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PREFACE

This textbook is aimed specifically at students enrolled in two- and four-year college-level
programs in engineering technology, especially in those programs where motion control
is taught. Its primary objective is to provide the student with a very broad introduction to
the concepts of electrohydraulic control systems specifically and motion control in gen-
eral, and to do so in a one-semester course. It also attempts to bridge the gap between the
traditional electronics and mechanical curricula.

The second objective is really not new. There are several texts that attempt to close
the gap in specific areas. Servomechanisms and proportional control valves are good ex-
amples of electrohydraulic systems for which there are several bidiscipline references.
These texts, however, are highly theoretical and are intended more as references for en-
gineers than as textbooks for engineering technologists. There are also numerous texts on
control theory, but these tend to deal almost entirely with electronics.

In this text I have attempted to present both the mechanical and electronic aspects
of the various types of valves and illustrate methods of controlling those valves. It is im-
portant to note that although the title of the text implies that it is specifically concerned
with hydraulic systems, most of the concepts presented in the discussion of controls (lad-
der diagrams, programmable logic controllers, sensors, and operational amplifiers) are ap-
plicable to all motion systems. Only the power sections of the systems are different.

This text assumes a basic knowledge of fluid power, so Chapter 2 provides only a
brief review of that subject. A full treatment of hydraulics is well beyond the scope of this
text, and is, in fact, the subject of numerous textbooks and college courses.

Chapter 3, likewise, assumes a basic knowledge of electrical circuitry, so the first
part of the chapter offers only a brief review of the subject. However, many of the elec-
tronics courses taught in current curricula are very heavy on electronics and light on elec-
trical circuitry. For this reason the concepts of common electrical switches and relays are
introduced in this chapter. The chapter then continues with a fairly detailed discussion of
ladder diagrams. This discussion lays the groundwork for solenoid valve control circuits
in Chapter 4 and PLC programming in Chapter 9.

Chapters 5 and 6 deal with proportional control valves and servovalves, respectively.
In both chapters the mechanical aspects of the valves, the valve actuation mechanisms,
and the control circuit boards are discussed. Valve performance is also discussed.

The calculations for determining the natural frequencies of hydraulic motor and
cylinder systems are demonstrated in Chapter 7. This chapter also includes the concepts
of gain, transfer functions, and feedback and control using a “running” example.

Chapter 8 expands on the basic switching elements that were introduced in Chap-
ter 3. Sensor properties such as accuracy and precision are addressed, along with analog
to digital conversion. There is extensive discussion of discrete sensors, including proximity,
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X PREFACE

photoelectric, Hall effect, and reed switches. Continuous sensors for temperature, flow
rate, pressure, linear and rotary position, and velocity and acceleration are discussed as
well.

Programmable logic controllers are the subject of Chapter 9, which begins with an
introduction to the basic concepts of PLCs, architecture, and programming languages. A
section on ladder logic programming follows, which facilitates the transition from the re-
lay logic diagrams of Chapters 3 and 4 to the ladder logic required for programming PLCs.
The chapter ends with some programming examples.

The final chapter (Chapter 10) is a brief introduction to robotics. It discusses robot
geometries, end effectors, and control and programming.

Obviously, this is very much an introductory text. The subject of virtually every
chapter has been treated extensively in numerous books. The purpose here is simply to
introduce the student to the concepts in considerable breadth but limited depth. To my
knowledge, this is the first textbook to approach electrohydraulic control in this manner.

Some chapters include more depth than might be desired for a specific curriculum.
The structure of the text caters to those cases. Each chapter begins with basic descriptions
and proceeds to more analytical material. It is a simple matter, then, to use only specific
parts of a chapter if the depth is not needed for the course.

The material is generally presented in a fashion that facilitates associated laboratory
exercises where lab facilities are available. For example, the solenoid valve circuits pre-
sented in Chapter 4 lend themselves nicely to basic hydraulic training stands. The PLC
programming examples can be used directly as laboratory exercises. (Where PLCs other
than the OMRON are used, it would make sense to translate these examples into the ap-
propriate programming language.)

