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NATURAL OSCILLATIONS o{ :, PNEUMATIC POWER 
AMPLIFIERS AND A SOLUii�rN .. .'FOR THEIR 

ELIMINATION 

Dr. A. Boros 
Hungarian Academy of Science, Research Institute 

for Automation 
Budapest - Hungary 

1) Introduction 

It is generally known that the pneumatic signal changers 
function on a low performance level and that, at the same 
time, their coupling elements represent, in general, a 
capacitive load. 

The dynamic characteristics of the pneumatic control 
circuit can be highly improved if a power-boosting element 
is connected. The purpose of this element is to keep large 
quantities of air in motion at the outlet according to the 
instantaneous· level of the signal changer stress. Thus, the 
power amplifier fulfills a coupling task, i.e. , it enables 
coupling a load of low impedance (especially a capacitive 
load) to a generator with high internal resistance. 

It is also known that the pne�atic power amplifiers 
may be of the following types according to their functions: 

1) Amplifiers with continuous air consumption 

2) Amplifiers with intermittent air consumption. 

The power amplifiers mentioned under 1) are characterised 
by the phenomenon that a continuous air stream· is moving at 
the inlet and outlet valves, even in the stationary state. 
This disadvantageous characteristic is compensated only to 
a small degree by making the performance of this type 
smoother with a lower tendency to oscillate, in comparison 
to Type 2 where an air stream occurs only during the tran­
sient process. 

In this paper we publish part of our studies which 



have beep carried out with the widely applied power com­

pensating amplifier which has intermittent air consumption 

and is provided with a loose twin diaphragm. 

Main characteristics of this type are high accuracy 

of signal imitation, sensitivity and tendency to produce 

s�lf-excited oscillations of relatively high frequency. 

Our studies have been mainly directed towards the 

generation of oscillations as well as the possibilities of 

their avoidance. and, meanwhile, we have handed in a suggestion 

for a design modification which shall be briefly mentioned 

in this paper. 

2) Pbysical Description of the OscillatoF,t Process 

Figure .1 represents the general model wnich bas been 

studied�y·us.both theoretically and experiment llJ. 

P. 
.. 

Fig. 1 

P. 
... 

It shows the special load we have chosen to study the 

continuous oscillations, i.e., E is adjustable (however, is 

fixed for a given te�t �eries) while the capacitive load 

component C =oo; i.e., the atmosphere itself enables it to 
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keep the consumption constant in contrast, for instance, to 
a load of limited capacity where - after replenishment of 
the load - the consumption of the amplifier and, thus, its 
oscillations come to a stop. 

At this point, we would like to mentisn that prerequisite 
[2]- namely, that·the·oscillations of the amplifier are to 
be studied in the case of a closed outlet - is mainly of 
theoretical importance. In our experience, self-excited 
oscillations in amplifiers_with closed outlet do never occur. 

At the beginning of our studies we tried to assume that 
the masses which are designated with � and m2 in Figure 1 

do not separate during oscillations and, thus, form an 
oscillatory system having one mass (� t m2). · . 

For the purpose of studying the kinematic and initial 
conditions of the oscillations ·we have carried out ana­
lysis of motion using a film. The amplifier was made of 
plexiglass to provide transparancy. The film which was 
taken with image frequencies between 2000 c/s and 100 c/s 
and from different angles made clear that the two masses 
separate and collide, respectively. Evaluation of the film 
by means of an analyzer is a very exact method but, at the 
same time, requires a lot of work. Therefore, we have, on 

T 

Fig. 2 

T 
tz •tl• T 
t3=t1+T 
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the basis of more detailed studies, chosen another way. Two 
special capacitive instrument transducers have'been manufactured 
for the available DISA Universal Indicators. They have been 
installed in the power amplifier so that the time responses 
of coordinates x and y in Figure 1 became simultaneously 

, visible on the screen of the double-beam oscilloscope. The 
ppoduced image is visible in Figure 2. 

The sinusoidal curve is designated with y (t). Atr first 
let us consider the already continuous oscillation. Mass � 
moves steadily downward beginning with time 6t and then t1, 
mass m2 (that is the valve) is kept in position by the spring 
on the seat. The two masses collide centrically in the moment 
t1 ; � gives m2 kinetic energy which puts the latter into 
motion. Since the natural frequency of oscillatory system 2 ; 
characterised by (m2; Kr� differs from that of oscillatory 
system 1 ,  the two masses separate necessarily from each 
other. This has been proved by film tests. Thus, mass 2 
carries out a free oscillation after the impact impulse, 
but since its path is limited and x (t) cannot have negative 
values, the impact on the valve seat is carried out with 
x = 0, in our figure in t2• It is an elasticoollision and, 
therefore, the attenuated oscillation pattern has a small 
amplitude after t2. m2 cannot come to a standstill at once 
and without transition. Between time t1 and t2 the lower 
valve is open and lets pulsively supply air into the out­
let space below the effective diaphragm surface designated 
withA2, l.e., it delivers an impulse which is opposed to 

�, the latter moving steadily downward in direction +y. 
Subseque�tly, � moves to the utmost top position (t'') 
where it looses its kinetia energy. Motion of t'' results 
from the effect of the energy which has been accumulated 
in the fictitious spring by the spring rigidity characterised 
with Kr1 ; then the process repeats periodically from t3• 

If we generalise the facts stated up to now, it can be 
said that two special mechanical oscillatory systems (�, 
Kr1 and m2, Kr2) are present in the transparent amplifier 
according to Figure 1 .  These two systems energize each other 
in the following way: 
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a) Effect of the first on the second: mechanical 
(collision) 

b) Effect of the second on the first: pneumatic 
(opening of the 
supply resistance 
and the pressure 
impulse onto the 
diaphragm) • 

Ener� is requir�d in order to maintain the oscillation. 
The system must take up this energy from the outside. There­
fore, it is possible to maintain permanent oscillations only 
if the energy taken from the pneum�tic supply air is larger 
between t1 and t2 than the energy consumed by the two 
oscillatory systems in period T. Unbounded extension of the 
oscillation amplitude is limited by the non-linear effects 
of the system� 

The beginning of the oscillations is completely similar 
to the process which occurs with electronic self-oscillating 
oscilloscopes. One single impulse which, for instance, is 
unavoidable during energization, is ·sufficient to unbalance 
both oscillatory systems; under these osci·llatory conditions 
we have permanent self-excited oscillations. 

3) Some Problems of Mathematical Approach 

Since the size of this paper is limited, we cannot go 
into detail of explaining the comp�icated non-linear dif­
ferential equation system with variable coefficients. We 
would like to direct the attention of the persons interested 
in this to �1_7 and L-2_7. In case of L-1_7 we have applied 
version �2_7 for the revision of the mathematical model. 
Thereby, we had to modify the original conditions of version 
�2_7 very strongly, that is, we based our considerations 
on an outlet rated with open R and, in addition to this, 
have made a few simplifying statements jstricter. 

We h�ve chosen different ways for solving the above­
mentioned differenr.;� equation system. For L-2_7, which 
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divides a period into stages,. we use a power series approxi­
mation; for L-1_7 we apply the method of harmonic linearhsa­
tion which results automatically from the�corresponding actual 
oscillogram, because y(t) or P2(t) which cannot be seen in 
the figure but have been included, toe, have only a slig�tly 
higher harmonic functional capac:l,ty. 

�2_7 is concerned only with theoretical proble� and, 
therefore, the physical content& of the figuring parameters 
have not been studied in detail.· tn the course of our studies . . 
we have encountered difficulties in derining some parameters. 
It

_
has, for instance, been difficult to interpret the rigidity 

of the mentioned fictitiouS spring K • We intend to \consider 
this phenomenon and a few other quesi1ons. of minor im�ortance 
in greater detail in a later publication. 

4)· Power Amplifier with Pneumatic Attentuation 
and Stable Functioning 

A mechanical method is suggested in order to avoi4 the 
mechanical oscillations ( �2_7 ) under discuss_ion. In our 
case the tests could ·not �ead to any realisable result be­
cause of diffe�ing initial conditions. Therefore, we have 
studied the pneumatic solution of the problem with which we 

shall acquaint you in the following. 

Let us first look at Figure 3 which demonstrates the 
approximate cauaal relationship of the formation of the 
oscillation pattern whic has been physically described 
under Section 2). 

a .. 
1. 2. 
m, mz 
K,, b., K,.z 

a) collision ' 
b) pneumatic impulse 

Fig. 3 
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Both above described oscillatory systems energize each 
other; the complicated system acquires the energy required 
for the whole process from the supply air of the active 
oscillatory system (symbol 2). 

Our method consists in separating the blocks with 
numbers 1 .  and 2. The active block, marked wit� 21 is made 
stable in itself so that it should attenuate the· fast ex­
citations occuring along the graph and that it, at the same 
time, should not affect the· slow changings which belong to 
the plotting strips. 

Figure 41 in which the mechanical parts have been 
neglected, represents. active block 2 where ·electrical 
analogy has been used to simplify the discussion. 

R 

Fig. 4 

Rx is the pneumatic resistor which changes with the 
oscillation rhythm according to coordinate "x". Its range 
of changing lies in principle betwe.en an infinitely and a 
finitely small value. 

�n the following we sn�!1 takes into account only 
alternating components from the viewpoint of oscillation 
attenuation. Furthermore, we shall linearise the bent 
characteristics in a corresponding environment. Those 
functions which do not consist of a harmonic element are 
approximated to their Fourier's series by means of the 
first harmonic function, 
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Now we ·derive the characteristics of the two pneuaatio 

basic elements, reactor and storage unit, which have been 

calculated in alternatin� components. 

a) Reacto� 

G AG 

a, 

Fig. 5 

G, 
AP.-AP 

1 2 

P-P. 
' 2 

The already linearised characteristic of the reactor 

is . 
1 

G = a + � (p1 - p2) 

(Equation of the tangential line in Figure 5b). 

Let us start with the transform equations 

G = G0 + 6G 

P1 = P10 + 0P1 

p2 = p20 + 6P2 

Those magnitudes with A are the new variables. 

We get 

(1) 

(2) 

(.3) 
(4) 

(5) 

if we take only the alternating components from equations 

(1) to (4). 

b) Storage unit 

The basic equation for the storage unit is 

t 

P - p(O) = � f G (t) dt 
0 

(6) 



We get 
0 1 

�P = � AG 

t 1 

p 

Pig. 6 

(7) 

if we transform (6) into a differential fo� and express it 

with new variables marked with�. 

We shall now return after this short deviation to the 

original problem. We modify the circuit_which replaces 

Figure 4 and supplement it with attenuator R3, ·c3; we regard 

only the fundamental frequencies and may assume that the 

weight speed G2 changes according to sinus. We shall now 

examine transition P-/G2 of this circuit. 

Fig. •t 

The equation for the indiVl.a.ual basic elements are 

Storage unit c2: 

Load RI 

Resistance R3: 

Storage unit c3: 

thereby appyling the above-mentioned equations. 

Cc. 
(9) 

(10) 
(11) 
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Nodal-point equation 

AG2 =00c +OOR -foAGJ 
expresses the distribution of the weight speeds. 
If we transform this equation, we get algebraic equations 
which express the desired transition, 

� = ----=--
liG2 2 s R c2 RJ c3 + s(RC2 + RCJ + R3c3) + 1 

(13) 
where the transformed functions are indicated by a dash-dot 
line and the comp.l,ex operator of the transformation is 11s11• 

The following expressions are valid for the individual 
time constants: 

( 1 4  a,b,c) 

Thus we get 

(15) 

It is possible that the denominator of equation (15) 
is being devided after multiplication of the radical eo-
efficient by two of the 
stants are T4_ 

and T5• 
first order. Here, the time con-

(1+sT4) (1 +sT5) = �16) 
We compare this equation with the denominator of equation 

(15) and get two equations for the determination of T4 and 
T5: 

T4 T5 = T T 2 3 

Then we have the transform function 

C1 ?) 

(18) 

( 19). 
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The braking-point frequencies which have been determined 
by the individual time constants are positioned opposite 
each other, this position determining the shape of the Bode 
diagram among several possible cases. Stabilisation occurs 
if we have f4<f3<f2<f5• This is visible in Figure 8. 

without 
. attenuatior-

fm = operating frequency 

with attenuation 

Fig. 8 

Oscillation attenuation takes place in the following 
way: the horizontal dot-dash marks the attenuation required 
for avoiding self-excited oscillations. f stands for . r 
frequency of self-excited oscillations. It is obvious that 

without stabilisation (dashed line) the amplifier has a 
lower attenuation than required while in the case of stabilisa­
tion (continuous line) it has a la�ger attenuation. Subse­

quently, no oscillations may occur. We found fr = 300 to 

600 c/s for the amplifiers examined. Adjustment and coupling 
of the attenuator is correct if f4 > fm' because in this 

case the effective range remains undisturbed by low fre­
quencies. We would like to point out that the described con­

ditions have only approximate character; their purpose is 
rather to give a qualitative image since the validity of our 

approximations is substantially limited because of the strong 
non-linear effects. Design and adjustment always require 
tests to b� carried out. 
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We � �el.oped a �ip for the RC eh :t *ieh i,w 
eomwn.t a*- .-pl.Uier 11114 .-.. ia. •1.Cure � � �'M 
proYided w1 th exteru.l -�•'tins :tacili ties· w., -.kB it 
pol!laible tbat eaa.c• fd �tan aDd Morldieas =r red..,. 
the tolerances can be adjuated a.paratel;y. 

Fig. 9 

•.. 

., 
.. � . 

. . ' 
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THE DYNAMIC BEHAVIOUR OF HYDRAULIC 
COMPONENTS 

1. INTRODUCTION 

J. J. Hunter 
National Engineering Laboratory 
East Kilbride, Glasgow, Scotland 

The analogy of fluid pressure and flow to voltage and current is often 

used to introduce electrical concepts to students. It is therefore rather 

surprising tO find that circuit theoty does not occupy a central position 
in the study of"fluid mechanics. The main reason .for this is to be found 

in the non-linear relation between pressure and flow in mofit ·hydraulic 
machines and systems, even for the simplest case of incompressible flow. 

It is now possible to solve· the circuit equations by computer, more 

particularly by digital computer. There already exist some comprehensive 

programs for circuit analysis1•2, which are capable of initial value, 

steady state and transient analysis of circuits with passive and active 

circuit components which may be linear on non-linear. What is required to 

make.uae of such programs is to characterize hydraulic components such that 

the resulting mathematical models may be interconnected to form systems. 

Very little experimental investigation of hydraulic components, in order to 

make �ealistic models, has been carried out. This paper describes a 

dynamic response test rig and associated instrumentation for investigating 

the dynamic behaviour of water hydraulic components. The results of some 

preliminary investigations are given. 

