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This thesis treats block-oriented modelling, approximate linearization and control of a
nonlinear pneumatic actuator system.

The definition of the block-oriented nonlinear model is extended to include dynamic
nonlinearities. The block-oriented model is a general input/output model structure
consisting of series and parallel connections of linear dynamics and nonlinear elements.
Based on this extension, a block-oriented approximate feedback linearization method is
proposed. For feedback linearization of a block-oriented nonlinear system, the only
requirement is that some specific blocks are invertible or approximately invertible so that
the manipulating calculation based on the block-units can be implemented. This rather
loose constraint makes it possible to apply the linearization technique to a variety of
nonlinear systems. In this linearization, each nonlinear block can be compensated in its
specific way and many nonlinearity compensation techniques can be directly incorporated.
The proposition of the block-oriented approximate feedback linearization is in the hope
that it can be further formalized and that it can become a sophisticated but practical
nonlinear control and modelling tool.

The pneumatic servo control problems are formalized. The dominant nonlinearities in
the system are the couplings between motion and pressure, between pressure and flow rate,
the valve nonlinearities and the cylinder friction. The nonlinear friction, especially the
friction behaviour at velocity reversal, is the big obstacle for high precision motion control
of a pneumatic actuator system. Thus, a dynamic friction model structure for friction
compensation is necessary. The valve nonlinearities are complicated and it is necessary to
consider their integral nonlinear effect.

The block-oriented approximate feedback linearization for a rodless pneumatic cylinder
motion control system is demonstrated. For the linearized system, high performance force,
position and tracking control can be easily achieved with just some simple linear control
algorithms. The steady-state positioning error is shown to be less than the sensor's 5 m
resolution in almost full cylinder operation range and in the presence of high friction (about
15-20% of the maximum cylinder force).

A step-by-step and interactive nonlinear modelling approach for the pneumatic servo
system is presented. Further, a robust re-design method, focusing on the characterization
of the linearization residuals, is presented.
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Introduction

Terminological notification

• Pneumatic actuators are a class of devices or mechanisms that convert
pneumatic power into useful mechanical work or motion. The mechanical motion
produced may be linear, rotary, or oscillatory according to the actuator types, e.g.
cylinder or motor.

• Pneumatic valves, here, mean a class of mechanisms actuated electrically to
control the direction and the amount of the air flow. From control system point of
view, the pneumatic valve is also an actuator, since it activates process control
equipment (cylinder or motor). So in the thesis, sometimes the term “pneumatic
actuator” also includes the pneumatic valves.

• Servo valve, proportional valve and analog valve, here, mean a class of valves,
in which the valve’s opening (output) is, to some degree, proportional to the
valve’s input. They are supposed to be equivalent to each other, i.e. whether and in
what form there is feedback within the valves are not considered in this work.

• Pneumatic servo system, here, means a controlled pneumatic actuator system
where pneumatic actuators (or actuator) are employed, and some kind of feedback
control is involved such that the output behaves in a controlled way. The output
can be flow, pressure, force and motion. The composition of the pneumatic servo
system may vary according to the task at hand.



2 Introduction

1.   Background of the pneumatic servo systems research

For many industry automation projects, speed, reliability, repeatability together with
simple structure and operation, easy maintenance, and low component cost are the
most sought-after characteristics, and these just happen to be among the virtues of
pneumatic actuators. Adding to their fairly high power to weight ratio, self cooling
and relatively temperature insensitive properties, pneumatic actuators are one of the
most common type of industry actuators. Compared to conventional electric and
hydraulic actuators, pneumatic actuators have a high degree of inherent compliance
due to the compressibility of air. This means that for performing certain
manipulations, in which compliance is required, pneumatic actuators are preferable.
Also for development of manipulators with human-like characteristics needed in
rehabilitation and prosthetic applications, pneumatic actuators are a natural choice.

But for servo control, pneumatic actuators show substantial nonlinearities and
parameter variations, which make it difficult to achieve precise flow, pressure, force
and motion control. While it once was accepted that the compressibility of air made
servo control of pneumatic actuators virtually impossible, Poxon (1997). However,
the advantages have long been driving researchers to seek the solution for making
pneumatic actuators competitive servo systems. These efforts include

• Seeking for advanced component structure and low component imperfection.

• Seeking for sophisticated but still practical control techniques.

• Seeking for better modeling and understanding of the pneumatic systems.

With the progress in research and development, pneumatic servo systems have been
used in many areas, such as robot manipulators, truck air braking, truck clutch
control, packaging, pick and place, air suspension, servo ventilator for life support,
rehabilation machines and force controlled grippers.

1.1  Pneumatic servo system modelling

System modelling plays an important role in the development of servopneumatics. It
is one of the main parts of the pneumatic system research work. For control of
pneumatic actuators, no matter which approaches are going to be employed, a
sufficient insight into and knowledge of the behaviours of the system, will definitely
facilitate the control design.

The foundation works on modeling and control of servo pneumatics were conducted
as early as in the 1950's, Shearer (1956), Blackburn et al (1960). Studies on modeling
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of the pneumatic system, especially the locally linearized modeling, can be found in
most of the literature about pneumatic servo control. There are numerous researchers
who have focused their efforts on different aspects of pneumatic servo system
modelling, such as in the following.

Air flow

Sanville (1971) showed that the normal pneumatic valves do not behave like a simple
nozzle and then introduced a new method of specifying the flow capacity of
pneumatic fluid power valves. The presented valve air flow model is mathematically
simple and practical. Further investigation in this topic can be seen in Anderson
(1985), and McCloy and Martin (1980).

Thermodynamics

Backe and Ohligschlaeger (1989) investigated and gave a more exact description of
the relationship between pressure, volume, mass and temperature in the pneumatic
cylinder chamber. Masaaki et al (1997) investigated and analysed the
thermodynamics of pneumatic cylinders. With an infrared thermographic camera, the
temperature distribution and variation according to different working conditions were
revealed.

Linear and nonlinear dynamics

The dynamic model of a pneumatic actuator is the foundation of motion control
design. So there are quite a lot of works dedicated to a more deep and thorough
exploration of this issue.

In Araki et al (1993), a (fixed amplitude) pseudo-random pulse signal, M-sequence,
was used to measure the servo system frequency response, from valve voltage input
to cylinder piston motion. The frequency characteristics of a pneumatic servo system
were analysed. Comparison of the M-sequence and a sinusoidal signal (both fixed
amplitude) in analysis of the pneumatic system frequency characteristics was
demonstrated.

Hahn and Piepenbrink (1994) proposed a systematic, experiment based, block-
oriented model identification scheme for modelling the pneumatic positioning system
from servo valve input to cylinder piston motion. In this work, the servo valve is
modelled by a linear differential equation and the friction model is Coulomb plus
viscous. This work is based on extensive measurements of the variables and some
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special purpose sensor elements are also involved.

Uebing and Vaughan (1997) presented a linear model for a pneumatic servo system
consisting of a proportional valve and a vertically mounted rod cylinder. The linear
model takes into account the piston position, motion direction and the unequal
pressure build-up of the two chambers. Tillet et al (1997) presented a nonlinear model
of a rotary pneumatic servo system where a double-acting rotary actuator utilizing
flexible inflatable bladders is used. In this model the hysteresis caused by the bladder
distortion is included. Chang and Tseng (1995), utilizing the system identification
technique, obtained a linear time-invariant model of the pneumatic cylinder servo
system.

Valve modelling

The servo valve’s input-output behaviour, especially the nonlinear effect, has a
significant influence on the pneumatic servo control system. But the works that can
be found in the literature, on pneumatic servo valve modelling, are very few.

Sorli and Pastorelli (2000) evaluated the influence of control valve size on the static
and dynamic performance of a force controlled pneumatic servosystem. Nouri et al
(2000) demonstrated a pneumatic servo valve modeling procedure as follows. First,
connect the tested valve to a tank. Second, charge and discharge the tank, with
different amplitude step input signals, for different pressure supply. And last, fit the
experimental input-output data with an empirical model. In the model, the
relationship between the pneumatic valve's driving voltage, the upstream and
downstream pressures, and the air flow is represented based on the nozzle formula.