A unique feature that will help demonstrate the relationship between the hydraulic
circuit and the control circuit is the inclusion of the Automation Studio CD-ROM with
the instructor’s manual. This software allows the student to draw both the hydraulic cir-
cuit and the electrical ladder diagram and then simulate the system operation. When the
START button is “pushed” on the screen, the appropriate electrical components are ener-
gized (change color), the valves move, and the cylinder or hydraulic motor operates. It is
an easy transition, then, to take the proven circuit from the “drawing board” to the train-
ing bench.

This text will not make the student a controls expert, but it will provide a solid ba-
sis on which to build. Industry badly needs people with this type of academic background.
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Answers to Selected Problems

Chapter 2

2-1. 6280 1b

2-3. F,,=21210lb F,=117901b
2-5. 7.35 gpm

2-7. 13.6 kW

2-9. F,,=7854kN F,=40.06kN
2-11. v,,=0.032 cm/s v, =0.062 cm/s
2-13. 2.98 in’/rev

2-15. 5.1 in’/rev

2-17. 1151 cm’/rev

2-19. 2.73 hp

2-21. 114 hp

2-23. SkW

Chapter 3

3-15. 5000 V

3-17. 600 W

3-19. 384 W 15Q
3-21. 750 W

3-23. 087 W 36mA

Chapter 4

4-11. 628N 1.421b
4-13.351b
4-15. 32.1 ms

h r6
6-13. 7.5V 300mA 225W

6-15. 1.74 x 10*
6-17. 13.3 hp 564.3 Btu/min 5.5°F

Chapter 7

7-1. -2.5dB
7-3. 10.27in 8.24 Hz
7-5. 949in 9.78 Hz
7-7. 13.2Hz
7-9. GG,
1 +G,GH
7-11. G,G,G;
1+ G,G;H,H, + G,G,H;
7-13. 0.25 V/deg
7-15. 60 rpm/gpm
7-17. 0.02 V/rpm
7-19. 11.16 gpm
7-21. b. 0.499 in/V
c. 1.231in
d 15in
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CHAPTER 1
An Introduction to the Real World

11

INTRODUCTION

Fluid power is involved in virtually every phase of industry, including manufacturing,
transportation, and construction. Hydraulic systems are required in heavy-load applica-
tions, whereas pneumatic systems are generally employed in light-load, short-stroke, high-
speed applications. In many cases, simple manual control systems are totally adequate for
the operation, even where a considerable amount of complexity is required. However, the
“real world” of fluid power lies in the domain of electric and electronic command, con-
trol, and sensing. The marriage of electronics and hydraulics has produced a hybrid sys-
tem that has both brains and brawn. The electronics can utilize digital devices such as
limit switches, pressure switches, and low-level switches to provide nearly instantaneous
reaction to limiting situations. The use of tachometer-generators, linear variable differen-
tial transformers, piezoelectric pressure sensors, turbine flow meters, accelerometers, and
other continuously sensing devices with electronic outputs allows very precise control of
both linear and rotational speed, position, acceleration, and deceleration as well as force.
The hydraulic system concomitantly provides the same stiffness, accuracy, power, and re-
liability for which it has always been known.

With the advent of programmable logic controllers (PLCs), the scope of automat-
ing with electrohydraulics has become virtually unlimited. The concept of a fully auto-
mated manufacturing facility controlled from a single location is now a reality. With PLCs,
not only is the manufacturing process control fully automated, it is also readily changed.
Previously, many types of piece-part manufacturing (gears, for instance) were limited to
large-batch quantities because of the changes that were required from one batch to the
next. That is no longer the case. With all the processes stored in the PLC memory, if a
single gear of one type is needed, the operator need only call up that program and load
the gear blank.

Of course, PLC control is not limited to hydraulics. Every phase of the process—
heat treating temperatures and times, surface finishes, painting, packaging—can be handled
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by a PLC network using a master computer with slave or satellite units for the individual
processes.

1.2

APPLICATIONS

Even the simplest industrial systems use electrohydraulics to cause cylinders to stop at a
certain position, reciprocate automatically, or operate in a certain sequence. The most com-
mon method for achieving these functions is to use solenoid valves activated by limit
switches or some other type of digital device. Figure 1.1 shows a bank of solenoid valves
that control the operation of cylinders in a manufacturing process.

