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Abstract

Automotive active suspension, advanced seismic testing, and force/torque emulations of space
manipulators are examples of applications, where the hydraulic actuator force control is required.
In double-rod hydraulic actuators, where the piston area is equal in both the actuator chambers,
the actuator force is the differential pressure across the actuator multiplied by the piston effective
area. Having this proportional relationship between the actuator force and the differential
pressure, the focus of this work is to control the actuator force of a double-rod hydraulic actuator
by controlling the differential pressure across the actuator. The double-rod hydraulic actuator of
this study is run by two independent circuits: 1) electro-hydraulic actuation, where a flow control
valve and high supply pressure are employed, and 2) electro-hydrostatic actuation, where a
fixed-displacement pump and variable speed electric motor are employed. In general, developing
controllers for hydraulic actuators is challenging due to the presence of parametric uncertainties
and uncertain nonlinearities in these actuators. For electro-hydraulic actuation, the hydraulic
function becomes highly nonlinear which adds to the complexity of the control problem. In
electro-hydrostatic actuation, high inertia of rotational parts in electric motor lowers the dynamic
performance of the system. Also, a specific challenge in force control of hydraulic actuators is
the limiting effect of environment dynamics on the maximum achievable tracking bandwidth.
Considering the above challenges, in this research for the first time, quantitative feedback theory
(QFT) is employed to control the hydraulic actuator force. Using QFT, a robust, linear, fixed-
gain, and low-order controller is designed for each actuation system which: (i) keeps the closed-
loop response within desired tracking bounds (ii) guarantees the closed-loop stability around
desired operating points, (iii) rejects disturbance within desired tolerances, and (iv) achieves
desired tracking bandwidth, despite the presence of parametric uncertainties in the hydraulic
system and environment. Among the performance criteria, special attention is paid to achieve
high tracking bandwidth. Trade-offs between different performance criteria towards achieving
high tracking bandwidth, are discussed. Experimental results are presented to validate that the
performance criteria are satisfied by the designed QFT controllers.

The QFT controllers are synthesized based on the families of frequency responses of the
hydraulic actuation systems. For the electro-hydraulic actuation system, the family of frequency

responses is obtained by linearizing the hydraulic nonlinear function around operating points of
i



interest. For the electro-hydrostatic actuation system, the family of frequency responses is
derived by applying an advanced form of fast Fourier transform on experimental input-output
data. This means that the designed QFT controllers guarantee the stability of the closed-loop
system, only for these families of the frequency responses. In this thesis, to investigate the
nonlinear stability of the closed-loop systems with QFT controllers, for the first time, Takagi-
Sugeno (T-S) fuzzy modeling and its corresponding stability theory are used. The stability
conditions are presented in the form of linear matrix inequalities (LMIs). As a result, the
nonlinear stability of the designed QFT controllers for both the actuation systems is proven in the

presence of parametric uncertainties.
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Chapter 1

Introduction

1.1 Motivation

Hydraulic actuators have high force-to-weight ratio, capability of producing linear movement,
and fast response. Hydraulic actuators have higher stiffness than electrical motors, which means
little drop in speed when loads are applied (Merritt, 1967). Hydraulic fluid provides an
exceptional characteristic for hydraulic actuators by taking the generated heat out to a heat
exchanger, and due to lubricant characteristic of the fluid, the components have long life.
Hydraulic actuators can hold a load over an extended time, without generating excessive heat,
which is a usual case for electric actuators (Merritt, 1967). These advantages make hydraulic
actuators appropriate choices for a wide range of industrial applications (Merritt, 1967). Some of
these applications are crane operation (Melik-Gaikazov et al., 1975), aircraft flight-control
surfaces (Bowers et al., 1996), automotive active suspension (Hrovat, 1997), injection molding
devices (Newton, 1969), and force/torque emulation of space manipulators (Zhu and Piedboeuf,
2005). In these applications, one of the following variables is controlled: (i) actuator position, (ii)
interacting force, and (iii) actuator force. The difference between the actuator force and the
interacting force is explained as follows. A typical hydraulic actuation system controls the flow
of fluid into and out of the actuator chambers. As a result, a pressure differential, also known as
the output pressure is built-up between the two chambers. This pressure acts on the piston
effective area and generates the actuator force (see Figure 1.1). In double-rod hydraulic
actuators, the actuator force is the output pressure multiplied by the piston effective area, and