In Choi et al (2000), the nonlinear friction of a poppet-type electropneumatic
servovalve was modelled. The friction model contains two parts, the static part and
the dynamic part. The static friction model is used to represent the stick-slip
phenomena and the dynamic model is used to capture the friction behaviour such as
presliding displacement and varying break-away force. The friction parameters are
identified by utilizing an evolution strategy.

There are several works contributing to hydraulic servo valve modelling. In Vaughan
and Gamble (1996), an empirical curve fitting technique for modelling the magnetic
hysteresis of a solenoid was presented. Based on this empirical solenoid model, a step
by step method for nonlinear modelling of a solenoid pilot spool valve was shown in
Zavarehi and Lawrence (1999). Both works, Vaughan and Gamble (1996) and
Zavarehi and Lawrence (1999), can give a rather detailed description of the valve,
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especially the magnetic force and spool movement. Some measurements, such as
solenoid voltage, current, armature force and spool displacement, are involved in the
modelling. In Virvalo (1997), an analog valve model structure, which includes most
of the nonlinear characteristics of the valve, was presented. These characteristics
include over/under lap of a valve and also an individual over/under lap in each control
edge, hysteresis, saturation, leakage, offset and zero point drift, and dynamics and
overlap compensation.

Friction modelling

Friction is a quite complex nonlinear phenomenon. It has many adverse aspects
giving rise to control problems, such as static error. The pneumatic positioning
system is particularly sensitive to the nonlinear friction effect, since the force
generation sub-system is difficult to make stiff enough. A deep understanding and
adequate representation of the complicated friction behaviour are quite necessary for
precision motion control.

A more systematic investigation of the friction behaviour caused by sealing was
conducted by Belforte et al (1989), Belforte et al (1993), Belforte and Raparelli
(1997), and Raparelli et al (1997). These works show that the friction force depends
on a number of factors, including operating pressure, seal running speed on the
cylinder barrel and rod, barrel material and surface roughness, seal dimensions and
profile, seal material, lubrication conditions, cylinder distortion during assembly,
operating temperature of actuator components, and the two chamber pressures. But
for a given cylinder, the friction force is mainly determined by the piston velocity and
chamber pressures. Their relationship is represented with an empirical model.

In Nouri et al (2000), a quite sophisticated dynamic friction model, Leuven model
structure, was employed in modelling of pneumatic cylinder friction. The modelling
procedures are as the follows. The first step is to determine the pre-sliding friction. In
this step, the applied force is controlled at levels smaller than the break-away force so
that the cylinder displacement is in pre-sliding mode. The friction force vs
displacement in this mode is shown to be hysteresis-like. The next step is to
implement the hysteresis modeling. Two memory stacks, stack-min and stack-max,
are used in modelling the hysteresis. The stacks grow at a velocity reversal and shrink
when an internal hysteresis loop is closed. When the system goes from pre-sliding to
sliding, the stacks are reset. The following step is to construct the velocity-friction
force map in a constant velocity operation condition. In this procedure, two pressure
sensors, a 2-mm range position sensor for pre-sliding displacement measurement and
an acceleration sensor for velocity estimation are used.
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1.2  An overview of pneumatic system servo control

Pneumatic servo control has long been an interesting topic for many researchers and
engineers driven by the advantages of pneumatic actuators. Ever since the 1980’s,
when the digital processing techniques became more and more popular, a large
amount of works have contributed to this research area. The techniques and
approaches involved in pneumatic servo system research are diverse and cover a wide
range of control engineering areas. The research on pneumatic servo systems is
almost a reflection of modern control engineering. This brief overview tries to give a
skeleton picture of former research works in this area.

Classic fixed gain linear control

Some of the earliest works in pneumatic servo technology can be attributed to the
research of Shearer (1956), Burrows and Webb (1966), Vaughan (1965). In these
works, a fixed gain linear controller, such as PID controller, was employed. This
controller was designed based on a nominal transfer function model obtained by
linearizing the system around a specific operating condition -- the cylinder midstroke
position. These early works provided the foundation for much of the later research
and development, and established the underlying principles for the understanding and
control of pneumatic servo systems. Even in later years, the Jacobian (local)
linearization model based approach can still be seen in many analysis and control
works, such as in Lai et al (1990), and Harada et al (1988), Liu and Burrows (1988),
and Yin and Araki (1998).

The fixed gain linear control method relies on the key assumption of small range
operation for the linear model to be valid. These operation ranges can concern
cylinder position, air pressure and valve spool position. When the required operation
range is large, the linear controller is likely to perform very poorly or to be unstable,
because of the limitation of the linear feedback controller’s tolerance for the adverse
effect of the nonlinearities.

Gain scheduling and auto-tuning

When a fixed gain linear controller can not satisfy the control requirements, it is
natural to seek a mechanism to tune or to pre-schedule the controller gains. The basic
idea of gain-scheduling is to select a number of operating points which cover the
range of the system operation. Then at each of these points, the designer makes a
linear time-invariant approximation of the plant dynamics and designs a linear
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controller for this linearized plant. Between operating points, the parameters of the
controller are interpolated, or scheduled, thus resulting in a global compensator. The
idea of auto-tuning is to use some kind of mechanism (tuner) to automatically tune
the controller gains according to the operation condition. The tuner can be designed
analytically or experimentally.

Pu et al (1993) presented an example of application of the gain-scheduling method
for pneumatic servo control. In Pu et al (1991), after analysing the controller gains
effects on performance and stability, a gain tuning method was proposed on the basis
of analytical and experimental observations. Uebing and Vaughan (1997) involved
the cylinder position in the locally linearized cylinder motion control model; Based
on the model a position and motion direction dependant PVA (position, velocity,
acceleration) feedback controller was designed.

A number of works are dedicated to the PID auto-tuning approach. In Shih and
Tseng (1994) a PID self-tuning controller was designed by using the ITAE optimal
control principle and the pole-placement approach. Fok and Ong (1999) proposed
a pragmatic gain tuning (by experiment to get the desired PD gain) method, for
which the positioning error is experimentally found to be less than  mm.

In Fujiwara et al (1995), and Matsukuma et al (1997) a neural network based self-
tuning PID controller was presented. The feasibility of a neural network in parallel
with a classic PI control was discussed in Noritsugu and Fukuzono (1996) where its
capacity for learning and adaptability in a system with unknown and variable
parameters was described.

In Jeon et al (1998), genetic algorithms were applied to optimize the control gains
of a three-loop controller for a pneumatic servo cylinder drive. The three-loop
controller has position, velocity, and acceleration feedback gains, all of which have
formerly been manually tuned. The genetic algorithms (GA) are general-purpose
search procedures, optimization methods, or learning mechanisms based on
Darwinian principles of biological evolution, that is, reproduction and “the survival
of the fittest”, along with genetic recombination. For a rodless cylinder, the
positioning error is seen to be less than  mm.

Wang et al (1999) proposed a kind of PID controller learning modification method
to minimize the cylinder positioning error. The basic idea behind this algorithm is to
use the current target position error as an amendment which is then weighted and
added to the target position of the next cycle movement. A self learning mechanism
is introduced in the target position updating. The learning mechanism is created by

0.3±

0.1±
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experimental studies. Position error is reported to be less than  mm.

Adaptive control

Instead of designing the controller gain tuning or scheduling mechanism analytically
and/or experimentally off-line, many works focus on seeking the online controller
adjustment mechanism, referred to as adaptive control.

Quite many examples of conventional adaptive control application in servo
pneumatics can be found in Wikander (1988), Miyata (1989), Bobrow and Jabbari
(1991), Oyama et al (1990), McDonell and Bobrow (1993), Tanaka et al (1994), Li et
al (1997), and Song et al (1997d). In these works, the conventional direct and indirect
self-tuning, and model reference adaptive control schemes were employed. Some
works show quite good control results, e.g. 0.01 mm cylinder positioning accuracy in
Wikander (1988) where nonlinearities compensation was involved.

In trying to achieve satisfactory control performance, Tanaka et al (1998) presented
a technique of model reference adaptive control with neural network for an
electro-pneumatic servo system. Shortly after this work, Tanaka et al (1999) proposed
a model reference adaptive control with multi-rate type neural network approach
for control of pneumatic cylinder position. The adaptive controller is used to perform
model matching for the uncertain (locally) linearized model of the plant to a given
reference model. The role of the neural network is to perform nonlinearities
compensation. With a multi-rate type neural network the overall calculation time can
be reduced. Positioning accuracy of mm is shown with a column error
distribution chart.

