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CHAPTER I 

INTRODUCTION 

Background 

Electrohydraulic servosystems are used in many controls appli-

cations requiring position control with fast dynamic response and 

high stiffness. Such servosystems basically consist of a servoamp-

lifier, servovalve, actuator, transmission lines to connect the servo-

valve and actuator, and a feedback mechanism to produce a position 

type system as Figure 1 illustrates. 

POSITION 
TRANSDUCER 

X_V 

SERVO 
AMPLIFIER 

LOAD 

F 
M 

Figure 1. Schematic Diagram of Electrohydraulic Position 
Control Servosystem 
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Three important criteria used to define servosystem performance 

are speed of response, degree of stability, and static stiffness. 

Speed of response and degree of stability are dynamic performance 

measures which can be characterized by the system rise time and set-. 

tling time respectively, assuming a time-domain step input to the 

system. Static stiffness is a direct function of the loop gain. 

2 

Servosystem designers of ten compromise on one or more of the 

performance criteria in order to obtain acceptable system performance. 

It is not unusual for electrohydraulic servosystems to be lightly 

damped. As the servosystem loop gain is increased to meet the static 

stiffness performance criterion, the speed of response improves as 

well but this occurs at the expense of degree of stability. Often, 

instability results for the system loop gains which are high enough to 

provide adequate static stiffness. 

Electrohydraulic servovalves used in a position control system 

typically have minimum radial clearance and underlap or overlap. 

These servovalves operate near the origin of the steady-state valve 

characteristics (pressure-flow-displacement curves) when there is no 

external load force applied to the system actuator. Near the origin 

of the steady-state valve characteristics, the slope of the curves is 

essentially zero. This slope is an important factor which influences 

the damping or degree of stability of the servosystem; for low values 

of slope, low damping results unless damping is provided by other 

means. Typical valve characteristics are shown in Figure 2. 

Various means of damping enhancement such as valve spool under

lap, actuator by-pass leakage, and pressure feedback have been devised 

to obtain better dynamic performance. The greater the valve underlap, 



by-pass leakage, or pressure feedback, the steeper the effective 

slopes of the valve characteristic curves in the vicinity of the 

origin: a greater damping results. An example of the influence of 

valve underlap on the characteristic curves is shown in Figure 3. 

For all realizable values of pressure, flow, and displacement, the 

curves have a non-zero slope. For operation near the origin of the 

valve characteristic curves, the system damping is greater than in 

the case of a valve with minimum underlap. 
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Figure 2. Steady-State Valve Charac
teristics, Zero-Lap Valve 
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The introduction of damping enhancement in the system improves 

4 

. -

the degree of stability but of ten compromises other performance meas-

ures. Spool underlap is a simple means of enhancing damping, but it 

results in quiescent power loss. Flow passes through the system re-

gardless of demand. Actuator by-pass leakage enhances damping also, 

but at the expense of reduction in power delivered to the load. Addi-

tion of external load damping results in the same effect. Pressure 

feedback produces enhanced damping without quiescent power loss. A 

loss of static stiffness results with the implementation of any of the 

above damping enhancement methods. 

Advancements have been made in electrohydraulic servosystem 

performance through the utilization of dynamic pressure feedback. 
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Realizable increases in performance can be produced with dynamic pres

sure feedback if the resulting complexity can be accepted. The appeal

ing feature of dynamic pressure feedback is that it is active only 

during the transient period when damping is required. Feedback is 

attenuated or non-existant during steady-state operation. Thus, static 

stiffness is not affected but stability is enhanced. Dynamic pressure 

feedback is functionally a high pass filter. 

Moog, Inc., has done much work with electrohydraulic servosystem 

design as documented by Geyer (5). Measured frequency responses for 

electrohydraulic position control systems with and without damping en

hancement are shown in Figures 4 through 7. In all four systems, the 

amplifier gain was set to achieve a peak amplitude ratio of 1.25 

(±2 db). In the last three cases additional damping was introduced to 

produce an equivalent load damping ratio of 0.6. Static stiffness for 

those four systems was measured by applying an external force and 

measuring the load deflection. A summary of results from the tests 

can be found in Table I. The servosystem which utilized dynamic pres

sure feedback produced the best dynamic and static performance. 

Limited information is available in the open literature concern

ing the optimum design of systems with dynamic pressure feedback. 

Geyer (5) discussed static stiffness determination through loop gain 

adjustment and suggested setting the dynamic pressure feedback element 

time constant such that the corner frequency is about one-third the 

actuator-load natural frequency. Morse (9) recommended setting the 

corner frequency of the feedback element about a decade below the 

actuator-load natural frequency. An objective of this thesis was to 

develop a logical procedure for selecting the time constant. 
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TABLE I 

VARIOUS POSITION SERVOS PERFORMANCE COMPARISON 

Servo Bandwidth (±2db) 90° Phase Lag Static Load . 
Configuration hz hz Stiffness 

lbf/in 

Flow Control 0 .15 0.37 9,000 Servovalve 

Flow Control 
Servovalve With 8.8 5.0 5,100 
Bypass Orifice 

PQ Servovalve 8.8 5.0 2,500 

DPF Servovalve 9.2 5.0 60,000 

Problem Statement and Scope of Study 

Through the course of this study it was assumed that the basic 

electrohydraulic position control servosystem had already been de-

signed and the only parameter of that servosystem which remained un-

determined was the loop gain. Further, it was assumed that the system 

was lightly damped such that when the loop gain was increased to pro-

vide adequate static stiffness, the system transient response was too 

oscillatory to be useful. 

The problem was to develop a logical procedure for synthesizing 

a dynamic pressure feedback network for compensating a lightly damped, 

electrohydraulic position control servosystem. The synthesis required 

the determination of the servosystem loop gain as well as the feedback 

network time constant and gain such that the three important perform-

ance criteria, static stiffness, speed of response, and degree of 



stability, were satisfied. 

The scope of this study included: 

1. Derivation of a mathematical model of the existing servo

system. Due to the nature of the physical processes in

volved, the model includes non-linear and linear algebraic 

and differential equations. 

2. Computer simulation of the basic servosystem utilizing the 

non-linear mathematical model. The model was structured 

such that the user could add mechanical and electrical 

pressure feedback as well as mechanical and electrical 

dynamic pressure feedback. 

9 

3. Computer simulation of the basic system utilizing a linear

ized mathematical model. This model was structured such that 

the user could add mechanical and electrical pressure feed

back as well as mechanical and electrical dynamic pressure 

feedback. 

4. Validation of the models via laboratory measurements. An 

actual system was available in the School of Mechanical and 

Aerospace Engineering Systems Laboratory. 

5. Development of a procedure to synthesize a dynamic pressure 

feedback network to enhance the damping of a lightly damped, 

electrohydraulic, position control servosystem. 

Summary 

A synthesis technique was developed to add dynamic pressure 

feedback to a lightly damped, electrohydraulic position control servo

system. In this technique the static stiffness is first satisfied and 
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then the pressure feedback gain and time constant of the dynamic pres

sure feedback element are sized to satisfy the dynamic performance 

criteria. It is assumed that the parameters required can be achieved 

in actual hardware; otherwise design compromises have to be made. 

The synthesis procedure is sequential. At each step of the syn

thesis procedure, results are compared with design specifications. If 

the specifications cannot be satisfied, design compromises must be 

made. The steps in the procedure are: 

1. The loop gain is determined such that the static stiffness 

performance criterion is satisfied. 

2. The pressure feedback gain is determined to provide the max

imum degree of stability for the system (this performance 

measure is characterized by the transient response settling 

time). For reasons explained in Chapter III, the feedback 

element time constant is set to infinity for this determina

tion. 

3. The time constant is reduced from infinity until the response 

settling time is equal to the maximum allowable value. Eval

uate the transient speed of response (performance measure 

characterized by response rise time). 

The feedback element corner frequency (reciprocal of time con

stant) range of one-third to one-tenth the actuator-load open-loop 

natural frequency suggested by Geyer (5) and Morse (9) did not have 

any particular significance in the above procedure. It appears that 

the time constant range could be attributed to practical limitations 

of hardware implementation using a mechanical, dynamic pressure feed

back network. 



CHAPTER II 

MODEL FORMULATION 

Modelling Assumptions 

A system model can become unduly complex unless simplifying as

sumptions are made which eliminate higher order effects. Care must 

be exercised in making assumptions so that a loss of pertinent infor

mation does not occur. The assumptions employ~d in developing the 

models are: 

1. The valve is symmetrical with no underlap or overlap. 

2. The steady-state orifice equation holds for each orifice and 

all discharge coefficients are constant and equal. 

3. All connecting passages are short in length and large in di-

ameter, i.e., resistance and 11 transmission line" effects are 

negligble. 

4. The supply and exhaust pressures are constant. 

5. The temperature, viscosity, and bulk modulus of the fluid are 

constant. 

6. The change of fluid density is small compared to the density 

of the fluid itself. The time rate of change in density is 

not negligble, i.e., compressibility effects are important. 

7. Static equations describe the torquemotor and mechanical high 

pass filter because their dynamics are of high enough order 

to be considered insignificant. 

11 
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8. The steady-state flow force jet angle is assumed to be con-

stant. 

System Equations 

Five electrohydraulic servosystem models are developed in this 

section. All five models describe the same basic servosystem. One 

model incorporates no means of damping enhancement. The other four 

models incorporate damping enhancement via pressure or dynamic pres-

sure feedback. The basic servosystem is described first since it is 

the basis for the remaining models. The additions and changes to the 

basic system equations required.to describe the other four models are 

documented separately. Terms used in describing equations can be ref-

erenced in the section titled "Nomenclature". 

Basic Servosystem 

A schematic diagram of the basic servosystem is shown in Figure 8. 

The describing equations are as follows: 

Servoamplifier error signal: 

II = I - K •8 
F 

Pilot stage flapper-nozzle valve force: 

Cantilever spring force: 

F = K • (X - Y) s 3 

Torquemotor force: 

F = K •II - K •X 
T 1 2 

(2. 1) 

(2.2) 

(2.3) 

(2. 4) 
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Flapper-nozzle valve orifice flow rates: 

2 ~ k Q = 0 25•1T•D •C •(2/()) •(P - p ) 2 
D ' 3 D S 4 

Spool end chamber continuity: 

_dP_3 = __ S _(QA - QC dY) 

dt (YO + Y) AE dt 

_dP_4 = __ S _( QD - QF + dY) 

dt (YO - Y) AE dt 

Spool valve flow rates for X > 0: 

Spool valve flow rates for X < 0: 

Actuator chamber continuity: 

d8 
- D •- -

M dt 

14 

(2. 5) 

(2. 6) 

(2. 7) 

(2.8) 

(2.9) 

(2.10) 

(2. 11) 

(2.12) 

(2.13) 

(2. 14) 

(2.15) 

(2.16) 
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Viscous damping force: 

rr•µ•D 2 ·LD dY 
----·- (2.17) 

Steady-state flow forces on the valve spool: 

(2.18) 

(2.19) 

Unsteady flow forces on the valve spool for x > 0: 

k 12 dY 1 _ p )]-12 dPl FUSl = p2LCDTID2{[2(PS - P ) ) •- - -•Y [ 2 (P (2.20) 1 dt 2 s 1 ·-} 
dt 

k p ))12.dY + l_Y[2(P -12 dP2 
FUS2 = -p 2LCDrrD 2{[2(P2 - - PE)] •--} (2.21) E dt 2 2 

dt 

Unsteady flow forces on the valve spool for x < 0: 

],,; 
- p ))12.dY + l_Y[2(P _ p )]-12 dPl 

FUSl = -p 2LCDrrD2 {[2 (Pl (2.22) E dt 2 1 E •-} 
dt 

],,; Yz dY 1 _ p )-12 dP 2 FUS2 = p 2LCDrrD2 { [2 (PS - P ) ] •- - -Y [ 2 (P (2.23) 2 dt 2 s 2 ·-} 
dt 

Valve spool force balance: 

Servoactuator torque balance: 

a2e d8 
J•- = (1 - C )•P •D - (C •D •µ + Visd)•-

d t 2 F M M DM M d t 
(2.25) 

Basic Servosystem With Mechanical Pressu.re 

Feedback 

A schematic diagram of the basic servosystem with mechanical 

pressure feedback is shown in Figure 9. The system model is 
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identical to that of the basic servosystem except for the pressure 

feedback effect. Equation (2.24) must be modified to include the 

load differential pressure, PM, acting on the valve spool force bal-

ance as follows: 

Equations (2.1) through (2.25), excepting (2.24), remained unchanged 

to describe the servosystem with mechanical pressure feedback. 

Basic Servosystem With Electrical Pressure 

Feedback 

Equations (2.2) through (2.2~) are utilized to describe the ser-

vosystem with electrical pressure feedback. The error signal to the 

amplifier, equation (2.1), must be modified to include an error term 

proportional to the load differential pressure. The modified equa-

tion is as follows: 

(2.la) 

A schematic diagram showing the servosystem with electrical pressure 

feedback is shown in Figure 10. 

Basic Servosystem With Mechanical Dynamic 

Pressure Feedback 

Ih this case, a "mechanical" high pass filter is added to the 

basic servosystem as shown schematically in Figure 11. Equations 

(2.1) through (2.25) are used for this system alteration. 

Mechanical dynamic pressure feedback results in the addition of 

another force on the flapper as follows: 
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(2. 26) 

Five additional equations must be added to the basic servosystem 

model in order to describe the filter. The flow rates into and out 

of the mechanical high pass filter are described by 

(2.27) 

(2.28) 

The velocity of the filter piston is 

dZ QH -Q J 
=- = --dt AP AP 

(2.29) 

The force balance on the filter piston 
dZ 

0 for - > is 
dt 

P •AP = P •AG -6 M 2•K •z 
4 

(2.30) 

The force balance on the filter piston 
dZ 

for dt < 0 is 

p •AP 
5 

= 2•K •z 
4 

- P •AG M 
(2.31) 

Basic Servosystem With Electrical Dynamic 

Pressure Feedback 

A schematic diagram of the servosystem compensated with elec-

trical dynamic pressure feedback is shown in Figure 12. Equations 

(2.2) through (2.25) are used to describe this system. The error sig-

nal to the servoamplifier must be altered to include an additional 

term. This term is proportional to the feedback passed through the 

filter. The modified error signal is 

(2.lb) 

An additional equation required to describe the electrical high 
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pass filter is 

e-t/T
0
dPM 

dt 

Linearized Equations 

22 

(2.32) 

Non-linear system synthesis is not a well established discipline. 

Most control system synthesis techniques are based on linear system 

concepts. The synthesis procedure developed in Chapter III is based 

on a linear system model. 

The linearized equations which describe each of the five models 

are presented separately below. The method used to obtain the linear-

ized equations about the operating point as well as the definition of 

each linearization constant can be found in Appendix A. 

Basic Servosystem 

Servoamplifier error signal: 

II = I + C •8 
1 

Pilot stage flapper-nozzle valve force: 

Cantilever spring force: 

~orquemotor force: 

F = K •II - K •X 
T 1 2 

Flapper-nozzle valve orifice flow rates: 

(2.33) 

(2.34) 

(2.35) 

(2.36) 

(2. 37) 
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(2.38) 

(2.39) 

(2.40) 

Spool end chamber continuity: 

(2.41) 

(2.42) 

Spool valve flow rate: 

(2.43) 

Actuator chamber continuity: 

(2.44) 

(2.45) 

Viscous damping force: 

(2.46) 

Steady-state flow forces on the valve spool: 

(2.47) 

(2.48) 

In a well designed valve the unsteady flow forces effectively 

·can.eel one another. The valve utilized in this study was so de-

signed. To avoid additional complication in the linearized model the 

unsteady flow forces were omitted. 

Valve spool force balance: 

(2.49) 

Servoactuator torque balance: 

(2.50) 
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Basic Servosystem With Mechanical Pressure 

Feedback 

The linear system utilizes equations (2.33) through (2.50) 

except that equation (2.49) must be modified to include the load dif-

ferential pressure in the valve spool force balance. The modified 

force balance is 

(2.49a) 

Basic Servosystem With Electrical Pressure 

Feedback 

Equations (2.34) through (2.35) are employed in the linear 

electrical pressure feedback system model. The error signal to the 

amplifier, equation (2.33), must be modified to include the pressure 

feedback effect. The modified error equation is 

II = I + C •8 + C •p 1 31 M (2.33a) 

Basic Servosystem With Mechanical Dynamic 

Pressure Feedback 

When the "mechanical" high pass filter is added to the servosys-

tern equations (2.33) through (2.50) which describe the basic servo-

system remain unchanged. The following equations must be included 

for the mechanical dynamic pressure feedback system model: 

The additional force on the flapper is 

(2.51) 

The flow rates into and out of the mechanical dynamic high pass 



filter are 

The velocity of the filter piston is 

QH 
sZ = -

AP 

-Q J 
AP 

dZ The force balance on the filter piston for - > O is 
dt 

P •AP= 2"K •z - P •AG 
5 4 M 

dZ The force balance on the filter piston for ~ < 0 is 
dt 

p •AP 
6 

P "AG - 2"K •z M 4 

Basic Servosystem With Electrical Dynamic 

Pressure Feedback 
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(2.52) 

(2.53) 

(2.54) 

(2.55) 

(2.56) 

Equations (2.34) through (2.50) are used to describe the linear 

system model which incorporated electrical dynamic pressure feedback. 

Equation (2.33) must be modified to include a term proportional to the 

signal passed through the high pass filter. The modified error equa-

tion is 

(2.33b) 

The signal passed through the high pass filter is 

(2.57) 

Simulation Models 

The equations which describe the five servosystem models simplify 
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when advantage is taken of the system symmetry and the equations are 

linearized about the origin of the valve characteristic curves. When 

the simplified equations which describe the basic servosystem with or 

without pressure feedback were combined, an eighth-order, closed-loop 

transfer function was formed. Equations which describe the dynamic 

pressure feedback system were combined to produce a ninth-order trans-

fer function. These models were used to observe the system transient 

response. The linear simulation program presented in Appendix C in-

corporates these transfer functions. 

Model Used in Feedback Network synthesis 

One additional assumption was made to produce the procedure out-

lined in Chapter III to synthesize the dynamic pressure feedback net-

work to enhance system damping. That assumption was that the dynamics 

of the servovalve are insignificant compared to other system dynamics. 

The servovalve could thus be treated as a static gain. The valve gain 

was obtained by combining equations (2.34) through (2.42) and equa-

tions (2.47) through (2.49) with the dynamic terms set equal to zero. 

Important actuator and load dynamics include fluid compressibil-

ity and load inertia. These dynamics produce a third-order model to 

describe the basic closed-loop servosystem. The addition of pressure 

feedback does not change the order of the system model. The transfer 

function for either case is of the following form: 

e 
I 

(2.58) 

Dynamic pressure feedback provided by means of a high-pass filter in-

creases the order of the closed-loop system model to four. The 
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transfer function is of the following form: 

e K•(Ts + 1) 

4 3 2 (2.59) 
I a4 s + a3s + a2s +ala+ ao 

Definitions of the constants in equations (2.58) and (2.59) for the 

three system types are given in Appendix D. Block diagrams for the 

three system types are shown in Figures 13 through 15. For equations 

(2.58) and (2.59) the input torque, TL' is set equal to zero. 

Static Stiffness Determination 

System static stiffness was one of the important performance 

criteria addressed by this study. Referring to Figures 13 through 15, 

the static stiffness is determined by calculating the steady-state 

actuator deflection, 888 , for a given input torque, TL' and for I=O. 

The static stiffness for the systems studied can be calculated 

using the following equation: 

(2. 60) 

For systems which employ only the basic servosystem or the basic 

servosystem with dynamic pressure feedback, ~ is equal to zero. 

Experimental Validation of Mathematical Models 

~he mathematical models presented in this chapter were derived 

for an actual servosystem. Both the non-linear and linear models 

were simulated on an IBM 3081D computer using the simulation package 

CSM.P-360 (Continuous System Modelling Program). Program listings of 

the non-linear and linear model simulations can be found in Appendices 
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B and C, respectively. 

Without an experimental validation, it remains questionable 

whether or not the mathematical models adequately describe the posi

tional response of the system to a step input. Further, the initial . 

premise that a linear system approximation can adequately describe 

the non-linear system remains in question. Both of these questions 

were answered by comparing measured systems results with the simu

lation predictions. 

A schematic diagram of the test set-up for the experimental 

study is shown in Figure 16. An electronic function generator was 

used to provide a time-domain step input to the system. The posi

tional response was measured with a strip-chart recorder. No exter

nal load torque was introduced into the system. 

Data from the experiment was transferred to a computer data set 

so that measured results could be plotted directly against simulation 

results. Figure 17 shows a comparison of the measured results and the 

computer simulations for the basic servosystem with no additional 

means of damping enhancement. These results indicate that the linear 

model is adequate within the range of variables considered. 

