, J. D.
Mitchel, G. W.
Patton, F. S.
Rader, D. H.
Trotter, T. C.
Waters, J. L.
Whitson, W. K .
Williams, J. L.
Winkel, R. A. (Paducah)
Yaggi, W. J.

Zurcher, E.

Y-12 Central Files (5)

Y-12 Central Files (Y-12RC)

In addition, this report is distributed in accordance with the category Engineering
and Equipment, as given in the "USAEC Standard Distribution Lists for Unclassified
Scientifi¢c and Technical Reports”, TID=-4500 (44th Edition), August 1, 1965.




ABSTRACT

With equal emphasis on practice and theory, the application of the ac-
celeration switching valve to machine tool control systems is examined. Utilizing
basic hydraulic concepts and electrical analogy techniques, the differential
equation describing the acceleration switching vqlve and its associated load is
developed. Root locus techniques are then utilized to snythesizé a feedback con-
trol system with desirable transient response and steady-state errors. Physical tests

are performed to verify all results.
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CHAPTER |
INTRODUCTION

Electrohydraulic Control Systems

Ideally the mdchine tool control system maintains an errorless relationship
between the input command and the position of the cutting tool.  Although this is
impossible in a practical sense, the system error should be well within the tolerance
limits. As tolerance limits are lowered in keeping with advancing technology, new
and better methods of machine tool control must be developed in conjunction with
improvement in the well-established techniques.

Hydraulic systems possess greater stiffness and power-to-weight ratios than

do comparable electric actuators. Therefore, superior dynamic response that is less

.., affected by load variations may be obtained with an electrohydraulic system. The . . ..

hydraulic system is then the best presently available system for precision machining
applicotions.]' 2

The Acceleration Switching Valve

The primary element of the electrohydraulic system is the control valve.
This system utilizes a relatively new concept in electrohydraulic control known as
the acceleration switching valve., Among its advantages over more conventional
valves are the following:

1. Greater reliability in the presence of contaminated fluids.

2. Less degradation in performance due to wearing of moving parts,



3. Increased stiffness=to-load variations.

4. Improved resolution,

5. Simplicity of construction,3, 4
The acceleration switching valve, therefore, would seem to be ideally suited for
reliable, precision machining applications.

The acceleration switching valve is essentially a two-stage, four-way
hydraulic valve which may be schematically represented by Figure 1. In construc-
tion it is very similar to the more common proportional flow control valve shown in
Figure 2, but its principle of operation is quite different. This will be explained
in the following paragraphs.

The torque motor and flapper assembly is driven by a square wave of con-
stant repetition rate. The amplitude of the square wave is more than sufficient to
saturate tHe torque motor coils in either direction. For convention in fhe following
discussion, the current that causes Coil A to pull the flapper against Nozzls A will
be considered positive. When Nozzle A is sealed, the flow through Orifice A has
only one path which is through the "A" control chamber causing the spool to move
toward the right. Neglecting transient conditions, there will be a constant flow
into the "A" control chamber imparting a constant velocity toward the right to the
spool. The flow through the "B" control chamber and the "B" orifice has a common
path through the "B" nozzle. When the polarity of the square wave reverses, the
spool is caused to move with a constant velocity toward the left by the same physi-~

¢al action with respect to Nozzle B.
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The input square wave causes the flapper to alternately seal Nozzles A and
B at its repetition rate. This action causes the spool to move alternately right and
left rapidly at very small amplitudes. The mixer causes the periods of the positive
and negative portions of the square wave to vary in proportion to the errorsignal.
A positive error signal into the mixer causes the positive and negative periods to
decrease and increase, respectively, while maintaining a constant total period.
The square wave, therefore, has an average DC component proportional to the error
signal.

With zero error signal the spool will have a small amplitude variation
around its null position, and an unbalanced input will cause the spool to attain an
average velocity in the direction commanded by the error signal. Hence, a con-
stant input signal ideally results in a constant velocity, and the spool position is
the time integral of the input signal.

As the spool moves from its null position, it uncovers the supply and ex-
haust ports. Fluid, therefore, flows to the load and returns to the exhaust through
matched orifices. If the spool position is held constant, a constant flow will occur
through these orifices, and the load position is the time integral of spool position.

Spool velocify rather than position is the control parameter of the acceler-
ation switching valve, and the load position is a double integration of the val;/e
input. In other words, a constant error signal causes the load to attain a constant
acceleration, hence the name "acceleration switching valve." The block diagram

of the valve is shown in Figure 3.3 4 3
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Fixed Components

The block diagram of the basic acceleration switching valve control system

is shown in Figure 4. The fixed components of the system are listed below.

1.

Linear Variable Differential Transformer (LVDT)

This device is the feedback element of the system, It consists of a
transformer with two secondary coils wound in opbosifion and mounted
in a nonmagnetic case. A moving element of low-loss, high-perme-
ability, magnetic material is suspended within the case. As the moving
element moves in eiti’\er direction, the voltage in one coil increases
while it decreases in the other, The summation of the output voltages
is proportional to the displacement of the core; and the error signal, in
effect, is the difference between the moving core and case positions.

Displacement Transducer Amplifier

This amplifier provides the excitation voltage for the differential trans-
former primary, and it amplifies the differential signal. The output of
this amplifier is a phase detector which converts the signal into a DC
signal proportional to the displacement.

Mixer

This element is a differential operational amplifier operating in an
open-loop condition. An input signal of approximately + 2 millivolts
is sufficient to saturate the output in a direction depending on the po-

larity of the input signal. The error signal is impressed on one input
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grid, and a friangular wave is impressed on the other input grid. The
resulting output is the square wave shown in Figure 5. As may be seen,
the relationship of the positive and negative periods is proportional to
the input error signal.,

4. Hydrostatic Slide

This is a comparatively new concept in machine design. The slide is
suspended by a high pressure film of oil. [t is free to slide in the axis
of motion upon application of an extremely small force. Coefficients
of friction of less than 4 x 10 have been obtained by similar tech-
niques. This, in effect, eliminates static friction and its associated
dead band .7

Objectives

It is desired to examine the application of the acceleration switching valve
to machine tool control systems. Emphasis will be placed on both the practical
considerations and theoretical advantages of this valve. This study arises from the
necessity of improving automatic machining techniques.

