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Preface

Force and motion control systems of varying degrees of sophistication
have shaped the lives of all individuals living in industrialized countries all
over the world, and together with communication technology are largely
responsible for the high standard of living prevalent in many communities.
The brains of the vast majority of current control systems are electronic, in
the shape of computers, microprocessors or programmable logic
controllers (PLC), the nerves are provided by sensors, mainly electromech-
anical transducers, and the muscle comprises the drive system, in most cases
either electric, pneumatic or hydraulic.

The factors governing the choice of the most suitable drive are the nature
of the application, the performance specification, size, weight, environ-
mental and safety constraints, with higher power levels favouring hydraulic
drives. Past experience, especially in the machine tool sector, has clearly
shown that, in the face of competition from electric drives, it is difficult to
make a convincing case for hydraulic drives at the bottom end of the power
range, specifically at fractional horsepower level. A further, and frequently
overriding factor in the choice of drive is the familiarity of the system
designer with a particular discipline, which can inhibit the selection of the
optimum and most cost-effective solution for a given application.

One of the objectives of this book is to help the electrical engineer
overcome his natural reluctance to apply any other than electric drives.
Another difficulty often encountered among all types of engineers is the
unwillingness or inability to tackle the dynamics of hydraulic control
systems in view of their relative complexity as compared with electric
drives. Owing to the compressibility of the working fluid and the non-linear
characteristics of hydraulic control devices, dynamic system modelling
involves the manipulation of non-linear, high order differential equations.
This fact can have a daunting effect on all but the more analytically inclined
engineers, and has contributed to the wide gap that exists between the
control engineer and the average hydraulic application engineer. It has
often led to the oversimplification of hydraulic system identification, which

v



vi PREFACE

has frequently necessitated costly re-design and even resulted in litigation.

It is hoped that this book will help in bridging the gap between the
academic and the application engineer and thereby make some contri-
bution towards the wider application of hydraulic control systems.

Partly due to its relative complexity, hydraulic control system analysis is
an ideal hunting ground for the mathematically biased engineer. Several
analytical methods have been developed over the years and every specialist
in this field has his own preference. The conventional methods can be
briefly summarized as:

(1) Non-linear analysis in the time domain.

(2) Linearized small perturbation analysis using the root-locus (pole-
zero) approach.

(3) Linearized small perturbation analysis using the frequency response
approach.

The approach adopted in this book is based on method (3), with an
extension into the time domain, facilitating the modelling of system
transient response to any given duty cycle. This concept, which permits
system optimization in the frequency domain, has been developed and
successfully applied over more than 15 years, with close correlation
between predicted and actual performance over a wide range of
applications, which is, in the final analysis, the ultimate criterion of
credibility.

This book is based on an earlier version, Hydraulic and Electro-hydraulic
Servo Systems, published in 1967. The original publication was aimed at an
engineer using a slide rule, graph paper and other manual aids, whereas the
present edition is focused on an engineer with a personal computer at his
disposal. This underlines the considerable advance in communication
technology that has taken place over the past twenty years. To bring the
contents into line with this monumental change in analytical capability,
now readily available to every engineer, the bulk of the text had to be re-
written. It will become apparent to the reader that a meaningful dynamic
analysis of a complex electro-hydraulic control system is not feasible
without the aid of a computer.

In that context it is of interest to note that whereas the manuscript for the
original edition was laboriously handwritten and subsequently typed and
all graphs were manually drawn, the text for the latest edition was typed
directly into a word processor and all graphs were generated and plotted by
means of a specially adapted computer simulation program.

Thus time marches on!
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1

Introduction

All control systems can be reduced to a few basic groups of elements, the
elements of each group performing a specific function in the system. The
division into groups of elements can be carried out in a number of different
ways, but selecting the following four groups forms a convenient structure
for the definition of hydraulic and electro-hydraulic control systems.

(1) The power source.

(2) The control elements.
(3) The actuators.
(

4) The data transmission elements.

The power source consists invariably of a pump or combination of
pumps and ancillary equipment, e.g. accumulators, relief valves, producing
hydraulic energy which is processed by the control elements to achieve the
required operation of the actuator.

The control elements can be valves of one type or another, variable
displacement pumps or variable displacement motors. Some control
systems contain a combination of all or some of these control elements.

The actuator converts the hydraulic energy generated by the power
source and processed by the control elements into useful mechanical work.
An actuator producing linear output is referred to as a cylinder, jack or
ram, whilst an actuator giving continuous rotation is a hydraulic motor and
an actuator giving non-continuous rotation is usually called a rotary
actuator.

The control elements act on information received from the data
transmission elements; in a ‘simple’ hydraulic control system the data
transmission elements are mechanical linkages or gears, but in ‘complex’
systems data transmission can take many forms, i.e. electrical, electronic,
pneumatic and optical, or combinations of these types of data trans-
mission. Although ‘simple’ or mechanical-hydraulic control systems are

1



2 HYDRAULIC AND ELECTRO-HYDRAULIC CONTROL SYSTEMS

still in use, they are being progressively replaced by the more versatile and
flexible electro-hydraulic control system, using electronic data
transmission.

Control systems can be subdivided into two basic types: on—off, or ‘bang-
bang’, and proportional. A typical example of the former is an electro-
hydraulic system controlled by solenoid-operated directional valves, where
actuator velocity is pre-set but not controlled, whereas an example of the
latter would be a velocity control system controlled by a solenoid-operated
proportional valve controlling the flow to the actuator and hence its
velocity. This book will confine itself to proportional systems, i.e. to control
systems where a functional relationship exists between the controlled
output quantity and the demand signal.



2

Hydraulic Power Source

In hydraulic control systems the pump supplies fluid either at substantially
constant pressure which is independent of the external load acting on the
actuator or, alternatively, at a supply pressure which is a function of the
external loading.

In systems which have the supply pressure maintained at a constant level,
the hydraulic power source can be either a fixed or variable displacement
pump. In either case, as pressures normally encountered in power hydraulic
systems are relatively high, the pump would be one of the three positive
displacement types, that is gear, vane or piston. Piston pumps can have
either axially or radially mounted pistons. The choice of pump depends
mainly on the maximum pressure and rate of flow required for the
operation of the system.

Three typical arrangements of a constant pressure supply are shown in
Figs 2.1-2.3. In its simplest form, shown in Fig. 2.1, the power unit consists
of a fixed displacement pump, a pressure relief valve and a reservoir. As the

PUMP
SUCTEN LINE - o 10 SYSTEM
> >
v "
% RELIEF VALVE

4 RETURN LINE
-

TANK

Fig. 2.1 Fixed displacement pump with relief valve.
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TO TANK
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NON-RETURN VALVF
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fy

)t
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&

388 — ¥ |

RETURN LINE
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Fig. 2.2 Fixed displacement pump with accumulator and off-loading valve.

pump delivers fluid at a constant rate, the supply pressure is determined by
the setting of the pressure relief valve which diverts pump flow in excess of
system demand back to tank. The energy dissipated through the relief valve
is not recoverable and is converted into heat energy causing a rise of
temperature of the fluid in the system, which can be counteracted to some
extent by increasing the amount of fluid circulating in the system, although
normally, other than for very low power levels, some form of cooling would
have to be provided.

A more efficient supply system, employing some additional components,
is shown in Fig. 2.2. The additional components are: an accumulator, an off-
loading valve and a non-return valve. On start-up the bypass line is closed
and, as the pump charges the accumulator, system pressure rises; when the
pressure reaches a value corresponding to the high level setting of the off-
loading valve the bypass line is opened, thereby off-loading the pump. The
accumulator now maintains system pressure with the non-return valve in
its closed position. Since the flow required by the system has to be provided
by the accumulator, the supply pressure will drop as the accumulator
discharges. When the pressure reaches a value corresponding to the low
level setting of the off-loading valve, the bypass line is blocked and the
pump again supplies the system; the accumulator is re-charged and supply
pressure rises. The sequence of operations is then repeated, the relief valve
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A

DELIVERY CONTROL
LEVER

T > T0 SYSTEM

- RETURN LINE

SUCTION
LINE

'

TANK
Fig. 2.3 Pressure-compensated variable displacement pump.

acting solely as a safety device and remaining seated under normal
operating conditions.

This arrangement is particularly suitable for systems operating for
extended periods under idling or low flow conditions. The rating of the
pump and size of the accumulator depend on the duty cycle; therefore, if in
addition to long idling periods the system is required to operate for
extended periods at peak or near peak demand, the pump should be rated at
the maximum flow, enabling a small accumulator to be used to maintain
supply under idling conditions. Energy dissipation and the consequent
cooling problem is considerably reduced by using a power unit of this type
rather than the simpler arrangement previously described.

An alternative solution, that overcomes the inefficiency of the first
arrangement, is to use a double pump unloader system incorporating a
sequence valve to unload the larger pump.

The most efficient hydraulic power source is a variable displacement
pump. Figure 2.3 shows a diagrammatic arrangement of a pressure
compensated variable displacement pump which supplies fluid to the
system at constant pressure and varying flow. In a variable displacement
pump the rate of flow is controlled by operating the delivery control lever
which in turn varies the displacement of the pump from nominal zero to its
maximum rating. Different methods are used to obtain variable
displacement, but most designs use either the principle of variable swash-
plate angle or provide means for varying the angular position of the
cylinder block assembly in relation to the drive-shaft axis.
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CUT-OFF PRESSURE BAND

‘*

100 A
\ LEAKAGE FLOW

¥

FLOW % OF MAXIMUM
w

0 50 100
SYSTEM PRESSURE % OF MAXIMUM

Fig. 2.4 Pressure-flow characteristics of a pressure-compensated variable
displacement pump.

The pre-load of the bias spring in the pressure control unit determines the
supply pressure. If the pump delivers fluid in excess of that required by the
system, supply pressure will momentarily rise, unbalancing the load acting
on the piston of the delivery control actuator which will then reduce the
displacement of the pump until flow equilibrium is restored. If the delivery
control lever overshoots the equilibrium position, supply pressure will drop
below the nominal setting, unbalancing the control piston and thereby
increasing pump flow until equilibrium is regained. Typical pressure flow

DELIVERY CONTROL LEVER

SUCTION PUMP
T0 SYSTE
o o . g TO SYSTEM
U =
% RELIEF VALVE
* S ZETURN LINE
TANK

Fig. 2.5 Variable pressure supply system.
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characteristics of a pressure-compensated variable delivery pump are
shown in Fig. 2.4. Unless the pump is allowed to saturate, working pressure
is always within the cut-off pressure band, the design of the pressure control
unit determining pressure flow characteristics. Normally supply pressure at
maximum flow is 90% or more of the pressure at zero flow.

In hydrostatic transmissions the velocity or position of the actuator is
directly controlled by varying the flow of a variable displacement pump. In
such a system the supply pressure does not remain constant but varies as a
function of the external loading. A schematic arrangement is shown in Fig.
2.5. Under normal operating conditions the relief valve is seated and acts as
a pressure limiting safety valve.
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Working Pressures

Working pressures in hydraulic control systems cover a wide range, from as
low as 5 bar to 300 bar or higher. Hydraulic presses are in a special category,
sometimes working at pressures as high as 700 bar. The advantage of higher
working pressures are reduced size and weight of components, which is a
factor of particular importance for aerospace applications. For industrial
applications the major consideration is often installed cost, and since the
pump is frequently the most expensive single item in a control system its
choice can have an important bearing on total system cost. Three distinct
types of positive displacement pump are available: gear pumps, vane
pumps and piston pumps.

Up to a few years ago pressure ratings for gear and vane pumps were well
below those of piston pumps; this is, however, no longer the case. High
pressure gear and vane pumps with maximum pressure ratings of 200 to 250
bar are now available. As the majority of hydraulic control systems operate
within this range, the determining factor in choosing a pump will often be a
compromise between volumetric efficiency and cost. Gear pumps are, as a
rule, cheaper than comparably rated piston pumps, vane pumps occupying
the middle ground. The high volumetric efficiency of piston pumps cannot
normally be matched by either gear or vane pumps.

As the cost of the pump increases with size, higher working pressures at
lower flow rates will result in a cheaper unit than a pump of similar power
rating operating at lower pressure and higher flow. There are, however,
other factors which have to be taken into consideration in choosing a
working pressure suitable for a given application.

The pressure range over which control systems give a satisfactory
performance is limited, at both ends of the range, by the compressibility of
the fluid. At low pressures there is a greater danger of air inclusions in the
fluid, which can considerably reduce its effective bulk modulus, causing
excessive elasticity in the system.
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Let us now examine the effect of working pressure on fluid com-
pressibility. Let the maximum working pressure = P and the volume of
fluid under compression = ¢V, then the energy stored in the fluid

E=1psv 3.1
and the useful work done
W=PV 3.2)

where V is the volume delivered.
Also the bulk modulus of the fluid

N=PV/oV (3.3)
Dividing eqn (3.1) by eqn (3.2), E/W = 16V/V and combining with eqn (3.3),
E/W=1iP/N (3.4)

Hence the energy stored in the fluid due to its compressibility is directly
proportional to the working pressure.

The effect of pressure on the elasticity of the system sets the upper limit to
the generally acceptable working pressure in a hydraulic control system,
and this, together with the additional hazards introduced by very high
pressures, restricts maximum pressure ratings of the majority of practical
applications to around 300 bar.
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Hydraulic Actuators

The function of the actuator in hydraulic control systems is to convert the
hydraulic energy supplied by the pump and processed by the control
elements into useful work. Actuators have either a linear or rotary output
and can be classified into three basic types:

(1) Cylinders or jacks.
(2) Motors.
(3) Rotary actuators.

Rotary actuators, which are essentially non-continuous motors, consist of
a cylindrical body to which one or two vanes are rigidly attached. The
output shaft carries a moving vane or, in the case of a double-vane actuator,
two vanes, the torque output of a double-vane actuator being twice that of
a single-vane unit. Maximum angle of rotation is limited to approximately
150° for double-vane and 300° for single-vane actuators. This type of
actuator is particularly suitable for applications requiring accurate
position control at high output torque, as it obviates the need for reduction
gearing, which can introduce elasticity and backlash, thereby adversely
affecting system performance.

Hydraulic motors are essentially hydraulic pumps in which the sense of
energy conversion has been reversed. While a pump converts mechanical
energy supplied to its drive shaft by a prime mover into hydraulic energy,
the motor reconverts the hydraulic energy provided by the pump into
mechanical energy at its output shaft. Because of this basic similarity they
are, except for some minor differences, identical in construction. Hydraulic
motors fall into two categories:

(1) High-speed, low-torque.
(2) High-torque, low-speed.
10
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High-speed, low-torque motors can be subdivided into three groups:

(1) Gear motors.
(2) Vane motors.
(3) Axial piston motors.

High-torque, low-speed motors are usually of the radial piston-type
construction.

Once the required output power of the motor has been established, it has
to be decided whether a high-speed, low-torque or a high-torque, low-speed
unit will be the most suitable for the given application. Industrial high-
speed, low-torque motors are considerably cheaper than high-torque
motors of equivalent power rating; but since the former almost invariably
necessitates the provision of reduction gearing, which for closed loop
systems has to be of high grade, it is often advantageous to select a direct-
drive high-torque unit. System stability and performance considerations
will also affect the choice of motor type and capacity.

The most commonly used hydraulic actuator is the cylinder or jack.
Cylinders can be either single-acting or double-acting. Single-acting
cylinders are power driven in one direction only, whereas double-acting
cylinders are power driven in both directions. Cylinders can be constructed
as single-ended or double-ended, as shown in Fig. 4.1. Double-ended
symmetrical cylinders, Fig. 4.1(a), are frequently used for high performance
servo systems, but have greater overall length and are more expensive than
single-ended actuators of similar work output. Because of their lower cost

A
M / |
¥

R

(a)

—

7/ 77777777740)

(b)
Fig. 4.1 (a) Symmetrical. (b) Single-ended. (c) Differential.
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and smaller size, single-ended cylinders are widely used for both industrial
and aerospace control system applications. Although single-ended
cylinders are asymmetrical, they are perfectly suitable for closed loop
systems, provided the effect of the asymmetry on performance and stability
is taken into account when carrying out a system analysis.

Standard commercial cylinders are quite adequate for many control
applications, but their relatively high seal friction can give rise to slip—stick
effects at low speeds, which can be overcome by using cylinders
incorporating low-friction seals, e.g. nylon, tufnol, metal piston rings, etc.
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Control Elements

The function of any hydraulic control device is to control one or more of
the following actuator output variables: direction, velocity, acceleration,
deceleration, position or force. The control element controls the
mechanical output variables by manipulating the hydraulic variables,
pressure and flow. The input variables to the control element are usually in
the form of mechanical, pneumatic, hydraulic or electrical signals. In
modern proportional hydraulic control devices the input variable is most
likely to be a low-power electrical analogue or digital signal, the former
providing infinitely variable, the latter discrete control of either flow or
pressure.

We can therefore reduce the control elements to two basic component
groups:

(1) Electro-hydraulic pressure controls.
(2) Electro-hydraulic flow controls.

Since there is little commonality, functional or constructional, between the
two groups, it is more practicable to consider each group separately.

5.1 PRESSURE CONTROLS

A cross-sectional drawing of a proportional pressure relief valve is shown
in Fig. 5.1. It is essentially a single variable orifice controlled by a
proportional solenoid. A magnetic force proportional to the applied input
current is generated and reacted by the pressure force. Typical steady-state
performance curves are shown in Fig. 5.2. Since the valve is a single stage
device, flow rates are limited to around 5 litres/min. To control higher flow

13
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o]

Fig. 5.1 Proportional pressure relief valve.
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Fig. 5.2 Steady-state characteristics.
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Fig. 5.3 Two-stage proportional pressure relief valve.

rates, the valve can be used as a pilot to control the vent flow of a hydro-
cone type relief valve as shown in Fig. 5.3. Typical steady-state performance
curves at 100litres/min flow are shown in Fig. 5.4.

Another type of proportional pressure control is a pressure-reducing
valve, facilitating electro-hydraulic proportional control of the reduced
pressure.

250~ -

Without dither without dither
Oil temperature = 50°C Oil temperature = 50°C
2001~ Flow = 100 I/min Flow =100 l/min

T

150

100p=

Pressure (bar)

50—

1 1 1 1 1 | 1
O 100 200 300 400 500 600 200 O 100 200 300 400 500 600 700

Input current (mA)
Fig. 5.4 Two-stage valve, steady-state characteristics.
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Proportional pressure controls are used to limit the force exerted by an
actuator or to produce in-cycle pressure profiles to improve system
efficiency.

5.2 FLOW CONTROLS

Flow control can be achieved by one of two quite distinct methods:
hydrostatic or hydrodynamic. In a hydrostatic transmission flow is
controlled by varying the swash angle of a variable displacement pump or
motor. An electro-hydraulic servo valve is often used to perform this
function, with positional feedback taken from the pintle. In a velocity
control system, a signal derived from an actuator-driven tacho can be used
either as an alternative or additional feedback signal. In a position control
system, the major feedback signal is derived from an actuator-driven
positional feedback transducer, with the swash angle feedback providing
the minor feedback loop. A block diagram of a hydrostatic transmission
employing a variable displacement pump is shown in Fig. 5.5.

For unidirectional velocity control systems, a one side of centre swash
angle control is sufficient, whilst a bidirectional velocity control system
requires an additional directional valve or an over-centre swash angle
control. A hydrostatic position control system invariably requires an over-
centre swash angle control.

In a hydrostatic transmission where the control element is a variable
displacement motor, the directly controlled variable is output torque,
which can be utilized to achieve motion control by installing the
appropriate feedback transducer.

The majority of variable displacement pumps and motors are of the vane
or piston type, although units of different design are on the market.

In hydrodynamic flow control a throttling valve converts the pressure
energy at the inlet to kinetic energy at the outlet port. Valves can be of two-,
three- or four-way construction, the conventional usage to describe valves
containing two, three or four external ports. The four basic circuit
configurations:

(1) meter-in

(2) meter-out

(3) meter-in/meter-out
(4) Dbleed-off

are shown in Figs 5.6 to 5.9. Since most actuators require velocity control in
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Fig. 5.6 Meter-in flow control.

both directions, the above circuits would normally include additional
directional control valves or integral means of directional control.

Meter-in

Supply pressure, P,, is pre-set by adjusting the pressure relief valve. Load
pressure, P, is a function of the external load, F, acting on the actuator: P=
F/A. Velocity, v, is controlled by throttling the inlet flow Q =vA4 to the
cylinder. The outlet flow from the actuator is fed straight back to tank. The
salient features of the above configuration can be summarized as follows:

(1) Energy wasted by the throttling action results in lower efficiency
than hydrostatic transmission, but better efficiency than meter-
in/meter-out circuit.

(2) Only opposing loads can be controlied.

Meter-out

Supply pressure, P,, is set by adjusting the pressure relief valve. Pressure, P,
is determined by the external load acting on the actuator and the supply
pressure, an opposing load reducing, an assisting load increasing pressure,
P. Velocity, v, is controlled by throttling the outlet flow from the actuator to
tank.

(1) Efficiency is similar to the meter-in configuration.

(2) Both opposing and assisting loads can be controlled.

(3) Care has to be taken to avoid excessive pressure build-up due to
pressure intensification when encountering overrunning loads with
asymmetrical cylinders.
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Fig. 5.7 Meter-out flow control.

Meter-in/meter-out

Supply pressure, P,, is again pre-set by adjusting the pressure relief valve.
Velocity, v, is controlled by throttling both the inlet to and the outlet from
the actuator. Cylinder chamber pressures are a function of supply pressure
setting and external loading of the actuator.

(1) Because of the double throttling action, this is the least efficient
configuration.

(2) Both opposing and assisting loads can be controlled.

(3) Trapped oil volumes in both inlet and outlet cylinder chambers
improves stiffness by reducing effects of oil compressibility on
system stability and performance.

Po

s

r L)
F,E %: |
d

Fig. 5.8 Meter-in/meter-out flow control.
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L
Fig. 5.9 Bleed-off flow control.

Bleed-off

Other than for safety reasons a pressure relief valve is not required, as
operating pressure, P, is determined by the external loading of the actuator.
Velocity, v, is controlled by bleeding off flow from the fixed displacement
pump, which in this arrangement acts as a source of constant flow. The
difference between pump flow and throttled flow is the effective flow fed to
the actuator.

(1) This is the most efficient circuit, since operating pressure, P, is
directly related to the external load.

(2) Only opposing loads can be controlled.

(3) Particularly attractive for applications requiring relatively constant
velocity at varying actuator loading, e.g. conveyors, lifts.

Control valves can be of either single- or multi-stage construction.
Bernoulli forces limit the flow capacity of single stage valves to around 10
to 15litres/min, most higher flow valves are of two-stage construction,
although three-stage valves are sometimes used for applications requiring
very high flow rates. Some pilot stages of two-stage valves can also be
employed as low-flow control valves in their own right. The pilot stage of
the control valve shown in Fig. 5.11 is an example of this. Some typical
examples of two-stage control valves are shown in Figs 5.10 to 5.14. Most
two-stage control valves incorporate some sort of internal feedback loop,
which can take one of several forms. The most common are:

(1) Mechanical position feedback (stem servo).
(2) Electrical position feedback.
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(3) Force feedback.
(4) Flow feedback.

An example of construction (1) is shown in Fig. 5.10. The three-way pilot
valve is housed co-axially inside the main spool, thereby providing
positional feedback between the two stages. The main spoolis controlled by
pilot control pressure acting on an annular control chamber at one end of
the spool counteracted by supply pressure acting on a bias piston of half the
control chamber area at the opposite end of the spool. The pilot valve is
operated by a torque or linear force motor.

An example of construction (2) is shown in Fig. 5.11. In this particular
design electrical positional feedback is taken from both the pilot and main
stage; in alternative designs the pilot stage feedback is omitted. The pilot
valve is operated by a single solenoid acting against an opposing spring;
alternatively two opposing solenoids can be used, only one being activated
at a time. In the construction shown, a pressure reducing module is
interposed between the two stages. This provides constant reduced pilot
supply pressure, irrespective of main supply pressure variations, providing
improved valve performance characteristics.

An example of construction (3) is shown in Fig. 5.12. Oil is supplied at full
system pressure to a pair of fixed orifices which discharge into two control
pressure chambers at either end of the main spool. Oil from these two
chambers is allowed to spill to tank via the two flapper-controlled variable
orifices. The end covers at either end of the body are directly vented to tank
return. A current passed through the force motor coils will tend to
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Fig. 5,10 Mechanical position feedback two-stage valve.
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Fig. 5.11 Electrical position feedback two-stage valve.

unbalance the flapper which in turn will set up a differential pressure in the
control chambers, displacing the main spool in the opposite direction to
that of flapper movement. The feedback springs housed inside the main
spool convert spool displacement into a proportional force acting on the
flapper and force motor armature, thus balancing the magnetic force
produced by the input current. When the new equilibrium condition has
been reached, the flapper will be re-centred between the two nozzles. A
current will therefore produce a proportional spool displacement.

An example of construction (4), employing hydraulic flow feedback, is
shown in Fig. 5.13. The valve consists of three basic elements: a main
control stage comprising a four-way meter-in/meter-out spool, a force
motor operated pilot valve and a flow sensing feedback element. The
bidirectional flow sensor situated in one of the two service lines converts the
flow to and from the actuator into a corresponding pressure differential fed
back to the pilot spool. The loop is closed by comparing the force set up by
this pressure differential with the magnetic force generated by the current
acting on the force motor coil. When a new equilibrium condition has been
reached, the two forces acting on the pilot spool are balanced, thus
returning the pilot valve to neutral which, in turn, locks the main spool in
the position consistent with the demanded flow rate. An example of
construction 4 employing electrical flow feedback is shown in Fig. 5.14. The
valve incorporates a flow transducer which converts the output flow into a
corresponding electrical feedback signal, which is fed to a summing
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Fig. 5.13 Hydraulic flow feedback two-stage valve.
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Fig. 5.14 Electrical flow feedback two-stage valve.

junction to provide an error voltage signal to a drive amplifier controlling
the solenoid operating the pilot stage, thus closing the loop.