Comparison of Damping Enhancement Via Pressure 

and Dynamic Pressure Feedback 

The basic premise here and throughout this thesis is as follows: 

(1) an electrohydraulic position control system has been selected for 

a given application, (2) all static parameters have been selected ex

cept the loop gain, and (3) the open-loop system is so lightly damped 

that some means of damping enhancement is required. The problem is to 
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finalize the design of the system so that it will meet defined static 

stiffness and dynamic response requirements. 

To demonstrate the benefits of dynamic pressure feedback two com

parisons are presented. Transient system responses for each compari...:· 

son are shown in Figures 18 and 19. Tables II and III contain system 

performance measurements for the comparisons shown in Figures 18 and 

19, respectively. System parameters utilized in making these compar

isons can be found in Appeµdix F. 

The first comparison (see Figure 18) shows the effect on system 

transient response as one parameter at a time is varied to add a dy

namic pressure feedback network to a lightly damped servosystem. For 

illustration purposes the servoamplifier gain was fixed to provide a 

specified static stiffness for the basic servosystem as shown in Table 

II. A low degree of stability often results in the achievement of 

that static stiffness. Pressure feedback was added to the system 

without changing the servoamplifier gain; the degree of stability im

proved but the calculated static stiffness decreased considerably. A 

high pass filter was then placed in the system pressure feedback loop 

making the pressure feedback dynamic pressure feedback. Static stiff

ness returned to the level of the basic servosystem without damping 

enhancement with an improved degree of stability. 

The second comparison was made among the same three system types 

discussed above. The comparison was based on each system producing a 

fifteen percent peak overshoot. Transient response for these systems 

can be seen in Figure 19 and Table III shows the system performance 

measurements. 

In this case the dynamic pressure feedback system was able to 
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System 
Type 

Basic 

Pressure 
Feedback 

Dynamic 
Pressure 
Feedback 

System 
Type 

Basic 

Pressur'e 
Feedback 

Dynamic 
Pressure 
Feedback 

TABLE II 

COMPARISON OF DYNAMIC PRESSURE FEEDBACK, 
PRESSURE FEEDBACK, AND BASIC SERVO

SYSTEMS AS ONE PARAMETER 
IS VARIED AT A TIME 

Servoamplifier Pressure Time Static 
Gain Feedback Constant Stiffness 

ma/volt volts/psi seconds in lbf/rad 

0.450 ------ 337 

0.450 3.5 x 10-2 00 0.34 

0.450 3.5 x 10-2 0.5 337 

TABLE III 

COMPARISON OF DYNAMIC PRESSURE FEEDBACK, 
PRESSURE FEEDBACK, AND BASIC SERVO

SYSTEMS WITH 15% PEAK OVERSHOOT 

Servoamplifier Pressure Time Static 
Gain Feedback Constant Stiffness 

ma/volt volts/psi seconds in lbf /rad 

0.130 ------ 97 

0.450 3.5 x 10-2 00 0.34 

0.208 3.5 x 10-2 0.5 156 
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Settling Rise 
Time Time 

seconds seconds 

>>0.65 0.037 

0.40 0.132 

0.49 0.118 

Settling Rise 
Time Time 

seconds seconds 

0.60 0.063 

0.40 0 .132 

0.55 0.132 
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have a higher static stiffness and degree of stability than the basic 

servosystem with no damping enhancement. Pressure feedback produced 

an improved degree of stability compared to either dynamic pressure 

feedback or no feedback, but with inferior static stiffness. 

In both comparisons it has been shown that a system which uti

lizes dynamic pressure feedback can provide a static stiffness at 

least as good as the basic servosystem with a higher degree of sta

bility. A system with dynamic pressure feedback produces a higher 

static stiffness than a system with pressure feedback. Degree of sta

bility decreases slightly with the addition of the high pass filter 

to the pressure feedback loop. 



CHAPTER III 

PROCEDURE FOR DYNAMIC PRESSURE FEEDBACK 

NETWORK PARAMETER DETERMINATION 

Definition of Problem Class 

It is assumed that the basic electrohydraulic position control 

system has been designed to meet all static performance requirements 

except stiffness. Further, it is assumed that the open-loop servo

system is lightly damped and that an increase in the loop gain to 

satisfy the system static stiffness requirement results in an unsat

isfactory closed-loop dynamic performance. Finally, it is assumed 

that damping enhancement to improve the closed-loop dynamic perform

ance is to be achieved using dynamic pressure feedback. 

Assumptions to Outline Synthesis Procedure 

To outline the synthesis procedure, the following assumptions 

were made: 

1. The static stiffness requirement can be decoupled from the 

dynamic performance requirements. 

2. The system maximum degree of stability occurs with an infi

nite feedback network time constant. 

3. For a given loop gain, there is an optimum value of pressure 

feedback gain which provides the maximum degree of stability 

39 
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(minimum settling time). 

4. The pressure feedback gain which provides the maximum degree 

of stability for an infinite time constant also provides a 

near optimum degree of stability for a different time con

stant. 

5. The loop gain required to provide the desired level of static 

stiffness is attainable. 

6. The required pressure feedback gain is attainable. 

7. The required dynamic pressure feedback network time constant 

is attainable. 

Maximum Degree of Sta~ility Criterion - A Proof 

The root locus and root contour concepts underlie the assumptions 

concerning the maximum degree of stability. A root locus can be 

plotted for the model of the system as loop gain is increased from 

zero to infinity. The closed-loop poles for a given loop gain are ob

served as a particular set of points on the locus. All system param

eters not contributing to the loop gain are fixed at some nominal 

value. 

When a parameter other than loop gain is of interest, a separate 

root locus can be drawn for each constant value of that parameter. 

Another way to observe the effect of parameters other than loop gain 

on the closed-loop poles is through a root contour. The effect of a 

parameter, for example pressure feedback gain, on the closed-loop 

poles can be observed if another closed-loop transfer function is de

fined which has the same characteristic equation as the original sys

tem. Refer to equation (2.59). The parameter of interest,~ in this 
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case, must replace loop gain in the transfer function open-loop gain 

position. The new system has the same stability properties as the 

original system since the same characteristic equation is used; thus, 

the eigenvalues are the same as well. Rules for constructing the root· 

contour are the same as those employed in constructing the root lo-

cus (12). 

The new closed-loop transfer function for the dynamic pressure 

feedback system with pressure feedback gain in the open-loop gain po-

sition is 

1 + GHNEW (3. 1) 

The new open-loop transfer function is thus 

(3.2) 

Definitions of the constants in Equations (3.1) and (3.2) are given 

in Appendix D. 

Figures 20 through 22 each show a root contour drawn with pres-

sure feedback gain as the adjustable parameter. Three pressure feed-

back network time constants are considered: infinity, 1.0 second, 

and 0.2 seconds. These particular time constants were chosen because 

they are in the vicinity of practical interest for the system under 

study. These figures were drawn from information obtained in the so-

lution of the example problem in Chapter IV. Initial pole locations 

for the root contours (denoted by "X" in Figures 20 through 22) were 

established by setting the loop gain for the basic servosystem with 
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with no damping enhancement to provide adequate static stiffness. 

The uncompensated system is clearly unstable. 
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The degree of stability, which is characterized by the transient 

settling time, is a direct function of the real component of each 

closed loop pole, particularly the dominant complex conjugate pole 

pair. There is a maximum degree of stability when the dominant com

plex pair of poles move to their furthermost point in the left half 

s-plane. A comparison of the three root contours shows that the com

plex conjugate pair move furthermost to the left with an infinite 

time constant. As the time constant decreases from infinity, the 

minimum settling time possible increases. 

There is a unique value of pressure feedback gain which produces 

the minimum settling time in a system with an infinite feedback net

work time constant. The pressure feedback gain which provides the 

minimum settling time for a system with a time constant other than in

finity is not the same value. However, calculated results in Table IV 

show that the effect on the degree of stability is small if the pres

sure feedback gain which provides minimum settling time for an infi

nite time constant is used when a different time constant is employed. 

Dynamic Pressure Feedback Network 

Synthesis Procedure 

The synthesis procedure is presented in the flow chart of Figure 

23. The designer must first determine if the system performance cri

teria can be satisfied with no damping enhancement or with pressure 

feedback alone. These steps have been included in the synthesis pro

cedure. 
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Once the need for dynamic pressure feedback has been established, 

the designer can use the computer program in Appendix E to make the 

necessary calculations for the dynamic pressure feedback network pa

rameters. A discussion of how the dynamic pressure feedback synthesis

was incorporated into the computer program can be found in the follow

ing section. 

Dynamic Pressure Feedback Synthesis 

Implementation 

For the system with dynamic pressure feedback, the loop gain re

quired to satisfy the system static stiffness performance criterion 

can be determined by direct computation; but such is not the case for 

the parameters affecting the system dynamic performance. Near opti

mum values of pressure feedback gain and network time constant can be 

calculated using an optimization program. The optimization routine 

STEPIT from the Oklahoma State University WATFIV FORTRAN computer li

brary was used in this study. 

A computer program was developed to supply STEPIT with the per

tinent information on system description and specifications. Further, 

the computer program evaluates the minimization function required by 

STEPIT to determine how a parameter should be adjusted. System param

eters are entered into the computer program via DATA statements. More 

information on the main program and the associated subroutines which 

comprise the computer program and how they work with STEPIT can be 

found in Appendix E. 

A minimum of two executions of the computer program are required 

in the synthesis process. The first execution calculates the minimum 
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servoamplifier gain required to produce the desired static stiffness. 

The static stiffness is a function of the system loop gain. For this 

system the servoamplifier gain, position feedback gain, servoactuator 

volumetric displacement, and valve flow gain comprise the system pa-.· .. 

rameters in the loop gain. It is assumed that the servoactuator vol-

umetric displacement, the valve flow gain, and the position feedback 

gain were all predetermined when the basic servosystem was designed. 

Since the loop gain is a simple product of the parameters which 

comprise the loop, a change can be made in the servoamplifier and po-

sition gains as long as their product remains constant. The first 

execution of the computer program should be redone if the position 

feedback gain is altered from the value initially supplied. 

The equation required to calculate the servoamplifier gain is 

l9._ • K_ •K • (1 - C ) •D 
(jy --v F F M 

(3.3) 

The parameters in equation (3.3) are defined in the Nomenclature. 

Equation (3.3) is derived from equation (2.60). 

During the first execution of STEPIT, the third-order transfer 

function system model for a pressure feedback system, equation (2.58), 

i.e., the dynamic pressure feedback model with an infinite time con-

stant, is utilized. The servoamplifier gain, KA, and pressure feed-

back ~ain, ~· are allowed to vary in order to determine the pressure 

feedback gain which produces the maximum degree of stabili:ty. The 

servoamplifier gain is not allowed to fall below the value calculated 

with equation (3.3) in order for the static stiffness requirement to 

be met. The initial value of the servoamplifier gain utilized is that 
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value calculated with equation (3.3). The initial value of pressure 

feedback gain is user supplied. 

During the first execution of the program, STEPIT determines the 

pressure feedback gain necessary to minimize the settling time. The 

function which STEPIT attempts to minimize is the settling time. 

This first program execution requires some information to be 

user supplied. The information is entered into the computer via four 

statements. 

(1) The required static stiffness is entered with the statement: 

STIFF = AAA.A , (3.4) 

where AAA.A is the desired static stiffness. 

(2) The third-order pressure feedback model is selected for the 

first program execution by setting the following internal 

flag in the program: 

SET = 3.0 (3.5) 

(3) The initial value of the pressure feedback gain is supplied 

with the statement: 

X(2) = BBB.B , (3.6) 

where BBB.B is the initial pressure feedback gain supplied 

by the user. 

(4) The minimization function for STEPIT to determine the pres

sure feedback gain necessary to provide the minimum settling 

time is the statement: 

FOBJ = TSET (3.7) 

The program is submitted and the information returned includes 

static stiffness obtained, servoamplifier gain, position feedback 

gain, rise time, and settling time. If the servoamplifier gain is not 
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would not be applicable. 

53 

The second execution of the program utilizes the dynamic pressure 

feedback system model. The servoamplifier gain, position feedback 

gain, and pressure feedback gain are fixed at the values returned by 

the first execution. Only the time constant is allowed to decrease 

from infinity such that the transient settling time can increase to 

its maximum allowable level. This is so the system will have the 

stiffness not achieveable with pressure feedback. 

The function for STEPIT to minimize is changed for the second 

execution. The function must have its minimum value when the dif

ference between the transient settling time and the maximum allowable 

settling time is zero. 

The computer statements utilized in the second execution of the 

program follow. The internal program flag which sets up the fourth

order transfer function model, equation (2.59), for the dynamic pres

sure feedback system is 

SET = 5.0 (3.8) 

The servoamplif ier and pressure feedback gains returned by the 

first execution are supplied to the second run with the following 

statements: 

X(l) 

X(2) 

ccc.c 

DDD.D 

(3.9) 

(3.10) 

where CCC.C and DDD.D are servoamplifier and pressure feedback gains, 

respectively. 

To prevent KA and ~ from changing values, the following computer 

statements are inserted as an indicator to STEPIT that they are not 
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to be varied: 

MASK(l) 

MASK(2) 

1 

1 

(3.11) 

(3 .12) 

The initial value of time constant is user entered with the 

statement 

X(3) EEE.E , (3.13) 

where EEE.E is the time constant initial value. 

The maximum allowable settling time for the transient response 

is entered with the following statement: 

DSET = FFF.F , (3.14) 

where FFF.F is the maximum allowable settling time. 

The minimization function for the second program execution is a 

minimum when its value equals zero. The statement is 

FOBJ = DABS(TSET - DSET) (3.15) 

The program is again submitted and the pertinent information 

returned includes feedback network time constant, rise time, and 

settling time. 

It appears that the time constant range suggested by Geyer (5) 

and Morse (9) may be related to the practical implementation of the 

time constant in hardware. Such a consideration was not incorporated 

within the computer algorithm used for the synthesis in this thesis. 



CHAPTER IV 

APPLICATION OF THE SYNTHESIS 

PROCEDURE - AN EXAMPLE 

Problem Statement 

The system considered is a lightly damped, electrohydraulic, 

position control servosystem. The requirements and specifications 

for the example are as follows: 

Minimum static stiffness: 1,000 in lbf/rad 

Maximum settling time: 0.625 seconds 

Maximum rise time: 0.055 seconds 

Position feedback gain: 2 volts/rad 

Step input to the system: 1.5 volts 

Actuator-load open-loop natural frequency: 23.0 rad/seconds 

Actuator-load open-loop damping ratio: 0.3 

The remaining parameters except servoamplif ier gain are the same as 

used for the system simulation (see Chapter II) and are given in 

Appendix F. The servoamplifier gain has not been determined. 

The static stiffness is a function of the system loop gain. For 

this system the servoamplifier gain, position feedback gain, servo

actuator volumetric displacement, and valve flow gain comprise the 

system elements in the loop gain. System specifications fixed the 

position feedback gain. For the basic servosystem with no damping 
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enhancement, the static stiffness must be obtained through the 

adjustment of the servoamplifier gain. 

The basic servosystem servoamplifier gain required to maintain 

static stiffness is calculated with equation (3.3). For the basic 

servosystem, an amplifier gain of 0.667 ma/volt is required to main-

tain 1,000 in lbf/rad static stiffness. This gain produces a system 

which is unstable. The transient response for this system is shown 

in Figure 24. 

Pressure feedback can be added to the system to improve the dy-

namic performance. To calculate the static stiffness for the system 

which employs pressure feedback, the equation used is 

(4.1) 

Figure 25 shows a plot of static stiffness versus pressure feed-

back gain for different values of servoamplifier gain. When the am-

plifier gain is increased from 0.667 ma/volt, the pressure feedback 

gain required to maintain the required static stiffness can be deter-

mined with equation (4.1). 

If 1,000 in lbf/rad stiffness is maintained as shown in Figure 

25 and the servoamplifier gain is increased, the servoamplifier gain 

increases at a rate greater than the pressure feedback gain. The 

result ~s that the system is initially unstable and the degree of 

stability monotonically decreases. The poles of the transfer function 

move toward positive infinity. Pressure feedback will not suffice to 

satisfy both the static stiffness and degree of stability criteria. 

Some means of damping enhancement is required to meet the static 
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Figure 24. Transient Response of System With No Damping 
Enhancement, KA= 0.667 ma/volt, KF = 2 
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Figure 25. Plot of Static Stiffness Versus Pressure Feedback 
Gain for Pressure Feedback System in Example 
Problem 
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and dynamic specifications. Pressure feedback is not capable of pro

ducing the desired results. Dynamic pressure feedback was selected 

to enhance system damping and to avoid the undesirable effects intro

duced into the system via many other damping enhancement methods. 

Problem Solution 

The synthesis procedure presented in Chapter III was utilized in 

the design of a dynamic pressure feedback network for the example sys

tem. The static stiffness was entered into the program with the 

statement 

STIFF = 1000.0 (4.2) 

The initial value of pressure feedback gain which is an estimate was 

entered as 

X(2) = 2.SD-02 (4.3) 

The output from the first execution of STEPIT can be seen in 

Figure 26. The key information returned is as follows: 

Servoamplifier gain required for static stiffness: 

0.667 ma/volt 

Pressure feedback gain required for minimum settling time (in

finite time constant) : 

0.0179 volt/psi 

Transient response rise time: 

0.052 seconds 

Transient response settling time: 

0.49 seconds 

The servoamplifier gain and pressure feedback gain returned by 

the first execution appear to be achievable in actual hardware. The 



THE MINIMUM REQUIRED STATIC STIFFNESS (IN•LBF/RAD) IS 

THE REQUIRED AMPLIFIER GAIN (MA/VOLT) IS 

THE STATIC STIFFNESS ACTUALLY OBTAINED (IN•LBF/RAD) IS 

FINAL VALUE FOR AMPLIFIER GAIN (MA/VOLT) IS 

FINAL VALUE FOR FEEDBACK GAIN (VOLT/PSI) IS 

THE CLOSED LOOP POLES ARE 

X( 1 )• 

X(2)= 

X(3)• 

-0.62462D 01+( 

-0.62462D 01+( 

-0.29565D 03+( 

0.236000 02) 

-0.236000 02) 

0.28106D-17) I 

STEADY STATE DISPLACEMENT (RAD) IS 

COEFFICIENT or FIRST REAL POLE TERM IS 

EXPONENT OF THE FIRST REAL POLE IS 

COEFFICIENT OF SINUSOIDAL TERM IS 

EXPONENT OF SINUSOIDAL TERM IS 

RESPONSE DAMPED NATURAL FREQUENCY (RAD/SEC) IS 

PHASE SHIFT OF SYSTEM RESPONSE (RAD) IS 

RESPONSE PEAK DISPLACEMENT (RAD) IS 

TIME (SECS) PEAK DISPLACEMENT OCCURS IS 

RESPONSE RISE TIME (SECS) IS 

RESPONSE SETTLING TIME (SECS) IS 

RESPONSE ENVELOPE VALUE (RAD) AT WHICH SETTLING TIME OCCURS 

THE OPEN LOOP POLES ARE 

X( 1 )= 

X(2 )

X( 3 )= 

0.000000 00+( 

-0.291820 02+( 

-0.291820 02+( 

0.000000 00) 

0.282270 02) 

-0.282270 02) 

0.10000D 04 

0.66724D 00 

0.10000E 04 

0.66724D 00 

0. 17862D-01 

o. 750000 00 

-0.53016D-02 

0. 295650 03 

-0.789950 00 

0.62462E 01 

0.236000 02 

o. 123070 01 

0. 106430 01 

o. 147530 00 

0.521870-01 

0.487910 00 

0.712500 00 

Figure 26. Output Returned by the First Execu
tion of STEPIT in Example Problem 
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settling time obtained for the transient response more than meets the 

specifications. The rise time is less than the specified maximum. 

For the second execution of the synthesis program, the maximum 

allowable settling time was entered with the statement 

DSET = 0.625 

The servoamplifier gain and the pressure feedback gain were 

entered into the program prior to the second execution with the 

statements of 

X(l) = 0.667 , and 

X(2) 0.0179 

(4.4) 

(4.5) 

(4.6) 

The initial value of the feedback network time constant supplied 

to the program was 

X(3) = 0.5 (4.7) 

Output from this execution is shown in Figure 27. The pertinent 

information from the output is as follows: 

Feedback network time constant: 0.39 seconds 

Transient response rise time: 0.050 seconds 

The transient response rise time does not exceed the system spec

ifications. The time constant is such that the corner frequency of 

the high pass filter is in the range of one-third to one-tenth the 

open-loop actuator-load natural frequency as suggested by Geyer (5) 

and Morse (9). It appears that the time constant could be implemented 

in har.dware. The design of the dynamic pressure feedback network has 

been completed and the performance criteria satisfied. Figure 28 

shows the transient response for the resulting system with dynamic 

pressure feedback. 



