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ABSTRACT

Low energy efficiency is one of the main detractors of fluid power technology. To ensure
the availability and sustainability of energy sources, fluid power technology needs to meet high
energy-efficiency and cost standards. This study aims to design, simulate and test a control
algorithm that attenuates the detrimental effects of air compressibility on the performance and
efficiency of a pneumatic cylinder.

The transmission of power over long distances makes it more difficult for fluid power
technology to meet energy-efficiency and cost requirements. Transmitting power over long
distances represents a challenge particularly for pneumatics due to the compressibility of air. The
compressibility of air transmitted through lengthy tubing decreases the performance and
efficiency of pneumatic actuators, mainly affecting their time response and velocity.

The system under analysis was composed of a pneumatic cylinder, two proportional
control valves, and connective tubing. The dynamics of the individual components were
characterized through experimentation. Nonlinear and linear models for the system were
validated through the comparison of simulated and experimental data. The models predicted the
system behavior more accurately at 2.5 Hz, when friction effects became negligible, as compared
to 1.0 and 0.5 Hz.

A controller was designed using pole/zero cancellation, a control strategy able to mask
undesirable dynamics of the system being controlled. Pole/zero cancellation had superior
performance in the attenuation of air compressibility effects in comparison to proportional and
proportional-derivative (PD) control. System performance and efficiency were assessed in terms
of the variation of the length of tubing connecting the pneumatic cylinder and the control valves.

Pole/zero cancellation enabled the cylinder to achieve similar levels of performance for
long (3.0 m) tubing as with short (0.55 m) tubing. With a 1.0-Hz sinusoidal input and equal
control gains, pole/zero cancellation reduced the tracking error by approximately 30% and 23%
in comparison to proportional and PD control, respectively. In terms of efficiency, with the
system tracking a 2.5-Hz sinusoidal command, and using equal control gains, pole/zero
cancellation increased the cylinder efficiency by approximately 36% and 54% in comparison to
proportional and PD control, respectively. In general, pole/zero cancellation increased the system

performance and efficiency in comparison to the other control schemes applied.
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CHAPTER I

INTRODUCTION

System Dynamics and Control in Fluid Power Engineering

Many questions regarding the future of fluid power have arisen as result of social,
economic, and political events related to the availability and sustainability of energy around the
world. The most recent event to highlight is the so-called energy crisis of 2008, when the price of
oil reached an astonishing cost of $145.16 dollars per barrel (U.S. Energy Information
Administration, 2015). At that time, many countries, including the United States, seriously
questioned their energy policies and have sought to find a solution to the problems that their
heavy dependency on fossil fuels had caused. The increasing reliance on fossil fuels, and the
exacerbation of global warming effects are among the problems that have led to the emergence
of clean-energy policies and energy reforms.

In that regard, much of the efforts to achieve energy independence from oil focused on
the production of bio-renewable fuels to replace fossil fuels. Nevertheless, other potentially clean
and efficient technologies, such as fluid power, regained attention as alternatives to transform the
energy scenario in the world, by improving efficiency as an approach to conservation. Therefore,
the main question lately posed regarding the future of fluid power has been: Is fluid power able
to meet energy-efficiency and cost requirements to become a strong and competitive participant
in the efforts to meet the growing global demand for energy?

The answer to this question depends on how fluid power competes with other power
transmission and control technologies, such as electrical technologies. Advantages of fluid power
systems, such as their high power, torque, and force densities are commonly emphasized in the
literature, but disadvantages such as their low efficiency, imprecision, and high cost are also their
main detractors. Accordingly, innovation in fluid power engineering is essential to overcoming
the challenges that the global energy scenario poses. Accurate modeling and efficient control of
fluid power systems are essential to achieving the required competitive advantage for fluid

power systems.
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Modeling and simulation techniques should enable the application of more sophisticated
and robust control strategies. Moreover, the investigation of different control strategies should
assist in the formulation of energy-saving control algorithms.

This thesis focuses on applying system dynamics and control theory to model and control
a pneumatic system. The motivation and the objectives of this project are described in this
chapter. In addition, the problem statement, and review of fundamental theory and research
literature associated with the control of fluid power systems are also included in this section. The
chapters that follow focus on the modeling, simulation, and design of a controller for the
pneumatic system studied. At the end of this thesis, the results should demonstrate how

pneumatic system performance improves with the application of specific control strategies.

1.1. Motivation

Uncertainty in fuel prices, detrimental effects of burning fossil fuels for the generation of
energy, and increasing energy needs around the world have motivated research into alternative
energy technologies. In this regard, the use of pressurized fluids for the transmission of power
has emerged as a viable alternative for the replacement of nonrenewable energy transmission
technologies. Fluid power is the technology of the application, control, and transmission of
power using pressurized fluid. It is an important technology used in industry. Characteristic
advantages are: high power density, small actuators dimensions, good time response, high torque
at low speed, ability to transmit power over long distances or to inconvenient locations, and
generation of constant force or torque (Backe, 1993; NFPA, 2014).

Nevertheless, the efficiency associated with fluid power systems is still a disadvantage in
comparison to other means of power transmission. Losses in operation and control circuits lead
to high-energy consumption by fluid power systems (Backé, 1993). Indeed, in relation to
pneumatics, the sub-division of fluid power when the pressurized fluid is a gas (hydraulics uses a
liquid as the pressurized fluid), studies demonstrate that up to 30% of the compressed air
generated in a typical 1,000-CFM installation is wasted, generating a $20,000 annual loss and an

annual $65,000 spent in electricity (Norgren, 2014).
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Moreover, compressed air for the transmission of power could account for 70% to 90%

of the total cost of electricity in common installations, placing itself as the most costly energy

delivery mode in comparison to natural gas, steam and electricity (Saidur et al., 2010). For these

reasons, the requirement to apply fluid power efficiently makes indispensable the identification

and handling of circuit losses and the implementation of control strategies that permit fluid

power systems to achieve higher levels of efficiency. Therefore, this thesis attempts to enhance

the efficiency of pneumatic systems through the identification of losses related to the

compressibility of air and the length of connective tubing, and by designing a control algorithm

to mask the attenuation in performance of pneumatic cylinders due to the identified losses.
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Figure 1.1. Cost of energy delivery modes [Source: Saidur et al., 2010]

1.2.  Objectives

The development and completion of this thesis centers on the fulfillment of a general

objective comprising the main motivation of this study. In addition, several specific objectives

define the intent of the different sections in which this thesis is divided.

1.2.1. General objective

To investigate control algorithms that mask the distortion in performance of pneumatic

cylinder motion control associated with the compressibility of air and the length of

connective tubing.
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1.2.2. Specific Objectives

- Characterize and simulate the transient response of elements composing a pneumatic
system, such as, linear actuators, control valves, and connective tubing.

- Develop an experimental platform for identification of dynamic parameters associated
with the compressibility of air and its effect on pneumatic systems.

- Investigate the effects of pneumatic tubing length on the control of pneumatic cylinder
position using proportional flow control valves.

- Study the non-linear dynamics of a pneumatic system composed by proportional control
valves, a linear actuator, and connective tubing.

- Assess control strategies for pneumatic cylinder position control with cancellation of air
compressibility and connective tubing length effects.

- Measure the controller performance positioning pneumatic cylinders efficiently.

- Evaluate and validate control algorithms, from the comparison of experimental and

simulated data, and the quantification of energy efficiency performance.

1.3. Statement of Problem

Although hydraulics and pneumatics share most of the advantages attributed to the
application of fluid power in industry, pneumatics offers an additional benefit that hydraulics or
electromechanical drives cannot provide. Pneumatics actuators can provide a gentle handling of
materials due to their compliance and the cushioning effect inherent to compressed air. This
ability of pneumatic actuators makes them suitable for applications that require controlled
pressing or squeezing (NFPA, 2014), such as robotics. In fact, recent research focused on the
development of mobile robotic applications has demonstrated a preference for pneumatics due to
its larger power output, lighter weight, and lower cost in comparison to electric actuators
(Granosik and Borenstein, 2004). Besides, many applications of pneumatics in robotics seek to
resemble the performance of human muscles for actuation; nonetheless, the accuracy for control
of pneumatic actuators depends on the appropriate treatment of the non-linear response attributed

to the compressibility of air (Pearce, 2005).
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Indeed, the high compressibility of air undermines one of the most important advantages
of pneumatic systems, the ability to transmit power over long distances. Accordingly, the overall
performance of pneumatic actuators might be reduced as the length of connective tubing
increases. In particular, the accuracy for positioning and control could be affected the most.
Special interest was given to the characterization of the effects of pneumatic tubing in the
1990’s, as advances in aircraft control required the use of air pressure as a flight control feedback
signal. Aircraft use air pressure sensors to collect unsteady pressure data, and the data collected
needs to be of the highest fidelity and accuracy. For that reason, research was conducted to
investigate the effects of high-frequency distortion in remotely located pneumatic pressure
measurement systems (Whitmore et al., 1990). Furthermore, losses associated with the length of
pneumatic tubing connecting linear actuators and directional control valves were identified in the
literature; including pressure drops that decrease the steady-state air flow, and flow profile delays
due to the acoustic wave diffusion along the tube (Richer and Hurmuzlu, 2000).

To account for the lower pneumatic actuation efficiency due to losses in lengthy air
hoses, it is necessary to consider the dynamic behavior associated with the compressibility of air.
In this regard, the bulk modulus, as the factor characterizing the compressibility of fluids, could
be used as a reference parameter for the determination of the control gains necessary to achieve
maximum system efficiency. Research should be conducted to identify the effects of air
compressibility in relation to the length of pneumatic connective tubing. The results obtained
will assist in the development of control algorithms that permit pneumatic cylinders to be
positioned accurately with the minimum use of energy.

Additionally, the modeling of pneumatic control valves is crucial for the development of
control algorithms aiming to produce accurate actuator positioning and minimum energy use.
For this project, two three-way proportional solenoid valves were used to control the extension
and retraction of a pneumatic cylinder. The valves used in this research (VEF 3121, SMC, Japan)
have been already characterized in a previous study (Sorli et al., 2010). They focused on the
modeling and experimental validation of this type of valves, with special emphasis on the study
of the electrical behavior of the solenoid. The use of this type of valve might be justified by their
relative low price and robust design; nonetheless, their use for the current study should

demonstrate the validation of a new model for the valve and/or a novel control strategy.
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In that regard, energy-saving control approaches have been applied to demonstrate the
advantages of using two three-way valves instead of a single five-way valve for the control of
pneumatic servo systems (Al-Dakkan et al., 2003). Likewise, other approaches compare the
energy efficiency of the system in terms of the results obtained from linear and non-linear valve
models (Ke et al., 2005). Thus, similar energy-based assessment methods could be developed in
this project; for example, by comparing the accuracy for positioning and energy efficiency
obtained from a new valve model and the models found in the literature.

Conversely, another alternative was to use and characterize a five-way proportional valve
(e.g. LS-V15s, ENFIELD, USA). Although there is no reference to this valve in recent research
publications, there exist numerous publications focused on the modeling and feedback control of
similar valves. As described in the literature, the main advantages for the use and control of five-
way proportional valves include: their quasi-linear flow characteristic, and their ability to control
up-stream and backpressure with a single control signal (Richer and Hurmuzlu, 2000).
Nevertheless, independently of the type of valve used, the design of the control algorithm for this

thesis will depend on the modeling of the proportional valve selected.