The effect of the choice of the control element on overall system
performance, together with a clarification of the current terminology,
including an assessment of the differences and similarities of proportional
and servo valves, will be highlighted in Chapter 7, “The Control System’.
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Data Transmission Elements

The function of the data transmission element is to sense the controlled
output quantity and to convert it to a signal which can be used to either
monitor the output or to act as a feedback device in a closed loop control
system. The controlled output variable in a hydraulically operated
force-motion control system can be:

(1) Force.

(2) Velocity.

(3) Position.

(4) Acceleration/deceleration.
(5) Pressure.

(6) Flow.

Although the output signal produced by the data transmission element can
take many forms, the most common type used in modern control
applications will be a transducer creating an electrical signal, usually at a
low power level. Transducers measuring any of the six listed output
variables are commercially available.

1 Force

Force transducers are termed load cells. They directly sense the load
exerted by the actuator or a load-bearing member of the system. Most
commercially available load cells are designed to measure loading acting in
one direction only.

2 Velocity
Velocity transducers are usually referred to as tachos, the most readily
available having a rotary input which is converted into an AC or DC

25
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output voltage directly proportional to input spindle velocity. DC tachos
are more suitable for closed loop control applications. Tachos can have a
wide operating range but have a threshold which limits the minimum
running speed. In applications where linear motion has to be sensed, some
form of rack and pinion gearing or cable drive has to be employed, and care
has to be taken that backlash is eliminated, since the presence of backlash
can have an adverse effect on system stability and performance.

3. Position

Position transducers can have a linear or rotary input and either an AC or
DC output signal. The output signal can be a voltage or current, usually at
low power level. DC position transducers, or potentiometers, are variable
resistances of wire-wound or plastic film construction. The resolution of
wire-wound potentiometers is limited by the pitch of the windings, whereas
plastic film potentiometers have infinite resolution. The resistance value of
the potentiometer has a bearing on the linearity of the input-output
characteristics; 1kQ is a fairly typical value. Since potentiometers are
contacting devices, their life and reliability are limited, particularly if they
are used as feedback sensors. It is common practice to use potentiometers
as reference or demand signal generators and non-contacting devices as
feedback sensors.

Non-contacting transducers can produce either an analogue or a digital
output signal, analogue devices providing an infintely variable output
related to an absolute datum, digital devices providing a discrete
incremental output without an absolute datum. Typical examples of non-
contacting analogue transducers are LVDTs, RVDTs, synchros and
resolvers; examples of digital transducers are encoders and proximity
Sensors.

Inductive devices producing an AC output signal are termed LVDTs, i.e.
linear variable displacement transducers or RVDTs, i.e. rotary variable
displacement transducers. Some typical circuits are shown in Fig. 6.1.
Packaged units incorporating integrated oscillator-demodulator circuitry,
thus providing a DC output, are readily available.

Synchros and resolvers are rotary AC transducers generating a
sinusoidal ouput. An example of a circuit employing two synchros, one
acting as a demand transducer, the other as a feedback element, is shown in
Fig. 6.2.

Non-contacting transducers have a virtually unlimited life and infinite
resolution, but their linearity is usually inferior to that of potentiometers.
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4. Acceleration

Although acceleration sensors are on the market, they are not widely
employed in hydraulic control systems. Since acceleration is the first time
derivative of velocity and the second time derivative of displacement, both
acceleration and deceleration are easily handled in motion control systems
by controlling the rate of change of velocity. Various methods of
accomplishing this will be discussed in subsequent chapters.

5. Pressure
Pressure transducers fall into two distinct categories, ie. single and
differential pressure versions. In a single pressure transducer, pressure is
sensed by means of a diaphragm, bellows or spring arrangement and the
resulting displacement converted to an electrical signal by using a position
transducer, giving a linear relationship between pressure and output signal.
Differential pressure transducers measure the pressure difference at two
different pressure tappings and are required to provide a signal
proportional to pressure differential unaffected by base pressure variations.
Construction of differential pressure transducers is similar to that of single
pressure units.

6. Flow

Three types of flow transducers can be used: positive displacement units,
piezo-electric venturi meters, and variable resistance flow meters. The most
suitable for hydraulic control applications are positive displacement units
and variable resistance flow meters. The former are essentially hydraulic
motors using either tachos or rotary position transducers, while the latter
make use of the principle of hydro-kinetic flow to convert flow to pressure
which in turn is converted into a corresponding displacement and hence an
electrical output signal. An example of such a device is shown in Fig. 6.3.

Another function of the data transmission elements is to generate and
process the input signal. In this sense they constitute the element generically
described as the controller. Various types of controllers will be discussed in
the following chapter.
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The Control System

A block diagram of a hydrostatic transmission described in Chapter 5 was
shown in Fig. 5.5. A block diagram of a valve operated control system is
shown in Fig. 7.1. The major feature distinguishing the two systems is the
part played by the pump. In the hydrostatic transmission the pump
performs the dual role of power source and control element, whereas in the
valve-operated system it acts as the power source to the control element.
Both systems configurations can be represented by a single block diagram,
Fig. 7.2. Since in the majority of cases the controller will produce an
electrical low-power signal, an additional element is required to process this
signal in order to provide a signal compatible with the control element
input characteristics. This element is designated as the electro-hydraulic
interface in the block diagrams, Fig. 7.2.

The manipulated variable, i.e. the output from the control element,
would normally be pressure for force control and flow for motion control
applications. In either case, open or closed loop control can be used. In
defining closed loop control we have to differentiate between major and
minor feedback loops, bearing in mind that most control systems contain a
combination of feedback loops. It is impracticable to rigidly classify
feedback loops, but feedback emanating from the actuator, as shown in
Fig. 7.2, would usually be the major loop, while spool feedback as shown in
Fig. 5.11, if used in a closed loop system, would be a minor loop. By treating
the major feedback loops included in the three block diagrams as optional
features, Fig. 7.2 can be taken as basically representing all types of control
system. As a rule a major feedback loop will enhance system performance,
but care has to be taken to avoid instability. Accurate and repeatable
position control can only be achieved by employing a positional feedback
element.

30
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7.1 THE CONTROLLER

Controllers cover a wide range, from human operators to highly
sophisticated computer or microprocessor controls. The control require-
ments of the system can be reduced to four fundamental groupings:

(1) Manually controlled or pre-set demand.

(2) Manually controlled or pre-set demand with automatic correction.
(3) Discrete in-cycle demand changes.

(4) In-cycle contour changes.

Control systems fall into three basic classes:

(1) Analogue.
(2) Digital.
(3) Hybrid, i.e. a combination of (1) and (2).

Block diagram Fig. 7.2(a) represents a pure analogue or pure digital system,
Figs 7.2(b) and 7.2(c) represent two alternative arrangements of hybrid
systems. _

Control requirements (1) and (2) can be accomplished by analogue,
control requirements (3) and (4) by digital or hybrid control. Pure digital
control systems require digital control elements. Although digital electro-
hydraulic control devices are on the market, they are currently not widely
used. Stepper-motor-driven hydraulic valves were popular for a period,
particularly for machine tool drives. A typical arrangement of a pulse
controlled system is shown in block diagram Fig. 7.3. Table 7.1 links the

Table 7.1 Choice of system arrangement and controller for different
requirements

Control requirements  System arrangement Controller
Grouping 1 Analogue Potentiometer, synchro,
pre-set resistor
Grouping 2 Analogue As above plus level detec-
tor, gyro compass, inertial
navigator
Grouping 3 Hybrid Programmable logic con-

troller (PLC),
microprocessor

Grouping 4 Hybrid Function generator, micro-
processor, computer
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Fig. 7.3 Pulse-controlled system block diagram.

control requirements to the most likely system arrangement and type of
controller.

7.2 THE CLOSED LOOP OPTION

Before a decision on whether to close the loop can be taken, a number of
questions have to be addressed:

(1) Effect on system performance.
(2) Installed cost.
(3) Life and reliability.

The answers to these questions will be greatly influenced by the nature of
the controlled output variable. Referred to the actuator, three alternative
outputs can arise: (1) force or loading, (2) velocity, (3) position. An
important point to remember is that only one variable can be controlled at
any one time, although other variables can act as overrides which can either
inhibit or replace the original output.
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Normally a clear distinction can be drawn between force and motion
control systems, the former being controlled by a proportional electro-
hydraulic pressure control valve of the type described in Section 5.1, the
latter by one of the flow control elements covered in Section 5.2. There are,
however, exceptions to this rule, where pressure control devices are used to
control motion, and flow control devices to control force.

The main justification for closing the loop in force control systems is the
presence of frictional forces such as seal friction in cylinders. An open loop
pressure-controlled system cannot differentiate between external and
frictional forces, whereas in a closed loop system the external force can be
identified and fed back by means of a load cell. Closing the loop by
employing a pressure transducer in addition to the inherent pressure
feedback loop contained in the pressure control valve has to be treated with
caution, since it can cause stability problems and, particularly with regard
to dynamic performance, could even be counter-productive.

For motion control it is important to establish whether the critical
output variable is velocity or position. Although on the face of it this might
appear to be obvious, it is not always the case. Two typical examples will
illustrate this. Let us first consider an application requiring the motion
control of a cylinder-operated reciprocating sliding table. In its simplest
form the system could comprise a proportional flow control valve
controlled by a potentiometer or pre-set resistor. The demand voltage
determines the output flow from the valve and hence cylinder velocity. The
distance travelled by the table is specified as one unit length and the
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Fig. 7.6 Displacement profile open loop control system.

dynamic performance of the system is equivalent to a second order system
of 1 Hz natural frequency and 0-35 damping factor. Let us initially select a
velocity/time profile as shown in Fig. 7.4. A step demand corresponding to
a velocity of two length units per second is maintained over a period of half
a second. Cylinder velocity will over- and undershoot until the table comes
to rest after approximately two seconds. The corresponding displacement
profile can be obtained by calculating the time integral of the velocity
profile, as shown in Fig. 7.5. It can be seen that after one over- and
undershoot the table settles at the specified displacement of one unit length
at zero error. This would indicate that accurate positioning can be achieved
by velocity control; in fact this is far from being the case. The reason for this
is that we have been analysing an ideal system, which presupposes a fixed
steady-state relationship between demand and output velocity. In practical
systems the steady-state input/output characteristics are subject to errors
due to several causes:

(1) Valve output flow affected by pressure and temperature variations.

(2) Actuator loading.

(3) Seal friction.

(4) Actuator leakage.

(5) Performance scatter of components due to production tolerances
(effect of scatter can be eliminated by accurate calibration).

(6) Valve hysteresis.

We can demonstrate the effect of steady-state errors by introducing a
10% velocity deviation to our ideal system. The resulting velocity profile is
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Fig. 7.6 Velocity profile open loop control system with velocity deviation.

shown in Fig. 7.6, and the corresponding displacement profile in Fig. 7.7. It
can be seen from Fig. 7.6 that, apart from altering the amount of over- and
undershoot, system response is almost identical to that of the ideal system,
but that a 10% displacement error has now been introduced, as shown in
Fig. 7.7. So far we have only investigated unidirectional motion. By
extending the duty cycle to include a complete reciprocating table
movement, as shown in Figs 7.8 and 7.9, we can see that a velocity deviation
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Fig. 7.7 Displacement profile open loop control system with velocity
deviation.
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introduces a cumulative displacement error to an open loop system. The
only practical way to eliminate these errors and to achieve accurate and
repeatable position control is to close the loop by utilizing an output-driven
position feedback element. An alternative approach which is suitable for
systems where absolute positioning accuracy is less critical is to reduce
positional overshoots by changing the velocity profile and to eliminate
cumulative errors by introducing output-activated limit switches.
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Fig. 7.9 Reversing displacement profile open loop control system with
velocity deviation.
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In Fig. 7.10 the velocity profile of our ideal system, Fig. 7.4, has been
changed to a reduced velocity step demand of one length unit per second
maintained over an increased period of one second. This has reduced
velocity over- and undershoots and decreased position overshoot from
20% to 7%, as shown in Fig. 7.11. Similar results can be obtained by
ramping the velocity demand as shown in the velocity profile, Fig. 7.12, and
the corresponding displacement profile, Fig. 7.13. Many amplifier drive
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Fig. 7.11 Displacement profile open loop control system.
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cards for proportional control valves incorporate means for selecting
ramps, either from a pre-set integral potentiometer or from an external
signal. ,

For our second example we will examine an application requiring the
synchronization of two cylinders. For our first attempt we will use an open
loop control system identical to that of our first example, but this time
duplicated to give us individual control of each cylinder. Obviously an ideal
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Fig. 7.13 Ramped displacement profile open loop control system.
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Fig. 7.14 Velocity profile open loop control system with velocity
deviation.

system as depicted in Figs 7.10 and 7.11 will present us with no problems,
since both cylinders will follow an identical path, as shown in Fig. 7.11. If,
however, we again consider an actual system with a 10% velocity deviation,
the velocity and displacement profiles will alter to those shown in Figs 7.14
and 7.15. The effect of a 10% velocity deviation between the two control
systems during one reciprocating cycle is to again introduce a cumulative
error, as shown in Fig. 7.16.
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We can therefore conclude that effective synchronization of two or more
actuators can only be achieved by closed loop position control.
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Control Concepts

The majority of closed loop systems are liable to become unstable or
inadequately damped if the critical parameters are not maintained within
suitable limits. One of the major objectives of a theoretical system
investigation is to determine parameters compatible with adequate
stability.

Two distinct methods can be used in the theoretical assessment of control
systems: analysis or synthesis. The essential difference between these two
methods can best be illustrated by expressing the design specification in
terms of three sets of requirements, as shown in the two sequence diagrams
Figs 8.1 and 8.2.

The three sets of requirements which make up the complete system
specification are:

(1) General performance requirements, e.g. loads, velocities, power
ratings.

(2) Steady-state performance, e.g. static positional accuracy, repeata-
bility, velocity errors, hysteresis, load errors.

(3) Dynamic characteristics, e.g. transient response to step input or
given duty cycle, resonant frequency and system damping,
frequency bandwidth.

Referring to Fig. 8.1, the first step is the selection of components
complying with the general performance requirements laid down in the
design specification. The system is then rationalized and presented in a
form suitable for a theoretical assessment. By applying suitable stability
criteria, all relevant parameters are then established. Finally a steady-state
and dynamic performance analysis is prepared and compared with the
requirements of the design specification. If the calculated results are not
within limits of the specification, the sequence of operations has to be
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Fig. 8.2 System synthesis sequence diagram.
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repeated. Although this is essentially a trial-and-error solution, it is not
always practicable or possible to adopt a more rational approach. At first
sight the analysis method appears to be long-winded and time-consuming;
the use of computer programs does, however, reduce the problem to
manageable proportions. This will become apparent in subsequent
chapters.

In the more direct synthesis method, as shown in Fig. 8.2, all the
requirements of the design specification are taken into account when the
system is rationalized in preparation for the analytical assessment, in
practice, however, it is often not possible to feed in all the design
requirements. A compromise solution is sometimes adopted in which the
mandatory requirements are used as a basis for synthesis, all other
performance parameters being determined by the analysis method.

8.1 DEFINITION OF TERMS

The principles of automatic feedback control, which are applicable to all
control systems, are extensively covered in a number of books, technical
papers and articles in technical journals; readers are referred to
publications on general control theory listed in the Bibliography. For the
benefit of those readers not familiar with the subject, a brief summary of
the more important concepts and terms generally used will now be given.
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Fig. 8.3 Transient response—absolute stability.
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Fig. 8.4 Transient response—instability.

8.1.1 Stability

This is the property of a control system whose response to a stimulus dies
down if the stimulus is removed or dies down. Absolute stability is defined
as the property of a system whose response to a stimulus remains constant,
i.e. the absence of both convergent and divergent oscillations. Adequate
stability is the property of a system with sufficient damping to rapidly
eliminate divergent oscillations, say after less than two or three over- or
undershoots. Typical transient response plots of systems subjected to a step
input signal are shown in Figs 8.3, 8.4 and 8.5.
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Fig. 8.5 Transient response—adequate stability.
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Fig. 8.6 Spring mass system.

8.1.2 Transfer Function

The transfer function of an element or system is a differential equation
which uniquely defines its dynamic behaviour. To illustrate how a transfer
function is derived, consider the simple spring mass system shown in Fig.
8.6. The equation of motion of the system is given by the expression:

2
‘;ﬁ (:10; - (g 9, — 90> S ®.1)
and making the substitution,
- d
=5
where s denotes the Laplace operator,
ms?0, + Dsf, = (g 9, — 00> S (8.2)

The expression can now be treated as an algebraic equation and transposed
to give the output quantity as the ratio of the input, thus

S

ms>+Ds+ S ®3)

9
—0—‘1’ =(a/b)
In order to express the characteristic equation ms? + Ds + S in the form
as® + bs + 1, eqn (8.3) is divided throughout by the constant S, and hence
0, a/b
o= 2( /P) (8.4)
0, (m/S)s*+(D/S)s+1

= KG(s)
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where the constant K = a/b and the time-dependent portion of the transfer
function,
1

O = /S + DSy +1

8.1.3 Steady-State Gain

The steady-state gain is the ratio of the output quantity to the input
quantity of an element or system after all transients have died down. The
steady-state gain of the spring mass system of Fig. 8.3 is given by the ratio of
the lever arm a/b.

8.1.4 Loop Gain

The loop gain is the parameter which ultimately determines the
performance of the system, under both steady-state and transient
conditions. It is the product of the steady-state gains of the individual
elements making up the loop.

The dynamic characteristics of the elements in the loop determine the
limiting value of the loop gain of the system; if this value is exceeded, the
system is liable to become unstable or insufficiently damped, while a
reduction of loop gain will result in a deterioration of both steady-state and
dynamic performance.

8.1.5 Frequency Response

System analysis in the frequency domain is a convenient method of
establishing stability margins. By considering the frequency characteristics
of the elements in a loop, i.e. their response to a sinusoidal input stimulus,
the characteristics of the overall system can be determined without the
necessity of solving differential equations, frequently of higher orders.

The response of an element or system to a sinusoidal input stimulus is
shown in Fig. 8.7. The phase shift ¢ between the input and output and the
ratio of the output to input amplitude |6,/6,] fully define its characteristics
at any particular frequency. The frequency response characteristics of the
elementsin a loop can only be utilized for system modelling if the frequency
spectrum over a sufficiently wide range of frequencies is known.

The frequency characteristics can be obtained either from the transfer
function by making the substitution for the Laplace operator s = jw and
thence treating the transfer function as a function of a complex variable or,
empirically, by measuring the phase angle and amplitude of the output
relative to the input. As an example, consider the transfer function of the
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Fig. 8.7 Response to sinusoidal input stimulus.

spring mass system given in eqn (8.4) as a function of s. Expressing the
coefficients of the characteristic equation in terms of the steady-state gain,
K, natural frequency, w,, and the damping factor, {

0, B K
5, KO~ o+ ewgs +1 3
where K= a/b, wo=/(S/m) and { = D/(2,/(S/m)).
Then making the substitution, s =jo,
0, . o K
g, U = KG9 = 2703 + 10l ®)

The phase shift, ¢, is given by the argument of the function of the complex
variable, or

. 2{(w/w)
= _tan—> 10 7
P(jw) an1 ~(@Yad) (8.7)
and the ratio of output to input amplitude is given by the modulus, or
. K
10,/6,0w) = (8.8)

V(1= (@*/0d)* + 2Uw/wo))?)

It is generally more convenient to represent the transfer function
logarithmically, and since communication engineers played a leading part in
the development of feedback control theory, the decibel was adopted as the
logarithmic unit for the modulus. Equation (8.8) then becomes

L_KG(jw) =201log

0, .
9, (lw)‘ 8.9)
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Open and closed loop transfer functions of some typical hydraulic
transmissions are tabulated in Table 8.1. Overall system transfer functions
are usually of a higher order, since they contain additional elements which
influence the performance of the electro-hydraulic control system. More
complex systems will be analysed in subsequent chapters.

When the open loop transfer function is represented in its general form as
8,/e = KG(s), the closed loop transfer function is given by the expression

0 KG(s)

9" 171 KG(s) (8.10)

1

System (i) is an idealized velocity control system in which all dynamic effects
have been omitted. It can be seen from eqn (8.12) in Table 8.1 that when the
loop is closed, the output quantity approaches the reference input, provided
the loop gain K is substantially larger than unity.

System (ii) is a velocity control system in which dynamic effects have been
taken into account.

In the position control system (iii) the actuator is assumed to be a pure
integrator, whereas in system (iv) dynamic effects have been included.

All the transfer functions given in Table 8.1 can be expressed as a
function of a complex variable by making the substitution s = jw. In Fig. 8.8
the transfer functions are represented on a complex plane over the entire
frequency range, and in Fig. 8.9 the phase angle and log modulus are
plotted separately versus the frequency. The former frequency response
contours are called Nyquist diagrams, the latter Bode diagrams.

At low frequencies, the log modulus of the G function of both the open
and closed loop transfer functions of the velocity control system (ii),
represented by eqns (8.13) and (8.14) respectively, approach zero. As the
Bode diagrams plotted in Fig. 8.9 include the loop gain K, the log modulus
of the open loop system approaches this value at the low end of the
frequency spectrum, while the closed loop system approaches a constant
value K/(1 + K). At the high end of the frequency spectrum, both open and
Jlosed loop contours are asymptotic to a slope of —12dB per octave, i.e.
loubling of frequency.

At the resonant frequency of w=w, for the open loop and w=
\/ (1 + K)w, for the closed loop system, the phase shift is —90°, reaching a
maximum value of —180° at high frequencies.

In the position control system (iii) which represents a pure integrator, the
open loop transfer function attenuates at 6 dB per octave at a constant
phase shift of —90°. When the loop is closed, the log modulus at low
frequencies approaches 0 dB while at high frequencies it is asymptotic with
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(a) REPRESENTED ON COMPLEX PLANE
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Fig. 8.8 Nyquist diagrams.
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(b) PLOT

TED AS LOG MODULUS AND

ANGLE VERSUS LOG OF FREQUENCY
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a —6dB per octave slope. At the break or corner frequency of w = 1/z, the
phase lag is 45°, reaching a maximum value of 90° at high frequencies.

The open loop log modulus of the position control system (iv)
approaches a low frequency asymptote attenuating at 6 dB per octave and
a high frequency asymptote attenuating at 18dB per octave. The two
asymptotes intersect at the natural frequency w,, corresponding to a phase
lag of 180°. At low frequencies, the integration in the loop causes a phase
lag of 90° which increases to a maximum value of 270° at high frequencies.
Closing the loop removes the effect of the integration at low frequencies.
The frequency at peak amplitude is called the resonant frequency of the
system.

8.1.6 Stability Criteria

The objective of any system analysis is to determine suitable parameters
compatible with the performance specification without exceeding
acceptable limits of stability.

Several analytical methods have been developed to determine absolute
stability; these are of academic interest but are not practicable for analysing
and synthesizing actual systems. The open loop frequency contours plotted
on a complex plane as Nyquist diagrams in Fig. 8.8 are a convenient
method of establishing stability margins. For feedback control systems
which consist of a single loop or which can be reduced to a single loop, the
criterion for absolute stability is related to the encirclement of the — 1+ 0j
point. Enclosure of this point by the KG(jw) locus indicates instability, i.e.
the presence of divergent oscillations.

By referring to Fig. 8.8 it can be seen that the only plot which can enclose
the — 1 4 0j point is that of the position control system (iv). It will by now be
apparent to the reader that absolute stability criteria can only give a
qualitative indication of stability and do not adequately define a
satisfactory system.

Quantifying an adequately damped system can be obtained by a number
of means. The most widely accepted stability criteria associated with the
KG(jw) locus, or Nyquist diagram, are the gain margin, the phase margin
and the closed loop amplitude ratio. The gain margin is defined as the
reciprocal of the modulus KG(jw) when the phase angle ¢(jw)is — 180°. The
phase margin is defined as the phase difference between the phase shift and
— 180° when the modulus KG(jw) is unity. Gain and phase margins for the
position control system (iv) are indicated in Fig. 8.8.

It is usually more convenient to plot the KG(jw) locus on a Log modulus
versus phase angle chart. This logarithmic representation is known as a
Nichols chart. As an illustration the position control system (iv) is plotted
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on a Nichols chart in Fig. 8.10. The chart includes contours of constant
closed loop amplitude ratio and phase shift. The gain margin, which is
invariably expressed in decibels, can now be defined as the minus log
modulus at —180° phase shift. Typical limiting values of gain and phase
margin for an adequately damped system are 7dB and 45° respectively.
Maximum value for the closed loop amplitude ratio |0,/6;] would normally
be around 1-4 or 3dB.

An alternative technique of system analysis is the pole-zero approach
developed by Evans as the root-locus method for the investigation of closed
loop systems.
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Principles of Flow Control for Valve-
Operated Systems: Part 1

In hydraulic control systems of this type, flow is controlled by throttling the
fluid passing through the variable orifice or orifices of a proportional
control valve, thus converting pressure energy into kinetic energy. Provided
the flow demand is within its capacity, the pump will act as a source of
constant or substantially constant pressure.

If the controlled flow is primarily turbulent, it is mainly dependent on the
pressure differential, the density of the fluid, the coefficient of discharge and
the orifice area, and is substantially independent of fluid temperature.
When flow is laminar, it is highly sensitive to viscosity and hence fluid
temperature variations. The variable orifices in proportional control valves
are specifically designed to be sharp-edged to avoid sensitivity to fluid
temperature variations.

