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NOMENCLATURE
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Volume (in3)

Orifice width (in)

Displacement (in)

Vector of algebraic variables in nonlinear model
Vector of dynamic state variables in linearized model
Vector of dynamic state variables in nonlinear model
Feedback coefficient

A small deflection in a variable

Mass density (lbf'secz/in4)

Absolute fluid viscosity (lbf'sec/inz)
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CHAPTER I

INTRODUCTION

1.1 Background

The subject of this study is an hydromechanical servomechanism,
known as a 'governing valve servomotor', that has been in use in power
plants for the past several years. This servomotor controls steam
valves which in turn modulate the flow of steam into the turbine in
response to the external electrical load demands on the plant.

This servomechanism is subjected to a significant Coulomb friction
load, and during its use it has shown some tendency toward unstable or
oscillatory behaviour.

With the aid of the digital computer, this system can be analyzed
in its present form and, if neccessary, some appropriate compensation

introduced and tested.

1.2 Objectives and Methods of Study

The objectives of this study were as follows:

1. To investigate the dynamic behaviour of the servomechanism,
so that the conditions for stability could be determined.

2, To propose a compensation design that would eliminate or lessen
the possibilities of oscillatory or unstable performance.

This hydromechanical system was not available for experimental



investigation, so the study was confined entirely to analytical meth-
ods. Therefore, the major steps in the investigation were:

1. Derivation of a mathematical model, that represents all the
significant static and dynamic factors of the system. Because this is
a hydraulic system, the model unavoidably contains several nonlinear
parts.

2. Linearization of the model equations and a study of the system
significant dynamic characteristics. The methods used for this part
of the study were computer simulation and the Routh criterion test.
Several different parameter configurations were considered.

3. Computer simulation of the complete nonlinear model including
the Coulomb friction load. The computer model was set up to make it

straightforward to add any neccessary compensation.
1.3 Results and Recommendations

After the nonlinear model had been thoroughly tested (see Chapter
1V) for various parameter combinafions, it was concluded that the syst-
em stability depends on the Couloﬁb friction load. This means of sta-
bilization can be considered a rather undependable way of providing
sufficient degree of stability, and therefore an alternate stabiliza-
tion design is suggested. It is apparent that the most practical sol-
ution and a very effective one is ‘transient flow stabilization®. This
concept in fluid power control system design was first introduced by
Shearer (1) for pneumatic system stabilization. The technique was
shown to be quite successful in enhancing damping in a lightly damped

system.



Chapter V describes the design of a transient flow stabilizer for
the hydromechanical system. Simulation results show the compensation
to be most effective.

A recommendation of this study is that a transient flow stabilizer
be built and installed in an existing system. Then, tests should be
conducted to verify that the device produces the desired improvements

in the system performance.



CHAPTER II

SYSTEM DYNAMIC MODEL

2.1 Overall Operation of the Servomechanism

Figure 1 shows schematically the servomotor and its connection to
the steam chest governing valves, that control the flow of steam into
the turbine. The servomotor piston is connected through a link (35)
to the steam chest operating lever (32). The lever is fulcrummed at
the other end on the pin (4), carried in a bracket (2), which is bolted
to the inlet end of the steam chest body (1). The valve stems are
connected to the operating lever by links (5), (10), (14) and (18) and
a set of springs provides the neccessary closing force and stability
in operation.

The servomotor itself is shown schematically in Figure 2. The
servomotor main piston (1) is connected to the governing valve oper=-
ating lever, so that an upward movement of the piston opens the valves
and a downward movement closes them.

The principal parts of the servomotor are the servomotor piston
(1), the relay piston (6), which has four ports machined in the stem,
the relay plunger (4), the relay bushing (7), the cam (8) and the
feedback lever (9). Table I lists the main parts in more detail. A
small drilled hole in the relay plunger (4) connects the high pressure

oil inlet to the chamber above the relay plunger. The central hole
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TABLE I

A LIST OF MAJOR PARTS OF THE SERVOMECHANISM,
NUMBERS REFER TO FIGURE 2

Item No. Item Name
1 Servomotor Piston
2 Servomotor Piston Rod
3 Governing Valves Operating Lever
4 Relay Plunger
5 Servomotor Cylinder
6 Relay Piston
7 Relay Bushing
8 Cam
9 Follow=Up Lever
10 Spring, Prestressed
11 Spring

[
N

Control 0Oil Chamber




through the entire length of the relay plunger connects the chamber
above the relay plunger to drain by way of the four ports in the stem
of the relay piston (6).

The pressure in the chamber above the relay plunger (4) is main-
tained by the ports in the relay piston stem so that the force of the
spring (10) and the force due to the oil pressure (P4) are balanced.
There will be a continous flow through the ports in the stem and the
small drilled hole, when the ports are open. An upward movement of
the relay piston increases the flow through the ports to drain, there-
by decreasing the pressure above the relay plunger until it also moves
upward. Conversely, downward movement of the relay piston decreases
the flow through the ports to drain, thereby increasing the pressure
above the relay plunger until it also moves downward. This will cause
the relay plunger to follow all movements of the relay piston as though
they were connected to each other.

The control pressure (Pl) is admitted to the chamber above the
relay piston (12) and exerts a force tending to move the relay piston
downward. This force is opposed by the compression spring (11) which
tends to move the relay piston upward. Therefore, any change in con-
trol pressure unbalances the forces on the relay piston and causes the
relay piston to move until the spring force again balances the control
pressure force. This movement of the relay piston in turn produces a
corresponding movement of the relay plunger (4).

When the relay plunger moves downward in response to an increase
in control oil pressure, high pressure oil will flow through the meter-

ing ports formed by the relay plunger and relay bushing, to the chamber



beneath the servomotor piston (1), causing the piston to move upward
and open the governing valves. The cam (8), mounted on the piston rod
(2), then permits the follow up lever (9) to move the relay bushing in
a downward direction to close the metering ports and stop the piston
motion. Thus, for each governing control oil pressure, there will be
a corresponding position of the relay piston, the relay plunger, the
servomotor piston, the relay bushing, and the steam chest governing
valves.

The system described above is an hydromechanical position feed-
back control system, where oil pressure is the input and piston dis-

placement is the output.

2.2 Development of the Dynamic Model

for the Original System

In order to arrive at a mathematical model of this servo system
that is not too complex, but still accurate enough for this study,
some simplifying assumptions have to be made. These assumptions can
be summarized as follows (refer to Figure 2 and Table II for notation
and further description):

1. Inertia forces and leakage effects on the relay piston (6),
the relay plunger (4) and the relay bushing (7) are negligible.

2. The flow through the capillary tube orifice in the relay
plunger is assumed fully developed and laminar.

3. All orifices are symmetrical. Orifice 5 has no underlap,
but a radial clearance c¢ Orifices 3 and 6 have an underlap of U

rl’

each and a radial clearance cr2.
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4. All orifices have an equal and constant discharge coeffi-
cient, Cq-

5. Steady-state and dynamic flow induced forces are negligible.

6. All connecting passages are sufficiently short and wide to
eliminate any resistance or 'transmission line' effects.

7. Leakage flow past the main piston is assumed fully developed
and laminar. Other leakage flow within the system is negligible.

8. Supply pressure, P2, is constant and exhaust pressure Pe=0.

9. Temperature and fluid properties ( g,y ) are constant.

10. Changes in fluid volumes (U3 and u4) are negligible, but the
time rates of change are significant.

11. Changes in fluid density p are negligible, but the time rate
of change is significant.

The force balance on the relay piston is

2 . 32 =
Pl m( d2 dl ) /4 kl - (2.1)
The force balance on-the relay plunger is
= -— + . .
P4 A2 k2 ( X, X, ) FS (2.2)

Here, Fs is the initial force in the prestressed spring (10) and A2

is the area above the relay plunger, being acted upon by the pressure
P4.
The pressure drop across the capillary tube through the relay

plunger is given by

P, -P = — (1 + —8 ). (2.3)
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The flow equations for the sharp edged orifices can be written

as follows:

-— > -
For x2 xl 0:

- v _ 2 2
Q5 sgn(P4) c wwl (x2 xl) + crl

d

For x., - x_. € O:

—3
Q5 sgn(P4) c_.Tw.C Y (2/0) |P4]

d 1rl

- + > .
For x2 x4 U 0

/(2/0) EN

0y = sn(B,-Py) cqndy Vix, - x, + P+ oFy V(2/0) [,-p,[
For x2 - %, + U <€ 0:

Q3 = sgn(P 2—P ) cdﬂd6c /(2/0) 1P2'P3r
For X, - X, + U > O:

_ , _ I, .2 T
Q6 = sgn(P3) chdG /fx4 X, + Uy“+ e /}2/0) !P

- < .
For x4 x2 + U 0:

t—
Qg = san(p,) cgmac ./ (2/m) [p ]

d "6 r2

N

(2.4)

(2.5)

(2.6)

These equations include all possible conditions of position of

the relay plunger with respect to the relay piston.

Flow continuity requires that

(2.7)



12

2 3
T d (cr3/2)

d 3
P Q7 = =/ (p,u,) + c,P; c, = (2.8)
3 dt 7373 373 3 12 v L
3
d
P, = g PLY,) + PuQs- (2.9)

The time rate of change terms in equations (2.8) and (2.9) can

be rewritten using the equations of state for the hydraulic fluid as

follows:
a 0 mal g
-1 = 3 4 4 .
at (P3Y3) =Ygy . (3¢ P3) o (E %) (2.10)
L pvy=v . 2Ly a2k (2.11)
dt ‘Tuy 4i 8 dt 4 472 Y g T2f :

The force balance on the main piston can be expressed as

ﬂd%
m,x, + C X4 + FL = . P3 (2.12)
where
_ " N )
FL m X, Fext (2.13)
and
Fext = f( x3 ). (2.14)

Finally, the feedback relationship can be written

X = X. =0 X (2.15)

where X; is a constant due to the initial displacement of the relay
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bushing and a is the gain given by the geometry of the feedback
lever.

The final model consists of 15 nonlinear algebraic/differential
equations and the following 16 unknowns: xl, x2, x3, x4, Pl' P3, P4,
Q3, Q4, QS’ QG’ Q7, (p3U3), (pquq), FL and Fext' Thus, it is possi-
ble to solve (at least implicitly) for one variable (e.g. x3) as func-

tion of another variable (e.g. Pl)'
2.3 The System Parameters

Appendix A describes how the various system parameters were deter-
mined. Figure 3 shows the external load Fext plotted in terms of
steady~-state pressure under the main piston, P3, as a function of pist-

on displacement, x This relationship is highly nonlinear; the dis-

3-
continuities are due to the successive openings of the steam valves.
This graph includes implicitly all steady-state spring forces and all
flow induced forces from the steam valves. The dotted line represents
data that was supplied by the manufacturer of the servo motor, and the
solid line shows data measured in a field installation by K. N. Reid.
The solid line is the one used as a reference in this study, as it
represents the most recent data available.

These data do not include any information on the load dynamic be-
haviour. However, it can be assumed that some level of Coulomb fric-
tion would exist between the piston and the cylinder, and between the
governing valve stems and packings, and that it should be taken into

account in the modelling. Based on indirect measurements in a field

installation made by K. N. Reid, it is assumed that the Coulomb friction
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level is equivalent to a value of P, of 5 - 10 psi.