1.1 Background 

In order t� appreciate what is required from a system theory point of 

view the following axiom and postulate as proposed by Koenig3 are useful. 

Axiom: A mathematical model of a component characterizes the 

behaviour of that component of the system as an entity and independently of 

how the component is interconnected with other components to form a system. 

The necessary conditions are g iven as the first postulate. 

Postulate 1: The'pertinent performance (behavioural) characteristics 

of each n-terminal component in an identified system structure are com­

pletely specified by a set of n-1 equations in n-1 pairs of oriented 

complementary variables xi(t) and yi(t) identified by an arbitrarily chosen 

terminal graph. 

A useful choice of complementary variables for water hydraulic com­
ponents is volumetric flowrate Q (m3/s) and pressure P (N/m2), As their 

product is power (W), which is invariant, this facilitates modelling of 
complex components involving transformations from hydraulic to mechanical 
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and electrical variables. 

To obtain sufficient information to model the component it is neces­
sary to subject it to a known or measurable time-varying input (or inputs) 
and measure the response of the output variable (or variables). For 

example, for a simple two-terminal component such as a valve, the pressure 
difference across the valve can be measured for a known flow input, con­

versely the flawrate through the valve can be measured for a known pressure 

inpu�. Whether a variable should be regarded as dependent or independent 

depends on the excitation source. 
There remains the question of what kind of time-varying input to the 

components should be used. T_he method adopted in the dynamic response rig 

to be described is to carry out frequency response t�sts by superimposing a 
small sinusoidal perturbation on the mean flowrate. The phase and 

amplitude response of the output variables can be measured over the 
frequency range from 0.01 to lOO Rz. By varying the mean flawrate, 
transfer functions at different operating points· can be obt;ained. From 
these measurements and by making some assumptions about the physical pro­
cesses involved, non-linear mathematical models can be constructed. These 
models can now be further investigated by subjecting them in the computer 

to other forms of time-varying inputs, e.g. square wave, ramp, bandwidth 
limited random inputs etc • . and comparing their response to that of the 
actual component subjected to the same input on the experimental rig. 

In this paper the design of a dynamic response test rig will be 
described as well as a transient flowmeter for us.e on that rig. The 
results of some initial tests are also given. The problem of d� 
pressure measurement will not be discussed as there are a number of papers 
available on this subject. 

2. DYNAMIC RESPONSE TEST RIG 

In the dynamic response rig developed-at NEL the steady flow is pro­
vided by a centrifugal pump (Fig. 1) with an output pressure of 3.3 MN/m2 

at a flowrate of 9 x 10-3 m3/s. In order to make the Pump into a constant 

flow generator, most of the output pressure is lost across a series of 

multi-hole orifice plates before the test section. The line pressure at 

the test section is 1 HN/m2, which is set by adjusting the back pressure 
valve. The total flow from the pump is kept approximately constant by 

adjusting the flow in the bypass and test sections. A small percentage of 

the total flow is bypassed through a linear modulating valve controlled by 
a moving-coil force generator. With this arrangement ·different types of 

modulation can be generated in the electrical circuits driving the moving-
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coil force generator. 
A s�ematic diagram of the modulating valve control system is shown in 

Fig. 2. TWo difficulties encountered were that a power amplifier operat­

ing at low frequencies was not commercially available, neither were there 

any suitable hydraulic control valves. An amplifier and control valve 

suitable for use with an existing moving-coil force gene_rator were 

design�J. The moving-coil force generator was a Goodmans type V390A with 

a ·maximum stroke of ±8 -qm, a thrust of 20 N/A, a total thrust (naturally 

cooled} of lOO N, a moving system mass of 0. 08 kg, an unloaded fundamental 

resonance of 35 Hz and a d.c. resistance of 6.6 n. 
2.1 Power Amplifier Design 

The current limitation of the force generator is 2. 5 A with natural 

cooling and 5 A with forced air cooling. At the upper rig operating 

frequency of lOO Hz these currents correspond to peak voltage& of ±17 and 
±35 V respectively. These output power requirements can be easily satis­

fied with power transistors in a bridge configuration (Fig. 3) with 

differential input and output. 

The input points A and B are driven with equal voltage& but of 

opposite phase. Transistors T1 and T3 act as emitter followers on one­
half cycle during which T2 and T'+ are reverse biased, on the next half 

cycle T2 and T'+·conduct while T1 �d T3 are off. The input diodes and 

resistors add a bias voltage to overcome the transistor base to emitter 

voltage gaps. These resistors must be low enough in value to supply the 

input current required at the peak signal voltage. The collector resis­

tors ardtsafety resistors to limit the transistor current in the event of 

a short circuit on the output terminals. Because the force generator was 

being used with natural cooling it was convenient to use commercially 

available operational amplifiers, with an output voltage of ± 10 V to drive 

the output stage. As the output stage is being driven by anti-phase 

inputs this is equivalent to maximum output swings of ±20 V across the 

load. The anti-phase voltages·�re developed in a differential input, 

differential output operational amplifier. This is preceded by a dif­

ferential input, single output operational amplifier, which provides a 

summing junction for· the displacement transducer signal and the input from 

the signal generator.. This ensures that the valve displacement follows 

the signal generator input within the limits set by the available force and 
dynamic response of the system. It was found possible to maintain a con­

stant valve stroke of 5 mm up to a frequency of lOO Hz. 
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2.2 Flow Control Valve 
The most useful characteristic for a flow control valve is to have a 

linear flow to valve displacement relation at any given pressure. This 
can be done either by making the flow path resistance proportional to 
displacement (viscous friction) or by making the valve area proportional 
to displacement (velocity energy dissipation). An assessment of a valve 
design based on viscous friction soon showed that this was impractical 

because of the large physical dimensions required. 
A flow control valve, based on velocity energy dissipation, was then 

designed consisting of two opposed slots in a cylinder, whose length could 

be varied by a piston moving inside the cylinder (Fig. 4). 
Fqr a slot width of 0.812 mm, a pressure difference P of 1 MN/m2 and 

a specific mass p of 1 x 103 kg/m3 

flQW velocity • j�P 
•j 2

1 
X 106 .:::......-=:..:::..,.

3 
• 44.6 m/s 

X 10 
and volumetric flow Q for a slot 10 mm long by 0.812 wide is 

Q • VA • 44.6 X 10 X 0.812 X 10-6 
• 0.362 x 10-3 m3/s. 

From results of a test on this valve (Fig. 5) for a 10 mm slot 

Q • Q�o - Q10 • (0.664 - 0.3 19) x lo-3 m3/s 
• 0.345 x lo-3 m3/s 

which is in reasonable agreement with the predicted flow. In addition, 

because the flow path is small, 2.5 mm, and the pressure difference is 

high, the flow response time of the valve is good. 
the valve piston was instantaneously moved, then 

For example, assuming 

initial acceleration of fluid • force 
mass (2) 

pressure (3) specific density x flow path length 

3. TRANSIENT FLOWMETER 

1 X 106 
1 X 103 X 2.5 X lQ-3 

··4 x 105 m/s2• 

In many reports of experiments involving fluid dynamics, only pressure 

measurements are made and the flow is inferred from these measurements. 

This is because of a lack of suitable measuring instruments. The only 

type of flowmeter in common use for measuring unsteady flows is the hot 
wire anemometer, which is mainly used for turbulence measurements in air 

flow, i.e. velocity measurements at a point. Because of its fragility 



this is a difficult instrument to use in air so that it did not appear 

promising 
.
for use in water. There is conflicting evidence regarding the 

transient performance of the electromagnetic flowmeter4•5; apart from this 

it was unsuitable for some of our applications which were with fluids of 

low conductivity. The ultrasonic flowmeter, exploiting the Doppler effec� 

might be suitable but has not really come into use for normal flowmetering, 

so that there is a lack of information on it. In addition, the measuring 

path length in the fluiq tends to be long. The turbine flowmeter has a 

rather poor transient response6 particularly at low flowrates. Of the 

other flowmeters that depend on a change in momentum, only the drag plate 

flowmeter had any evidence of success for transient use7 so that it was 

decided to design a flowmeter of this type. 

3.1 Drag Plate Flowmeter 

The earliest drag flowmeters, used in the seventeenth century, con­

sisted of a pendulum freely suspended in a stream. The drag force due to 

the water velocity deflected the pendulum. The magnitude of this deflec­

tion provided a measure of water velocity. The drag plate flowmeter 

described here differs mainly in the use of an electrical displacement 

transducer and the processing by electronic circuits of the resulting 

signal into the desired form. By making the plate deflection very small, 

the resonant frequency of the mechanical assembly can be in the range of a 

few hundred Hertz. This fast response can easily be maintained by elec­

tronic signal processing. 

The mechanical arrangement can be envisaged from Fig. 6. 

plate is a thin disc mounted on a rod set normal to the flow. 

The drag 

The 

restoring force is provided by a torsion hinge which also acts as a pivot. 

Movement of the �late is sensed by a displacement transducer formed by a 

fixed E-core and an armature mounted on the opposite end of the drag rod 

from the plate. 

The use of a thin sharp-edged plate as the sensing element ensures 

that the mass and effective length are minimized. In addition, because 

the flow separates from the plate edge at a low Reynolds number, the drag 

coefficient is constant over a wide range of flows. For example, the 

drag coefficient for·a 30 mm disc in water at 20°C attains a steady value 

for a free stream velocity of ·0.1 m/s. 

The drag coefficient Cd is defined from 

drag force • Cd!pv2A 

where p is the specific mass of the fluid, v is the fluid velocity, and 

A is the plate area. 

(4) 
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In the region where the drag coefficient is constant the drag force is 

caused by the change in momentum of the fluid in flowing past the plate. 
For streamlined bodies where the flow phenomena are more complicated the 

drag coefficient may be linear only over small ranges and may be affected 

by the turbulence level of the flow. 
It was found convenient to start the design study from a restriction 

set by the pressure drop across the flowmeter in a given pipe not exceeding 

a certain magnitude. This results in an upper limit on plate area. From 
the plate area and maximum flow the drag force can be estimated. From 
this force the plate and rod thickness can be calculated and thus the 

moment of inertia for a given material. If the full-scale deflection 
required to operate the displacement transducer is known, the spring rate 

and resonant frequency can be calculated. It is not very useful to start 
out from a consideration of the natural frequency because this is not 

greatly affected by the plate area, for although the force increases with 

plate area so does the mass. The plate area is probably b�t kept large 
for this application in order to obtain a better average of the flow. 

This type of flowmeter is very similar to the annular orifice plate. 
The main difference is that the force on the plate rather than the pressure 

difference is being measured. It would thus be expected that it would 
share the advantages claimed for the annular orifice plate relative to the 

normal orifice plate, namely that it is less sensitive to upstream 
conditions. 

3. 2 Flowmeter System 

A block diagram of the flowmeter system is shown in Fig. 6. The 

E-core inductive displacement transducer is energized from a 10 kHz oscil­
lator. The resulting a.c. signal is amplified and then converted to a 

d.c. signal proportional to the plate displacement in a phase-sensitive 
demodulator. This d.c. signal is passed through a frequency response com-

pensation circuit which corrects for the underdamped second order response 
of the mechanical system. (It is not practical to arrange damping in the 

mechanical system.) The compensated signal, which is proportional to the 
square of flow, is linearized in a square-rooting circuit which allows for 

two-quad�ant operation. In order to find the mean flow with unsteady flow 

conditions the linearized flow signal is averaged in an operational amp­
lifier circuit of long time constant (8 seconds). 

3.3 Steady and Pulsating Flow Tests 
One model of flowmeter for use in a 6 cm diameter pipe had a 1 cm 

diameter drag plat�, a pressure loss of 250 N/m2 and a resonapt frequency 



of 360 Hz in water. 

Steady flow tests were carried out. A comparison of the indicatea 

flow against that found by diverting the flow into a weigh-tank over a 

measured period of time is shown in Fig. 7. 

A square-wave modulated flow waveform (Fig. 8) was then produced by a 

quick-acting�lve. The average flow signal, under these conditions, 

against the average found by weighing and timing, is also shown in Fig. 7. 

This type of test has provided one of the few checks on the transient 

performance of the drag plate flowmeter. The assumption has ·been that, if 

the aver� e flow indication is correct under unsteady flow conditions, then 

the non-linear transformation from flow to force is the inverse of that in 

the electronic function generator circuit. That is, the non-linearity is 

not frequency dependent within the frequency spectrum covered by the tests. 

4. TESTS ON DYNAMIC RESPONSE RIG 

Some initial tests have been carried out on the rig and the results 

are given. These results do not, in general, give enough information to 

construct complete models and this has not been attempted in this paper. 

4.1 Equivalent Circuit of Flow Line 

Choosing pressure P and volumetric flow Q as the 'across' and 

'through' variables respectively leads to the circuit parameters volumetric 

flow resistance R and an inertia term I, which are defined by 

p • RQ 

P • I .!!9. dt• 

In general, R is non-linear. For small signal operation the 

linearized value r • dP/dQ can be used. 

(5) 

(6? 

For resistance& which operate by dissipation of velocity energy the 

pressure difference P across the resistor can be equated to the destruction 

of velocity energy, i.e. where v is the fluid velocity and A is the cross­

sectional area of the resistor, and assuming the exit velocity is much 

lower 

and 

p •'ipv2 
• iP � 

A2 

r •
dP • p� • dQ A2 

p 
- 2 Q. 

v2 
p ­Q 

(8) 

The multi-hole orifices and control valves in the rig are of the above 

form. The line resistance is negligible. The inertial components are 

due to the inertia of the fluid in the pipe and pump. 
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For a pipe of constant diameter, cross-sectional area A and length L, 

as 

then 

force • mass x acceleration 

P A  • pAL dv dt 

p • pL � 
A dt 

where v is the fluid_velocity and P is acceleration pressure, 

i.e. I-�. A· 

(9) 

(10) 

An equivalent circuit for the dynamic response rig, ignoring compres-

sibility, (Pig. 9(a)) consists of 

rp • pump resistance + multi-hole orifice �esistance 

� • bypass valve resistance 

re • modulating valve resistance 

r0 • back pressure valve resistance 

Ip • pipe inertia component, and 
Is • pump inertia component. 

At law frequencies where Ip is negligible, the equivalent circuit, 

.seen from the modulating valve, can be simplified to Fig. 9(b) and (c). 

The small signal resistance of the pump found by measuring the slope of the 

pump characteristic at its bperating point is 3.1 x 108 Ns/ms. 

For a pressure drop of 2.2 MN/m2 and � flaw of 9 x lo-3 m3/s, from 

equation (8), 
2 X 2.2 X 106 

the orifice plate resistance • • 4.9 x 108 Ns/m5, 
9 X lQ-3 

therefore rp • (3.1 + 4.9) x 108 • 8 x 108 Ns/ms 

rf • rb in parallel with r0 at 1 MN/m2 

and 9 x lo-3 m3/s 

2 x 1 x 106 
• 2.2 x 108 Ns/ms. 