SMC VEF-3121 Pneumatic Control Valve EMNFIELD L5-V15s Pneumatic Control Valve

3 4 2
=
j VW = VW
513
VEF-3121 Valve Diagram LS-V15s Valve Diagram

Figure 1.2. (a) Three-way proportional control valve. (b) Five-way proportional control valve

Furthermore, the control algorithm to be developed should minimize the error between
the reference and actual position. Studies for minimizing specific control effects related to
pneumatic proportional valves are common in the literature. To illustrate, models for minimizing
the effect of hysteresis (Hamdan and Zhigiang, 2000) seek to improve the response of pneumatic

actuators to control inputs and provide greater bandwidth than conventional methods.
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Likewise, other models seek to minimize the air consumption of pneumatic actuators to
make them suitable for mobile robot applications (Granosik and Borenstein, 2004). For this
project, in addition to minimizing the cylinder positioning error, the controller should minimize
the effects of air compressibility on the system performance, by replicating conditions where the
proportional valves are remotely located and the tube is longer than in normal applications.

By tracking the effects of air compressibility, it should be determined if further energy is
required to achieve positioning accuracy when the connective tubing length increases. Increasing
energy for positioning tracking should be measured by comparing air consumption depending on
connective tubing length. Similarly, exergetic efficiency is another indicator commonly applied
for the assessment of energy consumption in pneumatic systems (Harris et al., 2013; Petrilean et
al., 2009). The exergy of a system is defined as the maximum amount of theoretical work that
could be obtained from a transformation that brings the system into equilibrium with a reference
state (Moran and Shapiro, 2008).

The control strategy to be applied should define a unique control law to optimize the
performance of the system. Optimal control strategies have been applied as part of energy
efficiency analysis of pneumatic cylinders; nonetheless, the effect of air compressibility has not
been associated with efforts to maximize efficiency. Hence, the control strategy applied could
assess energy efficiency in relation to air compressibility as the performance criterion.

Ultimately, the efficiency increases in fluid power technology will depend on the
identification and handling of parameters that usually restrict fluid power applications. In the
case of pneumatics, air compressibility impedes further development of cost-effective
technology for the replacement of nonrenewable energy technology. In fact, pressure drops at
end-use points could account for up to 40% of the air pressure discharged by a compressor
(Saidur et al., 2010); a fact that represents the high energy use in pneumatic systems.

Air compressibility jeopardizes the performance of pneumatic actuators, air sensors,
and/or control valves interconnected through lengthy connective tubing. The impact of air
compressibility on technology that transmits power or feedback information over long distances
depends on the control strategies applied to overcome potential energy losses. To demonstrate
the capability of pneumatics for power transmission and high-tech applications, such as robotics,
this project seeks to overcome the negative effects of air compressibility on the consumption of

energy and the positioning control accuracy of pneumatic cylinders.
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1.4. Background / Literature Review

The following section provides a review of the fundamental theory and research literature
associated with the modeling and control of fluid power systems. This section emphasizes topics
related to the control of pneumatic systems. Some equations derived from the fundamental laws
of thermodynamics and fluid mechanics are identified. A review of common assumptions and
models applied to connective tubing in fluid power system is also included. Likewise, the basic
concepts of system dynamics and control theory are highlighted. A review of control strategies
applied to the control of fluid power systems complements the subsection covering control
theory. Relevant research publications associated with the control of fluid power systems are also
identified in this subsection. Finally, section 1.4 closes with an identification of different

approaches for the measurement and quantification of efficiency in fluid power systems.

1.4.1. Foundations of Thermodynamics

Two fundamental thermodynamic principles are applied to study the compression and
expansion of compressible fluids, such as air, in fluid power systems. The thermodynamic laws

or principles that govern the behavior of compressible fluids in fluid power systems are:

(1) The first law of thermodynamics, which states that energy is neither created nor
destroyed, but it can be converted from one form to another.

(11) The second law of thermodynamics, which states that entropy of an isolated
system always increases or remain constant over time.

(iii))  The law of conservation of energy, which is derived from the first and second
laws of thermodynamics, and states that the total amount of energy of a system

isolated from its surroundings remains constant.

In addition, four ideal thermodynamic processes can be used to describe the compression
and expansion of air in a pneumatic cylinder. These ideal approximations derive from the
application of the laws of thermodynamics to describe the variation of pressure, temperature, and
volume in relation to the energy required to operate a particular system.

Table 1.1 summarizes the fundamental relationships derived from the first and second

laws of thermodynamics applied to the analysis of compressible fluids.
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Table 1.1: Equations derived from the first and second law of thermodynamics

Total energy of a

Fun(!an.lental Variants Equations
principle
6Q — W =dE
Conservation of
energy Q W= % t
First Law of system
Thermodynamics _ _
Esystem - fm(system) edm = fV(system) epdv

system

2
e=u+—+gz

Change in entro
Second Law of g Py

Thermodynamics

ds > ¢
T

as
dt

=
system

N e

Total entropy of a

system

sdm spdv

Esystem = fm(system) = fV(system)

[Source: Moran and Shapiro, 2010]

The nomenclature for the equations in Table 1.1 is:

p = Density

g = Acceleration of gravity
m = Mass

t=Time

T = Temperature
V = Velocity

z = Elevation, position

E, e = Energy, energy per unit of mass

0, O = Heat transfer, heat transfer rate

S, s = Entropy, entropy per unit of mass

U, u = Internal energy, internal energy per
unit of mass

V, v =Volume, volume per unit of mass

W, W = Work, rate of work or power

In the case of pneumatic systems, for the validation and assessment of simulation models,

the ideal thermodynamic processes applied include:

(1) Isochoric processes — Processes at constant volume.

(i1) Isobaric processes — Processes at constant pressure.

(ii1) Isothermal processes — Processes at constant temperature.

(iv) Isentropic processes — Reversible adiabatic processes, in which there is no heat

transference between a system and its surroundings.
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These four models describe the relation between temperature, pressure, and volume for

an ideal gas under specific conditions. Air treated as an ideal gas obeys the equation of state, or

gas law, given by:
PV = mRT (1.1)
Where P is pressure, and R is the specific gas constant.

Considering the relationship between mass and volume in terms of the density (p) of the

gas, the gas law can also be expressed by:

P = pRT (1.2)
Where:

p=mJV (1.3)

Table 1.2 summarizes the main relationships for pressure, temperature and volume of an

ideal gas according to the ideal thermodynamic process assumed.

Table 1.2: Ideal thermodynamic processes applied to the modeling of pneumatic systems

Ideal Thermodynamic Constant Fundamental
Process Property equation/relation
. Pr_ P
Isochoric process Volume — = — = (Constant
I, T
. nn_T
Isobaric process Pressure — = — = (onstant
Vi
Isothermal process Temperature | P;V; = P,V, = Constant
Isentropic process Entropy P, V¥ = P,V¥ = Constant
Nomenclature: £k = Specific heat ratio [Source: Moran and Shapiro, 2010]

The thermodynamic processes described above account for the variation of pressure,
temperature and volume in closed systems. Nevertheless, the operation of most fluid power
components is based on the transference of mass across their boundaries. Accordingly, to
account for the transference of mass in pneumatic systems, the following section provides some

fundamental relationships to model the mass flow rate of air in fluid power systems.
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1.4.2. Foundations of Fluid Mechanics

11

Similar to the application of thermodynamics, fluid mechanics principles are essential to

characterizing the behavior of compressible fluids in fluid power systems. To fully describe the

dynamics of compressible fluids, two fundamental physical laws must be applied:

(1) The law of conservation of mass, from which the continuity equation derives, and

which states that in matter undergoing physical or chemical changes, the total

mass remains always the same.

(i)  The law of conservation of momentum, derived from the Newton’s second law of

motion, and mathematically described by the Navier-Stokes equations, indicates

that the total momentum of a system is conserved if external forces do not affect

the system.

Table 1.3 summarizes the fundamental relationships resulting from the continuity

equation and the momentum conservation law applied to the analysis of compressible fluids.

Table 1.3: Equations derived from Fluid Mechanics.

Fundamental

L. Variant Equations
principle
External force 4
acting on a Iy, = o (MVyy )
Newton's system
Second Law Linear
momentum of a Psystem = fm(system) Vdm = fV(system) Vpdv
system
Rate of change a ; ;
Law of of mass a(mc.v) = fdmin - fdmout
conservation of Contina
mass ontinuity p _ o
equation fc.v at dv = f pVndAim f PVndAgyue
Momentum _0(mVxyz) . )
Law of theorem z:Fx,y,z -7 at + fvx,y,zdmout - fvx,y,zdmin
conservation of _
momentum Working form 2(Veys)
of Momentum 2By = fc.vT”dV + fpvnvx,y,szout - fpvnvx,y,szin
Theorem

[Source: Shapiro, 1953]
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The nomenclature for the expressions included in Table 1.3 is:

A = Area m = Mass flow rate
c.v. = Control volume P = Linear momentum
F =Force X, y, z = Coordinates of motion

In addition, the study of the dynamic characteristics of connective tubing is essential for
the complete understanding and prediction of the behavior of fluid power systems under transient
conditions. Different models have been proposed to account for the fluid velocity distribution,
and the states of compressible fluids filling transmission lines in fluid power systems. The
unknown quantities that these models seek to determine are: pressure, temperature, density, and
velocity. In general, these unknown variables are functions of spatial coordinates and time, and
they are found through the simultaneous solution of the equations derived from the
thermodynamics and fluid mechanics laws identified above. In the literature reviewed, seven
models for the analysis of the dynamic characteristics of compressible fluids in transmission
lines were identified (Stecki and Davis, 1986). These models make different assumptions to
simplify the analytic solution, and reduce the highly non-linear equations to linear relations. To

illustrate, the most common assumptions made include (Stecki and Davis, 1986; Beater, 2007):

- Density and viscosity variations are negligible in comparison to their average values.
- The flow is axisymmetric and laminar.

- The fluid is incompressible, and it behaves as a Newtonian fluid.

- There is no radial pressure distribution.

- Thermal and heat transfer effects are negligible.

As the number of assumptions made increases, the accuracy of the model decreases. In
contrast, higher order models most closely represent the behavior of compressible fluids
transmitted through connective tubing in fluid power systems, but they are highly non-linear and
difficult to solve, even numerically. The following table lists the seven models identified by

Stecki and Davis (1986), and their most notable assumptions.
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Table 1.4: Distributed parameter models — Fluid transmission lines

N Model Assumptions for the models
Coefficients function of pressure and temperature are treated as constants.
1 ‘Exact’ First-order model Density variations are negligible.
No radial pressure distribution and non-linear convective acceleration.
b Two-dimensional thermal Density variations are negligible and the flow is axisymmetric.

viscous compressible model

No radial pressure distribution and non-linear convective acceleration.

Two-dimensional viscous . o
3 . No radial pressure distribution.
compressible model
Two-dimensional viscous . .
4 Incompressible fluid.

incompressible model

5 One-dimensional viscous
compressible model

Plane wave propagation.