The general relationship between valve opening, pressure drop and
controlled flow in a throttle valve is

g=Caa\/(2/0)./(5P) ©.1)

where g is the flow through the orifice, a the orifice area, 6 P the pressure
drop across the orifice, o the density of the fluid and C, the coefficient of
discharge.

When the four-way control valve shown in Fig. 9.1 is displaced by an
amount y, the cylinder will move at a velocity v against an opposing
external force F. The controlled flow is then given by the equation

g =C4ay/(2/0)\/ (P, — P)) 9.2)
or by the equation

q=Cya./(2/o)/(P,— ) 9.3)
55
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Fig. 9.1 Four-way valve controlling symmetrical cylinder.

where system and return pressure are denoted by P, and Py respectively,
and P, and P, are the pressures in the two cylinder chambers.
Let the load pressure drop across the cylinder = B, then

P.=F/A=P —P, (9.4)
and
q=v4A 9.5)
Then by combining eqns (9.2), (9.3) and (9.4)
C
q=7j;a¢(Po ~R-h) 96)
The total pressure drop across the valve,
P,=P,— P —PB 9.7
Equation (9.6) can be simplified to
q=ka/(P,~ P —P,) 9.8)

where Cd/\/ o is replaced by the valve constant k.
For a valve with rectangular orifices, the orifice area a = wy, where w is
the total width of one set of orifices, and eqn (9.8) then becomes

g=kwy/(P,— Py —P,) (9.9)
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Fig. 9.2 Three-way valve controlling differential cylinder.

The maximum flow rating for a given valve spool diameter, D, is
obtained when the orifices consist of annular grooves; eqn (9.9) can then be
expressed as

q=knDy./(Py— Px— P,) (9.10)

When gisin litres/minute, P, P and P, in bars, w, y and D in centimetres,
and taking the specific gravity of a typical mineral oil and corresponding
coeflicient of discharge as 0-83 and 0-80 respectively, the valve constant
k=1755.

An alternative system arrangement, comprising a differential (2:1 area
ratio) cylinder controlled by a three-way valve, is shown in Fig. 9.2. The
corresponding equations are

g=Caa\/(2/0)\/(P,— P)) (9.11)

where ¢ is the flow from the control port of the valve and q/2 the flow
supplied by the pump.

PL=Z=PI—? (9.12)

and by combining eqns (9.11) and (9.12),

g=C,a,/(2/0) \/ @9 - PL> (9.13)
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eqn (9.13) can be simplified to

q=ka\/<%—PL> 9.14)

or for valves with rectangular orifices to

q=kWy\/ (%—PL) (9.15)

The valve constant, k&, for metric units now becomes 106-:8. For round
orifices a coefficient of discharge of 0-625 is normally used, so that valve
constants for four-way and three-way valves are reduced to 59 and 83-4
respectively.

It should be noted that the above equations are equally applicable if
valve travel and hence actuator movement is reversed, provided the
external force remains positive, i.e. opposing motion. In the presence of a
negative force, i.e. an assisting or overrunning load, P, has to be taken as
negative, which changes the valve pressure drop for a four-way valve to
Py + B, and for a three-way valve to (P,/2) + B,.

Since return pressure, Py, is usually insignificant compared with supply
pressure Py, Py has been omitted from equations subsequent to eqn (9.10).

Pressure flow characteristics of a four-way valve at valve openings
varying from 25% to 100% are shown in Fig. 9.3. The useful power output
from the valve

h=Pgq 9.16)
and by combining eqns (9.16) and (9.8)
h=kaP,./(P,— P,) 9.17)

This gives a maximum value for # when P,/P,=2/3 while at P_=0 and
B, = P, no useful power is transmitted.
The maximum power rating of the valve is given by the expression

2
h, = kaP}? 9.18
The power rating of a four-way throttle valve, as given by eqn (9.17), is
plotted non-dimensionally in Fig. 9.4.
Three parameters which have an important bearing on the performance
of closed loop systems are the flow gain, the pressure factor and the output
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Fig. 9.3 Pressure-flow characteristics of four-way vaive.

stiffness or pressure gradient. Valve characteristics, particularly the lap
condition, determine the magnitude of these parameters.

Three alternative lap conditions are shown in Fig. 9.5. In an ideal or zero
valve the width of the lands equals that of the orifices, in an overlapped
valve the lands are wider than the orifices while in an underlapped valve the
orifice width exceeds that of the lands.

Flow displacement characteristics of the three types of valve incorporat-
ing rectangular orifices are shown in Fig. 9.6. It can be seen that both under-
and overlap give rise to discontinuity in the vicinity of the null region. As
overlap introduces a dead zone, in which the valve is not responsive to
changes of valve displacement, overlap, other than a nominal amount
sometimes introduced to reduce quiescent leakage, is not normally suitable
for high-performance positional control systems. Overlapped proportional
valves are, however, often employed for velocity control applications, since
they facilitate arresting the actuator at small signal input.

The slope of the flow displacement curve is called the flow gain or simply
the gain of the valve. For an ideal valve the gain is constant over the full
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operating range, while the gain of an underlapped valve within the
underlap region is twice that of the rest of the range.

The pressure factor is defined as the slope of the pressure flow curve as
plotted in Fig. 9.3.

The third parameter, which can be derived from the valve gain and
pressure factor, is the valve output stiffness or pressure gradient. This

= =l L i

% % 2 /‘
7 W 7 é
N T

Fig. 9.5 Valve laps.
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parameter can also be obtained by plotting load—pressure differential
versus valve travel against blocked service ports. The slope of the curve is
the valve output stiffness or pressure gradient. Theoretically the pressure
gradient of an ideal valve is infinite at zero valve opening, but owing to
internal quiescent leakage this condition cannot be achieved in practical
valves. Underlap tends to reduce valve output stiffness.

Let the flow gain, pressure factor and valve output stiffness be denoted
by K,, Ry, and Sy respectively. Then

oq
Ky=—
v 6_})
i.e. the flow per unit valve travel at constant load pressure,

oq
Ry=——
Voop,

i.e. the flow per unit load pressure at constant valve travel, and
Sy=—=

i.e. the load pressure per unit valve travel at constant flow. Also

P, (0q\[OR\ Ky
L e
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The static output stiffness of the valve is defined as the load pressure per
unit valve travel at zero flow.

Both the flow gain Ky and the pressure factor Ry for a zero-lapped valve
with rectangular orifices can be obtained by differentiating eqn (9.9)

)
Ky = % =kw\/(P,— P) (9.20)
_1
R, =24 _ —Fhwy 9.21)

"R J/(B—PR)
Alternatively the pressure factor can be derived from eqn (9.8), or

0q  —3ka

Rv=on=JE =P

—%q
=" (9.22)
(Fo— R
and this equation is applicable to all valve configurations.
The valve output stiffness can now be obtained from eqn (9.19) or

_O0R AP -R)
oy y
The flow pattern of an underlapped valve within the underlap region is

equivalent to a Wheatstone bridge network as shown in Fig. 9.7. Outside

the underlap region, i.e. when the valve travel, y, exceeds the underlap, u, the
valve characteristics are identical to those of an ideal valve of similar valve
opening.

In considering the characteristics of an underlapped valve it is essential
to clearly define the the terms valve travel and valve opening; when dealing
with an ideal valve these two terms have identical meanings.

Valve travel is defined as the displacement of the spool from the neutral
position, valve opening is the actual opening of an orifice in the direction of
the valve travel.

Referring to Fig. 9.7(i), the valve opening, x, when the valve is displaced
by an amount y from neutral is u — y at the two metering lands b and d and
u+ y at the other two lands a and c.

The flow through the actuator is then given by the equation

Sy (9.23)

q=4,—4>
= Ca/ /oIl + y)/(Po— P) — (u— Y1 /P] (9.24)
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Fig. 9.7 Four-way valve control.

or by the equation
4= Co/QIoWu+IN/P == y/(Po— )] (925)
Also
P =3P+ P)
and
P= ‘;(P o — P
Substituting for P, in eqn (9-24) or for P, in eqn (9.25), yields the expression
q=hkwl(u+y/(Po— B) — (= y)/(Po + R)] (9.26)

where k = Cd/\/ a.
Both the flow gain Ky and the pressure factor Ry can now be obtained by
differentiating eqn (9.26).

8
Ky = 5 = kwl/(Py— B) + </(Py + P)] 9.27)

u+t+y u—y

9 1[ ] 9.28
i \/(PO—PL)+\/(P0+PL) ©28)

“op *

Ry
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The valve output stiffness can be obtained by dividing eqn (9.27) by eqn
(9.28), then

B __, N Po=P)+ /(P +P)
dy u+y + u—y
JP—P)  /(P,+R)

By comparing eqns (9.22) and (9.23), applicable to an ideal valve, with the
corresponding equations for underlapped valves, it can be seen that the
pressure factor for an ideal valve at neutral is zero, giving rise to infinite
static output stiffness, while the static output stiffness of an underlapped
valve is finite.

The above equations can be simplified by expressing them in a non-
dimensional form. Since the flow rating of the valve will be at its maximum
at zero load and maximum valve opening, from eqn (9.9), maximum flow

G = kwx,/ Py (9.30)

where x,, is the maximum valve opening.

Let y/x,,=Y, P/Py=P, q/q,,= Q and u/x,_, = U, then for an ideal valve
with rectangular orifices, flow, flow gain, pressure factor and valve output
stiffness, given in eqns (9.10), (9.20), (9.21) and (9.23) respectively, can be re-
written as follows:

Sy = (9.29)

Flow:

0=Y/(1-P (9.31)
Flow gain:

a0

< _ f1- .

5y Ny (9.32)
Pressure factor:

Q -3

P - TJi=P) (9.33)
Valve output stiffness:

0P —2(1-P)

A 9.34)

Similarly the corresponding equations applicable to underlapped valves,
(9.26) to (9.29), can be expressed non-dimensionally as:
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Flow:
0=U+1/(1-P—U-Y)J/(1+P) (9.35)
Flow gain:
Z—g =/ =P+ /(1+P) (9.36)
Pressure factor:
00 [ Uu+y U—Y
T _5[\/(1 P +P):| 37

Valve output stiffness:

aP__z[ J1=P) + /(1+P) ] 9.38)

oYy U+ JU-P+U-Y)/1+P

The expressions derived so far are restricted to systems employing valves
with rectangular control orifices. In the following chapter the treatment of
valve operated systems will be extended to cover systems controlled by
valves having round control orifices.




10

Principles of Flow Control for Valve-
Operated Systems: Part 2

The first generations of servo valves, which were developed for aero and
industrial applications, incorporated rectangular control orifices in order
to provide linear flow characteristics. In later versions of servo valves and
particularly in the more recent generation of proportional control valves
rectangular control orifices were replaced by round orifices, mainly to
reduce manufacturing costs. In this chapter the characteristics of round
control orifices and their effect on valve parameters will be examined.

As the exact expression for the area of a segment of a circle is somewhat
difficult to handle, it is more convenient to use a close approximation.

Let the area of the segment of a circle of radius, r, be equal to a,, the angle
subtended by the segment = 26, and the height of the segment = x. Then,
when

n a _, .
9<2 r2—0 sin 6 cos 6
also
cos(9=1—i
’
and

)

By means of the binomial theorem, sin 8 can be expanded to

sin g = \/2|:(x/r)1/2 _ (x/23/2 _ (x/3r;5/2:|

all higher powers of x/r being omitted.
66
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By means of the expansion

X3 3x3
Sin_1X=X+—6—+TO—

and the binomial theorem, it can be shown that

3/2 5/2
0=\/2[(x/r)”2—(x/1r; 2ol ]

Combining the above equations yields

afr’ = \/2[4(x/r)3/2 _(x/r)S/Z}

3 5

-/ 2(4/3)(x/r)3/2[1 _ ”]

20

The above approximation gives a maximum error of 2% at x/r=1 as
shown in Fig. 10.1, curve (i).
By modifying the expression to

ao/r* = \/2(4/3)()‘/’)3/2[1 B %.2:'

the maximum error at x/r =1 is reduced to 1% while reversing the error at
x/r=04 from +%% to —1% as shown by curve (ii).

Alternatively the area can be expressed in terms of the orifice diameter, d,
i.e. when x/d <3

ay/d* = (4/3)(x/d)3/2[1 —%d-)—] (10.1)
and, when x/d>1%,

ao/d? = /4 — (4/3)(1 — x/d)3/2|:1 - @—ng—/d)] (10.2)

where x is the valve opening and q, the area of one orifice. For a zero-lap
valve containing n inlet and n outlet control orifices

q=knag\/(P, — P,) (10.3)

The above equations can again be expressed in a non-dimensional form.



68 HYDRAULIC AND ELECTRO-HYDRAULIC CONTROL SYSTEMS

| argaq,

ERROR %]

F—__AD—— et
()
6 7 8 9 10

0

(] | 2 3 4 5
X
T

Fig. 10.1 Area of segment of circle.

Let the flow at valve opening d and zero load = ¢, g/qo = Qx, x/d = Y, and
P, /P, = P, then since ¢, =(knd2/4)\/ P,, the non-dimensional flow

16 .. 6%
Q=71 (1—79~>\/(1—P) (10.4)
The flow gain
00z 8 10 Y,
A \/XR<1 - J1—=P (10.5)
and for small valve openings under no load conditions
00 _8 NAA (10.6)

B AN
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For an underlapped valve at small valve openings, flow
4k./d .
q =—3‘/—EJ(PO — R)u+ )" = /(P + R)u—»)"1  (107)

Let u/d= Uy and y/d= Y be the non-dimensional underlap and valve
travel respectively, then eqn (10.7) becomes

%=gRM—W%+m”nm+wm—nw](m&

The corresponding flow gain

R 8
%%— = [V - PV(Ur + R+ /(1 + P/ (Up — Y0]  (109)
and at zero load
00 8
5}—,;—;[¢(UR+ Yo) + /(U — %) (10.10)

From eqns (10.6) and (10.10) a comparison between the zero load flow
gains of an ideal and an underlapped valve at equal valve openings can now
be obtained. In its neutral position, an underlapped valve has a valve
opening equal to the underlap, while for an ideal valve, valve opening and
travel have identical meanings. It can be seen from eqn (10.6) that the flow
gain of an ideal valve at neutral is zero, while the non-dimensional flow
gain of an underlapped valve, obtained from eqn (10.10), at neutral

0Qr0Yy 16
oY 7 Ux (10.11)
At valve travel equal to the underlap, i.e. when Yz = Uy, the gain of an ideal
valve

00y 8
an_nJ% (10.12)

while the corresponding gain of an underlapped valve
30z 8.2
_=R_VZ .1
ox. = VU (10.13)

i.e. the ratio of underlapped to ideal flow gains is \/ 2.
Non-dimensional flow-travel characteristics for an ideal and under-
lapped valve with rectangular control orifices is shown in Fig. 10.4, and
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FLOW

2 3 - -] -] 7 .8 .9 1
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Fig. 10.2 Flow-displacement characteristics, round orifices.

corresponding curves for a valve incorporating round control orifices in
Fig. 10.2.

Gain-travel characteristics for ideal and underlapped valves are shown
in Figs 10.5 and 10.3 for rectangular and round control orifices respectively.

Since an ideal valve has infinite output stiffness at its null position (see
eqn (9.34)), it is more convenient to plot valve output compliance, i.e. the
reciprocal of output stiffness, versus valve travel. Output compliance—travel
characteristics for a valve with rectangular orifices are plotted non-
dimensionally in Fig. 10.6 and for round orifices in Fig. 10.7.

3]
2.3—:

. —— UNDERLAP

. — —ZERO LAP
2]
z ]
§ el

o 1 .2 .3 4 5 .6 .7 .8 .9 1
VALVE TRAVEL

Fig. 10.3 Gain-displacement characteristics, round orifices.
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Fig. 10.4 Flow-displacement characteristics, rectangular orifices.

A summary of valve parameters applicable to rectangular control
orifices is tabulated in Table 10.1; corresponding parameters for round
control orifices are given in Table 10.2.

10.1 EFFECT OF QUIESCENT LEAKAGE ON LINEARITY

As flow gain is proportional to orifice width, as shown by Fig. 10.3, the
linearity of a valve with round control orifices can be improved by allowing

_——— . ——- {DEAL VALVE e JNDERLAPPED VALVE
z -
=
3
(]
- 3 (- T i
= |
|
|
|
ol
U U
e L ey

VALVE TRAVEL
Fig. 10.5 Gain-displacement characteristics, rectangular orifices.
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S

QUTPUT COMPLANCE
[t}

Q P .2 .3 .4 -] .6 7 .8 .9 1
VALVE TRAVEL

Fig. 10.6 Valve output compliance, rectangular orifices.

some underlap. Underlap introduces leakage flow and reduces output
stiffness (see Table 10.2), and therefore improved linearity is gained at the
expense of additional leakage and reduced output stiffness.

Before the relationship between orifice size, valve travel, underlap and
leakage and their effect on linearity can be established, the terms linearity
and leakage have to be clearly defined. Quiescent leakage is defined as the
internal flow through the valve due to underlap, with the valve at neutral
and under no-load condition. This flow is of the orifice resistance type, i.e. it

.3 [— UNDERLAP] _
" — — ZERO LAP e
g -~
X -7
a -~
=
8 2
=
a
3

-

Q A 2 .3 4 .5 B4 7 .8 .9 1

VALVE TRAVEL

Fig. 10.7 Valve output compliance, round orifices.
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MAXIMUM FLOW

/ o
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Fig. 10.8 Linearity of underlapped valve.

is proportional to the orifice area and the square root of the pressure drop
and is substantially independent of fluid temperature; total leakage flow
does, of course, include viscous flow which is a function of diametral
clearances and fluid temperature.

At first sight, an obvious way of defining linearity would be to draw two
radial lines from a point corresponding to valve neutral and zero flow on a
flow—travel curve, in such a manner as to embrance all points to maximum
travel and flow and to define linearity as the ratio of the difference of the
slopes to mean slope.

If this definition is applied to a valve with rectangular orifices, it can be
seen from Fig. 10.4 that deviation from linearity will increase with a
reduction of underlap. As deviation from linearity must approach zero as
the underlap approaches zero, the above definition is obviously not valid
for rectangular ports unless threshold is taken into account. This limitation
can, however, be overcome by shifting the origin of the boundary lines to a
point corresponding to maximum flow and travel. Deviation from linearity,
or simply lirearity, can then be defined as the ratio of the difference of the
slopes to mean slope of the two radial boundary lines drawn from a point
corresponding to maximum valve travel and flow and embracing all points
to valve neutral and zero flow, or, referring to Fig. 10.8,

tano — tan f

Linearity =+ ———
y== tano + tan f

(10.14)

The relationship between quiescent leakage and linearity for valves with
round orifices can now be established.

gy = 2knay\/ P, (10.15)
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where ¢, is the quiescent leakage, and g, the area of one orifice due to
underlap u. Expressing quiescent leakage and maximum flow rate in a non-
dimensional form yields the following equations.

_32 15 6Ug
aw/g0 =3 Uk (1 19> (10.16)
and
_16 L5 6X,,
Guldo =3, X (1— 19> (1017)

where ¢, is the flow rate at maximum valve opening x,, and the non-
dimensional maximum valve opening X, = x,,/d.

The leakage ratio, defined as the ratio of quiescent to maximum flow, or
0L =4./q,, can now be obtained by dividing eqn (10.16) by eqn (10.17).

The above equations were used to show graphically the effect of underlap
on leakage and linearity and specifically the relationship between linearity
and leakage ratio for a given maximum valve opening.

It can be seen from Fig. 10.9, in which linearity is plotted against valve
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Fig. 10.9 Effect of valve opening on linearity.
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Fig. 10.12 Typical flow characteristics, round orifices.

opening ratio, X,,, at constant leakage ratios Q; of 4%, 83% and 14%,
that linearity is improved by increasing X, up to a limiting value of
approximately 0-67. Beyond this value deviation from linearity increases
rapidly.

Figure 10.10 shows the effect of maximum valve opening and quiescent
leakage on linearity for both round and rectangular orifices. While the
introduction of underlap reduces the linearity of valves with rectangular
orifices, it considerably improves the linearity of valves with round control
orifices.

The relation between underlap and quiescent leakage for valves with
round orifices is shown in Fig. 10.11, and the close correlation between
calculated and measured flow-travel characteristics for a typical valve is
plotted in Fig. 10.12.
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Introduction to System Analysis

This chapter is intended as a brief introduction to the basic concepts used in
analysing hydraulic control systems. To simplify the analysis, we shall
consider a mechanical-hydraulic valve-operated cylinder system, shown
diagrammatically in Fig. 11.1, and represented by the block diagram Fig.
11.2. In the position control system shown in Fig. 11.1, the cylinder piston
rod is anchored, and the input acts directly on the valve spool, so that the
displacement of the valve spool is a direct measure of system error, or

0,—0,=y (1L1.1)
As the compressibility of the fluid has a destabilizing effect on the system,

the compliance (reciprocal of stiffness) of the column of il in the cylinder
has to be taken into account. The compliance of the cylinder mounting is

TOTAL STROKE L+ L=t

L L,
SPRING
COMPLIANCE OF OUTPOUT RATE S,
MOUNTING =6

7 =A
2 v T —
" K = e
Me—————
\ COEFFICIENT OF VISCOUS DAMPING D
INPUT =
——0, EFFECTIVE JACK AREA = A

VALVE TRAViL =y

RETURN SYSTEM PRESSURE
PRESSURE Po

Fig. 11.1 Diagram of mechanical-hydraulic position control.
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added to the oil compliance to arrive at the total effective actuator
compliance.

Let A, denote the oil, 1, the mounting, and A the total actuator
compliance, then

}.1 +12=l (11.2)

When the mounting compliance is small in relation to the oil compliance,
the cylinder can be regarded as rigidly mounted, or A= 4,. Oil compliance
can be expressed in terms of the effective piston area, A, the total stroke of
the actuator, L, and the bulk modulus of the fluid, N.

When 0P, OF, 0V and 0L are small increments of pressure, force, volume
and stroke respectively, and V denotes the volume of fluid under
compression,

Vv O0FV

Referring to Fig. 11.1, the compliance of the columns of oil on either side of
the piston is given by the expressions

av M O
giving a total compliance
A= L (11.3)
P ANI(/Ly) + (1/L)] '

A, reaches a maximum when the piston is at mid-stroke, i.e. when L, = L, =
L/2. Equation (11.3) then becomes

= (11.4)

In Fig. 11.3, the oil compliance at any stroke is plotted as a function of
maximum compliance at mid-stroke.

As the mid-stroke position gives rise to the most adverse stability
condition, fluid compliance is normally calculated from eqn (11.4).

If the oil compliance of the pipes connecting the valve to the actuator is
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Fig. 11.2 Block diagram of mechanical-hydraulic position control.

taken into account, the total oil compliance then becomes

L Ve
M=t
44N 44°N
where ¥V, is the total oil volume contained in the pipes.
In a position control system, as shown in Fig. 11.1, the actuator acts as an
integrator and the output position can then be expressed in terms of the

flow, g, the external load, F, the effective piston area, 4, and the compliance,
4, by the equation

(11:5)

1

lg
=% AF (11.6)

It can be seen from eqn (9.9) and Fig. 9.3 that hydraulic systems
employing flow control are essentially non-linear. By applying a small
perturbation technique to the solution of the equation of motion of the
hydraulic transmission, the resulting differential equations can be
linearized, thus simplifying the derivation of transfer functions.

Treating the supply pressure as a constant quantity, the controlled flow is
a function of two variables, the valve travel and the load pressure, or
g=f(y, R).

Considering small perturbations about a fixed steady-state operating
point,

_da,, % p (11.7)

= + =
1 ayy 0P,
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and combining eqns (11.6) and (11.7),

1 (g oq
o=iler o)~

=— — = |—AF 11.8
s (y + ) (11.8)
Alternatively, the output can be expressed in terms of the valve output
stiffness, Sy, or

Ky F
=" — | —AF .
o As(y+SvA> A (119)

For the simple mechanical-hydraulic system of Fig. 11.1, the overall
system parameters loop gain and output stiffness are given by the
expressions

Ky
K—7 (11.10)
and
oF
S—g—“SvA (11.11)

As the valve output stiffness, previously derived in eqns (9.23) and (9.29), is
negative, a negative sign is introduced in eqn (11.11) in order to keep system
output stiffness positive.

From eqns (119), (11.10) and (11.11),

K F
=—|y—=])—AF 11.12
0o s(y S) ( )

In the system shown in Fig. 11.1, the actuator is subjected to an exernal
force comprising inertia loading, viscous damping and a spring force. The
differential equation of motion is then

F=(ms*+ Ds + S,)0, (11.13)

The open loop system transfer function can now be derived by combining
eqns (11.12) and (11.13).

0, K
KG(s)= Yy Ams® +(AD + Km/S)s® + (AS, + KD/S + 1)s + (KS,/S)

(11.14)
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The most adverse stability condition arises when the actuator is
controlling a pure inertia load. Equation (11.14) then simplifies to

_% _ ud
KGs) === {ms?  (KmsjS) + 11

Alternatively, the above transfer function can be expressed in terms of the
hydraulic actuator natural frequency and damping factor, w, and ¢.

K

(11.15)

KOO = et + et + 11 (1116
where
1
and
_ Kmaw,
(= S (11.18)

Equation (11.16) is identical to the transfer function of the position servo
given as eqn (8.17) in Table 8.1(iv), the corresponding closed loop transfer
function is given by eqn (8.18). Nyquist and Bode diagrams applicable to a
system of this type are shown in Figs 8.8 and 8.9.