3
Figure 4 shows a graph of control oil pressure, Pl, v.s. main

piston displacement, x The feedback gain, o, and the initial dis-

3

*
placement of the relay bushing, x can be determined from this re-

3t
lationship. This graph is needed for this purpose, because the two
parameters can not be determined from drawings available for the feed-
back mechanism. Figure 4 shows two relationships, one representing

a feedback cam with a uniform slope and the other a cam with two
slightly different slopes. Curve A is believed to represent the cam
used in one typical field installation (V.B. #1). Curve B represents
actual measurements made by K. N. Reid in the same field installation.
The disparity between the two relations has not been explained. It

is believed that curve A was the relation that existed prior to an

overhaul of the field system and it is known that Curve B represents

the situation after this overhaul.

*

Appendix A gives a description of how the parameters o and x3

were determined by sclving the steady-state equations for the servo.

Table II lists numerical values of the parameters in the mathe-
matical model of the servo which has been presented.

There is always some uncertainty as to what value to assume for
the fluid bulk modulus, B. The commonly assumed value for the type of
0il used in the system, MIL5606 A, is around 230,000 psi., which is a
purely theoretical value. The actual value is highly sensitive to the
amount of air entrained in the fluid. Experience has shown, that a

bulk modulus of the order of 110,000 psi. is a much more realistic esti-
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TABLE II

NUMERICAL VALUES OF THE SYSTEM PARAMETERS

Parameter Nominal

Name Value Description

dl 0.996 in Relay Piston Rod Diameter

d2 2.494 in Relay Piston Diameter

d3 9.99 in Main Piston Diameter

d4 3/16 in Capillary Orifice Diameter

d6 3.495 in Relay Plunger Diameter

v 1.750 in Relay Piston Orifice Width

A2 2.314 in2 Relay Piston Top Area

c,q 0.002 in Relay Piston Radial Clearance

S5 0.002 in Relay Plunger Radial Clearance

€ 4 0.002 in Main Piston Clearance on Diameter

L4 4.00 in Capillary Orifice Length

L3 0.8 in Length of Leakage Path Past Main Piston

kl 30.0 1b/in Pilot Relay Spring Constant (11)

k2 212.0 1b/in Main Relay Spring Constant (10)

m3 0.303 lb- sec/in Piston Mass

me 1.3656 1lb°sec/in Lever and Valve Equivalent Mass
0.002 in Main Valve Underlap

v, 11.6 in3 Fluid Volume above Relay Plunger

U3 344.0 in3 Fluid Volume under Main Piston

u 2.2-10_6lb-sec/in2 Fluid Viscosity

0 g-107> lb-sec2/in? Fluid Density

B 110,000 psi Fluid Bulk Modulus of Elasticity

4 0.625 Orifice Discharge Coefficient

F 13.5 1b Initial Force in Main Relay Spring
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mate in an actual system. The model may be used to study the effect

of bulk modulus on the behaviour of the system.

2.4 Solution Techniques

The primary goals of this study were (1) to show that the system
can, under some conditions, become unstable, and (2) to demonstrate
the use of the transient flow stabilization technique (see (1)) as a
means of producing a system with an adequate degree of stability over
the expected range of operating conditions. As shown in section 2.2,
the model of the servo motor is a sét of nonlinear, algebraic/differ-
ential equations. Further examination indicates that the model in-
cludes four independent energy storage effects; i.e. the model is
fourth order. Two methods of solution were chosen to reach the goals
set: (1) linearized analysis via digital simulation and Routh criteri-
on, (2) nonlinear time domain analysis via digital computer simulation.

It is well known that a model linearized around some chosen
steady-state operating point might not show the same behaviour in the
neighbourhood of another point. But, linearized analysis can serve to
enhance qualitative understanding of system behaviour, and to provide
a reference solution against which the truer nonlinear solution can be
compared. Therefore, the linearized study presented in Chapter III is
intended only as a qualitative guide to the more complete study de-
scribed in Chapter IV, on which the main conclusions related to objec-

tive (1) are built.



CHAPTER III
LINEARIZED SYSTEM ANALYSIS
3.1 Introduction

This chapter presents results of studies using a linearized ver-
sion of the system equations. The purpose was to obtain a qualitative
understanding of the system behaviour when all variables are confined
to small changes, and thereby build a basis for a more complete non-
linear study. Two analyses were done. The first analysis was a time=-
domain step response via digital computer simulation. Also, a Routh

absolute stability analysis was conducted.

3.2 Derivation of the Linearized

Set of Equations

The set of equations developed in section 2.2 can be linearized
by considering small variations of all variables about an initial
steady-state operating point. The linearized set of equations is pre-
sented below.

The force balance on the relay piston becomes

2 . g2 =
(AP )mw(d5 - d7)/4 =k (&%) . (3.1)

1

The force balance on the prestressed spring (10) is

(AP4) A2 = k2 (Ax2 - Ax4). (3.2)

19
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The flow through the capillary orifice becomes

128 4 L 0.285 p Q.
4 4i
(AFZ) = ————:——— (AQ4) { 1+ ———— 1}, (3.3)
b d4 T U L4

Assuming that all orifices are operated within their underlap re-

gion and the radial clearances crl =c 5= 0, the sharp edged orifice

flow equations become

(x,. = %Xq.)
Vo7 21 1i
A = Y - P S .
(8Q.) cgwy Y2/0 VP, ( Az, = Ax)) + (aP,)
2V P .
4i
= a, ((Ax, = A%y ) + by (AP,) (3.4)
f—— —— (Xy5=%45*0)
(0Q.) =c.,md_V2/p VP _-P_, (8x_ - bx,) = —— (4P.)
3 d 6 2 731 2 4 3
2 YP_-P_.
2 31
=a; ( Ax2 - Ax4 ) - bl (AP3) (3.5)
(x4i - %% U)
(AQ,.) =c_md,. ¥2/p VP, ( Ax, = Ax,.) + (AP)
6 d 6 3i 4 2 5 /FE—TH 3
3i
= a, ( AX, = AX, ) + b2 (AP3). (3.6)
Here, the coefficients a;r a, and a, are the flow displacement sensi-

tivities and b?’ b2 and b3 are the flow pressure sensitivities.
From section 2.2, the flow continuity and compressibility equa-

tions can be combined and linearized to yield

89, = 825 - 89 (3.7)
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2
A ——L—)ii—d-mp)+ Wd—d(Ax)+c(AP) (3.8)
Q = dt 3 dt 3 3'773 :
U,
A =—Lf-l—d-(AP)+A—d—(Ax)+ AQ (3.9)
Q4 g dt 4 <2 dt 2 5 ° .

Finally, the force balance on the main piston and the feedback

relation become

. m d%
M (Ax3) + k3 (Ax3) = (AP3) (3.10)
(Ax4) =0 (Ax3). (3.11)

Here, M stands for the combined massed (m3 + me), the damping on the
main piston is neglected and the external load force (Figure 3) is

approximated by a linear spring-like force.
3.3 A Closed Loop Transfer Function

The linearized set of equations presented in section 3.2 can be
used to derive a closed-loop transfer function for the servo system.
Appendix B contains this derivation; a summary of the results is in-
cluded here.

The closed-loop transfer function is of fourth order with no

numerator dynamics and is of the following form:

(3.12)
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where the coefficients K and a, are functions of the system parameters
and the chosen initial steady-state operating point. Appendix.B pre-
sents the transfer function with numerical values, corresponding to a
steady-state operating point of Xy = 4.0 in. Referring to Figure 3 it

is clear that this point represents a condition close to the mid-range

of operation of the servo in terms of the wvalue of x It corresponds

3°

to a rather high value of the pressure under the main piston, P and

37
a worst condition with regard to the negative slope of the locad curve.
Therefore, it should be a fairly typical operating point and the in=-
herent dynamics of the system should become clear by focusing the ana=-
lysis on this operating range.

The closed loop transfer function presented above can be used to
conduct a Routh stability test on the system, which will give some in-
formation as to the system absolute stability for a given set of para-
meters. This analysis is presented in section 2.5.

Appendix B also contains a block diagram representing the system

in its linearized, closed-loop form.
3.4 Computer Simulation of the Linearized System

A computer simulation of a dynamic system involves calculating the
system repsonse to a certain input over a fixed period of time. A num-
ber of numerical integration methods are available to perform this
task. In most cases, it is neccessary to reformulate the system equa-
tions as a set of first order, differential equations. A set of state

variables can be defined as follows:

Yy T *3
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Y, = %35 ¥
¥y =Py
Yy =By

where the y's are the state variables and x P, and P, are the dynamic

3" 73 4
variables from the mathematical model.
The equations presented in section 3.2 can be combined to yield

a set of first order differential equations in state variable form.

From Equation (3.10), the main piston acceleration can be written as

-1 Wdz

A§3 = M (4P5) =k, (ax,). (3.13)

4 3

Combining Equation (3.8) with (3.7), (3.5), (3.6) and (3.2)

yields

z — == - - —= (Ax.) |
AP3 0 ) (al+a2)(AP4) (bl+b2+c3)(AP3) 2 (Ax3)J
3i 2

2
3 (3.14)

In a similar manner, combining Equations (3.1), (3.2), (3.3),

(3.4), (3.9) and (3.11) gives

U A a.(d2 - a2 a A 1.
- yi. T2 -1 372 1 372
AP, = (( —H4 =) = (AP.) - { + b, +—}(P,)
4 8 K, 4k, 1 K, 375, 4
ay alaxy) - A, a(A§3)J (3.15)

where a, has been used to represent the rather lengthy constant from

equation (3.3), oxr
0.285 Q4i

a, = —-—“—7:—— ( 1+ _— ). (3.16)
Tl'd4 TT}JL4
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Equations (3.13) to (3.15) along with the state variable defi-
nitions represent a system of four, linear first order differential

equations, of the form

v, = £ (0y,)
2" fz( MR ) (3.17)
Y3 = 550 ¥, Y30 vy )
Vg = F40 Y10 Ypr Yyo By)
where Pl is the control pressure input. These equations are all cou-
pled and have to be solved simultaneously.

One of the most widely used numerical methods to solve a system
of equations of this kind is thé Runge=~-Kutta integration method. The
so-called fourth-order Runge~-Kutta method was chosen for this study,
because it is considered to be fairly accurate and well behaved. Dis-
advantages of this method are that it requires the evaluation of 9n
four times for each integration step, and the error involved in the
numerical approximation cannot be analytically determined. The method
is not very economical in computer time, but it is quite accurate. It
is also relatively simple to implement on the computer and does not
require any higher order derivatives to be evaluated.

A Fortran IV program was developed to simulate the system of equa-
tions (3.17); a source listing is contained in Appendix D. The linear-
ized equations contain several steady-state parameter values, so a
steady-state solution was programmed (Appendix C) and combined with
the integration program to supply the neccessary values. The simula-

tion program is set up so that the user can choose the steady-state

operating point at which the system starts, and the program will cal-
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culate the neccessary parameters.