THE MINIMUM REQUIRED STATIC STIFFNESS (IN•LBF/RAO) IS 

THE REQUIRED AMPLIFIER GAIN (MA/VOLT) IS 

THE STATIC STIFFNESS ACTUALLY OBTAINED (IN•LBF/RAO) IS 

FINAL VALUE FOR AMPLIFIER GAIN (MA/VOLT) IS 

FINAL VALUE FOR FEEDBACK GAIN (VOLT/PSI) IS 

FINAL VALUE OF FEEDBACK TIME CONSTANT (1/SEC) IS 

THE CLOSED LOOP POLES ARE 

X( 1 )• 

X(2)• 

X(3)• 

X(4)• 

-o 265520 01+( 

-o. 51172D 01+( 

-0.511720 01+( 

-0.297810 03+( 

0. 000000 00) 

0. 233970 02) 

•0.233970 02) 

-0.373210-16) I 

0.100000 04 

0.667240 00 

0. 10000E 04 

0.667240 00 

0.178600-01 

0.38846D 00 

STEADY STATE DISPLACEMENT (RAD) IS 0.75000D 00 

COEFFICIENT OF FIRST REAL POLE TERM IS 0.246650-01 

EXPONENT OF THE FIRST REAL POLE IS 0.26552D 01 

COEFFICIENT OF SECOND REAL POLE TERM IS -0.514840-02 

EXPONENT OF SECOND REAL POLE IS 0.297810 03 

COEFFICIENT OF SINUSOIDAL TERM IS -Q.80345D 00 

EXPONENT OF SINUSOIDAL TERM IS 0.51172E 01 

RESPONSE DAMPED NATURAL FREQUENCY (RAD/SEC) IS 0.23397D 02 

PHASE SHIFT OF SYSTEM RESPONSE (RAD) IS 0.12791D 01 

RESPONSE PEAK DISPLACEMENT (RAO) IS 0.11459D 01 

TIME (SECS) PEAK DISPLACEMENT OCCURS IS 0.14674D 00 

RESPONSE RISE TIME (SECS) IS 0 49969D-01 

RESPONSE SETTLING TIME (SECS) IS 0 62500D 00 

RESPONSE ENVELOPE VALUE (RAO) AT WHICH SETTLING TIME OCCURS 0.7B750D 00 

THE OPEN LOOP POLES ARE 

X( 1)= 

X(2)• 

X(3)• 

X(4)• 

Figure 27. 

o. 000000 oo+ < 

-0.25743D 01+( 

-o. 291820 02+( 

-0. 29182D 02+( 

O.OOOOOD 00) 

0. 000000 00) 

0.28227D 02) 

-0.28227D 02) 

Output Returned by the Second Execu
tion of STEPIT in Example Problem 
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CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

A method was outlined to independently select the parameters of 

a dynamic pressure feedback network to compensate a lightly damped, 

electrohydraulic position control servosystem. 

The synthesis procedure developed places no restriction on the 

time constant of the feedback network. It appears that the feedback 

network corner frequency (reciprocal of time constant) range of 

one-third to one-tenth the actuator-load natural frequency suggested 

by Geyer (5) and Morse (9) may be related to limitations of hardware 

implementation. The work of this study showed no special signifi

cance to this corner frequency range on system performance. 

With all system parameters held constant except time constant 

the degree of stability (minimum settling time) increased with time 

constant for the class of systems considered in this study. When all 

system parameters were held constant except pressure feedback gain it 

was found that there is a unique pressure feedback gain which provides 

the minimum settling time as demonstrated by the root contours of 

Chapter III. The pressure feedback gain which produces the maximum 

degree of stability in systems with feedback network time constants 

other than infinity is close enough to that for an infinite time con

stant to have minimal effect on the settling time for those systems. 
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Recommendations 

The study undertaken assumed that the significant servosystem 

dynamics were load inertia and fluid compressibility (in the actuator 

chambers). The synthesis technique should be extended to account for 

valve and/or transmission line dynamics. 

The time constant of a mechanical dynamic pressure feedback net

work is a variable and is sensitive to the amplitude of the load pres

sure. In order to minimize the pressure feedback network sensitivity 

to pressure feedback amplitudes and possibly satisfy the perfonnance 

criteria with less compromise the study of dynamic pressure feedback 

should be extended to include noD-linear and optimal control theory. 
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APPENDIXES 



APPENDIX A 

EQUATION LINEARIZATION 

Linearization Technique 

Many differential equations which describe a system are non

linear. Linear system theory is not applicable to those equations 

without first transforming them into a linearized form. Once line

arized the principle of superpos~tion exists for the system equations. 

The non-linear equations must be linearized about an operating 

point. The same non-linear equations linearized about two different 

operating points produces two different sets of equations. 

Linearization was done about the origin of the pressure-flow 

curves for the position control system. A hydraulic servosystem op

erates about the origin of the valve pressure-flow-curves which is 

the point the system operates statically. The linear theory concept 

of the transfer function assumes that all initial conditions are zero 

referring to the origin of the pressure-flow curves. 

Usage of derivatives and partial derivatives of the equations de

scribing the system is part of the linearization procedure. Equation 

derivatives give the rate of change of a variable described by the 

differential equation. Small changes in the variable can be approx

imated by the product of the derivative and the incremental change in 

independent variable with which the derivative was taken. 
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Two examples are presented to exemplify the linearization pro-

cedure. The first example involves a function of a single variable 

and uses the derivative to obtain the linearization constant. The 

second example uses partial derivatives for a function of two or more 

variables. 

Example 1. Define a function of a single variable. 

Y = f(X) (A.1) 

Take the derivative of the function. 

dY 
dX = f'(X) (A.2) 

Multiply both sides of the equation by dX. 

dY = f'(X)•dX (A.3) 

Approximate the infinitesimal changes of the differential for 

small changes with n. 

~y = f'(X)·~X 

nx and nY can be defined in terms of differences. 

~x x x. 
l 

ny = Y - Y. 
l 

(A.4) 

(A.5) 

(A.6) 

f'(X) is evaluated at the operating point and equations (A.5) 

and (A.6) can be substituted into equation (A.4). 

Y - Y. = f'(X.)•(X - X.) 
l l l 

(A.7) 

Regroup the terms. 

Y = f'(X.) + Y. - f'(X.)•X. 
l l l l 

(A.8) 

Equation (A.l) must hold true at the operating point 

Y. = f(X.) 
l l 

(A.9) 

Substitute equation (A.9) into equation (A.8). 
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Y = f'(X.)•X + f(X1) - f'(X.)•X. 
1 1 1 

(A.10) 

The last two terms of equation (A.10) are the offset of the lin-

earized equation from the origin. These terms will cancel if the val-

ue of the dependent variable is zero at the operating point. 

Example 2. Define a function of two or more variables. 

Y = f(X,Z) (A.11) 

Take the differential of the equation 

dY = of(X,Z) •dX + of(X,Z) •dZ 
ax az (A.12) 

Approximate infinitesimal changes of the differential for small 

changes with D:.. 

D:.X, D:.Y, and D:.Z can be defined in terms of differences. 

x 

D:.Y y Y. 
1 

f::.Z = Z - Z. 
1 

(A.13) 

(A.14) 

(A.15) 

(A.16) 

The partial derivatives are evaluated at the operating point and 

equations (A.14), (A.15), and (A.16) can be substituted into equation 

(A.13). 

y - Y. 
1 

of(X.,Z.) Clf(X.,Z.) 
1 1 •(X - X.) + 1 1 •(Z - Z.) 

ClX 1 dZ 1 

Regroup the terms of equation (A.17). 

of(X.,Z.) Clf(X.,Z.) Clf(X.,Z.) 
1 l 1 l 1 l 

Y = -----•X +-----• Z + Y. - -----•X. 
ClX 

Clf(X.,Z.) 
l 1 

-----•Z. 
az 1 

1 ClX 1 

(A.17) 

(A.18) 



Equation (A.11) must hold true about the operating point 

Y. = f(X.,Z.) 
l l l 

Substitute equation (A.19) into (A.18). 

y 
3f(X.,Z.) ()f(X.,Z.) of(X.,Z.) 

l l l l 1 1 
----•X +----•Z + f(X.,Z.) - ----•X. 

az 1 1 ax 1 ox 

()f(X.,Z.) 
1 l -----·z. 

az 1 
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(A. 19) 

(A.20) 

The last three terms of equation (A.20) may or may not cancel 

one another. Those terms represent the offset of the dependent vari-

ables at the operating point. 

Linearized System Equations 

System equations for this study were linearized using the tech-

nique presented. Algebra of combining the linearized equations was 

simplified by incorporating the initial conditions prior to combining 

them. Since the operating point was the origin of the pressure-flow 

curves a number of the linearization constants were equal to zero. 

The initial conditions which provided the simplifications were 

the following: 

x. 
1 

0 (A.21) 

Y. 0 (A.22) 
1 

sY. 
' l 

0 (A. 23) 

p3i = p4i (A.24) 

pli p2i (A.25) 

PMi = 0 (A.26) 
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p5i PE (A.27) 

p6i = PE (A. 28) 

QAi QCi (A. 29) 

QDi = QFi (A.30) 

sPli = 0 (A.31) 

sP2i 0 (A.32) 

sP3i = 0 (A.33) 

sP 4i = 0 (A.34) 

QH -Q 
J 

(A.35) 

p = -P 
5 6 (A. 36) 

The definition of each linearization constant from the linearized 

equations presented in Chapter II is now presented. These constants 

are derivatives and partial derivatives of the equation evaluated at 

the operating point. The original linearized equation is also pre-

sented for the sake of continuity. 

Error signal to the amplifier, 

(A. 37) 

C = -K 
1 F 

(A. 38) 

(A.39) 

(A.40) 

Pressure forces acting on the flapper nozzle valve, 

(A. 41) 

(A.42) 



Mechanical spring force between first and second stages, 

F = C •(X - Y) s 23 

Displacement of the torquemotor, 

c3 = K1 •KA I (K2 + K3) 

c 4 = K3 I (K2 + K3) 

c5 = 1 I (K2 + K3) 
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(A.43) 

(A.44) 

(A. 45) 

(A.46) 

(A. 47) 

(A.48) 

(A.49) 

(a. 50) 

Flow through fixed orifice upstream of flapper valve left side, 

(A.51) 

(A.52) 

(A. 53) 

Flow through left side of flapper nozzle valve, 

(A.54) 

(A.55) 

k -!z 
0.5•n•Dl ·Cn·(2/p) 2 •(Xo +Xi) ·(P3i - PE) (A. 56) 

k k 
= TI•Dl•CD•(2/p) z•(XO + Xi)•(P3i - PE) z 
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Flow through right side of flapper nozzle valve, 

(A.58) 

(A.59) 

(A.60) 

k -~ 
O.S·TI·D1·CD•(2/p) 2 •(Xo x )•(P p) - i Si - E (A.61) 

(A.62) 

(A.63) 

(A. 64) 

Flow through the fixed orifice upstream of right side of flapper 

valve, 

(A. 65) 

(A.66) 

(A. 67) 

(A. 68) 

(A.69) 

Time rate of pressure change on left side of valve spool, 

(A.70) 



- sY~ 0 

-f3 

Time rate of pressure change on right side of valve spool, 

sP4 = c38·Y + c39·CQD - QF) + c4o·sY + c41 

B CDi -QFi ) 
c38 + sY = 0 

(YO -Y.) 2 AE i 
1 

f3 
c39 

AE (YO - Yi) 

c39 c35 

f3 
c40 

(YO - y.) 
1 

Flow through the valve and motor, 

= -
~ 

(QMAX 7 YMAX)•[l - (P 7 P )] 2 
M S 

Time rate of pressure change in right load line, 
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(A .• 71) 

(A. 72) 

(A. 73) 

(A.75) 

(A. 76) 

(A. 77) 

(A. 78) 

(A.79) 

(A.81) 

(A.82) 

(A.83) 

(A.84) 



c22 
Cs·DM 

= 
µ 

S•D 
c42 

M =--

vl 

c43 
c22·S 

vl 

-s 
=-

Time rate of pressure change in left load line, 

-S•D 
M 

s 

The electrical dynamic pressure feedback element, 

TS + 1 
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(A.85) 

(A. 86) 

(A.87) 

(A. 88) 

(A.89) 

(A.90) 

(A. 91) 

(A. 92) 

(A. 93) 

(A. 94) 

Flow from mechanical dynamic pressure feedback unit on left side, 

Q = 
H cs9·x + c6o·Ps + c61 

1 

C = TI•D •C •(2/p)~•(P 59 7 D Si 

1 
- p )~ = 0 

E 

(A.95) 

(A. 96) 

(A. 97) 
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= 00 (A.98) 

(A.100) 

Flow from right side of mechanical dynamic pressure feedback 

unit, 

(A.101) 

(A.102) 

(A.103) 

= 00 (A.104) 

(A.106) 

(A.107) 

Viscous damping force on the valve spool, 

(A.108) 

(A.109) 

Steady state flow forces on valve spool, 

(A.110) 

(A.111) 

(A.112) 



- C •C •n•D •Y •P 
V D 2 i Mi 

+ -C •C ·~·D •Y •P v D II 2 i Mi 

Acceleration of the valve spool, 

c66 = 1 I M 

Angular acceleration of the shaft, 

(1 - c )•D I J F M 
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0 (A.113) 

(A.114) 

(A.115) 

(A.116) 

0 (A.117) 

(A.118) 

(A.119) 

(A.120) 

(A.121) 

(A.122) 

The linearized equations which describe the mechanical dynamic 

pressure feedback high pass filter are combined to form its transfer 

. -

function. The constant c60 is the slope of the pressure-flow curve 

for the feedback orifices. Initially c60 has a value of infinity but 

very quickly drops to a finite value. c60 was assigned an effective 

slope for simulation purposes. The form of the feedback element 



transfer function is 

- AP•AG 
• s 

PD 2•K4·C60 - = _ ____;_ _______ _ 

AP2 
----•s+l 
2•K4•C60 
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(A.123) 



APPENDIX B 

NON-LINEAR SIMULATION PROGRAM 

The CSMP program listing for the non-linear system simulations 

is contained in this appendix. Equations used in the simulation are 

the equations presented in Chapter II. The program includes the cap

abilities of adding mechanical or electrical pressure feedback, me

chanical or electrical dynamic pressure feedback to the basic uncom

pensated servosystem. 

This particular simulation solves all the system equations simul

taneously. Any of the system variables is available for printer 

plots. Time, angular position, velocity, and acceleration are written 

to a TSO data set for continuous plotting purposes. Using other pro

grams available for plotting purposes the data can be viewed as a 

continuous graph on a Tektronix CRT. 

Basically the CSMP program consists of three main segments. 

These are INITIAL, DYNAMIC, and TERMINAL segments. The INITIAL seg

ment must appear first. It sets up the information required to per

form simulation and is therefore executed only once. PARAMETER, CON

STANT; and INCON statements within the INITIAL segment contain values 

of system parameters, constants, and initial conditions to be used in 

the simulation. 

The DYNAMIC segment contains the equations actually used to de

scribe the system. This program segment is continually re-executed 

81 



82 

with a specified time step for the duration of the simulation. Inte

grations are performed with this segment during the course of the sim

ulation. 

The TERMINAL segment follows the DYNAMIC segment and like the 

INITIAL segment is executed only once. Output is set-up, integration 

technique defined, integration time step fixed, and simulation time 

duration specified. The particular integration routine used through 

the course of this study was a fixed step Runge-Kutta. The Runge

Kutta does quite well for general engineering work due to its low 

error. Close match between experimental and simulation results attest 

to this fact. 

Additional capability is added to the CSMP simulation with MACRO 

statements which precede the INITIAL segment. MACRO statements are 

executable subprograms called by the INITIAL or DYNAMIC segments to 

make internal program changes during execution. When MACRO statements 

are included in the DYNAMIC segment they are executed as any other 

statement at each step of the integration. 



••••CONTINUOUS SYSTEM MODELING PROGRAM•••• 

•••VERSION 1.3 ••• 

THE MACRO MODEL SETS THE CONSTANTS TO ZERO OUT THE INCORRECT 
MOOEL AND ALLOWS THE CORRECT MODEL TO BE SIMULATED 

MACRO Sl.S2,S3.S4,S5•MOOEL(SET) 
PROCEDURAL 

SI• 1.0 
52•0.0 
S3•0.0 
S4•0.0 
55•0.0 
IF (SET.NE.2.0) GO TO 75 
s 1•0.0 
S2• I. 0 
GO TO 105 

75 IF (SET .NE.3.0) GO TO 85 
St•O.O 
S3• 1. 0 
GO TO IDS 

BS IF (SET.NE.4.0) GO TO 95 -
Sl•O.O 
S4• I. 0 
GO TO IDS 

SS IF (SET.NE.5.0) GO TO 105 
Sl•O.O 
S5=1.0 

105 CONTINUE 
ENDMAC 

THE MACRO TQMP STOPS THE TORQUEMOTOR DISPLACEMENT ONCE IT REACHES 
MAXIMUM DISPLACEMENT IN EITHER DIRECTION 

MACRO XX•TQMP(X.XD) 
PROCEDURAL 

XX•X 
If (X.GE.(-1.0*XO)) GO TO 115 
xx·-1 .o•xo 

115 IF (X.LE.XO) GO TO 125 
XX•XO 

125 CONTINUE 
ENDMAC 

THE MACRO G01 DETERMINES DIRECTION OF OIL FLOW DEPENDING UPON 
THE PRESSURE DIFFERENTIAL ACROSS THE ORIFICE 

MACRO G01•Pll0Tl(Pl,P4P) 
PROCEDURAL 

GOl•l .O 
IF (P4P.GT.P1) GOl•-1.0 

ENDMAC 

THE MACRO G02 DETERMINES DIRECTION OF Oil FLOW DEPENDING UPON 
THE PRESSURE DIFFERENTIAL ACROSS THE ORIFICE 

MACRO G02•PILOT2(P4P,PE) 
PROCEDURAL 

G02•1.0 
IF (P4P.LT.PE) G02•-l.O 

ENDMAC 

THE MACRO G03 DETERMINES DIRECTION OF OIL FLOW DEPENDING UPON 
THE PRESSURE DIFFERENTIAL ACROSS THE ORIFICE 

MACRO G03•PILOT3(P5P,PE) 
PROCEDURAL 
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G03• 1.0 
IF (P5P.LT.PE) G03•-1.0 

ENDMAC 

THE MACRO G04 DETERMINES DIRECTION OF OIL FLOW DEPENDING UPON 
THE PRESSURE DIFFERENTIAL ACROSS THE ORIFICE 

MACRO GD4•PILDT4(P1,P5P) 
PROCEDURAL 

GD4•1.0 
IF (P5P.GT.P1) GD4•-1.0 

ENDMAC 

THE MACRO SWITCH CHANGES THE VALVE PRESSURE DROP EQUATIONS TO 
THE APPROPRIATE PRESSURES DEPENDING UPON THE SIDE OF NULL THE 
SPOOL IS LOCATED 

MACRO A,B,SGN•SWITCH(V) 
PROCEDURAL 

IF ( Y) 35, 25. 25 
25 A•O.O 

B• 1.0 
SGN•1.0 
GD TO 45 

35 A• 1.0 
B•O.O 
SGN•-1.0 

45 CONTINUE 
END MAC 

THE MACRO FILTG PREVENTS THE PRESSURE PG FROM CAVITATING 
MACRO P6P•FILT6(P6,PE) 
PROCEDURAL 

P6P•P6 
IF (PG.LT.PE) P6P•PE 

ENDMAC 

THE MACRO FILT7 PREVENTS THE PRESSURE P7 FROM CAVITATING 
MACRO P7P•FILT7(P7,PE) 
PROCEDURAL 

P7P•P7 
IF (P7.LT.PE) P7P•PE 

ENDMAC 

THE MACRO OERl3 DETERMINES FLOW DIRECTION ACROSS ONE SPOOL LAND 
DEPENDING UPON THE PRESSURE DIFFERENTIAL 

MACRO SP=DERl3(DELP3) 
PROCEDURAL 

SP= 1.0 
IF (DELP3.LT.O.O) SP•-1.0 

ENDMAC 

THE MACRO DERl4 DETERMINES FLOW DIRECTION ACROSS ONE SPOOL LANO 
DEPENDING UPON THE PRESSURE DIFFERENTIAL 

MACRO TP•DERl4(DELP4) 
PROCEDURAL 

TP=l .O 
IF (DELP4.LT.0.0) TP•-1.0 

ENDMAC 

THE MACRO FLOFOR PREVENTS .JHE UNSTEADY FLOW FORCES FROM GOING TO 
INFINITY AS THE PRESSURE DROP ACROSS THE LAND GOES TO ZERO 

MACRO OEL3,DEL4,C,O•FLOFOR(DELP3,0ELP4) 
PROCEDURAL 

C=l .O 
0=1.0 
OEL3=DELP3 
DEL4•DELP4 
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IF (ABS(DEL3).GT.1.0) GO TO 55 
C•O.O 
DEL3•1.0 

55 If (ABS(DEL4).GT.1.0) GO TD 65 
D•O.O 
DEL4• 1 .0 

es CONTINUE 
ENDMAC 

THE MACRO COUL DETERMINES THE DIRECTION Of COULOMB FRICTION 
MACRO FDIR•COUL(THED) 
PROCEDURAL 

IF (THEO) 135, 145, 155 
135 FDIR•-1.0 

GO TO 165 
145 FDIR•O.O 

GO TO 165 
155 FDIR•1.0 
165 CONTINUE 

ENDMAC 

INITIAL 
THE PARAMETER SET DETERMINES WHICH MODEL IS BEING STUDIED 

SET•l.O UNCOMPENSATED MODEL 
SET=2.0 MECHANICAL PRESSURE FEEDBACK MODEL 
SET•3.0 ELECTRICAL PRESSURE FEEDBACK MODEL 
SET•4.0 MECHANICAL DYNAMIC PRESSURE FEEDBACK MODEL 
SET•5. 0 ELECTRICAL DYNAMIC PRESSURE FEEDBACK MODEL 

PARAMETER SET•3.0 

I - STEP INPUT TD THE SYSTEM (VOLTS) 
PARAMETER 1•1.5 

BETA - OIL BULK MODULUS (PSI) 
MU - OIL ABSOLUTE VISCOSITY (LBF•SEC/IN••2) 

PARAMETER BETA•150000.0, MU•2.0E-06, ... 