In Kosaki and Sano (1998) a Lyapunov stability based disturbance observer was used
to compensate the effects of external load disturbances and parameter variations of
the plant. The controller gains were adjusted by fuzzy inference.

Sliding mode control

Another typology of control recently investigated for pneumatic positioning servo
systems is sliding mode control which is claimed to assure good accuracy, sufficient
robustness and the possibility to define the dynamic behavior on the sliding surface.
It is a kind of high gain or stiff nonlinear control approach. Sliding mode control is
believed to provide a systematic approach to the problem of maintaining stability and
consistent performance in the face of modeling imprecision. These features attract

1±

0.08±
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numerous research works trying to apply the sliding mode approach in
servopneumatics, for example, Noritsugu and Wada (1989), Tang and Walker (1995),
Pandian et al (1997b), Pandian et al (1997a), Hamerlain (1995), Bouri et al (1996).
Surgenor and Vaughan (1997), Paul et al (1994), Song and Ishida (1997b), Song and
Ishida (1997c), and Drakunov et al (1997).

In Paul et al (1994), Tang and Walker (1995), a reduced order sliding surface was
used to eliminate the need for pressure feedback. Song and Ishida (1997b) presented
a robust sliding mode control scheme for pneumatic servo systems, using the
Lyapunov stability theory and a few structural properties of pneumatic servo systems.
Static positioning error is shown to be less than 0.2 mm. But full state feedback is
necessary in this work. In Song and Ishida (1997c) this shortcoming was overcome.
Drakunov et al (1997) demonstrated that the sliding mode control can be successfully
used to compensated the cylinder visous and Coulomb friction.

Neural network and fuzzy reasoning

A number of investigations have been conducted on fuzzy control algorithms and
neural networks. The former, which do not require a mathematical model of the
system, involve short development time and have led to several interesting industrial
applications.

In Matsui et al (1990), a concept of learning and time optimal control was introduced
to obtain good positioning accuracy and high-speed response. The control input is
assumed to be of Bang-Bang type and the switching time is corrected through
learning on the basis of the repeated motions of the cylinder so that the piston rod
reaches every desired point with zero velocity. Fuzzy reasoning and the newton-
raphson method are used as learning methods. Experiments show that the controlled
motions converge to the repeated steady ones through learning and that a positioning
accuracy of about 0.3 mm can be attained with a velocity of the piston rod below 1
m/s under no-load conditions. Other fuzzy control application examples in servo
pneumatics can be seen in Lu (1993), Araki et al (1997), Shih and Hwang (1996),
Wang et al (1996).

In Wang et al (1996), the inaccuracies of the pneumatic components are compensated
by a hybrid fuzzy logic algorithm which incorporates additional fuzzy pulse width
modulation and small deviation control logics to achieve high accuracy and
repeatability at all stroke positions.

Katsumata et al (1996) presented an LQI control for pneumatic cylinders using an
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unsupervised neural network. Gross and Rattan (1997) used a multi-layer neural
network (MNN) to represent the inverse of the conventionally (PID type) controlled
pneumatic positioning system, and then to feed forward this inversion to cancel the
closed loop dynamics to achieve high tracking performance. Position, velocity and
acceleration feedback are necessary for this approach.

Song et al (1997a) proposed a control scheme based on a multi-layer neural
network (MNN) trained by the multiple extended Kalman algorithm (MEKA) for
pneumatic cylinder positioning system. The experimental results show that the
proposed method has less sensitivity than the neural network trained by simple
gradient descent training algorithms.

Generalized predictive control (GPC)

The GPC method predicts the plant’s future output for a sequence of future desired
points. A cost function is defined based on future output errors and control inputs, and
is then minimised to produce a set of optimized future control signals. Predictive
control is a criterion based design, possessing the attractive property that it is quite
easily used in combination with a wide class of nonlinear model descriptions, e.g.
neural network. But one of the main application issues of the GPC in a nonlinear
system is the computing burden. For processes with rapid dynamics, this requirement
will essentially prevent practical utilization of the controller. Also there are some
other problems with the iterative optimization algorithm. Consequently the nature of
the GPC-criterion implies that a number of ad hoc solutions must be made, leading to
a relatively complex controller implementation. Nørgaard et al (1996) presented an
approximate predictive control (APC) method. The scheme is based on extracting
linear models from a nonlinear neural work, and using them in designing the control
system. The performance is demonstrated in a simulation study of a pneumatic
position control system. The authors concluded that the proposed controller seems to
work well on the simulated pneumatic servo system. In Sørensen et al (1999), based
on the neural network model, a GPC controller with extended control horizon was
developed with a particular emphasis on an efficient quasi-Newton algorithm. A
simulated square wave positioning was demonstrated on a pneumatic cylinder servo
system.

Robust control

One of the popular robust control approaches is the frequency domain H∞ control.
Kimura et al (1996b), suggested using minor feed back loop to reduce the H∞ control

conservativeness and increase the disturbance rejection ability for a pneumatic servo
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system. In Kimura et al (1996a), a sampled-data H∞ control approach was applied

in a pneumatic cylinder positioning system.

Feedback linearization (exact)

Feedback linearization is one of the basic nonlinear control techniques. The basic idea
of feedback linearization is to transform a nonlinear system into a (fully or partially)
linear system, and then use the well-known and powerful linear design techniques to
complete the control design.

Examples of applying feedback linearization (exact) in pneumatic control systems
can be found in Bobrow and McDonell (1998), Kawamura et al (1989), Bouhal et al
(1993), and Kimura et al (1995). In these works, by assuming that the nonlinear
functions are sufficiently smooth and that the measured output can be differentiated
a sufficient number of times, a full state feedback linearization technique is applied
to a pneumatic servo system.

Other control approaches

There are many other kinds of control approaches applied to pneumatic servo
systems. Kobayashi et al (1995) proposed a dynamic impedance matching robust
control method. Hamdan and Gao (2000) demonstrated a PID + feedforward +
Bang-Bang + antiwindup approach. Matsukuma et al (1997) described a nonlinear
PID control scheme for pneumatic servo systems. Wang et al (1998) introduced a
deterministic full nonlinear states feedback control design method. In Nakano et al
(1993), by employing an active piezoelectric locking mechanism, the positioning
accuracy is shown to be 2 µm, but some fine positioning with the piezoelectric locking
mechanism will take as long as 0.93 second. Lai and Ou (1992) demonstrated a time
delay control approach to a pneumatic servo. Such a controller updates the command
input for the next sampling using the input and the values of measured and computed
state variables from the previous sampling. In Nagarajan and Sajed (1994), the front
end (FE) control method was applied in a pneumatic pick and place robot arm
control. The FE control scheme is often employed for a class of time-delayed
systems.

Pressure or force control

Force (or torque) controlled pneumatic servo systems can be found in many
applications, for examples, in robotics, Liu and Burrows (1988); contact task
applications, Parker and Paul (1987), Noritsugu and Takaiwa (1997); spot welding
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machines, Araki et al (1996b), Araki et al (1997), Araki et al (1996a); test benches,
Sorli and Vigliani (1998b); and vehicle suspensions, Cho and Hedrick (1985), Sorli
et al (1998a).

The introduction of a pressure/force control loop will greatly facilitate pneumatic
motion control in two ways. First, the additional measurement (pressure/force) will
give more flexibility in the control design. Second, with the extra (inner) feedback
control loop, the motion control loop’s tolerance burden on plant uncertainty and
nonlinearities will be considerably reduced. Consequently, in the trade-off between
performance and stability, more priority can be given to the motion control
performance. Hence, higher performance can be achieved.

Noritsugu and Takaiwa (1995) indicated that pressure control is essential in
improvement of pneumatic position control performance. In this work, two
disturbance observers are employed. One is to observe the piston velocity effect on
the chamber pressure build-up, another is for observing the friction effect. Positioning
error is shown to be less than mm with 10 kg payload. Without payload, it is

less than  mm.

Using pressure/force inner control loop to cope with nonlinear friction to increase
motion control performance is investigated in many works, like in Ben-Dov and
Salcudean (1995), Wikander and Xiang (1996), and Hamiti et al (1996).