Axial velocity is constant over the cross section of the tube.

6 One-dimensional linear Linear friction term account for viscous losses within the transmission
resistance compressible model line.
One-dimensional inviscid L o .
7 Fluid viscosity is negligible.

compressible model

[Adapted from: Stecki and Davis, 1986]

From the models listed in Table 1.4, the one commonly applied in the study and

modeling of connective tubing in pneumatic systems is the one-dimensional linear resistance

compressible model (number 6 in Table 1.4), for which the state equation, the continuity

equation, and the momentum equation are respectively:

Where: t = Time

i c? (1.4)
d dav.
S F Py =0 (1.5)
av d
pot = =50+ Ry (1.6)

p = Instantaneous pressure

p = Fluid density
¢ = Speed of sound

X = Axial coordinate

v, = Instantaneous axial velocity component
po = Average dynamic density

R; = Resistance coefficient
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Although the one-dimensional linear resistance compressible model is commonly
applied, its application depends upon the selection of the resistance coefficient, which limits the
accuracy of the frequency response obtained over specific ranges only. The resistance
coefficient can be obtained experimentally, or by assuming that it is constant and that the
instantaneous velocity profile in a fluid transmission line corresponds to the velocity profile for
steady laminar flow (Stecki and Davis, 1986).

In addition to the distributed parameters models included in table 1.4, other models deal
with the numerical and analytical approximation of the full solutions, or approximate the
dynamic characteristic of full-distributed parameter models through lumped parameter schemes.
For this thesis, as will be described in chapter 2, numerical and analytical approximations of the
full solution will serve as foundations of the models adopted to simulate the dynamic effect of

the length of connective tubing in the performance of pneumatic cylinders.

1.4.3. Compressible flow

In the study and modeling of pneumatic systems, due to the compressibility of air,
different considerations must be made to describe pressure and flow profiles in pneumatic
components. When dealing with compressible flow, variations in density throughout a field of
flow relate to pressure changes, and to the speed of sound. The following section comprises a
summary of concepts adopted from The dynamics and thermodynamics of Compressible Fluid
Flow by Ascher Shapiro, 1953. Other general concepts come from the “Introduction to Fluid
Mechanics” by Fox, Pritchard and McDonald, 2009.

1.4.3.1.  The speed of sound

The speed of sound represents a transitional boundary for the identification and
classification of different types of compressible flows. Depending on the velocity of a fluid in
relation to the speed of sound, the behavior of a compressible flow varies. Moreover, the
importance of the speed of sound in fluid mechanics relates to the fact that, as an object travels
through a medium, such as water or air, it generates disturbances in the form of infinitesimal
pressure waves. These waves travel out at the speed of sound, and they define the behavior of the

flow around a traveling object.
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Depending upon the different assumptions or approximations made, the expressions

utilized to calculate the speed of sound vary. The following table provides some general

expressions to calculate the speed of sound.

Table 1.5: Speed of sound

- ®

s=constant

Conditions Relation / Equation Assumptions/ Approximations
op Plane infinitesimal pressure wave travels
2 _ . . .
= (— along a pipe of uniform cross section.
d ) —
Sf eTSn(e)tf Sr(:;zsrgf P/ s=constant Shear forces are negligible compared
p P with pressure forces.
pulse

The process is nearly reversi
adiabatic - isentropic.

ble and

air

Speed of sound in c= \/E = VKRT Isentropic process.
a perfect gas p
Normal pressure (P = 101.325 kPa) and
Speed of'sound in ¢ = 49.02VT normal temperature (T = 293.15 K)

Where c is in ft/sec, and T is in degrees

R, or degrees F abs.

[Source: Shapiro, 1953]

From the definition of incompressible fluids, as fluids that do not experience changes in

density; considering the relations in table 1.5, the speed of sound in an incompressible fluid

would be infinite. Nevertheless, it must be noticed that no fluids are completely incompressible,

and the reference to the incompressible flow of a fluid represents the fact that the fractional

change in density is so small that it can be neglected.

1.4.3.2.  Classification of compressible flows

As it was stated before, the behavior of a compressible flow fluctuates depending on its

velocity in comparison to the velocity of air. The ratio of the velocity of a fluid (V) to the speed

of sound is designated as the Mach Number (M), which is represented by:

M=7V/c

(1.7)

Based on the value of the Mach number, the types of compressible flow are:

- Subsonic Flow: The velocity of the fluid is less than the speed of sound; accordingly, the
Mach number is less than 1 (M < 1).
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- Supersonic Flow: The velocity of the fluid is greater than the speed of sound;
accordingly, the Mach number is higher than 1 (M > 1).

- Transonic Flow: The Much number is comprehended between 0.9 and 1.2. Transonic
flow fields have both subsonic and supersonic regions (M = 1).

- Hypersonic Flow: The velocity of the fluid is very large in comparison to the speed of

sound (M > 5).

From the definition of the Mach number, it can be stated that the Mach number for an
incompressible fluid is approximately zero (M = 0). In fact, it is commonly assumed that for
Mach numbers less than 0.3 (M < 0.3), the flow can be considered incompressible.

Figure 1.3 represents the relation between the speed of sound and the velocity of an

adiabatic, steady-state flow.

Figure 1.3. Steady-flow adiabatic ellipse
[Adapted from: Balachandran, 2006]

Figure 1.3 is derived from the adiabatic steady-flow energy equation given by:

V2 V2 c2
k_1+7=k_°1=constant (1.8)

Where c, is the speed of sound at the stagnation or static condition, which is the case

when the flow velocity is zero.
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Eq. 1.8 corresponds to the equation for an ellipse with coordinates ¢ and V. According to
Eq. 1.8, by plotting the speed of sound, ¢, as a function of flow velocity, V, a first quadrant
ellipse is obtained. This ellipse is called Prandtl velocity ellipse or adiabatic steady-flow ellipse
(Balachandran, 2006).

Moreover, in the analysis of the flow of air in pneumatic systems, it is commonly found
the expressions “choked” and “unchoked” flow, which make reference to the relation of the flow
of air to the supply pressure. Accordingly, unchoked and choked flow differ one from the other

in the following characteristics:

- Unchoked flow: The flow is subsonic, and it depends non-linearly on the supply pressure
M<1).

- Choked flow: The flow attains sonic velocity, and it depends linearly on the supply
pressure. The Mach number is equal to one (M = 1), and beyond this point the flow does

not increase.

As it will be acknowledged in following chapters, the distinction between choked and
unchoked flow for the analysis of pneumatic systems is necessary if flow control valves are
modeled as converging nozzles. For a converging nozzle, the choked flow is given by the

following expression:

k+1
. k 2 \2(k-1)
m = Aoyi /— (—) 1.9
Choked exitPsupply RTsupply \k+1 ( )

Where: A,,;; = Exit area.

Dsuppty = Supply pressure.
Tsuppry = Temperature of supply air

Depending on the exit area of the nozzle, or the effective area of a pneumatic control
valve, it will be experimentally verified that the choked flow region precedes to the unchoked
flow region. Accordingly, the flow from a pneumatic valve should first attain sonic velocity; and

later, it should become subsonic, which will be verified through experimental results in

following chapters.
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1.4.4. Foundations of System Dynamics

System dynamics applied to the study of fluid power systems focuses on the modeling,
simulation, and analysis of components interacting together to transmit power by means of
compressed fluids. This section seeks to emphasize general concepts of system dynamics applied
to the study of fluid power systems. Nevertheless, the purpose of this section is not to apply
system dynamics theory for the analysis and modeling of specific components of the system
under study. Chapter 2 will focus on the analysis and modeling of the pneumatic system under
study, and it will present the mathematical models proposed for predicting the transient response
of the system.

Applied to fluid power engineering, or any branch of engineering, fundamental concepts

from the study of system dynamics include:

- System: A system is a combination of elements that interact together with a common
purpose. Accordingly, a fluid power system could be defined as a collection of elements
working together to transmit power by using compressed fluids. A system is static if its
response does not depend on time, and it is dynamic if its response varies with time.

- Dynamic environment: A dynamic environment is the set of conditions, elements, and

factors surrounding a system and influencing its behavior.

- Mathematical model: A mathematical model is a mathematical description of the

behavior of a system, by using differential equations derived from fundamental laws.

- Input and output variables: Input variables are physical signals that cause acting on the

system in reference to the environment. On the contrary, an output variable is a calculated
or measured variable as result of the system action on the environment.

- State variables: State variables are variables that characterize the behavior of a system at

any point in time. The state variables of a system have to be independent from each other,
and they include one or more outputs. The use of state variables seeks to account for the
behavior of a system independently of the output variables chosen.

- Parameters: Parameters of a system are generally constants included in its mathematical
models. The parameters of a system usually comprise the coefficients of the equations
describing the mathematical models for the system, and they represent measurable

characteristics that define the system.
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The following figure shows the general representation of a dynamic system, in terms of

its inputs, outputs and state variables.

[nputs

Uy, Uz, Uz, ey Uy

Dynamic System

Outputs
Y1,Y2: Y3 s Yn

State Variables

X1, X2, X3) w0y X

Figure 1.4. Box representation of a dynamic system in terms of its inputs, outputs, and state

variables

1.4.4.1.  Classification of dynamic systems

Dynamic systems and their mathematical models can be classified according to different

criteria. Based on the criteria defined in Modeling and Analysis of Dynamic Systems by Close,

Frederick, and Newell (2009), dynamic systems can be divided in the following categories:

- Distributed and lumped systems.

- Continuous, discrete-time and hybrid systems.

- No quantized and quantized systems.

- Fixed and time-varying systems.

- Linear and nonlinear systems.

The following table summarizes the main characteristics of the different categories:

Table 1.6: Classification of dynamic systems.

Criterion Category Properties
State variables cannot be defined at a specific number of
Distributed points.
. systems Models expressed in terms of partial differential
Spatial i
haracteristics ST
¢ Lumped Systems defined by a finite number of state variables.
systems Models expressed in terms of ordinary differential
equations.
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Table 1.6 continued.

Criterion Category Properties
. Variables are defined over some continuous range of
Continuous i
ime.
o systems Models described by differential equations.
Coptlnulty of the Discrete-time Variables are defined at different instants of time.
time variable . , .
systems Models described by difference equations.
Hybrid Systems share continuous and discrete-time
systems characteristics.
Non-quantized | Variables may take on any value within some continuous
systems range.
Quantization of Continuous and no quantized variables are referred as
log variables.
the dependent . . ana’os . .
Varli)able Quantized Variables may take on only a finite number of different
systems values.
Discrete and quantized variables are referred as digital
variables.
. Linear systems Systems that satisfy the conditions for superposition.
Superposition 2 Y : Y ” s
Nonlinear Systems for which the superposition property does not
property
systems hold.

[Adapted from: Close et al., 2002]

Note that most dynamic systems are inherently nonlinear; nonetheless, it is a common
practice to approximate a nonlinear system with a linear system by obtaining solutions limited to
small variations about an operating point. The advantages of dealing with linear systems relate to
the simplification of the analytic solution of the mathematical models for a system. Based on the
superposition property, a system is defined as a linear system if for every initial time (to) and any

n state-input - output pairs (Chen, 1999):

States: x;(t,), ...,xn(to)} Outputs: y;(t), ..., yn(t) (1.10)

Inputs: uy (t), ..., u, (t) t =ty

The following conditions hold:

- Additivity condition: Multiplying a state-input pair by any real constant o results in the

multiplication of the corresponding output by the same constant.