9 X 10-3 

The equivalent output resistance re to the modulating valve is rf in 

parallel with rp. 

r • e 
8 X 2.2 
8 + 2.2 

• 1.73 x 108 Ns/ms. 

Experimental values, found from sinusoidal frequency response tests, 

are shown in Fig. 10. There is reasonable agreement with the calculated 

value considering the approximations involved. 

The inertial term Ip for a pipe 1 metre long and 60 mm diameter is 

pL Ip - -;:-
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lOOO xl 5 '+ .....::=�-=-.,..... a 3. 54 x 10 kg/m • 

28.3 X 1()-
Values found from frequency response tests were of the order of 

2 x 105 kg/m'+. The measurement proved to be very difficult at low 

frequencies because the acceleration pressure component is small and flow 

is normally 'noisy'. 

4. 2 Turbine Flowmeter 

The small signal transfer function, rotor angular velocity/volumetric 

flowrate, has been found for a turbine flowmeter of 50 mm nominal bore over 

a frequency range of 0.01 to 20 Hz. The portion from 0.1 to 10 Hz is 

shown in Fig. 11 in terms of amplitude and phase lag. The rotor angular 

velocity is shown in dB relative to the value at 0.02 Hz .  Th e  steady flow 

calibration factor for this meter is given by the manufacturer as 

233 pulses/gallon which, as it has ten blades, is equivalent to a rotor 

rotation of 32. 2 x 103 radians/m3. The value found at 0.02 Hz was in 

reasonable agreement with this (note that radians per second/cubic metre 

per second gives radians per cubic metre). The mean flowrate for this 

test was 8 x lo-3 m3/s with a superimposed sinusoidal flow of •0.25 x 

10-3 ml/s (peak values). From Fig. 11 it can be seen that the response of 

this meter is relatively slow, the amplitude is almost 20 dB down at 10 Hz 
with a 141' ·phasE!<lag which reaches lSOO at 20 Hz. 
5. CONCLUSIONS 

An account has been given of an initial investigation into hydraulic 

components from the point of view of system theory. There still remain 

many difficulties, both theoretical and practical, to be overcome. For 

example, there are difficulties in measurement arising from the noisy 

character of normal flow. There are problems in deciding what should be 

regarded as the component terminals. There is a lack of information on 

the behaviour (waveform) of flow encountered in normal practice - it is 

certain that flow is rarely steady. 

The incentive, of course, i� that once component models have been 

established then use can be made of modern system theory and, in particular, 

of computer circuit analysis programs for the analysis of problems arising 

from the dynamic behaviour of hydraulic systems and for the design of new 

systems. 
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Intro du ction 

The hy drauli c servomechanis m Fig .  1, cons ists of a control valve w hi ch 
allows flui d to pass to a r am. The valve may be a ctuate d me chani cal ly or 
ele ctri cally,  a l t houg h only t ha fo rmer is cons i dere d  in t his paper .  

Such a syste m is normally operate d with a fee db a ck loop , however in 
order to si mpl i fy t he prob le m only t he open loop con dition will be s tudied. 

In t he analys is o f  s u ch sys te ms i t  is ass ume d  t hat t he flow t hroug h t he 
control ports o f  t he valve is given by 

Q .• Ka JP (1) t 

Tnis equation is only appro xi mate ly true as the dis charge coeffi cient wi ll 
vary at s mall openings an d it will definitely a l ter as t he s ha fe of t he valve 
port changes as the valve opens . This is part i cularly true if cir cular ports 
are used. This an d o t her non-linearities asso ciate d wi t h  t he a ctuator an d loa d 
wi ll play a consi derable part in determining t he s mall ampl i tude response 
chara cteris ti cs of t he servo. 

Servo-sys te ms are more t han often use d in appl i cations w hi ch re quire a fast 
re spons e to cater for an e mergen cy or e xtre me con di tion .  However in spite o f  
this hig h  performan ce capab i l i ty ,  i t  i s  hig hly probable t hat only a s mall 
fra ction of t heir l i fe wi l l  be spent un der t hese con ditions , an d a goo d deal of 
this ti me will be a cco unte d  for by perfo rman ce tests . By far t he greater part 
of t heir l i fe wil l  be spent in respon ding to small s i gnal s, as for e xample to 
maintain a co urse or alti tu de in t he case of an a utopilot (ref .  1)* 

t A list of symbols is given in Appen di x 1 .  
* 

A li st of referen ces ar e given at t he en d of t hi s  p ap er .  



It is the ·purpose of this paper to c�sider the effects of various non­

linearitie� on the performance of the servomechanism when subj ected to small 

dis turbances . 

Sys tem Equations 

With respect to Fig .  1 , the flow into and out of the ram has three component 

that due to the movement of the pis ton, that due to the compresaibility of the 

fluid, and that due to leakage . 

In this analysis it is assumed that , 

(a) The flow through the valve is determined by equation 1 . 

(b) The flaw due to compreaaibility is determined for equal 

volumes on either aide of the piston .  

( c) The leakage flaw i s  laminar and can be represented by 

.where· .t is a -cons tant depending on the shape of the leakage path and on the 

fluid properties . 

Equating the flow through the valve to the flow through the ram gives , 

Ql 
- Ka J?Pi_ • A .!!I 1 V dP

l + t(P1-P2) (2) dt 
+ N 2 . . . . . . . . .  1 dt 

Q2 
- Ka JP?P.r • A 

.!!I 
- .! .! dP2 + t(P1-P2) . . . . . . . . . (3 )  dt N 2 dt 

The pressure force on the ram pis ton is reacted agains t forces due to 

t he inertia of the load, viscous daaping, and by Coulo'llb friction of the seab . 

The seal friction force F is taken to be cons tant in -.gnitude for simplicity. 

Its direction is such as to oppose the motion .  Hence the loading equation is 

given by, 

• • • • • • • • • • •  (4) 

In order to general ise t he analysis (re f .  2) the equations are non­

dimensionalised; e a ch ter m  being divided by some referen ce quantity of the 

sys tem. The definitions of all t he dimens ionless coe ffi cients used , are given 
in Appendi x 2 . 
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Since the inves tigation deals with small ampl itudes and a low exci tatcl.o:. 
frequency, cavi tation wi l l  not occur; equations (2) and (3) can be combined 
since flows in and _out of the actuator are equal . The equations after 
rearrangement give , 

- (a w* du* 1 + yu* + n u* ) 
dT IU* /  

d2u• * d * "' "' * + ( J. + �) w u + (1 + .ll) u* + 
-a"' n ftu*/ dT2 a dT a fU • • • • • • • • • • • • (5) 

where a ,  y , n ,  � .  are respectively the load, viscous damping, seal friction, 
and leakage factors ; w* is the frequency ratio and T is the non-dimensionalised 
time . 

Fig . 2 shows the variation of the valve area with displacement for a spool 
• 

valve with circular ports . Normally assumed lin�ar area characteris tics will 
give correct results only for square valve ports . With circular ports however, 
the conside rable r' mge in gain for smal l valve displacement& mus t affect the 
behaviour of the sys tem, To investigate the response o f  the sys tem to smal l 
ampli tude signals it is important to work with a more realistic area 
representation . The nearest reasonable approximation to the true displacement­
orifice area relationship is given by, ( re f .  4) 

a • K1xn where n • 312 for circular ports and 
n • 1 for s quare ports . 

For a s inusoidal input, let 

x - T � sin T 

where T is some factor by �hich the input is al tered , and describes the input 
ampli tude selected,  The maximum value o f  T is unity . 

Hence , 
n a* • K1x 

A a 

K1 (� sin T ) n 

Kl (x) n 
• (T sin T )n . . . . . . . . . . . . . . . .  (6) 

which can be s ub s ti tuted in equation S .  Any valve displacement area l aw can 
then be inves tigated . 



Me thod of Solution 

The SQlution of the sys tem equation could be carried out on an analogue 

computer,  however equipment available at the time of this investigation was 

not accurate enough, hence the digital machine was more suitable .  

Rearrangement o f  equations 5 and 6 will give two firs t order non-linear 

differential equations which can then be solved by a numerical method. 

Ill this case the fourth order Runge-Kutta numerical method was used, and 

the equations programned for solution on an I . C .  t. 1907 . 

The method of solution is to assume some initial values for the 
velocity and acceleration terms . Then by dividing a half cycle of 

operation into SO increments obtain, by the Runge-Kutta method, final 

values for velocity and acceleration. If  the initial and final values of 

velocity and acceleration are within 0.01 of each other respectively, the 

solution is assumed satis factory. If not ,  new values of the initial 

conditions are estimated and the process repeated. 

This process is repeated for reducing values of T until T < .003, 

which is chosen as the minimum amplitude value . 

Small Ampli tude Limit 

The threshold  condition of a servomotor can be defined as the 

minimum input giving a controllable output. The problem is complicated 

by the fact that a sys tem will exhibit  a different threshold ,  depending on 

whether the measurement is taken under static or dynamic conditions (ref. 
1 ) . Experimental work shows that the dynamic threshold is about 30% of the 

measured s tatic threshold. The threshold is due to the combined effects of 

valve overlap , qacklash, friction, leakage, hysteresis and resolution of 
the various components in the sys tem. 

Predictions of the magnitude of the threshold are difficult ,  because 

so many factors contribute to the condition and the final gain of the sys tem 

may not be known . An attempt is ' made by this investigation to evaluate 

trends towards the threshold condition, under rather idealised conditions . 

The minimum requirement to achieve a threshold condition is that a 

leakage path mus t be present.  Without a leakage path any opening of the 

valve will allow full sys tem pressure to act on the ram, and hence overcome 

the resis tance . This is not the case in a real sys tem where a leakage path 

is always present.  Before the ram can move , flow mus t take pl ace across the 

leakage path to establish a pressure sufficient to overcome the load . 



35 

The theoretical absolute threshold value can be obtained from equation 

S ,  1f i t  is assumed that all output motion ceases , giving u* , du* / 
2 � .  

d u*/dT 2 zero . value , then 
1 

and 

T • ( +n ) /n 
a � • • • • • • • • • • • • (7)  

From this relationship it is seen that only leakage and seal friction 

affect the final s teady s tate condition. This assumes that a (see 

appendix 3) and n are fixed for the sys tem and that no other sys tem 

components contribute to the condition. 

The results from equation ( 7) are plotted in Figs . 3 and 4. I t  is 
clear that the true orifice area relationship (n • 1:5) has a marked effect 

on the achievable threshold value , making it considerab ly worse.  

In the case of seal friction, it  is interesting to note that the 
threshold value is infinite when there is 100% seal friction (n • 1 .0) . 

This means simply that the seal friction becomes equal to the available 

pressure force on the ram. 

Small ampli tude oscillation 

Computer results , an �xample of which is shown in Fig. 5, indicate 

that at the smaller amplitude values , T • 0.0173 ( 1 . 7%) for example, the 

motion of the sys tem becomes oscillatory. · 

It was firs t thought that this alteration in the waveform pattern was 

due to breakdown in the numerical method. Further tests showed that this 
was not the case . 

It was then noticed that the number of oscillations in the half cycle ( 2 ! )  

were · related t o  the natural frequency since , 

w* • w/wn • 0. 2 

therefore 

This result was checked by repeating the exci tation at ·a different 

frequency. In each case a similar relationship resulted. 

It  would appear therefor� th�t a s tage is reached when a small input 
will cause the sys tem to oscillate at its natural frequency . It seems 

likely that at these small amplitudes , conditions can be such that the 
inherent damping contribution fr�m the servo valve is not able to keep the 
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sys tem s tab le . This , no doub t ,  is part of the explanation of the small 
ampli tude ?scil lations referred to in re f.  1 .  

I t  is interesting to note that Rolye , ( Re f .  3) shows a s imilar 
occurance , when at low ve locity the vis cous damping o f  the load is insufficie 
to maintain a s atis factory response . 

Effect of Seal friction on the response 

To inves tigate this condi tion it is necess ary to have a leakage path 
for realis tic results . This is simulated by introducing a leakage factor of 
q, = o . os ,  which corresponds to a leak age factor ( i.·) of 4 . 79 x 10

-S in5 /lb fs 
for a small hydraulic servomotor . 

The results in Figs . 6 and 7 show the patte rn  of the smal l amp li tude 
response for different values of seal friction . 

The case of 4> = 0. 05 and n a 0 . 15 ,  can be taken as the normal condi tion 
existing in many sys tems . In the case of n 1 . 0, this condi tion shows 
remarkab le linearity . When these results are repeated for n � 1 . 5 ,  there is 
a noticeable change in the characte ris tics . 

E ffe cts of viscous damping and leakage 

The results shown in Fig . 8 show the pattern of small ampli tude response 
for different values of vis cous damping coe f ficient ( y) . The condi tions o f  
$ = 0 . 05 and n = 0. 15 are imposed . 

Deviation from the ideal condi tion is not as great as that in the 
case of seal friction . 

The condition for n = 1 . 5  is shown in Fig .  9 .  

In the case o f  leakage , shown in Figs . 10 and 1 1 ,  deviation from the 
ideal is greater than either o f  the previous cases , but i t  is interes ting 
to note in Fig. 10 that there is a value of 4> be tween 0 . 0 1  and 0. 1 which can 
make the results correspond to t�e ideal condi tion . The condi tion for n � 1 .  

i s  shown in Fig . 1 1 . 

Conclus ions 

An e lemen tary analysis of a servo sys tem shows that an increase of forw< 
path gain helps to reduce the e f fects of threshold and improves the small 
ampli tude responses . I ts action could however introduce s tab i l i ty prob lems 
the closed loop configurations , for larger input signal s . This infers that 
gain adj us tmen t should be confined to a l imited region . This however may be 
impracti cal . 
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A more detailed inves tigation of the small ampli tude response shows that 

a true representation of the valve area gain, al ters the characteris tics to a 

noticeable exten t .  

Vis cous damping has the leas t effect in deviati�g the smal l ampli tude 

response from the ideal , whi le leakage appears to t<orsen the characteris tics . 

The e ffect of seal friction lies somewhere between the two . 

The absol ute threshold can be es timated from equation 7 ,  the results 

showing once more that the valve area characteris tic has a considerab le 

effect.  The absolute threshold is essentially a s tatic measurement.  Since 

no account is taken of s tiction in equatio� 7, (which builds up wi th time) , 

the results are optimis tic . It mus t be remembered �owever , that at very 

small valve openings the flow through the valve may be laminar so that the 

press ure drop will be smaller and thus some compens ation for the increase in 

s tiction wi ll be provided.  