http://www.engineeringvillage.com.proxy2.lib.umanitoba.ca/controller/servlet/Controller?CID=expertSearchCitationFormat&searchWord1=%7bMelik-Gaikazov%2C+V.I.%7d+WN+AU&database=8195&yearselect=yearrange&searchtype=Expert&sort=yr
http://www.engineeringvillage.com/controller/servlet/Controller?CID=quickSearchCitationFormat&searchWord1=%7bWen-Hong+Zhu%7d&section1=AU&database=8195&yearselect=yearrange&sort=yr
http://www.engineeringvillage.com/controller/servlet/Controller?CID=quickSearchCitationFormat&searchWord1=%7bPiedboeuf%2C+J.-C.%7d&section1=AU&database=8195&yearselect=yearrange&sort=yr

therefore has a proportional relationship with the output pressure. The actuator force accelerates
the actuator itself and deals with the friction between the piston and the cylinder walls. The rest
of the actuator force is applied on environment and deals with external forces. This force is
called the interacting force and can be measured by a force sensor. In real-life applications,

attaching a force sensor at the end of the rod can be challenging (Nabulsi et al., 2007).

Actuator displacement

;
Interacting force Actuator force Pressure in chamber 1
w
N
Force sensor Pressure in chamber 2 Friction

Figure 1.1. Double-rod hydraulic cylinder.

In this thesis, the control variable is the actuator force of a double-rod hydraulic actuator, and
due to the proportional relationship between the actuator force and the output pressure in double-
rod hydraulic actuators, the actuator force is controlled alternatively by controlling the output
pressure. As a result, here the two terms of the actuator force and the output pressure are

interchangeably used.

Developing control systems for hydraulic actuators has been challenging (Niksefat and Sepehri,
2001). Hydraulic actuators are subjected to a great deal of uncertain nonlinearities, and
parametric uncertainties. Examples of uncertain nonlinearities are leakage, friction, and external
disturbances. The values of the parameters of hydraulic actuation systems (e.g. bulk modulus and
viscous coefficient) change with time and with variations in environmental conditions such as
temperature (Yao et al., 2000; Chinniah, 2004; Turolla, 2013). For electro-hydraulic actuators,
where the control valve directs the fluid flow, the hydraulic function becomes highly nonlinear,
which adds to the complexity of the control problem. Another challenge specifically associated
with the force control of hydraulic actuators, either the actuator force or interacting force, is the
limiting effect of environment dynamics on the maximum achievable tracking bandwidth (Dyke
et al., 1995). The environment dynamics appear in the force dynamics through a “natural
velocity feedback™ path in hydraulic systems (Alleyne and Liu, 1999; Lamming, 2009). This



phenomenon causes the magnitude of the force response to drop significantly at the natural
frequency of the environment, preventing the actuator from properly applying force at this

frequency (Alleyne and Liu, 1999; Sivaselvan et al., 2008).

Stability is another important criterion in the developing of actuator force control systems.
Guaranteed nonlinear stability for the control systems developed based on Lyapunov theory has
been achieved at the cost of complexity, high computational burden, and need for various
sensory data (Liu and Alleyne, 2000). On the other hand, output-feedback linear controllers with
low computational burden provide only small-signal stability around operating points (Niksefat
and Sepehri, 2001; Banos and Horowitz, 2004).

In addition to force control in electro-hydraulic actuators, force control of electro-hydrostatic
actuators has been a new topic in recent literature, due to higher energy efficiency, easier
maintenance, and lower price of electro-hydrostatic counterparts than electro-hydraulic actuators
(Truong et al., 2007; Ahn et al., 2008; Lovrec and Kastrevc, 2011). The above advantages in
electro-hydrostatic actuators have been obtained due to a different flow control mechanism than
that in electro-hydraulic actuators. Electro-hydrostatic actuators utilize variable rotational speed
motors and fixed-displacement pumps to control the flow instead of flow control valves
connected to high supply pressure (Habibi and Goldenburg, 1999). Due to the rising price of
energy, and the falling price of frequency inverters and servomotors, demand for electro-
hydrostatic actuators has increased (Radermacher et al., 2013). However, electro-hydrostatic
actuators have lower dynamic performance as compared with electro-hydraulic actuators, due to
high inertia of rotational parts in the variable speed electric motor (Lovrec and Ulaga, 2007,
Radermacher et al., 2013). Therefore, there is a need to develop controllers that can exploit the

maximum performance of electro-hydrostatic actuators (Radermacher et al., 2013).