State: ax, (to)} Output: ay,(t)

Input: au, (t) t =ty (1.1D)
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- Homogeneity condition: Adding multiple state-input pairs is equivalent to sum their

corresponding outputs.

States: x,(ty) + - + xn(to)} Outputs: y,(t) + -+ y,(t) (1.12)

Inputs: u; (t) + -+ + u,(t) t>t,

The process of approximating a nonlinear system to a linear system by confining the
inputs around an operating point is called linearization, and it will be further explained and

applied in chapter 4.

1.4.4.2.  System Analogs

Systems characterized by mathematical models in which the equations have the same
configuration, but the symbols used to represent the different variables and coefficients differ are
called system analogs. According to the physical nature of a system analog, its dynamic variables

can be generalized as:

- Effort variables: Effort variables, also called across variables or potential variables,

represent the effort applied across a system element. In the case of fluid power systems,
the differential pressure of the system corresponds to an effort variable.

- Flow variables: Flow variables represent the rate of change of a variable through a system

element. For pneumatic systems, the mass flow rate of air corresponds to a flow variable.

Additionally, in the definition of system analogs, the different variables and coefficients
found in equations applied to the modeling of dynamic systems can be expressed in term of three

common quantities (Ogata, 1998):

(1) Resistances: The resistance of a physical element is defined as the change in
potential that produces a unit change of a flow variable.

(11) Capacitances: The capacitance of a physical element is defined as the change of a
flow variable that causes a unit change in potential per second.

(ii1)  Inductances: The inductance of a physical element is equivalent to the change in

potential that causes a unit change of a flow variable per second.

www.manaraa.com



22

Applied to pneumatic systems, the analog quantities defined before are respectively:

. dif ferential pressure [ Ns
Resistance (R,) = [ ] (1.13)
mass flow rate kgm?
_ mass flow rate kgm?
Capacitance (C) = — - (1.14)
time rate of change in pressure | N
Induct N = pressure Ns? (1.15)
nductance (I) = time rate of change in mass flow rate |kgm? '

The identification of system analogs and variables applied in the study of pneumatic
systems will be useful at the time of modeling and characterizing the system under study. As
stated before, chapter 2 will entirely focus on the mathematical modeling of the pneumatic
system subject of study in this thesis. Furthermore, chapter 4 will center on the design of the
required controller; hence, the following sections of this chapter provide general guidelines in the
application of control theory for the design and assessment of controllers for fluid power

systems.

1.4.5. Control Theory

The following section contains a review of research associated with the control of fluid
power systems. Different control schemes are considered in terms of their suitability for
implementation with fluid power systems, particularly with pneumatic systems. Moreover, due to
the challenges in the use and control of fluid power systems for the transmission of power, the
current trend line of research on the control of fluid power systems greatly focuses on the
improvement of efficiency of these systems. Challenges in the control of fluid power systems
include: the non-linear characteristics of control valves, the variation of stiffness of positioning
cylinders, the compressibility of the fluid used, and the length of connecting tubing, among
others.

Accordingly, despite of the challenges of fluid power systems, and given their great
advantages for the transmission of power; such as their fast-response, and low-weight power
ratio, control theory establishes as one of the most viable alternatives for the improvement of

efficiency and sustainability of fluid power systems.
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The following section will identify some of the advantages and disadvantages of control
schemes commonly applied, and which are the target of current research into fluid power system

control.

1.4.5.1.  Fundamental notions of control theory

This section defines the basic terminology used to describe control systems. In addition,
an introduction to the feedback concept is made, by describing open-loop control and closed-
loop control systems.

First, basic terminology for the description of control systems includes (Ogata, 1998;

Stefani et al., 2002; Franklin et al., 2002):

- Plant: The plant comprises the process and the actuators that are going to be controlled.
The output of the plant is a controlled variable.

- Actuator: An actuator is a device that influences the controlled variable of the process.
An actuator produces an actuating signal.

- Controller: A controller is a device that generates desired input signals according to
required or desired outputs. A controller produces a control signal.

- Disturbance: A disturbance is an uncontrolled signal that adversely affects the output of a
system. It can be internal or external.

- Sensor: A sensor is a device that measures an output of the plant or process and produces
a sensor signal, which is fed back to the controller for comparison with a reference signal.

- Comparator: A comparator or error detector computes the difference between a reference

signal and the sensor signal. A comparator provides the system with an error signal.

Furthermore, feedback control is defined as an action that seeks to reduce the difference
between a reference input and the output of a plant, through the input of this difference to the
system. To understand the characteristics of a feedback system, open-loop control systems and

closed-loop control systems have to be distinguished (Ogata, 1998):

- Open-loop control system: In an open-loop control system, the output has no effect on the

control action. The output is neither measured nor fed back for comparison with the

input.
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Closed-loop control system: In a closed-loop control system, the difference between a

reference signal and a feedback signal is fed to the controller to reduce the error, and

bring the system to a desired value
The following table summarizes the advantages and disadvantages of open-loop control

and closed-loop control systems

Table 1.7: Advantages and disadvantages of closed-loop and open-loop control systems
Type of Control Advantages Disadvantages
Simple. Inaccurate.
Open-Loop Low cost. Unreliable.
Control Generally stable. Unable to adapt to external disturbances
Easy to implement. Requires exact estimates of parameters.
Improved accuracy. Possibly unstable.
Closed-Loop Decreased sensitivity to disturbances. | Feedback may lead to oscillatory response
Control Less affected by noise More expensive than open-loop systems.
More efficient than open-loop systems More complex than open-loop systems.
The following figure identifies the elements of a closed-loop control system
l)istm bance
Command, or  Error Control Actuating Controlled
reference, input  signal signal \lt'lldl n( s) variable
; / / K
R(s) + _ E(s) | . F(s) | . M( s) . (5)
O » (:t_(_\'l > (:‘,(.\') ‘; (J!,{.\'} >
_+_
Controller Actuator Plant
Error
detector
- . H(s) |-
Sensor signal
Sensor
Figure 1.5. Block diagram of a closed-loop control system [Source: Palm, 2014]

Following sections describe control strategies in which closed-loop or feedback control is

applied, particularly in relation to fluid power systems
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1.4.5.2.  Proportional, integral and derivative (PID) control

A PID configuration is one of the most commonly applied control schemes for industrial
applications, including fluid power systems. As its name stands, a PID scheme establishes a
proportional, derivative, and integral control action between the output of the controller and an
actuating error signal. The proportional control action amplifies the error signal given by the
difference between a desired value and a measured value. The derivative control action
differentiates the error signal, and seeks to increase the natural frequency of the system in order
to improve its transient response. In addition, the integral control action seeks to minimize the

steady state error through low frequency compensation, by summing or accumulating the error

signal.
The following figure shows the block diagram of a PID scheme for positioning control.
——
R(s) E(s) —P+ U(s) Dynamic System Y(s)
S p Kd + » ———Pp
—h+ Plant and Actuator
Add1
> 1 >>
5

Figure 1.6. Block diagram of a PID control scheme

The overall control action of a PID scheme relates the output of the controller M(s) and

the actuating error signal E(s) through a transfer function Ge(s) of the form:

M(s)
E(s)

1
= G.(s) = K, (1 + Tys + —)
TiS
(1.16)

K;
Ge(s) =K, + Kgs + .

Where: K,, K4, K; = Proportional, derivative and integral gains, respectively.

T,;, T; = Derivative and integral time constant, respectively.
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The following table summarizes the individual effects of the proportional, integral, and

derivative terms in the performance of a PID controller.

Table 1.8: Effects of the proportional, integral, and derivative terms in a PID controller.

PID Gain Effect on Performance Specifications
Action Rise Time Overshoot | Settling time | Steady-state error | Stability
IncrIe<asmg Decrease Increase | Small increment Decrease Degrade
P
IncreKasmg Small decrease | Increase Increase Large decrease Degrade
1
Incrlzasmg Small decrease | Decrease Decrease Minor change Improve
D

[Adapted from: Heong Ang et al., 2005]

As it can be acknowledged from table 1.7, the overall performance of a PID controller
depends on the tuning of the proportional, derivative and integral gains, which represents the
most challenging feature of a PID control design. Indeed, other marked disadvantages in the
application of PID control schemes include: a prevalent steady-state error caused by the
proportional action, the increase of the order of the system and the presence of oscillations and
potential instability caused by the integral action, and the amplification of noise in measurement
signals caused by the derivative action (Palm, 2014).

Moreover, difficulties in tuning the derivative term leads to it often being excluded, or
that its action be modified in relation to the overall control scheme. For instance, in velocity PID
control schemes, a pseudo-derivative term can be included to avoid differentiating the feedback
signal, which in contrast to positioning strategies should improve the damping of the system
(Edge, 1996).

Applied to the control of fluid power systems, Wang et al. (1999) reported the
implementation of a modified PID controller for servo-pneumatic systems. The main objective of
the study was to improve the stability of the system, and to compensate for the non-linearities
inherent to pneumatic actuator systems. The modified PID control scheme incorporated
acceleration feedback as an alternative to chamber pressure feedback, to improve the stability of
the system. The results demonstrated performance improvement, but the comparison was made
against fixed-gain PID configurations, which may be considered ineffective in high-performance

applications.
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The following figure shows the block diagram corresponding to the PID control scheme

modified by Wang et al. (1999).

Kfs
Ki/s —
u
R(s) | + r e IR RS Ny G| valve — 1ixes)
4 h |—-.>\<_\ Actuator

Kv s Kasz JL

o

Figure 1.7. Block diagram of modified PID control scheme [Source: Wang et al., 1999]

Chillari et al. (2001), in their experimental comparison of several pneumatic position
control methods, demonstrated that a PID control scheme produces the highest error, given by
the standard deviation between the desired and the actual position. The comparison was made in
accordance to different tracking trajectories, and reference signal frequency. Nevertheless, it was
also demonstrated that in combination with other control schemes, or by including
supplementary feedback signals, a PID control scheme still results a suitable approach for the

control of fluid power systems, as will be acknowledged in the following sections.

1.4.5.3.  State-space feedback control

For the definition of state-space feedback control methods; first, it is necessary to
distinguish between classical control and modern control theory. In that regard, classical control
applies frequency-domain analysis to represent a process by its transfer function. In contrast,
modern control theory deals with the characterization of a process using differential equations
(Friedland, 2012).

Classic control theory applies techniques of root locus and frequency response in order to
find a dynamic compensation that satisfies specific design requirements. The state-space method
of modern control works with the state-variable description of a system, but it also aims to

design a dynamic compensation.
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In contrast, modern control methods, such as state-space feedback control, apply analytic
results and tools from matrix linear algebra; therefore, they are well suited to be solved by using
computer techniques. In addition, other advantages of state-space methods in comparison to

classic control methods include (Franklin et al., 2002):

- The controlled systems do not have to be linear or time-invariant. State-space control
methods are readily applied to non-linear and time-variant systems.

- State-space techniques of analysis and design extend to systems with multiple inputs
and/or multiple outputs.