The block diagram, Fig. 11.2 can be reduced to a single block diagram,
Fig. 11.4. By applying the stability criteria discussed in Section 8.1.6, the
limiting loop gain for a given range of operating conditions can now be
obtained by plotting a family of curves on a Nichols chart. Although this

M

Al MAX
~
w

COMPLIANCE RATIO
~ .
w w

0 -25 -5 -75

-

L STROKE RATIO
Fig. 11.3 Oil compliance of symmetrical cylinder.
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weuT . ERROR ouTPUT
] < - 0,
K G (s) —
FEEDBACK

Fig. 11.4 System block diagram.

approach could be used for the simple control system under descussion, it
would not be feasible to analyse practical electro-hydraulic control
systems, which are almost invariably represented by fifth or higher order
transfer functions, by a manual method. The computer program used to
obtain the performance curves Figs 11.5 to 11.9 will be dealt with in some
depth in subsequent chapters.

Equation (11.16) can be re-written as a function of a complex variable, as
previously explained in Section 8.1.5; then

K
jol[1—(w/wo)* + j2(/w,)]

By making the substitution K/w, = K’ and w/w, = @’, eqn (11.19) can be
expressed in a non-dimensional form.

KG(jow) = (11.19)

KI
KG(jo') =+ - 11.20
(J ) _]w’(l _ wlz +J2Cw/) ( )
20 4
. 3.5
ia N — —LOOP GAIN .
/ S LOOP GAIN DB

N
e

10

LCOP GAIN IN DB

= [A]
(]
LOOP GAIN IN 1/SEC

T [T T T TOT T TO T
! a -

5]
|

orFo(f)
Fig. 11.5 Stability boundary.
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Fig. 11.6 Frequency bandwidth.

In Fig. 11.5 the limiting loop gain is plotted as a function of the damping
factor. It can be seen that the loop gain reaches a maximum at 0-6 damping;
the value of the non-dimensional loop gain K’ being 3-4s~! or 10-6dB.
Corresponding frequency bandwidth at 4 dB attenuation is plotted in Fig.
11.6. The non-dimensional bandwidth, ie. when w,=1Hz reaches a
maximum value of 1-1 between 0-3 and 06 damping. The frequency
bandwidth, sometimes referred to as the cut-off frequency, is a measure of
the speed of response to transients; i.e. the system will respond to a
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Fig. 11.7 Closed loop Bode diagram.
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Fig. 11.8 Open loop Bode diagram.

sinusoidal input up to the cut-off frequency, but the output will attenuate
rapidly beyond the frequency bandwidth. This is clearly shown by the
closed loop Bode diagram, Fig. 11.7, where the amplitude ratio is —2 dB at
a frequency of 1 Hz, —4dB at 1-1Hz, —14dB at 1-5Hz and —23dB at
2 Hz. Corresponding output attenuation is 20-5%, 37%, 80% and 93%.
The closed loop Bode diagram, Fig. 11.7, shows system frequency response
at the optimum operating condition indicated by the stability boundary
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Fig. 11.9 Nichols chart.
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Ve
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(iii)

Fig. 11.10 Mechanical-hydraulic servo actuator arrangements.

plot, Fig. 11.5. An open loop Bode diagram and Nichols chart for the
optimum operating condition are plotted in Figs 11.8 and 11.9. Alternative
arrangements of mechanical hudraulic servo actuators are shown in
Fig. 11.10.
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System Analysis of Electro-hydraulic
Control Systems

The system analysis introduced in the previous chapter will now be
expanded to cover several types of electro-hydraulic control systems. The
method described in Chapter 11 is not suitable for the analysis of control
systems incorporating flow feedback elements referred to in Chapters 5 and
6. To overcome this problem, a rationalized system analysis method,
suitable for various types of flow controls, has to be adopted.

A diagrammatic arrangement of the valve controlled system is shown in
Fig. 12.1, and block diagrams representing systems with and without flow
feedback shown in Figs 12.3 and 12.2 respectively. Q, denotes the valve-

Po )
I_l'
A
VALVE
Qo Qo
Qc Qc
P P,
OIL VOLUME V | LEAKAGE OlL VOLUME V
— COEFFICIENT -
2 Qs o c 2
TV [ VELOCITY
Q Q —_—
[l LYy
— N 1 MASS
1 AN I n
N > — ) Ve \— N\
EFFECTIVE CYLINOER—" | 0AD PRESSURE DROP COEFFICIENT
AREA A. PL OF VISCOUS
DAMPING D

Fig. 12.1 Valve system diagram.
88
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ED T 7
IMPEDANCE ACTUATOR
:t :° Q

i ACTUATOR

YELOCITY

Fig. 12.2 System block diagram (no flow feedback).

controlled flow, Q the effective flow converted into motion by the actuator,
Q, the demanded (or ideal) flow and Q, the flow error. For non-flow

feedback systems Q, = Q..

1

The following equations are then generally applicable. For small

perturbations, since Qo =f(Q,, P.),
9Q 90

= =°Pp
Qo 20, 0.+ ap 1
=KQ,+ RyP_
where
Q, 0Q,
= R, ==~
K 20. and v 7
Since
Qo=k/(Po—P), Ry= ﬁ
QS + Q = QO - Qc
Qc=3sP,(V/N), and since P, =4 P, + B),
V
=1 _
Oc 4SPLN
P = % (sm+ D)

LOAD
IMPEDANCE o ACTUATOR

| KG(s) [~ K, G,(s) [~ a

ACTUATOR
YELOCITY

Fig. 12.3 System block diagram (flow feedback).

(12.1)

(12.2)

(12.3)

(12.4)

(12.5)
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Combining the above equations yields the open loop transfer functions:

K, (i+2c Sy 1)
Qo _ o} * oy (12:6)
0. & s
¢ _2+2€0_+1
Wo Wy

0 K
0. (127
O 42— +1

w3 W3

N A% (D
w3=2\/|:7?<;—2+1>:| (12.8)
w0=2\/{%—§[§7(c+Rv)+l:|} (12.9)

where

cm+D V
A2 T A% 4N (o,
- (=3 12.10
) w2
A%
m V
—(+R)+—5-—
D .
F(c+Rv)+l

For systems incorporating flow feedback,

K 1
?" e (12.12)
\4
t v (A¥D)
For systems without flow feedback,

51.(9 o I (12.13)

F (C + RV) + 1

1

(12.14)

Kj=———
17 eDjA? +1
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System transfer function )
Load impedance

s2  2(3s ) Etfective
=3
Ql QG Ko (u)32 wsg * So K1 flow Q
2 2
(%+—"5§-+1) %4- 2038 44
Ys Y w3 w3

<.
-

Fig. 12.4 System transfer function (flow feedback).

A system without flow feedback then simplifies to the transfer function
given in Fig. 12.5, while the system with flow feedback is represented by the
transfer function Fig. 12.4.

The method applied to analyse the valve-controlled cylinder system can
equally be used to analyse a hydrostatic transmission described in Section
5.2 and represented by block diagram Fig. 5.5. A system comprising a
variable displacement pump and a fixed displacement motor is shown
diagrammatically in Fig. 12.6 and in block diagram form in Fig. 12.7.

Equations (12.1), (12.3) and (12.4) are applicable. Since

QO=CPw—CPPL RV='—CP (12.15)

The equation of motion for a motor-driven system is:
B = g( I+ D) 12.16
L— Cz S ( . )

Combining the above equations yields the open loop transfer functions
expressed by eqns (12.6) and (12.7). For eqns (12.8) to (12.14), Ry = cp, the
motor displacement, C, replaces the piston area, 4, and the moment of
inertia, I, replaces mass, m.

For a valve-controlled, motor-driven system, eqns (12.1) to (12.14) are
applicable, provided A is replaced by C and m replaced by I.

System transfer function

Qg Ko Q
- _2__————>—
(s_2+_2CSH)
“s Yo

Fig. 12.5 System transfer function (no flow feedback).
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Prime mover

Pump displacement Variable displacement pump

Leakage coefficient <p

Q¢ Q¢
. v Py Leakage Pp Oil volume <
Oil volume > coefficient 2
Qg C
MWW
QV D] [I AQ
Motor |
displacement
¢ Coefficient
Load pre;sure drop of viscous
L

damping D
Fig. 12.6 Hydrostatic transmission diagram.

So far we have established the transfer functions for the hydraulic
transmission of flow-controlled systems, but since we are dealing with
electro-hydraulic control systems, we have to include the dynamic
characteristics of additional control and data transmission elements, e.g.
servo or proportional control valves and feedback transducers, as well as
electronic circuitry such as three-term controllers, passive networks and
signal conditioning. Electro-hydraulic control valves and feedback
transducers can usually be adequately represented by second order and
electronic circuits by first order transfer functions.

These additional transfer functions can be cascaded with the transfer
function describing the hydraulic transmission, to give the overall system

Load
Impedance  Actuator
Q] Qg Qo Q Actuator
K G(S)—» K{G4(S)—> 11C fF—»—
velocity

Optional

flow feedback
Fig. 12.7 Hydrostatic transmission block diagram.
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2
KO 5—2' + 2§ 3s +1] _
——Qq Q. w3 w3 +Q
2
2 2 2
Y0 “o i Y2 Y2
Qo K4 Q Compound system block
—»— 2 —> diagram
s 2Lys
> + +1
Ys Y3
Kq
_’Q_I- S 3 1 2 g _Q’
;(——2+[—2+K—Q]52+[2—§3+l— SH1 .
o%o m3 o%o w3 Kg Basic system closed
loop transfer function
Frequency response subroutine
Inputs: Ky K, 0, 0, we w3 (o &3 (5 C5
Table 1: Rectangular Co-ordinates Polar Co-ordinates
Imaginary Real Angle Amplitude
Ji=co—aw?® R =1-bo® o, A,
J =20 0/w, R2=1“(w/w1); @3 A,
J3=200/w, Ry=1—(w/w,) &3 A;
¢=tan"'J/JR and A= .J*+R?
1 1 2 2 1
a=——-= b=—2+ CO C=—€3—+—
Kowj w;  Kyw, w; K,
Outputs:  Phase shift ¢ (degrees)
Amplitude ratio A(dB)
Variants:  Open loop frequency response—Compound system

Open loop frequency response—Basic system
Closed loop frequency response—Compound system
Closed loop frequency response—Basic system

Fig. 12.8 Mathematical model, (‘a’ configuration).
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transfer function. Electro-hydraulic control systems can then be
represented by a compound system block diagram, as shown in Fig. 12.10.
A free integrator 1/s" is included; in the position control system analysed in
the previous chapter, the actuator acts as an integrator depicted by the free
integrator 1/s in eqns (11.15) and (11.16). Free integrators are also
introduced by pilot stages of multi-stage valves, and can be inserted by
means of electronic circuits.

The more complex transfer function of the flow feedback system, Fig.
12.4 can be simplified to the basic system closed loop transfer function, Fig.
12.8 and then combined with ancillary transfer functions in the form of a
basic system open loop transfer function, as shown in Fig. 12.9.

Since we are now dealing with higher order transfer functions and, in
relation to loop gain optimization, with differential equations containing
non-constant coefficients, as shown by Figs 12.8 and 12.9, a manual method
of system analysis and optimization is no longer feasible. We therefore have
to resort to a computerized analytical method, which will be described in
the following chapter.



13

Modular Optimized System Simulation

The need for a rapid and easy means of analysing hydraulic control systems
and predicting system performance became apparent many years ago. For
any such program to be of practical use, it has to satisfy several basic
requirements, which can be summarized as:

(1
2
(3)
4
&)
(6)

()

The ability to accommodate high-order system transfer functions,
e.g. up to 15th order.

An automatic analytical optimization procedure to any given
stability criteria.

Transient response to any given composite duty cycle.
Comprehensive graphics display and print-out facilities.

A database containing system data, component data and graphics
display files.

Has been demonstrated to provide close correlation between
predicted and actual performance.

Is structured to be user-friendly, i.e. is written in a conversational
mode, does not assume any specialized knowledge of control theory,
allinput and output values are in practical units, incorporates safety
warnings in case limiting operating conditions are exceeded.

The modular structure, as shown in flow chart, Fig. 13.1, was chosen to
facilitate extension to other types of control system, e.g. electrical, electro-
pneumatic, since all modules other than system identification modules are
common to all configurations. The program structure block diagram,
Fig. 13.2 gives an overview of the layout of the software package
‘HYDRASOFT". S, F, T, P and L are functional modules; C and D
provide access to the component and system databases.

97
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Fig. 13.1

Transient response
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Computer model flow chart.
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Fig. 13.2 Program structure block diagram.

For the benefit of any readers willing to write their own programs, some
of the guidelines adopted in the preparation of HYDRASOFT will now be
reiterated.

All calculations are performed using SI units, all input and output values
are in practical units. A typical hydraulic transmission identification
algorithm is shown in Fig. 13.3. This is basically a number-crunching
procedure, evaluating the equations derived in previous chapters. The
algorithm can of course be expanded to include additional system
configurations.

A frequency response algorithm applicable to the system transfer
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Start

Is

actuator a
cylinder
?

Yes

Enter input data for cylinder system:
Inlet cylinder area, A,
Outlet cylinder area, A2

Enter input data for motor system:

Motor displacement, C
Moment of inertia referred to

Inlet flow Q,

Pressure drop, Po-P

Cross-sectional port area,a,

Trapped volume (based on inlet area),V
Shunt leakage coefficient, ¢

Bulk modulus, N

Mass referred to cylinder, m motor, 1
Coefficient of viscous damping, D Coefficient of viscous damping,D
Let Aj/Ayz1
< ]
Inlet /outlet orifice area ratio, a,/a, Calculate:

Frequency,ws

Damping factor, {3

Load impedance factor, K,
Loop gain ratio, K,/K

Calculate:
Gain correction factor, v4/v
Effective trapped volume, Ve
Pressure drop, Ap
Valve pressure drop, P,
Pressure factor, Ry
Frequency, w,
Damping factor, L,

Does

system incorporate Yes

flow feedback

Calculate:
Loop gain ratio, Ko/K

Fig. 13.3 System identification algorithm.
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function, Fig. 13.4 is shown in Fig. 13.5, which merely involves the
cascading of several functions of complex variables. A manual method to
establish the loop gain compatible with a number of given stability criteria
was described in Section 8.1.6. Referring to Fig. 8.10, this involves plotting
contours, each contour representing a specific operating condition. This is
obviously a laborious procedure, even for a third order transfer function as
given by eqn (11.19), and therefore not suitable for the analysis of higher
order systems. In order to overcome this problem, we have to devise an
analytical computerized method which replaces the manual procedure of

Open loop system transfer function

92 _ K(ts + 1)(tys + 1)
e (s s s 2s
(G S Joee worrms sy

Frequency response subroutine

Inputs: Knw 7, 7, 131, T @, {; W ¢

Table 1: Rectangular co-ordinates Polar co-ordinates
Imaginary Real Angle Amplitude
Ji=t0 R, = &, Ay
Jy =10 R;= ?, A,
Jy=130 Ry = &3 A,
Ji=1,0 R,= o4 Ay
Js=10 Rs= bs As
Je =2{w/w, Re =1—(w/w,)? b6 As
J,=2{,0/w, R,= 1—((1)/501)2 2] A,

¢=tan"'J/JR and A=.J*+R?

Outputs:  Phase shift ¢ (degrees)
Amplitude ratio 4 (dB)

Variants:  No free integrator (n=0)
Free single integrator (n=1)
Free double integrator (n=2)
Open loop frequency response
Closed loop frequency response

Fig. 13.4 Compound system transfer function.
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SBR 1
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l
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Fig. 13.6 Frequency response algorithm.
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plotting system contours on a template which is moved vertically up or
down a Nichols chart until either the set phase or gain margin is reached,
the vertical displacement being a measure of the maximum permissible loop
gain.

A loop gain optimization algorithm is shown in a qualitative form in Fig.
13.6, and quantified in Fig. 13.7. The frequency response algorithm, Fig.
13.5 constitutes a subroutine, denoted as SBR1. The various stages of the
optimization procedure will now be described with reference to the
sequence numbers 1 to 14 in Fig. 13.6. Since it is not known in advance
whether the phase or gain margin is going to be the critical stability
criterion, the algorithm has to be written on the premise that one of the two
criteria is the initial stability criterion to be investigated. The algorithm
shown in Figs 13.6 and 13.7 assumes the phase margin to be the initial
critical criterion.

(1) Having set an initial value for the frequency w and the loop gain X,
the program homes in on the 0dB open loop amplitude ratio by
means of an iterative loop ‘8 =f(w) until the amplitude ratio is
within the set limits of 0-1 dB.

(2) Inaccordance with our initial premise, the phase margin is assumed
to be the critical stability criterion.

(3) Homingin on selected phase margin by means of iterative loop ‘7’ =
f(K) and loop ‘8’ until phase margin is within set limits of 1°, thus
establishing optimum loop gain compatible with phase margin
criterion.

(4) Homing in on— 180° open loop phase angle via iterative loop ‘10’ =
f(w) until phase angle is within set limits of 2°.

(5) Phase margin is still assumed to be the critical criterion.

(6) Actual gain margin is greater than gain margin criterion, hence
initial assumption that phase margin is critical criterion is true and
calculated loop gain is identical with optimum loop gain.

(7) See stage (3).

(8) See stages (1) and (3).

(9) Convergence check on iteration ‘7.

(10) See stage (4).

(11&12) Gain margin is critical stability criterion; optimum loop gain
compatible with gain margin criterion is calculated.

(13) In some cases where gain margin is the predominantly critical
criterion, iteration ‘7’ does not converge and is then aborted and the
flow path re-routed to stage (3).
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P.M.critical
criterion

actual G.M.
>selected G.M.

Print-out:

Gain margin
Phase margin
Optimum loop gain
P.M. critical crit.

A.R.:Amplitude ratio
P.M.:Phase margin
G.M.:Gain margin

A I.E. :iteration error

Fig. 13.6 Qualitative optimization algorithm—'A’.
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Fig. 13.7 Quantitative optimization algorithm—'A".
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Fig. 13.8 AQualitative optimization- algorithm—'B’. Key: 1, Actual phase

margin established; 2, Initial setting (as 5); 3, Optimum loop gain established

(compatible with phase margin criterion); 4, Actual gain margin established; 5,

Initial setting (as 2); 6, Print-out; 7, Iteration f (K); 8, lteration f (w); 9, Check

whether iteration converging; 10, Iteration f (w); 11, Triggered by 12 or 13; 12,

Triggers 11 & 14; 13, By-passes P.M. criterion; 14, Triggered by 12 or 13; Print-
out.
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Fig. 13.9 Quantitative optimization algorithm—'B’.
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(14) When gain margin is the critical criterion, the actual phase margin
has to be re-established.

The above algorithm is suitable for system transfer functions containing
differential equations with constant coefficients, but has to be modified if it
is to be applied to transfer functions of the type shown in Figs 12.8 and 12.9.
It can be seen clearly from Fig. 12.9 that the loop gain, K, forms part of the
coefficients of the basic system open loop transfer function, resulting in a
continuously changing contour on a Nyquist diagram or Nichols chart as
the loop gain is varied. As the calculation performed in stages (11 & 12) to
obtain the optimum loop gain compatible with the given gain margin
criterion is equivalent to the vertical movement of a given contour on a
Nichols chart, it can only be applied to constant contour lines. To be able to
cope with transfer functions containing non-constant coefficients, the
direct calculation in stages (11&12) is replaced by an iterative loop, as
shown in the algorithms of Figs 13.8 and 13.9. Stages (11& 12) can then be
redefined as:

Homing in on selected gain margin by means of iterative loop ‘15 = f(K)
and loop ‘10’ =f(w) until gain margin is within set limits of 0-2dB. For
the sake of clarity, the convergence check on iteration ‘7’, represented by
stages (9) and (13) in the algorithms of Figs 13.6 and 13.7, has been
omitted from Figs 13.8 and 13.9.

So far we have analysed the control system in the frequency domain, but
in order to fully exploit the benefits of a digital computerized performance
prediction package we have to extend it to the time domain.

The methods adopted in developing the transient response module ‘T’
will be discussed in the following chapter.



14

System Analysis in the Time Domain

The algorithms discussed in the preceding chapter enable us to manipulate
high-order system transfer functions in the frequency domain. To obtain
the corresponding time response involves the solution of high-order
differential equations, using the inverse Laplace transformation, which is a
laborious method even for simple input functions such as step and ramp-
step demands.

A realistic assessment of system performance in the time domain requires
the capability to simulate the actual duty cycle which frequently comprises
a compound input function passing through several transitional stages.
The procedure adopted in the transient response module of the computer
software package Hydrosoft will now be described in detail.

The transient response procedure has two distinct phases:

(1) Derivation of equivalent second order system.
(2) Calculation of transient response to given duty cycle by super-
position method.

The equivalent system is defined as a second order system having identical
frequency response characteristics to the high-order system at 90° phase
lag. Closed loop Bode diagrams for fifth and ninth order systems together
with their equivalent system plots are shown in Figs 14.1 and 14.2
respectively. It can be seen that, in accordance with the definition, the
frequency and amplitude ratio of the high-order and equivalent systems are
identical at 90° phase lag. Although there is some deviation at frequencies
below and above the natural frequency of the equivalent system, this does
not significantly affect transient response characteristics, and evaluation of
high-order systems has produced close correlation between predicted and
actual performance. We shall now consider the transient response of a
second order system to a compound duty cycle.

109



110 HYDRAULIC AND ELECTRO-HYDRAULIC CONTROL SYSTEMS
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Fig. 14.1 Equivalent system Bode diagram, fifth order system.
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SYSTEM ANALYSIS IN THE TIME DOMAIN
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— —ERROR
—INPUT -
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Fig. 14.3 Transient response to ramp input.
SYSTEM REF:D1
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Fig. 14.4 Compound duty cycle.
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Start

1

Enter input data to
define duty cycle:

t, .t tg

amplitudes & polarities

Y

Enter system parameters:

Wg, gR
y
Region 1:
cale. Cg, Cp, At
I SBR I >«
Calc. Z4(t) Display,
A print-out,
plot
Is L >1 tv. Z4(t)
Yes
’ s
Select Eqn.14.3
Region 2: '\
L—‘ calc.Cr.Cy, At
Select Eqn.14.2 | Y Calc. T,(t)
)4 Y
Calc. (1)
Return
'y
End
Region 3:
CalC.CF,CI , At
L

Fig. 14.6 Transient response algorithm.
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Let the transfer function of the equivalent system,

1
(%) + 2L (s/w) + 1

The inverse Laplace transform for a unit ramp input is then given by the
expression,

SO =1/(w.t){w,t—2(, +e ' [2{ cos(Bf)— Dsin(Bf)]} (14.2)

where the unit ramp time=¢,, B= a)n\/ (1-¢», and D=
(1—202)//(1 =2, when [, <1.

When the damping factor {, > 1, the trigonometric functions sin (Bt) and
cos(Bt) become hyperbolic functions sinh(Bf) and cosh(Br), where
sinh (Bf) = {(e® —e ™), cosh (Bf) = 4e® + e %), B=w,./({2 1), and

1-203
D= JE=T, (14.3)

The transient response of a typical position control system to a 0-25s unit
ramp is shown in Fig. 14.3. The system reaches a maximum transient error
of 0-14 units after 0-06 s and settles down to a steady-state following error of
0-1 units after approximately 0-23s.

By making use of the superposition method we shall now formulate an
algorithm for the calculation of system transient response to a compound
duty cycle. A duty cycle comprising six transitional stages is shown in Fig,

S(s)

(14.1)

2

1.5 — INPUT
— QUTPUT
8 /"\
E
i v_
2
5
SYSTEM REF:D1
o |Ill'l|llll[lll||’|lI||lll||||T]Il|l|ll|l—r
o A 2 3 4

TIME IN SEC,

Fig. 14.6 Transient response to step input.
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Fig. 14.7 Transient response to ramp-step input.
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14.4, each stage being identified by a time period, ¢,, and a polarized
amplitude variation, Y,. Before we can use the ramp equation (14.2) as a
subroutine of a transient response algorithm, we have to adapt it for a
compound duty cycle. Equation (14.2) can be re-written as:

Cyr—C _ .
= (—F——'){wnat — 20, +e %o [2r cos(BSt)— Dsin(Bot)]} (14.4)
(Dn
t 6t
27 l System ref:D1 2
:
1
[ R '
© n
S ] |
* — T
a
E 7 |
< 0] g T
e |
-1 !.,! 1,.!”Tr.”.r..]..'..(..1,
re t =
o] 01 02 03 o4
Time (s)
(a)
2 — 05
E :
o 1] -0
° C
2 ] = s
L e
07 --05
]
s =
_‘ “ / — —Error -
1 )/ — Input r
i v =——OQutput C
-1 LA A A O S S L L L B L B -1-0
o] 04 02 03 04
Time (s)
(b)

Fig. 14.9 Transient response to compound duty cycle.
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Enter input data to define
duty cycle:
tq,to t3, 6t
amplitudes & polarities
1

Enter system parameters

WR, DFR.
I
Region 1:
cale. Y P
Yes @ [Eotzzot+ot]
A
Is Yes g
Print Iot<t] .
plot SBR
t.v. If(t) - - Calc.Cf, Ci, At
Region 2: Calc.2f(t)
calc.Y

A I <
lZGt:ZSt-G-Gt l

\

Region 3:
calc.Y

A

Yes @ sBR| [zst=zsttot]

».
>

Fig. 14.10 Transient response algorithm to digitally generated input function.
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where initial slope C,=Y/t;,, final slope Cg=Yy/ty and Ot=1—2Xt,.
Referring to Fig. 14.4,

Y, =1 unit t, =0-0001 s (for step input) 6t, =1

Y,=0 t, =01 ot,=t—1t,

Y;=-05 t; =08 oty=t—t,—t,

Y,=0 t,=12 Sty=t—1t;—t,— 13
Ys=—-05 ts = 0-0001 Ots=t—1t, —t,—t3— 1,4
Ys=0 te = >1toay Otg=t—t; —t,—t3—1t4— 15

In calculating the transient response of the system, the parameters
appropriate to the initial and final regions have to be allocated to eqn (14.4)
and the output amplitude obtained by a summation of all regions within
the selected time envelope. A transient response algorithm covering three
regions is shown in Fig. 14.5.