Utilizing basic physical laws, the transfer function of the acceleration
switching valve and the hydrostatic slide actuator will be developed. Having de-
veloped the transfer function of the fixed components of the system, the feedback
control system will be designed to meet specifications. This goal is accomplished
by utilizing root locus techniques to achieve proper compensation. It is desired to

utilize a logical synthesis procedure rather than the all too common "cut-and-try"
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A
methods. The final systems will then be built and tested to determine the validity

of the analysis and synthesis procedures.
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CHAPTER 11

BASIC HYDRAULIC CONCEPTS

Electrical Analogies

Electrical analogies is a common technique for describing physical systems.
The analogous relationships between electrical and hydraulic quantities are:

1. Current, |, analogous to flow, Q;

2. Voltage, E, analogous to pressure, P; and

3. Conductance, G, analogous to hydraulic conductance, G = CD A‘/%.
The relationship between flow and pressure is then given by:

Q=cVr. )
Note that Equation 1 is a nonlinear rglaﬁonship as opposed to the linear relation-
ship of Oh;'n's law in the electrical case.

The basic concepts of hydraulic theory have been applied to control valves
by Blockburn.] Control valves consist of variable and fixed orifices which vary
the restriction of flow from a supply to a load as @ moving member is positioned by
an external signal. [t is possible to derive an equivalent circuit for each valve and
condition of operation; and a characteristic equation may be derived in terms of

P

m ¢ Qp s and y which are load pressure, load flow, and the input quantity, re-
spectively.

The characteristic equation may be plotted as a family of curves known as

Pm =Qm curves. Due to the inherent nonlinearity of the Py, =Qp curves, it is
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impossible to completely describe the valve with a set of linear differential equa-
tions with constant coefficients. The operation of the valve may be approximated
by equations obtained from the Py, -Q,, curves by considering s<;me quiescent op-
erating point (usually the origin) and determining the differential coefficients:

E)Qm an oP

- , and

P 1y = coNsT

m
oy

dy P_ = CONST Q_ = CONST

This procedure is analogous to the small signal analysis of Class A amplifiers, and
it is accomplished by considering small perturbations of the input quantity, y. If
the analysis is restricted to small perturbations, the control volumes are approxi-
mately équal, and the characteristics of flow through the orifices are approximately
linear over a restricted range. If this is the case, a linear analysis may be per-
formed with negligible err()r.8

The assumption of small input perturbations is very good in machining ap-
plications. It is seldom necessary for the system to respond to large input signals
because of the nature of machining operations. The presence of large error signals
in precision machine i;ool control systems normally indicates that the system is al-
ready out of tolerance.

Characteristic equations may be derived by the use of certain basic laws,
The definition of pressure as a scalar quantity in the hydraulic case corresponds to
Kirchhoff's voltage law in the electrical case. Therefore, Kirchhoff's voltage law

is also valid for hydraulic circuitry, or
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Z P=0 (2)

around a loop. Also, the law of the conservation of mass in the hydraulic case

corresponds to Kirchhoff's current law in the electrical case; therefore,

2. Q. =0 (3

at any point. The flow through an orifice is described by the orifice equation
(Equation 1). The hydraulic conductance of an orifice varies with the movemént
of the valve spool, and the characteristics of voricfion depend upon the design of
the valve and must be described in each case.

Hydrodynamic Equations

In a hydraulic control system, the fluid is just as much a part of the system
as are the electronic and mechanical components. Since hydraulic fluids exhibit
substantial viscous effects, the flow is not completely irrotational. To completely
describe the motion of a fluid, a three-dimensional analysis must be used. |t is
also not possible to assume that flow under rapidly varying conditions is laminar. It
may be assumed, however, that the average volume of fluid under turbulent condi-
tions closely approximates the action of the summation of the flow of elementary
fluid particles under laminar conditions. The only contribution of turbulence,
therefore, is to produce noise. It may be assumed that the flow is quasi-

. . . . . . . 1, 11
irrotational,; laminar, and incompressible with some viscous effect, *
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The equation describing the flow for a viscous incompressible fluid is the

well-known Navier-Stokes equation which is given by:

dv

PF=-€P+HV2T\/+?, (4)
where:
dv . :

P g  represents the force per unit volume due to acceleration,

vp the pressure force per unit volume,

HVZV the viscous force per unit volume, and

F the external force per unit volume acting on the fluid.9' 10,12, 13

If Equation 4 is applied to the elementary fluid particle shown in Figure 6,
it becomes:

o ap 25 2 2\ L
p£=-Ta—E—+d—P—de+p 8V BV OVY | »F (5)
2 2 2
ox oy 74

If u, v, and w are the components of velocity in the x, y, and z directions, re-
speclively, it should be noted that they are nat only functions of the coordinates

of the point (x, y, z) but also of time, t. The term on the lefi-hand side of

Equation 5 therefore becomes:

' (©6)
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where "r" is the path traversed by the incremental fluid element,
The Navier-Stokes equations for the x, y, and z directions therefore

become:

2 2 2
Ou  Qu Ox , Ou dy , du 9z oP d du , du
—_—t — =+ = L+ = D)= - 4 + + +
p(af ox 8t By ot = oz f) H( )Fx' @)

ot 9y ot 9z ot 2 2 2

_ 2 2 2
p<ﬂ+g_:’(9’f.+ﬂ?l+?l Qf.>=_8_P+|¢(—v+a—v+g)+F,ond(8)
ax” oy’ oz Y

Ow , Ow 08z |, 90w Jy , Ow 0z oP Ow  Ow, Ow 13
DAL T A AR A\ Gl [E A + +
P <ar ox ot 8y of = oz ar) “( )+Fz° @)

If the volume of fluid is examined on a macroscopic scale, the forces in
the "y" direction may be considered to be equalized due to the fact that the fluid
is enclosed in small tubing; therefore, Fy =0. There is some differential in body
force in the "z" direction due to the difference in head, but since the diameter of
the tubing is small, this may be considered to be negligible; therefore, F, ~ 0.
The pressure acting on the fluid is normal to the surface of the fluid at all points
around the tube. Since there are no pressure sources or sinks around the circum-
" ference, 9P/8y =8P/8z =0, There is also no resultant average velocity or ac-
celeration in the "y" and "z" directions on a macroscopic scale, therefore,

v =w =0. This is not quite true at a point due to turbulence and rotational pro-
perties. In light of the above, all terms in Equations 8 and 9 are zero, and

Equation 7 becomes:
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| 2 2 2

u  ou ox\ _ _@P Ou , 8u, dvu
P(aT*a—xaT>— —ax+“<—2+_2+'_2)+Fx' (10

ox oy 0z

Equations 7 through 10 result from the Navier-Stokes equations for a vis-

cous, incoAmpressible fluid. Although a hydraulic fluid is not quite incompressible,
. the Navier-Stokes equations for a compressible fluid are quite complicated, 14 so

the assumption of incompressibility is made for the sake of simplicity at little sac-
rifice in accuracy. Compressibility will be examined later by assuming the effect
of compressibility to behave as a linear spring.