- While in classic control methods, the input relates to the output without interest in the
internal behavior of the system, state-space methods are able to connect internal variables

to the external inputs and to the sensor signals.

In state-space form, the differential state equations characterize the behavior of a

dynamic system and are given by:

d
% (1) = % =a;;(0)x(t) + -+ agm (O)xp, (£) + by (Oug (&) + -+ + by (Duy (2)
(1.17)
xn(t) = dﬁ =0m1 (t)xl (t) + ot amm(t)xm(t) + bml (t)ul(t) + ot bmn(t)un(t)

dt

Likewise, the algebraic output equations define the output of a dynamic system and are
given by:

Y1) = c11(0)x1(£) + -+ c1m ()X (&) + dy1 (Dug (8) + -+ + dyn (Duy(2)

1.18
Vi (t) = 1 (£)x1(8) + -+ Cpm ()X () + by (DU (£) + -+ + by (D (2) (1.18)

Hence, a linear time-varying system can be represented in terms of state-space variables
as follows:
x(t) = A(t)x(t) + B(t)u(t)

(1.19)
y() = C(®)x(t) + D(Du(t)

Where: x (t),u (t),y (t) = Vector of state variables, inputs, and outputs, respectively.
A(t),B(t), C(t), D(t) = Matrices containing the coefficients of the differential equations.

www.manaraa.com



29

Figure 1.8 shows the block diagram representation of a system in the form of Eq. 1.19.

’ .
© s @ X)) @ Ye

w] =
]
h 4
(9]

Figure 1.8. Block diagram of a state-space linear system

The control law, and the equivalent compensated system for Figure 1.8 are respectively:

u=—Kx

x =(A—BK)x

(1.20)

Where: K = Vector of feedback gains.

Assuming the matrix D in Figure 1.8 is zero, Figure 1.9 shows the block diagram

representation of the compensated system defined by Eq. 1.20.

X(s) Y(s)

R U Y
(s) f (s) > X(s)

Figure 1.9. Block diagram of state-space feedback control system

In Figure 1.9, the complete system state vector is fed back to the control loop, which
should ensure total control over the plant of the system. Nevertheless, the number of feedback
gains would correspond to the number of state variables of the system, which gives more degrees

of freedom in the design of the control system.
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In addition, for tracking design, when a command or reference input is included, for a

step input the control law can be given by:
u=—Kx+ Nr (1.21)

Where: r = Reference or command input.

N = Reference gain.

The main disadvantage of the control law given by Eq. 1.21 is that the reference gain is
placed outside of the feedback loop, which increases the sensitivity of the system to external
disturbances. To avoid this increase of sensitivity, an integrator can be placed in the forward path
in series with the system (Stefani et al., 2002), which constitutes the basis of integral control.

Figures 1.10 and 1.11 show the block diagrams for state-space feedback control systems

including an external reference gain, and an integrator placed in the forward path.

Ao [ & @ v [ X(s)
+

X(s) Y(s)

w|—=

A
Q
A

Figure 1.10. Block diagrams for external reference gain tracking control

Ris) E(s) Aifs) Uls) 5([5}

[ ( ; ' Xs) 'E’ﬂH
- +

]| =

Figure 1.11. Block diagrams for integral tracking control [Source: Stefani et al., 2002]
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Moreover, the design of feedback control schemes is based on finding the feedback gains.
Different approaches have been applied to find the feedback gains for state-space control
systems. Most methods derive from pole placement schemes, such as, time-domain analysis, and
parameter sensitivity, among others (Edge, 1996). Nevertheless, the difficulty in determining
feedback gains relates to physical restrictions of the plant. For example, in the case of fluid
power systems, control valves operate within a certain range, which limits the power transmitted
through the valve, and conditions the magnitude of the feedback gains (Beater, 2007).

Several authors have applied state-space feedback schemes for the control of pneumatic
systems. Richard and Scavarda (1996) applied state-space feedback strategies to generate a non-
linear control law for an electropneumatic servodrive. The study compared linear and nonlinear
control schemes for electropneumatic servodrives. In comparison to a linearized third-order
system, the results showed a limited improvement of the plant dynamics.

Likewise, Liu and Bobrow (1988) developed a state-space linearized model of a
pneumatic servo system. Their main objective was to demonstrate that pneumatic systems are
suitable for robotic applications. To determine the feedback gains, the authors used an on-line
lookup table.

The success of state-space feedback control schemes depends on the definition of optimal
gains, and on how a feedback scheme can be combined with other control strategies to
compensate for nonlinearities of a plant. One of the most commonly applied techniques to find

feedback gains derives from optimal control theory, which is treated in the following section.

1.4.5.4.  Optimal control

For a continuous-time system, optimal control schemes seek to find a control input u*(t),
and a state solution x*(t) that satisfy the state-space equations defined by Eq. 1.19, in addition to
a set of initial conditions, terminal conditions, and control constraints, so that a performance
index or “cost function” J is minimized (Lu, 2015). The performance index J, expressed as the
integral of a quadratic form in the state x plus a second quadratic form in the control u, can be

represented by:

1 T
] = Ejt [x"(£)Q;(®)x(t) + u'(H)Ryu(t)]dt (1.22)

Where ; and R; are symmetric matrices.
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The formulation of the performance index given by Eq. 1.22 is not unique. The definition
of the performance index depends on the characteristics of the problem to be solved. For
example, if the performance index represents the time, or the magnitude of the input, the

performance index can take the form:

T
Minimum time problem: | = | dt
t
° ! (1.23)
Minimum fuel problem problem: ] = | |u(t)|dt
to

Furthermore, for a closed-loop control system for which the control law is defined by Eq.
1.20 or 1.21, the gain matrix K can be found from the solution of the continuous-time algebraic

Riccati equation given by:
0=ZA+AZ—-ZBR;'B'Z+Q, (1.24)

Where Z is an unknown symmetric matrix that represents the “optimal” state-space

solution x*(t). Finding Z in Eq. 1.24, an “optimal” gain matrix can be derived by:

K =R;'B'Z (1.25)

Nevertheless, although multiple computational tools can assist to find the solution to the
Riccati equation, this solution depends on the selection of the matrices Q; and R;, which makes
the process highly iterative and time consuming. Moreover, the process to find a feedback gain
matrix through the solution to the continuous-time algebraic Ricatti equation applies to linear
systems, only. Accordingly, in the case of fluid power systems, which are inherently nonlinear,
the optimal solution derived from the solution to the continuous-time algebraic Ricatti equation
has to be found around an operating point.

Multiple authors have applied schemes derived from optimal control theory for the
control of fluid power systems. Related to pneumatic systems, Liu and Bobrow (1988) applied
root locus analysis, and optimal control theory to derive feedback gains for their control system.
From the comparison of both techniques, it was demonstrated that the gains determined by
applying optimal control methods provided better performance to the system. Nevertheless,
physical limitations intrinsic to pneumatic systems constrain the magnitude of the gains found by

using optimal control methods.
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Similarly, Surgenor et al. (1991) applied optimal control theory to demonstrate the
potential of pneumatic positioners in matching the performance of electro-pneumatic systems.
The capability of pneumatic systems was demonstrated by designing a control scheme for an
inverted pendulum. At the end, it was acknowledged that further improvement in the
performance of pneumatic systems relies on theoretical robustness analysis of the control
schemes that could be applied.

In addition, more advanced optimal control schemes have been applied to the control of
complex pneumatic systems. For instance, Grewal et al. (2012) applied a linear quadratic
Gaussian (LQG) scheme for the control of a pneumatic Stewart-Gough platform. The difficulty
in controlling a Stewart-Gough platform is given by its six degrees of freedom. A LQG control
scheme comprises the combination of a Kalman filter, and a linear quadratic regulator (LQR).

The performance index for a LQR corresponds to the one defined in Eq. 1.22. The results
showed by Grewal et al. (2012) demonstrated that the overall control scheme successfully met
the specifications required. It is important to observe that the differential equations that described
the dynamics of the system were linearized around an operating point. In that regard, more
advanced optimal control techniques are being investigated for the control of nonlinear systems,

which will greatly benefit to the control of fluid power systems.

1.4.5.5.  Non-linear compensation

The application of non-linear compensation control strategies implies the design of
algorithms able to virtually remove non-linearities associated with the operation of a system. In
the case of fluid power systems, most of the non-linearities emerge from the synergism between
flow and pressure. For example, in the case of control valves for hydraulic or pneumatic systems,
non-linearities inherent to the interrelation between flow and pressure contribute to system
damping (Edge, 1996). As the operation conditions change, the non-linearities in the control
valves increase the damping of the load, which might severely affect the performance of fluid
power systems. Some of the non-linearities that the application of non-linear compensation

schemes seeks to attenuate in fluid power systems include:

- Control valve induced damping.

- Control valve underlap.
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- Control valve overlap.
- Control valve dead zone.
- Cylinder area ratio.

- Cylinder friction.

In the case of control valve induced damping, one possibility to compensate for this
nonlinearity is to add acceleration or pressure feedback, which helps to manage damping in a
controlled manner (Wang et al., 1999). Furthermore, valve induced damping can be attenuated
by creating modified flow pressure characteristics (Edge, 1996). For instance, a near-flat flow
pressure characteristic can replace a non-linear valve characteristic, as it is shown in the

following figure.

Control
Signal
g g Control
= m / P Signal
// i
Pressure Pressure

Figure 1.12. Modification of flow-pressure valve characteristic: (Left) Non-linear characteristic,

(Right) Generated near-flat characteristic. [Source: Edge, 1996]

Moreover, the implementation of friction compensation for the control of fluid power
systems is crucial in high-tech applications, such as robotics. In that regard, five friction

compensation techniques are usually applied in robotic applications (Bona and Indri, 2005):

(1) Friction parameters estimated off-line from a specific friction model are
introduced as constants in general control schemes.
(i1) The compensation action is tuned according to a specific friction parameter

estimated on-line.
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(ii1))  Model-based adaptive algorithms generate static or dynamic parameters used for
on-line friction compensation.

(iv)  Observers or control gains are introduced to counterbalance friction effects.

(v) Friction parameters are reconstructed using so-called soft computing strategies,

such as, fuzzy, neural and genetic algorithms.

Likewise, non-linear compensation can also be achieved through feedback linearization
methods. Feedback linearization methods are non-linear control techniques applied to a specific
class of non-linear systems. The nonlinear systems included in this class are denominated affine

nonlinear systems, which are systems with state equations that are linear in the input controls.

A nonlinear affine system presents the following form:

x=f)+g(u

(1.26)
y = h(x)

Accordingly, feedback linearization techniques seek to find a control input u* and a
change of variables z* that transform a nonlinear system into an equivalent linear system. The
control input u* and the change of variables z* are expressed in the following form (Khalil,
2002):

u =alx) + LX)

) (1.27)

Where: a, f = Vectors expressed in terms of the state variables of the system.
v = Designed input.

T = Transformation matrix.