By developing stable and robust control systems that satisfy desired performance criteria in the
actuator force response, hydraulic actuators can be considered as reliable and high performance
sources of force. In the next section, efforts that have been done so far to control both the
actuator force and the interacting force in electro-hydraulic actuators as well as electro-
hydrostatic actuators are presented.


http://www.engineeringvillage.com/controller/servlet/Controller?CID=quickSearchCitationFormat&searchWord1=%7bSepehri%2C+N.%7d&section1=AU&database=8195&yearselect=yearrange&sort=yr

1.2 Review of Force Control in Hydraulic Systems

1.2.1 Electro-Hydraulic Actuation

In this section, first efforts to deal with challenges in the control of the actuator force and the
output pressure of electro-hydraulic actuators are presented. To compensate the undesirable
effect of environment dynamics on the performance of force control systems, Conrad and Jensen
(1988) suggested using a positive feedback from the velocity of the actuator at the point of its
attachment to the environment. Therefore the approach required a velocity sensor. The velocity
is then combined with the control signal in the force control loop. The above structure is known
as the “velocity correction loop” (Conrad and Jensen, 1988). Dimig et al. (1999) used this
concept to control the actuator force for the effective force testing in the seismic testing

techniques.

Alleyne and Liu (1999) used an example of a PID controller and explained that PID controllers
cannot resolve the bandwidth limitation problem in the control of actuator force. Same authors
demonstrated that in comparison to simple linear controllers, nonlinear controllers provide a
better performance and higher tracking bandwidth in actuator force control (Alleyne and Liu,
1999; 2000). They designed a Lyapunov-based nonlinear controller with adaptation law to
control the actuator force, which achieved a bandwidth of 20 Hz (Liu and Alleyne, 2000). A
limited number of uncertain parameters were considered in their work. They also employed the
passivity theory to design a robust output pressure controller similar to the back-stepping method
to decouple state errors, but the model of environment and full state feedback were required
(Alleyne and Liu, 2000). Yao et al. (2012) designed a nonlinear adaptive robust actuator force
controller for the hydraulic load simulator and increased robustness against nonlinear
uncertainties. However, the achieved bandwidth in tracking results was around 0.25 Hz. From
the above literature, the researchers have investigated using either simple PID controllers or
complex nonlinear controllers for actuator force control, while PID controllers cannot resolve the
bandwidth limitation in force control and nonlinear controllers require several sensors. The
performance of robust fixed-gain linear controllers which are more complex that PID, but less

complex than nonlinear controllers, have not been investigated in actuator force control,
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especially in terms of maximum achievable bandwidth. Robust fixed-gain linear controllers are
easier to implement and require less sensory data than nonlinear controllers. Research on using

H_, technique to design a fixed-gain linear controller for the aerodynamic loading system showed

a poor performance on tracking bandwidth, i.e., less than 1 Hz (Laval et al., 1996). In this thesis,
Quantitative feedback theory (QFT), introduced by Horowitz (1993) is selected as s suitable
technique to design robust fixed-gain linear controllers for the actuator force. The reasons of the
suitability of this selection along with a short description on QFT technique are given as follows.
QFT design technique guarantees robust performance and stability for the control system within
a certain range of inputs-outputs of the system, and in the presence of bounded parametric
uncertainties (Horowitz, 1993). The QFT controller is designed in the frequency domain using
Nichols chart and Bode diagram. In this technique, the frequency responses of the original
nonlinear plant within a certain input-output sets are represented in the Nichols chart, known as
plant templates. Using these plant templates, the performance constraints such as stability,
tracking, and disturbance rejection are graphically presented in the Nichols chart. At the end, the
QFT controller is a transfer function that makes the loop transmission function to satisfy the QFT
bounds in the Nichols chart. The graphical representation of design criteria and graphical
controller design in the Nichols chart, result in a reasonable trade-off between the complexity of
the controller and satisfying the design criteria. In addition, QFT controller is fixed-gain and
linear, which reduces online computations as compared with nonlinear time variant robust
control techniques. For the first time, the author of this thesis employed QFT design technique to
improve the actuator force/output pressure tracking bandwidth, as well as satisfying tracking,
stability, and disturbance rejection requirements in double-rod electro-hydraulic actuators
(Esfandiari and Sepehri, 2014).