Wikander and Xiang (1996) proposed a force based auto-tuning control approach to
compensate the nonlinear friction and increase motion control performance. Hamiti
et al (1996), presented a pneumatic position control system that consists of two parts,
an analog P controller part (inner loop) and a digital PI controller part (outer loop).
The inner loop is used to stabilise the system, which initially contains an integrator,
and to reduce the effects of the nonlinearities in the system. The outer loop is used to
specify the characteristics of the whole system, and to cope with the problem caused
by the stick-slip friction. The proposed method allows limit cycles to be eliminated
in a progressive manner by decreasing the integral gain of the PI controllers. The
authors concluded that the experimental control performance is satisfactory. For the
feedback linearization approach, the pressure feedback loop is necessary.

1.3  Summary of the former works

Progress

From the above overview on the research of pneumatic servo system modelling and

0.2±
0.1±



13Background of the pneumatic servo systems research

control, it can be seen that:

• The advantages of pneumatic actuators have resulted in quite many research
works devoted to overcome the control problems and to make accurate servo
control applicable. Different kinds of pneumatic servo systems have been applied
in many industry and engineering areas owing to the aforementioned research
contributions.

• Large amount of knowledge has been gained from the aforementioned research
contributions. This includes different aspects of servopneumatics, such as air flow,
pneumatic thermodynamics, the dynamics and nonlinearities of the system.

• The pneumatic servo system components have been greatly developed, also due to
the aforementioned research contributions. Nowadays, different kinds of high
performance servo valves and actuators become available.

Status, results and unsolved problems

• Except for a few works, such as Wikander (1988), Nakano et al (1993), and
Tanaka et al (1999), most of them show steady state positioning error larger than
0.1 mm, some even 5 mm. As mentioned earlier, Nakano et al (1993) shows a
positioning accuracy of 2 µm, by employing an active piezoelectric locking
mechanism. But some fine positioning with the piezoelectric locking mechanism
will take as long as 0.93 second. In Tanaka et al (1999), with a model reference
adaptive control plus a multi-rate type neural network approach, a quite good
positioning result of 0.08 mm is achieved, but with no addressing on friction and
only one symmetric positioning case is shown. Wikander (1988) achieved a
positioning accuracy of mm with an auto-tuning adaptive control plus
nonlinearities compensation approach.

• Almost no work show steady-state positioning results with respect to positioning
over different parts of the cylinder stroke and with different amplitude and
velocity.

• Quite a lot of works deal with position control without specific consideration of
the friction and no work has been found involving friction compensation with a
dynamic friction model structure.

• Very few works have considered the valve’s nonlinear characteristics in the servo
control.

0.01±
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1.4  Pneumatic servo control challenges -- a glance at nonlinear control

In this section, a wider overview (very briefly) about nonlinear motion control
systems and the related nonlinear control is given to extend the perspective of the
pneumatic servo control problems.

Feedback control, tracking and point-to-point positioning

For both tracking and point-to-point positioning, high performance control almost has
the same meaning: fast and accurate response to the reference. But for tracking, the
concern is focused on the response behaviour along the whole reference trajectory,
while for point-to-point positioning, the concern is focused on the response behaviour
around the reference point. Without feed forward controller, high quality point-to-
point positioning almost implies high quality tracking.

The inversion-based feed forward control method can dramatically improve the
tracking performance. Inversion-based feed forward controllers have been used for
output tracking in a variety of applications, for example, in aircraft and aerospace
systems, flexible structure, and nano-positioners. This method has attracted many
research attentions, for example, Devasia (2000), Zhou and Devasia (1999), and the
references therein. But as pointed out by Tsao and Tomizuka (1987), Ghosh and
Paden (1999), Zhao and Jayasuriya (1995), and Devasia (2000), when the plant
uncertain is presented, the inversion-based feedforward controllers can not correct for
tracking error caused by plant uncertainties and even adversely affect the output
tracking performance. The uncertainty caused tracking error can only be reduced by
the feedback control.

It is well known that in the presence of uncertainty and disturbance, the point-to-point
positioning quality is mainly decided by the feedback control quality. Well designed
feedback control will directly give high performance point-to-point positioning and
facilitate the tracking control performance improvement. But to realize high
performance feedback control of pneumatic actuator systems will face many
challenges.

Robust control limitations

Large uncertainties in a pneumatic system are mainly caused by modelling difficulty,
especially for some parts, like the actuator friction and valve hysteresis-like
nonlinearity. Two major alternative approaches for dealing with model uncertainty
are robust and adaptive control, Slotine and Li (1991).
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Robust control theories or tools, such as the and QFT, provide a valuable

framework for determining the robustness properties of the proposed control
strategies and give information on the trade-off between performance and robustness
(stability issue). But no matter what kind of robust control tools are used, one thing is
sure: the smaller the uncertainty in a system model, the higher the performance
attainable and an increase in robustness margin will lead to a decrease in
performance, Sage et al (1999).

Another rather theoretically attractive robust approach is the sliding mode control. It
is believed that a robust controller can be derived based on rather little information of
the system. One of the most intriguing aspects of sliding mode is the discontinuous
nature of the control action whose primary function of each of the feedback channels
is to switch between two distinctive different system structures such that a new type
of system motion, called sliding mode, exists in a manifold. This peculiar system
characteristic is claimed to result in superb system performance which includes
insensitivity to parameter variation, and complete rejection of disturbance, Young et
al (1999). Many works, like Young et al (1999), believe that the chattering problem
is the only obstacle for sliding mode control to become one of the most significant
discoveries in modern control theory. Holding this hope, numerous analytical design
methods have been proposed to reduced chattering and the effects of chattering. But,
it seems that the chattering reduction leads to sacrificing the insensitivity to parameter
variation and complete rejection of disturbance.

However, in some servopneumatic applications, where the air flow is PWM
controlled by an on/off valve, the actuating object has high and complicated friction
and the position accuracy requirement is not so high, the sliding mode control
approach may indeed be a good choice. In this case, if there exists chattering, it may
act as a dither which is a classic friction compensation technique.

So, not only how to reduce the chattering, but also how to make use of the chattering
and how to make use of the sliding mode’s extremely stiff (‘complete rejection of
disturbance’) property are worth further exploring in servopneumatic research.

Adaptive control challenges

No matter which kind of adaptive control, direct or indirect, linear or nonlinear,
conventional or ‘intelligent’, they are all based on or aimed at online evaluation of the
process variation and updating the controller and/or compensator properly. The
adaptive control problem is an online modelling, identification, nonlinearities

H∞
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compensation and controller tuning problem. Due to the substantial nonlinearities,
generally, it is difficult to model pneumatic actuator systems. Online identification
will be even more difficult. Two important nonlinearities, to which little attention has
been paid in the aforementioned works, are the friction and valve nonlinearity (the
overall effect of a variety of valve nonlinearities) that often exhibits a hysteresis-like
behaviour. These two nonlinearities are most difficult to model. In the presence of
significant friction and without explicit consideration of its effect, precise position
control is really questionable.

The research on friction has long been an interesting topic. A large number of
research works have contributed to the investigation of friction. A number of friction
models have been created, from the simple Coulomb friction model to the more
sophistic dynamic friction models, such as the LugGre model proposed in Canudas et
al (1995), the Bliman-Sorine model proposed in Bliman and Sorine (1995), and the
Leuven model proposed in Swevers et al (2000).

Friction has many adverse effects giving rise to control problems. For motion control,
friction will cause steady-state error in point-to-point positioning, tracking lag in a
tracking control and limit cycles in feedback systems, see Swevers et al (2000) and
the references therein. Friction can be considered to be one of the most tough
nonlinearities to cope with in motion control systems. For precision position and
tracking control, the significant adverse friction effect must be compensated, and for
a high quality compensation a dynamic friction model structure is necessary. With the
dynamic models, a more detailed and more accurate description and representation of
the friction behaviour, especially the behaviour at velocity reversal, become available.
Accurate description and representation of the friction behaviour at velocity reversal
is very important in friction compensation because the friction has very fast dynamics
in the neighbourhood of zero velocity, where it is quite possible to give wrong
compensation with a simple static model and poor velocity estimate which will result
in deterioration of positioning and tracking.

Friction is a result of extremely complex interactions between the surface and the
near-surface regions of the two interacting materials as well as other substances
present, such as lubricants, Swevers et al (2000). Pneumatic actuator friction is even
more complicated because it is also a function of the varying chamber pressure,
Belforte et al (1989). The high complexity of the pneumatic actuator friction makes
the dynamic friction modelling very difficult, especially the online identification or
adaptation.