It was decided to determine the system response to a step input
in control oil pressure Pl' as this is the most severe test the system
could go through. In this test the input contains all frequency com-
ponents. In order for the computer simulation to be valid, a small
enough input step has to be chosen, so that all variables will only go
through relatively small changes. This will always be a matter of
estimation. 1In this case, the orifice opening in the relay piston can

be used as a reference, that is the quantity x, - x.. Figure 5 shows

2 1
the orifice configuration formed by the relay plunger (4) and the relay

piston (6) at an initial steady-state point. In order to stay within

a linear operation, the orifice should not be closed; X, - xl> 0.

Now, using the results from the steady-state calculations, a value of

Pl can be estimated which is consistent with these limits. Using Equa-

tion (3.1), which gives

4 kl
Ap_ = > . (Axl)
d3 =91

and the fact that at a steady-state point of Xy = 4.0 in,

X, = 4.141674 in. and

X, = 4.179339 in.
then

_ 4 - 30 .
APl = (4.179339 - 4.141674) = 0.275 psi.

(2.4942- ,9962)
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Therefore, an appropriate value for the amplitude of the step input

is APl = 0.27 psi.

Q‘/%

U
\

m

Uy

Figure 5. Orifice Configuration,

The simulation program utilizes an already developed plotting
subroutine to display the time response in the four dynamic variables.
If the user runs the program interactively at a Tektronix graphics
terminal, a plotted output can be obtained. In any case, an output
table is written into a data set, listing the time history of each
of the four dynamic variables.

It is always a difficult task to estimate how small the inte-
gration time steps need to be for a system with dynamic characteris-

tics that are barely known. In this system, examination of the various
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components of the system indicates that the load and the volume of oil
under the main piston will likely contribute the dominant dynamic char-
acteristics. A quick estimate of the associated natural frequency will
give an idea of the order of magnitude of the required time step for
integration.

If the oil under compression below the main piston is considered
as a hydraulic spring, the spring constant is

BA% 110,000 + 78.382

. = = 1.965 + 10° 1b/in.
Uiy 344.0

From the load curve (Figure 3) the linearized spring constant of the

load is found to be

k3 = - 3,450 lb/in.

Using these spring constants, which are coupled in parallel, a natural
frequency can be found, which likely dominates the system response.

It becomes

Kk 1.965.100 - 3,450
w, = —_— = = 1.08 . 103 rad/sec.
M 0.303 + 1.3656

If this frequency content were to be noticed in the response, a time
step smaller than the period corresponding to this frequency would

have to be used. This period is

2T

T = —————= 5.8 millisec.
1.08.10°
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Therefore, a time step should be chosen which is at least an order of

magnitude less than 5.8 msec.

3.5 Simulation Results

Some system parameters are not known exactly because of manu-
facturing tolerances or because they are difficult to estimate in real
cases. The simulation program provided an ideal tool to determine the
effect that these parameters have on system stability. The tolerance
parameters are mainly the valve underlap U and the radial clearances.
As noted before, all radial clearances were considered zero in the
derivation of the linearized orifice flow equations, so their direct
influence on the system behaviour will not be determined in this part
of the study. Only tolerances in the underlap U of the main orifice
between the relay plunger and the bushing will be considered here.

Another variable, which is a very important factor in the dynamic
behaviour of the system is the fluid bulk modulus, B. This parameter
strongly affects the speed of response, and to a lesser extent, it
affects the damping or degree of stability of the system. Fluid bulk
modulus drastically decreases as the amount of air entrained in the
fluid increases. 1In any real system there will always be a certain
amount of air present, if only due to the action of the pump. In this
study, response was determined for a high value of R, corresponding to
no air content in the oil, as well as a lower value, which experience
has shown is more realistic (9, page 18).

Results of the simulation studies are in the following pages. A

step input of Pl = 0.27 psi. was used in all cases shown. The steady-
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state operating point chosen as a starting point for the simulations

was in all cases Xy = 4.0 in. Referring to Figure 3, this operating

point is within the very steep, negative slope region on the load
curve; that is, the load force (Fext) changes by approximately =3,450 1b

for one inch increase in X5 This range is expected to be the least

stable operating range due to this high, negative spring like load im-
plied in the model. Also, since all radial clearances are neglected,
the model will predict somewhat less damping than should be present
in the actual system.

Typical step response plots are presented in Figures 6 through 9.

Figure 6 shows the output displacement X; as a function of time in re-

sponse to a step input in P This response is for a case of high

1°
value of B and a rather large valve underlap U. The case of o = 0.32

is consistent with the value observed by K. N. Reid in an actual field

installation (after overhaul). The x3 response 1s overdamped with a

rise time of about 0.041 sec. (using 95% of final value as a reference
for defining 'rise time'). There is a slight indication of some higher
order frequencies superimposed upon the overall response, and those can

be seen more clearly in the plot of x_ in Figure 7 and P_ in Figure 8.

3 3

The plot of §3 shows that the wvelocity of the piston goes to zero at
steady state, as this is a position control system.

Figures 8 and 9 show the pressure under the main piston (P3) and
the pressure above the relay plunger (P4) respectively. These varia-

bles, especially P_, will tend to magnify any higher order frequency

3

content of the response. This is due to the fact that P3 is propor-

tional to the acceleration of the system position output, and deriva-
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tive signals tend to magnify higher order components. The response in
P3 shows the effect of two complex=-conjugate, lightly damped poles of

the system, that the response in X5 does not reveal.

The simulation results represented in Figure 10 are for a case
with less valve underlap than that used in the case summarized above.
Here, U = 0.001 in., which is within the manufacturer's tolerance of
O to 0.002 in. This simulation shows that the system is unstable.

Figure 11 shows the results of a simulation where the value of
fluid bulk modulus has been lowered to the more realistic value of
110,000 psi. Again, the result is an unstable system, and worse be-
haviour than for the one with U = 0.001 in. This is a model, that is
quite likely a reasonably true representation of the parameters in the
real system, except for the absence of Coulomb friction in the load
equation. Coulomb friction could enhance system stability; but the
dependence on Coulomb friction to stabilize the system is normally con-
sidered poor design.

There remains uncertainty on which feedback cam was used in the
original system (before overhaul). Figure 4 demonstrated that a cam
with either one of two different slopes might have been mounted on the
piston rod. The results given in Figures 6, 10 and 11 were obtained
for the case of @ = 0.32 (i.e. the lowest feedback gain cam). From
Figure 4 it is seen that for the other possible cam, a = 0.45 and
x; = 3.38 in. for the operating range around x3 = 4,0 in. The result
of the simulation with this higher feedback gain cam is shown in Fig-

ure 12. The values of B and U which produce the most stable system

were used, in order to more clearly see the effect of @ on the system
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performance. In this case, the system is unstable. It is clear that
if the system had been installed originally with a high=-gain cam (and
this is uncertain), it would have been less stable than with the low-
gain cam.

The results of the computer simulation of the linearized system

model can then be summarized as shown in Table III.

TABLE III

SUMMARY OF THE RESULTS OF THE COMPUTER SIMULATION
OF THE LINEARIZED SYSTEM MODEL

U B o Results

0.002 in 230,000 psi 0.32 Stable

0.001 in 230,000 psi 0.32 Unstable
0.002 in 110,000 psi 0.32 Unstable
0.002 in 230,000 psi 0.45 Unstable

It is now neccessary to determine what effect the parameters left
out of the model have on the system performance, so that its stability
can be assessed with higher confidence. Chapter IV will present re-

sults of a study of a more accurate nonlinear model of the system.
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3.6 Routh Test of System Stability

The Routh criterion can be used as an independent check of system
stability to validate the results presented in section 3.4. The Routh
stability test gives information about the absolute stability of a
closed-loop system, based on characteristics of the transfer function.
That is, it provides a simple method to find if one or more roots of
the system characteristic equation have positive real parts. However,
the criterion will not yield any information concerning degree of
stability.

The system closed loop transfer function was presented in section
3.3, where it was seen that the coefficients are dependent on a chosen
initial steady-state operating point. An appropriate steady-state
point is chosen in the mid=-range of operation of the servomotor,

X, = 4,0 in., and the resulting transfer function for a bulk modulus

3
of 110,000 psi is (see Appendix B):

Ax3

APl

(3.18)

4.662 + 10°

- _ G
155.0+10 6s* + 142.9+107°s3 + 191.4s2 + 176.1-10°s + 10.89-10

The denominator is of the form

L 3 2
+ + + +a,.
a s a; s a, s ay s +a,

The Routh method involves setting up a matrix of parameters as follows:
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S aO a2 a4
3
S al a3 a5
2
s bl b2
1
S Cl C2
0
s dl
where
b = 1% 7 %%
1 a
1
b = 8184 T 3%
2 a
1
. - bja; - a;b,
L b
1
. - bjag - 8,0y
2 - b
1
4 - by = By
l C
1

The criterion states that if in the first column (ao, aj, etc.)
there is a change of sign of the coefficients, then there is a root
with a positive real part. The number of sign changes in the first
column represents the number of roots with a positive real part.

In order to validate the results obtained from the computer simu-
lation, the stability test will be applied for the two values of g in
question. First, a value of g = 110,000 psi has been implemented into

Equation (3.18). The Routh array then yields
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st 155.0 10°° 191.44 10.89 10°
3. 142.0 10~° 176.1 10° 0
s2:  -680.3 107" 10.89 10° 0
) 3
sl: 176.1 10 0

0 6
sV: 10.89 10

Since the coefficient bl has a negative sign, there are two changes of
sign in the first column. This means that the system characteristic
equation has two roots with positive real parts, and therefore is un=-
stable. This confirms the results obtained from the computer simula-
tion of the linearized system, which showed a response with increasing
oscillations in x3 for a value of B = 110,000 psi. (Figure 11).

For a fluid bulk modulus B = 230,000 psi. the following transfer

function is obtained

Ax

Ay (3.19)

4.662 - 10°

-6 _u =33 2 &
74.56+10 "s” + 73.38+10 s3 + 191.44 s? + 176.1 s + 10.89-10

The Routh array then becomes slightly different, due to the different

parameter values in the first three terms in the denominator.

sb: 74.56 10°° 191.44 10.89 10°

s3: 73.38 1023 176.1 103 0

s2: 12.50 10.89 10° 0
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3
sl 176.1+10 0

6
s0: 10.89-10

Here, there is no change of sign in the first column, indicating that
this transfer function represents a stable system. This result is in
accordance with results from the computer simulation (Figures 6 - 9).
It has been mentioned before that the lower value of fluid bulk
modulus is recognized as a realistic estimate of this parameter.
Therefore, based on the linearized system analysis, it appears that
the actual system may have too low a degree of stability. Other para-
meters not included in the linearized study can have an important
effect on the system dynamic performance. For example, valve leakage
and Coulomb friction in the load can affect system degree of stability.
Results of a more comprehensive study of the nonlinear system are pre-

sented in Chapter IV.



CHAPTER IV

NONLINEAR SYSTEM ANALYSIS

4.1 Introduction

Estimation of the system model derived in section 2.2 indicates
that several potentially important nonlinear effects may govern the
dynamic behaviour of the system. In order to more fully understand
the system behaviour it is neccessary to analyze the model derived in
section 2.2 more carefully using a technique that will accomodate all
its important features.