CO - ORIFICE DISCHARGE COEFFICIENT 
RHO - OIL DENSITY (LBF•SEC••2/IN**4) 
P1 - SUPPLY PRESSURE (PSI) 

CD=0.625, RH0•7.B5E-05. Pt•t100 0 .... 

V1 - VOLUME UNDER COMPRESSION OF P3 (IN••3) 
V2 - VOLUME UNDER COMPRESSION OF P2 (IN**3) 
ANG - COS 69 DEG. USED IN STEADY STATE FLOW FORCES 

V1=25.0, V2•25.0, ANG•0.3584 

CS - MOTOR SLIP COEFFICIENT 
CV - FLUID VELOCITY COEFFICIENT FOR STEADY STATE FLOW FORCES 

PARAMETER CS•O.BBE-08, CV•0.96, ... 

CF - MOTOR FRICTION COEFFICIENT 
COM - MOTOR VISCOUS DRAG COEFFICIENT 
OM - MOTOR DISPACEMENT (IN*•3/RAD) 

CF=0.10, COM•IGOOOO.O, DM=1.512E-02,. 

J - MOTOR ROTARY INERTIA (IN*LBF*SEC**2/RAD) 
CFRIC - COULOMB FRICTION (IN*LBF) 
TL - EXTERNAL LOAD TORQUE ·( IN*LBF) 

J=2 .16E-03, CFRIC•O.O, TL=O.O,. 

VISD - VISCOUS DRAG EXTERNAL TO MOTOR (IN*LBF•SEC) 
VISD•0.018 

KWFL - SERVOAMPLIFIER GAIN (MA/VOLT) 
KWFL1 UNCOMPENSATED MODEL SERVOAMPLIFIER GAIN 
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KWFL2 MECHANICAL PRESSURE FEEDBACK MODEL SERVOAMPLIFIER GAIN 
KWFL3 ELECTRICAL PRESSURE FEEDBACK MODEL SERVOAMPLIFIER GAIN 
KWFL4 MECHANICAL DPF MODEL SERVDAMPLIFIER GAIN 
KWFL5 ELECTRICAL DPF MODEL SERVOAMPLIFIER GAIN 

PARAMETER KWFL1•0.667, KWFL2•0.57, ... 
KWFLJ•0.667, KWFL4•1.00, KWFLS•0.747 

Kl - TDRQUEMDTOR CONSTANT (LBF/MA) 
K2 - TOROUEMOTDR CONSTANT (LBF/IN) 

PARAMETER K1•0.05, K2•140 0, ... 

K3 - MECHANICAL FEEDBACK CONSTANT (LBF/IN) 
KS - SPRING RATE IN MECH DPF UNIT (LBF/IN) 

K3=22.5, K5•200.0 

01 - FLAPPER NOZZLE DIAMETER (IN) 
02 - VALVE SPOOL DIAMETER (IN) 

PARAMETER 01•0.023, 02•0.275, ... 

03 - ORIFICE DIAMETER UPSTREAM OF FLAPPER (IN) 
06 - DIAMETER OF AREA ON WHICH MECH PRESSURE FEEDBACK ACTS (IN) 
07 - LARGE DIAMETER OF MECH OPF PISTON (IN) 

D3•0.012, 06•0.05, 07•1.7039, ... 

DB - SMALL DIAMETER OF MECH OPF PISTON (IN) 
09 - DIAMETER OF MECH DPF ORIFICE WHICH ACTS ON FLAPPER (IN) 
08•1.3215, 09•0.010 

XO - NULL DISPLACEMENT OF FLAPPER (IN) 
YD - NULL LENGTH OF VOLUME ON EACH END OF SPOOL (IN) 

PARAMETER XD•0.0018, YD•0.40, ... 

CR - VALVE SPOOL RADIAL CLEARANCE (IN) 
LO - SPOOL ·LENGTH FOR VISCOUS DAMPING (IN) 
L - DISTANCE BETWEEN PORTS FDR UNSTEADY FLOW FORCES (IN) 

CR•0.00005, LD•0.384, L•0.29, ... 

M - MASS OF SPOOL VALVE (LBF•SEC••2/IN••4) 
M•3.2071E-05 

KFBK - POSITION FEEDBACK GAIN (VOLTS/RAD) 
KAMP - ELECTRICAL PRESSURE FEEDBACK GAIN (VOLTS/PSI) 

PARAMETER KFBK•2.00. KAMP•6.5E-03, ... 

KAMPD - ELECTRICAL DPF FEEDBACK GAIN (VOLTS/PSI) 
TAU3 - ELECTRICAL DPF TIME CONSTANT (1/SEC) 

KAMPO•S.OE-03, TAU3=0.32 

CONSTANT FLAG•9.8765E+OO, COUNT•0.0, CYCLE=19.0 
CONSTANT PI•3.14159 

YOIC - INITIAL SPOOL VELOCITY (IN/SEC) 
VIC - INITIAL SPOOL DISPLACEMENT (IN) 

INCON YDIC•O. 0, YIC•O. 0, ... 

THETIC - INITIAL MOTOR DISPLACEMENT (RAD) 
THEDIC - INITIAL MOTOR VELOCITY (RAD/SEC) 
CAPIC - INITAL VALUE OF REAL POLE 

THETIC•O.O, THEDIC=O.O, CAPIC=O.O, ... 

ZIC - INITIAL MECH DPF UNIT.DISPLACEMENT (IN) 
ZlC=0.0 

PE - EXHAUST PRESSURE (PSI) 
PARAMETER PE•0.0 
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P2!C,P31C -INITIAL PRESSURES IN LOAD LINES (PS!) 
P21C•0.5•(Pl+PE) 
P31C•Q.5•(P1+PE) 

Sl,S2,S3,S4,S5•MOOEL(SET) 
KWFL•KWFLl•Sl+KWFL2•S2+KWFL3°S3+KWFL4°S4+KWFL5'S5 
CON1•CO•P1•02•soRT(2.0/RHO) 
CON2•0.25•P1•03••2•co•soRT(2.0/RHO) 
CON3•CO•P1•01•soRT(2.0/RHO) 
CON4•-2.o•cv•co•PJ•o2•ANG 
CON5•SORT(RHO)•L•co•p1•02 
CON6•MU•P!•02•LD/CR 
CON10•0.25°Pl'D1••2 
CONt2•0.25•PJ•09••2 
CON14•CO•P!'D9•SQRT(2.0/RHO) 

AF - AREA ON SPOOL MECH PRESSURE FEEDBACK ACTS (!N°•2) 
AF~o.2s•p1•06*•2•s2 

AE - NET AREA ON SPOOL END FOR CONTROL (IN••2) 
AEE0.2S•P1•02••2-AF 

AG - AREA OF MECH OPF UNIT ON WHICH LINE PRESSURE ACTS (IN••2) 
AG•o.2s•P1•oa••2 

AP - AREA OF MECH OPF UNIT WHICH HOLDS PRESSURE TO FLAPPER (IN• 0 2) 
APs07**2*0.25*Pl-AG 

P41C,P5IC - INITIAL PRESSURE ON ENDS OF VALVE SPOOL (PSI) 
P4IC~(Pt•03••4+t6.Q•PE•01••2•xo••2)/(03••4+16.0*01••2•xo••2) 

P5IC•P41C 

DYNAMIC 
A,B,SGN•SWITCH (Y) 

DELP3,DELP4 - PRESSURE DROP ACROSS THE TWO VALVE LANDS 
DELP3•(B*P1-SGN•P3P-A•PE) 
DELP4•(A•P1+SGN'P2P-B•PE) 

OEL3,DEL4,C.D•FLOFOR(DELP3,DELP4) 
SP•DER13(DELP3) 
TP=DERl4(0ELP4) 

001,004 - FLOW THROUGH THE TWO LOAD LINES 
Q01•-t.Q•Y•CONt•SQRT(ABS(DELP4))•TP 
Q04•-1.0•Y•CON1•SQRT(ABS(DELP3))•SP 

II - ERROR SIGNAL FED TO SERVOAMPLIFIER 
Il•l-KFBK*THET-KAMP•DPM•S3-KAMPD'DPF*S5 

X - DISPLACEMENT OF TOROUEMOTOR 
X•(K1•KWFL•II+K3*Y+TMF1+TMF2)/(K3+K2) 

TMF1 - NET FORCE ACTING ON FLAPPER BY PRESSURES ON END OF SPOOL 
TMF1•(P4P-P5P)*CON10 

TMF2 - NET FORCE ACTING ON FLAPPER BY MECH DPF UNIT 
TMF2•(P6P-P7P)*CON12 

XX•TQMP(X,XO) 
G01•PILOT1(P1,P4P) 

QA - FLOW THROUGH ONE FIXED ORIFICE UPSTREAM OF FLAPPER 
OA=CON2*SQRT(ABS(P1-P4P))•GD1 
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G02•PILOT2(P4P,PE) 

OC - FLOW THROUGH ONE SIDE OF FLAPPER NOZZLE 
OC•CONJ•(XO+XX)•SORT(ABS(P4P-PE))•G02 

G03•PILOT3(P5P,PE) 

OF - FLOW THROUGH ONE SIDE OF FLAPPER NOZZLE 
OF•CON3•(XO-XX)•soRT(ABS(P5P-PE))•G03 

G04•PILOT4(P1,P5P) 

00 - FLOW THROUGH ONE FIXED ORIFICE UPSTREAM OF FLAPPER 
OD•CON2•SORT(ABS(P1-P5P))•G04 

FSS1,FSS2 - STEADY STATE FLOW FORCES ACTING ON VALVE SPOOL 
FSS1•CDN4•Y•ABS(P1-A'P2P-B'P3P) 
FSS2•CON4•Y•ABS(B•P2P+A•PJP-PE) 

P4DOT - TIME RATE OF CHANGE OF PRESSURE ON ONE ENO OF SPOOL 
P4DOT•BETA•((OA-OC)/AE-YDOT)/(YO+Y) 
P4P • INTGRL (P41C, P4DOT) 

P5DOT - TIME RATE OF CHANGE OF PRESSURE ON ONE END OF SPOOL 
P5DOT=BETA•((OD-QF)/AE+YDOT)/(YO-V) 
P5P • INTGRL (P51C, P5DDT) 

FUS1,FUS2 - UNSTEADY FLOW FORCES ACTING ON VALVE SPOOL 
FUSAt•SGN•CON5'SORT(ABS(2.0•DELP3))•YDOT•SP 
FUSA2•-1.0•CON5•0.5*Y*(1.0/(SQRT(ABS(2.0•DEL3))))*P3DOT•C•SP 
FUS1•FUSAl+FUSA2 
FUSB1•-1.Q•SGN•CDN5*SORT(ABS(2.0'0ELP4))•YDOT•TP 
FUSB2•-1.0•CON5'0.5*Y•(1.0/(SORT(ABS(2.0•DEL4))))'P2DOT•D•TP 
FUS2=FUSB1+FUSB2 

PJOOT - TIME RATE OF CHANGE OF ONE LOAD LINE PRESSURE 
P3DOT•BETA•(DM•THED+CS'DM•(P2P-P3P)/MU-OQ4)/V1 
P3P=INTGRL(P31C,P300T) 

P2DOT - TIME RATE OF CHANGE OF ONE LOAD LINE PRESSURE 
P2DOT=BETAO{QQ1-DM•THED-CS•DM•(P2P-P3P)/MU)/V2 
P2P•JNTGRL(P21C,P2DOT) 

DPMD - TIME RATE OF CHANGE OF LOAD LINE DIFFERENTIAL PRESSURE 
DPMD•P2DOT-P3DOT 

OPFD•DPMD•TAU3•S5 

DPF - ELECTRICAL DYNAMIC PRESSURE FEEDBACK SIGNAL 
DPF•REALPL(CAPIC,TAU3,DPFD) 

DPM - LOAD LINE DIFFERENTIAL PRESSURE 
DPM=P2P-P3P 

PGP=FILTG(PG,PE) 
QI - FLOW THROUGH ONE SIDE OF MECH DPF UNIT 

OI•CON14•(XO+XX)•SORT(ABS(P6P-PE))•S4 

P7P=FILT7(P7,PE) 

OJ - FLOW THROUGH ONE SIDE Of MECH DPF UNIT 
OJ•CON14•(XO-XX)•SQRT(ABS(P7P-PE))•S4 

ZDDT - TIME RATE OF DISPLACEMENT CHANGE OF MECH DPF UNIT 
ZDOT•(QJ/AP-Ql/AP)•S4 
Z=INTGRL(ZIC,ZDDT) 
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P6,P7 - PRESSURE ON TWO SIOE OF MECH OPF UNIT 
P6•(2.0'K5'Z/AP-DPM'AG/AP) 
P7•(DPM•AG/AP-2.0'K5•Z/AP) 

FVD - VISCOUS DAMPING FORCE ACTING ON VALVE SPOOL 
FVO•CON6*YOOT 

FS - MECHANICAL SPRING FORCE BETWEEN FIRST AND SECOND STAGES 
FS•KJ'(XX-Y) 

YOOOT - ACCELERATION OF VALVE SPOOL 
YODOT•(FS+(P4P-P5P)*AE+(P2P-P3P)•Af+FUSl+FUS2+FSSl+FSS2-FVO)/M 
YDDT•INTGRL(YDIC,YOOOT) 
Y=INTGRL(YIC,YOOT) 

FDIR•COUL( THEO) 

THEDO - ANGULAR ACCELERATION OF SERVOMOTOR 
THEDO•((l.O-CF)'0M'(P2P-P3P)-COM'0M'MU•THED-CFRIC•FDIR-TL-VISD• .. 

THED)/J 
THEO•INTGRL(THEDIC,THEOD) 
THET•INTGRL(THETIC,THEO) 

NO SORT 
CALL DEBUG (1,0.0) 

THESE STATEMENTS WRITE TO TSO DATA SET FOR PLOTTING 
IF ( KE.EP. NE. 1) GO TD 500 
CYCLE•CYCLE+ 1.0 
IF (CYCLE.NE.20.0) GO TO 500 
WRITE (8,600) TIME,THET,THEO,THEDD 

600 FORMAT (T5,4(E14.6,5X)) 
CYCLE•O.O 
COUNT•COUNT+ I. 0 

500 CONTINUE 

TERMINAL 

TIMER FINTIM•0.65,DELT•5.0E-05,PRDEL•2.5E-03,0UTOEL•2.5E-03 
WRITE (8,700) FLAG.COUNT 

700 FORMAT (T5,E14.6,5X,El4.6) 

END 
STOP 

METHOD RKSFX 
PRTPLT THET (11,XX,DPM) 
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APPENDIX C 

TRANSFER FUNCTION SIMULATION 

The CSMP program used to simulate the five transfer function 

valve models used in this study is contained in this appendix. These 

five models are the basic uncompensated servosystem with the means to 

add mechanical or electrical pressure feedback, mechanical or elec

trical dynamic pressure feedback to the basic system. Complete docu

mentation is contained in the program. 

Constants for the simulation are set up by the INITIAL segment. 

System parameters, constants, and initial conditions are entered 

through PARAMETER, CONSTANT, and INCON statements. Subscripted "C's" 

are the linearization constants defined in Appendix A. The algebra 

required to reduce the system equations to the transfer function is 

contained in the subscripted "T's" of the INITIAL segment. Constants 

inappropriate for a particular model are cancelled by switches set up 

by the MACRO MODEL. 

Once the constants of the system transfer function are evaluated 

the dynamic response is produced by the DYNAMIC program segment. Val

ues of time and actuator displacement are written into a TSO data set 

for continuous data plotting. Continuous plots are obtained through 

other programs. 

Following the DYNAMIC segment is the TERMINAL segment. This seg

ment sets up output, defines integration technique, sets integration 
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time step, and sets the simulation duration time. Runge-Kutta 

integration proved to be quite adequate for the transfer function as 

it had been with the non-linear model simulation. 



• .. •CONTINUOUS SYSTEM MODELING PROGRAM•••• 

•••VERSION 1.3 ••• 

THE MACRO MODEL SETS THE CONSTANTS TO ZERO OUT THE INCORRECT 
MODEL ANO ALLOWS THE CORRECT MODEL TO BE SIMULATED 

MACRO S1,S2,S3,S4,S5•MODEL(SET) 
PROCEDURAL 

s 1•1.0 
S2•0.0 
S3=0.0 
S4•0.0 
S5=0.0 
IF (SET.NE.2.0) GO TD 75 
S1•0.0 
S2•1.0 
GO TD 105 

75 IF (SET.NE.3.0) GO TO 85 
S1•0.0 
S3• 1.0 
GO TO 105 

85 IF (SET.NE.4.0) GO TO 95 
S1=0.0 
S4= 1.0 
GO TD 105 

95 IF (SET.NE.5.0) GO TO 105 
S1=0.0 
S5• 1. 0 

105 CONTINUE 
END MAC 

INITIAL 
ND SORT 

THE PARAMETER SET DETERMINES WHICH MODEL IS BEING STUDIED 
SET=1.0 UNCOMPENSATED MODEL 
SET•2.0 MECHANICAL PRESSURE FEEDBACK MODEL 
SET•3.0 ELECTRICAL PRESSURE FEEDBACK MODEL 
SET•4.0 MECHANICAL DYNAMIC PRESSURE FEEDBACK MODEL 
SET•5.0 ELECTRICAL DYNAMIC PRESSURE FEEDBACK MODEL 

PARAMETER SET•3.0 

I - STEP INPUT TO THE SYSTEM (VOLTS) 
PARAMETER 1•1.5 

BETA - DIL"BULK MODULUS (PSI) 
MU - OIL ABSOLUTE VISCOSITY (LBF*SEC/IN••2) 

PARAMETER BETA•150000.0, MU=2.0E-06, ... 

CD - ORIFICE DISCHARGE COEFFICIENT 
RHO - OIL DENSITY (LBF•SEc••2/1N••4) 
Pl - SUPPLY PRESSURE (PSI) 

CD=0.625, RH0=7.85E-05, P1•1100.0,. 

V1 - VOLUME UNDER COMPRESSION OF P3 (IN••3) 
V2 - VOLUME UNDER COMPRESSION OF P2 (IN••3) 
ANG - COS 69 DEG. USED IN STEADY STATE FLOW FORCES 

V1=25.0, V2=25.0, ANG•0.3584 

CS - MOTOR SLIP COEFFICIENT 
CV - FLUID VELOCITY COEFFICIENT FOR STEADY STATE FLOW FORCES 

PARAMETER CS•O.BBE-08, CV=0.98, ... 

92 



CF - MOTOR FRICTION COEFFICIENT 
COM - MOTOR VISCOUS ORAG COEFFICIENT 
OM - MOTOR DISPACEMENT (IN••3/RAD) 
CF•0.10, CDM•160000.0. DM•1.512E-02, ... 