Throughout tubing of the same cross-sectional area, there can be no change
in velocity in the "x" direction due to the principle of continuity. Equation 10,

therefore, becomes:
2 2
duo 9P v, B
PE T &*‘“(—.f—z)* Fe: (1)
oy 74
The macroscopic volume of fluid is actually similar to Figure 7. If the

transformnulion is made:

X = x,
y =rcos 9, and
z =rsin @, (12

Equation 11 becomes:

2
v _ o, 10 (a0}, 1 0%
pon'"ax+”[r 8err>+2 2]+Fx' (13)
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Remembering the assumption that the flow approximates the total effect of laminar
flow, it may be assumed that the velocity does not change with resvpec’r to 9, and
Equation 13 becomes:

| 2
du 9P 1 8u . 8°u 13
Par = % + B (r or T ;?) + Fx' (14)

A rigorous analysis of Equation 14 necessitates determining the velocity profile of
the fluid in the cross section of the pipe which is beyond the scope of this thesis.
The effect of fluid viscosity, however, may be approximately determined by the

Hagen-Poiseuille relationship which is given by:

4 13
2 _wr AP
]/2U1Tr :—8—}-LL—. (15)
Solving Equation 15 for the shearing force per unit volume results in:
AP _F _4p
T VTV (16)

This relationship is equivalent to the second term on the right-hand side of Equation

14; therefore, Equation 14 becomes:

du__eP 4p
dt axf r2 v Fx' (17)
which, In turn, becomes:
d2x__£+f‘_**%+F (18)
I PR I Y

Each term in Equation 18 is expressed in pounds per cubic inch.
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It should be noted that the pressure decreases as "x" increases which means
that it is a pressure drop. The velocity is a maximum at the centerline and zero at
the pipe boundary. Considering the source of supply pressure as the origin, it
should be observed that the body forces are those exerted by the spool and its re-
action forces. This force is i‘n a direction opposing the flow. Considering the
above, the sign of the right-hand side of Equation 18 should be reversed. Also,
over the full length of the tubing, 8P/3x becomes AP/L. Equation 18 then be-

comes:

AP d'x , 4p dx ‘ m - 19)

" The equation for the force balance may be found by multiplying Equation 19 by

the fluid volume yielding:

2
AAp=ALp97x+4anj_:‘+2Fm, (20)
dt

where:
AP represents the pressure drop across the fluid volume,
L  the effective length of the tubing,
P the mass density of the fluid,
p the viscosity of the fluid,
r the effective radiu; of the tubing,
Fn the reaction forces of the spool, and

\% the total volume of entrained fluid.
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Equation 20 is the force balance on the fluid considering the fluid mass as a free-

body diagram.

4
L g
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CHAPTER 111

EQUATIONS OF MOTION

First-Stage Hydraulic Amplifier

Electrical Analogy. The electrical analog of the acceleration switching

valve at the switching frequency is shown in Figure 8. The pulse width type of
modulation causes the torque motor to act as a polarity =sensitive relay. Effec-
tively, this relay alternately switches the supply pressure from the "A" chamber to
the "B" chamber and vice versa in the hydraulic circuit.

The electrical analog of the acceleration swiching valve is no longer the
circuit of Figure 8 at the control frequencies. Control frequencies are defined as
frequencies within the spectrum of the closed-loop system, and it is assumed that
the switching frequency is well outside this spectrum. Within this range of fre-
quencies the effect of switching is to make it appear as if the flapper maintains an
average position somewhere between Nozzles A and B, thereby varying the hydrau-
lic conductance of the nozzles.

_ The electricdl analog of the first stage of the acceleration switching valve
is, therefore, a full bridge with two variable arms. This relationship may be seen
by an examination of the equations of flow through the nozzles. During any period

of time the flow through Nozzle A is described by:

_ 2AP
=Cp ANA - (21)
eff

QNA



FIGURE 8
ELECTRICAL ANALOG OF AN ACCELERATION SWITCHING

VALVE AT MODULATION FREQUENCY

24
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During the positive period of the input square wave, ANA .. = 0, and during the
' ‘ eff

negative period, ANAe = ANA- The effect during the total period with

ff
m(t) =0 (T.I = T2) is to make the equation of flow through Nozzle A become:

C, A
_ D NA JZAP 22)

QNA 2 P

The effect of this orifice at the control frequencies is proportional to the relative
amount of time the nozzle is closed. In other words, it is directly proportional to
m (t). 1f m (t) =+ 1, the signal is fully positive, and Nozzle A is completely
closed. 1fm (t) = -1, the signal is fully negative, and the nozzle is opened at

all times. Qpp is related to m (t), therefore, by the following relations:

m(t) =+ 1 Q= O | (23-a)
' C. A
D “NA .
mt) = 0 Qup =— ‘/2 ‘;’ , and (23-b)
= - ‘/?ﬂ
m(t) = =1 QNA = CD ANA T (23-c)

Since Q4 is linearly related to m (1), the effective hydraulic conductance of

Nozzle A at the control frequencies is given by:

C A ,
o = (1 -m() 2 NAYZ (24

Similarly, the effective hydraulic conductance of Nozzle B is given by:

C, A
ag = 0+ m) 2582 (25)
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Equations 24 and 25 are the equations describing the variable arms of the bridge.

The analogous circuit for the first-stage hydraulic amplifier is found in Figure 9.]

P -Q Curves.
m m

Derivation. The P, -Q, curves may now be derived in terms of the input
variable m(t). Using Kirchhoff's laws, the following circuit equations may be

obtained from Figure 9:

P -P,-P =0, (26-a)
P -Py-P -P, =0, (26-b)
Q,-Q -Q =0, (26-c)
Q+Q_ -Q, =0, (26-d)
Q =9y ¥Py. (25-e)
Q, =g, yPyr (26-F)
Q, = g, P4, and | (26-g)
Q, =g, P, (26-h)

Combining Equations 26-a and 26-=b yields:

P =( =P)-P -P, =0,

or

(27)

Also from Equations 26-a and 26-e we have:



FIGURE 9

937 %os

947 9B

ELECTRICAL ANALOG OF THE FIRST-STAGE

HYDRAULIC AMPLIFIER AT CONTROL

FREQUENCIES
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P] - Ps T2
92
and from Equation 26-c,
Q2 =Q + Q].