There are several methods available for analyzing nonlinear con-
trol systems. The method of describing functions, which involves
a quasi-linearization of the system being studied, is used to deter-
mine whether a system could exhibit limit cycle behaviour and under
what conditions. Nyquist plots are used as a graphical aid in the
analysis. This method works fairly well in many cases, but it is
difficult to apply to systems with more than one nonlinear element.

Other methods for analyzing nonlinear control systems have been
developed in resent years. The most important ones are based on
Lyapunov's stability criterion and, like describing functions, use a
graphical representation of the system as the means of assessing sys-
tem stability. These graphical methods are all limited to systems

having only one nonlinearity and with single input and single output.

40
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There are some related methods that will handle systems with more than
one nonlinearity, but they are tedious to apply and somewhat suspect
in terms of accuracy.

It appeared in this study that digital computer simulation was
the most appropriate and meaningful method of analysis. A dynamic
simulation program, DYSIMP, written in Fortran IV, has been developed
in the Center for System Science, at Oklahoma State University. It
will simulate a large variety of dynamic systems, including any non-
linear characteristics. This program was chosen for the study in this

thesis.
4.2 A Nonlinear Model for Computer Simulation

The dynamic simulation program, DYSIMP, is set up to solve numer-
ically a set of ordinary differential equations. Mathematically, the

statement of the problem it will solve can be written as follows:

Y(t) = F( ¥, X, P, t)
subject to

Y(to) = Yo

G(YIXI P, t) =0
in the range to< t stf, where

Y is a vector of dependent state variables
X is a vector of algebraic variables
P is a vector of constant parameters

t is the independent variable
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F and G are vector functions defined by the system model.

DYSIMP has three initial value integration methods available for
the solution of the stated problem. These are a 'crude' Euler method,
a modified Euler method, and a fourth-order Runge-Kutta integration.
These methods are all implemented to allow integration of the non-
linear equations using a fixed integration step. The most accurate
method is the fourth-order Runge~Kutta method; this method was used
in this study. The nonlinear model of the servo system derived in
section 2.2 must be put in the form required by DYSIMP. First, the
equations that include time derivatives of a variable must be reformu-

lated. From Equation (2.12)

2
ﬂd3

+C %, + = .
M x, C X, Fext 2 P3 (4.1)

where Fext is to be implemented using both the steady-state load
characteristic from Figure 3 and a Coulomb friction effect. Equation
(4.1) may be rewritten as two first order differential equations. Two

state variables can be defined as

]

X

Y (1) 3

x. = DY (1)

¥(2) 3

which will result in Equation (4.1) being written as required by
DYSIMP,
From Equation (2.8) and the assumption that the change in fluid

density, p, is small, but that the rate of change of p is large,
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2

3 d
ErS (x3) + c3P3. (4.2)

UL+ md

d
Q. = — —— (P,) +
7 3 dt "3 4

In the same way Equation (2.9) may be written as

v d d
= . 2 =
% st (By) + By T (%)) + Qs (4.3)
Two additional state wvariables, P3 and P4, may be defined:
¥(3) = P3
=P .
Y(4) 4

These state variables will be adequate for setting up the model on
DYSIMP.

The other equations can be written as desired, by defining the
algebraic variables X (i) in such a way to make the set of equations

compatible with the program. The following convention is used:

]
»

X (1)

1
X(2) = X2
X(3) = X,
X(4) = Q3
X(3) = Q
X(6) = Q6
X(7) = Q7.

The parameters P(i) are defined as neccessary to aid in express-
ing the equations in a simple form. Appendix E contains a more de-
tailed description of the formulation and a source listing of the For-

tran program written to simulate the system using DYSIMP.
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Equations (2.4), (2.5) and (2.6) all have to be implemented with
logical operations, because their form depends on the relative posi-
tions of the relay piston, the relay plunger and its bushing. There
could possibly be flow through the orifices only due to the radial
clearances, or the flow could be reversed due to changes in pressure
difference. Equation (2.3) is a nonlinear equation in Q4, or more
specifically a second order polynomial in this variable. At the be-
ginning of each time step, a value of Q4 must be calculated based on
the value of P4 from the previous time step. Therefore, at the be-
ginning of each time step, it is neccessary to solve a second order
polynomial in the variable X(7). This can be implemented rather
easily into DYSIMP using the subroutine XVAL, which is called on auto-
matically at the beginning of each time step. XVAL is therfore ideal
for solving Equation (2.3) for the flow Q4.

The most involved part of the model to implement in the computer

salution is the load function. The load force, F includes a

ext’

steady-state load function and the Coulomb friction effect. The ex-

ternal load can thus be written as

i d2

= +
Fext FL B 4

sgn ( i3) (4.4)

where B is the level of Coulomb friction in units of pressure. Fig-
ure 13 illustrates the Coulomb friction characteristic.

It is quite instructive to consider what happens physically due
to the Coulomb friction between the main piston and its cylinder.

First, assume that the piston is at rest at some point, and that there
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is a balance of steady-state forces acting on it. That is, the press-

ure P3 acting to move the piston upward is balanced by an equal force

from the steam valves tending to move it downward. The level of Cou-
lomb friction can now be assumed to be 0O (see Figure 13). An increase

in oil pressure P_ would act to unbalance the forces acting on the

3

piston, resulting in motion of the piston if there were no Coulomb
friction. However, from Figure 13 it is apparent that the increase

in pressure needs to be larger than B(1T/4)d2 in order for the piston

3

to move. Therefore, until P_ has increased enough to 'break' the

3

piston loose, there will be a force balance on the piston given by

2
wd3

Therefore, the piston will not have a velocity nor acceleration until

the pressure P_ has built up high enough to overcome the level of

3

Coulomb friction.

F
CF
A
md

'

)

md

2
- B 3

4

Figure 13. Coulomb Friction.
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The program implementation has to detect whenever the velocity
is equal to zero, or when it has passed through the zero point, and
then provide the logic neccessary to describe this behaviour. There-
fore, it is neccessary to retain information on the value of velocity
from the previous time step, and to check on changes in sign. The
Fortran implementation of this characteristic can be seen in the source
listing in Appendix E.

The external steady-state load, FL’ from Figure 3 can be imple=-
mented most easily by a simple interpolation in a data table. Trying
to fit an analytical function to the data represented in Figure 3
would not result in a very true representation of the actual curve.
An interpolation routine is included in the program listing shown in
Appendix E.

DYSIMP provides the user a choice of different output represen-
tations. The program lists the time change of all dynamic and alge-
braic variables as the user wishes, and prints all parameter values
and initial and final values of the dynamic variables. It also pro-
duces printer plots of the dynamic variables, scaling them as needed,
and has the capability to produce Calcomp plots of the same variables.
The printer plots are a useful tool during the debugging and prelimi-
nary stages of using the program with a model, although they become
somewhat clumsy for interpreting or presenting the solution. There-
fore, printer plots were used during the development of the system
model with DYSIMP, but the final solutions were obtained in graphics
form, using Tektronix terminals available in the School of Mechanical

and Aerospace Engineering. DYSIMP does not directly provide such
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representation, but by having the listed output from the program load-
ed directly into TSO data sets, it was relatively easy to write a short
Fortran program to read this data and plot it on the Tektronix screen.

Appendix F contains a listing of the program used for this purpose.

4.3 Results from a Study of the

Nonlinear System Model

In the nonlinear model the following additional effects were in-
cluded:

1. Valve radial clearances.

2. Variable volume under compression (V3 = f(x3) ).

3. Nonlinear load force (Fe = f(x3) } and Coulomb friction in

Xt
the load.

In the linear model, the load force was represented by a linear
spring; also, the load Coulomb friction and the change in the volume
under compression (but not the time rate of change) were both assumed
to be negligible.

Step responses are presented in this section for the important
cases listed in Table IV.

The first set of resutls, Figures 14 through 17, show the re-

sponses of all four dynamic variables to a small step input, or

AP. = 0.27 psi. There was no radial clearance and no Coulomb friction

1
load for this case; also, the fluid bulk modulus, B8, was 230,000 psi.
These results should be compared with Figures 6 through 9 from the
linear model analysis. From the plots of §3 and P3 it is apparent

that the linear model has somewhat less damping. This difference is



TABLE IV

SUMMARY OF RESULTS OF A STUDY OF
THE NONLINEAR MODEL

U o c1 S B CF Figures Stability Result
(in) (in) (in) (psi) (psi)
0.002 0.32 0.0 0.0 230,000 0.0 14, 15, 15, 17 stable
0.001 0.32 0.0 0.0 230,000 0.0 18 Stable
0.002 0.32 0.002 0.002 110,000 0.0 19, 20, 21 Stable, lightly damped
0.001 0.32 0.0 0.0 110,000 0.0 22, 23 Unstable
0.002 0.32 0.002 0.002 90,000 0.0 24, 25 Stable, oscillatory
0.001 0.32 0.0 0.0 110,000 5.0 26, 27, 28 Stable due to Coulomb friction
0.002 0.45 0.002 0.002 110,000 5.0 29, 30, 31 Stable due to Coulomb friction

8¥
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not surprising when the nature of the orifice characteristics is con-
sidered; that is the slope of the valve characteristics affects the
damping and the 'average' slope is greater in the nonlinear case.

A comparison of Figures 18 and 10 shows some difference in damp-
ing between the linear and nonlinear models. The linear model is un=-
stable in this case of small valve underlap, but the nonlinear model
shows a stable repsonse. It can be concluded that the linear model
predicts a less stable system than may actually exist.

The fluid bulk modulus also has a dramatic effect on the behavi-
our of the nonlinear model. Figures 19 through 21 show the results
of a simulation where Coulomb friction was neglected, the valve under-
lap and radial clearances were at their 'nominal' values of 0.002 in.
and § = 110,000 psi. The linear model was unstable for this case.

The nonlinear model predicts that the system is stable, although the
plots of §3 and P3 show almost sustained oscillations; that is, this
system has a very low degree of stability.

Figures 22 and 23 show results for reduced underlap (U=0.001 in.),
zero radial clearances and negligible Coulomb friction. The system is
stable, but very lightly damped for this case. Thus, with no Coulomb
friction, the system with a realistic fluid bulk modulus (= 110,000
psi.) would be on the verge of instability. This result is further
underscored by the results shown in Figures 24 and 25, where underlap
and radial clearances are 'nominal' again, but B is decreased to
90,000 psi. That is, if only one to two percent of air by volume was
present in the system, the system could be unstable with underlaps

within the manufacturing tolerances.
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Coulomb friction in the load atso can have a dramatic effect on
the system performance. Figures 26 through 28 show the results for the
same configuration as shown in Figures 22 and 23, now with a Coulomb
friction level of B = 5.0 psi. added to the model. The results predict
a stable system. Thus, sufficient Coulomb friction can make an other-
wise unstable system stable.

It is not known with certainty which of ﬁhe two possible feedback
cams were present in the system before overhaul. 2all of the results
presented above were obtained for the low gain cam believed to exist
in the field system after servomotor overhaul. The 'double-slope' cam
described by Figure 4 (Curve A) may have existed in the servomotor be-
fore overhaul. This latter cam produces two values of feedback gain

( oo) as follows:

X, > 2.9 in.: 0.45 and X

3

3.38 in.

Q
1}

X, < 2.9 in.: 0.90 and X

3 2.10 in.