Very small ampli tude responses indicate a loss  o f  damping in the valve , 

which results in the sys tem oscillating at i ts natural frequency . 

l.fuen considered in relation to the other aspects of performance , there 

is no s traightforward answer .  The optimum sys tem can only be achieved by 

compromise wi th respect to other parame ters . It is hoped that the graphs 

presented in this paper give an indication of trends and help in some small 

way, the des i gner to reach his compromise more e fficiently . 
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Appendix 1 

Notation 

A 

a 
" 
a 

a* 

F 

K 

M 

n 

N 

p 

Area of ram pis ton 

Orifice area 

Reference orifice area 

Dimensionless orifice area 

Seal friction 

Flow constant 

Orifice area cons tant 

Leakage cons tant 

Mass 

Valve area index 

Bulk modulus of fluid 

Pressure drop acres � �e valve 

Supply pressure 

Tank p·r�ssure (normally zero) 

Pressure on one side of ram 

Pressure on other side of ram 

Dimensionless pressures 

Flow one side of actuator 

Flow other side of actuator 



T 

t 

u 

,. 
u 
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y 
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Output amplitude adj ustment factor 

Time 

Pis ton velocity 

Reference velocity 

Dimensionless velocity 

Cylinder volume 

Valve Displacement 

Reference valve displacement 

Dimensionless valve displacement 

Piston displacement 

Dimensionless load factor 

Dimensionless viscous damping factor 

Dimensionless seal friction 

Dimensionless time 

Dimensionless leakage factor 

Driving angular frequency 

Natural frequency 

Frequency ratio ("'/ ) "' n 

Notes on the sys tem equations 

The non-dimensional factors used in the equations are defined as follows : -

T "' n 



Reference valve displacement • x 

Reference yelocity • � • � � 
A J -1 

Load factor • a • 
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�A 
p A2 

s 
w • maximum inertia load at wn n s tal l force 

Viscous damping factor •· y a 

Seal friction factor s n 

Leakage factor • � a MR.w n 
A2 

Appendix 3 

f 
PSA 

F 
PSA 

" 
u • maximum viscous damping force 

s tal l force 

a seal friction force 
s tall force 

In order to give real meaning to the non-dimensionalised terms ,  the 

following parameters refer to a small 5 H . P .  servomotor.  

Supply Pressure PS = 1800 lbf/in2 

Haximum valve displacement x = 0 . 01 in . 

Valve area gain K1 = 0 . 1 6  x 103 in2/in (assume n • 1 .0) 

Pis ton area A =  1 . 0  in2 

Mass at output M =  2 .47  lbs2/in (960 lb)  

S tructure and oil s tiffness N a 0.53  x 105 lb f/in . 

I f  the sys tem is excited at the natural frequency , a • 1 . 0 ,  for the 

above conditions , but this figure drops to a • 0 . 2  if x is reduced to 0. 002 in. 

A viscous damping coefficient of f • 365 lb fs /in results in y • 1 . 0  

for the above conditions ,  whi le a leakage o f  4 . 79 x 105 in5 /lb fs wil l  give � 

= 0.05 
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REDUNDANT ELECTROHYDRAULIC 
SERVOACTUATORS 

I NTRODUCTION 

W illiam J. Thaye r 
Moog Inc. 
East Aurora, New York 
United States of Ame rica 

The utilization of electrohydraulic se rvoactuato rs for directional control 
of aerospace vehicles has inc reased steadily in recent years .  Reasons 
for this g rowth are quite apparent and inc lude the actuation needs associ­
ated with highe r control power, faste r re sponse,  be tter accurac y, lighte r 
weight, highe r vibration toleranc e ,  and wide r tempe rature environment. 
This growth has b rought with it a strong demand for higher reliability as 
the safety of pas s enge rs and c rew, as well as the protection of the eco­
nomic inve stment in the vehicle , are more and more dependent upon prope r 
ope ration of se rvoactuato rs. 

During the past 1 5  years significant improvements in the re liability of 
electrohydraulic se rvoactuators have been achieved through de sign evolu­
tion. · Howeve r the s e  improvements have not made quantum change s in 
actuator reliability. Therefore, whe n s uccessful ope ration of the vehicle 
requires proper actuato r performanc e ,  the alternative is to provide a 
redundant s e rvoactuation system. A redundant control s ystem can sustain 
one or more failures and continue to provide satisfactory load control. 

A great prolife ration of de sign app roaches and 111e c hanization schemes fo r 
redundant electrohydraulic s e rvoactuators exis ts (Refe renc e s  12 ,  1 3, and 
1 4). From re viewing the s e  it is clear that there is no unique "prefe rred" 
s ystem suitable to every vehicle control task. Each application has its own 
pe culiar set of objectives and restraints.  Likewi s e  each re dundant actuation 
scheme has ce rtain advantages and dis advantage s .  

I t  i s  pos s ible, howeve r, to categorize the various redundant se rvoactuation 
scheme s  into a few clas s e s  and make general obse rvations about the s e .  
This is  one objective of this paper. F rom this summary, and from the 
illustrative de signs de sc ribed, a better prospective on the cur rent "state 
of the art " should be achieved. 

SERVOACTUATION FAILURES 

It is impo rtant fi rst to define the scope of failure s to be accommodated by 
a redundant s e rvoactuator. This s cope generally includes 

( a )  Los s  of function of any element within the se rvoactuator 

(b)  Loss of s upply powe r ( fluid pre s sure)  to the se rvoactuator 

( c )  An e rroneous hardove·r electrical command or lo s s  of 
ccmmand si gnal to the se rvoactuator 
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Sometimes ce rtain components of a se rvoactuator are excluded from the 
failure c riteria, so need not be made redundant. For example, the output 

shait and actuator body are often de s i gned so that the pos s ibility of the i r  

failure is nil. The conve rse i s  to have complete re dundanc y ,  inc luding 

dual load paths and separate bodies for each hydraulic supply. Porti ons of 
an ele ctrohydraulic servoactuator which are us ually made redundant for 
improved reliability include torque moto r s ,  valve s with low driving fo r c e ,  

pistons and c ylinde rs ( for separate hydraulic s uppli e s ) , and feedback 
devices. 

One measure of the redundant capability of a s pecific s e rvoactuator is the 

number of failures that can be s ustained without undue lo s s  of cont rol. 

This leads to the following categori zation of failure capability. 

(a) Single Fail Ope rative (S FO) - - whe re the s e �voactuato r 
will continue satis factory operation with one failure. 
Anticipated de gradation of performance may be pre sent. 

(b) Double Fail Ope rative (DFO )  - - whe re the s e rvoactuator 
will continue satisfactory operation afte r- two failure s ,  
even i f  identical i n  nature. 

( c )  Fail Safe ( FS )  - - where the se rvoactuator ceas e s  to 
function following a failure but as sumes a predete rmined, 
non-active condition ( s uch as locked at neutral, hardove r 
at maximum stroke, me chanically declutched or hydrau­
lically bypa s sed). . 

Ce rtain combinations of the s e  failure capabilities may also be provided, 
s · UI. S FO /FS or DFO /FS fo r corre sponding two and three failure 
c acte ristics.  

BASIC REDUNDANT CONFIGURATIONS 

Se rvoactuators are active device s  in that powe r  is available and, in event 
of failure , an uncontrolled load disturbance may re sult. T he refore the 
redundant s e rvoactuator configuration musl: either detect the failure con­
dition and correct for it ( usually by s hutting off the failed portions ),  or it 
must overpower the failure. 

For ce rtain components within a s ervoactuator it is  pos sible to provide 
redundant failure protection by simple paralleling of parts.  Examples 
include spring s ,  sc rew s ,  seals , filte r s ,  and sometimes coils , valves and 
pistons. The individual component failure in the s e  cas e s  must be pas sive . 
When passive paralleling is used for redundanc y. special care must be 
directed towards preflight checkout o r  inflight indication of failure status . 

The various approaches fo r contending with active s e rvoactuator failu res 
&re ( l )  ave raging systems ,  ( 2 )  majority voting s ystem s ,  ( 3) mid-value 
system s ,  and (4)  detection-correction systems. Often the principle of 



switching-out a failure embodied in the fourth cate gory is used with one 
of the three preceding categorie s to· extend the failure capability of the · 

system, The s e  are, then, hybrid s ystem s .  

Ave raging Systems 

Three or more control c hanne ls may be used to pe rfo rm one task so 
that failure of one channel will be partially offs et by the pre sence of 
at least two good channels { see Figure 1 ), It is ne c e s s a r y  to limit the 
authority or range of each channel and the channel outputs must be 
summed without inte ra�tion. Example s of averaging flight control 
s ystems are airplane s with multiple control s urface s  and s pace launch 
vehicles with multiple engine s fo r thrust vector control. Ave raging 
can also be used with servoactuators by .;utput fo rce summation or by 
output position summ.ation. 

Ave raging s ystems suffe r significant pe rformance de gradation follow ­
ing a failure. A hardove r failure leaves only one -third of the normal 
control range (for one direction), together with a one -third system 
null offset. Also with a hardove r failure, s ystem s ensitivity or gain 
i·s reduced to two-thirds normal. W ith an open failure there is no null 
offset; however, s ystem range and s ensitivity a re both two-thirds 
normal. 

If maximum load demands are le s s  than the full output of all three 
channels working � rmally, then it is pos sible to detect a hardove r 
failure condition in an ave raging system and switch -off the failed 
c hannel. A s ubsequent hardover failure with just two channels ope r ­
ating will Fail Safe with a stall condition between channels. 

Majority Voting Systems 

The se s ystems use three or more active channels in an averaging 
arrangement, but include feedback to reduce the effects of a failure 
OJ\..s ystem performance ( s ee Figure 2). The multi -engine space launch 
vehicle mentioned previously is actually a majority voting s ystem when 
the vehicle guidance loop is considered. Howeve r the context of ma ­
jority voting used in this pape r is restricted to the s e rvoactuator. 

The degree to which normal actuation pe rformance can be retained 
following a failure in a majority voting arrangement depends to a 
great extent upon the loop gain utilized. Output null offs et with a 
single hardove r failure can be made ve ry small, and the change in 
actuator sensitivity can be negligible. Howeve r the range of the out­
put will be limited to one-third normal with a hardover failure un­
le s s  an integ ration element is included following the channel summa­
tion. With a hydraulic actuato r this integration may be provided by 
the summation of flow into a piston, o r  by force summation on a load 
having negligible friction and /or spring restraint to g round. 
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Majority voting se rvoactuation systems are attraCtive because of their 
basic simplicity. No special failure s ens ing nor switching elements 
are neces sary and, s hould the failure be transient or temporary, the 
system reve rts to no nnal ope ration without s pe cial reset. However, 
most majority voting systems have ce rtain nonredundant elements. 
Also it is neces sary to add provisions for failure indication (as for a 
pilot display) or for failure shutoff. Anothe r usual limit�tion of ma­
jority voting s yatems is that special che ckout procedures are necessary 
to asce rtain that full ope ration is being achieved (i. e.  , that no failures 
are pre s ent). A typical procedure involve s a programmed te st sequence 
which succ e s a ively disables two channels with opposing hardove r signals 
and asses ses the pe rformance of the third. 

Sometimes more than three channels are us ed in a majority voting system. 
One reason is to give protecUim fo r multiple failure s .  Another reason 
which ari s e s  with flight control se rvoactuators is the availability of either 
two or four separate powe r. supplie s .  In these cases a four c hannel ma­
jority voting se rvo.actuator may be attractive. 

Mid-Value Systems 

The mid-value redundant s ystem is similiar to a three channel majority 
voting system but rather than average the three channels, the channel 
having an output between the other two is continuously selected. This 
selection can be achieved by the arrangement indicated in Figure 3. He re 
the three channel outputs feed a majority voting loop having near-infinite 
gain within the saturation ieaion. The outputs from two of the three 
chatm.els will always be fully opposed to each othe r. 

Two mechanization& which are used to achieve mid-value redundAncy ·are 
( ) mechanical position detents (which have high force -to -displacement . 

gain within their dete nt range ), and (Z. )  pre s sure relief valves (which have 
high pr

.
e s sure -to-flow gain within thei r  relief setting). 

· 

An important diffe rence between mid•value and majority voting s ystems is 
the change in pe rformance following a failure. This is summarized in 
Figure 4. Simple failures (i. e. , a hardov�r or an open with no previous 
channel mismatch) will produce a change in performance of majority 
voting systems but not with mid -value s yste m s .  The significance of this 
performance change is minimized by the feedback pres ent about all three 
control channels. This feedback caus e s  some e rror e qualization as the 
unfailed channels act to partically offset the effects of a failure. In mid­
value systems a simple failure is completely discriminated !lgainst so 
causes no change in output performance. However, in the more practical 
case where the re is interchannel mismatch due to drifts . or gain differenc e s ,  
a failure may cause aignificant change i n  the output o f  a mid-value s yatem. 
For example, the null shift following hardover failure may be twice the 
rnaximum channel drift, whe reas with a majority voting s ystem it can 
!leve r  be more than one -third the maximum· channel drift. Conc e rn for 
such output shifts following a failure leads to the use of null equalization 
schemes for most mid-value systems. 
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Detection-Correction Systems 

Eac h of th� systems de s c ribed previou s ly uses three or more parallel 
channeb ope rating simultaneously to control the load. A failure in one 
channel is masked by the continued ope ration of the remaining channels.  

In detection-co rrection systems the pe rfo rmance of  both operating and 
standby c hannels is continuously monito red. This monitoring may in­
volve c ros s -chan.."lel comparison, or comparison to a model of the 
c hannel. If the comparison exceeds a preset thres hold value , a failure 
is· presumed. 

Following detection of a failure , subse quent action is taken to remove 
the failed channel from control of the output. T he diagram in Figure 5 
illustrates a detection-correction s ystem whe re one channel is normally 
active • . Failure of this channel will cause transfer of control to the 
standby channel. In a s ystem whe re two channels are normally driving 
the load. failure detection will call fo r removal of the failed channel 
from an active status. 

Certain inhe rent advantages and disadvantages exist for detection­
correction systems. On the positive side, it is ve ry convenient to 
provide an exte rnal indication of failure as a failure detector is  an 
e s sential part of the system. Secondly, pe r fo rmance following a 
failure is usually equal to that before the failur e ,  as the failed c hannel 
is removed from the s ystem. Another us ual advantage is that multiple 
failure capability is easier to accomplish by extensions of the detection­
correction logic and switching mechanisms. Finally. g round c he ckout 
is usually easier with detection-correction s ystems as pe rfo_ rmance 
monitors are an inhe rent part of the se s yste m s .  

O n  the negative side, usual disadvantage s o f  dete ction-correction s ys te m s  
incll\de 

(a ) Separate mechanisms are needed for failure s ensing 
and swit_ching. In hydraulic s ervoactuators the s e  
sensing and switching components usually involve 
s liding spools , and if the failure logic is provided 
electrically, then also sol�noid valve s .  