J - MOTOR ROTARY INERTIA (JN•L8F•SEC••2/RAO) 
J•2.16E-03 

KWFL - SERVOAMPLIFIER GAIN (MA/VOLT) 
KWFL1 UNCOMPENSATED MODEL SERVOAMPLIFIER GAIN 
KWFL2 MECHANICAL PRESSURE FEEDBACK MODEL SERVOAMPLIFIER GAIN 
KWFL3 ELECTRICAL PRESSURE FEEDBACK MODEL SERVOAMPLIFJER GAIN 
KWFL4 MECHANICAL OPF MODEL SERVOAMPLIFIER GAIN 
KWFL5 ELECTRICAL DPF MODEL SERVDAMPLJFIER GAIN 

PARAMETER KWFL1•0.667, KWFL2•0.667, ... 
KWFLJ•0.667, KWFL4•0.667, KWFL5•0.667 

Kl - TOROUEMOTOR CONSTANT (LBF/MA) 
K2 - TORQUEMOTOR CONSTANT (LBF/IN) 

PARAMETER K1•0.05, K2•140.0,. 

K3 - MECHANICAL FEEDBACK CONSTANT (LBF/IN) 
K5 - SPRING RATE IN MECH OPF UNIT ( LBF /IN) 

K3=22.5, K5•200.0 

DI - FLAPPER NOZZLE DIAMETER (IN) 
02 - VALVE SPOOL DIAMETER (JN) 

PARAMETER D 1•0.023, 02•0. 275 •... 

03 - ORIFICE DIAMETER UPSTREAM OF FLAPPER (JN) 
06 - DIAMETER OF AREA ON WHICH MECH PRESSURE FEEDBACK ACTS (IN) 
07 - LARGE DIAMETER OF MECH OPF PISTON (JN) 
DJ•0.012, 06•0.05, 07•1. 7039,. .. 

08 - SMALL DIAMETER OF MECH DPF PISTON (IN) 
09 - DIAMETER OF MECH DPF ORIFICE WHICH ACTS ON FLAPPER (IN) 

08=1.3215, 09=0.010 

XO - NULL DISPLACEMENT OF FLAPPER (IN) 
YO - NULL LENGTH OF VOLUME ON EACH ENO OF SPOOL (JN) 

PARAMETER X0•0.0018, Y0=0.40,. 

CR - VALVE SPOOL RADIAL CLEARANCE (JN) 
LO - SPOOL LENGTH FOR ·viscous DAMPING (IN) 
L - DISTANCE BETWEEN PORTS FOR UNSTEADY FLOW FORCES (IN) 
CR=0.00005, L0•0.384, L=0.29, .. 

M - MASS OF SPOOL VALVE (LBF*SEC .. 2/IN*'4) 
M=3.2071E-05, Z0•1.00 

KFBK - POSITION FEEDBACK GAIN (VOLTS/RAO) 
KAMP - ELECTRICAL PRESSURE FEEDBACK GAIN (VOLTS/PSI) 

PARAMETER KFBK=2.000, KAMP•6.5E-03, ... 

KAMPD - ELECTRICAL OPF FEEDBACK GAIN (VOLTS/PSI) 
TAU3 - ELECTRICAL OPF TIME CONSTANT ( 1/SEC) 

KAMP0=0.1786E-01, TAU3•0.3885 

VISD - VISCOUS DRAG EXTERN/.L TO MOTOR (IN•LBF*SEC) 
PARAMETER vISD•0.018 

CONSTANT PI•3.14159 

PE - EXHAUST PRESSURE (PSI) 
INCON PE•O.O 
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CONSTANT FLAG•9.8765E+OO, COUNT•0.0, CYCLE•19.0 
PARAMETER IMAX• 36,5, PM•850.0, ... 

YMAX•0.025 

S1,S2,S3,S4,S5•MOOEL(SET) 
KWFL•KWFL1•s1+KWFL2•s2+KWFL3•S3+KWFL4•S4+KWFL5•S5 

P21C,P31C -INITIAL PRESSURES IN LOAD LINES (PSI) 
P21C•0.5•(P1+PE) 
P31C•0.5'(P1+PE) 

P41C,P51C - INITIAL PRESSURE ON ENDS OF VALVE SPOOL (PSI) 
P4IC•(P1•D3••4+16.0•PE•D1••2•xo••2)/(D3••4+16.0•D1••2•xo••2) 
P5IC•P41C 

PGIC•PE 
P71C•PE 
CON1•CD•PJ•D2•SORT(2.0/RHO) 
CON2•0.25•PI•D3••2•cD•SQRT(2.0/RHO) 
CON3•CD*PI'•D 1•soRT(2 .O/RHO) 
CDN4•-2.o•cv•cD•P1•D2•ANG 
CON6•MU'Pl•D2•LD/CR 
CON10•0.25•PI•D1••2 
CON12•0.25•PI•D9••2 
CON14•CD•PI•Ds•soRT(2.0/RHO)-

AF - AREA ON SPOOL MECH PRESSURE FEEDBACK ACTS (IN••2) 
AF•0.2S•PI•Os••2•s2 

AE - NET AREA ON SPOOL END FOR CONTROL (IN••2) 
AE•0.25•PI•02••2-AF 

AG - AREA OF MECH DPF UNIT ON WHICH LINE PRESSURE ACTS (IN••2) 
AG=o.2s•p1•oa••2 

AP - AREA OF MECH DPF UNIT WHICH HOLDS PRESSURE TO FLAPPER (IN••2) 
AP•D7• 0 2•0.25°PI-AG 

OMAX•PI'D2°YMAX°CD•SoRT((P1-PE)/RHO) 
c1•-1.o•KFBK 
C2•CON10 
C3•K1•KWFL/(K2+K3) 
C4•K3/(K2+K3) 
C5•1.0/(K2+K3) 
C6•-0.5•CON2/(SQRT(P1-P41C)) 
C7•0.5•CON2'P4IC/(SQRT(P1-P4IC))+CON2•SoRT(P1-P41C) 
C8•CON3•SQRT(P4IC-PE) 
C9•0.5°CDN3°XO/(SORT(P4IC-PE)) 
C10•CONJ•xo•SQRT(P41C-PE)-0.5•CONJ•xo•P41C/(SQRT(P4IC-PE)) 
C16•CON4•(P1-P21C) 
C22•CS•DM/MU 
C23•K3 
C24•-1.0•CON1'SQRT(P1-P21C) 
C31•-1.0°KAMP•S3 
C32•-1.0•KAMPO•S5 
C33•CON12 
C34•0.0 
C35•BETA/(AE•YO) 
C36•-1.0•BETA/YO 
C42•BETA•OM/V1 
C43•BETA•C22/V1 
C44•-1.0•BETA/V1 
C45•-1.0•BETA*OM/V2 
C46•-1.0•BETA•C22/V2 
C47•BETA/V2 
C48=TAU3•S5 
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C49•AG•S4 
CSO•AP 
CSl•-2.0•KS 
C53•BETA/(AP•zo) 
C54•-l.O•BETA/ZO 

C60 - EFFECTIVE SLOPE OF PRESSURE-FLOW CURVE OF MECH DPF UNIT 
C60•3.2B24E-05 
C65•CON6 
C66•1.0/M 
C67•(1.0-CF)•DM/J 
C68•-l.O•(CDM•DM•MU+VISD)/J 

C69 - VALVE FLOW GAIN 
C69•-t.O•(OMAX/YMAX)•SQRT(l.O-J•PM/(ABS(l)•P1)) 

C70 ~ VALVE PRESSURE GAIN 
C70•-l.O•(QMAX/Pt)•(l/IMAX)/(SORT(l.O-l•PM/(ABS(I)*PI))) 
Tl•C43-C46+C70*(C44-C47) 
T2•1.0/(C67•C69•(C47-C44)) 
T3•(Tl-C68)/(CG7•CGS•(C47-C44)) 
T4•-1.0•(Tt•CG8+C67•(C45-C42))/(C67"CG9•(C47-C44)) 
T5•C1•TAU3+C3l*TAU3•(C45-C42)+C32•C48•(C45-C42) 
TG•C1•(TAU3*T1+1.0)+C31*(C45-C42) 
T7=C1*T1 
T8=C31•TAU3*(C47-C44)•CG9+C32•C48•CG9•(C47-C44) 
T9•C3t•CG9•(c47-C44) 
TIO•C9•C35-CG•C35 
T11•C50•C49/(2.0•KS•CGO) 
Tl2•C50•C50/(2.0•K5'C60) 
Tl3•-1.0•CG9•(C47-C44)•T11 
Tl4•-1.o•r11•{C45-C42) 
T15•C3•TS•T12+CS•C33•T14•TAU3 
T16=CJ•(T6•T12+T5*T10*T12+T5)+CS•CJ3•Tt4•(TIO"TAU3+1.0) 
Tl7•C3•(T5•TtO+T7•T12+TG•T10•T12+TG)+C5•C33•Tt4•T10 
T18•CJ•(TG*T10+T7•TIO*T12+T7) 
Tl9•C3•T7*TIO 
T20=C4•Tt2*TAU3+2.o•c2•cs•cJG*Tl2*TAU3 
T21•CJ•Ts•T12+C4•(Tl•T12•TAU3+T12+T10•T12*TAU3+TAU3) 

+2.o•c2•cs•CJ6•(T12•T1•TAUJ+T12+TAU3)+CS•C33•Tt3•TAU3 
T22•C3•(T9"T12+T8'T10•T12+T8)+C4•(TtO•TAU3 +T1•Tt2+T1•T10 

•r12•TAUJ+T1o•r12+11•TAUJ+1.0)+2.o•c2•cs•cJs•cr1•T12+T1• 
TAU3+1.0)+cs•CJ3*T13•(T10•TAU3+1.0) 

T23•C3•(T8•TtO+T9•T10•Tt2+T9)+C4•(T1•TtO•T12+T1+T1•T10'TAU3 
+T10)+2.o•c2•cs•C36•Tl+CS•CJ3•Tt3•Tt0 

T24•C3•T9"TIO+C4•Tt•T10 
r2s=r10+2.o•c2•cs•ce•c3s 
T26•T1+TIO+C6S•C66 
T27=Tt•T10+C66•C65•(T1+TI0)-2.0•C36•CGG'AE+C66•C23-2.0'C16•C66 
T2B•CG6•C6S•T1•T10-2.o•c3s•cG6'AE•Tt•C66•C23•(T1+T10)- ... 

C66*C69*AF•(C47-C44)-2.0*Cl6*C66•(Tl+TIO) 
T29=C6G•c23•T1•r10-c66•C69•AF•(C47-C44)•TI0-2.0•Ct6•CG6•T1•T10 
T30=C66•C2J•T10-2.o•ca•cJS•C66*AE 
T31•Tl2*TAU3 
T32•T12•T25*TAU3+Tl2+TAU3+T12*TAU3•T26 
T33•Tl2•T25+T25•TAU3+t.O+T26•(T12*T25•TAU3+Tl2+TAU3)+T27•T12•TAU3 
T34•T25+T26•(T12"T25+T25•TAU3+1.0)+T27•(T12'l25"TAU3+ ... 

Tl2+TAU3)+Tl2"T2B•TAU3 
T35•T25"T26+T27*(T12•T25+T25•TAU3+1.0)+T2B•(T12•T25*TAU3+ 

T12+TAU3)+T29•Tt2•TAU3 
T36=T2S•T27+T28"(Tl2"T25+T25'TAU3+1.0)+T29•(T12•T25'TAU3+Tt2+TAU3) 
T37=T25•T28+T29•(T12*T25~T25*TAU3+1.0) 

T38•T2S•T29 
T39•-1.0*C66•AF•(C45-C42)*T12•TAU3 
T40•-1.0*C66•AF•(C45-C42)•(T10•Tt2•TAU3+T12*T25•TAU3+ 

Tl2+TAU3) 
l41•-l.O*C66*Af*(C45-C42)•(Tt0•(T12*l25'TAU3+T12+TAU3)+ ... 

Tl2*T25+T25•TAU3+1.0) 
T42•-l.O*C66*AF*(C45-C42)•(T25+TIO*(Tl2*T25+T25'TAU3+1.0)) 
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T43•-t.o•C66•AF•(C45-C42)•Tto•T25 
T44•-t.O•C66•C23'Tl5 
T45•-1.0'(Tl5•TJO+T16•C66'C23) 
T46•-l.0'(Tl6•TJO+Tl7•C66'C23) 
T47•-t.o•(Tl7•TJO+Tt8•C6G•c23) 
T48•-l.Q•(TIB'T30+Tl9•C66'C23) 
T49•-l.0'Tl9'T30 
T50•-1.o•c6G•c2a•r20 
T51•-t.O•(T20'T30+T21'C66'C23) 
T52•-1.0'(T21•T30+T22•C66'C23) 
T53•-t.O•(T22'T30+T23'C66•C23) 
T54•-1.0'(T23'T30+T24•C6G•C23) 
T55•-l.O'T24*T30 
T56•T33+T50 
T57•T34+T51 
T58•T35+T52 
T59•T36+T53 
T60•T37+T54 
TG1•T38+T55 
T62•T::i9+T44 
T63•T40+T45 
T64•T41+T46 
T65•T42+T47 
T66•T43+T48 
T67•T2•T31 
T6B•T2'T32+T3'T31 
T69•T2•T56+T3'T32+T4•T31 
T70•T2•T57+T3•T56+T4•T32 
T71•l2'T5B+T3'T57+T4'T56 
T72•T2'T59+T3•T58+T4'T57 
T73•T2'T60+T3'T59+T4*T58 
T74•T2•T61+T3•T60+T4'T59 
T75•TJ•T61+T4'T60 
T76•T4'T61 
T77•T62+T72 
T7B•T63+T73 
T79•T64+T74 
TBO•T65+T75 
TBl•T66+T76 
T82•C3'Tl2*TAU3*C66'C23 
T83•C3•(TJO•Tl2•TAU3+C66'C23'(Tl•Tl2*TAU3+T10*Tl2*TAU3+. 

T12+TAU3)) 
T84•C3*(T30*(Tl*Tl2•TAU3+T12+T10'l12'TAU3+TAU3)+C66•C23• 

(TIO'TAU3+T1•Tt2+Tt•TIO*Tl2'TAU3+T10•Tl2+T1•TAU3+1.0)) 
T85•C3'(l30*(TIO•TAU3+Tl'Tl2+T1'TIO•T12'TAU3+TIO*Tl2+Tl•TAU3 

+1.0)+C66'C23*(T1•110•112+11+r1•r1o•TAUJ+TIO)) 
TB6•CJ•(T30'(Tl'TIO•Tl2+T1+Tl'TIO•TAU3+T10)+C66'C23•Tl*T10) 
T87=C3'T30•Tt•Tt0 
TBB•T82/TB7 
TB9•TB3/TB7 
T90•TB4/TB7 
T9 I •TB5/T87 
T92•TB6/TB7 
T93•T67/T49 
T94•T68/T49 
T95=T69/T49 
T96•T70/ T 49 
T97=T71/T49 
T9B=T77/T49 
T99•T78/T49 
T IOO•T79/T49 
T 10 I =TBO/T 49 
T 102•TB 1/T49 

DYNAMIC 
Wl•INTGRL(O.O,W2) 
W2=1NTGRL(O.O,W3) 
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WJ•INTGRL(O.O,W4) 
W4•JNTGRL(0.0,W5) 
W5•INTGRL(0.0,W6) 
W6•1NTGRL(O.O,W7) 
W7•1NTGRL(0.0,WB) 
WB•INTGRL(0.0,W9) 
W9•1NTGRL(0.0,WIO) 
WIO•INTGRL(O.O,WIOOOT) 
WIODDT•(l-T94•W10-T95•W9-T96•WB-l97'W7-T9B*W6-T99'W5-TIOO'W4 

-TIOl*W3-TI02•W2-Wl)/T93 
THET•(l87/T49)'(TBB•WG+T89•W5+T90•W4+T91"W3+T92"W2+WI) 
RESP•KFBK•THET/I 
NO SORT 
CALL DEBUG (1,0.0) 

THESE STATEMENTS WRITE TO TSO DATA SET FOR PLOTTING 
IF (KEEP.NE.I) GO TO 500 
CYCLE•CYCLE+l .0 
IF (CYCLE.NE.20.0) GO TO 500 
WRITE (8,600) TIME,THET 

600 FORMAT (T5,2(El4.6,5X)) 
CVCLE•O.O 
COUNT•COUNT+ I .0 

500 CONTINUE 
TERMINAL 

WRITE (8,700) FLAG.COUNT 
TIMER FINTIM•0.65,0ELT•5.0E-05,PROEL=2.5E-03,DUTDEL=2.5E-03 

700 FORMAT (T5,E14.6,5X,E14.6) 

END 
STOP 

METHOD RKSFX 
PRTPLT THET (RESP) 
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APPENDIX D 

TRANSFER FUNCTION CONSTANTS 

Solution models for systems of the type studied are third order 

for uncompensated systems or systems utilizing pressure feedback. Dy-

namic pressure feedback system solution models are fourth order. The 

constants of the transfer function are terms including the various 

system parameters. Transfer functions for the general systems were 

derived for this study. Specific transfer functions for specific sys-

tems can be evaluated knowing the system parameters. 

Transfer functions of the third order solution models used are 

of the form 

e K 
(D. 1) 

I 

Solution models of the fourth order dynamic pressure feedback model 

are of the form 

e K•(Ts + 1) 
(D. 2) 

I 

The definition of each constant of (D.l) for the system with no 

additional compensation is described below. Subscripted "C's" rep-

resent constants from the linearized equations described in Appendix 

A. 

K (D. 3) 
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~ is the valve gain. 

J (D. 4) 

(D. 5) 

(D. 6) 

a = 0 
(D. 7) 

Systems utilizing pressure feedback also have a transfer func~ 

tion of the form (D.l). The definition of each transfer function 

constant for this system follows. 

(D.8) 

J (D. 9) 

(D .10) 

(D .11) 

(D .12) 

Systems utilizing pressure feedback have a transfer function of 

the form (D.2). The definition of each constant of the fourth order 

transfer function utilizing dynamic pressure feedback follows. 

(D .13) 

a = J•T 
4 

(D .14) 
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+ J + K •K __ •K_ •C •(C - C )•T•J A -~ -1J 69 47 44 (D.15) 

(D.16) 

(D.17) 

a = 
0 (D.18) 

When developing the root locus as a function of feedback gain 

the transfer function in (D.2) was rearranged with the feedback gain 

in the open loop gain position. The new open loop transfer function 

for the feedback gain is of the following form. 

GH (D.19) 

The definition of each constant of the transfer function 

follows. 

(D.20) 

(D.21) 

(D.22) 

(D.23) 



a2 = J•[C43 - c46 + c7o·(C44 - c47)] + (CDM 0 DM•µ + Visd) 

+ T•([C43 - c46 + c7o·<c44 - c47)J•[CDM 0 DM•µ + Visd] 
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- [l - CF) •DM•[c45 - c42 ]) (D.24) 

al= [C43 - c46 + c7o·(C44 - c47)J•[CDM 0 DM•µ + Visd] 

- [l - CF)•DM•[C45 - C42] 

+ 1•KF•KA•l\r•C69•(1 - CF)•DM•(C47 - C44) 

aO = KF•KA•l\r•C69•(1 - CF)•DM•(C47 - C44) 

(D. 25) 

(D. 26) 



APPENDIX E 

PERFORMANCE OPTIMIZATION PROGRAM 

A listing of the user supplied program used to determine the 

optimum values of the three adjustable system parameters is presented 

in this appendix. The program and all related subroutines are written 

in WATFIV FORTRAN. Computational variables are double precision to 

minimize round-off error in the optimization process. 

A main program and five subroutines comprise the user supplied 

program for evaluating the objective function for minimization. SER

VO, MULER, DISP, ENVEL, and INTPOL are the five subroutines. The 

main program sets up the input for optimization. 

Desired system static stiffness is user entered. System param

eters are input into the program through DATA statements. The main 

program calculates the necessary servoamplifier gain required to main

tain static stiffness. That amplifier gain value is assigned to 

XMIN(l) to prevent the gain from falling below the level required to 

maintain static stiffness. Simultaneously that amplifier gain is 

assigned to the program adjustable parameter X(l). 

X(Q) and X(3) represent the initial values of feedback gain and 

feedback time constant supplied by the user to the program. These 

values are not necessary for simulation. Setting MASK(l) and MASK(2) 

non-zero prevents the values of X(l) and X(2) from varying the second 

step of the synthesis process. 
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The system model to be used in the optimization program is deter

mined by the variable SET. SET equal to 1.0 models the uncompensated 

system, equal to 3.0 is the pressure feedback model, and equal to 5.0 

the dynamic pressure feedback model. Depending upon the particular 

model different initial values of the system parameters are supplied. 

The main program calls STEPIT which is in constant communication 

with SERVO. SERVO evaluates the objective function supplied for mini

mization. Settling time was the only value used in computing the ob

jective function for this project but SERVO also computes rise time; 

peak overshoot, and time of peak overshoot. These values can be in

corporated into the objective function as desired by the user. 

STEPIT receives the fixed system parameters from the main program 

and increments the adjustable parameters in such a manner as to mini

mize the objective function. SERVO evaluates the system transfer 

function with parameter values supplied by STEPIT. SERVO in turn 

calls MULER to locate the transfer function poles. 