Dynamic friction modelling normally needs two or three off-line steps. That is, to
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construct the velocity-friction map measured during constant velocity motions, to
model the presliding friction behavior through experiments in the presliding
displacement mode, and for the Leuven model, to implement the hysteresis model,
Canudas and Lischinsky (1997), and Swevers et al (2000). In Canudas and Lischinsky
(1997), the possibility of adapting the ‘structured’ friction variation was investigated
for a simple DC motor process. In this process, the control input is the DC motor
torque, and the other two parts are the friction and load inertia. Adaptation is
performed for one lumped parameter variation, and motion performance is seen to be
improved by experiments. This proposed adaptation mechanism needs to satisfy the
restrictive ‘strictly positive real’ (SPR) condition. In the following years, there
appeared several works dealing with dynamic friction model parameter adaptation,
for example, Misovec and Annaswamy (1999) and the references therein. Several
theoretical alternative friction adaptation mechanisms have been proposed. With the
method proposed by Misovec and Annaswamy (1999), simulation results show that
five of the seven parameters of the LuGre friction model can be adapted for the three
elements (force input, friction and inertia) motion process. This method assumes that
persistent excitation is naturally in the system. The adaptation of the dynamic friction
model in a pneumatic system is noticeably tough but an interesting future research
topic.

Furthermore, in the pneumatic system, there is considerable and nonlinear dynamics
in the force generation loop and the friction is a function of the two chamber
pressures. Due to these reasons, even with an accurate friction estimate, friction
compensation is still difficult.

Hysteresis in a servo valve has been discussed in quite a few works, such as, Choi et
al (2000), Vaughan and Gamble (1996), Zavarehi and Lawrence (1999), and Virvalo
(1997). Control of a system is typically challenging in the presence of hysteresis
nonlinearities. They are nondifferentiable nonlinearities and severely limit system
performance giving rise to undesirable inaccuracies or oscillations, which can even
lead to instability, Tao and Kokotovic (1995). The development of control techniques
to mitigate effects of unknown hysteresis has been studied for decades. Various
models have been proposed to describe hysteresis. But it is important to mention that
modeling a general type of hysteresis is in itself still a research topic, and apart from
the backlash hysteresis model all other models are very complicated and it is still
unclear how to fuse them together with the controller design, Macki et al (1993), and
Su et al (2000).

Tao and Kokotovic (1996) presented a method of adaptive control of a system with
input or output backlash. But the considered system only has one linear dynamics and
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one backlash. The valve’s input hysteresis-like nonlinearity in a pneumatic system,
(if it is lumped at the input side), is an integral effect of several linear dynamics and
nonlinearities, such as, magnetic hysteresis, valve friction, dead-zone and pilot valve
dynamics. Even if the hysteresis-like nonlinearity has been simplified to a backlash
model, it is still difficult to estimate the backlash since there is no measurement to the
valve output (effective opening) or the backlash output in a normal valve application.

Nonlinear control limitations

When a linear time invariant controller can not satisfy the application requirements,
nonlinear control is typically applied, for example, the gain scheduling approach, Pu
et al (1993). In gain scheduling an ‘adaptive control’ approach is used in developing
the controller for a family of linear plants. That is, the linear controller strategy adapts
to the current operation of the plant on the basis of observed values of some so-called
scheduling parameters. Gain-scheduling is perhaps one of the most popular
approaches to nonlinear control design and has been widely and successfully applied
in many areas.

Despite its popularity, classic gain scheduling remains an ad hoc methodology. For
example, the robustness, performance, or even nominal stability properties of a global
gain scheduling controller are not addressed explicitly in the design process, Shamma
and Athans (1992). Various heuristic rules-of-thumb have emerged in guiding
successful gain scheduled designs. Two prominent gain scheduling guidelines, that
have been mathematically justified, are “the scheduling variable should capture the
plant’s nonlinearities” and “the scheduling variable should vary slowly”. In this
sense, the classic gain-scheduling method has great application limitation.

To eliminate this limitation, a lot of effort has been put to the two essence parts of the
gain-scheduling method, i.e. how to represent or express the nonlinear system with
linear plants and how to synthesize the controller, interpolation or directly use
nonlinear control. With this effort, many new results have been obtained. Stilwell and
Rugh (1998) proposed an interpolation approach for state feedback and state
feedback/observer based controllers which explicitly ensures stability of the closed-
loop system at the interpolated operating points, but this method is at the cost of some
conservativeness. There are also some relatively ad hoc interpolation schemes that
have appeared in practice.

The newly proposed linear parameter-varying (LPV) gain-scheduling methods,
Packard 1994, Apkarian and Adams 1998, are conceptually quite distinct from the
conventional gain-scheduling approach since they use linear parameter-varying plant
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representations rather than a family of linear plants, and since they involve the direct
synthesis of a controller rather than its construction from a family of local linear
controllers designed by linear time-invariant methods. But, all of the LPV gain-
scheduling approaches, at present, involve some degree of conservativeness, Leith
and Leithead (2000).

In a pneumatic servo system, the friction and the hysteresis-like nonlinearities are
difficult to represent even in a nonlinear way. The variables from cylinder position,
to velocity, pressure, air flow, and valve spool position all vary fast in normal
operation; so with only gain-scheduling method to achieve high control performance
while to ensure system stability seems very difficult.

Another well known nonlinear approach is the feedback linearization approach. A
major breakthrough in exact feedback linearization theory occurred at the beginning
of the 1980s, Jakubczyk and Respondek (1980), Su (1982), and Hunt et al (1983).
With the exact feedback linearization approach, a nonlinear system is transformed to
a linear system by a coordinate change and sate feedback. The severe application
limitation of the exact feedback linearization is the emerging rigorous linearizability
conditions, and the exact linearization can seldom be achieved in practice,
Guardabassi and Savaresi (2001). Hoping to remove this limitation and to incorporate
robustness in the feedback linearization approach, a strong research activity on
approximate linearization via feedback was initiated. Since 1984, a large number of
papers have been published on the subject. Approximate linearization has been
recognized as a crucial issue in the field of nonlinear control system design.

To achieve approximate linearization, there is no uniquely established conceptual
framework or paradigm to follow. As a result, the proposed approximate linearization
methods are fairly diverse. Guardabassi and Savaresi (2001) gave a very good survey
of the approximate linearization method and classified the huge number of
approximate linearization methods in four groups. Some of the methods, in fact,
belong to parallel research areas, like variable structure control and model reference
adaptive control. Some are only named after the references. The methods are
1. Partial-linearization techniques:

Higher-order approximate linearization;
Pseudo-linearization;
Extended linearization;
Variable structure control.

2. Linearization-oriented modeling:
Uniform approximation;
Nicely nonlinear modeling;
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Ad hoc model perturbations
Hauser, Sastry and Kokotovic (1989, 1992),
Del Re and Isidori (1995),
Hauser, Sastry and Meyer (1992),
Doyle, Allgöwer and Morari (1996).

3. Nonlinearity measures:
Desoer and Wang (1980);
Stack and Doyle (1995);
Allgöwer (1995);
Nikolaou (1993);
Ogunnaike, Pearson and Doyle (1993).

4. Linear model-matching:
Model-based linear model following;
Data-based linear model following -- the indirect approach;
Data-based linear model following -- the direct approach

On-line methods: The model-referenceadaptive-control paradigm,
Off-line methods.

It should be noted that most of the listed methods are theoretical research results. The
main objective of Guardabassi and Savaresi (2001) is to bring these modern system
linearization methods closer to the needs of practising control engineers and to
stimulate further research eventually to be able to fill the visible gaps in this direction.

Generally, feedback linearization, both exact and approximate, need more state
measurements. If not so, differentiation may needed. Tao and Kokotovic (1996)
indicated that in practice the big obstacle for applying the feedback linearization
techniques is the requirement that the nonlinearities be continuously differentiable a
sufficient number of times.

Nevertheless, an interesting fact is that most of the nonlinear control system design
approaches found useful in practice (e.g. the describing function, Gelb and Van der
Velde (1968); extended linearization, Baumann and Rugh (1986); gain scheduling,
Shamma and Athans (1990)) are based on some form of linearization of the nonlinear
plant, Banos Bailey (1998). While these linearization approaches offer no general
solution to the problem of nonlinear control, they have been formalized and found in
a wide range of applications, Banos Bailey (1998).