Q
i
W * W *

Before overhaul, the system was observed to be very oscillatory (and
perhaps unstable) at certain times. After overhaul, the system was
observed to be well behaved (i.e. well damped). Figures 29 through 31
show simulation results for the value of o of 0.45, B = 110,000 psi.
and Coulomb friction included. The system is stable for this case;
but without Coulomb friction the system would be unstable.

Based on the results of the nonlinear simulations, it appears
that system stability depends on the presence of Coulomb friction and/
or a high bulk modulus of elasticity. It is known that Coulomb friction

is a somewhat erratic phenomena, and is not as predictable as viscous
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friction. It is supposed that the erratic nature of the Coulomb fric-
tion load could have caused the original system (before overhaul) to
exhibit instability or low degree of stability. Momentary entrainment
of air into the original system (low B) also may have resulted in a
lower than usual degree of stability.

All of the results presented in this section were obtained with
the same initial steady-state operating point (x3 = 4.0 in.) and step

size ( P, = 0.27 psi.) used for the linear analysis in Chapter 3.

1
This study was not exhaustive; the effects of input step size and the
location of the initial operating point were not studied. Sufficient
results were obtained, however, to illustrate that the original system
(before overhaul) was designed to have too low a degree of stability
in view of the significant Coulomb friction load. Moreover, these
results suggest the need for damping enhancement to be implemented in
the existing field installations.

It is the opinion of the writer that the servomotor should be de-
signed to have an adequate degree of stability without depending on
stabilization via Coulomb friction. A simple transient flow stabili-

zation teghnique is introduced in Chapter V, which could be implemented

very easily in field installations.



CHAPTER V

TRANSIENT FLOW STABILIZATION

5.1 Introduction

The hydraulic servomotor considered in this thesis is in use in
a large number of power plant installations. Equipment changes to
effect performance improvement in such an existing system are limited
by cost and ease of installation considerations. Major changes re-
quiring complete disassembly and rework normally are considered only
as a last resort. An objective of this study was to design a simple
compensation means that could be installed easily in the existing field
locations at relatively low cost.

Damping enhancement can be achieved in several ways. The use of
leakage in the valve or actuator can be effective, but only at the ex-
pense of system stiffness and power efficiency. A preferred approach
which is widely recognized is to use acceleration feedback. Still
another technigue is to use pressure or dynamic pressure feedback.

The feedback may be introduced directly into the valve design, or into
the system via measurement and comparison. Since the serxrvomotor in
this study is hydromechanical, conventional acceleration or pressure
feedback techniques would be complex to implement.

A technigue known as transient flow stabilization was first in-

troduced by Shearer in the book Fluid Power Control (1), for compen-
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sation in a pneumomechanical servomotor. This simple technique accom=-
plishes a similar effect as dynamic pressure feedback, but without
measurement devices and the corresponding complexity. An advantage of
this technique is that increased damping is achieved during transient
periods when it is needed and system operation is unaffected during
steady-state periods.

Transient flow stabilization or compensation can be implemented
in the hydromechanical servomotor of this study by means of a simple
resistance-capacitance circuit hooked to the main piston chamber. This
approach is especially attractive because the main piston chamber in the
actual system already has a hole drilled and tapped for drainage of
oil.

Figure 32 shows schematically how the compensation might be achi-
eved. The 'capacitance element' is divided in two parts by a diaphragm.
On the side of the diaphragm connected to the main o0il chamber, the
since there is no net

pressure is P In the steady -state, P

8" g = P3r

flow through the resistancé and out of the chamber-us. Therefore,
under steady-state conditions, the capacitance would not affect the
system behaviour. On the other side of the diaphragm there is air
under compression with the pressure Pa. The compressibility of the air

would have a spring-like effect on the diaphragm when there are changes

in the pressure P8.

5.2 Modelling the Compensation Device

The servomotor with the added compensation can be modelled with

the same set of equations as in section 2.2, except that the continuity
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equation for the main piston chamber must be altered. That is, for

this compensated system, Equation (2.8) is

d
o7Q7 = pst + It (o3u3) + p3c3p3 (5.1)

where Q8 represents the flow through the resistance element into the
accumulator.

In addition, it is neccessary to write an equation relating the
flow through the resistance to the pressure drop across the resistance.
The resistance element is assumed to be a capillary type element. In
such a case, the element can be modelled by assuming fully-developed
laminar flow. That is,

g
Q0 = —7 (p.-p_ ). (5.2)

3 8
128uL7

It is assumed that the resistance is designed such that the Reynolds
number for the flow is small (say 1000). For low Reynolds numbers, an
acceptable rule of thumb for choosing the diameter and length of the
capillary is L/d > 50.

The continuity equation for the oil chamber is

d v & 4
= — (pou,) =V TS (p8) +p (v) .

Pgl% = 3t (Pgl% 8 g at s

Or if 08 is assumed to be relatively constant,

Q8 = g (5.3)

2
Ys 4 “d
8 dt

‘—(Ps) + —4—-X

For the air chamber it is assumed that the compression or expansion

takes place adiabatically according to the relation

k
P = p + constant.
a a
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The air chamber continuity equation is

d d d
0= dt (paua) - pa dt (Ua) - Ua at (pa)' (5.4)

From the process equation it is seen that

1 4,,.k @
5; 7= (P = p_ @t (e ) (5.5)

Combining Equations (5.4) and (5.5) yields

- a e}
*g kP dt (Pa)'
a

(5.6)

If the inertia of the diaphragm is neglected, a force balance re-

quires that

U v
- 8.4 —a 4
%= T @& Pt T
8
or
V] )
-{-8 ay 4
98—{B+kP 7 (Pg)- (5.7)
8

Equations (5.1), (5.2) and (5.7) describe the static and dynamic be-
haviour of the transient flow stabilization circuit.
Equation (5.7) shows that the process equation for the air cham-

ber includes the nonlinear term { Ua/(k~P8)} P This term will not

g
cause any difficulty in setting up the compensated system model using

DYSIMP, but if a new transfer function is desired, Equation (5.7) will

need to be linearized.
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It is apparent that the transient flow stabilization circuit adds
a first order dynamic element into the system model; the final model

is fifth order.

5.3 The Dynamics of the Compensator

Equation (5.7) can be linearized and combined with Equation (5.2)
to derive a transfer function relating the pressure under the piston

P_ to the pressure in the tank, P The linearized form of Equation

3 8"
(5.7) is
U8' Cai d
i ai
= ==+ = (P
Q8 8 k Pgy dt 8

where the subscript i represents the initial steady-state operating

point. Combining the above equation with Equation (5.2) yields

(Ap, - Ap.) ={'_l+’i}E(AP8)
k P
128uL7 B 8i
or, in Laplace form
4 4
ige! 1 Y. v, md
-1—2—8—7;— (apy) =|f 81 I 7 (4Pg)
k P_. :
u 7 R 8i 128uL7
which results in the transfer function
AP
PS - L (5.8)
+
A 3 T s 1
where
128yL
- H 7 Ygi | _Vai )
P ma* B x P
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The effect of the compensator is then to add a first order ele-
ment into the system, with the time constant Tp and a steady-state
gain of 1. Therefore, it is active during transient periods, but has
no effect in the steady-state periods.

The compensator can be compared to a simple.electric Rece circuit,
where the electrical resistance (Re) corresponds to the capillary char-

acteristics
R = 128uL_/ ("ﬂdL7‘)

and the electrical capacitance (Ce) corresponds to the accumulator

capacitance
U8' U,
c |8, &t |
8 k P
8i

The time constant, Tp' is a key factor in the effect of the com-
pensation. The characteristic time or period of the overall system
(i.e. the rise time following a step input), is of the order of
0.005 sec. (see Chapters III and IV). The design problem is to select
the desired value of Tp (relative to the system characteristic time)

and to size the elements.

5.4 Compensated System Transfer Function

and Parameter Study

Appendix G shows the derivation of a linearized transfer function
for the fifth order system with the compensation. The final form of

the transfer function is as follows
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Ax K(1t_+1)
= . (5.9)

The effect of the compensation is to increase the denominator by one
order and add a first order component to the numerator.

The Routh criterion can be used with Equafion (5.9) as was done
in section 3.5, to determine the bounds on the parameter values re-
quired for system stability.

The compensator parameters can be chosen in order to arrive at

different values of the time constant Tp. The capacitance factor is

. v,
8i ai

B8 kP

(@]
I
+

81

If the same steady-state operating point is chosen as before (x3 =

4,0 in. ), then P8i = P3i = 103.0 psi. from the steady-state condition.
The constant k for the adiabatic compression of air is 1l.4. The value
of fluid bulk modulus is assumed B = 110,000 psi. Assuming that the

air volume is approximately equal to the oil volume in the accumulator,

then the capacitance becomes

c= v { L + 1 } = 0.0069 v ins/lbf.

110,000 1.4 - 103

It is obvious that the compressibility of the hydraulic fluid is negli-
gible compared to that of the air. Therefore, it can be assessed that

the capacitance is approximately

C= v/ (kPg).



The expression

oxr T

b

For the

for the time constant T

69

can be written

128+ 2.2-10°° L, v
T dL7* 1.4-103
622 + 107> (L_/d_)v (5.10)
777 "a’ )

to diameter for the capillary should be

L

> .
7 50

/ 4,

Table V shows three different sets

sator, which represent a range of Tp

of

capillary flow equation to be wvalid, the ratio of length

larger than 50, or

(5.11)

of parameters for the compen-

approximately equal to the

overall system time constant to two orders of magnitude larger.

TABLE V

COMPENSATION PARAMETERS

d7 L7 Uai R C Tp
. . .3 . .. 5 -

(in) (in) (in™) (lb°"sec/in") (in~ /1b) (sec)
0.005 2.5 20.0 35.85 0.139 4,98
0.150 7.5 98.0 1.33 0.680 0.90
0.300 15.0 100.0 0.166 0.693 .05
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These parameter values can now be used in the transfer function
and a Routh test performed to see which one, if any, will render the
system stable. Therefore, the set of parameters from an unstable case
from section 3.5 should be used in conjunction with the added para-
meters of the compensation to validate the compensator design. That
is, a value of bulk modulus 8 = 110,000 psi., no radial clearances and
a valve underlap of 0.002 in. For the same operation point Xy = 4.0 in.

and a compensator time constant of TP = 4.98 from Table V the transfer

function is

AX4

AP1

4.662.10°% (4.98 s + 1)

772+10 655 + 714410 3s* + 954 s3 + 872.103s2 + 54.1006s + 10.9.10°

The Routh array is as follows:

s5: . 772.10° 6 954 54+10°
st: 714+10 3 872+103 10.9+10°
s3: 11.2 54.0-10° 0

s2: -2.57-106 10.9.106 0

sl 54.106 0

s¥: 10.9+10°

There are two changes of sign, hence two roots of the character-
istic equation have positive real parts and the resulting system is
unstable. It is therefore apparent, that this would not be an ade-

quate set of parameter values to make the system stable.
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For the second case of d7 = 0.15 in. and Tp = 0.90 sec. the trans-

fer function is

Ax

AP

4.662+10°( 0.90s + 1)

- =3 3
28410 %s5+ 33107 8% + 40.6 s3 + 32:10°s2 + 2.1-10°s + 10.9 10°

The Routh array is as follows:

5 -6 6
sd: 28410 40.6 2.1+10
% -3 3 6
st 3310 32-10 10.9+10
6
s3: 13.5 2.1+10 0
6
s2: 27+10° 10.9-10 0
1 6
st 2.1+10 0

s0; 10.9-10°

For this set of parameters, there is no change of sign in the first
column, so this system is stable.
For the third case with a time constant similar to that of the

system itself, Tp = 0.05 sec., the transfer function is

AX

AP

4.662-.10%( 0.005 s + 1)

8.14:10 655 + 23.3°107%s* + 23.5 3 + 9.35.103s2 + 716-103s + 10.9-10°

The Routh array is as follows:
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5 -6 3
sd: 8.14-10 23.5 716410
L -3 3 6
s": 23.3-10 9.35-10 10.9-10
3
s3: 20.2 71210 0
3 6

s2. 8.53+10 10.9-10 0

1 3
sl: 68610 0

0 6
s0; 10.9-10

Again, there is no change of sign in the first column, so this system
configuration is also stable. The results of this Routh study can

then be summarized as shown in Table VI.