If we combine Equation 27, 28, and 29, we have:

Q@ +Q.)?
P =p - —m 1
1 s 2 4
97
~ 1 2 2
—PS-——2-(Qm+2Q]Qm+Q]),
92
which becomes:
29, ¥ P 912 Py sz
Pyt —— Q+—5 =P -—%.
9 92 92

Finally, combining Equations 24 and 31 yields:

2
AEKP AZ2p
1Y 1 Qm+(l-M)-2 1 1_p

e A2 42 4A2
D 2 P 2
In a similar manner, combining Equations 26=b and 26-d yields:

2
B e
4 s —2

93
which becomes:

2 2
94 2g Q
4772 P42

3

P —_
93 9 93

4 _ m
‘IP4 Qm—PS-—-——z.

28

(28)

(29)

(30)

(31)

(32)

(33

(34)
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Combining Equations 33 and 34 results in:

AsVPy 2 AL Q,
Py=(+M) — % Q +(0+M" — P, =P -—5. (39)

C.AYy= ™ 4A g

D 3 Vp 3 3

If we now combine Equations 27, 32, and 35, the solutions of P, Qp,, and m(t)
may be obtained. Notice, however, that there are three equations and five un-
knowns. Their solution also involves small differences between large numbers.
This difficult situation may be overcome by solving these equations for a family of
curves on a digital computer (see Appendix B, Page 100). From this solution the
Pm = Qm characteristic curves for the first-stage hydraulic amplifier may be ob-
tained. This solution is shown in Figure 10 while the region around the origin has
been expanded in Figure 11.

Differential Coefficients and Transfer Function. Referring to Figure 1

(Chapter |, Page 3) and utilizing the work of Shearer,8 it is found that the

average spool velocity is given by:

Vi

= 15
A_ 4 (DX) —IKmI AM |cm| AP - AQcm 55 AP ), (36)
where "A" indicates a small perturbation from the steady state. Due to the close
tolerances held in machining, the leakage around the spool is considered to be
negligible. The pressure drop across the spool is balanced by the reaction forces

on the spool; therefore,
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FIGURE 10
CHARACTERISTIC Pm—Qm CURVES OF FIRST-STAGE HYDRAULIC AMPLIFIER FOR

CONSTANT VALUES OF MODULATION INDEX
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ZF |
P = spoo

m- A _ (37)

S

The coefficients Ky, and C, may be found from the P, = Q, characteristic curves.
Referring to Figure 11:

9Q
m

—_m lim AQm , (38)
oM P_=CONST~ AM—>0 AM |P_=CONST
AQ
~ m
— 14
aM 1o _consT
m
__0.0003 - 0.0000
=7 0.1-0.0 '
~ 3 ]0-3 ln3/Sec )
= 9X 100% Unbalance
i% _ _lim 2% (39)
aP APm—>0 APm !
M | M =CONST M = CONST
AQ
- m
= AP '
m

M =CONST

_ 0.0003 - 0,0000
="4.25-0.00 *

-4 In3/Sec '

~ -2.4x 10 5
Lbs/1In

The reaction forces acting on the valve may be divided into the following:
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Fi the flow reaction forces,
Fo the force due to the viscous friction of the spool and the fluid, and
F4 the inertia forces of the spool and fluid.

The flow reaction force is given by the following equation:

1,1
_ dx '
F, = 2 (2CD d_Pp cos 0) x + (CD d. V2PD P Lm) I (40)

Since in the acceleration switching valve the inward flow by the spool has the sorﬁe
path length as the outward flow by the spool, the algebraic sum of the damping
lengths, L., is zero.

To maintain the system approximqfely linear, consider that the spool is
displaced from its null position to a small input displacement of x. The load pre-
sented by the second-stage hydraulic amplifier consists of the supply and return
orifices and the slide in series. Since the slide motion may be maintained by ¢
very small force, almost all of the pressure drop appears across the supply and
return orifices. Since these are matched orifices, one-half of the supply pressure
will be dropped across each one, This condition is similar to the voltage relafion-
ships in a simple series circuit composed of resistances and an inductance. The

flow reaction forces are, therefore, given by:

F, =2 [2 (0.6)(0.05)(250) cos 69°] X or

=(10.7 Ibs/in) x. (41)

According to Blackburn,] the equation for the flow reaction force is

somewhat nonlinear especially in the small input perturbation range. lts deviation
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from linearity, however, is slight, and Equation 41 may be assumed to hold with
little error. This equation points out the fact that the separate hydraulic stages
are not completely isolated from each other.

The force due to the viscous friction of the fluid may be found from
Equation 20 (Chapter Il, Page 21); therefore, the total viscous force including

both the spool and the fluid is given by:

Vv 16
o,

t (42)

:—l >
3
NI—'-
Q_IQ_
+{X

3

+

The first term on the right-hand side of Equation 42 is due to the shearing stress in
the fluid between the spool and its bushing caused by the movement of the spool,
and the second term on the right-hand side is the shearing stress in the tubing fluid.

This relulionship is given by:

" Ib-secv( 0.32 in?  0.339 inz> dx

Fp=3.7x10 2 \0.0001 in *70.03 in Jar ¥
4 (4.3 in (3.7x100 l=ec) dx (43)
inz dt :

=3.7x107° 'b"°‘§° (3200 in + H.3in+54in)<:Tf)i, or
in

= 3.7x10°0 2358 13565, 3 1) 3%, o
.2 dt’
n

_ Ib-sec | dx

-<o.0121 = )dt.
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The initial force due to the fluid may be found from Equation 20 (Chapter

II, Page 21); therefore, the total inertial force is given by:
_ d
F, = —+ V. r R (44)

When the numerical values are substituted, Equation 44 becomes:

2 2\1 2
£ = [o.oooz lbsec | 5 (2.94x 1072 in3)(7.95x 107 'b'se4° )] 2%, or (45)

3 in in dt
2 2\ 2
= <o.oooz lb=sec” | (.00000468 'B7s€C )9-5, or
in in df2

2\ 2
- (o.ooozos lb-sec ) dx
in dt2

Combining Equations 41, 43, and 45 gives the total summation of forces on the

valve spool which ls:

2\ 2
sF = (0.000205 'Bmsec” Ydx o (.01 lbosec) dx 10.7 B8 . (46)
s in dt2 in dt in

Now substituting Equations 37, 38, 39, and 46 into Equation 36 results in:
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. 3 . 3 2\ 2

0.0314 3dx _ 4 1073 in/sec m (1) - 2.4 x 1074 in/sec {6.000205 |b—.sec d
dt UNB 2 ™ 7

Ibs/in dt

(o.om '—bl—':3°—> % + (10.7 in) x] 1 _

0.0314 in”
-3. 3 2\ 2
1/2 ( 274> 010 2) < [(o.ooozos lb-sec ) R
2.5 x 107 Ibs/in :

(0.0121 5"—5‘33) % + (10.7 @)x] —1—5 (47)
'n 'n 0.0314 in .