Lyapunov-based methods are also a quite interesting class of nonlinear control
approaches. With these approaches, the feedback control is designed in such a way
that a Lyapunov function or more specially the derivative of a Lyapunov function, has
certain properties that guarantee boundedness of trajectories and the convergence to
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an equilibrium point or an equilibrium set, Khalil (1996). Two typical Lyapunov-
based approaches are control Lyapunov function presented in Freeman and
Kokotovic (1996), and backstepping introduced in Krstic et al (1995). The
aforementioned sliding mode control is also a Lyapunov-based approach.
Backstepping is a recursive procedure that interlaces the choice of a Lyapunov
function with the design of feedback control. It breaks a design problem for the full
system into a sequence of design problems for lower-order (even scalar) systems.
However, when there is uncertainty, this class of Lyapunov-based designs will inject
a high gain element (switching or saturation) into the controller to satisfy the
Lyapunov stability requirement. Normally this high gain will cause chattering
problems in practice.

Block-oriented methods are a class of practical nonlinear approaches. Although they
have not been widely recognised, in fact, block-oriented approaches have been
widely used for nonlinear system modelling and control. In Weiss et al (1996), Harris
and Palazoglu (1998), the block-oriented model is considered as a general input/
output (I/O) model structure consisting of series and parallel connections of dynamic
linear and static nonlinear elements. By this definition, the Hammerstein and Wiener
models naturally belong to this class of models. The Hammerstein model is a model
structure where the static nonlinear element (e.g. dead zone) is placed before the
linear dynamics. The Wiener model is a model structure where the static nonlinear
element is placed after the linear dynamics.

There are quite many works addressing modelling and identification of block-
oriented nonlinear systems, for example, in Pearson and Pottmann (2000) a gray-box
identification approach was described for three classes of block-oriented models:
Hammerstein models, Wiener models, and the feedback block-oriented models;
Weiss et al (1996), pointed out that with the improvement of computational and
graphical facilities it is possible to deduce information about the block-oriented
nonlinear system model structures from a graphical representation of their measured
Volterra kernels. A demonstration was given to the measurement of Volterra kernels
using periodic multisine signals, as well as their evaluation and representation in the
frequency domain.

There are also quite many works exploring the block-oriented nonlinear system
control problems. In Nesic (2000), a globally stabilizing output feedback controller
was designed for a class of continuous-time Wiener systems. In Nesic and Bastin
(1999), two classes of block-oriented models of the Wiener-Hammerstein type were
considered, and control and stabilization of these two classes of Wiener-Hammerstein
systems were demonstrated. Tao and Kokotovic (1996) presented a rather systematic
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inverse-based method for the control and adaptive control of a class of nonlinear
systems that contains dead zone, backlash and hysteresis. Though Tao and Kokotovic
(1996) didn’t mention any word like ‘block-oriented’, ‘Wiener’ and ‘Hammerstein’,
the inverse-based dead zone compensation method is clearly a block-oriented control
approach by the definitions of the above works.

The describing function (DF) method is another classic method dealing with
nonlinear system problems. It appears to have been used independently during the
wartime period by Goldfarb in Russia, Dutilh in France, Oppelt in Germany,
Kochenburger in the USA, and Daniell in the UK, see Atherton (1975). Publications
about DF works appeared in the later 1960’s, for example, Gelb and Van der Velde
(1968). The DF method is identical to a harmonic balance approach, where only the
first harmonic is balanced, but was developed in a way more suitable for use in
feedback control, where typically nonlinear systems are being modelled in terms of
interconnected blocks of static nonlinear and dynamic (transfer function) elements,
Atherton (1996). The DF method, in fact, is an extension of the linear frequency
response method.

Taylor (1999) gave a fairly comprehensive overview and definition of the basic
concept of the describing function, and showed a wide variety of usages and
applications of this approach for the analysis and design of nonlinear dynamical
systems. The DF method has been widely used to provide insight into the effects of
nonlinearity in the behavior of a large number of practical systems, especially for
limit cycle prediction. With the appearance of the frequency domain robust control
tools, e.g. control and QFT control, the DF method is more and more used for

nonlinear robust control. Many application examples show that the DF method can
solve some complicated nonlinear control problems quite straightforward and easily.

Taylor (1998) indicated that SIDF-based modeling and synthesis approaches are
broadly applicable and presented several practical SIDF-based nonlinear
compensator synthesis approaches and illustrated via application to a position control
problem. Nordin (2000) represented the backlash nonlinearity with a dual-input
describing function (DIDF) and successfully used this DIDF model in the QFT robust
control framework to design a speed control system. In Moghaddam and Goldenberg
(1997), describing function and conic bounded nonlinearity methods were proposed
to model the effect of hysteresis, friction and nonlinear stiffness in control design.

Glass and Franchek (2000) presented a describing function based nonlinear robust
control approach for the idle speed control of a Ford 4.6L V-8 fuel injected engine.
The describing function calculation is automated by a recursive Volterra Series
relationship.

H∞

H∞
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In Taylor (1998), the robust control problem for nonlinear systems was discussed
from the standpoint of the amplitude sensitivity of the nonlinear plant and final
control system. It is pointed out that failure to recognize and accommodate this factor
may give rise to nonlinear control systems that behave differently for small versus
large input excitation, or perhaps exhibit limit cycles or instability; and the
sinusoidal-input describing functions (SIDFs) are shown to be effective in dealing
with amplitude sensitivity in two areas: modeling (providing plant models that
achieve an excellent trade-off between conservativeness and robustness) and
nonlinear control synthesis.

2.   Thesis contributions

2.1  Extending the definition of the block-oriented model

A widely accepted definition of the block-oriented model is, as already mentioned in
the above, a general input/output (I/O) model structure consisting of series and
parallel connections of dynamic linear and static nonlinear elements. In this thesis,
see Paper B, this definition is extended: the nonlinear element is not necessarily
static, it can also be dynamic. Accordingly, the pneumatic positioning system, a
complex nonlinear system, can be expressed in a block-oriented nonlinear model
where the linear dynamics, the lumped constants and the nonlinear couplings are all
blocks; The friction is a feedback dynamic nonlinear block; The valve’s input-output
characteristics, as a whole, is a block; The valve block can also be considered to be
composed of two blocks, a linear dynamics block and a nonlinear block that
represents the overall characteristic effect of the valve nonlinearities.

The describing function method is a block-oriented method as mentioned in several
works, such as Atherton (1996). The describing function is a more generalized
expression of the system frequency response. The linear frequency response (transfer
function) is a special example of a describing function. The describing function
representation of a nonlinearity is a nonlinear block. Describing functions can be used
to represent a large class of nonlinearities, including many dynamic nonlinearities,
such as backlash and hysteresis. In this sense, the block-oriented model includes, in
fact, dynamic nonlinear elements.

Decomposition is an effective way to solve complicated nonlinear system analysis
and synthesis problems and is often used to decompose a ‘large’ system into several
‘small’ subsystem, to take into account the ‘small’ subsystems’ input-output
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behavior, and then to deal with the interconnected behavior among the subsystems.
The commonly used cascaded (inner-outer loops) control approach is a kind of
decomposition approach. Lumping is also important. Lumping means simplification.
Quite often, only the integral effect of several subsystems is of interest. In this case,
these subsystems can be lumped to one subsystem, and only the lumped subsystem’s
input-output behaviour is taken into account. Lumping and decomposition are both
block-oriented approaches.

2.2  Formalizing the pneumatic servo control problems

By analysis of a pneumatic cylinder motion control system, it is shown that the
system is dominated by the couplings between motion and pressure and between
pressure and flow rate, and further by nonlinearities such as valve nonlinearities and
cylinder friction. The motion-pressure coupling can be directly determined by the
pressure and position measurements. The pressure-flow rate coupling can also be
determined if the charge and discharge process is supposed to be known. In this way,
modelling of the complex nonlinearities of the pneumatic servo system is shifted to
modelling of the valve nonlinearities and the cylinder friction. See Paper A.

The nonlinear friction, especially the friction behaviour at velocity reversal, is the big
obstacle for high precision positioning of a pneumatic actuator system. So a dynamic
friction model structure for friction compensation is necessary. This point was
addressed in Papers A, B and D. And a more detailed discussion was given in Paper
B.