There exist two methods to linearize a system through nonlinear feedback linearization.
The first one completely linearizes the state-space equation; and hence, it is called full-state
feedback linearization. The second one might partially linearize the state-space equation, and it is
called input-output map feedback linearization. Both methods comprehend complex non-linear

compensation strategies that have been lately applied in the control of fluid power systems.
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To illustrate, Wang et al. (2007) applied input-output map feedback linearization to
develop a tracking control for a pneumatic actuator. Two different cases were discussed in the
publication: first, the cylinder was controlled using a five-port proportional valve; and second,
the cylinder was controlled using two three-port proportional valves. Nevertheless, there was no
a comparison between the results obtained using one five-port valve, and two three-port valves.
The results presented correspond to the response of the cylinder when it is controlled with a five-
port proportional valve. In general, although the proposed control algorithms fulfilled the design
requirements, they have to be simplified for on-line implementation, which reduces accuracy to

the system.

1.4.5.6.  Adaptive control

Similarly to nonlinear compensation control strategies, adaptive control schemes seek to
adjust the behavior of a plant according to established parameters. In contrast to nonlinear
compensation methods, adaptive control strategies do not focus on correct or reduce
nonlinearities inherent to a system. Adaptive control methods seek to adjust the performance of a
system according to operating conditions. Two main adaptive control schemes are commonly

applied for the control of fluid power systems:

- Gain scheduling: When applying gain-scheduling schemes, feedback gains are defined as

continuous, or piecewise continuous, functions of parameters that affect the operation of
a system. A previous knowledge of those parameters is required.

- Self-tuning control: When applying self-tuning control strategies, the controller adapts

automatically to the variations in plant operation conditions. A priori knowledge of the

parameters that could affect the system is not required.

Adaptive control methods have been commonly applied for the control of fluid power
systems. For example, fluid power applications where adaptive control methods are applied

include (Edge, 1996):

- Scheduling of tuning parameters as a function of motor displacement in hydrostatic
transmissions.

- Scheduling of feedback gains as a function of stroke in positioning systems.
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- Scheduling of observer parameters as a function of load position in electrohydraulic servo
systems.

- Automatic pole placement for a servo-hydraulic positioning system in response to
changes in supply pressure.

- Self-tuning speed control for pump-driven systems.

- Self-tuning of pressure for electropneumatic systems.

Most fluid power research publications where adaptive control schemes are implemented
report improvement of the performance of the controlled system. Nevertheless, disadvantages to

be considered in the application of adaptive control schemes include (Edge, 1996):

- A reference model might be required to acquire priori knowledge of the parameters that
affect the behavior of a plant.

- For gain-scheduling methods, the reference parameters have to be measured, which might
increase the cost of the controller, and difficult its implementation.

- Self-tuning controllers might exhibit degradation of performance due to sudden changes
in operating conditions.

- Discretization of a system can lead to instability due to inappropriate placement of poles

or zeros in discrete-time transfer functions.

Adaptive control schemes might appear as attractive strategies for the control of fluid
power systems due to the general goal for which they are designed: to adjust the dynamic
behavior of fluid power system in accordance to pre-known or not known operating conditions.
Nonetheless, similarly to other control schemes described before, adaptive control strategies

might produce the best results in collaboration with other control strategies.

1.4.5.7.  Robust control

In contrast to the control strategies described before, robust control methods explicitly
manage the uncertainty associated with the fluctuation of operating conditions of a system. As
defined by Edge (1996), a system is robust if it experiences acceptable changes in performance

due to fluctuations of its operating conditions.
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Likewise, a system is called robust when it operates within acceptable ranges in despite
of imperfections of its reference models (Halbaoui et al., 2011). In relation to the control of fluid
power systems, two robust control strategies are commonly applied: variable structure control

(VSC) and H-infinity control.

Variable structure control (VSC)

VSC is a high-speed switching feedback control scheme derived from the relay and bang-
bang theory. VSC bases on switching a control law according to a desired control trajectory,
which is delineated on a surface in the state-space. This surface is called the sliding or
switching surface, from which sliding mode control (SMC) takes its name. The design of a
VSC scheme has two steps (DeCarlo et al., 1988): First, design the sliding or switching
surface; and second, design the control law that forces the behavior of a plant to stick to a
desired trajectory.

Nevertheless, although the application of VSC theory to a particular problem most likely
ensures the robustness and high quality of the resulting control scheme, the required in-depth

knowledge of the plant to be controlled complicates the design process.

H-infinity control:

H-infinity control schemes can be defined as robust optimal control methods. In applying
H-infinity control schemes, the problem to be solved is specified as a minimum-maximum
optimization problem. Resembling a zero-sum game, the controller is treated as a minimizing
player, and the disturbance is modeled as a maximizing player (Basar and Bernhard, 2008).
H-infinity control methods are described as frequency-domain control schemes, which in
contrast to classical control methods are able to handle multivariable systems.

One of the main motivations to apply H-infinity methods is in attenuating disturbances by
formulating a compensation problem as the solution to a well-defined optimization problem
(Zames, 1981). Nevertheless, despite of the effectiveness of H-infinity control methods,
similarly to other robust control schemes, their greatest challenge is in proving the existence
of a suitable control configuration (Stoorvogel, 2000). Moreover, H-infinity control schemes

are known for being difficult to implement due to their high-order and intricate structure.
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Furthermore, most recent publications associated with the control of pneumatic systems
apply state-space feedback schemes in collaboration with robust control strategies. To illustrate,
Richer and Hurmuzlu (2000) developed a state-space model of a high performance pneumatic
force actuator; and subsequently, they applied sliding mode control (SMC) theory to derive the
control laws. The performance of a full order controller was compared against the performance
of a reduced order controller. The reduced order controller showed to be suitable for low-
performance applications.

Similarly, Al-Dakkan et al. (2003) applied bimodal SMC control to design an energy-
saving control for pneumatic servo systems. The most remarkable part of their work is in the use
of two three-port proportional valves to inflict dissipative forces on the load without using supply
power. Accordingly, through robust control strategies, the two three-port valves are coupled
together to behave as a single four-port valve, which considerably reduced the power
consumption of the pneumatic servo system under study.

Also applied to the control of pneumatic servo systems, Shen and Goldfarb (2007)
applied SMC control to develop an energy saving approach that reduced the energy consumption
of a modified pneumatic system by 25 to 52% in comparison to a standard configuration.
Therefore, based on similar approaches and applications, robust control schemes enable fluid

power systems to operate in an energy-efficient manner, and with no sacrifice of performance.

1.4.5.8.  Other control strategies applied in fluid power applications

The rapid evolution of computational tools in the last 50 years has led to the creation of
novel and sophisticated control strategies for engineering applications. In relation to the control

of fluid power systems, some novel control strategies lately applied include:

- Genetic algorithms (GA): GA are adaptive heuristic search algorithms that seek to

minimize an objective function. Genetic algorithms base on the dynamics evidenced on
evolutionary processes of natural selection and genetics transmission. Based on natural
selection dynamics, the implementation of GA control schemes follows three basic steps:
selection, crossover, and mutation. Accordingly, GA apply the principle of survival of the

fittest, by directing the search of control parameters to a region of optimal performance.
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- Fuzzy logic control: Fuzzy logic is an extension of multivalued logic. It converts a set of

linguistic rules into mathematical equivalent expressions. Fuzzy logic avoids the need of
a mathematical representation for the system to be controlled. Control algorithms created
through fuzzy logic consist of an undefined number of linguistic conditional rules,
according to which, control actions are prescribed to manipulate the behavior of a system.

- Neural control: Neural control schemes derive from theories that explain the functionality

of the human brain and nervous system through neural networks. As defined by Narendra
(1996), artificial neural networks are structures formed by massively parallel
interconnection of simple processors. Accordingly, in neural control schemes, a plant is
represented as an artificial neural network able to correlate the effect of one or several

inputs to one or several outputs.

In relation to fluid power applications, for example, Jeon et al. (2003) used genetic
algorithms to optimize the control of a pneumatic servo cylinder. Near-optimal position,
velocity, and acceleration gains were found through the implementation of GA. The authors
reported using minimum information relevant to the system to find the near-optimal gains, and it
was emphasized the fact that optimal values of the velocity and acceleration gains increase as the
mass of the load and the reference position of the cylinder increase. In the end, the authors
concluded that GA strategies were suitable for finding the optimal values of gains in PID and
state-space feedback configurations applied to the control of fluid power systems.

Likewise, Schulte and Hahn (2003) developed a fuzzy state feedback gain scheduling
control of servo-pneumatic actuators. The main design specification for the controller was to
maintain the accuracy of positioning control independent of the payload and position of the
piston. Local linear models were used to design the controller, and fuzzy logic was applied to
schedule state-space gains. The overall results showed satisfactory performance in relation to the
closed-loop dynamics. Further improvements were recommended on the basis of the application
of numerical optimization techniques to tune functions composing reference design models.

[lustrating the use of neural control schemes, Hesselroth et al. (1994) developed a neural
network control for a pneumatic robot arm. The authors used a neural network algorithm to
control the position and orientation of a robotic arm, and they reported to achieve a 3-mm

positioning accuracy after 200 learning steps.
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Hesselroth et al. (1994) justified the application of neural network control schemes due to
the highly nonlinear and hysteretic behavior of the arm. They also reported that the time required
to reach a desired target was around 30 seconds, which might be to long for pneumatic
applications. Nevertheless, it is highlighted the importance of the results in relation to biological
control applications that seek to resemble visual brain functions.

To conclude this section, it could be emphasized the fact that most of the novel control
strategies lately applied for the control of fluid power system are implemented to supplement
more basic and traditional control schemes. The main goal of these innovative techniques would

be on compensating the nonlinear and hysteretic dynamic characteristics of fluid power systems.

1.4.6. Energy efficiency analysis

The achievement of energy efficiency could be categorized as one of the most important
challenges to overcome in fluid power systems. The efficiency of fluid power systems is
commonly identified as one of their most prevalent disadvantages in comparison to other power
transmission technologies.

Recently, high-energy efficiency has become a requirement for the application of fluid
power systems in actual applications, especially high-tech applications such as robotics. To
achieve a satisfactory level of energy efficiency, control theory appears to be a viable approach
to manage and monitor energy expenditure in fluid power systems.

Energy efficiency in fluid power applications is usually measured in relation to specific
elements composing a system. For instance, energy efficiency is frequently measured in relation
to the type of control valves and actuators used for a specific application. The following

subsection reviews different approaches to quantify energy efficiency in fluid power systems.

1.4.6.1.  Energy efficiency of linear actuators

Energy efficiency relative to a linear actuator is measured in terms of the inlet and outlet
pressure and flow delivered to and expelled from a control volume enclosing the actuator.
Accordingly, the overall efficiency of a linear actuator quantifies the ratio of output power to
input power. The following equation provides a general expression for calculating the overall

efficiency of a linear actuator (1;,).
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Ma = (%)m (1.28)

Where: F;, = Actuator force
V,4 = Actuator velocity
P;= Inlet pressure

Q;= Inlet volumetric flow

It is common in fluid power applications to express the overall efficiency of a component

in terms of the volumetric and mechanical efficiencies. Hence, Eq. 1.28 can be defined as:

1.29
Ma = (vNmia (1.29)

From Eq. 1.29, the volumetric efficiency 1y, and the mechanical efficiency 7,, of a linear
actuator are given by:

= (%), = (5.4)
7’]V_la - Qi la: nM_la - PiA- (1-30)

U la

Where: A; = Area of the piston at the inlet side.