Four additional transient response plots of the positional control system,
ref. D1, are shown in Figs 14.6 to 14.9. The response to a step input, Fig.
14.6, shows one over- and undershoot with the system settling down after
approximately 0.3s. By applying a 0.25s ramp-step input, the overshoot
can be reduced from 25% to under 5% as shown in graph Fig. 14.7. During
the initial 0-25s period of the ramp, ramp-step and triangular input as
shown in Fig. 14.8 transient response is, of course, identical. The demand,

P &
I ——
] ERROR/D RPN Eﬁ
11---- ERROR/A S E
J |=—=OUTPUT/T Fs NN E.4
3 |—INPUT J A -3
A je—outPT/2 et -
8 7 A,
= i R “7 Ee g
g :
< 4 -1
o -z
] -3
7 SAMPLING TIME = 0.05 SEC -
. SYSTEM REF:D3 -5
- LI LA L LI L L L L L L L L L AL DL BNLEN BNL O BN B BN -8
< 21 2 .3 4 ] & 7 .B .9 1

TIME 1IN SEC.

Fig. 14.11 Transient response to digitally generated input.
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E 5_: _'25§
F 4
« 4
N -3
3 —— .
.2
B —-.35
] SYSTEM REF:D3
o —.4

LI A L D L L
A A8 2 .28 ]

TIME IN SEC.

Fig. 14.12 Transient response to digitally generated input expanded portion.

output and error plots applicable to the compound duty cycle of Fig. 14.4
are shown in Fig. 14.9(a) and (b).

By introducing additional loops, the algorithm, Fig. 14.5 can be extended
to calculate the transient response to a digitially generated input function.
Such an algorithm is shown in Fig. 14.10. The output and error to a digitally
generated triangular input is compared to a corresponding analogue
demand in Fig. 14.11. The different behaviour of the two types of system
can best be illustrated by plotting an expanded portion of the cycle, as
shown in Fig. 14.12.
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Transient Response Characteristics

By using a computer program of the type described in the previous two
chapters, we are in a position to analyse complex systems in both the
frequency and time domains. Nevertheless it is instructive to examine some
basic trends, particularly in the time domain, to enhance our system design
capability. As an example we shall extend the treatment of the simple third
order system, represented by the transfer functions eqns (11.16),(11.19) and
(11.20), into the time domain. By means of the optimization algorithms
described in Chapter 13, we can establish the equivalent system parameters
corresponding to the limiting loop gain, plotted in Fig. 11.5 as a function of
the hydraulic transmission damping factor, {. It can be seen from the graph
of Fig. 15.1 that the natural frequency of the equivalent system w, is 67% of

-

2

Q

: ---D.F.
‘ — — NAT.FR.
wo=147 —— BAND WIDTH

FRECUENCY IN HZ
DAMPING FACTOR

i

sl e bbb e b by b el I gl

TTTT T T v Iy Ty v I T v IITrTTi

IR RN A R RN R RN R R AN A R R R R R R R R R
2 .4 & .82 1 1.21.41.61.8 2 22242628 3
orFo (3)

Fig. 15.1 Optimized frequency response parameters.
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the hydraulic transmission natural frequency w, up to a value of 0-6
hydraulic transmission damping factor {. At larger values of {, the system to
hydraulic transmission natural frequency ratio diminishes. The system
damping factor {, reaches a minimum value of 0-34 at the optimum loop
gain operating condition of { =0-6. It is of interest to note that up to the
optimum loop gain operating condition, low hydraulic transmission
damping results in high system damping, whereas beyond the optimum
condition system damping remains virtually constant.

Transient response to a step input is frequently defined by two
parameters, i.e. the time taken to initially reach 90% of the steady-state
value and the maximum overshoot. These two parameters are plotted as a
function of hydraulic transmission damping at the maximum permissible
loop gain in Fig. 15.2. The optimized transient response parameters reach a
minimum response time of 0-43s with a corresponding 32% maximum
overshoot. Overshoot diminishes rapidly at lower values of hydraulic
transmission damping, while remaining substantially constant at increased
values, levelling off at approximately 24%. A step response plot at the
optimum operating condition is shown in Fig. 15.3. This shows that after
one over- and undershoot, the system settles down to its steady-state level
after approximately 3.

For applications where a 32% overshoot would be undesirable, we can
either change the input function from a step to a ramp-step demand, or
reduce the loop gain. Let us consider an application where the maximum

29 40
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E 35
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= I &
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Fig. 15.2 Optimized transient response parameters.
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Fig. 15.3 Transient response to step input.

permissible overshoot is 10%. It can be seen from Fig. 15.4 that a 1-2s
ramp-step demand will reduce the maximum overshoot to 10% while
increasing the 90% response time from 043 to 1-2s. The settling times for
the step and ramp-step demands are almost identical.

For the alternative approach, we shall investigate the effect of reducing
the loop gain by 40% to 2:04s™*. The Nichols chart for the downgraded

e
1 [—INPUT
1.5 —
1 |~ outpPUT
L]
g -
E i —
a.
g ]
< —
1
55—
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Fig. 15.4 Transient response to ramp-step input.



122

WHO=1
2

1

1

-1

-1

—20

—25 :.-‘--.--'--:--.--2--' . R R 3.

AMPL.RATIO IN DB
|
[ ]

HYDRAULIC AND ELECTRO-HYDRAULIC CONTROL SYSTEMS

HZ DF0=0.6
o

s

o

o

5

bbbl e AMPL.RATIC |

= 30

system, Fig.

—300—270—240—210—-180—-150—-120 —-90 —&0 —30 o
PHASE ANGLE IN DEGREES

Fig. 16.5 Nichols chart.

15.5, shows increased phase and gain margins of 67° and

11-5dB respectively. Corresponding open and closed loop Bode diagrams
are shown in Figs 15.6 and 15.7, and the transient response plot to a step
input in Fig. 15.8.

As for the ramp-step demand, the maximum overshoot has been reduced
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to 10% with an improved response time of 0-7s and settling
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Fig. 15.7 Closed loop Bode diagram.

approximately 2s. At first glance the second solution appears to be the
preferred alternative for all applications, but we must bear in mind that
reducing the loop gain downgrades both steady-state and transient
response over the entire operating spectrum, and for that reason the first
approach might well offer the more acceptable solution in some cases.
Transient response curves to various triangular input functions at the
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Fig. 16.8 Transient response to step input.



124 HYDRAULIC AND ELECTRO-HYDRAULIC CONTROL SYSTEMS

23 .5
] — —ERROR =4
1.8 =
] —INPUT .
] = QUTPUT i
1 .2
W . : 1 §
2 ] -~ L
z 5: g \\\ o &
< o / — |
0 e, - —.1
] [
e L
] N =3
. WO=1HZ DF0=.6 K=3.4 L
-1 B SRR I I e e e e —4
o .5 1 1.5 2 2.5 3 3.5 4

TIME IN SEC.

Fig. 16.9 Transient response to triangular input.

optimum operating condition are shown in Figs 15.9 to 15.13. Response to
a single triangular input are plotted in Figs 15.9, 15.10 and 15.11 and to a
continuous input in Figs. 15.12 and 15.13.

By rationalizing the transient response characteristics seen in the above
graphs, we can establish some basic trends which are applicable to all types
of control system. The effect of varying the system damping factor {, on
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Fig. 15.10 Transient response to triangular input.
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Fig. 15.11 Transient response to triangular input.

transient response to a step input is shown in Fig. 15.14. Between zero and
0-85 system damping, maximum overshoot changes from 100% down to
zero, while the 90% response time increases at a lower rate up to
approximately 0.85 damping and at a higher rate at larger system damping.
The step response at zero system damping was given in Fig. 8.3 as an
example of absolute stability.
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Fig. 16.12 Transient response to continuous input.
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The effect of ramp time on overshoot and system reponse at the optimum
operating condition is shown in Fig. 15.15. Above ramp times of, say, 1-5s,
overshoot is only marginally affected, response times increasing at a fairly

-constant rate over the entire range. Figure 15.15 is applicable to a system

subjected to a ramp-step demand. Corresponding characteristics of systems
subjected to a single triangular input, as shown in Figs 15.9 to 15.11, are
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127

40

35

30

25 [~
g

z0 8
Lt
8

15 W

given in Fig. 15.16. Up to a ramp time of 0-5s the output undershoots,
between 0-5 and 1-5s there is a slight overshoot and at ramp times higher
than 1-5s the system settles down to zero overshoot. The time taken for the
output to reach maximum amplitude increases at a fairly linear rate with

ramp time.

Transient response to a sinusoidal input stimulus is plotted in Fig. 15.17.
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10

—10

[
U N
o Q

|
>
o]

7% OVERSHOCT

—50

|
a
o]

|
~
a

—80

—80

—100



128 HYDRAULIC AND ELECTRO-HYDRAULIC CONTROL SYSTEMS

¥0=1 HZ DF0=.6 K=38.4

-

J
- N
Q

-

]

1
]

|
5

AMPLITUDE
Q
T T SR VAN N SN OSSO Y Y S U N W O WY S WO
[
|
o

|IIIIIIII‘IllI|lIT‘I“i'IllI'II!IlIIII'IIIII
Q
ERROR

|
N

SN N S S B B S S B A B N B A B N BN S SN L N BN B L BRI
(o} 1 2 3

TIME IN SEC.

Fig. 156.17 Transient response to sinusoidal input.

It can be seen that initial transients have died down after approximately
two cycles when steady-state conditions have been reached.

Since the characteristics illustrated in the above plots are applicable to a
third order system having a hydraulic transmission natural frequency w, of
1 Hz, all given parameters can be treated as non-dimensional, i.e. if all non-
dimensional parameters are denoted by a prime sign ’,

Loop gain K= K'w, Frequency o = w'w,
Time t=1t'/w, Bandwidth w¢ = wcw,
Natural frequency o, = w,w,
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Further Case Studies

The investigation of the simple third order system in Chapters 11 and 15
can be extended to cover more complex systems, and we shall now proceed
to analyse a number of typical system configurations.

} Third order system with flow feedback.
) Fourth order hydrostatic transmission.
) Fifth order system.

) Seventh order system with flow feedback.

16.1 THIRD ORDER SYSTEM WITH FLOW FEEDBACK

The system, introduced in Chapter 12, is represented by the block diagram
Fig. 12.3, the system transfer function Fig. 12.4 and the mathematical
models given in Figs 12.8 and 12.9. The methods described in the preceding
chapters will be applied to the analysis of a simple control system
incorporating flow feedback. The stability boundary compatible with the
previously applied phase and gain margin criteria of 45° and 7dB is given in
Fig. 16.1, where the optimum loop gain is plotted against the hydraulic
transmission damping factor, {. A comparison with the stability boundary
of the simple third order system analysed in Chapter 11 and plotted in Fig.
11.5 shows a marked similarity between the two types of system, the only
significant difference being the optimum operating condition, which has
shifted from 06 to 0-32 transmission damping. There is consequently a
similar analogy between the frequency response characteristics of the flow
feedback system shown in Fig. 16.2 and the corresponding characteristics
of the position control system Fig. 15.1. The same applies to the transient
response characteristics which are plotted in Fig. 16.3 for the flow feedback

129
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and in Fig. 15.2 for the position control system. Transient response to a step
input at the optimum operating condition is virtually identical, as shown by
graphs Figs 164 and 15.3 for the flow feedback and position control
systems respectively.

16.2 FOURTH ORDER HYDROSTATIC TRANSMISSION

The hydrostatic transmission, shown as a block diagram in Fig. 5.5 and
analysed in Chapter 12, can be represented by the simplified block diagram,
Fig..16.5. K, denotes the open loop gain of the swash control servo, K, the
normalized swash angle, i.e. per unit error &, where ¢ is referred to the
output, and Kj; the output per unit swash angle. K, can also be expressed as
the ratio of pump and actuator displacements, or for the system shown in
Fig. 12.6, K5 = Cp/C. The block diagram Fig. 16.5 can be further simplified
to that of Fig. 16.6, where the loop gain K= K, K;, and the swash control
servo is represented by a first order transfer function with time constant
7= 1/K,. If the controlled output quantity is position, the system transfer
function is similar to that of the third order system analysed in Chapters 11
and 15 but with the addition of a first order transfer function representing
the swash angle control servo loop. The effect of the swash angle controller

SYSTEM DELIVERY CONTROL

ERROR LEVER DISPLACEMENT
INPUT € P UTRUT
0; K Ka/s P KyGs(s) — g,

4
\

MINOR FEEDBACK

MAIN FEEDBACK
Fig. 16.5 Block diagram.

ERROR
INPUT € K
) —

I+Ts

OUTPUT
KyGy (s) 4 Oo

Yo

é
A J

Fig. 16.6 Block diagram.
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on system performance is shown in Figs 16.7, 16.8 and 16.9, where the
optimum loop gain, frequency and transient response parameters are
plotted against the non-dimensional time constant 7. The actual time
constant is given by the ratio T = t'/w,, where w, is the open loop natural
frequency of the hydrostatic transmission in hertz. At t =0, performance
parameters of the hydrostatic transmission and the third order position
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Fig. 16.8 Frequency response parameters.
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control system are, of course, identical. It can be seen that optimum loop
gain and frequency bandwidth initially decrease fairly rapidly, but tend to
level off as the time constant 7 is increased, whereas the response time
increases at a constant rate at an almost constant maximum overshoot.

16.3 FIFTH ORDER SYSTEM

Most electro-hydraulic proportional and servo valves can be adequately
identified by a second order transfer function. Usually the control valve
characteristics ‘are experimentally established by frequency response
testing, the 90° phase lag specifying the natural frequency, w,. The damping
factor {, can then be calculated from the following expression, using the
bandwidth, wc, at either 3 or 4dB attenuation.

oc |1 1
- oo

where the amplitude ratio
A =10,/6) (16.1)

Equation 16.1 is plotted in Fig. 16.10 covering the range {, =0 to {,=2.
The effect of the hydraulic transmission natural frequency to control
valve natural frequency ratio w,/w, on system performance is plotted in
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Fig. 16.10 Equation system characteristics.

Figs 16.11, 16.12 and 16.13. At wy/w, = 0, the system becomes a third order
system with performance characteristics identical to the previously
analysed position control system. A control valve damping factor of 0-8
was arbitrarily chosen as a fairly typical value. A comparison with the
hydrostatic transmission performance characteristics, Figs 16.7 to 16.9,
shows a marked similarity between the two system configurations.
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Up to now we have investigated a number of control systems in the
frequency and time domains, using non-dimensional notation, and have
established some characteristic trends specific to the particular system
configuration. We shall now analyse a typical fifth order position control
system with the aid of the software package HYDRASOFT, described in
Chapter 13. A print-out of the input and output parameters is given in Fig.

Time, sec

Wo/Ww,
Fig. 16.13 Transient response parameters.
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16.14. In accordance with the program structure, Fig. 13.2, the print-out is
subdivided into three sections, corresponding to the hydraulic transmission
identification module ‘S’, the system identification frequency response
module ‘F’ and the output parameter statement module ‘P’. The discerning
reader will note that the actuator specified is an asymmetrical cylinder, and
that one of the hydraulic transmission variables is the inlet to outlet orifice
area ratio. So far our mathematical model derivation has been confined to
symmetrical systems, but in the following chapter will be expanded to
include non-symmetrical systems.

S Module

Closed loop system
valve operated system without flow feedback
4 way valve
Single ended extending Cylinder

10 bore ¥ 5 rod dia. x 300 stroke (cm)
inlet cylinder area= 78.53983 cm?, outlet cylinder area= 58.90487 cm?
mass = 2000 kg
coefficient of viscous damping = O kp/cm per sec
load = 12 kN
inlet/outlet orifice area ratio= 1
equivalent valve flow rating= 210.7928 L/min
actuator velocity= 53.05174 cm/sec
inlet flow = 250 L/min
supply pressure = 70 bar, valve pressure drop= 45.73751 bar
port diameter= 1.5 cm
trapped volume= 28.56195 L ( 23.56195 :Actuator + 5 :Piping)
actuator shunt coefficient = O L/min per bar
bulk modulus= 13793 bar
WHO= 11.46hz
DFO= 0.53
KO/K= 1

F Module
Closed loop system
Components selected:SH4-3090 SERVO VALVE
OPEN LOOP SYSTEM PARAMETERS
Frequencies in hz:
WHO= 11.46
WH1= 47.86
WH2=7%100000 .00
WH3=%100000.00
Damping factors:
DFO= 0.53
DF1= 0.79
DF2= ©0.00
DF3= (.00
Time constants in seconds:

t0o= 0 ti= O 2= 0 t3= 0 t4= 0O
free integrator:SINGLE
loop gain= 25.72 1/sec
P Module
Natural frequency WR= 5.94hz €L Damping factor DFR= 0.44

Band width at 4 dE attenuation WC= 10,52hz
Max.Overshoot at 0.0%94sec = 21.07%
Step response time= 0.053sec

Fig. 16.14 System parameter print-out.
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LD=—10 loop gain determined by gain margin= 16.27288 1/sec 24.22929 dB
LD=-5 loop gain determined by gain margin= 17.42662 1/sec 24.82426 dB
LD= O loop gain determined by gain margin= 18.97323 l/sec 25.56283 dB
LD= 5 loop gain determined by gain margin= 19.86817 1/sec 25.96316 dE
LD= 10 loop gain determined by gain margin= 21.52742 1/sec 26.45984 dB
LLD= 15 loop gain determined by gain margin= 22.71182 1/sec 27.12504 dB
LD= 20 loop gain determined by phase margin= 24.77946 i/sec 27.88184 dB
LD= 25 loop gain determined by phase margin= 21.49374 1/sec 26.64424 dB
LD= 30 loop gain determined by phase margin= 18.41294 1/sec 25.30247 dB
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Fig. 16.15 Stability boundary.

Stability boundary plots are shown in Figs 16.15 and 16.16. In Fig. 16.15
optimum loop gain is plotted as a function of load at constant inlet flow of
150 litres/min, and in Fig. 16.16 as a function of flow at constant cylinder
loading of 12 kN. In the first case, the optimized loop gain peaks at 20kN
loading, in the second case at an inlet flow of 200 litres/min. It is of interest
to note that in both cases the peak loop gain occurs at the change-over from
gain to phase margin as the critical stability criterion. This is equally true
for systems previously analysed. Optimized frequency response parameters
are plotted in Figs 16.17 and 16.18 and optimized transient response
parameters in Figs 16.19 and 16.20. It is apparent from the plots that for the
given specification, load variation has less effect on system performance
than flow changes.

16.4 SEVENTH ORDER SYSTEM WITH FLOW FEEDBACK

To complete our initial set of case studies, we shall now consider a cylinder
velocity control system comprising a two-stage, two-way valve and
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incorporating a flow feedback transducer, as shown diagrammatically in
Fig. 16.21 and as a circuit diagram in Fig. 16.22. The LVDT-type position
transducer attached to the flow sensing element provides a flow feedback
signal which is compared with the demand signal in the summing junction
of the valve drive amplifier to produce an error signal which, after suitable
amplification, drives the solenoid-operated pilot stage, which in turn
controls the main stage two-way valve. An optional valve spool position
feedback loop can be used to give enhanced fail-safe and large step
response characteristics. In any velocity or flow feedback system,
introducing a minor feedback loop, and thereby eliminating the free
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Demand
Signal

Fig. 16.21 System diagram.

M LIS oy a—— ;

Fig. 16.22 Circuit diagram.



FURTHER CASE STUDIES 143

S Module

Closed loop system
valve operated system with flow feedback
2 way valve meter-in
Single ended extending Cylinder
10 bore % S5 rod dia. x 300 stroke (cm)
inlet cylinder area= 78.53982 cm?, outlet cylinder area= 58.90487 cm?
mass = 2000 kg
coefficient of viscous damping = O kp/cm per sec
load = 12 kN
actuator velocity= 53.05175 cm/sec
inlet flow = 250 L/min
supply pressure = 70 bar, valve pressure drop= 45.73731 bar
port diameter= 1.5 cm
trapped volume= 28.56194 L ( 23.56194 :Actuator + 5 :Piping)
actuator shunt coefficient = O L/min per bar
bulk modulus= 13797 bar
WHO= &.14hz
WH3= 6&.14hz

DFO= 0.29
DF3= 0.00
KO/K= 1
Ki= 1

F Module
Closed loop system
Components selected:KFDG 5Vv8 FLOW TRANSDUCER FTO7
OPEN LOOP SYSTEM PARAMETERS
Frequencies in hz:

WHO= &.14

WHi= 17.00

WH2= 45.00

WH3= 6.14

Damping factors:

DFO= 0.29

DF1= 0.88

DF2= 0.70

DF3= 0.00

Time constants in seconds:
0= O ti= O 2= 0O 3= O t4= O

free integrator:SINGLE
loop gain= 10.03 1/sec

P Module
Natural frequency WR= 2.58hz CL Damping factor DFR= 0.54
Band width at 4 dB attenuation WC= &.07hz
Max.Overshoot at 0.230sec = 13.55%
Step response time= 0.138sec

Fig. 16.23 System parameter print-out.

integrator, has, however, an adverse effect on system performance and
should therefore be treated as an alternative rather than additional
feedback signal. We are now dealing with a fairly complex control system,
but having prepared the ground in previous chapters, the increased
complexity does not complicate the analytical process. The mathematical
model for the hydraulic transmission was derived in Chapter 12 and is
summarized in Figs 12.3, 12.4, 12.8 and 12.9. Referring to the input
parameter statement of Fig. 16.23 and the compound system block diagram
Fig. 12.10, the hydraulic transmission is identified by the natural
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Q1= 100 loop gain determined by gain margin= 8.413729 i/sec 18.49977 dB
Q1= 150 loop gain determined by gain margin= 10.468018 1/sec 20.57157 dB
Q1= 200 loop gain determined by gain margin= 12.23329 1/sec 21.75086 dB
Ql= 250 loop gain determined by gain margin= 13.61786 1/sec 22.68218 dB
Ql= J00 loop gain determined by gain margin= 14.85855 1l/sec 23.43953 dB
Qi= 350 loop gain determined by phase margin= 14.18652 1l/sec 23.03751 dB
Q1= 400 loop gain determined by phase margin= 13.33567 1/sec 22.5003 dB
Q1= 450 loop gain determined by phase margin= 12.70531 1/sec 22.07971 dB
Q1= 500 loop gain determined by phase margin= 11.86023 1/sec 21.4818646 dB
@1i= S50 loop gain determined by phase margin= 11.37384 i/sec 21.11814 dB
G1= 600 loop gain determined by phase margin= 10.19543 1/sec 20.16811 dE
Q1= 650 loop gain determined by phase margin= 9.425437 1/sec 19.48603 dB
Q1= 700 loop gain determined by phase margin= 8.306858 1/sec 18.38873 dB
Q1= 750 loop gain determined by phase margin= 7.237388 1/sec 17.191464 dB
Q1= 800 loop gain determined by phase margin= &.091002 i/sec 15.69377 dBE
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Fig. 16.24 Stability boundary in litres/min.

frequencies, wyo(WHO) = 6-14 Hz and w3(WH3) = 614 Hz, and the damp-
ing factors, {((DF0)=029 and {3(DF3)=0; the control valve by the
natural frequency w,(WH1) =17 Hz and damping factor {;(DF1)=0-88
and the flow transducer by the natural frequency w,(WH2) = 45 Hz and
damping factor {,(DF2)=07.

The optimized loop gain for the given operating condition and
corresponding output parameters are given in Fig. 16.23. Stability
boundaries for two independent variables are plotted in Figs 16.24 and
16.25. In Fig. 16.24, where the optimum loop gain is shown as a function of
inlet flow Q1, loop gain peaks at the gain/phase margin criterion change-
over point at 300 litres/min. Figure 16.25 shows the effect of hydraulic
transmission natural frequency variation on maximum permissible loop
gain. As this frequency approaches that of the control elements, its effect
progressively diminishes, the loop gain eventually levelling off at
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approximately 32 dB as the hydraulic natural frequency reaches the natural
frequency of the flow sensing element at 45 Hz. Optimized frequency and
transient response parameters, plotted as a function of inlet flow, are shown
in Figs 16.26 and 16.27. A Nichols chart, an open loop Bode diagram and a
closed loop Bode diagram for the optimum operating condition
corresponding to 300 litres/min are shown respectively in Figs 16.28, 16.29
and 16.30. A Nichols chart showing the effect of increasing stability
margins is shown in Fig. 16.31 under reference D10. Transient response
characteristics are plotted in Figs 16.32 to 16.35. Figure 16.32 shows the
response to a step demand within the flow capacity of the pilot valve. The
response to a large step demand, i.e. with the pilot valve saturated, is shown
in Fig. 16.33 for a flow rate of 500 litres/min, and in Fig. 16.34 for a flow rate
of 300 litres/min. The equations applicable to the response of systems
operating under saturated conditions will be derived in Chapter 18. Ramp-
step and triangular response characteristics at a flow rate of 500 litres/min
are shown in Figs 16.35 and 16.36.