TABLE VI

RESULTS OF A ROUTH STUDY
OF COMPENSATED SYSTEM

R C T Stability
5 5 P
(lb*sec/in"™) (in~ /1b) (sec) Result
35.85 0.139 4.98 Unstable
1.33 0.680 0.20 Stable
0.166 0.693 0.05 Stable

Therefore, it appears that a time constant of the orxrder of

0.20 sec. would make the system stable, but if it were any larger,



73

stability might not be achieved. 1In this Routh study, the effect of
the parameters R and C has not been studied individually, only the
effect of their product, TP. In the compensated system transfer func-
tion they appear both as this product and also separately, so it could
be deceiving to study only the effect of varying Tp'

The above analysis has established bounds on the compensator para-
meter TP. Further validation of the effect of the parameters R and C
can be achieved throﬁgh computer simulation. The simulation tool can
be used to set more accurate limits on the value of the compensator

parameters needed for the desired system performance.

5.5 Nonlinear Simulation of the

Compensated System

The objective of this computer simulation study of the compen-
sated system is to validate the concept of transient flow stabilization
for this hydromechanical servosystem and to establish bounds on the
design parameters, R, C and Tp. The actual design of the transient
flow stabilizer will not be carried through in this thesis.

It is a relatively simple procedure to extend. the model already
developed for DYSIMP to include the compensator. One additional equa-
tion is required to describe the dynamic changes in the pressure P8

and only the equation for the time derivative in P_ has to be changed.

3
From Equation (5.1l) the time derivative of P3 is as follows:
TrdL1L

. 7 8

P. = - - R - - A +

3 Q3 % 128uL (P3 Pg) AgXy - C3P3 (5.12)

7 U . + A.x

3i 3%3
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From Equations (5.2) and (5.7) the time derivative of P_ is

8
. ﬂd; 1
Pg=—— ( Py =Py ) ) (5.13)
v v
128HL, 8i ai
+
B k P

8i

Appendix H describes the changes made in the earlier developed
DYSIMP model to accomodate the compensation device, and lists the pro-
gram used. This program was used to obtain simulation results for the
compensator parameters as listed in Table VII. The system parameters
were the same as presented in Figures 22 and 23, which was an unstable
configuration. No Coulomb friction was included, in order to validate
the effect of the transient flow stabilization on the system. The
premise is that the system dynamic performance should be acceptable

with and without a Coulomb friction load.

TABLE VII

RESULTS OF A COMPUTER SIMULATION STUDY
OF COMPENSATED SYSTEM

v_. ili
d7 L7 ai R c Tp Stability

(in) (in) (in3) (lb~sec/in5) (inS/lb) (sec) Result

0.10 8.2 98 7.350 0.680 5.0 Unstable

0.15 7.5 98 1.330 0.680 0.90 Stable

0.14 12.0 20 2.800 0.139 0.39 Stable, lightly
damped

0.30 15.0 100 0.166 0.693 0.05 Stable

0.30 15.0 20 0.166 0.139 0.023 stable
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The results from this computer simulation study are presented
in the same order as in Table VII in Figures 33 through 42. Figures
33 and 34 show an unstable response. Comparing this result with Fig-
ures 39 and 40, for approximately the same C but the latter case a
much smaller R, it can be concluded that a large value of R will pro-
vide less damping. This conclusion is further supported by the re-
sults shown in Figures 37 and 38, as compared with Figures 41 and 42.
Therefore, the most important design parameter from the standpoint of
system stability is seen to be the resistance of the capillary type
orifice.

Another consideration in the design of a compensation is the
speed of response of the resulting system. It is apparent in the case
of this compensation, that the speed of response of the stabilized
system would literally be unaffected, given the results for the sets
of parameters presented here. A comparison of Figures 37 and 41 (R is
varied, C is constant) reveals that a larger R will give a slightly
slower response. The difference is minimal, however. It is therefore
the conclusion, that system stability is the criterion that should be
used when the compensator parameters are chosen.

To summarize, the largest value of R tested, which gave a com-
pletely stable response, was R = 1.33 lb'sec/in5. The value of the
capacitance is not so important, and could be anywhere between 0.139
and 0.693 in3/lb. Therefore, the following set of parameters is sugg-

ested for the transient flow stabilizer:

d, = 0.30 in. L, = 15.0 in. Ua = 100.0 in?
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which results in
R = 0.166 lb°sec/in5 C = 0.693 in°/1b T, = 0.05 sec.

This set of parameters should be within the range of practically rea-
lizable design and give a perfectly stable system even in the absence
of other stabilizing effects like Coulomb friction or a high bulk

modulus of the operating fluid.



CHAPTER VI
SUMMARY AND RECOMMENDATIONS
6.1 Summary

The two objectives of the preceding study as introduced in section
1.2 have been reached.

First, it has been shown that the hydromechanical servomotor, as
it has been installed without damping enhancement, relies on Coulomb
friction in the load or a high value of operating fluid bulk modulus
for its stability. This is considered to be an undependable means of
assuring stability of a system; therefore, damping enhancement is need-
ed.

Second, it has been verified using computer simulation, that the
system damping can be enhanced using a form of transient flow stabili-
zation. A design configuration has been suggested and a parametric
study through computer simulation has been conducted to establish
bounds on the design paraméters. It has been verified that transient
flow stabilization can enhance the damping of the system under study
and do so without appreciable effect on the overall system speed of
response, or the input-output relationship in the steady state. It
has also been reasoned that the suggested design configuration would
be relatively easy to install in the field and would result in the

cheapest way to enhance the system damping.
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6.2 Recommendations

The computer simulation study conducted in this thesis is the
first step in verifying the effectiveness of transient flow stabili-
zation on this hydromechanical system. It still remains to choose the
final design parameters and actually construct the compensator. It
would be advisable to build a prototype and to install it in an exist-
ing field system. Thorough performance tests should be conducted, so
that it is clear that the desired added stability and performance has
been achieved. It is the opinion of the author that by using the sugg-
ested design parameters in section 5.5, the system would exhibit acc-

eptable performance in all aspects.
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APPENDIX A

DETERMINATION OF NUMERICAL VALUES

FOR PARAMETERS

Available for this study were most of the detail drawings of the
servomotor parts and certain performance information in the form of
charts or graphs provided by the manufacturer. Reference to drawing
numbers is given where appropriate. Other information is identified
according to source.

Diameter of relay piston rod:

Drawing # 650D479 dl = 0.996 1in.
Diameter of relay piston:

Drawing # 650D479 d2 = 2.494 in.
Diameter of main piston:

Drawing # 650D677 d3 = 9,99 in.
Diameter of capillary orifice:

Drawing # 651D422 d4 = 3/16 in.
Diameter of relay plunger:

Drawing # 651D422 d6 = 3.495 in.
Orifice width of relay piston:

Drawing # 651D422 wy = 1.750 in.
Relay piston top area:

Drawing # 651D422 A, = 2.341 in?

85
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Clearance between relay plunger and bushing:

Drawing # 664J541 c, = 0.003 in. - 0.006 in.

If 0.004 in. is taken as a nominal value, the orifice radial clear-

ance is c2/2 = cr2 = 0.0020 in.

Clearance between relay piston and relay plunger:

Drawing # 664J541 c; = 0.004 in.- 0.0055 in.

If 0.004 in. is taken as a nominal value, the orifice radial clear-

ance is Cl/2 = crl = 0.0020 in.
Cléarance between the main piston and its housing:

Drawing # 664J541 cr3 = 0.0020 in.
Capillary orifice length:

Drawing # 651D422 L4 = 4.0 in.
Length of leakage path past main piston:

Drawing 271A927 L3 = 0.8 in.

This parameter is hard to estimate, and is taken to be approximately
equal to the sum of the effective compressed seal lengths on the
piston.

Pilot relay spring constant (11):

Supplied by servomotor manufacturer kl = 30.0 1lb/in.

Main relay spring constant (10):

Supplied by servomotor manufacturer k2 = 212.0 1lb/in.

Main relay spring preload:

Supplied by servomotor manufacturer Fs = 13.5 1b.
Volume of fluid above relay plunger:
Supplied by servomotor manufacturer v, = 11.6 in3

4 .
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Volume of fluid under main piston in zero position:

Supplied by servomotor manufacturer v, = 30.0 in?

3

Egquivalent mass of steam chest lever and valves:

Drawings # 499C416 and # 664J573

mass of valves, etc.

N - ]
1 I m, mg me m. mg

mass of lever

m3

8
1]

2 2 2 2
m4(x4/L) + mS(x5/L) + m6(x6/L) + m7(x7/L) + m8

_ _ _ _ . 2 .
m4 = m5 = m7 = m8 = 0.487 lb-sec /in.

=]
i

0.487 + 2.487 = 2.974 lb'secz/in. me = 1.3656 lb‘secz/in.

Orifice discharge coefficient:

A common estimate for this variable, which depends on orifice type,
Reynolds number etc. is to set it at

c. = 0.625

Fluid viscosity:

For MIL5605 A at the expected operating temperature

-6
u=2.2+10 lb*sec/in.
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Fluid density:

=5
For MIL5606 A p = 8+10 lb°sec2/in%

Fluid bulk modulus of elasticity:

For MIL5606 A a theoretical value of § = 230,000 psi. is often used,
but experience has shown this value to be too high. This parameter
depends highly on the amount of air entrained in the oil. A good
value based on previous experience is

B = 110,000 psi.

Mass of main piston and rod:

Drawing # 650D677

2.996 in.

30.25 in.

2.5 in.

9.99 in.

0.286 ﬂ(9.99)2 “2.5 & TT(2.996)2
386 { 4 : 4

m, = p.Vol/g = *30.25}

3

m3 = 0.303 lb'secz/in.
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Main valve underlap:

Drawing # .664J541

Q
N
o

gy,
ANLIIRRAW

U = 0.000 - 0.002 in.

*
The feedback coefficients x, and a:

Figure 4 shows the main piston displacement X, as a function of

control oil pressure, Pl, for steady-state operation. This graph may

*
be used to determine the feedback parameters, x. and a.