Now assuming zero initial conditions and taking the Laplace transform of Equation

47 yields:

3
. 2 B -3 in"/sec
0.0314in" 3 X (s) —3x 10 TNE -

Ib-secﬁ2

in

-3 in3/sec

7.65 x 10 & [o.ooozos 2 X (s) +

0.0121 'B75€C (% (o) +10.7 1}’; X(s)] -

in

3
1.87 x 1070 I [o.ooozos lb-sec

in

52 X(s) +

Ib

0.0121 'b:\ec s X (s) + 10.7 '%x (s)] ) (48)

Dividing each side by the piston area this becomes:
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-2 in/sec
UNB

s X(s) =9.56 x 10 M (s) -

2
0.244 '"I/;ec [o 000205 !b—S:E— 2 X (s) +

0.0121 'bseCSX()+1o7'Ex()] ;

. 2
5.95 x 10'5—;15 [o 000205 '—b—i:i- 2 X (s) + 0.0121 '—bi;:eﬁ s X (s) +

10.7 22 X ()] (49)
Now, collecting terms this becomes:

X () (1.19x10°C s34 4.95x10™ 524 1.009 s +

-2 m/sec

2.62) =9.56 x 10 UNB

M (s), (50)

and the transfer function for the first-stage hydraulic amplifier is:

X (s) _ 9.56 x 10'2 in/sec/UNB ' 51)

MG 191083+ 4.95 % 107 s2 4 1.00965 + 2.62

“The denominator of the right-hand side has a root at s = -2.6, while the other roots
are ats =(~-2.09 £ | 9.0) 103 which are well above the frequencies of interest.
The effective transfer function of the acceleration switching valve first-stage
hydraulic amplifier is:

X (s) _ 9.56 x 1072 jn/sec 52
M (s) s+2.6  UNB °
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Second-Stage Hydraulic Amplifier

Electrical Analogy. Referring once again to Figure 1 (Chapter |, Page 3),

it may be seen that with zero lap on the valve spool (as is the case with the accel-
eration switching valve), the second=stage hydraulic amplifier is a simple series
circuit as the valve spool moves from its null position. This condition is illustrated
in Figure 1(a). As the spool moves either to the right or left it closes the orifice
to one of the load and exhaust lines thereby eliminating the parallel path. Con- |
sider the case when the spool moves to the right. This action uncovers Supply
Orifice A and Return Orifice B, and it covers Supply Orifice B and Return Orifice
A. In this case the electrical analog is the simple series circuit shown in Figure
12. When the spool moves to the left, the electrical analog will be the reverse of
this, but due to the fact that it has matched orifices, the same numerical values
are still valid. This result is assuming that the leakage flow is negligible.

Characteristics Curves,

Derivation. The P| - Q| curves for the second-stage hydraulic amplifier

may be found by solving the circuit equations for Figure 12; therefore, we have:

P, - PSA -P - Pep = 0, and (53

Qep =Q =Qp - | (54)

Combining Equations 53 and 54 with the orifice equation yields:

QL2 QLZ
PP~ —= =% (55)



FIGURE 12
ELECTRICAL ANALOG OF THE
SECOND-STAGE HYDRAULIC

AMPLIFIER
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Since the orifices are matched, Equation 55 becomes:

2 QL2
PL = Ps - > 1 or (56)
g
- 2 P Q|.2
PL=P -5 ——5 5. (57)
. x 87 r °C
: m D

The P| - Q, curves may be plotted from Equation 57. Figure 13 shows the PL - QL

curves in the region near the origin considering small input perturbations.

Differential Coefficients and Transfer Function. From the curves in Figure,

13 the differential coefficients may be obtained. The flow sensitivity is given by:

oQ AQ

L lim L
C, = = , (58)
b2 Jp =const 4*0 A% |p < coNsT
5 AQ __0.47-000
-— - 4
- Ax P, = CONST 0.0005 - 0.0000

.3
in~/sec

The stiffness coefficient is given by:



3 o
Sk
~=
£
0_'—-— 2.5
X = 0.0025 inch
— 2.0
X = 0.0020 inch
— 1.5
X = 0.0015 inch
= 1.0 X = 0.0010 inch
= 0-3 X = 0.0005 inch
aQ gAX
l l | | ety | l | [ .
X = 0.0000 inch
-50 -40 =-30 -20 ~-10 0 10 20 30 40 50 2
PLln {pounds/inches”)
= 0.5 X = -0.0005 inch
— -1.0 X = -0.0010 inch
— =1.5 X = -0,0015 inch
= 2.0 X = =0.0020 inch
-2.5 X = ~0.0025 inch
FIGURE 13

CHARACTERISTIC PL - QLCURVE OF SECOND-STAGE
HYDRAULIC AMPLIFIER FOR CONSTANT
VALUES OF SPOOL

DISPLACEMENT
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8QL lim AQL
K, =— = (59)
L aP AP—~0 AP !
x = CONST . x = CONST
Ay _ 0.00 - 0.00
= AP, 10.0-0.0 ’°F
x = CONST
~ 0.00 in3/sec
lb/in2

The schematic diagram of the output stage and load is shown in Figure 14. This
configuration may be analyzed by the same technique utilized in analysis of the
first-stage hydraulic c1mp|ifier.8 The equation describing the motion of the actu-

ator is:

d V‘L dPy
A= IKLl x - |, ‘PL-QIL=1/2 -5 o

Now the load pressure, P, is equal to the forces that react against it. These
forces are given by:

SF =M L+ Yig

LMo+ gt Py (61)

where F| represents the external forces acting upon the load. These forces are
generally random in nature, and it is assumed that the effect of these random forces
may be neglected. We have also assumed that due to the large diameter of the
connecting lines and the relatively large mass of the load, the inertial and viscous

effects of the fluid are negligible. Therefore, substituting the numerical values
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SCHEMATIC DIAGRAM OF THE SECOND-STAGE HYDRAULIC

AMPLIFIER AND LOAD



into Equation 61 yields:

d2 d
TF =014 =2 +0.233 2%, (62)
L 2 dt
: dt
and Equation 60 then becomes:
dy P FL viL d P FL
Avar = ] - K _AL__QIL_]/Z F)a\A ) ©
Substituting the numerical values in Equation 63 results in:
d in3/sec -3 5 d 1
5.86 L =940 T2 29,06 x 1077 o— 0141—Z+0233—Z -
dt in |b—s df2 dt 5.86 in2