Major efforts in interacting force control of electro-hydraulic actuators are as follows. Jacazio
and Balossini (2005) employed velocity correction loop to control the interacting force in testing
of flight-control surfaces in an airplane, and achieved the high accuracy in force control, in the
presence of different disturbances. Plummer (2007) designed a load velocity feedback filter and
employed compliance between the actuator and the environment in the form of spring to improve
the performance of the interacting force control system and achieved a bandwidth of 30 Hz in

aerodynamic force emulation of Formula One car test rig. In this work, uncertainty was only
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considered for the environment, and in addition to force sensor, the motion sensor was required.
QFT was successfully used to control the interacting force in stiffness dominant environments
(Niksefat and Sepehri, 1999; 2000). To control the interacting force in a hardware-in-the-loop
load emulator, QFT technique was employed (Karpenko and Sepehri, 2012). The same technique
was used for the interacting force control of a three-axis road simulator, with acceptable tracking
performance, but no discussion was presented on the effects of environment dynamics on the
maximum achievable bandwidth (Kim et al., 2011). Nam (2001) designed a QFT controller for
the interacting force of aerodynamic load simulator, in which the performance of the system was

investigated via only simulations.

1.2.2 Electro-Hydrostatic Actuation

For electro-hydrostatic actuators, the literature on the control of the outlet pressure of the pump
is described here. Lovrec and Ulaga (2007) presented a detailed comparison between the outlet
pressure responses of a pump-controlled hydraulic actuator and an electro-hydrostatic actuator,
using PID controllers. Pump-controlled hydraulic actuators utilize constant speed motors with
variable-displacement pumps. Authors showed that the pressure response of the electro-
hydrostatic actuator is slower than that of the pump-controlled actuation system (Lovrec and
Ulaga, 2007). In another work, outlet pressure control was implemented by a PID controller, in a
press-brake hydraulic machine using a combination of an induction motor and a fixed-
displacement pump within an energy-saving load-sensing drive concept (Lovrec et al., 2009). In
the above studies, the performance of the systems was only examined via step input references;
no results on tracking bandwidth were provided. Aside from the above work on the outlet
pressure control of the pump in electro-hydrostatic actuators, there has not been any research on
the robust control of differential pressure across the actuator in electro-hydrostatic actuation
systems.

To improve the performance of PID controllers in controlling the interacting force of electro-
hydrostatic actuators dealing with variable stiffness environments, an intelligent switching
control technique was utilized (Ahn and Chau, 2006). In this technique, based on the value of the
environment stiffness, a specific PID controller was selected for the control loop. The

performance of the controller was experimentally evaluated using a set-up equipped with a fixed-
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displacement pump, an AC servomotor, and a single-rod hydraulic actuator (Ahn and Chau,
2006). To improve the performance of PID controllers to deal with varied external loading, fuzzy
membership functions were employed in the interacting force control of electro-hydrostatic
actuators (Truong et al., 2007). In this technique, each gain of the PID controller was tuned by an
independent fuzzy tuner. The resulting adaptive controller experimentally showed better tracking
performance in the presence of varied disturbances as compared with the conventional PID
controllers (Truong et al., 2007). In order to add learning ability to fuzzy-PID controllers, robust
extended Kalman filter (REKF) was employed (Ahn and Truong, 2009). Using REKF the ideal
state vector of the fuzzy PID controller was estimated for the next step based on the current error,
the current state vector, and previous data. The experimental results of applying online tuning
REKF fuzzy-PID controller showed significant improvement in performance and higher tracking
precision of the control systems as compared with the conventional fuzzy-PID or the PID
controllers (Ahn and Truong, 2009). While PID controllers are popular due to their simple design
and implementation, above techniques improved the performance of force control systems by
eliminating this simplicity and using nonlinear time-varying terms in PID controllers. In terms of
fixed-gain linear controllers, QFT was utilized to control the interacting force of electro-
hydrostatic actuators in load simulators (Dinh et al., 2008). In this work, the family of linear time
invariant transfer functions was obtained from experimental frequency responses. QFT controller
was designed to satisfy the tracking performance, stability, and disturbance rejection for the
family of transfer functions. The transient response specifications were set for a settling time less
than 1 sec and overshoot less than 5% (Dinh et al., 2008). In order to improve the performance of
QFT controllers to deal with large uncertainties in interacting force control, online tuning of the

coefficients of QFT controllers was outlined by Truong et al. (2008).

1.3 Objectives and Methodology

The first objective of this thesis is to develop robust, linear, low-order, and fixed-gain controllers

for the actuator force/output pressure of electro-hydraulic and electro-hydrostatic actuators which

are subjected to parametric uncertainties. The controllers are required to provide high tracking

bandwidth, disturbance rejection, stability, and acceptable time and frequency responses for the

closed-loop system. These criteria must be satisfied despite parametric uncertainties in the
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actuation systems and environment. This is the first attempt on the actuator force control based
on QFT, where only the actuator chamber pressures are employed (Esfandiari and Sepehri,
2014).