MULER locates the transfer function poles using Muller's method. 

Determination of all the system poles is not guaranteed with Muller's 

method but as a general rule is quite reliable. 

Nature of the poles was known through the root locus presented 

in Chapter III. The time solution was obtained according to the pro

cedure outlined in Chapter III. SERVO calculates the rise time, peak 

displacement, and peak time utilizing the subroutines DISP and INTPOL. 

DISP evaluates the value of the time response for various time values. 

INTPOL in turn interpolates between values returned by DISP to deter

mine the time at a specific displacement. 

Simultaneously, SERVO evaluates the response settling time using 
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the envelope of the time response. Subroutines ENVEL and INTPOL are 

utilized by SERVO in obtaining the settling time. ENVEL evaluates 

the value of the response envelope for various time values. INTPOL 

in turn interpolates between values returned by ENVEL to determine 

the specific time settling time occurs. 

STEPIT keeps track of the direction with which the objective 

function is changing. It increments the adjustable parameters and 

the process of re-evaluating the objective function begins again. 

Final parameter values which STEPIT returns are the starting points 

for system hardware selection. 
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19 
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21 
22 

23 

24 
25 

26 
27 
28 
29 
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31 
32 
33 
34 
35 
36 
37 
38 
39 
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41 
42 
43 
44 
45 
46 
47 

$JOB ,TIME•(1,00) 

c 
c 

c 

c 

c 

DOUBLE PRECISION XMAX,XMIN,OELTX,DELMN,ERR,FOBJ,X 
DOUBLE PRECISION TRISE,TSET,DRISE,DSET,DPEAK 
DOUBLE PRECISION PFE,PFF,PFG,PFL,AA,88,CC,FREQ,PHl,TIME,THET,SGN 
DOUBLE PRECISION COE(20),ROOTR(20),ROOTl(20),XN(10),FN(10).DISL 
DOUBLE PRECISION ABSERR,ANS,ERROR 
DOUBLE PRECISION STIFF,CON1,CON2,CON3,CON4,CON10,P21C,P41C,AE, 

1 C1,C2,C4,C5,C6,C8,C9,Ct6,C22,C23,C24,C30,C35,C42,C44,C45,C47, 
2C69,C43,C46,C70.T1,T10.KWFL,KVAL.ll,KFBK,XO.YO,CS,CF,CDM,DM, 
3MU,P1,PE,RHO,CV,ANG,PJ,BETA,V1,V2,CD,D1,D2,D3,K1,K2,K3,Pl,VISD 

EXTERNAL SERVO 
COMMON TRISE,TSET,DRISE,DSET 
COMMON PFE,PFF,PFG,PFL.AA,BB,CC,FREQ,PHl.TIME,THET,SGN 
COMMON COE,ROOTR.RODTI 
COMMON XN,FN,DISL,ABSERR,ANS,ERROR 
COMMON N1,NFAIL,IQUIT,NN,MAXDEG,JJ 
COMMON /PASS/Pl.C1.C42,C43,C44,C45,C46,C47,C69,C70.T1,KVAL,CF, 

1DM,PJ,CDM,MU.ll,DPEAK,VISD,SET 
COMMON /CSTEP/ X(20).XMAX(20).XMIN(20),DELTX(20),DELMN(20). 

ERR(20,21),FOBJ,NV,NTRAC,MATRX,MASK(20). 
NFMAX,NFLAT,JVARY,NXTRA,KFLAG,NOREP,KERFLW,KW 

SYSTEM PARAMETERS ARE EN~EREO INTO THE OPTIMIZATION PROGRAM 
THROUGH THESE DATA STATEMENTS. 

DATA ll,KFBK,XO,Y0/1.500+00,2.0000+00,1.BD-03,0.40+00/ 
DATA CS.CF,CDM,DM,MU/O.BBD-OB.1.00-01,1.60+05,1.5120-02,2.00-06/ 
DATA P1,PE,RHO,CV,ANG/1.1D+03,0.D+00,7.85D-05,9.BD-01,3.5B40-01/ 
DATA PJ,BETA,V1,V2,CD/2.16D-03,1.500+05,2.5D+Ot.2.50+01,6.25D-01/ 
DATA D1.D2,D3.K1,K2,K3/2.3D-02,2.75D-01.1.2D-02,5.00-02.1.40+02. 

12.250+01/ 
DATA Pl,ABSERR/3.1415926540+00,5.00-tO/ 
DATA VISD/O.OtBD+OO/ 
DATA IQUIT,NN,MAXDEG/0,10,8/ 

DRISE IS DESIRED RISE TIME. 
DRISE•2.69217D-02 

DSET IS DESIRED SETTLING TIME. 
DSET=0.625 
DPEAK•1.0384 

STIFF IS THE MINIMUM STATIC STIFFNESS DESIRED. 
STIFF•1000.0 
CON1•CD•P1•02•DSQRT(2.0/RHD) 
CDN2•0.25•P1•03••2•co•DSQRT(2.0/RHO) 
CON3•CD•PI•D1•DSQRT(2.0/RHD) 
CON4=-2.o•cv•co•p1•02•ANG 
CDN10•0.25*PI•o1••2 
P2IC=0.5•(P1+PE) 
P4IC~(P1•03••4+16.0*PE•o1••2•xo••2)/(D3**4+16.0*D1••2•xo••2) 
AE•0.25*Pl*D2••2 
C1•-1.0•KFBK 
C2•CDN10 
C4•K3/(K2+K3) 
C5•1.0/(K2+K3) 
C6•-0.5*CON2/(DSQRT(P1-P41C)) 
CB•CDN3*DSQRT(P4IC-PE) 
C9•0.5•CON3*XD/(DSQRT(P41C-PE)) 
C16•CDN4•(P1-P21C) 
C22•CS•DM/MU 
C23•K3 
C24•-1.0•CON1•DSQRT(P1-P21C) 
C30•1.0/((1.0-CF)•DM) 
C35•BETA/(YD*AE) 
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C42•BETA•OM/Vf 
C43•C22*BETA/V1 
C44•-1.0*BETA/V1 
C45•-1.0*BETA*DM/V2 
C46•-t.o•c22•BETA/V2 
C47•BETA/V2 
C69•-9.6360+02 
C70•-3.9161E-03 
T1•C43-C46+C70*(C44-C47) 
T10•C9*C35-C6•C35 
KWFL•(-1.0•STIFF•(K2+K3)/(K1*C1))•((2.0*C2*C5•CB-C6+C9)/ 

1(C6•C23-C9•C23+2.o•cB•AE)•((2.o•c16-C23)•c22•C30/C24) 
2-c4•c22•c3o/C24) 
KVAL•(K1/(K2+K3))•(T10•C23-2.o•ce•C35*AE)/(C4•(2.o•ce•C35*AE-

1T10"C23)+(C23-2.0•C16)•(T10+2.0*C2•C5•CB•C35)) 
CALL STSET 

.NTRAC•O 
SETTING MASK NONZERO PROHIBITS ANY CORRESPONDING CHANGE IN X. 

MASK( 1)• 1 
MASK(2)•1 

SET DETERMINES WHICH MODEL IS OF INTEREST. 
SET•1.0 U~COMPENSATED'SERVOSYSTEM 
SET•3.0 PRESSURE FEEDBACK SERVOSYSTEM. 
SET•5.D DYNAMIC PRESSURE FEEDBACK SERVDSYSTEM. 

SET•3.0 
XMIN(1) MINIMUM VALUE OF AMPLIFIER GAIN. 

XMIN(1)•KWFL 
XMIN(2) MINIMUM VALUE OF FEEDBACK GAIN 

XMIN(2)•0.00 
XMIN(3) MINIMUM VALUE OF FEEDBACK TIME CONSTANT 

XMIN(3)•1.0D-07 
JJ•O 
IF (SEJ.NE.3.0) GO TO 25 
N1•3 
NV=2 
X( 1) •KWFL 
X(2)•2.5D-02 
X(3)•0.0 
GO TO 45 

25 IF (SET.NE.5.0) GO TO 35 
N1=4 
NV•3 
X(1)•KWFL 
X(2)•1.786D-02 
X(3)=0.5 
GO TO 45 

35 N1•3 
NV•1 
X(1)=0.29 
X(2)=0.0 
X(3)•0.0 

45 CONTINUE 
CALL STEPIT(SERVO) 
WRITE (6,55) STIFF 

55 FORMAT(' 1', TtO, 'THE MINIMUM REQUIRED STATIC STIFFNESS ( IN*LBF/RAD) 
1 IS',T70,E12.5) 
WRITE (6,65) KWFL 

65 FORMAT(/,TtO,'THE REQUIRED AMPLIFIER GAIN (MA/VOLT) IS',T70,E12.5) 
sT•l(2.o•c16-C23)•c22•c30J/c24•(2.o•c2•c5•ce-c6+c9J/ 

1(C6•C23-C9•C23+2.o•ce•AE)-c4•c22•C30/C24 
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STIF•-1.0•K1•C1•X(1)/(ST•(K2+K3)) 
WRITE (6,75) STIF 

75 FORMAT(/,T10,'THE STATIC STIFFNESS ACTUALLY OBTAINED (IN•LBF/RAO) 
11 S' , T70, E 12. 5) 

WRITE (6,85) X(1) 
85 FORMAT(/,T10, 'FINAL VALUE FOR AMPLIFIER GAIN (MA/VOLT) IS',T70, 

1E12.5) 
IF (SET.EQ.1.0) GO TO 115 
WRITE (6,95) X(2) 

95 FORMAT (/,T10,'FINAL VALUE FOR FEEDBACK GAIN (VOLT/PSI) IS', 
1T70,E12.5) 
If (SET.EQ.3.0) GO TO 115 
WRITE (6,105) X(3) 

105 FORMAT(/,T10, 'FINAL VALUE OF FEEDBACK TIME CONSTANT (1/SEC) IS', 
1T70, E 12. 5) 

115 CONTINUE 
JJ•1 
CALL SERVO 
JJ•2 
X(t)•O.O 
CALL SERVO 
WRITE (6, 195) 

195 FORMAT ( '1') 
STOP 
END 

SUBROUTINE SERVO 
THE SUBROUTINE SERVO CALCULATES THE SOLUTION OF THE SYSTEM IN THE 
TIME DOMAIN. FROM THIS SOLUTION THE RISE TIME AND SETTLING TIME 
ARE CALCULA TEO. 

DOUBLE PRECISION XMAX,XMIN,OELTX,DELMN,ERR,FOBJ,X 
DOUBLE PRECISION MU,II,CF,COM,OM,Pl,PJ,ABSERR,KVAL,C1,C42,C43, 

1C44,C45,C46,C47,C69,C70,T1,C32,VISD 
DOUBLE PRECISION R1,R2,R3,R4,R5,R6,R7,RB,R9,R10,R11 
DOUBLE PRECISION TRISE,TSET,DRISE,DSET,OPEAK,PEAK 
DOUBLE PRECISION PFE,PFF,PFG,PFL,AA,BB,CC,FREQ,PHI,TIME,THET,SGN 
DOUBLE PRECISION COE(20),RDOTR(20),RODTl(20),XN(10),FN(10),0ISL 
DOUBLE PRECISION ANS,ERROR,DC,PFH,PFJ,PFK,TIML,TIMP,TRL,TRU 
COMMON TRISE,TSET,ORISE,OSET 
COMMON PFE,PFF,PFG,PFL,AA,BB,CC,FREQ,PHI,TIME,THET,SGN 
COMMON COE,ROOTR,ROOTI 
COMMON XN,FN,OISL,ABSERR,ANS,ERROR 
COMMON N1,NFAIL.IQUIT,NN,MAXOEG,JJ 
COMMON /PASS/PI,C1,C42,C43,C44,C45,C46,C47,C69,C70,T1,KVAL,CF, 

10M,PJ,CDM,MU,II,DPEAK,VISO.SET 
COMMON /CSTEP/ X(20),XMAX(20).XMIN(20),DELTX(20),DELMN(20), 

ERR(20,21),FOBJ,NV.NTRAC,MATRX,MASK(20), 
NFMAX,NFLAT,JVARV,NXTRA,KFLAG,NOREP,KERFLW,KW 

STATEMENTS C1 THROUGH RB CALCULATES CONSTANTS DESCRIBING THE SYSTEM 
ANO ARE USED TO DETERMINE THE COEFFICIENTS OF THE DIFFERENTIAL 
EQUATION. 

C32•-1.0•X(2) 
R1z( 1. -CF )"OM 
R2•PJ*T1+(COM•OM•MU+VISD) 
R3•T1•(COM•OM•MU+VIS0)-(1.0-CF)•QM•(C45-C42) 
R4•X(1)*KVAL•R1•(C47-C44)*C69 
R5•X(3)•R2+PJ-X(1)*KVAL*C69•(C47-C44)*C32*X(3)•PJ 
R6•X(3)*R3+R2-X(1)*KVAL*C69*(C47-C44)*C32•X(3)•(COM•QM•MU+VISO) 
R7•R3-C1*R4*X(3) 
RB•-1.o•c1•R4 
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R9•Rt•R2+R4•X(2)•PJ 
Rt0•Rt•R3+R4•X(2)•(CDM•OM•MU+VISD) 
Rl1•-l.O•Rt•R4*CI 

CDE(I) THROUGH COE(5) ARE THE COEFFICIENTS OF THE DIFFERENTIAL 
EQUATION DESCRIBING THE SYSTEM. 

IF (SET.NE.3.0) GO TD 50 
CDE(1)•PJ•R1 
CDE(2)•R9 
COE(3)•RIO 
COE(4)•R11 
GO TO 70 

50 IF (SET.NE.5.0) GD TO 60 
COE( 1 )-X(3)*PJ 
COE(2)•X(3)•R2+PJ-X(1)•KVAL*C69*(C47-C44)*C32*X(3)•Pu 
COE(3)•X(3)•R3+R2-X(t)•KVAL•C69•(C47-C44)•C32•X(3)•(CDM•OM•MU+ 

1VISD) 
COE(4)•R3-Ct•X(J)•X(l)•KVAL•R1•(C47-C44)*C69 
COE(5)•-1.o•c1•x(1)•KVAL•R1•(C47-C44)•C69 
GO TO 70 

60 COE(1)•PJ 
COE(2)•R2 
COE(3)•R3 
COE(4)•-1.o•c1•R4 

70 CONTIMJE 
THE SUBROUTINE MULER SOLVES FOR THE ROOTS OF THE EQUATION. 

CALL MULER 
IF (NFAIL.EQ.O) GO TO 140 
WRITE (6,130) 

130 FORMAT (//,TIO,' THE SUBROUTINE MULER FAILDED TO FIND ALL ROOTS.') 
FOBJ=0.0 
GD TO 580 

140 If (JJ.EQ.0) GO TO 165 
IF (JJ.EQ.1) WRITE (6,150) 

150 FORMAT(/,T10,'THE CLOSED LOOP POLES ARE') 
IF (JJ.EQ.2) WRITE(6, 151) 

151 FORMAT(/,T10,'THE OPEN LOOP POLES ARE') 
WRITE (6,160) (I,ROOTR(l),ROOTl(l),I•l,N1) 

160 FORMAT ( /, 1 SX, 'X (' , I I , ' ) • ' , E 15. 5, '+ ( ' , E 15. 5 ,' ) I ' ) 
165 CONTINUE 

IF (JJ.EQ.2) GO TO 580 
KK•O 
LL•O 

THESE NEXT STATEMENTS CHECK WHETHER OR NOT THE SYSTEM IS STABLE 
BY LOOKING AT THE SIGN ON THE REAL PART OF THE ROOTS OF THE 
EQUATION. 

DO 170 I•l,N1 
IF (ROOTR(I).LE.0.0) GO TO 170 
WRITE (6,300) 

300 FORMAT (//,TIO,' THE SYSTEM IS UNSTABLE.') 
FOBJ•O.O 
WRITE (6,302) X(t),X(2),X(3) 

302 FORMAT (TIO,'X(1)= ',D14.5,5X,'X(2)= ',014.5,5X,'X(3)• ',014.5) 
GO TO 580 

170 CONTINUE 
THESE NEXT STATEMENTS CHECK WHETHER OR NOT lHE SYSTEM IS TOO STABLE 
BY ALL THE ROOTS BEING REAL ANO NEGATIVE NOT HAVING COMPLEX 
CONJUGATES . 

DO 310 1•1,Nt 
IF (OABS(ROOTl(l)).GE.1.00-05) GO TO 420 

310 CONTINUE 
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WR! TE (6, 320) 
320 FORMAT (//,T10,' ALL ROOTS ARE REAL.') 

FOBJ•0.0 
GO TO 580 

FINO OUT WHICK ROOTS ARE REAL ANO WHICH ONES ARE COMPLEX CONJUGATES 
FOR PARTIAL FRACTION EXPANSION. 
CALCULATE THE VALUES REQUIRED FOR THE PARTIAL FRACTION EXPANSION. 

420 00 460 1•1.N1 
IF (OABS(ROOTl(l)).GE.1.00-05) GO TO 450 
KK•KK+ 1 
GO TO (430,440),KK 

430 AA•-1.0*ROOTR(I) 
GO TO 460 

440 BB•-1.0*ROOTR(I) 
GO TO 460 

450 LL•LL+1 
IF (LL.NE.1) GO TO 460 
CC•-2.0*ROOTR(I) 
DC•ROOTR(l)••2+ROOTl(l)*"2 

460 CONTINUE 
IF (N1.EQ.3) 88•0.0 
IF (N1.E0.3) GO TO 475 

PFE IS STEADY STATE VALUE. 
PFE•R4•11/(X(3)*AA*B8•oc•PJ) 

PFG IS THE COEFFICIENT OF ONE OF THE REAL POLES. 
PFG•((AA•CC-AA••2-oc)•(R4*Il/PJ-(PFE•AA•BB•CC+PFE•AA*OC-PFE•AA 

1••2•BB))+(PFE*AA•cC-PFE•AA••2)•(cC•AA*BB-AA**2*BB-BB•OC))/((AA• 
2CC-AA••2-DC)•(AA•BB••2-AA••2•BB+AA*DC-BB•oc)-(AA•CC+BB••2-BB•cc-
3AA••2)•(CC•AA•BB-AA••2•BB-BB•OC)) 

209 PFH•(PFE*AA**2-PFE*AA*CC-PFG•(AA*CC+BB**2-BB*CC-AA**2))/ 
1(AA*CC-AA**2-DC) 

210 PFJ•-1.0*PFE*AA+PFG*(BB-AA)+PFH*(CC-AA) 
C PFF IS THE COEFFICIENT OF ONE OF THE REAL POLES. 

211 PFF•-1. O•PFE-1 .O*PFG-1. O•PFH 
212 GO TO 478 
213 475 PFG•0.0 
214 PFE•R4•II/(PJ*AA*OC) 
215 PFH•(PFE*AA••2-PFE•AA*CC)/(AA*CC-DC-AA*•2) 
216 PFJ•PFH*(CC-AA)-PFE*AA 
217 PFF•-1.0*PFE-PFH 

C FREQ IS THE DAMPED NATURAL FREQUENCY OF THE COMPLEX CONJUGATES. 
218 478 FREQ•DSQRT(4.o•oc-cc••2)/2.0 
219 PFK•(PFJ-PFH*CC/2.0)/FREQ 

C PHI IS THE PHASE SHIFT IN THE SINE TERM IN THE COMPLEX CONJUGATES. 
220 PHl•DATAN(PFH/PFK) 

C PFL IS THE COEFFICIENT OF THE COMPLEX CONJUGATE POLES. 
221 PFL•PFK/(DCOS(PHI)) 
222 IF (JJ.NE .1) GO TO 105 
223 WRITE (6,15) PFE 
224 15 FORMAT(/,T10,'STEADY STATE DISPLACEMENT (RAO) IS',T70,E12.5) 
225 WRITE (6,25) PFF 
226 25 FORMAT(/,T10,'COEFFICIENT OF FIRST REAL POLE TERM IS',T70,E12.5) 
227 WRITE (6,35) AA 
228 IF (N1.EQ.3) GO TO 58 
229 35 FORMAT(/,T10,'EXPONENT OF THE FIRST REAL POLE IS',T70,E12.5) 
230 WRITE (6,45) PFG 
231 45 FORMAT(/,T10,'COEFFICIENT OF SECOND REAL POLE TERM IS',T70,E12.5) 
232 WRITE (6,55) BB 
233 55 FDRMAT(/,T10,'EXPONENT OF SECOND REAL· POLE IS',T70,E12.5) 
234 58 CCC•0.5*CC 
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235 WRITE(6,65) PFL 
236 65 FORMAT(/,T10,'COEFFICIENT OF SIMJSOIOAL TERM IS',T70,E12.5) 
237 WRITE (6, 75) CCC 
238 75 FORMAT(/,T10,'EXPONENT OF SINUSOIDAL TERM IS',T70,E12.5) 
239 WRITE (6,85) FREQ 
240 85 FDRMAT(/,T10,'RESPONSE DAMPED NATURAL FREQUENCY (RAO/SEC) IS'. 