In general, the efficiencies calculated relative to a linear actuator are less than unity. Fluid
compressibility and leakage affect the volumetric efficiency, while friction and viscous shear
impact the mechanical efficiency (Manring, 2005). Moreover, in relation to speed and pressure,
the volumetric efficiency of a linear actuator increases with speed and decreases with pressure.
On the other hand, the mechanical efficiency of a linear actuator decreases with speed and

increases with pressure.

1.4.6.2.  Energy efficiency of rotary actuators

Similarly to the analysis for linear actuators, the overall efficiency of rotary actuators is
given by the ratio of output power to input power. Different expressions result from the different
characteristics of rotary actuators in terms of the type of input or output power used. For
instance, hydraulic pumps and air compressors receive mechanical power and produce fluid
power. Conversely, hydraulic and pneumatic motors receive fluid power and produce mechanical

power. For hydraulic pumps, the volumetric and mechanical efficiencies are given by:
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:QA: QA . :TT:VdPO (131)
=0y T Ve ™M T T, T T, ‘
For hydraulic motors, the volumetric and mechanical efficiencies are given by:
Qr Viw T, T,

Where: Q4,7 = Actual or theoretical (ideal) volumetric flow produced.
T4 r = Actual or theoretical (ideal) shaft torque.
V4 = Volumetric displacement.

P, = Outlet pressure.

w = Angular velocity of the pump shaft.

It must be noted that the efficiency equations for a hydraulic pump are the reciprocals of
the efficiency equations for a hydraulic motor. Similar equations could be applied to pneumatic
rotary actuators depending on their physical configuration; nevertheless, expressions derived
from thermodynamic analysis are commonly applied in relation to pneumatic systems, as it will

be described in following sections.

1.4.6.3.  Energy efficiency of control valves

The quantification of efficiency in control valves might strictly depend on their geometry.
In general terms, the overall efficiency is also given by the ratio of the useful output power to the
supplied input power. The overall efficiency of a control valve (n.,) can also be expressed in
terms of two factors, a volumetric efficiency 7y, and a pressure efficiency 1p. Hence, the overall

efficiency for a control valve is given by:

New = MyNp)ew (1.33)

In Eq.1.33, the volumetric efficiency and the pressure efficiency can be expressed as:

Qu’ PR,

Where: @4/, = Volumetric flow at the downstream/upstream side of the valve.

My (1.34)

Py, = Pressure at the downstream/upstream side of the valve.
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A reference to a specific formula to calculate the efficiency of a valve depending on its
geometry is not included in this section. Instead, a more general formula derived from
thermodynamic precepts might be more practical. Hence, the following subsection, the last one
of this chapter, defines some fundamental concepts related to exergy analysis, as an approach

that could assist in assessing the efficiency of a pneumatic systems in a more practical way.

1.4.6.4.  Exergy efficiency of fluid power systems

As already defined in the statement of the problem, the exergy of a system is the
maximum amount of theoretical work that could be obtained from a transformation that brings
the system into equilibrium with a reference state (Moran and Shapiro, 2008). In more general
terms, exergy could be understood as the potential of a system to be used in accomplishing a
specific goal.

In contrast to the energy conservation law, which states that energy cannot be destroyed,
the exergy concept bases on the fact that exergy is not conserved. Exergy is destroyed due to so-
called irreversibilities, such as heat transfer, friction, and inelastic deformation, among others.
Likewise, exergy is transferred to or from a system in the form of heat, work, or mass flow.
Hence, the importance of the exergy concept in relation to fluid power systems centers on the
identification of segments of a system where exergy destruction and losses occur. In that way, by
identifying the most sensitive parts of a system, specific strategies could be applied to enhance

its overall performance. Two main concepts have to be defined to carry out an exergy analysis:

- Exergy reference environment: An exergy reference environment comprehends a large

portion of the surroundings of a system, unaffected by interactions of any kind between
the system and its immediate surroundings. Intensive properties of an exergy reference
environment, such as pressure and temperature, do not change as the system interacts
with its immediate surroundings.

- Dead state: After a system reaches equilibrium with a reference environment, this system
is called to be in the dead state. At the dead state, the exergy of a system is zero because
there is no more potential to develop work by taking the system into equilibrium with its
reference environment. Thus, the dead state of a system is the state of equilibrium with its

reference environment.
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Once the notions of reference environment and dead state are understood, the exergy of a

system ([E) at a specific state can be found by applying the following expression:
E=(E—Uy) +po(V—Vp) —To(S — So) (1.35)

Where: E = Exergy
E,V,S = Energy, volume and entropy of the system at a given state.
Uy, Vo, Sy = Internal energy, volume and entropy of the system at the dead state.

Do, Ty = Pressure and temperature of the reference environment, respectively.

Moreover, for a closed system, the exergy balance is given by:

2 T,
B =B = [ (1-72) 60— W = poV, = VI - Too (1.36)
1

b
Where: T;, = Temperature of the system boundary.

o = Entropy produced by internal irreversibilities.

Eq. 1.36 is fundamental for exergy analysis because it establishes the basis to understand
the dynamic behavior of a system in terms of exergy not being conserved. Accordingly, Eq. 1.36
can be divided in three exergy forms: exergy transfer accompanying heat (]EQ), exergy transfer
accompanying work (Ey,), and exergy destroyed (E;). These three forms of exergy are
respectively represented by:

2 T,
IEQ1—2 = f (1 - _O> 89 ; Ewi—2 = (W — PO(VZ - V1)]
1

b (1.37)

]Ed = Too'

On the other hand, the exergy rate balance for a control volume is:

dEy To\ - [.. V., . , . 1
— =Z(1—;j>Q,-—[Wc.v—po o ]+Zmieﬂ—2moefo—md (1.38)

Where: €f;/, = Specific flow exergy at an inlet (i) or outlet (o).

[E,; = Rate of exergy destruction.
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Eq. 1.37 includes a new form of exergy, exergy accompanying mass flow. The time rate

of exergy transfer accompanying mass flow (I,;,) is:

Erni—o = Zmi/oefi/o (1.39)
i/o

The specific flow exergy term, which accounts for exergy transfer accompanying mass

flow across the boundaries of a control volume is defined by:
€r = (e —up) +po(v—vy) — To(s — s¢) + (pv — pov) (1.40)

Where: e, v, s = Specific energy, volume and entropy at a given state, respectively.

Uy, Vo, So = Specific internal energy, volume and entropy at the dead state.

Furthermore, an expression for the exergetic efficiency of fluid power systems can be
derived from the application of exergy rate balances relative to the components included in a
specific system. In general terms, by considering a control volume at steady state, and by
assuming no heat transfer between a control volume and its surroundings, the exergy rate balance

reduces to:
0=-W. +Zmieﬁ —Xmoefo -y (1.41)
i 0

For a system of one input and one output, where exergy decreases as the system develop
work, Eq. 1.41 becomes:
”’ C.V, I.Ed
€Hn—€CHn=—+— (1.42)
LT T m T om

Applied to fluid power systems, Eq. 1.42 would apply to control valves of certain
geometry, linear and rotary actuators, and connective tubing. Eq. 1.42 accounts for the decrease
in flow exergy from the inlet to the exit of a specific component or system. Moreover, the
physical meaning of Eq. 1.42 for fluid power systems centers on the fact that the flow of exergy
might decrease as control valves and actuators develop work, and as exergy is destroyed due to

irreversibilities, such as friction.
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Hence, a parameter to measure how effectively the decrease of flow exergy contributes to
produce a desired output is represented by an efficiency ¢ of the form:

Wey./m
g=enlT (1.43)
€r1—Cp,
The efficiency represented by Eq. 1.43 is an exergetic efficiency that can be applied to
assess the effectiveness of the use of energy in certain fluid power applications. Nevertheless, in

the case of pumps and compressors, for example, since the flow of exergy would increase with

the exergy input to the pump, the exergetic efficiency would become:

8 —Cn (1.44)
(—Wey./m)

Accordingly, as verified from Eq. 1.43 and 1.44, there is no a unique exergetic efficiency
expression. It has to be found according to the characteristics of the system under analysis. In
relation to fluid power systems, few authors have applied the exergy concept to assess the
effectiveness of the expenditure of energy in relation to fluid power components.

Harris et al. (2013) applied exergy analysis to optimize the monitoring and quantification
of energy expenditure in compressed air systems. They assert that the exergy approach is more
suitable for air-compressed systems because the energy approach highly misrepresents the large
amount of potential work available in pressurized air.

Moreover, Petrilean et al. (2009) also applied exergy analysis to determine the exergetic
efficiency of a pneumatic installation. They treated air compression as a politropic process, and
exergy analysis was used to quantify the weight of energy losses. Besides, the exergetic
efficiency of the pneumatic installation was calculated relative to a compressor and a pneumatic
network, and it was used as a judgment parameter for technical and financial decisions.

Therefore, the potential of exergy analysis in relation to fluid power systems, especially
pneumatic systems, might be represented by a more accurate identification of exergy losses.
Indeed, in terms of the achievement of efficiency, the identification of energetically critical
processes or components might be crucial for innovation in fluid power systems. The success of
the strategies applied to control fluid power systems might ultimately also depend on the
inclusion of energy-saving considerations for the design and implementation of control

algorithms.
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CHAPTER II

SYSTEM MODELING

Fluid Power System Dynamics

System dynamics focuses on the modeling, simulation, and analysis of complex systems
for the understanding and manipulation of their behavior and performance over time. The study
of system dynamics as a discipline embraces a diverse set of scientific fields. Indeed, system
dynamics is broadly applied for the study and analysis of multifaceted problems in economics,
logistics, law, and natural sciences among others. In relation to fluid power engineering, system
dynamics examines the relationships between pressure, flow, and the translational, rotational or
angular displacement of fluid power components.

This chapter centers on the identification and formulation of the differential equations
necessary to characterize and influence the behavior of a pneumatic system. Due to the
compressibility of air, the relationships between flow and pressure in pneumatic components are
non-linear and highly influenced by the variation of the state variables of the system over time.
Accordingly, thermodynamics and fluid mechanics relationships have to be combined to
completely account for the response of pneumatic systems through time.

The mathematical models and formulations identified in this chapter cover the transient
variation of flow and pressure in basic components of pneumatic systems. The system under
analysis composes of a pneumatic cylinder, two proportional control valves, and connective
tubing. Relationships affecting the displacement of the piston in relation to the pressure and flow
in the cylinder chambers are crucial in the development of tracking and positioning control
schemes. A model for the proportional control valves correlates the flow from the valves to a
valve effective discharge area. In the modeling of lengthy connective tubing, the proposed
formulation derives from the Navier-Stokes equations of momentum and continuity. As an
alternative for avoiding intensive computation in the solution of the Navier-Stokes equations,

this formulation includes an approximation based on a second-order linear filter.

www.manaraa.com



49

The consideration of lengthy connective tubing aims to identify the effects of the pressure
drop and time delay in the transmission of flow from pneumatic control valves to remotely
positioned pneumatic actuators. The identification of such effects will influence the design of a

control algorithm called to compensate and attenuate the fallouts of the compressibility of air in

pneumatic systems.