3

Figure 4 shows two different cases and as discussed in section 2.3
they correspond to data measured in the field by K. N. Reid on the
system after overhaul, and information supplied by the manufacturer of
the servomotor (two-slope cam). There is uncertainty as to which par-
ticular feedback cam was used in the system before overhaul, so a range
of feedback parameters should be investigated.

When the system is at rest in a steady state, the equations

developed in section 2.2 are a set of algebraic, nonlinear equations.

This equation set can be solved successively, given a certain initial
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steady-state operating point x The steady-state equations are:

31i°
P_(T/4) (d2 - d2) = k_.x (A.1)
1 2 1 11 :
P4A2 = k2 (x2 - x4) + FS (a.2)
128UL,Q 2.28pQ
P2-94=—-—4ii(1+——-—i) (A.3)
Wd4 l6ﬂIJL4
_ 2 2 I 1
Q5 = cqnwy /f(x2 - xl) + c 1 V42/p) P4 (A.4)
_ 2 2 1 _ =
Q3 = cdﬁd /(x2 - Xy, + U)" + cr2 y42/p) (P2 P3) (a.5)
Q_ = c_Td /(x - X +U)2+c2ﬁ ;/(2/0);~1 (A.6)
6 d 6 4 2 r2 3 )
Q4 = Q (A.9)
F = (T/4) d2 P (A.10)
ext 373
* ——
x4 - x3 = 0 x3 (A.11)

It is apparent,. that these equations cannot be solved directly,
without some iterative calculations, because of the nonlinear orifice
equations. It therefore seems feasible to use the computer to obtain
the steady-state solution. Successive iterations will allow deter-

. 3 *
mination of x3 and ao.

Appendix C contains a source listing of a Fortran IV program,
which was written to solve the steady-state equations. The solution

starts with a selected value for x3i. Figure 3 is used in a tabular
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form to calculate the external load corresponding to each value of x3i

and a corresponding value for P The program was written to solve

1

the set of equations for a number of values of X4 and to construct a

plot similar to Figure 4. In two cases, the program uses an iterative

regula-falsi method to solve for the variable x2 and also Q4.

%*

To estimate approximate values for Xy and o it can be assumed that

at steady state Axl = Ax2 = Ax4. For a given increase in control press-

ure, A %, a corresponding displacement of the main piston, Ax can be

3’

found from Figure 4. Also, Ax, can be calculated from Equation (A.1l)

1
as
n(d2 - d2)
2 1
AX, = AP, ———————— = AX .
1 1 4k 4
1
From Equation (A.1l1l)
Ax4 = g Ax3.

From Figure 4, Curve B, an arbritrary change in P, and the correspond-

1
ing change in x, are
APl = 35.0 - 25.7 = 9.3 psi.
Ax3 = 6.0 - 2.0 = 4.0 in.

For this APl, the following value of A%, is obtained:

9.3 1T(2.4942 - 0.9962)
AX, = = 1.27 in.
4 « 30.0

Therefore, o = Ax4/Ax3 =1.27/4.0 = 0.32
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*
The value of the initial displacement, x3 can now be determined using

Equations (A.l) and (A.1ll) and Pl = 35.0 psi., Xy = 6.0 in. That is,

35.0 (2.4942 - 0.9962)
X, = = 4,79 in.
4 - 30.0

and therefore

4.79 - 0.32°6.0 = 2.87 in.

e}
it

This estimate of the feedback coefficients does not take into
account the leakage flow past the main piston. The complete set of
steady-state equations were solved using the program in Appendix C
and the results were very close to the above estimate. From the data

measured by K. N. Reid, using the single slope cam, the results are:

a = 0.32 and X, = 2.90 in.

For the two-slope cam represented also in Figure 4, these pertinent

values are

For P_<34.25 psi:

1
*
o = 0.90 and x3 = 2.10 in.
For Pl>34°25 psi:
*
o = 0.45 and X, = 3.38 in.



APPENDIX B

DERIVATION OF THE LINEAR TRANSFER

FUNCTION

In section 3.2, the following set of linear algebraic and differ-

ential equations were derived:

AlAPl = k; Axl (B.1)

AZAP4 = k2 (Ax2 -Ax4) (B.2)

. M A'>1:3 + kA%, = Ay AP, (B.3)
AQ7 = AQ; ~ AQ, (B.4)

AQ, = 895 = A, 4%, (B.5)

AQ, = (u,/B) A§3 + A, Ak3 + cgy AP, (B.6)
AQy = a; (Ax, - Ax)) - b, AP, (B.7)
AQs = a, (A%, - Ax,) + by AP, (B.8)
AQg = a, (Ax, = Axq) + b, 4P, (B.9)
“AP, = a, AQ, (B.10)

hx, = abx,. (B.11)
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One additional simplifying assumption was made for this approxi-
mate analysis. In Equation (B.5) the compressibility effect of the oil
in the chamber above the relay plunger has been deleted. This simpli-
fication makes the derivation somewhat less involved. Since the vol-
ume is relatively small, the accuracy of the solution should not be

affected appreciably.

In equation (B.1), Al = (W/4)(d§ - di). And in Equations (B.3)
and (B.6), A3 = (m/4) d§ , which serves to make the notation simpler.

The set of 11 equations in 12 unknowns can be combined to yield
the desired closed-loop transfer function. Equations (B.1l0), (B.9) and

(B.5) can be combined to yield

-(AP4/a4) - a, (Ax2 - Axl) - b3(AP4) = A2(Ax2). (B.12)

Also, Equations (B.4), (B.6), (B.7) and (B.8) can be combined to give
AP " AP.Y =
(U3/B)( P3) + A3(Ax3) + c3( P3)

al(Ax - Ax4) - bl(AP3) - az(Ax - sz) - b2(AP3). (B.13)

2 4

The Laplace transform can be obtained for each equation assuming
zero initial conditions on all variations A. For simplicity the same
notation is used for the time and Laplace domain forms of the changed

variables. Equations (B.1l2) and (B.13) can be rewritten as

{(U3/B)S + s + bl + bz}(AP3) = (al+a2)(Ax2 - Ax4) - A3(A§3)s (B.14)

{(l/a4) + b3}(AP4) = a3(AXl) - (Azs + a3)(Ax2). (B.15)
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From Equations (B.l), (B.2), (B.1ll) and (B.1l5)

>

k .
2 1 _ 1 1 k2
{Azs iy ( — b3) + a3}(Ax2) =a, = (APl) + S+ b3)——A Q(AXB).
2 4 1 4 2
k2 1
Defining B, = — ( — + b.), the above equation reduces to
1 A2 a4 3
233
(Azs + Bl + a3)(Ax2) = kl (APl) + Bl_a(Ax3) (B.16)

From Equations (B.3), (B.1ll) and (B.1l4)

v,M v,k
3 3 M 2 373
—— s + T (c,+b +b,)s” + ( +A))s +
[A3B A3 371 72 A3 3
—é-(c +b,+b )| (Ax,) = (a.+a,.) (AX., = Ax,)
A, T3 Ay prag) laxy = axy)-
Setting B2 = (c3+bl+b2) and B3 = (u3/A3B) gives

3 2
|:B3Ms + (M By/A)s” + (Bok

3 * BAj)s + (k;B,/A3) + (al+a2)uJ(Ax3) =

(al.+a2) (sz) (B.17)

Finally, Equations (B.16) and (B.1l7) can be combined to eliminate

(sz). The result is

A,B.M B.B M
272 )83 + 274

3 3

2
+ AZBS)S + (B4B5 + A2B6)s +

4 +
[A2B3MS + (B3B4M
a A

3436 - Bl (al+a2)0J(Ax3) = kl (al+a2)(APl) (B.18)
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where

w
1]
w
~
+
=]

o
|

6 = (k3Bz/A3) + (al+a2)u.

Equation (B.18) is the final, linearized closed-loop transfer
function, describing the relationship between (APl) and (Ax3).
In order to be able to determine numerical values for the para-

meters of Equation (B.18), a steady-state operating point must be

chosen and the numerical values for the corresponding x.., x

1i 217 %

4i’

P3i' P4i and Q4i found. It was mentioned in Appendix A that a Fortran

IV program was developed to do this task. This program is listed in

*
Appendix C. For the values of ¢ = 0.32 and Xy = 2.90 in., the follow-

ing results were obtained at the steady-state operating point

x3 = 4,0 in.:

X,, = 4.,14167 in.
1i

X, = 4,17934 in.
21

X . = 4.18000 in.
41

P3i = 103.00 psi.

P4i = 5.690 psi.

By using the parameter values presented in Table II, it is possi-
ble to substitute in values for all the parameters in Equation (B.18)
and to arrive at a transfer function for a small deviation from a given

steady-state operating point.
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One parameter remains to be determined, and that is the spring
constant in the equation of motion for the main piston (B.3). From
Figure 3 it is seen that the load curve has a large negative slope in
the vicinity of x, = 4.0 in. The load characteristic in this region

3

can be approximated by

The constant k3 is negative and from Figure 3 is found as

k3 = =3,450 lb/in.

Numerical values for the remaining parameters in Equation (B.18)

are as follows:

A, = (ﬂ/4)(di - a%) = 4.106 in?

1 1
kl = 30 1lb/in.
. 2
A = 2.341 in.
2
k2 = 212 1b/in.

M = 1.669 1lb*sec’/in.

k, = -3,450 1b/in.
A, = 78.38 in®
v./B = 344/110,000 = 3.127-107° in>/1b.
9.99% (0.001/2)° -3 .5
c3 = 3 = 0.186°10 in” /sec*1lb.

12 * 2.2-10 ~-0.8

al = O.625"IT'3.495‘[(2/8'10_5)’(300"103) = 15_2-103 in2/sec.
. - -

a, = 0.625°m 3.495/(2/8:107°) - (103) = 11.0:10° in%/sec.
. “10"°) - (5.69)

a; = 0.625-w 1.750/(2/8°107°) - (5.69) = 1.3°10° in?/sec.



98

-x .+
(x5 7%43%0)

b, = 0.625° 71 3.495v/(2/8-10 °)

1 2,/300 = 103'
= 51.8:10"3 in°/1b-sec.
(x,.=-x_..+0)
b, = 0.625-73.495/(2/8- 10 5, _4i 21
> /103
= 142.2-10"° in/1b-sec.
( x., - x..)
b, = 0.625°7+3.495/(2/8" 10 > 2i 13
2V 5.69"

= 4.29 in’/lb*sec.

128-- 2.2°10°° . 4

a4 n = 290.1‘10—3 sec/in%
m(3/16)
a = 0.32
212 ...=3 _
By = 3357 (1/290.1°107° + 4.29) = 700.67
L. =3 -3 caa=3 -3
B, = 0.186°10 ~ + 51.8-10 ° + 142.2°10 ~ = 194.2°10
_ 344 B =6

By = 7838-110,000 - 39-9°10
B, = 700.67 + 1300 = 200.67
B, = 39.9°107° (=3,450) + 78.38 = 78.24
B = (=3,450) +194.2°107° +26.2°10° - 0.32 = 8.38-103

6 78.38 . . : :

Using these values in Equation (B.18) yields the transfer function

A%y B
B.19
APl ] ( )
4.662 * 10
6 4 -3 3 2 6

155.9°10 °s- + 142.9°10 ~s” + 191.44 s® + l76.l’lO3 + 10.89-10



A block diagram representing the system is shown in Figure 43.
In this diagram the complete nonlinear load on the system is shown,
but other parts of the system (valve characteristics) are in their

linearized form for clarity.
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Block Diagram of the Uncompensated System.
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APPENDIX C
THE STEADY-STATE SOLUTION

The complexity of the system of equations required that a computer
program be developed to obtain the steady-state solution. This com-
plexity was even more apparent when it was seen that the feedback co-
efficients, a and x;, could not be determined directly from the system
drawings.