1T70,E12.5) 
241 WRITE (6,95) PHI 
242 95 FORMAT(/,TIO,'PHASE SHIFT OF SYSTEM RESPONSE (RAO) IS',T70,E12.5) 
243 105 CONTINUE 
244 M•O 

C TIMP IS THE TIME WHERE THE FIRST MAXIMUM OF THE SINE TERM OCCURS. 
245 TIMP•( 1.5•PI-PHl)/FREQ 
246 TIME•TIMP 
247 TIML•TIMP 
246 CALL 01 SP 
249 PEAK•THET 
250 IF (JJ.NE.1) GO TO 145 
251 WRITE (6,115) THET 
252 115 FORMAT (/,TIO,'RESPONSE PEAK DISPLACEMENT (RAD) IS',T70,El2.5) 
253 WRITE (6, 135) TIMP 
254 135 FORMAT(/,T10,'TIME (!iECS) PEAK DISPLACEMENT OCCURS IS'.T70,E12.5) 
255 145 CONTINUE 
256 IF (THET.LT.(0.9•PFE)) GO TO 497 
257 TIME•TIMP+0.02•PI/FREO 
258 490 TIME•TIME-0.02•PI/FREQ 
259 CALL DISP 
260 IF (THET.GE.(0.9•PFE)) GO TO 490 
261 TIML•TIME 

C OBTAIN DATA POINTS TO INTERPOLATE FOR 90% VALUE IN RISE TIME. 
262 DD 495 K• 1, 10 
263 PK•K 
264 FN(K)•TIML+(PK-1.0)•(0.02•Pl/FRE0)/9.0 
265 TIME•FN(K) 
266 CALL DI SP 
267 XN(K)•THET 
268 495 CONTINUE 
269 OISL•0.9*PFE 

C INTERPOLATE TO THE FINO THE 90% POINT. 
270 CALL INTPOL 
271 TRU•ANS 
272 M•M+ 1 
273 497 TIME•TIML 
274 500 TIME•TIME-0.02*PI/FREO 
275 CALL OISP 
276 IF (THET.GE.(0.1*PFE)) GO TO 500 
277 TIML•TIME 

C OBTAIN DATA POINTS TO INTERPOLATE FOR 10% VALUE IN RISE TIME. 
278 00 505 K• 1, 10 
279 PK=K 
280 FN(K)•TIML+(PK-1.0)•(0.02*Pl/FREQ)/9.0 
281 TIME•FN(K) 
282 CALL OISP 
283 XN(K)•THET 
284 505 CONTINUE 
285 OISL•0.1*PFE 

C INTERPOLATE TD FIND THE 10% POINT. 
286 CALL INTPDL 
287 TRL=ANS 

C IN THE EVENT THAT THE SOLUTION HAS A VERY DOMINANT REAL POLE THE 



C FIRST SINE PEAK MAY NOT HAVE REACHED THE 90% POINT. If THIS IS 
C TRUE FIND WHERE THE 90% POINT IS LOCATED. 

288 IF ( M. NE . 0) GO TO 520 
289 TIME•TJMP 
290 510 TIME•TIME+2.0*PI/FREQ 
291 CALL DISP 
292 IF (TIME.LT.( 100.*Pl/FREQ)) GO TO 525 
293 WRITE (6,535) 
294 535 FORMAT(//,T10,' THE RISE TIME IS TOO SLOW.') 
295 FOBJ•0.0 
296 GD TO 580 
297 525 IF (THET.LT.(0.9•PFE)) GO TO 510 
298 527 TIME•TIME-0.02•Pl/FREQ 
299 CALL DI SP . 
300 IF (THET.GE.(0.9•PFE)) GO TO 527 
301 TIML•TIME 

C OBTAIN DATA POINTS TO INTERPOLATE FDR 90% VLAUE IN RISE TIME. 
302 DD 515 K•l,10 
303 PK•K 
304 FN(K)•TIML+(PK-1.0)•(0.02•PI/FREQ)/9.0 
305 TIME•FN(K) 
306 CALL OISP 
307 XN(K)•THET 
308 515 CONTINUE 
309 OISL•0.9•PFE 

C INTERPOLATE TO FINO THE 90% POINT. 
310 CALL INTPOL 
311 TRU•ANS 

C CALCULATE THE RISE TIME OF THE SYSTEM. IE, THE TIME TO GO FOR THE 
C FIRST TIME FROM THE 10% V~LUE OF STEADY STATE TO THE 90% VALUE OF 
C STEADY STATE. 

312 520 TRISE•TRU-TRL 
313 IF (JJ.E0.1) WRITE(6, 155) TRISE 
314 155 FORMAT(/, T10, 'RESPONSE RISE TIME (SECS) IS', T70,E12.5) 

C THE NEXT THING NECESSARY TO CHECK IS THE RESPONSE SETTLING TIME. 
C THE TIME WHEN THE BOUNDS ON THE SOLUTION COMES WITHIN 5% OF THE 
C STEADY STATE VALUE IS THE POINT WANTED. 

315 TIME•0.02•Pl/FREO 
316 SGN•l.O 

C CHECK THE ENVELOPE OF THE SINE WAVE ON THE LOW SIDE OF STEADY STATE 
C VALUE. 

317 540 CALL ENVEL 
318 IF (THET.GT.(0.95*PFE)) GO TO 550 
319 TIME•TIM.E•0.02*PI /FREQ 
320 IF (TIME.GT.(100.•PI/FREO)) GO TO 545 
321 GO TO 540 
322 545 WRITE (6,547) 
323 547 FORMAT (1X,'THE SETTLING TIME IS TOO LARGE.') 
324 FOBJ•O.O 
325 GO TD 580 
326 550 TIMU•TIME 
327 TIML•TIME-0.02•PI/FREQ 

C OBTAIN. DATA POINTS FOR 95% ENVELOPE VALUE IN SETTLING TIME. 
C INTERPOLATE TO FINO 95% POINT. 

328 DD 560K•1,10 
329 PK•K 
330 FN(K)•TIML+(TIMU-TIML)*(PK-1.0)/9.0 
331 TIME•FN(K) 
332 CALL ENVEL 
333 XN(K)•THET 
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c 
c 
c 
c 

560 CONTINUE 
DISL•0.95•PFE 
CALL INTPDL 
TSET•ANS 

CHECK THE ENVELOPE OF THE SINE WAVE ON THE HIGH SIDE OF STEADY 
STATE VALUE. 

SGN•-1.0 
TIME•TSET 
CALL ENVEL 

IF THE 105% POINT ODES NOT MEET THE SETTLING TIME REQUIREMENTS 
PROCEED AS BEFORE TD FINO SETTLING TIME USING THE UPPER BOUND. 

IF (THET.LT.(1.05•PFE)) GO TD 610 
565 CALL ENVEL 

IF (THET.LT.(1.05*PFE)) GO TD 590 
TIME=TIME+0.02•Pl/FREQ 
IF (TIME.GT.(100.*Pl/FREQ)) GD TO 545 
GO TD 565 

590 TIMU•TIME 
TIML•TIME-0.02*Pl/FREQ 
DO 600 K•1,10 
PK•K 
FN(K)=TIML+(TIMU-TIML~*(PK-1.0)/9.0 
TIME=FN(K) 
CALL ENVEL 
XN(K)•THET 

600 CONTINUE 
DI SL• 1 .o5•PFE 
CALL INTPOL 

610 TSET•ANS 
IF (uJ.NE.1) GD TO 185 
WRITE (6,166) TSET 

166 FORMAT(/,T10,'RESPDNSE SETTLING TIME (SECS) IS',T70,E12.5) 
WRITE (6,175) DISL 

175 FORMAT(/,T10,'RESPONSE ENVELOPE VALUE (RAD) AT WHICH SETTLING TIME 
1 OCCURS'.T70,E12.5) 

185 CONTINUE 
THE OBJECTIVE FUNCTION FDR MINIZATIDN 

FDBu•TSET 
FDBu=DABS(TSET-DSET) 

580 RETURN 
END 

SUBROUTINE MULER 

MULER 3.0 A.N.S.I. STANDARD FORTRAN JUNE 1974 

FINDS All ROOTS OF A POLYNOMIAL HAVING REAL COEFFICIENTS, USING 
MULLER-S METHOD. 

u. P. CHANDLER, COMPUTER SCIENCE DEPT., OKLAHOMA STATE UNIVERSITY 
(THE ORIGINAL VERSION OF THIS ROUTINE WAS DISTRIBUTED BY -SHARE-.) 

MULLER-S METHOD GIVES SLOW CONVERGENCE ANO POOR ACCURACY ON 
MULTIPLE OR CLUSTERED ROOTS. SD OD MOST OTHER METHODS. 
MULLER-S METHOD IS NOT INHERENTLY RESTRICTED TD REAL COEFFICIENTS. 

P. HENRICI, -ELEMENTS OF NUMERICAL ANALYSIS- (WILEY) 

INPUT QUANTITIES 
CDE(u) THE COEFFICIENT OF z••(N1+1-u), u•1, ... ,N1+1 

112 

MULER 2 
MULER 3 
MULER 4 
MULER 5 
MULER 6 
MULER 7 
MULER 8 
MULER 9 
MULER 10 
MULER 11 
MULER 12 
MULER 13 
MULER 14 
MULER 15 
MULER 16 
MULER 17 
MULER 1 



369 
370 
371 
372 
373 
374 
375 
376 

377 
378 
379 
380 
381 
382 
383 
384 

385 

386 

387 
388 
389 

390 

391 

392 

393 
394 
395 
396 
397 
398 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

c 

c 
c 

c 
c 
c 

c 

c 
c 
c 

c 
c 
c 
c 

c 
c 

c 

c 

N1 
!QUIT 

THE ORDER OF THE POLYNOMIAL 
•1 IF MULER IS TD RETURN IMMEDIATELY UPON FINDING 

A ROOT THAT IS REAL ANO POSITIVE, 
•O IF MULER IS TD COMPUTE ALL ROOTS 

OUTPUT QUANTITIES .... 
ROOTR(K) THE REAL PART OF THE K-TH ROOT, K•1, ... ,N1 
ROOTI(K) THE IMAGINARY PART OF THE K-TH ROOT 
NFAIL RETURNED NONZERO IF MULER FAILED TO FINO ALL ROOTS 

ALL FLOAT!NG-POINT VARIABLES ARE DOUBLE PRECISION 

DOUBLE PRECISION 
DOUBLE PRECISION 
DOUBLE PRECISION 
DOUBLE PRECISION 
DOUBLE PRECISION 
DOUBLE PRECISION 
DOUBLE PRECISION 
DOUBLE PRECISION 

AXl,AXR,TEM,TE1,TE2,TE3,TE4,TE5,TE6,TE7,TEB 
TE9,TEID,TE11,TE12,TE13,TE14,TE15,TE16,BELL 
DE15,DE16,HELL,TEMl,TEMR,TEM1,ALP1I,ALP1R,ALP21 
ALP2R,ALP31,ALP3R,ALP4I,ALP4R,BETII,BETIR 
BET2I,BET2R,BET31,BET3R,ARG,QSQRT,DSQRT,RZERD 
RHALF,RUNIT,RTWO,RFOUR,RSMAL,EPS,CONSA,CONSB 
CONSC,CDNSO,AA,BB, ABT,TMAX,TEM2 
CDE(20),ROOTR(20),ROOTl(20) 

DOUBLE 
DOUBLE 
DOUBLE 
COMMON 
COMMON 
COMMON 
COMMON 
COMMON 

PRECISION - TRISE,TSET,ORISE,OSET,PFE,PFF,PFG,PFL,AZ 
PRECISION BZ,CZ,FREQ,PHI,TIME,THET,SGN,XN(10),FN(10) 
PRECISION OISL,ABSERR,ANS,ERROR 

TRISE,TSET,ORISE,OSET 
PFE,PFF,PFG,PFL,AZ,BZ,CZ,FREQ,PHl,TIME,THET,SGN 
COE,ROOTR,ROOTI 
XN,FN,DISL,ABSERR,ANS,ERROR 
N1,NFAIL,IQUIT,NN,MAXOEG,JJ 

QSQRT(ARG)•SQRT(ARG) 
QSQRT(ARG)•DSQRT(ARG) 

CONSA•. B 
CONSB•.85 
CONSC•.9 

RSMAL= 1. E-20 
RSMAL• 1. E-10 

EPS= 1 .OE-10 

CONS0• 1. E-5 

ITMAX• 100 
RZERD=O. 
RHALF•.5 
RUNIT•1. 
RTWD=2. 
RFOUR•4. 

SET ALL CONSTANTS. 
KW ... LOGICAL UNIT NUMBER OF THE PRINTER 

CONSA, ETC. THREE STARTING POINTS 

RSMAL ... RELATIVE CONVERGENCE TOLERANCE 
FOR THE MAGNITUDE OF THE POLYNOMIAL 

EPS RELATIVE CONVERGENCE TOLERANCE 
FOR THE STEP SIZE (EPS ANO RSMAL MUST 
BE .GT. THE RELATIVE ERROR OF THE 
FLOATING-POINT ARITHMETIC USED.) 

CONSO RELATIVE TOLERANCE FOR CHECKING 
WHETHER A ROOT IS REAL 

ITMAX MAX. NO. OF ITERATIONS PER ROOT 

INITIALIZE. 
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MULER 19 
MULER 20 
MULER 21 
MULER 22 
MULER 23 
MULER 24 
MULER 25 
MULER 26 
MULER 27 
MULER 28 
MULER 29 
MULER 30 

MULER 37 

MULER 39 
MULER 40 
MULER 41 
MULER 42 
MULER 43 
MULER 44 
MULER 45 
MULER 46 
MULER 47 
MULER 48 
MULER 49 
MULER 50 
MULER 51 
MULER 52 
MULER 53 
MULER 54 
MULER 55 
MULER 56 
MULER 57 

MULER 59 
MULER 60 
MULER 61 
MULER 62 
MULER 63 
MULER 64 
MULER 65 
MULER 66 
MULER 67 
MULER 68 
MULER 69 



399 NFAIL•O 
400 MC•IO 
401 N2•N1+1 
402 N4•0 
403 l•Nl+1 

c REMOVE ANY ZERO ROOTS. 
404 100 IF(COE(l))l20,ll0,120 
405 110 N4•N4+1 
406 ROOTR(N4)•RZERO 
407 ROOTl(N4)•RZERO 
408 I•I-1 
409 IF(N4-N1) 100,630, 100 

c 
c COMPUTE THE FIRST THREE (POSITIVE REAL) ITERATES FOR THE NEXT ROOT. 
c 

4IO 120 AXR•CONSA 
411 AXI•RZERO 
412 L•I 
413 N3•1 
414 ALP1R•AXR 
415 ALP II •AXI 
416 M•I 
417 GO TO 680 
418 130 BET1R=TEMR 
419 BET 11 •TEi.U 
420 AXR•CONSB 
421 ALP2R•AXR 
422 ALP2I•AXI 
423 M•2 
424 GO TO 680 
425 140 BET2R•TEMR 
426 BET21 •TEMI 
427 AXR•CONSC 
428 ALP3R•AXR 
429 ALP31•AXI 
430 M•3 
431 GO TO 680 

c THE THREE ITERATES ARE COMPLETE. 
432 150 BET3R•TEMR 
433 BET31•TEMI 

c 
C BEGIN THE NEXT ITERATION OF MULLER-S METHOD. 
C COMPUTE (IN HENRICl-S NOTATION) H(N)•X(N)-X(N-l)•ALP(N)-ALP(N-1). 
c 

434 160 TE1•ALP1R-ALP3R 
435 TE2•ALP11-ALP31 
436 TE5•ALP3R-ALP2R 
437 TE6•ALP31-ALP21 
438 TEM•TE5*TE5+TE6*TE6 
439 IF(TEM)170, 180, 170 
440 170 TE3•(TE1*TE5+TE2*TE6)/TEM 
441 TE4•(TE2*TE5-TE1*TE6)/TEM 
442 GO TO 190 
443 180 TE3•RZERO 
444 TE4•RZERO 
445 190 TE7•TE3+RUNIT 
446 TE9•TE3*TE3-TE4*TE4 
447 TEIO•RTWO*TE3*TE4 
448 OEl5•TE7•BET3R-TE4*BET31 
449 DE16•TE7•BET3I+TE4*BET3R 
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MULER 72 
MULER 73 
MULER 74 
MULER 75 
MULER 76 
MULER 11 
MULER 78 
MULER 79 
MULER 80 
MULER 61 
MULER 82 
MULER 83 
MULER 84 
MULER 85 
MULER 86 
MULER 87 
MULER 88 
MULER 89 
MULER 90 
MULER 91 
MULER 92 
MULER 93 
MULER 94 
MULER 95 
MULER 96 
MULER 97 
MULER 98 
MULER 99 
MULER100 
MULERIOI 
MULERl02 
MULERl03 
MULER I04 
MULERI05 
MULER106 
MULER I07 
MULERIOB 
MULERI09 
MULERI 10 
MULER111 
MULER112 
MULERI 13 
MULER114 
MULER115 
MULERllG 
MULERI 17 
MULER118 
MULER119 
MULERl20 
MULERl21 
MULER122 
MULER123 
MULER124 
MULER125 
MULERl26 
MULERl27 
MULERl28 
MULER129 



450 
451 
452 
453 
454 
455 
456 
457 
458 
459 
460 
461 

462 
463 
464 
465 
466 
467 
468 
469 
470 
471 
472 
473 

474 
475 
476 
477 
478 
479 
480 
481 
482 
483 
484 
485 
486 
487 
488 
489 
490 
491 
492 
493 
494 
495 
496 
497 
498 
499 

500 
501 
502 

TE11•TE3•BET2R-TE4•BET2I+BETIR-DEl5 
TEl2•TE3'BET2I+TE4•BET2R+BETII-DEl6 
TE7•TE9-RUNIT 
TEl•TE9•BET2R-TEIO'BET2I 
TE2•TE9•BET21+TE10'BET2R 
TE13•TEl-BETIR-TE7•BET3R+TEIO•BET31 
TE14•TE2-BET11-TE7•BET3I-TE10•BET3R 
TEl5•DE15'TE3-DE16'TE4 
TE16•DEl5'TE4+DE16•TE3 
TEl•TE13'TE13-TE14'TE14-RFDUR•(TE11•TE15-TE12'TE16) 
TE2•RTWO•TE13•TE14-RFOUR'(TE12'TE15+TE11'TE16) 
TEM•QSQRT(TE1•TE1+TE2•TE2) 

c j 
C TEST THE SIGN .... 

c 

IF(TEl)200,200,240 
200 TE4•QSQRT(RHALF•(TEM-TE1)) 

IF(TE4)230,210,230 
210 WRITE(KW,220) TEM,TE1,TE4 
220 FORMAT (//,T27,'ERROR IN SUBROUTINE MULLER',3E20.8) 

NFAIL•1 
MC•O 
TE3•RZERO 
GO TD 290 

230 TE3•RHALF•TE2/TE4 
GO TO 290 

240 TE3•QSQRT(RHALF•(TEM+TE1)) 

C TEST THE SIGN .... 
IF(TE2)250,260,260 

250 TE3•-TE3 
260 IF(TE3)280,270,280 
270 NFA!L•2 

GO TO 630 
280 TE4•RHALF•TE2/TE3 
290 TE7•TE13+TE3 

TE8•TE 14+TE4 
TE9•TE 13-TE3 
TE 10clf 14-TE4 
TE1<RTWO'TEl5 
TE2•RTWO•TE16 
IF(TE7•TE7+TE8*TE8-TE9•TE9-TEIO•TEl0)300,300,310 

300 TE7•TE9 
TE8•TE 10 

310 TEM•TE7'TE7+TE8'TE8 
IF(TEM)320,330,320 

320 TE3•(TE1'TE7+TE2•TE8)/TEM 
TE4•(TE2'TE7-TEl*TE8)/TEM 
GO TO 340 

330 TE3•RZERO 
TE4•RZERO 

340 AXR•ALP3R+TE3•TE5-TE4'TE6 
AXI•ALP3I+TE3•TE6+TE4•TE5 
ALP4R•AXR 
ALP4!•AXI 

C EVALUATE THE POLYNOMIAL AT THE NEW POINT. 

c 

111=4 
GD TO 680 

350 N6•1 

C END OF THIS ITERATION OF MULLER-S METHOD. 
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MULER143 
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MULER145 
MULER146 
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MULER150 
MULER151 
MULER152 
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MULER154 
MULER155 
MULER156 
MULER 157 
MULER158 
MULERl59 
MULER160 
MULER161 
MULERl62 
MULER163 
MULER164 
MULERl65 
MULERl66 
MULERl67 
MULER168 
MULER169 
MULER170 
MULER171 
MULERl72 
MULERl73 
MULERl74 
MULERl75 
MULERl76 
MULER177 
MULERl78 
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MULER180 
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MULER184 
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503 
504 
505 
506 
507 
508 
509 
510 
511 

512 
513 
514 
515 
516 
517 
518 

519 
520 
521 
522 
523 
524 
525 

526 
527 
528 
529 
530 
531 
532 
533 
534 
535 
536 
537 
538 
539 
540 

541 
542 
543 
544 

545 

c 
c 
c 
c 
c 
c 

c 
c 
c 
c 

c 

c 
c 

c 

c 

c 
c 

TEST THE VALUE OF THE POLYNOMIAL FOR CONVERGENCE. 
THE TEST FORMERLY USED HERE WAS IF(ABS(HELL)•ABS(BELL)-RSMAL) 
THIS IS AN ABSOLUTE TEST, AND CAN FAIL IF THE COEFFICIENTS ARE NOT 
PROPERLY SCALED. USE A RELATIVE TEST INSTEAD .... 