It should be noted that all performance curves are applicable to typical
operating conditions whereas Figs 16.14 and 16.23 are the computer print-
outs of a specific set of parameters.
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Non-symmetrical Systems

Any control system employing a meter-in/meter-out flow control valve in
which actuator inlet and outlet configurations are not identical falls into
the category of non-symmetrical systems. Two alternative system
configurations employing four-way directional and flow control valves are
shown in Figs 17.1 and 17.2. An equivalent symmetrical system, as
depicted in Fig. 9.1, is defined as a system having identical inlet operating
conditions to the asymmetrical system. Although the majority of
proportional and servo valves currently on the market incorporate

Po
1 1/n
n
— — Extension
—_
—
I - Retraction
I__|l

A, j

A, — v,
Lo L,

Total stroke Ly+L,=L

Fig. 17.1 Non-symmetrical system diagram.
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Po

E xtension
—

—_—
Retraction

L
Fig. 17.2 Non:-symmetrical system diagram.

symmetrical control orifices, and are perfectly capable of controlling non-
symmetrical actuators, system performance can be enhanced by introduc-
ing non-symmetrical control orifice characteristics. The primary benefits
obtained by using non-symmetrical control valves to control non-
symmetrical actuators are: (1) increased effective flow rating of a valve
controlling a retracting cylinder; (2) improved overrunning load capacity of
an extending cylinder.

Let us first consider the system represented by the circuit of Fig. 17.1
when the cylinder is extending.

For the non-symmetrical system,

4, = Caa;/(2/0)/(Py — Py) (17.1)

and

g2 = C4a,./(2/0)\/(P,) (17.2)

For the equivalent symmetrical system,

q = C4a11/(2/0)\/(Po — P,) = Cya;1/(2/0)/(P,) (17.3)
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hence Py— P, =P, and since F/A, =P, =P, — P,

C
q =7‘j;a1\/(Po —B) (17.4)

For the non-symmetrical system, F= P, 4, — P,A,, let F/A, = P,, then
B =P — Py(4,/4,)
P,
when 4,/4,=aq, B =P —-= (17.5)
o

From eqns (17.1) and (17.2),

q: a; PO_'P1>
A=t 17.6
q> a2\/< P, ( )

_ 2 (Py—R)
2= C"“Z\/ (o)x/ {(l/a) n [aZ(az/al)ZJ} 177

and since
v=Ai1 and v1=j—22=quil
combining eqns (17.7) and (17.4) yields
2= ] 179

Equations (17.8) and (17.9) are plotted for orifice area ratios of 1, 1.5 and 3
in Fig. 17.3, and for orifice area ratios of 1, 2 and 4 in Fig. 17.4. The velocity
and inlet flow of the asymmetrical cylinder are denoted by v and ¢, and
velocity and flow of the equivalent symmetrical cylinder by ¢' and ¢
respectively. In accordance with our previously adopted definition of an
equivalent cylinder having identical inlet conditions to the asymmetrical
cylinder, the effective area of the extending equivalent cylinder is the piston
area, 4,, and of the retracting equivalent cylinder the annular area, 4,. The
stalling condition for the extending cylinder is reached when F= Py4, and
for the retracting cylinder when F= Py 4,.

Equations (17.8) and (17.9) and Figs 17.3 and 17.4 can be used to size a
four-way meter-in/meter-out flow control valve for non-symmetrical
systems.
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Fig. 17.3 Non-symmetrical system flow and velocity characteristics.
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Fig. 17.4 Non-symmetrical system flow and velocity characteristics.
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Fig. 17.5 Non-symmetrical system flow and velocity characteristics.
For the system represented by circuit Fig. 17.2, eqn (17.4) changes to

C
g =7‘j;a2\/(Po ) (17.10)

Combining eqns (17.7) and (17.10) yields

Vi _ 4y _ 2
voq \/[(1/08) + (az/a1)2] (710

For a retracting cylinder, eqn (17.9) is equally applicable to the circuits of
Figs 17.1 and 17.2. Equations (17.11) and (17.9) are plotted for orifice area
ratios of 1, 1-5 and 3 in Fig. 17.5, and for orifice areas of 1, 2 and 4 in Fig.
17.6.

For both circuits the introduction of asymmetrical control orifices
results in increased velocity ratings for a retracting cylinder. For an
extending cylinder asymmetrical control orifices reduce the velocity rating
in the case of the circuit of Fig. 17.1, whilst increasing it in the case of the
circuit of Fig. 17.2.

It should be noted that the orifice ratios referred to in Figs 17.3,17.4,17.5
and 17.6 are quoted as the ratio of the larger over the smaller for all flow
paths.
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NON—SYMMETRICAL SYSTEM CHARACTERISTICS
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Fig. 17.6 Non-symmetrical system flow and velocity characteristics.

17.1 OIL COMPLIANCE

Referring to Fig. 17.1, the oil compliance of the cylinder on either side of the
piston is given by the expressions:

L,/(4,N) and L,/(4,N)
giving a total compliance

1
1=
! N[(A,/L,)+ (4;/L,)]

(17.12)

Let L,/L=p, then eqn (17.12) can be re-written as

. L
M= N (@) + A0 — P}

Differentiating 4, with respect to § gives the condition for maximum
compliance, which occurs when

1

= 17.13
b= v T4y 17.13)
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Fig. 17.7 Non-symmetrical system oil compliance correction factor.
By combining eqns (17.12) and (17.13), the maximum oil compliance of
the cylinder is given by

L 1
T AN [J(4,/4,) + 177

A1 (17.14)

The maximum oil compliance of a non-symmetrical cylinder can then be
espressed as a ratio of the maximum oil compliance of an equivalent
symmetrical cylinder of equal stroke and effective area, 4,. By combining
eqns (17.14) and (11.4), the correction factor to be applied to convert the
compliance of a symmetrical cylinder to that of an equivalent non-
symmetrical cylinder is given by the expression

4
1 LAy A + 1712

Equation (17-15) is plotted in Fig. 17.7.

(17.15)

17.2 CAVITATION EFFECTS OF OVERRUNNING LOADS

Overrunning loads can cause the inlet chamber pressure to fall below zero
thereby inducing cavitation conditions which are detrimental to system
performance and integrity.

Let us consider an extending cylinder subject to an overrunning load, F.
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Fig. 17.8 Overrunning load capacity.

Cavitation will occur when the inlet pressure P, =0, then ¢, =
Cya14/(2/0)\/ Py and ¢, = C,4a,./(2/0)\/ P;; also F = P,A,, and combining
the above equations, the limiting overrunning load

2 2
Fnn(2) (2)
() A4,
A (a4 2(4,\?
) (& i
P (a, 24, \?
PO_<al> (Az (117

where the overrunning load F= P, A4,.

Limiting overrunning load capacities for both extending and retracting
cylinders are plotted in Figs 17.8 and 17.9. The graphs show that the
overrunning load capacity of :xtending asymmetrical cylinders can be

considerably improved by using valves with unequal inlet and outlet
control orifice areas.

or when F/A,=P,_,

For a retracting cylinder,
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Fig. 17.9 Overrunning load capacity.

17.3 WORKED EXAMPLE

The worked example will illustrate how the equations and graphs can be
applied to a typical system.

Specification

Cylinder piston area: 100 cm?

Cylinder annular area: 50cm?

Cylinder stroke: 100cm

Supply pressure: 150 bar

Extending cylinder loading: 10000 kp

Retracting cylinder loading: 5000 kp

Mass referred to cylinder: 2000kg

Symmetrical valve characteristics: 100litres/min @ 50 bar valve

pressure drop

From eqn (17.8) and Fig. 17.3, q,/q' = 1:333 for a symmetrical control valve
when 4,/4, =0-5and ¢q,/q' = 1-25 for an asymmetrical control valve of the
type shown in Fig. 17.1 when the orifice area ratio is 1-5:1. Similarly from
eqn (17.8) and Fig. 17.4, q,/q' = 1155 for an orifice area ratio of 2:1. The
corresponding flow ratios for a retracting cylinder can be established from
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eqn (17.9) and Figs 17.3 and 17.4 as:

q,/q' = 0-47 for a symmetrical valve
q./q =066 for a 1-5:1 orifice area ratio
q,/q = 0-816 for a 2:1 orifice area ratio

Extending cylinder flow ratios for an asymmetrical valve of the type
represented by Fig. 17.2 obtained from eqn (17.11) and Figs 17.5 and 17.6
are:

q./q = 1-874 for a 1-5:1 orifice area ratio
q1/9 =2-31 for a 2:1 orifice area ratio

Retracting flow ratios for the circuit of Fig. 17.2 are identical to those of
Fig. 17.1.

Maximum cylinder velocities can now be calculated from v, = ¢,/4, and
v, =¢q,/A,. For cylinder extension P, =10000/100=100 bar and for
retraction P = 5000/50 =100 bar, hence valve pressure drop P, =150 —
100 = 50 bar and ¢’ = 100 litres/min for both extension and retraction. For
example, for a symmatrical valve ¢, = 133 litres/min and ¢, = 47 litres/min,
hence v, =133 x1000/(60 x 100)=22-17cm/s and v, =47 x 1000/
(60 x 50)=15-67 cm/s. Velocities pertaining to other operating conditions
are tabulated in the summary of results.

From eqn (17.16) and Figs 17.8 and 17.9 overrunning load capacity of an
extending cylinder P /P,=0-25 for a symmetrical valve, 0-562 for an
asymmetrical valve with 1-5:1 orifice area ratio and 1-0 for a 2:1 orifice area
ratio, giving limiting overrunning loads of 1875kp, 4219 kp and 7500 kp
respectively. For a retracting cylinder corresponding values can be
obtained from eqn (17.17) and Figs 17.8 and 17.9, i.e. P/P,=4-0 for a
symmetrical valve, 1-778 for a 1-5:1 orifice area ratio and 1-O fora 2:1 orifice
area ratio, giving limiting overrunning loads of 60000 kp, 26 670 kp and
15000 kp respectively.

From eqn (17.15) and Fig. 17.7 the oil compliance correction factor to be
applied to an equivalent symmetrical cylinder of area 4, is 1:3726, giving an
equivalent trapped cylinder volume of 10 x 1-3726 = 13-726 litres. The
hydraulic actuator natural frequency can be calculated using either eqn
(11.17) or eqn (12.9). In the absence of external damping, the natural
frequency is given by the expression

w2 ()]

Before the natural frequency can be calculated, all values have to be
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expressed in SI units. Taking the bulk modulus for mineral oil as 13 793 bar,
N=13793 x 10°Pa, 4 =001 m?2, ¥'=13-726 x 10~ 3m? and m =2000kg;

then
(13793 x 100%) .
we=2 \/ [mb-) = 141-77 radians/second

or 22-56 Hz. The results are summarized in Table 17.1.

Table 17.1 Summary of results

Circuit Orifice Max. velocities Limiting o/r load
ratio (cm/s) (kp)

Extend Retract Extend Retract

1:1 2217 15-67 1875 60000

171 1-5:1 20-83 22:0 4219 26670
17-2 1-5:1 31-23 220 4219 26670
171 2:1 19-25 27-2 7 500 15000
17-2 2:1 385 27-2 7500 15000
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Response to Large Step Demand

In considering the response of a system to a step demand, a clear distinction
has to be drawn between small and large step response. The dynamic
equations derived so far assume small perturbations about a fixed steady-
state operating point, and are therefore applicable to transient response to
a small step demand. Since small and large step response are relative terms,
a definition providing a clear distinction is required.

When a system performs within the confines of its limiting operating
conditions, i.e. solenoid or force motor effort of single-stage valves, pilot
valve displacement of multi-stage valves, main stage travel, its transient
response characteristics can be described by a small step response to a unit
input.

A system required to perform beyond the confines of at least one of its
limiting operating conditions has to be described by a large step response to
a given demand. Large step response can also be applied to bang-bang
(on—off) valves.

Let us consider an actuator, operating under valve saturated conditions,
subjected to inertia and resistance loading. If the pressure drop across the
actuator due to the resistance loading is denoted by Pr and that due to
inertia forces by B,

Av=ka./(P,— P-— B) (18.1)
and
dv
m = PRA (18.2)

where A is the effective cylinder area, v the actuator velocity, P, the supply
pressure, a the control orifice area at maximum valve opening and m the

163
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mass referred to the actuator; hence

Vm dv
t=m/4 L P, — P — [Av/(ka)]?

___ bgm log |:1 + (vm/vo):|
2Py —Pr)A T 1~ (0/v0)

where v,, is the maximum actuator velocity attained, and the steady-state
velocity,

(18.3)

(Po— Pe)
_ g P =R
vo = ka y
Equation (18.2) can be re-written in terms of the actuator travel, 8,, as
dv
whence
m [ v
0y =— d
°"4 f o Po— Pe— [Avf(ka)]”
2
vem 1
= 1 R
2P, — A °ge[1 —(vm/voV] (183
Equations (18.3) and (18.5) can be expressed non-dimensionally as
T=log, | L1/ (18.6)
_1 - Um/UO
and
=1 [ ! (18.7)
=log | ——— .
B | 1= (nfoo)?
where the non-dimensional time
N

and the non-dimensional actuator travel

2P~ P)A
T vdm

0 9,



RESPONSE TO LARGE STEP DEMAND 165

The space-time equation for saturated throttled flow can now be
obtained by combining eqns (18.6) and (18.7), and hence

T 41
0=2loge[e; ]—T (18.8)

Equation (18.6) can be transposed to express the velocity ratio v, /v, as a
function of the non-dimensional time T, or

eT—1
ml% =T

(18.9)

Equations (18.8) and (18.9) are plotted in Fig. 18.1.

Corresponding velocity and displacement time characteristics in respect
of non-throttled flow at constant and infinite acceleration are also shown
for comparison with throttled flow characteristics. Figure 18.1 uses non-
dimensional units; large step response characteristcs for the system
analysed previously in Section 16.4 are plotted in Figs 16.33 and 16.34.

Since for any given valve configuration and actual time, ¢, the non-
dimensional time, T, is directly proportional to the ratio 4%/m, small masses
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Fig. 18.1 Non-dimensional large step response characteristics.



166 HYDRAULIC AND ELECTRO-HYDRAULIC CONTROL SYSTEMS

referred to large cylinder areas can lead to fairly high values of T, which in
turn will result in very high exponentials, e”. To prevent overflow errors, it
is advisable to modify eqns (18.8) and (18.9) for higher values of T when
used in computer programs. When ¢ is greater than say, 10, giving an
exponential e” > 22026 no discernible errors are introduced by changing
eqn (18.8) to §=T—2log,2=T—1-3863 and eqn (18.9) to v, /v, =1.

Itis obviously of interest to be able to quantify the relative significance of
large to small step response. A comparison of the response plots to a large
step demand shown in Figs 16.33 and 16.34 with the response plot to a small
ramp input shown in Fig. 14.3 demonstrates the similarity of output
characteristics. In both cases the output settles down to follow the demand
at a constant following or velocity error. In a closed loop system containing
a free integrator, the steady-state velocity error is given by the velocity to
loop gain ratio, or &y =vo/K. The corresponding error to a large step
demand is 2log,2 when expressed non-dimensionally, which can be
converted to an actual velocity error of .

log, 2mv3
by = 18.10)
VT (- P ‘
or to an equivalent loop gain
_(Fo— P4
K = log. 2y (18.11)

alternatively, the loop gain can be expressed as a function of the flow, g, or
the pressure factor, Ry, as

(Py—P)A% 1
K = — 18.1
L q m log,2 (18.12)
or
1 42 1
=— 18.13
L"Rym 2log. 2 ( )
where
1 ¢
Ry=-——-
Y 2R - R)

The effect of the mass referred to the actuator on both small and large step
loop gain is shown in Figs 18.2 and 18.3 in respect of the seventh order
system analysed in Chapter 16 for flow rates of 500 and 300 litres/min
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respectively. Both graphs show that the large step loop gain varies
exponentially with mass, with a considerably reduced effect on small step
loop gain. Figure 18.2 shows a distinct cross-over point at around 3000 kg,
where a small ramp input and a large step demand would exhibit identical
steady-state velocity errors. Response to a ramp input under identical
operating conditions to the large step response shown in Fig. 16.33 is
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Fig. 18.4 Response to ramp input.

plotted in Fig. 18.4. The response to the ramp input is under closed loop
control with the control valve in its operative condition, resulting in an
initial dynamic error before settling down to a constant steady-state
following error. Figure 16.33 depicts the response to a velocity step demand
under saturated operating conditions, i.e. with the control valve at
maximum opening, the gradual velocity build-up being due to the
interaction of valve throttling and inertia loading.

The expressions derived above for cylinder-operated systems can, of
course, equally be applied to motor-driven systems, providing the following
changes are introduced:

(1) Referred mass, m, replaced by referred moment of inertia, .
(2) Effective cylinder area, 4, replaced by motor displacement, C.
(3) v, represents maximum rotational velocity of motor shaft.
(4) v, represents steady-state rotational velocity of motor shaft.
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Valve Operating Forces

In Chapter 5 we reviewed several types of control valve. In considering
valve operating forces, we have to clearly differentiate between spool,
poppet and flapper-nozzle valve constructions.

19.1 SPOOL VALVES

In balanced spool valves, valve operating forces can be considered to be
predominantly frictional and hydrodynamic; the frictional forces can be
reduced by keeping the area of contact between spool and bore to a
minimum and introducing balancing grooves on the spool lands. The
hydrodynamic, or Bernoulli forces, arise due to the change of momentum
of the fluid being throttled. The direction of the velocity of the fluid is not
radial but inclined at approximately 69° relative to the axis of the spool,
and the axial component of the velocity produces a force which always
tends to centralize the spool. This force is directly proportional to the
product of the control orifice area and the corresponding valve pressure
drop, or

Fy=2C,acos 69° 6P (19.1)

where F; is the Bernoulli force and P the pressure drop across an orifice of

area a.
For a four-way valve,

Fy=2C,acos69°(P, — B) (19.2)
and when the coefficient of discharge is taken as 0-8,
FB = 0'57a(P0 - PL)
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It is often more convenient to express the Bernoulli force in terms of the
valve flow and pressure drop. By combining eqns (19.2) and (9.8), Bernoulli
force for a four-way valve,

Fy=kq/(P,— P) (19.3)

The corresponding equation for a three-way valve can be derived from

eqns (19.1) and (9.14) as
P
F= =kq\/(7°— PL> (19.4)

For mineral oil and rectangular orifices, the constant k can be taken as
0-0076 and 00054 for four-way and three-way valves respectively.
Corresponding constants for valves with round control orifices are 0-0097
and 0-0069. The above constants are applicable when g is in litres per
minute, P, and P, in bars and Fj in kp.

For valve constructions where the output available from the
force/torque motor or solenoid is insufficient to overcome valve operating
loads, hydrodynamic forces can be reduced by special shaping of the valve
spool, but effective compensation is difficult to achieve over a wide
operating range. In most cases a better solution is the introduction
of a second stage. Various types of multi-stage valves are described in
Chapter 5.

19.2 FLAPPER-NOZZLE VALVES

Forces associated with flapper-nozzle arrangements consist of three
components as shown in Fig. 19.1.

(1) Pressure forces due to fluid pressure in the nozzle acting on the
projected flapper-nozzle area.

(2) Momentum forces due to fluid velocity in the nozzle.

(3) Bernoulli forces, i.e. negative forces due to the gradually increasing
area between nozzle and flapper as the fluid moves radially outward.

An exhaustive analysis of flapper-nozzle forces is quite complex and
outside the scope of this book, but a few general statements can be useful in
appreciating the effect of the three components within the normal range of
flapper operation.

(1) Pressure forces are usually dominant.
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(2) Momentum forces become more significant at larger flapper
openings.

(3) Bernoulli forces become more significant at smaller flapper
openings.

(4) All forces are directly proportional to control pressure Pe..

The relative magnitude of the three force components can be gauged by the
following expressions:

4 =%d§PCKS (19.5)

Fy=81(Cay)*PcKs (19.6)

1 27
Fy=n(C,d.)? {loge <%> — §|:1 — (%)

—
~
o]
=

(19.7)
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Fig. 19.1 Flapper-nozzle arrangement.
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Where the saturation factor
1
K~—— —
ST1+16(Y/d)?
The total force acting on the flapper is then given by
FT=FP+FM_FB (19.8)

19.3 POPPET VALVES

In poppet valves dominant force components are usually pressure and
Bernoulli forces. If the seat diameter is represented by d,,, eqn (19.5) can be
used to calculate the pressure force acting on the poppet. By combining
eqns (9.1) and (19.1), Bernoulli force is given by the equation

Fy= kg\/éP (19.9)

Assuming a coefficient of discharge of 0-8, the constant, &, applicable to
mineral oil can be taken as 0-0054 when ¢ is in litres per minute, P in bars
and F;in kp. It must be stressed, however, that this value should be treated
with caution and may have to be modified in accordance with poppet and
seat configuration. The total force acting on the poppet is then given by

Fp=F,—F, (19.10)
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The Electronic Interface

The electronic interface, briefly referred to in Chapter 7, will now be
discussed in more detail. The role of the electronic or electro-hydraulic
interface in the overall control system is indicated in the block diagrams,
Fig. 7.2. Its function is to process the low power signal generated by the
controller in order to provide a signal compatible with the control element
input characteristics. To be able to carry out the above stated function,
some ancillary electronic circuit elements may have to be included:

(1) A stabilized DC power supply.
(2) A digitial-analogue converter.

The majority of electronic amplifiers require a stabilized 24V DC power
supply, which, in applications other than mobile, is not usually readily
available. Modern control systems will almost invariably utilize digital
controllers, thus requiring a digital-analogue converter. D-A converters
can be either binary or BCD (binary—decimal coded). To express 10
numbers requires a 4-bit D-A converter and a four-digit decimal number
can be produced either by a 14-bit binary or by a 16-bit BCD converter.
Circuits for 4-bit and 16-bit BCD converters are shown in Fig. 20.1.

A typical power amplifier circuit, specifically configured for a
proportional flow control valve, is shown in Fig. 20.2. The features included
in this circuit are common to most commercially available proportional
valve amplifiers and will now be summarized to define their basic functions.

(1) Gain adjustment: the gain, i.e. the slope of the output/input signal
characteristics can be individually adjusted. It can be used to
compensate for asymmetrical cylinders or loading.

(2) Ramp setting: acceleration and deceleration adjustment can be used
to optimize system performance. It is covered in Section 21.1, ‘input
shaping’.
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FUrmax

.U Analogue
™ output

Binary/decimal code
0[1]2] 3 (4| 5 | 6 | 7 8| 9
ol1l2l2+1Tala+1Ta+2la+2+11818+1
(@)
Fig. 20.1 BCD digital-analogue converter.

Deadband compensation: most proportional control valves
incorporate overlapped spools, thus creating a deadband over
which signal variation produces no output flow. In order to improve
transient response when a directional flow change is demanded by a
signal polarity reversal, a controlled jump can be introduced around
the null region. This adjustment should be used with caution, since
deadband compensation often extends into the operational range
and can therefore turn a proportional into a ‘bang-bang’ valve.
Current feedback: current feedback ensures that the output to the
solenoid is a current rather than a voltage signal, thereby
maintaining a magnetic force substantially unaffected by coil
temperature and hence resistance variations.

Dither: a sinusoidal or square wave superimposed dither signal has
the effect of reducing valve hysteresis caused by frictional forces
acting on the valve spool. Dither frequency and amplitude has to be
carefully chosen to be effective in reducing valve hysteresis without
disturbing the controlled output. Normally dither frequency is set at
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2

1

a value below the natural frequency of the valve, or pilot valve in the
case of a two-stage valve, and above the bandwidth of the control
system. In some amplifiers dither frequency is pre-set while dither
amplitude is adjustable.

(6

Modulator: the majority of power amplifiers driving proportional

solenoids employ pulse width modulation. This is a more efficient
way of controlling solenoids than the conventional proportional
drive amplifier, resulting in less heat dissipation requiring smaller
heat sinks. The modulator generates a square wave at constant
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frequency, the output signal being controlled by varying the pulse
width as a function of the demand signal level.

Summing junction: summing junctions provide a means for
comparing two signals and generating an error signal between
demand and output, thus catering for negative feedback loops. In
the circuit shown in Fig. 20.2 two feedback loops can be
accommodated: an internal spool position and an external output
signal feedback loop.
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System Enhancement

System enhancement can be attained by several means, the more important
being shaping of the demand signal, passive network compensation,
adaptive control, multiple feedback loops and the use of three term
controllers.

21.1 INPUT SHAPING

The effect of changing the input signal from a step to a ramp-step demand
has been demonstrated in preceding chapters, specifically for a non-
dimensional system in Chapter 15 and for a typical flow feedback system in
Chapter 16. In both cases it could be seen that the amount of overshoot was
considerably reduced at the expense of increased response times.

We shall now investigate the effect of various forms of input shaping on
the transient response of a fifth order closed loop control system described
by the system parameter print-out, system reference DS8. (see Fig. 16.14)

21.1.1 Ramp-Step Demand

In analogue circuits, ramps are generated by means of an RC network.
The simplest form of network, comprising a resistor and a capacitor,
produces an exponential demand as shown in Fig. 21.1(a); a true ramp
can be generated by the circuit shown in Fig. 21.1(b), the latter being a more
effective method of input shaping. The effect of varying the ramp time on
system overshoot and response is illustrated in Fig. 21.2. A 0-15s ramp
reduces the overshoot from 22:6% to approximately 6% whilst increasing
the 90% response time from 0-051 s to 0-15s. At larger ramp times, the law
of diminishing returns applies, as is clearly indicated by Fig. 21.2. Transient
response plots for step and ramp-step inputs are shown in Fig. 21.4.
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Fig. 21.2 Ramp-step response parameters.
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21.1.2 Negative Ramping

A negative ramp can be introduced over an initial portion of the duty cycle
in order to reduce the amount of system overshoot. Transient response of
the non-dimensional system analysed in Chapter 15 when subjected to such
a modified step demand is shown in Fig. 21.5. A comparison with the step
response plotted in Fig. 15.3 shows that the overshoot has been reduced
from 32% to 5% at some increase in response time.

21.1.3 Superimposed Negative Impulse

An alternative approach to negative ramping is the introduction of an
impulse function of negative polarity to the step demand signal. The
response of a non-dimensional system to a unit impulse function is shown
in Fig. 21.6. Figure 21.7 shows the transient response of the system to a step
demand with a 50% negative impulse applied at 0-4 s. The effect of applying
a negative impulse to the closed loop control system D8 is shown in Fig.
214.