The valve nonlinearities are complicated, they also have significant influence on the
servo system. All through the thesis, only the integral nonlinear effect of the valve
nonlinearities was considered. This greatly simplifies the valve modelling procedure
and makes control design consideration of its effect much easier.

2.3 Proposing and successfully applying the block-oriented approximate
feedback linearization method

From the above overview of the research on pneumatic servo control, and related
research on general nonlinear control, some facts can be given as follows.

• It is difficult to use only one technique or control tool to achieve high control
performance for a complicated nonlinear system, no matter how smart this
technique is. A comprehensive control approach that involves several adequate
techniques is more likely to achieve high control performance.
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• Banos and Bailey (1998) pointed out the fact that most of the nonlinear control
system design approaches found useful in practice are based on some form of
linearization of the nonlinear plant. This fact has two implications: first the
nonlinear compensation is an effective way to reduce the adverse effect of the
nonlinearity; second, the systematic linear control and modelling techniques are
still the basic and powerful tools for solving nonlinear problems. Those are the
reasons to transform a nonlinear system to a linear system or a family of linear
systems.

• Approximate feedback linearization has attracted much research interest. This
motivates the use of an approximate method in the servo pneumatic case.

• To achieve approximate linearization, there is no uniquely established conceptual
framework or paradigm to follow. Any approximate approach that makes the
nonlinear system more linear than the original plant, is an approximate
linearization. If feedback is involved, it is an approximate feedback linearization.

All these facts indicate that high performance control results may be attainable for the
pneumatic servo system with some kind of approximate feedback linearization
approach. In Paper B a block-oriented approximate feedback linearization method is
proposed by summarizing the techniques used in a pneumatic rodless cylinder
position control system design. This method includes two steps: block-oriented
representation and linearization of the nonlinear system, and implementaion of the
linearization. In the following, these two steps will be presented.

The block-oriented representation and linearization of the pneumatic servo
system

As presented in Paper B and D, the constitutive equations of the pneumatic rodless
cylinder positioning system with two 3/2 way servo valves can be given as follows.

• Motion equations

(1)

(2)

where, for , pi represents the ith chamber’s pressure; A, y, fv, l, m, pat, ps and
are the piston area, displacement, viscous friction coefficient, cylinder

stroke, payload mass, atmosphere pressure, supply pressure and nonlinear friction
force respectively.

• Pressure build-up equation

mẏ̇ f vẏ+ F Fnfr ẏ( )–= 0 y l≤ ≤

F A p1 p2–( )= 0 pat< pi ps≤ ≤

i 1 2,=
Fnfr ẏ( )
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(3)

where y0 >0 is the effective initial displacement corresponding to the non-working
volume from valve output port to cylinder chamber. For , Qi and yi represent
the ith chamber’s mass flow rate and corresponding displacement ( )
respectively. T, R and n are supply air temperature, gas constant and ratio of specific
heats respectively

• Mass flow rate equations

(4)

(5)

where for , ui, pui and pdi represent the ith chamber’s corresponding valve
input, up and down stream pressure respectively; Cq is a constant function of specific
heat; b is critical pressure ratio; D denotes Laplace or differential operator; Gv0(D) is
the normalized Hurwitz valve dynamics with a unit DC gain; qu(ui) represents the
effective input nonlinearity of the valve; The square bracket “[]” in the expressions,
like is used to define that the bracketed component is to be
located on the input side of the linear dynamics .

From Eq. 1, 2 and 3 it can be seen that the coupling of the pressure build-up and piston
motion is mainly defined by the measurable variables p, y and . If y and are treated
as two exogenous perturbation signals in the pressure build-up process, then the
whole servo system can be decomposed into two cascaded, inner pressure and outer
motion control, sub-systems. Let

(6)

(7)

ṗi
RT
A

-------Qi ẏi pi– 
  n

yi y0+
---------------=

i 1 2,=
y1 l y2– y= =

Qi

puiCq

T
--------------qp pi( )Gv0 D( ) qu ui( )[ ]=

qp pi( )

1 pri

pdi

pui
------- b≤=

1
pri b–

1 b–
--------------- 

 
2

– pri

pdi

pui
------- b>=









=

pdi pi,= pui ps= while Gv0 D( ) qu ui( )[ ] 0≥

pdi pat,= pui pi= while Gv0 D( ) qu ui( )[ ] 0<

i 1 2,=

G D( ) q u( )[ ] q u( )[ ]
G D( )

ẏ ẏ

Lp CqR T A⁄:=

Nv ẏi pi,( ) ẏi pi–:=
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(8)

where Lp is a lumped constant; Nv and Ny represent the nonlinear blocks through
which the two exogenous perturbation signals, y and , act on the inner pressure sub-
system. With these notations, for , the pressure build-up model can be re-
expressed in the following block-oriented form.

(9)

Now select the valve input signal ui as

(10)

where υpi is the introduced equivalent linear pressure control signal, and the term with

an over-head “^” represents its corresponding estimate. By substituting Eq. 10 into 9,
it is evident that when the estimates tend to be their corresponding true values and if
all the inverse functions can be exactly realized, the pressure build-up system is
reduced to the linear subsystem

(11)

where . A schematic demonstration of the block-oriented
feedback linearization for the inner loop is shown in Fig. 1.

Based on this linearized pressure build-up model, an inner pressure controller can be
designed with just some linear feedback control law. Let GF(D) represent the ith

N y yi( ) n yi y0+( )⁄:=

ẏ
i 1 2,=

ṗi Lp puiqp pi( )G
v0
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Ĝv0
1–

D( )p̂u
1–
q̂ p

1–

L̂p
1–

N̂v

N̂ y
1–
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chamber’s closed pressure control loop dynamics, with the symmetric or asymmetric
pressure control strategy presented in Paper B, the force response can be expressed as

(12)

Assuming GF(D) is of minimum phase, the force reference can be chosen as

(13)

where υm is the introduced equivalent linear motion control signal. Substituting Eq.
13 into 12 and then the result into Eq. 1, gives

(14)

where

(15)

represents the nonlinear friction compensation residual. If the inverse of GF(D) can
be exactly realized and the estimate of the nonlinear friction tends to be its true value,
then δfr → 0, and the linearized motion control system is reduced to

(16)

A schematic demonstration of the block-oriented feedback linearization for the outer
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for outer motion control system

Linearization

Linearized outer loop plant -- ideal case

Outer loop plantOuter loop compensator

F̂nfr v( )



29Thesis contributions

loop is shown in Fig. 2.

Summary of the block-oriented representation and linearization

The block-oriented representation is simple and straight forward. Adequate lumping,
approximation and decomposition makes the block-oriented model suitable for
modeling and for the following linearization. Linear dynamics is represented in a
form such that its operator effect is focused, e.g. transfer function form. The
nonlinearity is represented such that its input-output relationship (interconnection)
with the system is focused, details may only be explicitly considered in the
linearization implementation or in the modeling of this nonlinearity. To facilitate the
block-oriented representation of a nonlinear system, a symbol ‘D’ is introduced to
denote Laplace or differential operator, and the square bracket “[]” is introduced to
define the location of variables and/or elements with respect to a linear dynamics, a
nonlinear operator or a nonlinear dynamics (describing function). In this way the
nonlinear system can be expressed in a fairly simple algebraic-like equation.

With the algebraic-like equation expression of the block-oriented model, the
linearization is quite straightforward. That is, it is easy to locate nonlinearity and to
decide compensator. By simple algebraic-like calculation, the system can be
linearized. Consequently, the complicated linearization problem is transformed to a
simple algebraic-like calculation problem.

Implementation of the block-oriented approximate feedback linearization

In the implementation of the block-oriented approximate feedback linearization,
specific approaches, techniques, trade-off considerations, approximation etc. can be
involved for a specific nonlinear block. This shows the great flexibility of the block-
oriented approximate feedback linearization method. Examples of such
considerations, in the implementation of the block-oriented approximate feedback
linearization for the pneumatic cylinder servo system, are given as follows.