2 2
1/2( '6'55'“ 2) jt (o 141 9—2 + 0.233 j{) ———‘——2 (64)
2.5 x 107 Ib/in dt 5.86 in

As may be seen, the effects of leakage and compressability are negligible; there-

fore, Equation 64 becomes:

.3 3 2
5.86in2 Y Zggoin/sec oy ss103 0 [o.141 9 4
dt in |b-sec 2
. dt
d % a3 42
0.2335Y ) - 5.63x107° {o. 141 €Y +0.233 (65)
dt dfs dfz
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Collecting terms we have:

3 2
0.794x 100 &Y + (1.55x 10 + 0.218x 1073 LY +
3 2
dt dt
-3, d in3/sec
(5.86 + 0.361 x 10 3)3{ - 940 D LseC (66)

Assuming quiescent initial conditions and taking the Laplace transform of Equation

66 we have:

3

724376102 5+1)5.865 Y (s) =940 " i/nse"x(s). 67)

(1.35x 10" s

The roots of the quadratic are at s = (-1.40 £ j 90) 102 which are well above the

frequencies of interest. Equation 67, therefore, becomes approximately:

160/sec

Y (s) = :

X (s). (68)

Combined Transfer Function

When Equation 52 is combined with Equation 68, we have the transfer func-
tion of the acceleration switching valve and hydrostatic slide combination. The
transfer function, therefore, is:

Y(s) _ 15.3 in/sec2

M) s(s+2.6) UNB ©9)

Experimental Results

The theoretical derivation waschecked by a frequeﬁcy response test. The cir=-

cuitconfiguration is shown in Figure 15(a). The relation for the transfer function is:
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kel = §- (70)
The output, C(s), and input, E(s), were measured separately, as shown in Appendix
A (Page 95). A tabulation of the data obtained from this test is shown in Table I,
and the plot of the frequency response of the acceleration switching valve and
actuator combination is shown in Figure 16. Because of the system noise in the
output of the final amplifier, the filter is necessary forlaccurafe measurement,
As may be seen from Figure 16, the response falls off at the rate of 6 db/
octave in the lower frequency range and at the rate of '|2Mdb/octave in the higher
frequency range. The break frequency is at approximately 0.54 cycle per second.

The indicated transfer function is:

| 2
_ 27 (0.58)(2 7)(0.54) in/sec :
KG) = (527 (0.59) UNB ' (71)

_ 12.3 in/sec2
s(s+3.39) UNB

The transfer function of the acceleration switching valve and actuator com-
bination was also measured by the transfer function computer. This instrument is
basically one which compares the output signal with the input and its differentials.
The transfer function is then obtained from the amount of differential signals that it
takes to balance the input with the oufpﬁf.

The transfer function that was obtained by this method was:

2
. _13.8 in/sec
KG(s) = ; G335 UNE (72)




TABLE |
DATA FROM FREQUENCY RESPONSE TEST

. € (jw) C (jw) C (jw) .
hha o ciw o EG  EGw EG) Em o
Per Second) {tn Volts) (In Volts) (In Volts/Volt) (tn o/: U:fB) {In DB) (In DB)
0.0 0.0005 0.055 110 55 34,8 0.00
0.02 0.001 0.055 55 27.5 28.8 0.00
0.04 0.002 0.055 27.5 13.7 22.8 0.00
0.06 0.004 0.055 13.7 6.85 16.8 0.00
0.08 0.005 0.055 1.0 5.5 14.8 0.00
0.1 0.006 0.055 9.12 4.56 13.2 0.00
0.15 0.008 0.055 6.87 3.44 10.8 0.00
0.2 0.010 0.055 5.5 2.75 8.8 0.00
0.3 0.020 0.055 2.75 1.37 2.8 0.00
0.4 0.030 0.055 1.83 0.915 -0.7 0.00
0.5 0.040 0.055 1.37 0.685 - 3.2 0.00
0.6 0.054 0.056 1.02 0.51 - 5.8 0.00
0.8 0.076 0.060 0.79 0.395 - 8.0 0.00
1.0 0.118 0.062 0.535 0,267 -11.4 0.00
1.5 0.230 0.066 0,287 0.143 -16.8 0.00
2.0 0. 340 0.068 0.189 0.0945 -20.5 0.00
3.0 0.650 0.080 0.122 0.061 -24.3 - 41
4.0 0.580 0.078 0.134 0.067 -23.5 -10.1
5.0 0.330 0.070 0.212 0.106 -19.5 -18.1
6.0 0.160 0.058 0.363 0.182 -14.8 -24.1
8.0 0.064 0.040 0.625 0.312 -10.1 -33.2
10.0 0,032 0.032 1.00 0.500 - 6.0 -M.2
12.0 0.017 0.027 1.59 0.795 - 2.0 -48.8
14.0 0.008 0.025 3.12 1.56 - 3.9 -56.1
16.0 0.006 0.0i4 2.67 1.33 2.5 -58.0
18.0 0.004 0.014 3.5 1.75 4,9 -64.1
20.0 0.003 0.014 4.66 2.33 7.4 -70.1

NGORONWOrCOAUNEAEO®BN N ®®®
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This relationship compares well, within the precision of the measurement technique,
with that obtained by the frequency response technique.

Equations 71 and 72 compare reasonably well with Equation 69 considering
that: (1) linearity is assumed, (2) noise is a problem in measurement, (3) the system
characteristics vary with ambient conditions, (4) perfect machining is assumed
within the acceleration switching .vclve, and (5) the hydraulic fluid and valve is
assumed to be free from contamination.

In the design of the system, Equation 69 will be assumed to be valid. In
spite of the fact that there is closer agreement between Equations 71 and 72,
Equation 69 was chosen for design purposes primarily because it will tend to give

more pessimistic results.
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CHAPTER IV

MACHINE TOOL CONTROL SYSTEMS

Design Criteria

Since désign specifications generally depend upon the system application
and are often determined by an intuitive process, let us discuss machine tool con-
trol systems in general. Small rise and settling times are certainly desirable
characteristics in order that errors may be reduced raﬁidly, and overshoot should
be minimized in order to prevent excessive metal removal. The final speed,
accuracy, and usefulness of the automatic machine tool is determined by the com-
bined characteristics of the control system and the machine fool.‘]7 Often in the
case of machine tools, noise, vibration, mechanical deflecfién, and resistance to
load disturbances are the determining factors in the usefulness of control systems.