21.2 PASSIVE NETWORKS

In some cases improvement of system performance can be achieved by
incorporating compensating networks in the amplifier. To increase high

—100 7
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— 140
g—’! so:: o
3—150——; ;
w—200 2
z E &
E—zzo—: ;
- o
%—240—: -3
—-260
—zs0] |~ — AMPL.RATIO —2s
4 |—— PHASE ANGLE

2 4 L 8 10 12 14 16 18 20
FREQUENCY IN HZ

Fig. 21.3 Open loop Bode diagram, fifth order system.
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frequency or transient response a phase advance type network would
normally be used, while low frequency or steady-state performance can be
enhanced by means of an integral-type network. Circuit diagrams of
integral and phase advance networks are shown in Figs 21.8 and 21.9
respectively.

The transfer function of the phase advance network,

v, R, ats + 1
K Gnls) = 2 = 21.1
NGN(S) Vi R, +R,+R; ts+1 (1.1)
where the amplification factor
_ R+ R+ Ry
R, + R,
and the time constant
R,
1=C—
o
The transfer function of the integral network is given by,
V. R s +1
KNGr(s) =2 3 (21.2)

Vi =R1+R3a‘cs+1
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where the attenuation factor

a=1 +£1_;
Ry 1+ (Ry/R5)

and the time constant 1= CR,.

The time-dependent portion of the transfer function can be expressed in
terms of the non-dimensional frequency u = tw.

Then for the phase advance network,

_Jou+1

G\(u) = Tt (21.3)
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Fig. 21.10 Frequency response of phase advance network.
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and for the integral network,

(21.4)

The above transfer functions are plotted in Figs 21.10 and 21.11.

By applying an integral network to our closed loop system D8, we can
substantially improve its steady-state performance. Choosing an attenu-
ation factor, «, of 5 should enable us to increase the loop gain by an equal
factor without introducing any instability. Care has to be taken, however,
to match the time constant, 7, to the system dynamics, since selecting an
incorrect time constant can be counter-productive. This is illustrated in the
stability boundary plot Fig. 21.12, which shows an initial drop in the
permissible loop gain. The optimum loop gain is reached when the network
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Fig. 21.12 Stability boundary with passive network.

time constant is greater than 0-15s. In practice it is advisable to choose a
slightly larger value to allow for parameter variations. The parameters
for a compensated system with a network time constant =023 and
attenuation factor o« =15 are summarised in Table 21.1. It can be
seen that, although the loop gain and hence steady-state performance
characteristics have increased by a factor of 473:1, dynamic performance
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Fig. 21.13 Nichols chart, K=27s7".
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of the compensated system is virtually identical to the original system.
Nichols charts for the original and compensated systems, plotted in Figs
21.13 and 21.14 respectively, show that both systems have almost identical
stability margins, whereas an uncompensated system operating at the
higher loop gain would be violently unstable, as clearly shown by the
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Fig. 21.15 Nichols chart, K=127-7s™", without network.
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Nichols plot of Fig. 21.15. An open loop Bode diagram for the original
system reference D8 is given in Fig. 21.3, and Bode diagrams for the
network, and open loop plots for the compensated and uncompensated
systems are shown in Fig. 21.16. Corresponding closed loop system Bode
diagrams are plotted in Fig. 21.17. (For steady-state characteristics see
Sec. 27.4).
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21.3 ADAPTIVE CONTROL

In adaptive control systems, one or more system parameters are
automatically adjusted in relation to other system variables to obtain
enhanced system performance. As an example we shall consider a position
control system in which there is a known relationship between actuator

N

4C

7\ 3
] \ E—z‘:
35— S
] ~
I ~ 3
:o—: =
] 2.5 =
% ] \e#? Vi mimimin] - =
] o«
25 — ~ 2 >
& s g
pr} 7 \\ '&)"
7 ~ 1.8 1
20— ~ %]
] -~
. \\ 1
15 [#+= S—5 ERROR Sso
] |==LOOP GAIN 1/SEC N-1
] | | QOP GAIN DB
1o Tt T T e

1000 1200 1400 1600 1800 2000 2200 2400

MASS IN KG

Fig. 21.19 Stability boundary with adaptive control.



SYSTEM ENHANCEMENT 191

30 2
25 -.=DF. E
. = = NAT.FR. Eas
E — BAND WIDTH =
20 - : =
£ E = S
= ] ul 2
2 o S
=2 - -
3 ] = -
o e - =3
e 10 - _,—.T'- iy
. F.5
o] -
] -
1 o

1000 1200 1400 1600 1800 2000 2200 2400

MASS IN G

Fig. 21.20 Frequency response with adaptive control.

velocity, and hence flow rate, and the mass to be moved by the actuator. The
stability boundary for this system is plotted in Fig. 21.18, which shows that
an increasing mass is associated with a reducing actuator velocity and flow
rate, which in turn leads to an optimum loop gain, decreasing from 39s~!
or 31-8 dB at 1000 kg mass to 14s~ ! or 22:9 dB at 2500 kg mass. By varying
the amplifier gain, and hence the loop gain, as a function of mass and
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Fig. 21.21 Transient response with adaptive control.
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Fig. 21.22 Transient response with adaptive control.

associated flow rate, improved system performance, both steady-state and
dynamic, can be achieved. Figure 21.19 shows that the steady-state
following error can be maintained at a virtually constant level of around
two millimetres over the entire operating range. Similarly the variation of
frequency response and transient response parameters is reduced by
adopting an adaptive control system, as shown by the curves plotted in Figs
21.20 and 21.21.
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Fig. 21.23 Transient response with adaptive control.



SYSTEM ENHANCEMENT 193

.09 40
— — OPT.STEP RESP.TIME

=« 2+ OPT.OVERSHOOT

om — -+ OVERSHOOT
—— STEP RESP.TIME et veaa. . 35
-
% .07 Pid E &
/ x
= - . Fzo0 £
W PO &
= " <)
= ce E e
- L_‘ID
.08 - - ]
““”‘&.—-—r""" E
r
O4 LN A L L L A S RN FO

T
200 280 200 IS0 400
INLET FLOW Q1 iN L/MIN

Fig. 21.24 Transient response parameters.

The transient response to a typical duty cycle is compared with the
response of an equivalent system without adaptive control in Figs 21.22
and 21.23. It can be clearly seen that both steady-state and dynamic
performance is enhanced by adopting adaptive control techniques.

Transient response parameters of a typical closed loop position control
system both with and without adaptive control are plotted in the graph of
Fig. 21.24 for flow ratings over the range 200 to 400 litres/min. Response
times for the system optimized to conform to stability criteria of 45° phase
margin and 7 dB gain margin are considerably faster than corresponding
response times for the non-optimized system. For the chosen stability
criteria, the optimized system exhibits higher overshoots, although these
can of course be reduced at the expense of increased response times by
selecting larger stability margins.

21.4 MULTIPLE FEEDBACK

An alternative method for system enhancement is the use of additional
feedback loops, specifically the introduction of a minor velocity or flow
feedback loop within a major position feedback loop. This requires
additional feedback transducers of the type described in Chapter 6.

The computer analysis program described in Chapter 13 can easily be
extended to cover multiple feedback loops, e.g. the frequency response
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algorithm, Fig. 13.5, can be modified to contain any number of loops. To
nest a velocity or flow feedback loop within a position feedback loop, the
free integrator factor n» would initially be set at zero and the loop closed.
The closed loop system would then be cascaded with a function containing
the major loop gain, K, and a free integrator, n = 1. Loop gain optimization
can again be carried out by applying the algorithms, Figs 13.6 to 13.9, to the
open loop system transfer function, and the closed loop system frequency
response can then be obtained by closing the major position feedback loop.
A block diagram of such a system is shown in Fig. 21.25.
The specific steps taken to analyse this system are:

(1) Optimize inner loop without free integrator and establish inner loop
gain K, = K, K;K,.

(2) Close inner loop and cascade with position transducer and free
integrator to formulate major loop transfer function.

(3) Optimize outer loop to determine major loop gain, K.
K=K, K,K;K..

In the performance summary in Section 21.6 the performance
parameters of two alternative systems are listed. In the first arrangement
the inner loop gain was optimized in accordance with a 45° phase
margin/7 dB gain margin stability criterion, and for the second arrange-
ment a somewhat higher inner loop gain was chosen. The closed loop Bode
diagram of the inner loop of the first arrangement, plotted in Fig. 21.26,
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Fig. 21.26 Closed loop Bode diagram, minor loop.
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Fig. 21.27 Nichols chart, position control with velocity feedback.

shows that the lack of a free integrator severely limits the permissible loop
gain, in this instance to 1-36. It can also be seen that the velocity loop has a
residual amplitude error= Kj/(1 + Kp) = 1-36/2-36 = —4-78 dB. Velocity
feedback loops are one of the system configurations covered in Chapter 8
and included in Fig. 8.9 and Table 8.1. Frequency response characteristics
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Fig. 21.28 Closed loop Bode diagram, position control with velocity
feedback.
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Fig. 21.29 Transient response with PID or velocity feedback

of the total system are shown in a Nichols chart, Fig. 21.27, and a closed
loop Bode diagram, Fig. 21.28. Figure 21.27 shows that the gain margin of
7 dB was the critical criterion setting the value of the major loop gain, K.
Figure 21.28 shows that the introduction of the minor feedback loop has
considerably improved the dynamic performance of the system. This can
also be seen in the transient response plot of Fig. 21.29. Both response times
and overshoot have been reduced.

21.5 THREE-TERM CONTROLLER

In Chapter 11 the open loop transfer function of a hydraulic control system
was described by a constant, K, and a time dependent or dynamic term, G(s).
In a three-term or PID (proportional, integral, derivative) controller, the
constant, X, is replaced by a dynamic term G,(s) = K + Kps + K/s, which
can be expressed as G,(s)=(1/s)(Ks + Kps? + K)), or alternatively as a
function of frequency as

G,(jw) = l/jo(joK + K; — Kpw?) (21.5)

The function G,(jw), added to the frequency response algorithm Fig. 13.5, is
incorporated in the software package HYDRASOFT, described in
Chapter 13. The effect of a PID controller on the fifth order control system,
reference D8, is shown in the plots of Figs 21.30, 21.31 and 21.29. The
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differential and integral terms, K and K], were set at 50% of the
proportional loop gain term, K. A comparison of Nichols plots, Fig. 21.13,
for the original system and Fig. 21.30 for the system with PID control show
that both phase and gain margins have been increased. Improvement of
frequency response can be seen in the plot of Fig. 21.31, and that of
transient response in Fig. 21.29. PID control has reduced the response time
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and the amount of overshoot to a step demand. Figure 21.19 also
demonstrates the effect of a 50% negative impulse superimposed on the
PID control system. It should be noted that the improved stability margins
and dynamic performance parameters were achieved by maintaining the
optimized loop gain of the original system. Optimizing the PID control
system would have only marginally reduced the response time while
considerably increasing the overshoot; this can be seen in Section 21.6,
‘Performance summary’.

21.6 PERFORMANCE SUMMARY

To give an overview of the effects of the various methods of system
enhancement on steady-state and dynamic performance, the results
obtained in the chosen example will now be summarized. It is worth noting
that the parameter which has a direct bearing on steady-state performance
is the loop gain, since it is one of the parameters affecting system output
stiffness, hysteresis and following, or velocity, errors. Furthermore, for the
adaptive control system, it can be seen from Figs. 21.22 and 21.23 that for
the given duty cycle maximum steady-state following errors have been
reduced from 3-3mm to 16 mm, whilst maximum dynamic errors are
reduced from 54 mm to 29 mm.

Table 21.1 Summary of the results obtained in the chosen example

System configuration Loop Bandwidth Response  Overshoot
gain (Hz) time (%)
(s7") (s)
Ref. D8, step demand 27 10-7 0-051 226
Ref. D8, ramp-step 27 10-7 015 6-0
Negative impulse 27 10-7 0-051 5-0
Passive network 127-7 10-4 0-055 24-4
PID control 27 14-5 0-036 127
PID control, optimized 38 15-4 0-031 276
PID with negative impulse 27 14-5 0-036 17
Adaptive control 21-39 7-24 0-:06-0-035 0-6-9
(mass: 2000-1 000 kg; flow: 18-33 litres/min)
Velocity feedback (1:36) 27-4 15-8 0-:034 7-3
Velocity feedback (1-50) 23-8 16-1 0-036 27
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Analysis of Pressure Control System

We shall now proceed to analyse a system controlled by a pressure control
valve of the type described in Section 5.1. Circuit and block diagrams are
shown in Fig. 22.1.

We shall again consider small perturbations about a fixed operating
condition. Since the controlled pressure P =f(P,, Qg),

oP op
P= oP, P+ 30, Or
= KP,+ RyOx (22.1)
where
oP
K= 3P and R,= @
Qe=0r +0Qc+0+0s (22.2)
P= AQ—2 (sm+ D) (22.3)
|14
Qc=sP4 (22.4)
Qs=cP (22.5)
and combining the above equations, yields the open loop transfer function:
P _ (K/Ro)[(sm/D) +1]
P, (mV/DN)s*+[(m/DRy)+(V/N)+(cm/D)]s+(1/Ry)+(A%/D)+ ¢

(22.6)

200
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Typical overrides of a valve at
various control settings. Back
pressure at tank port=0

300

Pressure (bar)
8
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\
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Allvalves.................... 9 bar approx

Fig. 22.2 Pressure override characteristics.

The system transfer function can be simplified by considering a dead-
headed cylinder, whence D = oo. Equation (22.6) then becomes:

P K,
= 2.7
P, os+1 (22.7)
where
K
and the time constant
V
= 229
= NR, + o) (229)

An examination of eqn (22.9) shows that, in the absence of actuator leakage
flow, compressed oil volume, V, and pressure override, R, both have a
direct proportional effect on the time constant, o. The pressure override is
defined as the slope of the pressure/flow characteristics of the pressure
control valve, a typical set of curves being shown in Fig. 22.2. The effect of
compressed oil volume on pressure build-up at a pressure override of 0-2
bar per litre/min is shown in Fig. 22.3. Transient response to a step demand
of a proportional pressure control valve, having a natural frequency of 6 Hz
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Fig. 22.3 Compressed oil volume effect.

at a damping factor of 0+4, is plotted for three oil volumes in Fig. 22.4, and
corresponding transient response to a sudden flow disturbance is plotted in
Fig. 22.5. The effect of the same pressure override of 0-2 bar per litre/min on
a valve with doubled dynamic performance is shown in Figs 22.6 and 22.7.

A number of useful conclusions can be drawn from a study of the
response curves.
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Fig. 22.4 Transient response to step demand.



204

AMPLITUDE

AMPLITUDE

HYDRAULIC AND ELECTRO-HYDRAULIC CONTROL SYSTEMS

B

7 vess COMPRESSEDR VOL.= 5CL

s - - COMPRESSED VOL.= 250
— COMPRESSED VOL.= 1L

K- —— 5.5, REFERENCE

4

.3

VALVE NAT.FREQ.= 6 HZ, D.F.= 0.4

. ——

o s /’_-?.{ﬂ'l"
S R S rR R
A l-.-“’

BERSESAREREEE SN AR R L RN RN A SR N L R

x

< .08 1 - 2 Z

o

TIME N SEC.

Fig. 22.5 Transient response to flow variation.

Compressed oil volume has a damping effect, reducing pressure
overshoots and increasing response and settling times.

Positive pressure override has a similar damping effect on system
response.

Negative pressure override has a destabilizing effect.

The effective damping due to oil compressibility and pressure
override is more pronounced with fast-acting control valves.
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Fig. 22.6 Transient response to step demand.
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Fig. 22.7 Transient response to flow variation.

The closed loop option was previously mentioned in Section 7.2, but is less
frequently applied to pressure controls than to motion control systems. The
modular optimized system simulation concept discussed in Chapter 13 as
well as the system analysis in the time domain, covered in Chapters 14 and
15, is of course equally applicable to open and closed loop pressure control
systems. As opposed to position control systems, pressure control systems
do not contain a free integrator in the form of the actuator, and it is
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Fig. 22.8 Stability boundary.
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therefore advisable to consider the introduction of a free integrator or an
integral type network to the electronic control circuit to enhance system
performance if a closed loop approach is chosen.

The dynamic performance characteristics of the closed loop equivalent
of the open loop system whose transient response was shown in the graphs
of Figs 22.6 and 22.7 are plotted in Figs 22.8 to 22.12. The maximum
permissible loop gain compatible with a 45° phase margin per 7dB gain
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Fig. 22.10 Frequency response parameters.
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Fig. 22.11 Transient response parameters.

margin stability criterion is plotted as a function of pressure override in Fig.
22.8 and as a function of compressed oil volume in Fig. 22.9. In Fig. 22.8 the
stability boundary is plotted for a compressed oil volume of 50 litres, whilst
the stability boundary, Fig. 22.9, is applicable to a pressure override of 0-2
bar per litre/min. The effect of compressed oil volume on dynamic
performance is plotted in Figs 22.10 and 22.11 for a system with constant
loop gain of 19.6s ™! and a pressure override of 0-2 bar per litre/min. It can
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Fig. 22.12 Transient response comparison.
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be seen that an increasing compressed oil volume degrades dynamic
performance. A comparison of transient response of three system
arrangements, one open loop and two closed loop, is shown in the graph of
Fig. 22.12. The plots show that the open loop system for the given circuit
conditions has a higher dynamic performance rating than the correspond-
ing closed loop systems. The only justification for closing the loop in this
instance would be to achieve enhanced steady-state performance. A
summary of system parameters is given in Table 22.1.

Table 22.1 Summary of system parameters

Designation OL/CL Loop gain Bandwidth Response time Overshoot

(s7') (Hz) (s) (%)
P3 oL — 5-85 0-082 096
P4 cL 1965 516 0-099 27-9

P5 CL 10-0 2-83 0-170 88
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Efficiencies and Power Dissipation

As a rule, hydrostatic transmissions are more efficient than equivalent
valve-operated flow controls. The choice of pump configuration can,
however, significantly affect power efficiency. In Section 5.2, four basic
valve control circuits were described; meter-in, meter-out, meter-in/meter-
out and bleed-off. In the bleed-off circuit, the pump operates as a flow
source, in the other three cases the pump acts as a pressure source. We shall
now examine several types of pump arrangement with special emphasis on
power dissipation and efficiency. The five basic circuit arrangements are:

(1) Fixed displacement pump at constant supply pressure.
(2) Pressure-compensated variable displacement pump.
(3) Fixed displacement pump with pressure match.

(4) Variable displacement pump with power match.

(5) Fixed displacement pump with bleed-off.

Circuits (3) and (4) can further be broken down into either fixed or variable
pressure or power match.

Circuit diagrams and corresponding equations for efficiency and power
dissipation covering the five basic circuit arrangements are tabulated in Fig.
23.1.

(1) This is the simplest and least efficient arrangement. The pump
supplies fluid at a flow rate directly proportional to input speed and
at substantially constant pressure, the supply pressure setting of the
relief valve having to cater for maximum load and valve pressure
drop requirements. It can be seen from the graph and equations that
the high corner horsepower can result in large power dissipation
and low efficiency. Since power dissipation creates heat, systems
using constant-pressure fixed displacement pumps often require oil
coolers to prevent excessive fiuid temperatures.

209
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Fig. 23.1 Summary of efficiencies and power dissipation.

A pressure-compensated variable displacement pump supplies fluid
at a flow rate matched to system requirements at substantially
constant supply pressure determined by the pressure compensator
setting, thus providing a more efficient power source. Pressure-
compensated pumps are particularly effective for systems operating
over a wide flow range and narrower load pressure range, although
by no means restricted to such a system.

Fixed displacement pumps can be run more efficiently by employing
load sensing and adjusting the pressure setting of the reflief valve in
line with load pressure variations. Valve pressure drop and other
pressure losses have to be allowed for. The pressure allowance over
and above the sensed load pressure can be either a fixed or a variable
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amount, and pressure matching can be achieved by hydraulic or
electro-hydraulic means. In the latter case pressure transducers
would sense the load pressure, and a processed signal would then be
applied to a proportional (electrically modulated) pressure relief
valve. This type of pump arrangement is particularly effective when
wide load variations are encountered, but the effectiveness is
reduced by large flow changes.

The most efficient power source is a variable displacement pump
with power match. Power-matching is accomplished by applying
load-sensing to vary the setting of the pressure compensator. As in
the case of pressure match, power-matching can be achieved by
either hydraulic or electro-hydraulic means. Contrary to the
previous arrangements, power dissipation is unaffected by load
variations and less sensitive to flow changes than circuit arrange-
ments (1) and (3).

A fixed displacement pump supplies fluid at a pressure directly
related to the external load. This arrangement provides a very
efficient power source for systems operating at relatively constant
velocity and varying actuator loading,

The relative efficiencies and power dissipation of the five basic types of
power source, applied to a typical system, are plotted in the graphs of Figs

23.2 to 23.9.
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Fig. 23.2 Power efficiencies, Q= 50 litres/min.
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Fig. 23.3 Power dissipation, Q= 50 litres/min.

The following parameters were chosen for the example:

Supply pressure, P 100 bar
Pressure and power match setting, Py: 8 bar
Maximum flow rating, Qy,: 200 litres/min
Rated flow, Q: 0 to 200 litres/min
Load pressure, P, : 0 to 100 bar

EFAICIENCY IN %
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Fig. 23.4 Power efficiencies, Q= 100 litres/min.
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Fig. 23.6 Power dissipation, Q= 100 litres/min.

Efficiencies and power dissipation at a rated flow of 50 litres/min are shown
in Figs 23.2 and 23.3, at a rated flow of 100 litres/min in Figs 23.4 and 23.5,
and at 150 litres/min rated flow in Figs 23.6 and 23.7. Corresponding
graphs at 50 bar load pressure, plotted as a function of flow rate, are shown

in Figs 23.8 and 23.9.
In all cases, a fixed displacement pump operating at constant supply
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Fig. 23.6 Power efficiencies, Q= 150 litres/min.
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pressure is the least efficient power source. The plots clearly indicate the
improvements which can be achieved by selecting one of the alternative
circuit arrangements. The operating conditions strongly influence the
choice of the most beneficial circuit configuration, although a few general

POWER DISSIPATION IN KW
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Fig. 23.7 Power dissipation, Q= 150 litres/min.

guidelines can be stipulated, i.e.

EFFICIENCY IN %

100

90

80

70

60

40

30

10

S50 wewccmmciimmccmmiimmsm-—

== BLEED—OFF

20 ss:s POWER MATCH
-« PRESSURE COMP. PUMP

—-—-— PRESSURE MATCH
FIXED DISFL. PUMP

o 20 40 60 80 100 120 140 160 180 200

FLOW IN L/ MIN

Fig. 23.8 Power efficiencies, P_ =50 bar.



POWER CASSIPATION IN KW

EFFICIENCIES AND POWER DISSIPATION 215

40 == BLEED—OFF
esse POWER MATCH
- PRESSURE COMP., PUMP
—— PRESSURE MATCH
FIXED DISPL. PUMP
30
20 PS= 100 PV= 8 QM= 200 PL= 50

10

Lova b bt b e by dapag legag)

o] 20 40 60 80 100 120 140 160 18C 200

FLOW IN LA/MIN

Fig. 23.9 Power dissipation, P =50 bar.

Power match is more efficient than either pressure match or a
pressure-compensated pump.

The efficiency of a bleed-off circuit is not affected by load pressure
variations.

At flow rates approaching the maximum flow rating, a bleed-off
circuit can be more efficient than a power-matched variable
displacement pump, particularly at lower load pressures.

The efficiency of a pressure-compensated or power-matched pump
is unaffected by flow variations.
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Elastically Mounted Mass Systems

In the systems analysed so far, the mass was assumed to be rigidly attached
to the actuator. Although this is a valid assumption for the majority of
industrial applications, there are some cases in which an allowance for the
elasticity of either the mass itself or the member attaching it to the actuator
has to be made. Aircraft powered flying controls are a typical example of an
elastic mass system.

The derivation of a system transfer function can be simplified by
representing the system by a rigidly mounted mass my, and an elastically
mounted mass myg, attached to the actuator by means of a spring of
compliance, o, as shown in Fig. 24.1. The equation of motion, assuming
pure inertia loading is then given by:

F = mgs*0g + mys?6, (24.1)
TOTAL STROKE L +L,=L OUTPUT OUTPUT
——) 6 |— 6
le— L —af l—— Ly —»

%E % ) MASS mg m MASS mg
\ ;i
I SPRING COMPLIANCE &

INPUT
L) e,

RETURN  SYSTEM PRESSURE F,
PRESSURE
Fig. 24.1 System diagram.
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and
0y 1+ omgs? (24.2)
Combining the above equations with eqn (11.12) yields:
0, K(1 + omgs?)
Jo_ © >
Y s{almEmRs“ + lgmki + [A(mg + mg) + omg]s?
K
o Kome ) 1} (24.3)
S
and
O K
ZE _ e >
s{a/lmEmRs“ + L"}%@& + [A(mg + mg) + omg]s?
K{
+~(5"~E;—m“)s + 1} (24.4)

The closed loop transfer function when the feedback signal is taken from
the elastically mounted mass, as represented by the block diagram of Fig.
24.2, is then:

O K
6, o Kmgmgs*
S

! <J/'LmEmRs5 + + [Amg + mg) + omg]s®

+Mﬁ Y+ K) (24.5)

When feedback is taken from the rigidly mounted mass, as represented
by the block diagram of Fig. 24.3, the system transfer function becomes:

0 K

o=
! <oﬂumEmRs5 +

o Kmgmgs*
S

+ K[m—E% + amE]sz +s5+ K) (24.6)

By assuming the entire mass to be elastically mounted, the transfer
functions can be reduced to a third order differential equation which

+ [Amg + mg) + omg]s®
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INPUT TRt
ERROR )
2 W/ KG(s) §° i — : )
h f +om,s
.
¢
FEEDBACK

Fig. 24.2 Block diagram, feedback from mass.

facilities direct comparison with the positional control systems analysed in
previous chapters.
Let my + mg = m, then
6 K(1 + oms?)
vy s[m(i + 6)s® + (Km/S)s + 1]

(24.7)

and
0p K
vy s[m(A+ 0)s* + (Km/S)s + 1]

When feedback is taken from 6, i.e. from the mass, the system transfer
function becomes:

(24.8)

O K
E _ 24.
0, m(A+o)s®+(Km/S)s*> +s+ K (249)

and when feedback is taken from the output of the actuator 6,, the
equivalent system transfer function then becomes:

O K
0. m(l+0)s® + Km[(1/S)+0]s®> +s+K

i

(24.10)

Since the corresponding closed loop system transfer function for the
rigidly mounted system analysed in Chapter 11 is given by:

8, K

o _ 24.11
0, Aims®+(Km/S)s* +s+K ( )
INPUT ¢+ ERROR 8 uTPuT
i A y Ke(s) > > |+vlmes? —
FEEDBACK

Fig. 24.3 Block diagram, feedback from actuator.
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the elastic mass system is dynamically equivalent to a rigid mass system
having a total actuator compliance 4 + o.