Avoidance. In the chamber pressure control, a base pressure (reference) is selected
such that the controlled chamber pressure is varying around this base pressure. In this
way the nonlinear effect, in Eq. 4, due to the pressure-flow coupling, can be

greatly reduced or even eliminated, Paper B. As a result, this will greatly relax the

implementaion requirement (estimation accuracy of , inversions of and

), for the compensation expressed in Eq. 10. Avoidance is also frequently

used in nonlinearity isolation in the modeling procedure, Papers A and C.

qp pi( )

q̂p
1–

pi( ) q̂u
1–

Ĝv0
1–

D( )
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Approximation. Approximation or simplification is often necessary due to the
modelling and implementation difficulty. In Paper A, the valve is assumed to be a
static nonlinearity, , (dominant part is dead-zone) followed by a Hurwitz linear

dynamics, , see Eq. 4. In Paper B, inverse compensation, , is applied to

this static nonlinearity, see Eq. 10. In this paper the main part of is a dead zone

inverse. In Paper C, the valve’s nonlinearity is modelled as a dynamic

nonlinearity (backlash). Experimental results show that both dead zone inverse and

backlash inverse compensations are effective. So can be implemented either as

dead zone inverse or as a backlash inverse. Hence, different approximations can be
applied according to the different cases and requirements.

Trade-off. Trade-off is important for practical control engineering. A well designed
control system is often the result of a good trade-off between the different conflicting
requirements. In this approximate feedback linearization of the pneumatic servo
system, there are quite a few trade-offs. An example of these trade-offs is about the

linear dynamics inverse, (inverse of the closed loop pressure build-up

dynamics) in Eq. 13, for the friction compensation, Paper B. Linear dynamics inverse
normally will cause large control input. With the limited control input space and the
limited improvement effect on the friction compensation, the linear dynamics inverse
is not necessary for the considered pneumatic system.

Specific approaches. In the implementation of the approximate feedback
linearization, some specific approaches or considerations may taken for a specific

nonlinear block. For example, in the friction compensator, in Eq. 13, some

parameters may deliberately be over-estimated such that a better friction
compensation effect can be achieved, Paper B. In the velocity-pressure decoupling
(compensation of the term , see Eq. 9 and 10) under compensation is

applied to ensure that the linearized plant is stable in the presence of uncertainty.

Evaluation of the approximate linearization effect

The effect of the block-oriented approximate feedback linearization is shown in the
linear identification results, Paper A, and the force control, point-to-point positioning
and tracking control results, Papers B and D.

qu ui( )

Gv0 D( ) q̂u
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q̂u
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qu ui( )
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Point-to-point positioning: the steady-state positioning error is shown to be less than
the sensor's 5 m resolution, in the presence of high friction (about 15-20% of the
maximum cylinder force), positioning amplitude range from 0.5 mm to almost the
full cylinder stroke and velocity range from 0.01 m/s to (or even beyond) the position
sensor's rated limitation of 1 m/s.

Features of the approximate feedback linearization

In the block-oriented approximate feedback linearization procedure, the block-wise
compensation effect is taken into account. This feature makes the linearization more
easy to realize. Each nonlinear block can be compensated in a suitable special way
and many nonlinearity compensation techniques can be directly incorporated. Linear
dynamics inverse can be implemented with an adequate pre-filter, such that it can be
realized and will not cost so much control effort. Trade-off can, more easily, more
reasonably, be made, for example, the trade-off between system improvement and the
cost (input effort), the trade-off between compensation effect and approximation.
Under- and over-compensation can be easily handled. In some cases, under-
compensation may be preferred to ensure a stable compensated plant or to ovoid
positive feedback in the presence of uncertainty. The exact feedback linearization
approach has received quite some criticisms on this point.

For feedback linearization with the block-oriented nonlinear system, the only
requirement is that some specific blocks are invertible or approximately invertible so
that the manipulating calculation based on the block-units can be implemented. This
rather loose constraint makes the linearization technique applicable to a wider class
of nonlinear systems which are of high order and which include some discontinuous
and/or fast dynamic nonlinearities, i.e. the requirement that nonlinearity be
differentiable a sufficient number of times is eliminated.

The proposition of the block-oriented approximate feedback linearization is in the
hope that it can be further formalized and developed such that it can become a more
sophisticated but practical nonlinear control and modelling method.

2.4 Presenting a comprehensive nonlinear modelling approach for pneumatic
servo systems

Modeling of pneumatic servo systems is difficult due to the extensive nonlinearities
in the system. To achieve high control performance, a rather thorough knowledge
about the system is necessary. Utilizing the same measurements in the modelling
procedure as in the control is important, from a practical point of view. In this thesis,
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a comprehensive pneumatic servo system modeling approach, with pressure and
position (for valve modeling only pressure) measurements, is presented.

Paper A presents a step-by-step off-line modelling method which includes a series of
steps and several interactions between modelling, compensation (linearization) and
control. That is, to separate the static nonlinearity from the linear dynamics by static
experiments, to isolate the nonlinearity by specifying the experimental condition and
to identify the linear dynamics by feedback linearization. In Paper C, a sinusoidal
input describing function based experimental servo valve modelling method is
presented. Nonlinearity isolation and nonlinear-linear separation is used for
modelling the valve’s hysteresis-like nonlinearity and linear dynamics. By
comparison of the simulation and experimental results, Paper C shows that the
valve’s complex hysteresis-like nonlinearity can be approximated with a single
backlash block.

2.5 Presenting a robust re-design method for the block-oriented approximately
feedback linearized pneumatic servo system

For any robust control design, modeling (precisely speaking, characterization) of the
uncertainties is important, but difficult. With a careful uncertainty characterization, a
better trade-off can be made to design a high performance control system.

In Paper D, a rather detailed discussion is presented on characterization of the
linearization residuals of the approximately linearized pneumatic servo system based
on the describing function technique. It is shown that the conservativeness of the QFT
robust control design can be significantly reduced by making use of the characterized
gain-phase information of the linearized (uncertain) system. With the limitation of the
Bode’s gain-phase relationship, making use of the possible gain-phase information
leads to a good trade-off between performance and stability in the loopshaping, thus
results in high control performance.

2.6 Clarifying the adverse and beneficial aspects of nonlinear friction for
control design

The nonlinear part of the friction is considered to be a big obstacle for high
performance motion control, because of its adverse and complex effects. However, in
Paper D, the friction’s beneficial aspect is clarified with the describing function
simulation method. That is, friction in a motion control system, leads to a
considerable loop gain drop (adverse aspect), but meanwhile the phase lag is reduced
(beneficial aspect). As discussed above, in the loopshaping (control design), making
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use of this information can greatly reduce the conservativeness and increase control
system performance.

The friction compensation, for a system that has considerable dynamics in the force
generation part, will lead to larger phase lag compared to the original system in the
low frequency range where the friction compensation is effective. This effect is
presented by the describing function simulation result in Paper D. Without
considering this effect, the designed control system may suffer from stability
problems caused by large phase lag.

In this thesis, the implicit braking mechanism of friction is used to reduce the settling
time. That is, when the positioning error is smaller than the given specification,
friction compensation is stopped. This braking effect can be seen in the 0.5 mm
positioning velocity profile in Paper B, where the velocity amplitude decreases
sharply, when it is smaller than a certain value. The friction braking mechanism is
worth further exploring.

3.   Further research work

Adaptation of the valve zero point variation and payload change. For many servo
valves the zero point is varying over time. But this variation is slow, so it should be
easily adapted. This adaptation can also be involved in the system initialization or
calibration procedure. Payload change can be adapted for both in the feedback control
loop and in the feed forward path.

Further research on dynamic friction. For pneumatic servo systems the dynamic
friction effect is much more complicated, because it has a strong relationship with the
two complex chamber pressure changes. To investigate and characterise this
relationship is very important. It can give information on how to design the friction
compensator.

Friction adaptation with a dynamic model structure is necessary. As already
discussed above, the adaptation is very difficult for a pneumatic servo system. Thus,
at first, it is important to establish the physical causes of the friction variation and try
to explicitly relate these causes to the parameters of the friction model.

Further stability analysis. In the block-oriented approximately linearized pneumatic
servo control system, different blocks are interconnected. The stability analysis of the
interconnected blocks (subsystems) seems quite interesting. One of the main parts of
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the analysis may be the characterization of the system, since for a complicated
uncertain nonlinear system analysis, a proper simplification or characterization is
necessary but difficult. After the characterization, the nonlinear small-gain tool may
be used for analysis of these interconnected systems.
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