2.1.Modeling of the proportional control valves

The characterization of the performance of pneumatic proportional control valves
depends on the configuration of the components of a particular valve design. For the
comprehensive description of the static and dynamic performance of a proportional valve, its
model could be divided into three subsystems: the electromagnetic, the mechanical and the
pneumatic subsystems. Sorli et al. (2010) applied this approach to produce a mechatronic model
of a pneumatic proportional valve (model VEF-3121, SMC, Japan) similar to the ones used for

the study and analysis reported in this thesis.

Component Parts

No. Description

(1 |Body

(2) | Sub-plate ——-1
(3 | Spool

(4) |Sleeve

(5) |Mold coil A 1
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Solenoid cap ass'y
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End cover
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|
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10 | Set pushing ! \_"f_’__
1) | Gasket IHEH

(12 | Spring :

13 | Spring seat

(9 | Oring % |
(i3 | Oring @
i | Oring

Figure 2.1. Type SMC VEF 3121 pneumatic proportional valve
[Source: http://content2.smcetech.com/pdf/VEP.pdf]
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For controller design and position control of pneumatic actuators, the model of the valve
could be limited to the characterization of the mechanical and pneumatic subsystems (Beater,
2007; Wang, et al. 2001). This thesis centers on the analysis and modeling of the mechanical and
pneumatic subsystems of the valve; nonetheless, the model for the electromagnetic subsystem is

included as reference for the analysis of the overall performance of proportional control valves.

2.1.1. Electromagnetic dynamics

Electromagnetic dynamics for a proportional flow control valve define the relationship
between the voltage applied and the electromagnetic force generated. The electromagnetic
subsystem of the valve studied consists of an electric coil, and a fixed and movable iron
armatures separated by an air gap. Sorli et al. (2010) applied the following equation to define the
electrodynamic equilibrium between the electric and magnetic parts composing the solenoid of

the valve.

dip(ic, Xa)

- 2.1)

Vewm = Reic +

Where: Vpwm = Pulse width modulated input voltage.
R, = Coll resistance.
i. = Coil Current.
X, = Armature displacement.

Y (i, x4) = Magnetic flux linkage.

According to Eq. 2.1, the input voltage applied at the connectors of the valve generates
the current and the magnetic flux linkage responsible to generate the electromagnetic force
required to move the spool of the valve. Sorli et al. (2010) defined the electromagnetic force as

follows:

Fn(i,xg) =————=;  W'(i,xy) = f ll/)(i,xa)di (2.2)
0

Where: F,, (i, x,) = Electromagnetic force.

W'(i, x,) = Magnetic co-energy.
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The magnetic co-energy is a non-physical quantity used to quantify the derivation of
magnetic energy with respect to a virtual rigid displacement of the armature of the valve (Delfino
et al., 2001). Nevertheless, for controller design purposes, the electromagnetic force can be
expressed as the product of the coil current and a coil force coefficient, as Richer and Hurmuzlu

(2010) reported.

2.1.2. Mechanical dynamics

From the free body diagram for the spool of the valve, as represented in figure 2.2, by
applying Newton’s second law in order to determine the dynamic equilibrium of the forces
acting on the spool of the valve, the following equation is obtained:

MXs + Boxs + k(x5 — xo5) + Fep = By (2.3)

Where: Mg = Coil and spool assembly  x,s = Spring pre-compression displacement.

mass. x¢ = Spool displacement.
B; = Viscous friction X = Spool velocity.
coefficient. X = Spool acceleration.
k¢ = Spring stiffness F¢s = Coulomb friction force.
coefficient. E,, = Electromagnetic force.
(+) x
M, ¥ Ey
|
B X
—_——
ks (xs - x(]s) Fcf
——| [

Figure 2.2. Free body diagram for the spool of the valve
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By considering the equilibrium point at which the position, velocity and acceleration of

the spool, and the electromagnetic force are zero, it is obtained:
kaOS S Fcf (24)

Indeed, the application of particular dither signals to the coil should minimize the
Coulomb friction at the point that it could be neglected. Dither signals applied to minimize the
Coulomb friction have small magnitude and frequency equivalent to the bandwidth of the valve

(Richer and Hurmuzlu, 2000).

Accordingly, Eq. 2.3 becomes:

M i + Boks + kgxs = Ey, (2.5)

Eq. 2.5 is useful in expressing the overall model for the pneumatic systems in terms of

the valve’s coil current as the control command.

2.1.3. Pneumatic dynamics

The mathematical model describing the pneumatic dynamics of the valve correlates the
air flow rate relative to the displacement of the spool of the valve, to the pressure profiles at the
inlet and outlet ports of the valve. The standard equation describing the compressible mass flow
rate (m) through a valve orifice is given by (Ben-Dov and Salcudean, 1995; Richer and

Hurmuzlu, 2000; Wang et al., 2001; Al-Dakkan et al., 2003):

m = CDAquv q)f (2.6)
VRT

Where: Av= Effective area of the valve orifice.
Cp = Discharge coefficient.
P,v = Upstream Pressure.
T = Fluid Temperature.
R = Specific gas constant (For dry air, R = 287.058 J/kgK).

@ = Constant depending on the downstream (Pav) and upstream (Puv) pressures.
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Then, from the ideal gas law and the relationship between the mass flow rate (1) and the
volumetric flow rate (Q):

P =pRT; 1 =pQ 2.7)

Where: p= Density of the fluid.

Assuming the temperature remains constant, by substituting Eq. 2.7 in Eq. 2.6, the

compressible volumetric flow rate through a valve can be written as:

_ CpAVRT

f (2.8)
P‘l"‘U

Where: P, = Downstream to upstream pressure ratio.

The constant ®¢ accounts for the fact that the flow could depend linearly on the upstream
pressure, or it could depend nonlinearly on the upstream and downstream pressures. If the flow
attains sonic velocity, it will depend linearly on the upstream pressure; and the downstream to
upstream pressure ratio will be smaller than a critical value represented by Ccr. In contrast, if the
pressure ratio is larger than the critical value, Ce, the flow will depend nonlinearly on both
pressures, upstream and downstream pressures (Richer and Hurmuzlu, 2000). The flow that
depends linearly on the upstream pressure is denominated choked flow, while the flow that

depends non-linearly on upstream and downstream pressures is called unchoked flow.

The constant @ is defined by:
Cl if P TV =< Ccr

r = cz\/PZ/" —pEE e p > C,

rv

(2.9)

Where: k = Specific heat ratio (For air, k = 1.4)

The downstream to upstream pressure ratio, P.,,, and the critical value, Cer, are given by:
By = Pay/Buy; Cer = [2/(k + 1)]k/(k_1) (2.10)

Moreover, the no dimensional constants, C1 and C2, are specific for the fluid used, and

they are expressed as follows.
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C, = Jk[Z/(k F]EED ;¢ = JZRR=1) 2.11)

For air: C1 = 0.68473, C2 = 2.64575 and Cer = 0.52828

Then, the flow rate at the outlet of the valve (port A) can be expressed as the difference
between the flows through the input (P—A) and exhaust (A—R) paths of the valve (Sorli et al.,
2010); accordingly:

Qv-a = Qpa — Qasr (2.12)
CoVRT (2.13)

Qu_a = [(Av(bf)P—m - (Av(bf)A—m]

P

Figure 2.3 illustrates the operating positions of the spool of the valve. The different

positions are defined in terms of the maximum displacement of the spool, Xs_,qx-

X5, = 0mm
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Figure 2.3. Operating positions of the spool in relation to the orifices in the sleeve of the valve
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From figure 2.3 it is verified that: at position 0 the output (A) and the exhaust (R) ports
are connected, at position 1 the output port is completely closed, and at position 2 the output and
supply (P) ports are connected. Hence, the input flow to the pneumatic system varies from zero
at positions 0 and 1, to the maximum input flow at position 2. As it will be noticed later, it will
be important to define the minimum signal required to position the spool of the valve at the point
where the output flow becomes higher than zero (Xs_tpresnoiq), @S this point represents the lower

boundary for input control.

Xs = xs_thresho Id
———

o s ] ] vzZZ V772

R A P
- ¢\\ - 1
) @ \4 > N\ 5
SPOOL

Figure 2.4. Spool position at the lower boundary for input control

In their publication, Sorli, et al. (2010) showed that the orifices of the valve correspond to
radial holes in the sleeve of the valve. Thus, the effective area of the valve is given by the

position of the spool relative to the set of radial holes in the sleeve.

SLEEVE

’ | |

Figure 2.5. Effective area defined by the coupling between the spool and the sleeve of the valve

at position 2
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The effective area defined by the coupling between the spool and the sleeve of the valve
corresponds to the area of a circular segment. In terms of the position of the spool (xs), the active

effective area (4,_q4c¢) of the valve is expressed as:

x
Ay—ace = Nao [Rgo arccos (1 - = ) — (Rco — x5)/x5(2Rco — xs)] (2.14)

Co

Where: Ny, = Number of active orifices in the sleeve of the valve.

R, = Radius of the circumference of an orifice in the sleeve of the valve.

Figure 2.6 portrays the circular segment corresponding to the maximum effective area for

one of the orifices in the spool of the valve.

Al:—mﬁ_t

RCo

o

Xg = Xs nax

Figure 2.6. Maximum effective are for one orifice in the sleeve of the valve
Since Eq. 2.14 is highly non-linear, in order to find a linear expression for the effective
area of the valve, the maximum effective area of each orifice might be approximated to the area

of a rectangle. The width of this rectangle would correspond to the displacement of the spool,

while the length (£4,) of the rectangle would be given by:

Av—max

L (2.15)

No (xs—max - xs—threshold)

Where: A,_mq, = Maximum effective area of the valve (4,_q, = 12 mm?).
Xs—max = Maximum displacement of the spool of the valve.

Xs—_threshota = Lower boundary for input control.
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From Eq. 2.15, the active effective area of the valve becomes:

Ay_act = Xstayp (2.16)

Eq. 2.16 provides an approximation of the dynamic behavior of the valve, and it is
suitable for linear control schemes; nevertheless, it reduces accuracy to the system and increases
the tracking error. The effects of this approximation will be verified through simulation and
validation of the models for the pneumatic system.

Independently of the expression relating the effective area to the displacement of the
spool of the valve, an active and a passive region are identified for the input and exhaust paths.

These regions are determined by:

A — (A ) — 0 if 0< Xs < Xs—threshold (217)
v-input v/PoA Av—act if X = Xs—threshold

(2.18)

A — (A Ap_act if 0 <x; < (Xs—max — Xs—threshold)
v—Exhaust — ( v)A—>R -

0 if X5 2 (xs—max - xs—threshold)

For the design of the controller, active and passive modes will be considered as an
approach to find the optimum combination of control states. It might be expected that the
maximum speed response will be achieved by switching the extension and retraction valves from
an active to a passive mode alternatively. Further analysis and simulation should help to prove
whether the independent control of the valves provides better stability than the use of a unique

input to control both valves.

2.2.  Modeling of pressure dynamics relative to the cylinder chambers

The development of the model describing the pressure dynamics relative to the cylinder

chambers is based on the following assumptions:

- Airis a perfect gas.

- The temperature and pressure inside each chamber are homogeneous.

- Kinetic and potential energy of air are negligible.

- T