AA•HELL 
IF(AA)360,370,370 

360 AA•-AA 
370 BB•BELL 

IF(BB)380,390,390 
380 BB•-BB 
390 IF(BB-AA)410,410,400 
400 AA•BB 

IF(AMAXl(ABS(HELL),ABS(BELL))-RSMAL•TMAX) 

410 IF(AA-RSMAL•TMAX)530,530,420 

420 AA•ALP3R-AXR 
IF(AA)430,440,440 

430 AA•-AA 
440 BB•ALP31-AXI 

IF(BB)450,460,460 
450 BB•-BB 
460 TE7•AHBB 

AA•AXR 
IF(AA)470,4B0,480 

470 AA•-AA 
480 BB•AXI 

IF(BB)490,500,500 
490 BB• -BB 

TEST THE CHANGE IN Z FOR CONVERGENCE. 
THIS TEST JS RELATIVE. 

TE7•ABS(ALP3R-AXR)+ABS(ALP31-AXI) 

IF(TE7/(ABS(AXR)+ABS(AXl))-EPS) 

500 IF(TE7-EPS•(AA+BB))530,530,510 

510 N3=N3+1 
ALP lR•ALP2R 
ALPII=ALP2I 
ALP2R=ALP3R 
ALP2I•ALP31 
ALP3R•ALP4R 
ALP31•ALP41 
BET1R•BET2R 
BET 11 •BET2 I 
BET2R•BET3R 
BET2I•BET31 
BET3R•TEMR 
BET31 •TEMI 
IF(N3-ITMAX)160,160,520 

520 NFAIL•3 

530 N4•N4+1 
ROOTR(N4)•ALP4R 
ROOTI ( N4) •ALP4 I 
N3=0 

IF(N4-N1)540,630,630 

NO CONVERGENCE. SHIFT THE ITERATES. 

STORE THE ROOT. 

HAVE WE FOUND ALL ROOTS .... 

NO. WAS THIS ROOT REAL 
IF(ABS(ROOTl(N4))-CONS0°ABS(ROOTR(N4))) 
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546 540 AA•ROOTI (N4) MULER250 
547 IF(AA)550,560,560 MULER251 
548 550 AA•-AA MULER252 
549 560 ABT•ROOTR(N4) MULER253 
550 IF(ABT)570.580,5BO MULER254 
551 570 ABT•-ABT MULER255 

c CHECK FOR THE -!QUIT- OPTION. MULER256 
552 580 IF(IQUIT)600.590,600 MULER257 

c MULER258 
553 590 If(AA-CONSO*ABT)120,120,640 MULER259 
554 600 lf(AA-CONSD•ABT)610,610,640 MULER260 
555 610 IF(ROOTR(N4))120,120,620 MULER261 
556 620 N1•N4 MULER262 

c THIS IS THE ONLY RETURN STATEMENT. MULER263 
557 630 RETURN MULER264 

c IF ONE NON-REAL ROOT OF A CONJUGATE PAIR MULER265 
c HAS BEEN FOUND, MULER266 

558 640 GO T0(650, 120) ,L MULER267 
c START AT ITS COMPLEX CONJUGATE. MULER268 

559 650 AXR•ALP1R MULER269 
560 AXI•-ALP11 MULER270 
561 ALP1 I •-ALP1 I MULER271 
562 M•5 MULER272 
563 GO TO 680 MULER273 
564 660 BET 1R•TEMR MULER274 
565 BET 1I•TEMI MULER275 

c GET TWO OTHER ITERATES ALSO. MULER276 
566 AXR•ALP2R MULER277 
567 AXl•-ALP2I MULER278 
568 ALP21•-ALP2I MULER279 
569 M=6 MULER280 
570 GO TO 680 MULER281 
571 670 BET2R•TEMR MULER282 
572 BET21•TEMI MULER283 
573 AXR•ALP3R MULER284 
574 AXI•-ALP3I MULER285 
575 ALP3I•-ALP31 MULER286 
576 L•2 MULER287 
577 M•3 MULER288 

c MULER289 
c THIS SECTION COMPUTES THE VALUE (TEMR,TEMI) OF THE POLYNOMIAL AT MULER290 
c THE POINT (AXR,AXI) USING HORNER-S RULE (NESTED MULTIPLICATION). MULER291 
c MULER292 

578 680 TEMR•COE ( 1 ) MULER293 
579 TEMI •RZERO MULER294 
580 TMAX•TEMR MULER295 
581 IF(TMAX)690,700.700 MULER296 
582 690 TMAX•-TMAX MULER297 
583 700 DO 710 1•1,N1 MULER298 
584 TE1•TEMR*AXR-TEMl*AXI MULER299 
585 TEMI•TEMI*AXR+TEMR•AXI MULER300 
586 710 TEMR•TE1+COE(l+1) MULER301 

c COMPUTE TMAX, THE MAGNITUDE OF THE LARGEST MULER302 
c TERM IN THE PO.LYNOMIAL. MULER303 

587 TE 1 •RUNI T MULER304 
588 TE2=RZERO MULER305 
589 TMAX•COE(N1+ 1) MULER306 
590 IF(TMAX)720,730,730 MULER307 
591 720 TMAX•-TMAX MULER308 
592 730 DO 810 I•1,N1 MULER309 



593 
594 
595 

596 
597 
598 
599 
600 
601 
602 
603 
604 
605 
606 
607 
608 
609 
610 

611 
612 
613 
614 
615 
616 
617 
618 
619 
620 
621 

622 

623 
624 

c 

c 
c 

c 
c 
c 

(TEl,TE2) • z••1 
TE3•AXR•TEl-AXl•TE2 
TE2•AXR•TE2+AXl•TEI 
TE 1•TE3 

TMAX•AMAX1(TMAX,ABS(COE(J)•TE1), 
ABS(COE(J)•TE2)) 

J•N1+1-I 
TE3•COE(J)>TE 1 
IF(TE3)740,770,750 

740 TE3•-TE3 
750 IF(TE3-TMAX)770,770,760 
760 TMAX•TE3 
770 TE3•COE(J)•TE2 

IF(TE3)780,8t0,790 
780 TE3•-TE3 
790 IF(TE3-TMAX)810,810,800 
800 TMAX•TE3 
B 10 CONTINUE 

HELL•TEMR 
BELL•TEMI 
IF(N4)820,860,820 

-DEFLATE- NUMERICALLY DIVIDE THE 

820 00 850 l•1,N4 
TEM1•AXR-ROOTR(I) 
TEM2•AXl-ROOTl(I) 
TE1•TEM1•TEM1+TEM2*TEM2 
IF(TE1)840.830.B40 

830 NFAIL•-N4 
GO TD 630 

. POLY NOMI AL BY 
(Z-ROOT(1)) ... (Z-ROOT(N4)). 

840 TE2•(TEMR"TEM1+TEMI•TEM2)/TE1 
TEMl•(TEMl•TEM1-TEMR•TEM2)/TE1 
TEMR•TE2 

850 CONTINUE 
C -RETURN- TO THE APPROPRIATE POINT. 

860 GO T0(130,140,150.350,660,670),M 
c 
C ENO MULER. 

RETURN 
END 

625 SUBROUTINE INTPOL 
C THE SUBROUTINE INTPOL WAS MODIFIED FROM A PROGRAM IN 'NUMERICAL 
C COMPUTING: AN INTRODUCTION', SHAMPINE & ALLEN, SAUNDERS PUBLISHING 
C CO., PG. 227-229. 
c 
C INTPOL CONSTRUCTS AN INT.EAPOLATING POLYNOMIAL USING DIVIDED 
C DIFFERENCES. THE USER CAN EITHER SPECIFY THE DEGREE TO BE USED OR 
C A TOLERANCE AND A MAXIMUM DEGREE. IN THE LATTER CASE THE CODE USES 
C THE LOWEST DEGREE POLYNOMIAL WHICH IT BELIEVES MEETS THE TOLERANCE. 
c 
C N - NUMBER OF NODES. N MUST BE AT LEAST 2. THE CODE DOES NOT 
C TEST FOR THIS. 
C XN - ARRAY OF NODES. MUST BE DISTINCT. THE CODE DOES NOT TEST 
C FDR THIS. 
C FN - ARRAY OF FUNCTION VALUES CORRESPONDING TO NODES XN. 
C XX - POINT AT WHICH INTERPOLATING POLYNOMIAL IS TD BE EVALUATED. 
C ANS - VALUE OF THE INTERPOLATING POLYNOMIAL AT XX. 
C ERROR - ESTIMATED ERROR OF ANS. THE VALUE ANS+ERROR IS OFTEN 
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c 
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c 
c 
c 
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648 
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650 
651 
652 
653 
654 
655 
656 
657 
658 
659 
660 
661 

A MORE ACCURATE RESULT BUT NOT ALWAYS. 
ABSERR - THE CODE TRIES TD CHOOSE THE DEGREE OF THE INTERPOLATING 

POLYNOMIAL SO THAT ABS(ERROR).LE.ABSERR. TO SPECIFY THE 
DEGREE. SET ABSERR NEGATIVE AND USE MAXOEG AS DESCRBEO BELOW. 

MAXDEG - UPPER BOUND ON THE DEGREE OF THE INTERPOLATING POLYNOMIAL 
IF TOLERANCE IS MET THE DEGREE OF THE POLYNOMIAL IS RETURNED 
IN MAXOEG. OTHERWISE, MAXDEG REMAINS AS AN INPUT AND THE 
ERROR TOLERANCE MAY NOT HAVE BEEN MET. IN THIS CASE THE 
USER SHOULD CHECK THE OUTPUT QUANTITY ERROR. IF A POLYNOMIAL 
OF SPECIFIED DEGREE IS DESIRED. SET MAXDEG TO THE DES.IRED 
DEGREE AND ABSERR TO ANY NEGATIVE VALUE. MAXDEG MUST BE LESS 
THAN OR EQUAL TO N-2 (FDR DEGREE K A TOTAL OF K+2 POINTS ARE 
REQUIRED TD EVALUATE THE POLYNOMIAL AND TO ESTIMATE THE ERROR. 
IF IT EXCEEDS THIS VALUE IT IS SET EQUAL TO N-2. SINCE MAXDEG 
IS USED FOR OUTPUT AS WELL AS INPUT IT MUST BE A VARIABLE IN 
THE CALLING PROGRAM. 

DOUBLE PRECISION AA, ABSERR,ANS.BB,CC,ERROR,FN(10),FREQ,PFE 
DOUBLE PRECISION PFF,PFG,PFL,PHI,PROD,THET,T!ME,V(10,IO) 
DOUBLE PRECISION XN(10),XX,TRISE,TSET.ORISE,OSET,SGN 
DOUBLE PRECISION COE(20),ROOTR(20),ROOT1(20) 
DIMENSION INDEX(10) 
COMMON TRISE.TSET,DRISE,OSET 
COMMON PFE,PFF,PFG,PFL,AA,BB,CC,FREQ,PHl,TIME,THET,SGN 
COMMON COE,ROOTR,ROOTI 
COMMON XN,FN,XX ,ABSERR,ANS,ERROR 
COMMON N1,NFAIL,IQUJT,N ,MAXOEG,JJ 
!NTPOL IS WRITTEN TO HANDLE PROBLEMS WITH UP TO 10 NODES. 
IF MORE NODES ARE DESIRED THE DIMENSION STATEMENTS MUST BE 
ALTERED TO HANDLE THE INCREASED NUMBER OF NOEDS. 
MAXOEG•MINO(MAXDEG,N-2) 
l•MAXDEG+2 
LIMIT•MINO(L,N-1) 
DETERMINE AN ORDER FOR THE NODES XN(l) (STORED IN THE ARRAY 
INDEX) SUCH THAT XN(INDEX(I)) IS THE NODE CLOSEST TO XX. 
XN(INDEX(l)) IS THE SECOND CLOSEST, ETC. THE ARRAY XN IS NOT 
Al TE RED. 
EVALUATE THE INTERPOLATING POLYNOMIAL AT XX. 
DO 100 I• 1,N 
V(I,1)•0ABS(XN(l)-XX) 

100 INDEX(!)•! 
DO 120 1•1,L!MIT 
IP1•1+1 
DO 110 J•IP1 ,N 
II•INDEX(I) 
IJ•INDEX(J) 
IF(V(II,1).LE.V(IJ,1)) GO TO 110 
!TEMP• INDEX( I) 
INDEX(l)•INDEX(J) 
INDEX(J)•!TEMP 

110 CONTINUE 
120 CONTINUE 

PROD• 1 .0 
11•1NDEX(1) 
ANS•FN(l1) 
V( 1, 1)=FN(I 1) 
DO 140 K=2,l 
IK•INDEX(K) 
V(K, 1 )•FN( IK) 
KM1•K-1 
DO 130 1•1,KM1 
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662 ll•INDEX(I) 
663 130 V(K,1+1)•(V(l,l)-V(K,l))/(XN(Il)-XN(IK)) 
664 IKM1•1NDEX(KM1) 
665 PRDD•(XX-XN(IKM1))•PRDD 
666 ERRDR•PROD•V(K,K) 
667 IF (DABS(ERRDR).GT.ABSERR) GD TO 140 
668 MAXDEG•K-2 
669 RETURN 
670 140 ANS•ANS+ERROR 
671 ANS•ANS-ERROR 
672 RETURN 
673 END 

674 SUBROUTINE DISP 
675 DOUBLE PRECISION AA,ABSERR,ANS,BB,CC,OISL, ERROR,FN( 10),FREQ 
676 DOUBLE PRECISION PFE,PFG,PFL,PHl,POW1,POW2,POW3,THET,TIME 
677 DOUBLE PRECISION XN(10),TRISE,TSET,PFF,ORISE.DSET.SGN 
678 DOUBLE PRECISION CDE(20),RDOTR(20),RODTl(20) 
679 DOUBLE PRECISION CDF1,COF2,PSI 
680 ~OMMDN TRISE,TSET,DRISE,DSET 
681 COMMON PFE,PFF,PFG,PFL,AA,BB,CC,FREQ,PHl,TIME,THET,SGN 
682 COMMON COE,ROOTR,RODtl 
683 COMMON XN,FN,DISL,ABSERR.ANS,ERROR 
684 COMMON N1,NFAIL,IOUIT,NN,MAXDEG,JJ 

C CALCULATE THET EXPONENT OF ONE REAL POLE. 
685 POW1•0.0 
686 IF ((OABS(AA*TIME)).GT.100.0) GD TO 100 
687 POW1•0EXP(-1.0•AA•TJME) 

C CALCULATE THE EXPONENT OF ONE REAL POLE. 
688 100 POW2•0.0 
689 IF ((DABS(BB•TIME)).GT.100 0) GD TO 110 
690 POW2•DEXP(-1.o•ee•TIME) 

C CALCULATE THE EXPONENT OF THE COMPLEX CONJUGATE PAIR. 
691 110 POW3•0.0 
692 IF ((DABS(CC•TJME)).GT.100.0) GO TD 150 
693 POW3•DEXP(-o.s•cc•TIME) 
694 150 CDF1•0.0 
695 IF ((OABS(PFF)).LT.1.00-10) GD TO 130 
696 CDF1•PFF 
697 130 COF2•0.0 
698 IF ((DABS(PFG)).LT.1.00-10) GO TO 140 
699 COF2•PFG 
700 140 PSI•O.O 
701 IF ((DABS(FREO•TIME+PHl)).LT.1.0D-10) GD TD 120 
702 PSl•FREQ 0 TIME+PHI 

C CALCULATE THE VALUE OF THE OUTPUT FDR A GIVEN VALUE OF TIME. 
703 120 THET•PFE+COF1•PDW1+CDF2•POW2+PFL 0 POW3"05IN(PSI) 
704 RETURN 
705 END 

706 
707 
708 
709 
710 
711 
712 
713 
714 
715 

SUBROUTINE ENVEL 
DOUBLE PRECISION AA,ABSERR,ANS,BB,CC,DISL,ERRDR,FN(10),FREO,PFE 
DOUBLE PRECISION PFF,PFG,PFL,PHl,PDW1,PDW2,PDW3,THET,TIME 
DOUBLE PRECISION XN(10),TSET,TRISE,ORISE.DSET,SGN 
DOUBLE PRECISION COE(20),ROOTR(20),RDDTl(20). 
DOUBLE PRECISION COF1,COF2 
COMMON TRISE,TSET,ORISE,DSET 
COMMON PFE,PFF,PFG,PFL,AA,BB,CC,FREQ,PHI,TIME,THET,SGN 
COMMON COE,RDDTR,RODTI 
COMMON XN,FN,DISL,ABSERR.ANS,ERRDR 
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716 COMMON N1,NFAIL,IQUIT,NN,MAXDEG,JJ 
c CALCULATE THE EXPONENT OF ONE REAL POLE. 

717 POW1•0.0 
718 IF ((DABS(AA•TJME)).GT.100.0) GO TO 100 
719 POWl•OEXP(-1.0•AA•TIME) 

c CALCULATE THE EXPONENT OF ONE REAL POLE. 
720 100 POW2•0.0 
721 IF ((DABS(BB•TIME)).GT.100.0) GO TO 110 
722 POW2•DEXP(-l.O*BB•TIME) 

c CALCULATE THE EXPONENT OF THE COMPLEX CONJUGATE PAIR. 
723 110 POW3•0.0 
724 IF ((OABS(CC•TIME)).GT.100.0) GO TO 120 
725 POW3•DEXP(-o.s•cc•TIME) 
726 120 COFl•O.O 
727 IF ((OABS(PFF)).LT.1.0D-10) GO TO 130 
728 COF1•PFF 
729 130 COF2•0.0 
730 IF ((OABS(PFG)).LT.1.00-10) GO TO 140 
731 COF2•PFG 
732 140 THET•PFE+COF1•POW1+COF2•POW2+SGN*PFL•POW3 
733 RETURN 
734 ENO 

$ENTRY 



APPENDIX F 

SYSTEM PARAMETERS IN STUDY 

This appendix contains the parameters which were utilized in the 

linear and non-linear system simulations. The parameters were ob

tained from various sources. Some were from component manufacturers, 

others from experiments performed by the different classes which used 

the test set-up, and still others from textbooks on the subject. 

The parameters utilized in this study can be found in Table V. 
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TABLE V 

EXPERIMENTAL SYSTEM PARAMETERS 

Parameter 

Fluid bulk modulus 

Orifice discharge coefficient 

Actuator friction coefficient 

Valve spool radial clearance 

Actuator slip flow coefficient 

Actuator viscous drag coefficient 

Steady state flow force velocity coefficient 

Flapper nozzle control orifice diameter 

Valve spool diameter 

Fixed orifice diameter upstream from 
flapper nozzle 

Displacement of actuator 

Actuator rotary inertia 

Torquemotor constant 

Torquemotor constant 

Mechanical spring rate 

Distance between ports for unsteady flow 
forces 

Spool length for viscous damping 

Valve spool mass 

Supply pressure 

Exhaust pressure 

Fluid density 

Fluid absolute viscosity 

External viscous drag 

Flapper nozzle displacement at null 

Length of oil volume each end of spool 

Volume under compression each oil line 

Value 

150,000 psi 

0.625 

0 .10 

5.0E-05 in 

0.88E-08 

160,000 

0.98 

0.023 in 

0.275 in 

0.012 in 

1.512E-02 in3 /rad 
2 2.16E-03 in lbf sec /rad 

0.05 lbf/ma 

140 lbf/in 

22.5 lbf/in 

0.29 in 

0.384 in 

3.2071E-05 lbf sec2/in 

1,100 psi 

0 psi 

7.85E-05 lbf sec2/in4 

2.0E-06 lbf sec/in2 

0.018 in lbf sec 

0.0018 in 

0.40 in 

25.0 in3 
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