(b) The failure sensing, logi,c and switching elements are 
usually nonredundant. 

( c )  The sequential' action of failure sensing and switc hing 
takes time to accomplish, so a transient occurs during 
transfer of operation from one channel to another.  The 
magnitude of this transient -- both in duration and 
amplitude -- can be made very small by judicious 
location of the failure sensing devi ce s ,  as dis c us sed 
late r. 



57 

(d)  A detection-correction s ystem must be re s et following 
the switching proc e s s  should the fai lure be temporary. 
Likewise a s pecial s tart-up sequence is  usually nec e s ­
sary t o  prepare the s ystem for fi rst failu re. 

(e) If a model is used as the basis for failure detection, 
the nonlineariti es  of the operating channel must be 
closely duplicated in orde r to achieve accurate fai lure 
detection. 

It should not be presumed, since the above list is long, that detection­
correction s ystem s are unde s irable or not prefe r red. Eac h item on the 
list can be s ufficiently ove rcome by proper de sign s uch that detection­
correction s ystems are often the be st choice. 

The switching transient following failure detection is  largely dependent 
upon the location of the fai lure dete ctor. W ith electrohydraulic s e rve­
actuato rs ( s ee Figure 6 ) pe rformance can be monito red at seve ral 
place s .  including the position of the output piston (x p ), or th� pos ition 
ot the valve spool ( x s ), or pe rhaps even the position of the t ll>rq_uto motor 
(x :t ). It is also pos s ible to monitor the diffe rential pre's sure bolween 
the valve and actuator, or the electri cal e r ror s ignal to the tbrq u .e  motor. 

Both the valve s pool and the actuator piston provide integ rations within 
the actuator se rvoloop. so failure monitoring preceding the s e  compo­
nents avoids thei r  integ ration lag. On the other hand, the difficulty of 
precise mode ling fo r ·accurate failure monitoring increases upstream of 
each integration element. 

Electrical modeling of electrohydraulic s e rvoactuators for failure sens ing 
is seldom practical because of s ignificant nonlinearities such as : piston 
stroke limits, spool stroke limits (velocity saturation), actuator loading 
effects,  torque moto r hyste re s i s ,  torque moto r and valve null shift, 
accele ration s aturation, piston f riction and valve friction. Instead, a 
standby channel or a scaled-down electrohydraulic model a re gene rally 
used. 

Error comparisons and switching logic have been pe rformed both 
electrically and hydraulically. Hydraulic failure s ensing is generally 
faster (as solenoid valve& are avoided) but m o re complex and costly as 
many special valves are needed. Also it i s  usually still ne ces sary to 
provide electrical failure indication to the pilot. 

REPRESENTATIVE DESIGNS 

The refe rence s desc ribe an assortm.ent of diffe rent redundant electro­
hydraulic se rvoactuator designs - - nearly 20 in all. W ith few exceptions 
the se can all be c lassified as detection-correction s ystems.  The wide 
variety of the s e  s ystems res ults from diffe ren ces in (a) location of failure 
monito rs,  (b)  type of failure monitor (electrical, hydraulic or mechanical), 
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( c )  type of model or refe renc e .  and (d) the de gree of failure protection. 
The designs selected for inc lusion he re repre s ent seve ral redundant clas ­
sifications; specifically detection-correction, majority voting and mid-
value systems .  All examples are taken from work carried out at Moog Inc . , 
East Auro ra, New York, ,U. S. A. 

Gemini Launch Vehicle 

An early example of redundant electrohydraulic se rvoactuation is the · 
engine position actuator used in the booster for the Gemini s pace ve ­
hicle ( s ee photo in Figure 7 and block diagram in Figure 8). This is an 
active /standby /reference detection-correction configuration. Two 
hydraulic supplies are used and either of two s epa rate se rvovalve s can 
be connected by a s e lector valve to drive the tandem piston and c ylinde r 
configuration. 

Los s of hydraulic powe r cause s  immediate c hangeove r to the opposite 
• channel. Othe r failure s of the s e rvoactuator, or los s of guidance 

command s ignal, are s ensed by vehicle motion transduce r s  together 
with an electrical refe rence.  Electrical indication of failure causes 
changeove r to the standby channel through ope ration of  the solenoid 
selector valve . The standby c hannel is  n�t monito red for. failure during 
flight, but of course is  checked out for prope r operation immediately 
prior to launch. 

F - 1 1 1  Airplane 

A more sophisticated example of a detection-correction re dundant s e rvo-:­
actuator is  that used for stability augmentation in the F - 1 1 1  (TFX )  air ­
plane6 . This s e rvoactuator has th ree s i gnal input commands , two 
hydraulic suppli e s ,  and us e s  an active /active /refe rence configuration. 
All pe rfo rmance monitoring, failure logic,  c hanne l shutoff, and position 
feedback is accomplished with hydromechanical components located 
within the s e rvoactuator. A photo of the servoactuator appears in 
Figure 9, block diagram in Figure 1 0, and s c hematic in Figure 1 1 . 

The two normally active c hannels each use a two-stage flow control 
s e rvovalve to drive one -half of the tandem piston and cylinde r. Pe r ­
formance diffe renc e s  between Uie se two channe ls are carefully moni ­
tored by a free -floating differential flow sensor. .This is e quivalent to 
se rvovalve spool pos ition monito ring, but avoids attaching a po-s ition 
transduce r to the valve spools.  The diffe rential flow s ensor is also used 
for inte rchannel feedbacks to achieve null and gain s ynchronization 
between channels.  

The third channel contains anothe r  se rvovalve together with a separate 
piston with pos ition feedback. T his piston provide s a model refe rence 
to simulate operation of the tandem piston. The position of the model 
piston is  continually compared to that of the tandem piston by a s liding 
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valve and sleeve. Exc e s s ive pos ition mis match, together with exces ­
s ive flow unbalance between active channels,  caus e s  an appropriate 
shutoff of the di s c repant channel and si gnals a pilot wa rning. Failure 
of the model re fe rence caus e s  only a pilot warning. 

Separate solenoid controlled startup valves are included in the s e rve ­
actuator to reset the failure logic devices upon startup or following 
self-s hutoff. The actuator position transient following failure shutoff 
may be rathe r large, depending upon the spe c ific condition of channel 
mismatch immediately pre c e ding the failure ( s e e  Figure 1 2 ). Howeve r  
i n  the F - l l l  airplane, the autho rity o f  the stability augmentation se rv�­
actuators togethe r with the limited dynamic response of the surface 
position se rve s ,  are such that reasonable v_;hi c le transients occur. 

Saturn S -IV B Stage 

The S - IV B uppe r stage of the Saturn launch vehicle uses just one engine 
for vehic le thrust and stee ring cont rol. Lowe r stages of the Saturn 
each have five e ngine s and achieve ste e ring redundancy by multiple 
engin.e positioning controls . A majority voting s e rvoactuator has been 
developed to provide redundant actuation fo r the S -IV B stage. The · 
unit is pictured in Figure 1 3. 

The block diagram in Figure 14, schematic in Figure 1 5, and valve · 
photograph in Figure 16,  s how the mechanization of this actuator. Three 
separate ele rical commands (ideally identical} s upply three torque 
motors. Each to rque motor drives a double -nozzle hydraulic amplifier. 
Flow from the se hydraulic amplifiers  positions a valve spool and spool 
position is fed back mechanically to form a characteristic majority 
voting ar rangement. The position of the actuator piston is also fed back 
mechanically to e ach to rque moto r, thereby clos ing an outer position 
servoloop. 

The diffe rential piston pre s sures caused by load reaction forc e s  are 
used in anothe r fee dback loop to provide load damping. A frequency 
sensitive hydraulic network allows only highe r frequency pre s s ur e  
feedback s o  that static actuator stiffne s s  i s  retained. 

Representative performance for this majority voting s e rvoactuator is 
given in Figures 1 7  to 1 9. The actuator position transie.nt resulting 
from a temporary hardove r signal on one channel shows the corre s pond­
ing position null shift e ffect. 

Very s imilar majority voting s e r voactuators have been developed for 
the Titan Ill -M vehicle which will be used to launch the Manned O rbital 
Laboratory. The booster stage of this vehicle will use · two hydraqlic 
supplie s .  so a choice fo r actuation was studied comparing a four channel 
majority voting configuration (two on e ach hydraulic s upply} 5 with a 
tandem piston /c ylinde r .  and a three c hannel majority voting ar range ­
ment with a single piston /cylinder. The latter,  which was the final 
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c ho i c e ,  u s e s  an automatic supply p re s s ure s ele c to r . This unit i s  
pictured in Figure 2 0. 

SST A i rplane 

A diffe rent majarity voting s e rvoactuator i s  being e valuated for use as 
a pilot maste r s e rvo in the Boeing SS T .  This unit provides pilot a s s i s t  
f o r  moving t h e  c ontrol s ystem linkage s .  A photo, block diagram, and 
s implifi e d  s c hematic appear in Figure s 2 1  to 2 3, r e s pe c ti ve l y. 

Rotary mechanical inputs and outputs a re provided by a dual load path 
des ign. Thre e hydraulic s uppli e s  and three e le ctrohydraulic channel s  
a r e  ar ranged in individual bodi e s ,  sandwiched togethe r .  Electri c a l  
t r ansduc e r s  are u s e d  fo r actuato r position feedback. 

The three s i ngle - s tage s e r vovalves control diffe re ntial pre s s u r e s  at the 
three push -push rota ry actuato r s .  The actuato r to rque s ummation and 
load position fe edback form . a s imple majority voting confi g u ration. 

Normal actuator loads are we ll within the total to rque capability of the 
actuator so that maximum diffe r e ntial pre s s ure i s  u s e d  for failure 
indication. The individual supply pres sure to the fai led c hannel may 
then be s hut off. This leaves the unit with only two active channe l s ,  s o  
if a subs eque nt failure o c c u r s  the unit will fail s afe. 

Anoth e r  r edundant e le ct ro hydraulic s e rvoactuato r for the SS T V the 
Electric Command S e rvo. One ECS s e rvo is lo cated at e ac h  prima r y  
flight s urface and i s  us e d  f o r  normal fly-by-wire control of the s u rface 
pow e r  boo s t  actuat o r s .  A pos sible configuration for the ECS s e rvo is 
a mid-value redundant arrangement .  Design layouts and labo ratory 
te s ting are pre s e ntly unde rway to inve stigate this approach. 

This redundant actuator configuration i s  illust rated by the block dia ­
gram and s chematic i n  Figures 2 4  and 2 5 .  Three e l e c trical channels 
are used, each com prising a two - s tage s e rvovalve, a push-push pis ton, 
a detent m e c hani s m ,  and a position fe edback transduc e r .  A c om mon 
output shaft s um s  torques from the three e le c trical channe l s ,  togethe r 
with torque from linkage to the pilot, to drive the surface powe r boo s t  
inpu_t. 

S inc e all three electrical channe l s  will not a g r e e  on a unique load 
position, two detents w.ill be out ( in opposite di re ctions ) and the third 
will be controlling the load. The amount of de tent displace m e nt is 
indicative of the inte rc harinel mi smatch and i s  u s e d  for failure de tection. 

How e ve r, to avoid a s e ve re output position transient whe n shutting off 
a failed c hannel, it is nec e s sary to maintain normal out -of-dete nt 
pos itions small. S o  the detent pos ition t rans duc e r s  are used to s upply 
integ rating e quali ze r s  for each c hanne l .  The s e  equali ze rs p rovide 
s e parate e le c trical s i gnal inputs to each control channel which offs e t  
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the c ombined e ffects of se rvoactuator dri ft and c ommand input m i s match. 

When inte grated equali z e r  feedback i s  used, s ome means must be pro­
vided for integrator reset to pre vent int e g rator saturation or c omulative 
e rrors be tw e e n  input and output. Gene rally this me ans that the integrator 
for one channel may be reset  at any one time, and the remaining channe ls 
will the n equalize to the null of the channel being res et. W ith three 
control channe ls ope rating, it is po s sible to c ontinually s e le c t  the channe l 
which has an integrated e quali ze r output between the othe r .two. If the 
inte grator fo r this channel is· then reset,  the other two will slave to it .  
This impleme ntation i s  indicated by the block diag ram of Figure 24.  

REFERENCES 

J. J. Fleck, J. C. Kemp. et  al, "Re search and Feas ibility Study 
to Achieve Reliability in A utomatic Flight Control S ystems ,  " 
W right-Patterson Air Fo rce Base Te chnical Report No. W ADD­
TDR -6 1 - 26 4, M a rch 196 1 .  

2 Ve rnon R. Schrnitt, "A Method to Improve the Reliability of a 
Dual Flight -Control S ystem, " W right-Patte rson Air Force Base 
Technical Report No. �SD-TR-6 1 - 58 1, Decembe r 1 9 6 1 .  

3 "Control S ystem Redundancy Mechanization Study, " W right­
Patte rson Air Force Base Technical Documentary Repo rt No. 
ASD - T DR -62 -772, February 1 9 6 3. 

4 "Demonstration of the Application of Majority Logic for Inc reased 
Reliability in Automatic Flight Control S ystems, " W right­
Patte rson Air Fo rce Base T echnical Documentary Report No. 
ASD -TDR-6 3-275, July 1 96 3. 

5 K. D. Ga rnjost and W. J. T haye r, "New Se rvovalve s for Redundant 
Electrohydraulic Control, " Se cond Congre s s  of the Inte rnational 
Fede ration of Automatic Control, Basle, Switzerland, Septembe r 
196 3. Available aa Technical Bulletin No. 1 05, Moog Inc. 

6 W .  J. Thaye r, "Redundant Dampe r Se rvoactuators for the F - 1 1 1  
Ai rplane , " Ae ro spac e Fluid Power S ystems and E quipment 
Confe renc e ,  Los Angele s ,  California, May 1 9 6 5. Available 
as T�chnical Bulletin No. 1 07,  Moog Inc. 

7 Ve rnon C. Sethre, "Status of a Fly-by-W ire S ystem, " SAE Paper 
No. 6 506 0 1 .  Society of Automotive Engine e r s ,  Inc. • July 1 965. 



62 

8 D. Hogan, W. B. Poteate, and J. R. Shatz, "Re search and 
Investigation of Redundancy Techniques for Nonelectronic 
Eleme'nts,  " W right-Patterson Air Force Base Te chnical Report 
No. AFFDL-TR-6 5-80, August 196 5. 

9 H. L. Ehle rs,  · R. D. Blo s e r, and H. 0. W illiam s ,  "T risafe Single 
Axis Flight Control S ystem, " W right -Patte rson Air Fo rce Base 
Te chnical Report No. AFFDL-TR-65 -89, September 1965. 

1 0· D. W ood, "Hydrologic Redundant S ystems ,  " Report Numbe r  
6 5 0575, S A E  Transactions Volume 74, 1 966, Society of 
Automotive Engineers, Inc. 