An automatic lathe is a contouring device. The normal input is seldom
uniquely a step, ramp, or parabolic function; but it is, in general, a combination
of these. The function of the control system is to maintain the trajectory and
velocity of the cutting tool with essentially zero error with respect to the command
input. The position, velocity, and acceleration errors, therefore, are also very
important. The relative importance that should be assigned to each of these is open

to conjecture, and this will be, in part, discussed in the sections that follow.
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Optimization

Specifications are generally in terms of frequency response or intuitive con-
cepts of rise time and overshoot. These are generally minimum requirements of the
system, and they give no information about the optimum location of poles and
zeros. |f, however, there was a criterion which would specify the exact form of
fheloptimum transient response, this would be equivalent to specification of the de-
sired system transfer function, 18 sich criteria have been developed, and they
are commonly known as indices of performance (or cost function in modern control
theory). Their application to system synthesis is known as optimization. Opti-
mization does not specify the degree of stability, but it is rather a part of the
solution. An advantage of this approach is its ability to detect an inconsistent set
of specificaﬁons.]

In general, an index of performance should have the following properties:

9,20

(1) reliability, (2) ease of application, and (3) selecfivify.] There is no question
but that an index of performance should be reliable. The more commonly used indices
of performance may be mechanized on an analog computer (see Appendix C, Page
]06),2] and a digital computer is almost unlimited in thisrespect. Optimizationdoes
not require analyticity if a computer is available; however, one tends to lose an in-
sight into the system if complete dependence isplaced on acomputer. On the other
hand, great selectivity tends to create a false impression of the value of the system

if its parameters are somewhat removed from the optimum. Selection of an index of

performance, therefore, should not depend entirely upon selectivity or analyticity.
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Two of the more common indices of performance are:

B =/00 t | e(t) | dt, and 73)
[o]

L =/ [e (]2 at. 74)

I} is known as the ITAE criterion which is the most selective of the commonly used
indices of performance. 15 is the rms error (RMSE) criterion which is the most
popular index of performance because of its amenability of mathematical manipu=-
lation.

Intuitive reasoning would seem to indicate that an importance weighting-
versus-error curve should have the shape shown in Figure 17 where "A" is the tol-
erance limits.,22 This, however, does not take into account the fact that, in the
case of machine tools, set up and operating inaccuracies form a major portion of
the error in the final product. The control system, therefore, should maintain the
system error as small as possible with no error considered negligible. Thére are also
such practical considerations as tool wear and machine inaccuracies which indicate
that the control system should maintain the system error as small as possible.

The RMSE criterion places emphasis on the error according to the square of
its magnitude. Large errors, therefore, are emphasized more than small errors.
This condition results in comparatively large ovebrshoofs.22 The ITAE criterion,
however, emphasizes error magnitude equally, and it also penalizes an error for

the length of time it lingers, a situation that results in a relatively small overshoot.
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Since the machine tool control system should maintain small errors with a
minimum overshoot, the ITAE criterion would seem to be the superior index of per-
formance for this application. There has been no rigorous justification for the
selection of this criterion, however. Rather, it was based on fnfuitive reasoning.
A case has been presented for the ITAE criterion, but this should not imply that a
system satisfying the RMSE criterion is unacceptable. |

It appears that a single index of performance cannot be selected as the
“ultimate for all types of control systems. The selection of such a criterion depends
upon the system ;zpplicofion and the facilities available. It may also depend upon
the desired type of analysis, or it may be based upon some practical consideration
not directly related to the system transient response. In the final analysis, the
selection of an index of performance is largely a matter of judgment.

It should not be considered that opfirﬁizofion is a pcmdcea for system design.
It is a tool to be used along with other available tools in conjunction with engi-
neering judgment to facilitate the logical synthesis of feedback control ;sysfems.

Approximate Optimization

The synthesis of the optimum system may be approximated by root-locus
techniques by the following procedure:

1. Select an acceptable range of damping ratios and undamped natural
frequencies from practical considerations.

2. From Step 1 construct a region of acceptability in the s-plane.

3. Shape the locus of the system to pass through the region of acceptability.
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4, Determine the allowable velocity error from practical considera-
tions.

5. Determine the compensation necessary to fulfill the requirements of
Step 4.

6. Determine if the locus still passes through the region of acceptability.
IAf the locus does not pass through the region of acceptability, repeat Steps 3through
6. |
This sysfém should approximate the optimum system.

It should be emphasized that fBe transfer function of the system depends
upon many factors such as the ambient temperature of the oil, and dissolved air
and/or contamination in the oil. Furthermore, hydraulic control systems are in-
herently nonlinear, Therefore, a rigorously exact opfir.nizaf.ion procedure based on
linear, time-invariant techniques is inherently approximate.

The use of step functions as the test input when this is not the normal com~
mand input is not immediately obvious. Graham and Lathrop have stated, however,
"Systems with good response to step functions of input displacement, and small but
finite velocity and acceleration errors, probably represent an overall optimum, w18
Now machine tool control systems must closely approximate a zero velocity error
system since it is primarily a contouring device. Type 2 systems, however, will
usually have large overshoots; therefore, a small but finite velocity error is a

desirable characteristic. The statement of Graham and Lathrop should be generally

applicable to machine=tool systems.
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Specifications

Two possible methods of specification and their normal ranges for machine
tools are the following: (1) bandwidth = 20 to 120 radians/sec, and (2) velocity
error - 0.0002 to 0.001 in/in/min.'|7 These, in conjunction with some restriction
on overshoot, approximately specify the acceptable transient response of the con~-
trol system.

For Type 1 systems the ITAE criterion yields an optimum damping ratio of

18,20

t =0.7. For Type 2 systems, however, the system ir;nproves continually
with increasing damping ratio. The;e is negligible improvement above a damping
ratio of { = 1.0, and there is very little improvement above a daﬁping rafié of
¢ = 0.9.]8 For Type 1 systems the RMSE criterion is ¢ =0.5.20 The optimum
system, therefore, méy be approximated by a system with a damping ratio of be-
tween g =0.5and { =0.9. |

Although consideration is given only to deterministic inputs, actual
control -system performance depends on many factors among which are system stiff-
ness, response to residual noise, and sensitivity. It should be noted that a large
system bandwidth also presents a large pass bcmd> to noise. Therefore, an approx-
imate method of limiting noise effects is to restrict the system bandwidth. Let us,
therefore, choose a maximum system bandwidth of 75 radians per second (approxi=
mately 12 cycles per second) to limit noise effects. Also, to insure sufficient

transient response, let us choose a minimum bandwidth of 50 radians per second

(approximately 8 cycles per second). The actual system bandwidth should fall
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somewhere between these extremes, and we shall ch‘oose 62.8 radians per second
(10 cycles per second) as the design center.
| The previously suggested range of velocity errors is from 0,0002 to 0,001
in/in/min. In the case ofvhigh-precision machining applications, however, this
would seem to be too great for most reasonable cutting speeds. The system velocity
error, therefore, is chosen to be no greater than 0.00002 in/in/min.