Equations (A.l) through (A.l1l) must be solved iteratively. To
start the solution, it is neccessary to choose a value of the piston
position. For a particular value of piston position, Xy, @ value of
the steady-state load, Fext’ can be determined from Figure 3. This in

turn gives a value of pressure under the piston, P from Equation

3’

(A.10). Equation (A.ll) can be used to determine a value of relay

bushing displacement, x Then Equations (A.8), (A.5), (A.6) and (A.7)

a°

can be combined to obtain a value of X,. These latter equations com-

bine to give a nonlinear equation in x_., which has to be solved numer-

2

ically. The program uses the Secant method to reach a solution to
this equation and another nonlinear equation resulting from Equation

(A.3). With a value for x2 determined, Equation (A.2) can be used to

find the pressure P, and Equation (A.3) can be used to approximate Q4.

4
There then remains only to use Equation (A.l) to find the control oil
pressure, P

1
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A computer program was written based on the above sequence. The
program was used to obtain the steady-state values of all system varia-
bles. These values provided the initial values for the dynamic simu-
lation, as well as information to calculate the linearized coeffici-
ents in the linear simulation program. This program was also used to

*
find values of the feedback coefficients, o and x

37 by comparing the

calculated Xy V.S. Pl relation to the experimentally derived relations
in Figure 4. This calculation was done for a range of coefficients,
until a good match was obtained.

The program which follows consists of a main program and several
subroutines. Subroutine STSOLN incorporates the equations from App-
endix A, calling on FTABLE to interpolate in the load data table, and
ROOT to solve the nonlinear equations. The subroutine INPAR calculates
some parameters to be used in STSOLN, in order to make the implementa-
tion of the equations themselves simpler. Numerical values for the
system physical parameters are set by a BLOCK DATA subprogram.

This program was set up to be run interactively on the OSU time
sharing option, TSO, and was also developed with the future incorpo-

ration into the linear integration program in mind.
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APPENDIX D
LINEAR SYSTEM DYNAMIC SIMULATION PROGRAM

The following contains a brief description of the Fortran IV pro-
gram which was developed to simulate the linearized version of the
servo system model presented in Chapter III. A complete source list-
ing of the program is provided at the end of this Appendix.

This program employs a fourth-order Runge-Kutta integration algo-
rithm to obtain a numerical solution to the system of equations. The
system model is fourth order, and so four equations are needed to
calculate the time derivatives of the dynamic variables.

A main program sets the integration stepsize and final time, and
calls upon a routine INCOND to solve the steady-state equations for a

chosen initial position x INCOND uses other routines to perform

3°
the neccessary calculations, including FTABLE to interpolate in the
load data table and ROOT, which is a nonlinear algebraic equation

solver. ROOT has to be called upon to solve for x. and Q4, from

2
Equations (A.4) and (A.3) respectively. The steady-state solution for
all twelve variables is obtained from a user supplied value for Xq.
The function subprogram RUNGE is the actual integration routine.

It is called by the main program and it is entered five times for each

integration step. The main program also calls the subroutine DERFUN,

which supplies the neccessary values of the time derivatives at each
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time t. The algebraic and dynamic equations in DERFUN are implemented
using a set of parameters, K(i), from the subroutine PAR. Values of
the system physical parameters are initialized using a BLOCK DATA
subprogram.

The resulting dynamic simulation program is designed to be run
interactively, using a Tektronix graphics terminal; the output is dis-
played in graphical form. A subprogram QCKPLT, available in the Mech-
anical Engineering program library, is used to do the graphics,
including all scaling. The plotting subprogram prompts the user for
the variable he wishes to display, giving all the dynamic variables
as candidates for plotting.

The only input to the simulation program is the chosen steady-
state point Xq and then a few prompts regarding the output form.

Following is a source listing of the simulation program as it

was used when obtaining the results presented in Chapter III.
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APPENDIX E

THE DYSIMP COMPUTER MODEL OF THE SYSTEM

The statement of the problem solved by DYSIMP was discussed in
Chapter IV, along with the variable definitions applied to the servo
system model. Following is a more detailed discussion of how the model
was set up in Fortran IV code to accomodate the use of DYSIMP to solve
for the time response. Also contained in this Appendix is a source
listing of the code written for DYSIMP, which follows the conventions
introduced in section 4.2.

DYSIMP is set up as a processor which takes a certain kind of
Fortran code and builds up a continous program from it. It takes care
of invoking a Fortran compiler and the neccessary procedures for load-
ing and executing the whole program. The user need not supply more
than a minimum number of statements which define the mathematical
model to be solved. For a simple problem these statements would most
likely be confined totally within the subroutine DERFUN, which is call-
ed upon by DYSIMP to evaluate the time derivatives of the dynamic varia-
bles Y. DYSIMP takes care of defining the common areas needed and
other standard statements within the routines defined by DYSIMP. It
then depends on the complexity of the problem being solved, how much
additional code the user has to supply.

In every case, the subroutine DERFUN has to be supplied. 1In
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DERFUN, the values of the algebraic variables X(i) are first calcu-
lated based on the variable values from the previous time step, and
then the time derivatives of the dynamic variables are calculated,
using the X's and the parameters P(i).

A subroutine PAR, which is not a standard DYSIMP routine, was
supplied in order to calculate the various coefficients from the equa-
tions derived in section 2.2. DYSIMP provides for these coefficients
to be supplied as input, but this was not considered to be convenient
in the present case. This subroutine is invoked by the main program
before the integration routine DYS2S is called, in order to have all
the parameters defined before the time response calculations start.

Subroutine XVAL is a standard DYSIMP routine; the default version
consists only of a return statement. XVAL is called by DYSIMP before
DERFUN at the beginning of each time step, so it is suited for per-
forming calculations that are required once each time step. Therefore,
XVAL was chosen as the routine for solving for the flowrate Q4 from
Equation (2.3), which involves solving numerically a second-order alge=
braic equation in Q4. A Newton-Rapson algorithm was chosen to perform
these calculations.

Another subroutine, not standard for DYSIMP, was supplied to in-
terpolate in the load data table. This function routine, FTABLE, will
interpolate linearly between data points, in a table which is read
in by the subroutine PAR.

The DYSIMP data input defines the number of variables to be inte=-
grated NY, the number of parameters defined NP, and also the number

of algebraic variables defined NX. The data input also contains the



114

final integration time ENDTIM, the integration time step DELT, and the
initial conditions for the dynamic variables. The initial conditions
were obtained beforehand from the steady-state solution program de-
scribed in Appendix C. The data input also supplies instructions as to
the type of output generated by DYSIMP. All of this standard input is
read by DYSIMP input processing routines.

Following is a listing of the source Fortran code, along with the
JCL control language cards needed to run the job on the OSU IBM 370
computer. Also included are the control cards needed to have DYSIMP
load the tabulated output into a TSO data set for later plotting on

the Tektronix terminal.
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APPENDIX F

A PROGRAM FOR GRAPHIC REPRESENTATION
OF RESULTS FROM SIMULATIONS

In order to represent the results from DYSIMP in the same form as
those from the linear simulation program, a Fortran program was written
to plot them in Tektronix graphics. Following is a source listing of
this program. It will read in the results from a DYSIMP run, which
have been loaded into a TSO data set. It also will read in the results
from a linear simulation run, and give the user the option of compar-
ing the two on the same graph. It scales the two functions to be
plotted so that both will fit neatly onto the same graph, and writes
a few key parameter values of the system at the side of the plot. A
TSO data set containing these parameter values has to be available to
the program in 'Namelist form', and the program reads these values at
the beginning of each run. It gives the user the option of changing
any of these values to match those used in the particular case being
plotted.

This program makes use of the subroutine QCKPLT, which was avail-
able in the Mechanical Engingeering computer library. The program

listing follows.
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APPENDIX G

DERIVATION OF A TRANSFER FUNCTION FOR THE
COMPENSATED SYSTEM

The equations neccessary to describe the dynamic behavior of the
system with the pressure compensation are discussed in Chapter V.

The linearized equations are listed below.

A (AP)) =k, (A%,) (G.1)

AZ(AP4) = kz(Ax2 - Ax,) (G.2)

Mlax,) + ky(Bx) = AL (8P) (G.3)

8Q, = BQ, - BQ, (G.4)

00, = 00g + (U,/B) (BB, + A (bxy) + c (8B  (G.5)
89, - Mo, = AZ(A:::Z) (G.6)

493 = a,(ax, = Ax,) = by (AP,) (G.7)

AQ6 = az(AX4 - AXZ) + b2(AP3) (G.8)

AQS = a3(Ax2 - Axl) + b3(AP4) (G.9)
"(AP4)= a4(AQ4) (G.10)
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8. = a (AP, - OP) (G.11)
8Qg = v_/(k P8i)(Aé8) (G.12)
Ax4 = a(Ax3). (G.13)

Equations (G.l1ll) and (G.1l2) can be combined to obtain

By =1 - ———l—-——-aS(AP3) (G.14)
B.s + 1
7
where
Ua
B7 =
k Pg; 35
N
a = Trd7
5 - -
128uL7

Using the same parameter simplifications as in Appendix B and
combining the equations in a similar manner, the following expression

relating control pressure input and displacement output can be derived:

3
M + A +
B3B7M s + (B3B,7B4 + A N 2C2)S

[ 5 B.BgM B4BgM
A,
3 3

(B,C 37 A,

2
2 + A2C3)s + (B4C + A B6 - C5B7)s + B4B6 - CS:J (Ax3)

aszhy

k1

(a +a2)(B7 s + 1) (APl) (G.15)

1

where
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By = B,B, + agB_ + U./B

C, = B2M/A3 + A3B7 + B3k3B7

Cc, = k3BS/A3 + (al+a2)B7 + A3

C_ =B, a(a

5 1 +a2).

1
The system closed loop transfer function is of the form
Ax K(T_s + 1)
P

= . (G.16)
AP a s +a, s +a,s +a.s +a, s+ a




APPENDIX H
DYSIMP MODEL WITH THE COMPENSATION

In section 5.5 it was shown that only one equation has to be add-
ed to the set already implemented in DYSIMP to accomodate the added
compensation. Also, a small change needs to be made in the equation

for the time derivative of the pressure P It is desirable to be

3
able to choose whether or not the compensation is included in the mod-
el, and therefore some provision has to be made to allow this. Simply
setting the parameters of the compensation equal to zero would result
in division by zero in Equation (5.13). To overcome this difficulty,
a dynamic index DYN was introduced into the model; the value is preset
by the BLOCK DATA subprogram that already exists in the code. A

value of 1.0 will include the pressure compensation; any other value
will result in an uncompensated system model being simulated. The

implementation includes two sets of equations for P_ and P one for

3 8’
uncompensated system and the other for the system with compensation.

A source listing of the program as it was run follows.
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