1 1  J. Pukite, G. G. Ande rson, and K. C. Jone s, - "Practical 
Applications of Electromechanical Redundancy for Flight Control 
Systems, " W right-Patterson Air Force Base Technical Report 
No. AFFDL-TR -66- 3 1 ,  Octobe r 1 966. 

12 J. P. Sutherland, "Fly-by-Wire Flight Control Systems, " SAE 
Ae rospace Fluid Pow e r  Committee A-6 Meeting, Miami, Florida 
April 17, 1967. 

1 3  F. L. Mille r and J. E. Emfing e r, "Fly-by-Wire Technique s , " 
W right-Patterson Air Force Bas e  Technical Report No. AFFDL­
TR -67-53, July 1967. 

1 4  C.  H. Be rgquist, C.  L. Cohen, and T. G. Lahn, "Inve stigation 
and Demonstration of Technique s for Practical Applications of 
Re dundancy for Flight Controls,  " W right-Patterson Air Fo rce 
Base Te chnical Report No. AFFDL-TR-67-6 1 ,  Octobe r 1967.  



��  

.... 
0 a: -�ci oz 
u 

63 

+ 

Cll 

� !: 
:lE :::; 

.... 
� ... �ci 
8z 

"S13NNVH:> .lndNI 
31101111 110 3311H.l 

'\ 

��  

.... 
�"' �ci 
·oz 
u 

u 

• :lE w 
t; > en 
Cl z 
� a: w > < 



w� 
a:w Oz ::Ez 

A 

M e  
wU WI­
O::::l 
:I:O.. �--� 

c 

. 

.-1 

-

-__� 

\., 
\., 

\., 

LIMITS 
CONTROL � NO. l 

LIMITS 
CONTROL =F NO. 2 

.; 

LIMITS 
CONTROL � NO. 3 

MAJORITY VOTING SYSTEM 

FIGURE 2 

� 

H+ 

� 

COMMON, 
OR 3 

SEPARATE 

I 

r - - - - - - �  
I I 

INTEGRATION I 
I 

OR LOAD ! . I L _ _ _ _ _ _  J 

FEEDBACK 

OUTPUT 

' 

� 



wen 
o;: ...J 
ow 
�z 

z 

A 

M B 
wU 
Wl-
0:: :::1 :I; CL 
�--� 

c 

- r- · -

CONTROL 
NO. I -

CONTROL -,./ NO. 2 

-...... 

CONTROL -
NO. 3 

' 

DE TENT 

r 
_j 

DETENT 

+ 

DETENT 

+ 

'-
\... 

MID· VALUE SYSTEM 

FIGUR E 3 

- -

+" ,./ 

COMMON 
OR 3 

SEPARATE 
FEEDBACK 

-

LOAD ' 
OUTPUT 

o­UI 

\ 



MAJORITY 
VOTING 
SYSTEM 

(with int'egratiOn� 

MID VALUE 
SYSTEM 

Normol 
Op.atton Ono Olonnol 

Hordo-

* *  
Shift 
Reduced 
By 
Foodbock 

Ono Channot 
0-

X& 
eo__. 

!.'!!"'" 
Null 

·/1� 

Ono a..nn.t 
Drift 

Olonnot Drift 
+ Ono ...,_ Chonnol Drift 

+ Ono Input a-

f. f �  
Shift 1/3 of 
Drift 10 
Hard o­
Umh 

Shlft N­
boooda 
Hard a­
c.. 

213 Goin 
About 
Shifted 
Null 

* � � � * �  
/ 

OUTl'UT·INI'UT CHARACTERIITICI 

Shift 
Moy lle 
Double 
Drift 

Oood Z.,no 
801-
0lonnot 
Drifts 

� 



� w 
z 
z 
<( 

A 

i5 8 
..... 
i! 
� 

c j 

CONTROL 
NO. 1 

CONTROL 
NO. 2 

MODEL 

I 
I 
I 
I 
I I 
I 
I 
I I 

L 
I 
I 

COMPAR ISON 
I 

·a, LOGIC 
- - - - - - - - - L - - ...:.. ---

I
� 

DETECTION · COR RECTION SYSTEM 

FIGURE 5 

OUTPUT 

AlLURE 
OICATION 

� 



TYPICAL ELECTROHYDRAU LIC SERVOACTUATOR 

FIGURE 6 

OUTPUT 

g 



-

69 

a: 
0 ..... 
<:t: 
:::> ..... (.) <:t: 
0 > a: w 
Cl) 
..... 
z 
<:t: 
0 2 "  
:::> w 
o a:: W ;:)  
0::: (!) 
w u:: 
....J 
(.) 
r w 
> 
r (.) 
z :::> 
<:t: 
....J 

z 
� w 
<:) 



" " " 

P2 

BLOCK DIAGRAM · GEMINI BOOSTER SERVOACTUATOR 
FIGU R E S 

a 



7 1  

a: 
0 
I­
<! 
::J 1-­u <! 
0 
> a:: m 
w w  cn a: 
I- :>  z e,  
<x: ­
o u.  
2 
:::> 
0 w a: 
.... 
.... 
.... 

u:. 



• •  

"1 

' 

"2 

•�o.•2 
LOCK 

o ,  

BLOCK DIAGRAM F-1 1 1  R EDUNDANT SERVOACTUATOR 
FIGURE 10 

•1 

•• 

02 IYPASS 

01 1YPASS 
..... 
..., 



P2 UTil llY.�I I 

1./"" �----- - - - - - - - - -�--- 'dilib' ! 

±-n - -
r-}- - - ' : 

'· 2 '-J U- --=�--l._j ' , , , 
', 

-·ff · 2  

'J:> suvoVA L V E  • 3  "'-'J�� 
E UOR � I I G I N DI C ATOR 3 e_ 

/ 
/ 

PI !�. PI I MARY I 

�--Hil----T - - - - -c=@ 
TA N D E M  P I S TO N  

PICTORIAL SCHEMATIC 

F- 1 1 1  R E DUNDANT SERVOACTUATOR 

F I G U R E  1 1  

-.j 
(>) 



0.050 

7-4 

-, 
0.050 in./div. 

j.,.,- 0. 1 sec./div. 

·50% error in Olannel No. 

Zero drift in Olannels No. 2 and No. 3 

Failure Transients For 

F-1 1 1  Redundant Servoactuator 

Figure 12 

·22% error in Channel No. 1 
Zero drift in Channel No. 2 
10% drift in Ch;mnel No. 3 



75 



76 

I 

� 
a: 0 1-� ::::> 1-
� 0 > a: w Cl) 
1-z � O ""'  z ... :;:) W  
e a: w ::::> a: O  
0 �  z 
§ > 
> 
!:: a: 

i 



• 

L 

77 

�\ j ..� .. 
\ I 

\ \ I  
- - - - - - :'-.:- f 

;��/_"'.\ I 
I 

-{ 

I • • 

I . 

a: 0 f-4: 
:::> 

� .... u .... 4: 4: 0 :E > Ltl w a: -J: w w u Cl) a: Cl) ..J (.!) :::> 
� z � 

.... ... a: 0 0 > .... u > 
ii: !:::: 

a: 
� 4: :E 



---�--�- ---



! 

. 

� 

..... . 

� 
I l I 0 0 8 0. 0 • 0 / E tend 

� 
� / / 

' / � 
y 

/� V 

.. 

� 

.-, 
-

.L_/ 
1 r v/ 

/� .. 
., / Ui 
, ! -;:?' � -----

/ f;:: / 

0 l 0 4 0. 6 0 8 I 0 I� 

- -

-

-

Pieton Pot' ion 1 \n. I Re ra«:l I 

f--.,- MAJORITY VOTING SERVOACTUATOR - - -f- ---

- -

NORMAL OPERATION 

I ALL CHANNF.LS ACTIVE I 

FIGURE 17 tl--- - - - · ---

� .. 

� -o 



I 

l l l 0 0 8 0 b 0 • 0 
Ex ond 

A 
� V ! - l A rd Over 

/. 

' A � 
� � ...... 

v V 

PI>·· � 
� 

/. 

:£ � � 
.. � V ! 
;; 
;;; � I:?' 
; 
! /� l • l  Hard ( . .  !:?' I 

b& V 
V 0 l 0 • 0 b 0 8 l 0 l l . 

� 
Pl•ton Po• Hon (in. I Re ract 

MAJORITY VOTING SERVOACTUATOR 
CHANGE IN OPERATION WITH VARIOUS FAILURES 

r '" 
FIGURE 18 

-

I 



81 

. � 

� � V 
'\ � / "' 
. ;/: � 

.. / F-- � 
.. ... .. 

-

........ "' 
'\ 

...... 
.... 

� 

� 

... 

� 
·· ... . 

� 
. . 

I ntermittent Hardover Signal Applied to Channel No. 1 

During Cycling of ServoaU•Jator 
at 1 /2 cps, ± 20% amplitude 

U pper Trace: 

Lower Trace: 

Sweep Speed: 

Command current to Channel No. 1 

Servoactuator position 

0. 2 sec/divisiol) 

MAJO R ITY VOT I NG S E R VOACTUATOR FAI LU R E  T R ANSI ENT 
F I G U R E  1 9  



a: 0 
� 
� 1-
� 0 > a: w Cl) 
1-z <( 0  
o N 
z w 
� a: 
0 �  w (!)  a: -u.. 
a: w 1-
� 0 al 
=i= 
z <( 1-
i= 



83 

w 
z 
< ..J A. 
a: 
< 
� 



R4 

. I 
------------�+�----------� 

I 
� . - .. 

0 

� � . 
I 

l 
I 
I 

:::;) en � 
w N 
z N 
<( W  
_, a: 
� :::;) a: (!) C( IZ  
1-
� 



NO. 2 

N0. 3 SERVO 
AMPLI F I E R  

\ 
\ 
\ 
\ 
\ 

\ \ 
0 

85 

... \ 
\ 

\ 

0 
�----------------------� 

SCHEMATIC DIAG RAM OF SST 

MASTER SERVO 

F I G U R E  23 

0 

I NPUT 

0 

0 
OUTPUT 



86 



PUSH-PU LL 

PISTONS 

HYDRAU LIC 
DETENT 

PISTONS 

87 

OUTPUT 

SHAFT 

SCHEMATIC PICTO R I A L  

ECS SERVO ONE CHAN N E L  OF 

FIGURE 25 



88 

MECHA�ICAL TRANSMISSION RATIO REQUIREMENTS 
IN MINIMUM-TIME POSITIONING S ERVOS 

B. L. Ho 

Iomec Inc . 

Santa Clara , California, USA 

Problem Statement 

The designer has the following problem: A positioning drive system is 

to be designed to move a mass be��een discrete positions as fast as possible. 

A driver with a certain characteristic is assumed given. Questions : 

+ What should the mechanical transmission ratio be between the driver 

and the load mas� in order to obtain minimum time? 

What is the minimum time? 

If the minimum-time transmission ratio is impossible due to design 

constraints such as space limitations or hardware availability, 

what move time is possible with other transmission ratios? 

This problem arises in various applications : 

• Posi tioning of magnetic record:..ng heads over recording tracks on a 

computer memory disk . 

� Automobi le racing. 

Automatic electronic circuit connection and inspection machines . 

• Automatic manufacturing machine s .  

Charts and equations are presented for this design problem . They may 

be used to quickly estimate the answers to the three stated questions . 

Assumptions 

The following assumptions are made : 

( 1)  The driver ' s  inputs are constrained to a range between ..a and -a 

for some value of a .  The driver ' s  torque-speed characteristics 

are either . Fig. l l(a ) ot (b ) . The (a ) curve is typical of a 

; ervomotor driver ; the (b ) curve is typical of a motor-clutch 

driver .  For other characteristics , we vill approximate with 

(a ) or (b ) . 

( 2 )  As the load mass is moved from a point A t o  point B ,  velocities 

of the mass at points A and B are both zero. 

( 3 )  All forces on the load mass other than the acceleration forces 

have negligible effect on the travel time . 
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(4) Inertia of the transmission i s  negligible o r  may b e  added t o  the 
inertias of the- driver and the load mass . 

To get a minimum-time move , the correct scheme is to apply .a into 
the driver for a certain length of time and then switch to -a for the rest 
of the way. This scheme is ·intuitively correct as well ae verifiable by 

1 control theory • The charts ,  Figs . 2 and 3 ,  are constructed for this minimum-
time control using various transmission ratios . 

If one has a servomotor-type driver , Fig. 2 is used . Figure 3 applies 
to the motor-clutch type driver. In both charts a normalized transmission 
ratio 1.1- is entered in the horizontal aria .  One reads upwards along a vertical 
line until it :!.ntersects the applicable normalized load A. curve . One then 
follows a horizontal line to the normalized -r ari a .  After conversion , the 
time required for the position-to-position travel is obtained . The formulas 
for computing these normalized quantities are shown in the . folioving table . 

'UBU: 1: lfORMALIZATION 

SerYaaotor Type Motor-Clutch Type 

Normalized ratio J.l = 

Normalized load ). = 

Normalized time 'f = 

where 

Driver , Fig. l(a) 

§ m  

x ,Jl  
v JJ:  s m 

...!.. 
t ·s 

t s 

Driver , Fig. 

§ · m 

X ,fi 
V Fm s 

T 
� 0 

t = time . constant of the servomotor; t = J /D . Units : Sec . s s m 

l ( b )  

t 
e 

t = "time constant" of the motor-clutch ; time to reach top speed from 
e 

standing sti ll ; t = V  J /T • See Fig. l ( b ) .  U ni ts : Sec. c s m q 2 Jm = driver inertia. Units : lbf-in-sec for rotary drivers and 

lb -sec2/in for linear drivers . 
f --- 2 2 I = load inertia. Units : lbf-in-sec for rotary load and lbf-�ec /in 

for linear loads . 
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m = transmission ratio. m = (motion in driver)/(motion in load ) . 

· Units : rad/rad for rotary to rotary , in/in for linear to linear , 

rad/in for rotary to linear , in/rad for linear to rotary . 

X = istance of load travel for the position-to-position travel.  

Units : rad for a rotary load and in for a linear load . 

D = electrical or mechanical viscous damping in the driver , see Eq. (1 ) . 

Units : lbf-in-sec for rotary driver, lbf-�ec2/in for linear 

drivers . 

· Vs = top speed of the driver, Units : rad/sec for a rotary driver , and 

in/sec for a linear driver. 

T = time required to travel the x distance in a manner described in 

assumption ( 2 ) . Units : sec. 

Tq = the motor-clutch driver ' s  drive force. Units:  in-lbf for a rotary 

driver and lbf
·for a linear driver. 

Note that we may change the units in the above definitions as long as the 

changes are consistent , for example , all lbf are changed to oz . 