There are now sufficient specifications to design the system. These speci-
fications are the following:

Bandwidth - 50 < ©_<75 radians/sec,

Damping Ratio - 0.5 <¢ <0.9,

Velocity Error - E,, <0.00002 in/in/min,

The s-plane plot indicating the .region of acceptability is shown in Figure
18. In this figure are plotted damping ratios of ¢t =0.5, 0.9, and 0.7. These are
the minimum, maximum, and design-center damping ratios, respectively. Also
plotted are undamped natural frequencies of w,, =50, 75, and 62.8 radians per
second. These are the minimum, maximum, and design-center undamped nafural
frequencies, respectively. The intersection of the ¢ =0.7 and w,, =62.8 radians
per second lines is the point through which it is desired that the locus of the system
pass. A system operating point anywhere within the shaded area indicated on

Figure 18, however, should be considered as acceptable.
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CHAPTER V
SYSTEM DESIGN

The Uncompensated System

The transfer function of the uncompensated acceleration switching valve

and hydrostatic slide system as developed in Chapter Il (Page 23) is:

Y(s) _15.3
M(s) s (s+2.6)

in/sec2/UNB; (75)

The uncompensated system is essentially a second-order system with poles at s =0
and s = - 2.6. Although there are higher-order poles, these are well above the
control frequencies. The root locus of the uncompensated system is shown in
Figure 19. As may be seen, the locus of the uncompensated system is far removed
from the region of acceptability. The uncompensated sysfem is also very lightly
damped for any reasonable value of gain. It is now desired to find the proper
system compensation so that the system will fulfill the design specifications.

Compensation

Before designing the proper system compensation it would. be desirable to
discuss compensation in general. The purpose of compensation, in this case, is to
improve the transient response of the system. The locus must be moved further to
the left away from the imaginary axis. It is also possible that the steady=state

velocity error of the system may need improvement.
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To accomplish this task, either series or parallel compensation may be used.
There are advantages and disadvantages to both which must be considered before
c;hoosing between the two. Some of these are the following:

1. Feedback compensation may not be as readily applied.

2. Depending upon the physical form of the system, a practical series or
parallel compensoﬁoﬁ may not exist,

3. Economic considerations may be the determining factor; i.e., series
compensation may require more amplifiers and larger components.

4. Noise may be the determining factor; i.e., series compensation may .
require grecfer.amplicofion thereby accentuating the noise probler.n.

5. Often faster time response may be obtained with parallel compensa-
tion.

Parallel Compensation. The ultimate choice between series and parallel

compensation more often than not results from practical considerations rather than
. . . . 20 . b

an inherent difference in transient response. In the acceleration switching
valve system there is not a convenient feedback path to apply compensation by
passive networks, so parallel compensation is limited to such external transducers
that will operate on the physical characteristics of the system,

There is available both velocity and acceleration transducers; therefore, let
us first examine acceleration transducers. Referring to the block diagram in Figure

20, the transfer function of the minor loop is given by:
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FIGURE 20
BLOCK DIAGRAM OF THE ACCELERATIOMN SWITCHING VALVE

CONTROL SYSTEM UTILIZING ACCELERATION FEEDBACK
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15.3
Cs) _ s (s + 2.6)
EG) ;. 2_153 ' or (76)
a  s(s+2.6)
15.3
= = or

s s+ 2.6) + (Ko 52)(]5.3) '

) 15.3 iy
s [(1 +Kf)s+ 2.6] ’

15.3
]+Kt

2.6 Y
S (s+ T+ Kf>

Examination of Equation 76 indicates that the use of an acceleration trans-

ducer moves the pole of the system further to the right on the imaginary axis. Since
this is not the directionin which itis desired tomove thepole, accelérofion trans-
ducers will be eliminated from further consideration.

Returning to velocity transducers there is available a linear velocity trans-
ducer. This component consists of a coil wound in a nonmagnetic case. A mag-
netic core, which is free to move inside the case, induces a voltage in the coil
proportional to the rate at which the core is moving. By connecting the case to the
stationary member and the magnetic core to the moving rﬁember, a signal may be
obtained which is proportional to the relative velocity between the stationary and
moving members,

The transfer function of the velocity transducer is:
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Kvs

Ts+1/ (77)
v

but since the time constant, T, is very small, the transfer function is effectively:

Kvs . (78)

When the velocity transducer is added to the system, the block diagram takes the

form of Figure 21. The transfer function of the minor loop is:

K Z (s)
cw__ *FQ 79)
E (S) 1 + K s K_Z_(iz |

P (s)
The characteristic equation of the minor loop of the acceleration switching valve

is, therefore,
s (s 2.6)+15.3K s =57+ (2.6 +15.3K ) s, or (80)
=s (s + Km).

Velocity feedback, therefore, has the effect of moving the pole of the accelera-
tion switching valve further to the left on the negative real axis. This action has
the desired stabilizing effect on the system.

Referring to Equation 79, we have the equation for the open=-loop transfer
function of the acceleration swi>fching valve utilizing velocity feedback. Sub-

stituting Equation 75 into Equation 79 we have:

Cls) _ 15.3
E (Z) Ts(G+2.6+15.3 K (81)
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FIGURE 21
BLOCK DIAGRAM OF ACCELERATION SWITCHING VALVE

SYSTEM UTILIZING A VELOCITY TRANSDUCER
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Referring to Figure 18 it is desired that the locus pass through the point
s ==44+ | 44,5, |t is, therefore, desired that the open loop has poles at s = 0,

-88. We have, therefore,

2,6 +15,3 KV = 88, or (82)
K =5.58,
v .
The open-loop system is now described by Equation 83:

15.3
C(s) _ s (s + 2.6) o
EG) 7,558, 153 ' (83)
: s (s + 2.6)

15.3

= , or

24 2.65+85.45

s(s+88)°

The transfer function of the system is then given by:

_15.3A
C(s) . s (s+ 88)
RG) |, J5.3A " or | (84)
s (s + 88)

15.3 A
Z+88s+15.3A

The root locus of this system is shown in Figure 22. As may be seen, the root locus
passes through the region of acceptability.

Let us now examine the velocity error. The velocity error is given by:
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