The use of electrohydraulics in mobile and construction equipment enhances oper-
ator safety and reduces operator fatigue while providing improved controllability. The use
of a joystick to control electrically actuated valves located on or near the output power
actuators removes the high-pressure hydraulic lines from the operator’s station and re-
duces the physical effort that was previously required to manipulate large valve handles.
The rock drill in Figure 1.2 utilizes this type of system.

Figure 1.1 A bank
of solenoid-operated
valves.




AN INTRODUCTION TO THE REAL WORLD

Figure 1.2 A hydraulically operated rock drill. (Courtesy of P&H Mining Equipment)

Modern high-performance aircraft commonly use “fly-by-wire” flight control sys-
tems. In these aircraft the pilot, rather than operating valves to port fluid to the control-
surface actuators, sends electrical signals to a flight control computer. These signals tell
the computer what the pilot wants the airplane to do. The computer then sends the nec-
essary commands to the appropriate actuators to achieve the desired maneuver. Because
most of today’s fighter aircraft are aerodynamically unstable, they are virtually impossi-
ble to control by conventional methods; therefore, computer control is an absolute neces-
sity. A typical aircraft hydraulic system is shown in Figure 1.3.

Other electrohydraulic applications include:

» Passenger-car leveling systems for high-speed trains.
 Railroad track sensing and alignment equipment for straightening bent rails.
* Roll-control systems for oceangoing ships.

* Ship propeller pitch and speed controls.
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Figure 1.3 A typical aircraft hydraulic system powers the flight controls, landing gear,
and nose wheel steering as well as other aircraft functions. (Courtesy of Neese, William
A., Aircraft Hydraulic Systems, 1991, Krieger Publishing Company, Malabar, Florida)

¢ Steam valve control for electrical generators.
* Roll control for offshore drilling rigs.
e Automobile transmissions.

 Thrust vectoring nozzles for spacecraft.

The list is nearly endless. Virtually every machine that moves or is used for manu-
facturing has either hydraulics or pneumatics, and most have some sort of electrical or

electronic control.

1.3 THE FUTURE

Fluid power is considered a “mature technology.” That term implies that although there may
be small, evolutionary advances, no revolutionary changes can be expected. Although this
may be true, the future of electrohydraulics and electropneumatics is, nonetheless, exciting.
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Certainly, evolutionary advances are being seen constantly. Researchers are contin-
ually working to improve standard solenoids to provide higher forces and faster opera-
tion. Proportional solenoid performance has already reached levels of control and
frequency response that rival some servovalves, and the work is continuing. Command
and feedback electronics for servovalves are advancing in step with all other areas of elec-
tronics, and the valve torque motors and the valves themselves are constantly being im-
proved to keep pace with the electronics.

Improved transducers, digital electronics, and fiber-optic devices ar¢ making their
way into the electrohydraulic world. “Smart” components, such as the servocylinder shown
in Figure 1.4, servopumps, and servomotors are being developed. In these devices, the
servovalve, the cylinder, the feedback unit, and the servo electronics are combined in a
single package. The only external electrical connections are a power lead and a single
command line from the master computer. The unit in Figure 1.4 is digitally addressed
from the central command computer, which can control eight such units simultaneously.

All these advances, however, are evolutionary. So far, we have witnessed the mar-
riage of separate electrical/electronic devices and fluid power devices—two separate sets
of hardware combined to perform a specific function. The future will bring us the off-
spring of that marriage—a truly hybrid electrohydraulic device in which there will be no
demarcation between the electronics and hydraulics. Rather than being simply a control
valve bolted to a cylinder, a unit will be fully integrated, and the separate components will
be virtually indistinguishable. That will be revolutionary and will open a new world for
electrohydraulic applications.

I encourage you to be a part of the revolution. This book is a good start, but it is
only the beginning. Other texts will be referenced in subsequent chapters that contain

Serial
communications
PLC or module
_PCdigital (RS 422A/485)
input/output
Digital Direct digital link SM4
% E . servo valve
™ Digital : ( )
)
@ Linear actuator with
integrated transducer
X =
Terminal

Figure 1.4 A hydraulic servocylinder with the servovalve and controller integrally
mounted.