By comparing eqns (24.9) and (24.10) with eqn (24.11), it can furthermore
be seen that when feedback is taken from the elastically mounted mass, the
elastic and rigid systems have an identical output stiffness, S, whereas,
when feedback is taken directly from the actuator, the output stiffness of
the elastic system has to be modified to

1
1/S)+o
The following equations are applicable when the transfer function is
expressed in terms of the natural frequency and damping factor of the

system.
For both types of elastically mounted mass system:
1

[(A + o)ym]

1
= 24.13
NS T B
where @, = the liquid spring natural frequency, and w,, = the mechanical
natural frequency.
When feedback is taken from the actuator, the system damping factor is
given by the expression:

= [% (Ry + AH@)](%) (24.14)

When feedback is taken from the mass,

Effective natural frequency, wg = (24.12)

= Rywg (24.15)

A comparison with the damping factor applicable to a rigidly mounted
mass system, given in eqn (12.11), shows that the equivalent pressure factor
for an elastically mounted mass system with feedback taken from the
actuator is given by:

(Ry)g = Ry + A2Ka (24.16)
or

(Ry)e= Ry + C*Ko (24.17)
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for a cylinder- and motor-driven system respectively. When feedback is
taken from the elastically mounted mass, the damping factors and hence
the pressure factors of elastically and rigidly mounted mass systems are
identical.

The case studies previously conducted for rigidly mounted mass systems
will now be extended to cover elastically mounted mass systems. Parameter
print-outs for two alternative systems with identical specifications, but with

—100 7

=
a

—110

<\

—120

|

-
o
0

sl bbb b o b d oo b gl bada badabalalad

a

—140

—160

|
[¢]

—160

UTUDE RATIO IN DB

SYSTEM REF.DBA -
-10%

PHASE ANGLE IN DEGREES

|

N

Q
AMF

—-180

|
S
Q

- = AMPL.RATIO
— PHASE ANGLE
—z00 | LINLANLINL I LI I O I L A A B O

1 2 3 4 S =3

—190

TTTT YT I T TTTIT T I T T IiT T rTTT]

|
N
o

FREQUENCY IN HZ

Fig. 24.5 Open loop Bode diagram, feedback from actuator.



ELASTICALLY MOUNTED MASS SYSTEMS

MECH.NAT FREQU.=6 HZ LIQUID SPRINC NAT.FREQU.=11.8 HZ

N
[o}

-
a

N /

= =
4 M~
. ~

-
o]

Qa

2 3

E o: \‘\ ‘t/’

(=] 3 P =~

g —55 /’;

§ —107 e

= 3
—15 /
—20 ——-M=3d8 [

3 —M=0d8 || _

2% e AMPL.RATIO

|
4]
5]

T T L— Lo L T rerr.:
—270 —240 —210 —180 —150 —120 —20

PHASE ANGLE IN DEGREES

Fig. 24.6 Nichols chart, feedback from mass.

221

feedback taken from the elastically mounted mass in system ref. D8E and
from the actuator in system ref. D8A, are given and corresponding
performance curves plotted in Figs 24.4 to 24.9. A summary of performance

parameters is given in Table 24.1.
The following general conclusions can be drawn:

(1) Hydraulic transmission natural frequencies are not affected by

feedback mode of elastic mass system.

(2) Hydraulic transmission damping factors of rigid and elastic mass

systems are identical when feedback is taken from the mass.

(3) Hydraulic transmission damping factor of elastic mass system is

increased when feedback is taken from the actuator.

(4) Dynamic performance of elastic mass system is adversely affected
when the mass is outside the feedback loop, i.e. when feedback is

taken from the actuator.

(5) Loop gains, and hence steady-state performance, for elastic mass
systems with feedback from either the mass or the actuator are

comparable.

It is of interest to note that the mathematical model of the elastic mass
system with feedback taken from the actuator is similar in structure to that
of the flow feedback system analysed in Chapter 12. This can clearly be seen
by comparing the block diagram of Fig. 12.3 with Fig. 24.3, and system
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Table 24.1 Summary of performance parameters

System parameter Rigid mass Elastic mass

Feedback from Feedback from

mass actuator

Liquid spring 1176 Hz 11-76 Hz 11-76 Hz
natural frequency

Mechanical natural — 6-00 Hz 6-00 Hz
frequency

Hydraulic transmission 11-76 Hz 5-34 Hz 5-34 Hz
natural frequency

Hydraulic transmission 0-55 0-55 0-93
damping factor

Loop gain® 26-98s™! 13-94s7" 14-84s™"

System bandwidth 10-67 Hz 5-26 Hz 4-13Hz

System natural 619 Hz 316 Hz 2:52Hz
frequency

System damping 0-43 041 0-38
factor

Step response time 0-051s 0-099s 0:122s

Time at maximum 0-089s 0-174s 0:214s
overshoot

4 Based on 45° phase margin and 7 dB gain margin stability criteria.
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transfer functions Figs 12.4, 12.8 and 12.9 with eqns (24.6) and (24.10). Both
systems give rise to transfer functions with non-constant coefficients if the
loop gain, K, is treated as a variable quantity, requiring analytical
computerized optimization methods, as outlined in Chapter 13 and
described by algorithm ‘B’, shown in qualitative and quantitative form in
Figs 13.8 and 13.9 respectively.
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Fig. 24.9 Transient response comparison.
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The Flow Feedback Option

True flow or velocity valve-controlled systems can only be realized by one
of three methods:

(1) Pressure-compensated proportional control valve.
(2) Closed loop system with feedback from actuator.
(3) Closed loop flow feedback system.

The major disadvantages of method (1) are the rather limited degree of load
and temperature compensation, 5% being a fairly typical figure, interaction
between services supplied from a common power source, and the difficulty
of operating overrunning loads under controlled conditions.

Method (2) produces good results but installed cost can be high in
comparison with methods (1) and (3), particularly if several actuators are
supplied from a common power source, thus requiring separate feedback
transducers for each of the actuators. A further drawback can be
unfavourable environmental operating conditions which preclude the use
of feedback transducers in the vicinity of the actuators.

Method (3) has been briefly described in Chapters 5 and 6, and systems
employing flow feedback were analysed in subsequent chapters.

Although method (3) depicts a true flow control system, it does not
precisely control velocity in the presence of actuator leakage. In systems
employing hydraulic cylinders, actuator leakage is normally negligible,
making flow control virtually synonymous to velocity control. The salient
features of method (3) can be summarized as:

(1) High steady-state accuracy independent of pressure and tempera-
ture variations.

(2) High degree of repeatability.

(3) Ability to control both opposing and overrunning loads.
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(4) Simultaneous interaction-free operation of services fed from a
common power source.

(5) Input/output characteristics of system unaffected by control valve
spool configuration.

(6) Closed loop permits use of lower grade control valves and simplified
drive amplifier, thus providing cost-effective system solution.

(7) Variable loop gain of electro-hydraulic systems facilitates perfor-
mance optimization.

Typical flow-travel and pressure-flow characteristics of the flow sensor
shown in Fig. 6.3 are plotted in Figs 25.1 and 25.2. The dotted line depicts a
sensor with dual gain characteristics, providing turn-down ratios exceeding
1000:1.

A circuit diagram of a bidirectional flow feedback system is shown in Fig.
25.3 and a system suitable for controlling single-acting cylinders, e.g. lift
controls, in Fig. 25.4. The power efficiency of the lift control system is very
high, since the power-up operating mode uses bleed-off flow control, as
described in Chapters 5 and 23, and in the gravity-down operating mode
the fixed displacement pump is off-loaded. The bi-directional flow feedback
loop ensures highly repeatable velocity, acceleration and deceleration
control in both the power-up and gravity-down operating modes.
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Fig. 256.3 Bidirectional flow feedback loop.
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e |

Fig. 26.4 Lift control with flow feedback.

Fig. 25.5 shows a pressure—flow (P-Q) control system comprising low
cost components. The system is made up of a fixed displacement pump, a
proportional pressure control valve, flow sensor and drive amplifier. The
flow transducer performs the dual function of providing a pressure-flow
relationship and acting as a flow feedback sensor. In the flow control mode
the pressure control valve controls upstream pressure, P, and acts as a
bleed-off valve by spilling off any surplus flow back to tank. The closed loop
provides pressure- and temperature-compensated flow control in respect of
the flow demand signal, Qy,. Pressure control is achieved by limiting the
pressure demand signal, Pp, to the drive amplifier.

In applications where the actuator is allowed to stall, the control valve
can saturate, i.e. move to its maximum setting. This can adversely affect
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Fig. 256.6 Pressure-flow (P-Q) control with flow feedback.

dynamic performance, particularly during a reversal of direction. This
condition can be avoided by introducing an additional spool position
feedback loop. The spool position loop should, however, only be used as an
alternative and not as an additional feedback loop, since eliminating the
free integrator can have an adverse effect on system performance. The
introduction of an electronic circuit which selects the larger of the two error
signals as the operative input signal to the drive amplifier, thus
automatically switching to spool position feedback in case of valve
saturation or flow sensor signal failure, will therefore provide enhanced
dynamic response and fail-safe characteristics for the system.
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Non-Linearities

Non-linearities affecting system performance are hysteresis, backlash, dead
zone and coulomb friction. In closed loop systems, backlash inside the loop,
specifically any backlash associated with feedback transducer drives,
should be eliminated to avoid limit cycling. In velocity control systems, a
dead zone around the null region is usually deliberately introduced, by
using overlapped valves, in order to prevent actuator movement at zero
demand signal. In closed loop position control systems employing on—off
(or bang-bang) control valves, dead zone has a stabilizing effect, whereas in
proportional position control systems, dead zone would give rise to limit
cycling. Idealized characteristics of an on—off control system are shown in
Figs 26.1 and 26.2. In systems of this type, stability and response are a
function of three parameters, i.e. actuator velocity, dead zone and time
delay. On—off position control systems can only be used for relatively crude
point-to-point positioning.

All control valve characteristics include hysteresis of varying degree
which produces a steady-state €rror in closed loop systems. In some
instances this error can be reduced by applying a superimposed dither
frequency to the valve input signal, thereby decreasing valve hysteresis, or
by increasing the electrical gain of the system, since the system error is
inversely proportional to the electrical gain. As the loop gain is the product
of the electrical gain and the hydraulic gain, care must be taken not to
exceed the limiting loop gain.

Coulomb friction is present in hydraulic cylinder seals, although it is only
one of the components constituting seal friction characteristics. The basic
lubrication mechanism of seals is shown in Fig. 26.3. It can be seen that the
friction force versus velocity curve is non-linear, particularly at low
cylinder velocities. A comparison between experimental and theoretical
results is shown in Fig. 26.4 for polymer seals and in Fig. 26.6 for piston ring
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Fig. 26.3 Lubrication mechanism of sliding surfaces (courtesy of Bowden
and Tabor).



233

NON-LINEARITIES
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seals. The theoretical results were obtained by means of a non-linear
analytical method. Typical experimental results for break-out friction
forces are plotted in Fig. 26.5. The above curves were taken from a thesis
covering a comprehensive investigation into cylinder seal characteristics.
The following conclusions can be drawn:

(1)
@

)
(6)
™
@

©)

Seal friction characteristics of both polymer and piston ring seals
are largely non-linear in character.
Seal friction force can be split into three components:

(i) Coulomb friction.

(i) Friction with negative damping coefficient.

(iii) Friction with positive damping coefficient.
Break-out friction for both types of seal has a linear relationship
with working pressure at a given fluid temperature.
Seal friction characteristics of piston ring seals are significantly
affected by running-in time, whereas polymer seals are only
marginally affected. ,
Coulomb friction has a marked stabilizing effect on positional
control systems.
Negatively damped friction forces present at low cylinder velocities
have a destabilizing effect, and can give rise to slip—stick and judder.
Viscous damping is present at higher velocities for polymer seals,
but its stabilizing effect is only marginal.
Seal friction has a significant stabilizing effect on closed loop
hydraulic positional control systems, and many such systems would
be unstable in the absence of cylinder seal friction.
Comparison between non-linear and linearized analyses of closed
loop control systems, laboratory and field evaluation and
correlation with theoretical results have shown that the following
guidelines can be adopted when a linearized small perturbation
approach is applied to a positional control system:

In the vicinity of null, cylinder seal friction is equivalent to an
actuator damping factor of 0-5, and for a moving cylinder, seal
friction prevents the actuator damping factor from dropping below
a value of 0-2.

It should be borne in mind that in an electro-hydraulic control
system the actuator damping factor is only one of many parameters
influencing system performance and that close correlation between
linearized system analysis and actual performance has been
recorded over many years.
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Steady-State System Analysis

A block diagram of a typical position control system is given in Fig. 27.1,
and an equivalent normalized system block diagram in Fig. 27.2. The free
integrator inside the loop eliminates any residual positional error, which
leaves three causes giving rise to steady-state errors, i.e. actuator velocity,
actuator loading and valve hysteresis.

27.1 VELOCITY ERROR

The velocity error in a position control system is directly proportional to
the actuator velocity and inversely proportional to the loop gain, or

ey =v/K (27.1)

where vis in length units per second, ¢y in length units, and the loop gain, K,
in o1
ins™1L

In a closed loop velocity or flow control system containing a free

integrator, there is a corresponding acceleration error, which is directly

Amplifier
circuit Control valve Actuator
\ 1 Q -]
! Ke Ky G, (s) Ky=1/A's 9

F.B. transducer

Kg G, (s)

Fig. 27.1 System block diagram; K:K; = K¢; K K, = K,;; KK, =K.
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Electrical gain Hydraulic gain

[:] 1 80
! Ke Ky Gy (8)

Gy (s)

Fig. 27.2 Normalized system block diagram; KK, =K.

proportional to actuator acceleration and inversely proportional to the

loop gain, where the acceleration error is in length units per second, the

acceleration in length units per second per second and the loop gainins™?.

27.2 HYSTERESIS ERROR

The positional error due to valve hysteresis is given by the expression:

&y = I—H = Ky =1 Ky

HoK, MK M4k

where I, is the hysteresis of the valve expressed in command units, normally
either mV or mA, Ky, the valve flow gain, in cc/s per command unit, and A4,

the effective cylinder area, in cm2. The hysteresis error referred to the
actuator gy will then be expressed in cm.

27.2)

27.3 LOAD ERROR

The positional error due to actuator loading is given by the expression:

Ki _ o Ky
KAK, = KA’K,

g =F (27.3)
where Kp is the valve pressure gain and F the external load referred to the
actuator. If K is in bar per command unit and the load Fin kPa with the
other parameters in the units applied in the previous section, then the load
error referred to the actuator, g, will be expressed in cm. Alternatively SI or
other consistent units can, of course, be used.

The above expressions are also applicable to closed loop velocity control
systems where the load error, ¢, will be expressed in velocity units.
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In flow feedback systems, as described and analysed in Chapter 12, the
actuator is outside the loop, leading to additional load errors in the
presence of actuator shunt leakage. From the equations Qg=cP,

Os+0=0, and

D F
=0ty

cF 1
Q=<Q“'§>1+@Dmﬂ (27.4)

Load errors are then increased by the ratio Q,/Q.

Similarly for elastically mounted mass systems covered in Chapter 24, an
additional load error occurs if the elastically mounted mass is outside the
feedback loop, i.e. when feedback is taken from the actuator. The
additional load error is then given by the product of load and spring
compliance, or the total load error

¢, =¢ +0F (27.5)

27.4 CONCLUSIONS

Although the above equations were derived for systems with a linear
output they can also be applied to systems with a rotary output by
substituting motor displacement for cylinder area and output torque for
cylinder loading, providing that consistent units are used.

An examination of the equations describing steady-state errors clearly
shows that the critical parameter affecting steady-state accuracy is the loop
gain, K, since all steady-state errors are inversely proportional to the loop
gain. This also applies to closed loop pressure control systems. A further
conclusion which can be drawn is the beneficial effect of a high electrical
gain, Kg, which can be achieved by keeping the hydraulic gain, Ky, as low as
possible, e.g. by matching valves to the output requirements of the system.

A computer print-out of steady-state performance parameters of typical
closed loop position and velocity control systems is shown below. This
shows that velocity and acceleration errors are the predominant steady-
state errors for position and velocity controls respectively, and that, owing
to the relatively high output stiffness of most hydraulic control systems,
load errors are normally insignificant compared with other steady-state
and dynamic errors.
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STEADY-STATE ERRORS
Special Features

VALVE PARAMETERS

Flow Gain =7 L/min per command signal
Pressure Gain = 60 bar per command signal
Hysteresis = 5 command signal units

Enter YES (Y) for update?

POSITION CONTROL

Load Error @ 12kN = 1-470939E-02 mm
Hysteresis Error = -288 798 5 mm/sec

Velocity Error @ 53:051 74 cm/sec = 20-628 47 mm

VELOCITY CONTROL

Load Error @ 12kN = 1-470 838E-02 mm/sec

Hysteresis Error =288 798 5 mm/sec

Acceleration Error @ 53-051 74 cm/sec? = 20-628 47 mm/sec

To obtain Amplifier Gain, enter Feedback Transducer Gain in Volt/cm
for position control and Volt per cm/sec for velocity control? -5
Amplifier Gains = 346-262 2 command signal units per volt

STEADY-STATE ERRORS
Special Features

PASSIVE NETWORK

VALVE PARAMETERS

Flow Gain =-7 L/min per command signal
Pressure Gain = 60 bar per command signal
Hysteresis 5 command signal units

Enter YES(Y) for update?

POSITION CONTROL

Load Error @ 12kN = 3-079 741E-03 mm
Hysteresis Error = 6:047 058E-02 mm

Velocity Error @ 53-051 74 cm/sec = 4-319 328 mm

VELOCITY CONTROL

Load Error @ 12kN = 3-079 741E-03 mm/sec

Hysteresis Error = -6:047 05S8E-02 mm/sec

Acceleration Error @ 53-051 74 cm/sec? = 4-319 328 mm/sec
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To obtain Amplifier Gain, enter Feedback Transducer Gain in Volt/cm
for position control and Volt per cm/sec for velocity control? -5
Amplifier Gain = 1653-697 command signal units per volt

STEADY-STATE ERRORS
Special Features
Elastically Mounted Mass (F.B. from actuator)

VALVE PARAMETERS

Flow Gain = -7 L/min per command signal
Pressure Gain = 60 bar per command signal
Hysteresis = 5 command signal units

Enter YES(Y) for update?

POSITION CONTROL

Load Error @ 12kN =4-247 134 mm

Hysteresis Error =499 103 3 mm

Velocity Error @ 53-051 74 cm/sec = 35-650 24 mm

VELOCITY CONTROL

Load Error @ 12kN =2-541 912E-02 mm/sec

Hysteresis Error =499 103 3 mm/sec

Acceleration Error @ 53-051 74 cm/sec? = 35-650 24 mm/sec

To obtain Amplifier Gain, enter Feedback Transducer Gain in Volt/cm
for position control and Volt per cm/sec for velocity control? -5
Amplifier Gain = 200-359 3 command signal units per volt

STEADY-STATE ERRORS
Special Features

VALVE PARAMETERS

Flow Gain =2 L/min per command signal
Pressure Gain = 21 bar per command signal
Hysteresis = 2 command signal units

Enter YES(Y) for update?

FLOW CONTROL

Torque Error @ 500 Nm =053 991 rad/sec

Hysteresis Error = 5-095 969E-02 rad/sec

Acceleration Error @ 19:999 99 rad/sec? = 1-719 743 rad/sec

To obtain Amplifier Gain, enter Feedback Transducer Gain in Volt per
L/min? -05

Amplifier Gain = 116-323 command signal units per volt
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Applications

Hydraulic and electro-hydraulic control systems have been applied over a
wide range of industries. Applications can be subdivided into four
categories: (1) industrial, (2) mobile, (3) marine and (4) aerospace and
defence.

(1) Industrial
The most diverse range of applications occurs in the industrial category,
which can further be broken down into the following sub-sections:

Machine Tools Plastics
Process Control Material Handling
Research & Test Entertainment

Some typical examples will help to illustrate the versatility of hydraulically
driven control systems.

Machine Tools: Honing machines Gear Cutters
Broach machines Spline grinders Horiz. grinders
Tube benders Power saws Pipe cutters
Flying shears Machining centres
Plastics: Injection moulding Extruders

Blow moulders Thermoplastic press
Process Control: Metal forming Die casting
Wire reinforcement Welding machine Glass processing
Food processing Wire wrapping Tilting furnace
Coil handling Cont. casting Walking beam furnace
Oven control Billet feeder Rolling mill

Wood processing
242
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Material Handling: Conveyor drives Transfer machines
Travelling crane Brick & concrete block stacker

Block tilter Transporter (cement, steel, salt, coal)
Robots

Research & Test: Wave generator Gear box test rig
Flight simulator Electricity pylon test rig

Fatigue test rig Performance simulator

Entertainment: Stage control Flying bedstead
Special effects

(2) Mobile

Earth movingequipment Cranes Tractor drives
Salting vehicle Drive control 4-wheel steering

Variable suspension  Train tilt control

(3) Marine

Steering control Variable pitch hub control

Variable pitch thruster  Transfer at sea

Cable laying Bucket dredger Barrier control
Winch drives Hovercraft control Sail Trainer

Stabilised sector scanner

(4) Aerospace and Defence

Flying controls Emergency generator Ram air turbine
Flaps, slats, undercarriage Radar antennae drive
Missile control Anti-aircraft turret Tank controls

Gun controls

The above listing is by no means exhaustive but gives an indication of
the wide range of hydraulic control system applications. Some applications
which do not readily fall into any of the listed categories, e.g. lift controls,
have been omitted. Hydraulic drives have to compete with electric and
pneumatic drives in the market place, where performance and cost are the
obvious criteria of selection. Sometimes, however, the choice of drive
system is carried out on a more subjective basis, i.e. the preference and
familiarity of the application engineer with a specific discipline, which can
inhibit the selection of the optimum and most cost-effective solution. The
tendency towards multi-disciplinary training and education should help to
obviate this problem.
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National and International Standards

The purpose of this section is to highlight the national and international
standards which are most relevant to hydraulic control systems employing
proportional control components.

(1)
(2)
)]

4
)

(6)
)

BS 4062=1S0 4411 Valves for hydraulic fluid power systems.

BS 5995=1S0 6404 Methods of test for electrohydraulic servo valves.
BS 6697 Methods of ‘test for electrohydraulic proportional control
valves.

BS 6494: Part 2 Specification for four-port and five-port servo valves.
BS 2917=1S0O 1219 Specification for graphical symbols used on
diagrams for fluid power systems and components.

ISO 5598 Fluid power system and components vocabulary.
BFPA/P49 Guidelines to electrohydraulic control systems.

The majority of the above documents were initially prepared by the British
Trade Association BFPA (formerly AHEM), converted into a British
national standard by BSI, and ultimately revised and issued as an
international standard by ISO.
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Performance curves, 84

Performance summary, 199

Perturbation technique, 81

Phase advance network, 184-5

Phase margin, 53

Phase shift, 47-9, 54
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Piston ring seals, 230-6

Polymer seals, 230

Poppet valves, 172

Position control system, 49, 53, 79,
113
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Power dissipation, 209, 210, 212-15

Power efficiency, 209, 211-14

Power match, 215

Power matching, 211

Power rating, 58

Power source, 1

Pressure-compensated variable
displacement pump, 5, 6, 210
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Pressure control system, 13-16, 34,
200-8
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88-96
sequence diagram, 42
time domain, 109-18
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System identification algorithm, 100
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Time domain, 109-18, 119

Transfer functions, 46-9, 81-4, 90-2,

96, 108

Transient response
algorithm, 112, 117
procedure, 109



Transient response characteristics,
109, 119-28, 131, 134, 136, 141,
146, 191-3, 203-5, 207, 223

Triangular input, 124, 125

Triangular response characteristics,
127, 150

Two-stage valve, 15, 20

Underlap, 72
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Valve opening, 55

Valve operated control system, 30

Valve operated systems, flow control
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Valve operating forces, 169-72

Valve output stiffness, 82

Valve travel, 62, 69

Valves. See under specific types

Vane motors, 11

Vane pumps, 8

Variable displacement pumps, 3, 5, 7,
16, 91, 211

Variable pressure supply system, 6

Velocity control system, 49

Velocity deviation, 36-7, 40

Velocity error, 237-8
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Velocity profile, 35, 38, 40
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Velocity transducers, 246
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