Example : The servomotor has the following characteristics : 

Inertia: 1 .33 oz-in2 

Top Speed : 3600 rpm 
�:me constant : .0215 sec . 

This motor is to drive a 40 lbf mass for 30 in, standing still to 

standing still. What is the minimum time one may achieve and what is the 

required gear-rack rat" � 

We have the fo_ .-:e:1 values : 

Jm = .000215 lbf-in�aec2 

V = 376 rad/sec s 
t = .0215 sec a 
X =  30 in 

I = . 104 lbf-aec2/in 

from which the normalized load is gomputed to be 

A. = 81.5 

selecting a A. curve corresponding to 81 .5  (interpolation is required in this 

case) , we see the lowest point has coordinates � =  0 . 3 ,  � = 42. Converti� 

back from the normalized quantities , we have 

= ( . 000215/.01 )42 = 0 .9  sec 

m =  ,j .104/.000215 1 0 .3  = 6 .6 rad/in :::::: 1 rev/in . 
· The �inimum travel time for this application is 0 .9  sec ,  and a gear­

_ ack ratio of one revolution per inch is 'equir�d . Usin0 any other ratio 
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(with the switching time appropriately readjusted ) will result in more travel 
time . 
Deri va ti ons : 

l. Servomotor Type Driver 
The equation of motion of the motor-load system is 

I + J m2) x + Dm2:i = Kum m ( 1) 

where K is th� motor torque constant , and u is the motor input vhich for 
minimum- time must have the form shovn in Fig. 4 .  The load mass displacement 
is x ,  and other symbols are defined after Table 1 .  

The following notations are introduced 
W = (I +  J m2 )/(m2n) = t ( 1  + 1-'-2)/!-12 m s 
V = Ka/D s . 
Solution to the stated differential equation for QI.T !!f t ,s; T is 

(2 )  
(3 ) 

x( t )  = :s [ ;:c(T - t + W + We-t/W - 2We-( t- clT)/w] (4)  

mi:( t )  = Vs( l-e-t/W) - 2Vs [ 1 - e-( t- !t.T)/w] (5 )  
where ot , the switching time ratio (see Fig. 4 ) ,  and T ,  the total time for 
trave l ,  are obtained by applying the following terminal conditione : 

x(T)  = X, i(T)  = 0 .  (6 )  
T"ne solutions are 

cL =  t( l + ;\ ) 
s 

and 

This equation is transformed into the following normalized form using the 
definitions given in Table 1 :  

[ + /e -. "3/( 1+ u.2) - 1 
'] 

'T : 2( l + � ) loge 
eAp3/2( l+ f-L2) tJ Ar ,-

The last equation is plotted in Fig. 2 . 
2. Motor-Clutch Type Driver 

(7 )  

(8 )  

( 9) 

For this case the driver may or may not reach the saturation speed as 
depicted in Fig. 5 .  Two sets of equations are required . 

Wnen the travel distance X is long enough for the saturation speed to 
be reached , we have the situation in Fig. 5 curve (b) . The equ� ions are 
easily writt�n as 

X = 2(V t /2m) + V (T - 2t )/m 
:! c s c 

obtaining 

( 10) 
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T = V (I + a2J )/(t m2) + (X lv.) 
• 1!1 • q • • .. 

for X Oil' v2(r + a2 J )/(T a3} s • q 
where the follovi.ng relationship vas used. 

(u} · 

t = V  J lt (12} 
0 s Ill' q 

Figure 5 curYe (a} shows the nloci ty curYe tor shorter trsvel where 

saturation speed is not reached. 'l'be applicable equations are 

X = V (T/2)2/t 
8 c 

80 that 

for 

Noraalizing as shown in Table 1,  we haTe 

'T = .!,_ 1 + t-t2 + X� tor A. ;;?: 1 + !J.2 
..... ., 

'T =  2 J ( JJ- + -l ) }.:  tor 'A. s 1 + �2 

J.J. � 
'l'bese two equations are plotted in Fig. 3.  
Discussions 

(13 )  

(14) 

(15 }  

(16)  

( 1} In conventional load-matching procedure the transmission ratio a is 

selected such that f..l. = 1. This gives aariiiiUII load acceleration but 

in general not minimum-time because of the saturation speed . This 

may be seen in Figs . 2 and 3 where all minimum-time rstios , tJ. , are 

less than 1. 
(2} The trSnsmission ratio is not very critical to travel times as long 

as they are close to optimum. As a specific example , in Fig. 2 for 

A = 2.5 , a 30 percent change in transmission ratio trom optimum 

causes only a 4 percen� change in travel time. 

(3 } For the motor-clutch type driver , saturation speeds are reached in a 

minimum-time travel when the load ). is larger than 2 .  For A smaller 

than 2 1  saturation speeds are not reached , and the transmission ratio 

required is the cpnventional f-" = 1. See Fig. 3 .  
�eference 

. • La Salle , J .P . , "Time Optimal Control Systems , "  Proc . National Academy of 

Sciences, USA , Vol .  45 , pp . 573-577 ( 1959) .  
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Velocity Velocity 

u :: a 
u < a 

Torque 
or 

Force 

Velocity Rapaase, Step Input. Torque-Velocity Charact�ristics. 

(a) Servomotor Type Driver. 

Velocity 

u =-a 

Velocity 

u = a  

Torque 
or 

Force 

Velocity Response ,. Step Input. Torque-Velocity Characteristics. 
' 

(b) �otor-Clutch Type Driver. 

P�. 1 .  Characteristics of Drivers. 
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EXP ERIMENTAL METHOD OF . SIZING FINAL CONTROL 
ELEMENTS /CONTRO L VALVES/ FOR PROCESS 

P LANTS 
Dr. Ing . Rainer Muller , 'I'echni sche Hochschule I lmenau , Inst .:.tut 
fUr Regelungste chnik , X 63 Ilmenau , Deutsche Demokratische -:!-ub l il: 

1. Introduc tion 

The planning of a plant and of the assoc iated automatic c ontrol 
usually requires all charac teristic data to be established 
1ti th sufficient accuracy.  By sufficient accuracy we und er­
stand data , making an exact order , delivery- and assembly 
possible . 

By experience we know t hat difficulties occur whenever 
putting suc h  plants into operation, sinc e some &lements , 
most clearly this is observed with c ontrol valves ,  do not 
fit in size and have to be exchanged during the experimental 
run. In such a case one is first inclined to assume that the 
designer might have failed . In the following it is intended 
firs t to ascertain, whether in t he s tage of planning it is 
generally pos sible to know all necessary data of a plant with 
sufficient accuracy. 

When planning automatic control systems the final control 
elements c ons titute a particularly difficult problem. With 
control units all the significant parame ters are adjustable , 
when selec ting a suitable structure the designing merely re­
quires the ac curate range of se tting to be established. Vlhe 
initiating the setting of a definite value , i . e .  the adaptation 
gives no diff�culty . For measuring sys tems one variable of 
the proc ess plant should be sufficiently known, in order to 
sele c t  the range of measurement. The data on the plant being 
unc er tain in t he stage of designing , this will of course 
equally affe c t  the sele c tion of the range of measurement . 
The ne cessar valve size , however , depends on pairs of valu es 

of pre ssure drop and controlled flow . Both are data , afflic t­

ed 1 " th apprec iable unc ertainties (errors) in the stage o f  
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d e s i gning . Thus two p o s s ible errors enter into the valve 

si zing . 

:ow , le t
' .

us deal more c l osely with t h e  e rrors in calculating 

t h e  s izing data in the s tage of planning . 

2 . Unc er tainty of t he s izing data 

F or inve s tigating the error a .divisi on of t he appli c a t i ons into 

two gr oups i s  advisab l e . The first group c o mpri s e s  t h o s e  o ases , 

w h ere th e c ontrolled f l ow represents a main variable of t h e  

pro c e ss , e . g . t he f e ed water fl ow o f  a boiler. Thi s  main variable 

is expe c ted and suppo s ed to be prede te rmined with t olerable 

ac c uracy . The s e c ond gro up embraces c orrec tion fac t ors of t he 

p r o c e s s . Th e s e  are manipulated flows , whic h merely s erve t o  

c o ntrol t he s tate variable s o f  t h e  pr o c e s s , t he value of the 

f o rmer be ing of no or only of a s ligh t s ignificanc e .  Suc h 

c o ntrolled flows are nearly always small c ompared to t h e  main 

f l ows of t h e  proc e s s . The water spray f or t he temperature 

c ontrol o f  the sup er heated s team of b o i l er s  repre sents a 

typical example for that. Similar manipulated flows exi s t  

f o r  b e ating o r  c o oling c hemical reac t i o n  proc e s s e s .  

·uhile predicting t h e  t o tal pro c e s s erro rs aff e c t s u c h  

c orre c tion flows c o ns iderably more than the main variable , 

s ince small c h ange s  of the main variab l e s  g ive rise to c hange s  

i n  the c orre c ti on flows , w h i c h  relative t o  t he s e  are gre at .  

The c ons e quence was that in many cas e s  the c ontrolled fl ows 

cannot be planned with the - a c curacy re quired for planning a 

final c ontr ol element . F or t h e  example of t he temperature 

c o ntrol of superheate.J. s te am by way of the inj e c t i on of 

spray wat�r the f o ll owing err or e s t imati on is c arried out .  

Error e s t imation for t h e  c o ntro lled f low 

Based on a beat balance ar unci t h e  w ole super h e a t e r  inc _ud­

ing t h e  inj e c t i on c o oler 
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1DA - 'w (1) 

is obtained f or the spray water flow . 

For the heat input c ontained therein 

(2) 

can be wri t ten f o r  the beat transfer - c oeffic ient due to t h e  

c ontamination o f  t h e  b eating surface d eviat� ons of t h e  gas 

velo c i ty and inequal vel o c i ty dis tribut i on across t he sec tion 

.6 «  
-- = 0,1 

"' 
(3) 

is s e t . up . 

Owing �o c hange s  in t h e  air c onditi ons during c o mbus tion or 

owing to t h e  c ontamination of radiati on beating surface s  as 

well as by c h anges of the pos i tion of flames an error of 

4�Rm- � 100° i s  as sume� for t h e  flame temperature . Moreover 

the varia tion of t h e  s team tempe rature enters int o t be 

difference of temperatur_e .4� , here taken as t b e  difference 

of average t e mperature , in order t o  simplify t h e  calculation. 

In cons idering a c ontrolled superheater tbe d o wns tream 

temperature is assumed to be kep t c ons tant . The variations 

of the ups tream tempera ture result in an error of tbe average 

s team temperature , whic h ,  c ompared ·to t h e  error of flame 

temperature , i s , however , negligibly smal l .  With a mean 

differenc e in temperature of Avm • 3008 as a rela tive error 

of the diff erenc e in temperature 

� 0,3 (4) 

and t hus as an e rror of t h e  beat input 

t1 P  
� 0,1 + 0,3 = 0,4 

p 
(5  
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is obtained . 

_' ssuming t he steam flow MD ' t he downstream temperature .J'DA 
and/or the outle t entbalpy iDA to be . given quantities , for 

wbicb no error is to be c onsidered , the error of the spray 

�ater flow is obtained from e qu .  (l) 

_ �G..± f1o c.i DE A t1w - . . 
1DA - t w  

(6)  

From experi enc e we  know that the temperature of the  spray 
·.vater and thus  the entbalpy iw are practically c ons tant , 
so  that  no variations must  needs be  taken into ac c ou�t . 
Superh eaters in boilers are usually designed such  t hat  
t he spray water flow is  only used for correcting small 
differences be tween beat input and beat requirement . On 
this assumption 

.A1_ � 
c. �  

f. No (iDA - io£ ) 
is jus tifi e d .  

(7)  

By means of the  inj ec tion ratio  £€ • M/MD t he error of the 
spray water flow can relatively be given 

( C.f� ± .. �iD� ) (iDA - ioE.) c. f1w 1DA-1D£. ( 8) 
---- = ------�---------------

M w  UoA - iw )  · e  
from whic h 

C. t1w 1 DA - 1 DE -- =  

Hw E ·  UoA - iw )  
is derived . 

The following numerical example is assumed : 

s team pre ssure p 
ups tream · teu per a ture .J'D"" � 
u s tream ent balpy in� 

.i!J 
o wns tream t em pe rat : ·. -re�A 

d o �ns tream ent alpy i A 

= 140 kp/cm2 

42 0° c 
736 kcal/kg 

500° c 
794 kcal/kg 

( 9 )  



1 0 1 

entbalpy of  spray water iw = 200 kcal/kg 
aYerage value of the inj ection ratio 

E. •  0. 03 .  

Substi tuting in e qu .  (9) we thus ob tain 

6 f1w 794- - 763 
-- = -...:...:... ___ _ 

Mw (},()3 ( 79ir ·ZOO) (10) 

This �ougb error estimation s howed that the error of the 
spray water flow solely from the error of th e operating 
data far exce eds  lOO% ,  though a relatively ·Small error was 
assumed for the beat-transfer coefficient .  

F or radiation su.perbeaters the temperature enters in the 
fourth power . Thus an error of t he flue-gas temperature 
takes a stronger effect .  Calculating wi t h  the following 
values : 

mean flue-gas temperature �Rm • 1200°K 
error (uncertainty) of the 
flue-gas temperature � 
average steam temperature �Dm 
relative error of t he radiation 
c oefficient A K/K • 0.1 

A �  --- - 0.55 
-

is ob taine d .  
f 

Substituting in e qu .  (9) resul.ts  in 

� - 79'r - 736 
Nw - o,o3 (79't -zoo ) � z ( 16 )z O,SS + '79'1- ·736 � 2.  (12) 

The assumed individual errors in no way cons titute extreme 

assumptions . The numerical values involved are ab out twice 

as large as - those occurring on plants in operation in form 

of variati ons between different normal operating c onditions . 

This appears ad equate as an error (uncertainty) between 
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pred ic tipn and plant i n  operation. The error of t h e  predic ted 
beat- transfer c oeffic ient may , however , read ily be taken 

e s sent ially high er. 

Err or e s timation f or t h e  pressure drop 

Ttie error of the pres s ur e  drop on the final c o ntrol element 
can be e s timated from the error for the pres sure drop available 
for t h e  inj e c tion line and t he pres sure drop of the inj e c ti on 
nozzles . 

In general t he pump is used for surmounting the s tatic 
pressure . Thus t he pre s s ur e  drop for t he inj e c ti on line pL 
is often small c ompared t o  t he pump pressure Pp ' so t ha t  

(U) 

oan ·b e  s e t  up . 

For the ·pump pressure 

(14) 

thus h olds go od .  

Ass uming · an async hronous drive you can rec kon on c hanges of 
speed of the orde r o f  1� due to frequency and load variati ons . 
Fur thermore the pump pre ss ure depends on t h e  t olerances of 
the c onstruc tional dimensi ons . Thus in e qu .  (14) only t he 
impeller diameter d was wri t ten , but addit i onal to t hi s  
rad i i  of curvature� burr e tc .  are signifi c ant , a s  well . 
Summing up 1� d iame ter t olerance is taken for the c on­
s tru c ti onal toleranc e s . As an error o f  t h e  final pump pres s ure 

(15) 

is j u s t i f i e d .  
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Owing to devi a t i ons of t he load c m:rol tb e s t e a.o re s s u:::-e _ 

is sub j e c t  to  variat ions . F or t his 3% are a s s um ec . 

The err o r  of t b e  pre s s ure drop a cr o ss t h e  in� ec tion line 
referred to t b e  pump pre s s ure a�ounts to  

Applying equ .  (14) with 

� Po � Po 
-- � --
Po Pp 

-'-- : -1- 0,03 2 + 0,03 2 � O,tr 
�A V . 
PL . Q1 

is o btaine d . 

(16) 

17 ' 

(lE 

W h en ne glec ting the r e s i s tanc e of pipe line t he pre s s ure 

drop across tte whole inj e c ti o n  line is divided am ong t o e  
c ontr o l  und inj ection nozzle s 

19 

Wi t h  referenc e to t he flov1 c h aracteris t i c  of the control 

valve t h e  nominal inj e c t i on f l ow s h ould b e  

The pressure drop o f  t be sp ray water nozzLe is 

Qz 
pd = K  S -;F 

(20) 

(21 

W i t h  t b e  small d iameter of t h e  spray wa ter no zzle� t h e  
burr removing c ondition anc b ore � _eranc e : e nter 

appre c iab y. Due �o a s _�g b t  burr on � n e  b or e  t he re s is tanc e 
c oe = = i c i ent ea be c bangec c nsiderab y .  

� c 
-- - .2 
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is thus arranged . 

Consid ering the small diame ter we calculate wi t h  an error 
of the  nozzle diameter of 

6d = 0.05 d 

d.: t b  a cons tant mass flow we obtain from i t  

fj pd = fj S· + 4 Ad. .: 0,2 1- 4 . 0,05 = 0,1+-
Pci. S d. 

as error of  .the nozzle pressure drop . 

(23) 

(24) 

F r the relative error of t he pressure drop of the  control 
valve 

D D P = 2t. Pt... + t.Pd 
t. P  Pt... . 

- Pd (25) 

is obtained from t h e  e quations (19) and (20) , and from (25)  

t.:; = e�2-Y+ cl;: )2 = v(2·0,lfi+ol+2• � 0.9 . (26) 

is derived . 

This error estimation shows t hat even the pres s ure drop 
for the c ontrol valve exibi ts a considerable error. This 
error e qually occurs not only wi th inj ection systems but 
also wit h  o ther c ontrolled flow systems , e . g .  with  t he 
control of  the  water flow serving as a beat carrier in a 
heated ves sel , great errors for t he pres sure drop of the 
heating sys tem of the  ve ssel  and beat exc hanger for beating 
the water , the  inside diame ters of the pipes and the 
co effic ients of fric tion of  the  pipes e qually show a con­
siderable error . 
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3 . Plo t  of the rangeability of a final control element 

The operating principle of a throt tling valve is c harac terized 
by three variables : pressure drop �p ' manipulated flow Q and 
stroke y .  As a rule the first two variables are given by the 
process plant . By the stroke of t he final control element , 
i . e .  by the ratio of ne t orifice to great area the c ontrol 
valve should enable the pairs of values for pressure drop and 
controlled flow re quired for the process plant to be realized . 
The process being- performed wi th  different load s ,  different 
conditions of abrasion(erosion) and c ontamination etc . ,  a 

fieJd of pairs of values for pressure drop and c ont�olled 
flow usually arises , not easy to survey. 

The flow-dependent pressure c hange due to the. series connection 
of final contro l  element and fixed resistances in the piping 
and the differences between the area and flow c harac t�ristics 
of a final c ontrol element resulting from this , were wide·ly 
discussed in the literature . Addi tional to this there is a 

number of flow-independent c hanges of pressure , e . g .  when 
reversing to a spare pump or with the pump pressure varying 
due to the c hange of speed of the drive . A pressure reduction 
valve working for exampl_e betwe en two ste�m systems , the 
pressure may rise up to the lift-up pressure of the safety 
valves ,  independent of t he flow through the pressure reduction 
valve. 

Until now the usual pattern has been to select  the c ontrol 
valves according to the nominal values of the pressure drop 
and flow rate while c onsidering a safety addi tion. For the 
above reasons we think it advisable to gain a survey of the 
combination of values .  For this purpose we suggest a diagram , 
showing a semi-logarithmic c hart of the pressure drop vs . the 
controlled flo w ,  so  that the kv-values cons titute parallel 
straight line s .  The pressure drop entering int o the flow 
equations with  a root , it seems advisable to sele c t  the scale 
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o f  ordinate half a.s large as the scale o f  absc issa (Fig . 1/··. 
For giv�n Cv c haracteris tics of the final control elements 
a c orrelation of the stroke of the final control element and 

1 • 2 • 3  the Cv-value can b e  realized by applying auxiliary rulers ' ' · •  

Compared t o  the c hart proposed by Kretzsc hmar4 , in which the 
stroke is plotted versus the c ontro lled flow with the pressure 
drop serving as parame ter , the�p-Q-c hart offers advantages , 
when c hange s in pre ssure , independent of flow , o c c ur .  

4 . Determination o f  sizing data from measured results 

The simplest and pre�ously usual way of monitoring the 
operating principle of a final control element is the plotting 
of the effec t ive flow c haracteristic . In Fig . 2 three flow 
c harac teris tics typical of an unfavourable si zing of the 
final control ele.ment are represented on the basis of a valve 
with. linea± Cv c haracteris tic . A skilled engineer putting 
plants into operation recognize s ,  in which way the sizing 
s hould be  c �rrec ted . The effec tive flow c haracteris tic , 
however , yields no adequate quantitative data on the ne cessary 
c orrec tion of the  final c ontrol element. Moreover the plotting 
of the effec tive flow c haracteristic is often no single line 
(curve) . Due to the changes in pres sure independent of t he 
controlled flow (manipulated variable) an area of possible 
effec tive flow c harac teris tics is obtained . For the case of 
the temperature c ontrol of superheated steam two motions of 
c ontro.l are represented in Fig . 3. Fig . 3 s hows the dependence 
of the  spray water flow on the steam flow. Since there may be  
different c ombustion and heating surfac e conditions for eac h 
steam flow,  a range of the spray water flow belongs to eac h 
steam flow. Since the pre ssure drop across the whole injec tion 
line depends on the steam flow due to the,.. load drop of the 
superheater , there result different flow c harac teristics for 
the c hanges in load and those in beating wi th constant steam 
flow . 

; 



1 07 

Plotting a Ap-Q-c hart c onstitutes  a favourable possibility of 
determining the s izing data by measurement . Keeping the eop o · ­

ment of an expens ive engineering s taff wi thin reas onable ir.i-:s 
requires an automatical measurement . For this purpose a 

logarithmic c oordinate plotter has been devel-oped , by mea 
of whic h the Ap-Q-c hart can be plo tted immediately . A preconait�on 
for this is in that the measurement for adapting t he f inal 
c ontrol elements is from the first intended t o  be perf ormec , 
so t hat the measuring possibili ties , i . e .  conne c ti ons , wh ere 
press ure crops are taken as well as means of attac h ing a flov< 
meter need not subsequently be installed and t hat , if neces sar:,r , 
measuring transmitters may be c onnected . By widely ap lying 
elements of c ommercial potentiome tric tape recorders the 
c o ordinate plot ter consists of · two Poggendorff c ompensators , 
one of whi c h  c ontrols the rotati on of a ·roller and t he ot her 
t he motion of a carriage . The logarit hm o-f the quantity to be 
measured is taken via the c ompensating potentiome ters of  the 
re c order , approximating the logarithmic c haracteristic by 
means of s hunts between a multiple of tapping point s .  

In c onse quence o f  t h e  gain dependent o f  t h e  measur ed values 
of the  po tentiome ter t he c ompensatO r loop c ontains some 
difficulties in c ontrol dynamics . This necessitated t he gain 
of the  amplifier being c hanged in dependence of t he brush 
position on the measuring po tentiometer .  

Thus ano t her nonlinear po tentiome ter affecting t h e  gain 
of the compensating amplifier was mechanically c oupled wi th 
the rec ording sys tem. 

The recorder is c onnec ted to the  plant for a period , during 

whi c h  all typical operati� c ondi tions can be assumed t o  bav _  
b�en passed through.  With this a field more or less filled 

with ink is ob tained in theAp-Q-c hart as th e rangeabilit;y of 

the final c ontrol element . Sinc e it may happen t hat the plant 
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remains at one operating po int , re c o rding c anno t be e f f e c ted 
li�i<t • 

wit hYink , as o t h erwi s e  diffic ul ties may ari s e  w i t h  t h e  ink 
drying up or w i t h  t he paper s oaking up t h e  ink . The r e c ord 
is thus made by means of a penc il or a ball po int . 

5 .  I t e rative preparation o f  inves tments 

The introduc t ory error e s t imation s h o w s  that in s ome c a s e s  
t h e  s i ze o f  t h e  final c ontr ol e l ements c annot b e  planned 
rati onally . Th erefore an organi zat i o nal form has to b e  f o und , 
enabling t h e  adap tation to be pre pared sys temati cally . For 
t h i s  t h e  plan provi d e s  a s o -call e d  ini tiating final c o ntrol 
e l ement , be ing s e l e c ted wi t h  a c ons id erable safety add i tion 
in a c c ord wi t h  t h e  data available . In order to ac h i eve a 
great immuni ty t o  an inc orre c t  s i zing t h e  initiat ing 
�inal c ontrol e l ement mo s tly ob tains an e qual perc e ntage 
c h ar�c teris ti c .  On parallel lines wi t h  t h i s  runs an order 
given for a c orre c te d  final c ontro l  e l e ment , w h i c h  may 
already be inc lude d  in t he pro du c t i on program of t he 
manufac ture r , but t h e  final s i ze of w h i c h ,  e sp e c ially of 
t h e  inner valve is no t e s tab li s h e d  unt il measured r e s ults 
are o b tained from the test run. Th e t e s t  run re quir e s  a 
f i nal c o ntrol elem ent to h ave b e e n  ins tal led bef ore . The 
measured re sults realized t hi s  way d o  no t d epend on t he 
s izing of t h e  init iat ing final c ontr o l  element . The intend­
e d  adaptation _thus c o ns t itutes an i t e rative pro c e s s . In 
pra c ti c e  y ou can, h o wever , nearly always do wit h one s tep 
o f  i te ra t i on. 

6 . �xperime ntally plo t te d �p�Q-c har t  

Fig . tr s h ows a mea5llr e d 6p-Q-c hart o f  t h e  temperature c ontr ol 
of super h ea t e d  s te am o f  a lOO MY/ s t e am power plant (Fig . 5) . 
F or t his p_ant t h e  initiat ing c on�r ol valve was s e l e c t ed 
t o o  sma_l . Th e 11e c e s s ary c ont rolled fl o ws were o b tained by 
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increas ing � u s  �ps �ream p re ss ure . In t b e Ap- ·-c har t  two s uper­
p o s ed rangeabili t i e s  are t hus pl o t t ed . In order to renu e r  i t  
m or e  visible t he c har t initially re c o rded b y  means o f  a penc � l  
is traced wit h  ink . 

Th e Figs . 6 and ? r e p r e s ent c har ts r e c o 1u e d  on the pre s s ,re­

c ontrol valve of a s team beat ing plant . Tb e rec ord was mac _ 
wi t b  a ball po int p e n ,  t be c harts were not trac ed . \"ih e n  
measur ing s t e am fl o ws t h e  p l o t t ing a s  a n  e quivalent water 
f l ow s e ems advi sable wi t h  referenc e  t c  the kv- values ( Cv-val u e s )  

o f  t he valve s .  

7 .  Fl o w  c harac teris t i c s  

A s  previ ously d e s c r ibea1 ; 2 ; 3 t be f lo w  c·hara c te r_i s t i c  of t h e  

f inal c ontr o l  element c a n  easily b e  p l o t ted from t b e 6p-Q-c bart 

by us ing an auxiliary ruler . Since in t h e  pre sence of fl ow­

ind e p endent c hang e s  in pre s s ure t h e  rangeability repr e s en ts 

no curve but an are a ,  we usually c onfine t o  plot ting t h e  

c harac teri s t i c s  f o r  t h �  two out lines o f  t h e  range of c ontrol 

in h o r i z ontal dir e c t ion. Wi th t his all intermed iate s tat e s  

are assumed t o  re s ul t  i n  flow c harac t e r is ti c s ,  radially 

d i stributed wit h in the range t hus l o c al i zed (Fi g .  6 and 7 ) .  

In general t hi s  r e q uirement is no t me t .  In t h e  Fig . 6 and 7 
t h e  m o t i ons of c o nt r o l  d i s c us sed by means of Fig. 3 were t b  s 

q ualitatively plo t ted . 
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List of symbols 

A heating � urfaoe 

C c ons tant 

K c omb ine d radiation c oe ff i ci ent 

M mass flow 

Q flow volume 

d diame ter 

i ent halpy 

kv valve c o effic ient 

n sp&e'd-- - · 

p pre s s ure , pre s s ure drop 

�p pre s sure drop of the regulating valve 

A deviati on 

� beat f l ow 

c(. b eat-transfer c o effici ent 

E inj e c t ion rat i o  

S resistance c o effici ent 

,)' temperature 

Ind i c e s  

A ou tle t 

D s team 

E inl e t  

L l ine 

p pump 

R flue gas (b o iler gas) 
d no z zle 

m mean value 
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1 f) 
Fig. 1 :  

�p-Q-c hart representing the rangeability 
. of thro ttling valves 

' 
a 

Fig. 2 : 

Typical flow c haraoter�stics 
a) too large a final contr ol valve 
b)  too large fixed resistances in the piping 
c) too small a final c ontrol element 
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F ig. 4 :  
6p-Q-c har t of t he tempe ra ture c o ntrol 

o f  s uperhe ated s t eam 

Fig. 5 :  
Part of t h e  s c h eme of a plant 
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Fig. 6 and 7 :  

�p-Q�o �arts of a s team pre s s ure c ontr ol valve · 
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Fig. 3 :  
Operating motions of the tempera ture c ontrol 

z1 • change of the load 
z2 • c hange of the state of c ombustion 

Fig. 8 :  Fig. 9 :  
Operating motions 

of the tenperature c ontrol 
in -eh e 6p-Q-c hart 

Flow c harac t eristics ( e qual 

percentage flow c harac t e r i s t i c) 