In order to achieve the above objective, QFT is selected as the design methodology. To design
QFT controllers, the family of frequency responses of the actuation systems for the entire range
of parametric uncertainties is required. For the electro-hydraulic actuator, the family of
frequency responses is obtained by linearization of the hydraulic nonlinear function around
operating points of interest, using small-signal method. This linearization approach accurately
represents the hydraulic dynamics around the operating points. Also it allows considering a wide
range of parametric uncertainties in the obtained linearized models, without causing high
computational burden. Challenges towards achieving a high bandwidth output pressure control of
hydraulic actuators are described. This discussion is carried out by hypothetical increase in the
tracking bandwidth, assigned in the performance criteria. It will be shown how satisfying high
bandwidth criterion results in lowering the robust stability of the closed-loop system as well as
deteriorating the performance in transient step response. The results of the discussion are used in
the QFT controller design. For the electro-hydrostatic actuator, due to the lack of information on
the uncertainty ranges of parameters, the small-signal approach cannot be employed. Instead, the
family of frequency responses are obtained directly by applying an advanced form of fast Fourier
transform on the experimental inputs-outputs data. The method provides high quality frequency
responses of the electro-hydrostatic actuator. For both electro-hydraulic and electro-hydrostatic

actuators, the results of applying the QFT controllers on the experimental set-up are presented.

The second objective of this research is to analyze the nonlinear stability of the closed-loop
systems. QFT controllers only guarantee the closed-loop stability for the family of frequency
responses that the controllers were initially designed for. The family of frequency responses
represent the real system only over specific operating conditions and input-output sets, or for
particular values of system parameters. To investigate the nonlinear stability of the designed
QFT controllers without the above limitations, Takagi-Sugeno (T-S) fuzzy modeling and its
corresponding stability theory are employed. The suggested solution has been presented by the
author of this thesis for the first time (Esfandiari and Sepehri, 2013). T-S fuzzy models are
formed as weighted sum of linear models, which blend easily with linear QFT controllers
8



(Tanaka and Wang, 2001). This way, the nonlinear stability of the closed-loop system can be
investigated in the presence of parametric uncertainties, friction, and internal and external
leakages. Stability conditions are then presented in the form of linear matrix inequalities (LMIs),
which can be solved using MATLAB LMI Toolbox (Boyd et al., 1994; Gahinet et al., 1995).

1.4 Thesis Outline

Chapter 2 presents the description of the electro-hydraulic and the electro-hydrostatic actuation
systems under study. Mathematical models describing both the actuation systems are also

presented.

Chapter 3 presents an overview of QFT design technique, design steps, and relationship between
performance criteria. The information presented in this chapter is used in Chapters 5 and 6 in

order to design the robust QFT controllers.

Chapter 4 presents T-S fuzzy modeling and its stability theory. In this chapter, a T-S fuzzy model
for the double-rod electro-hydraulic actuator is derived. The effectiveness of the T-S fuzzy
modeling and its stability theory to analyze the stability of the closed-loop systems of hydraulic
actuators is verified by considering three case studies. The first two case studies are already-
developed nonlinear controllers for hydraulic actuators based on passivity and Lyapunov
theories. In the third case study, the nonlinear stability of a recently developed QFT position
controller for a parametrically uncertain hydraulic actuator is investigated. Overall, this chapter
provides enough practical examples to support using T-S fuzzy modeling and its stability theory

with confidence in analyzing the stability of QFT controllers developed through next chapters.

In Chapter 5, a QFT controller is designed for the output pressure of the electro-hydraulic
actuator. First, using small-signal method, the family of frequency responses of the electro-
hydraulic actuator is obtained. Using the family of frequency responses, a QFT controller is
designed to provide acceptable time and frequency responses, disturbance rejection, and stability
for the closed-loop system. A detailed discussion is presented next, on challenges of using QFT
to increase the tracking bandwidth in the output pressure of electro-hydraulic actuators. The
conflicts between performance criteria towards achieving a higher bandwidth are discussed. The

results are used to redefine the performance criteria and then design a new QFT controller and
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pre-filter which provide higher tracking bandwidth for the closed-loop system. The experimental
results of applying the controller with higher tracking bandwidth, on the electro-hydraulic
actuator are presented. After designing the QFT control system and experimental verification, the
stability of the QFT controllers is investigated using T-S fuzzy modeling and its stability theory.
This analysis is carried out in the presence of uncertainty in the parameters of the nonlinear

model of electro-hydraulic actuator and the environment.

Chapter 6 describes the design of an output pressure controller for the electro-hydrostatic
actuator. Again QFT is employed as the design approach. The family of frequency responses of
the electro-hydrostatic actuator is obtained by applying an advanced form of fast Fourier
transform on experimental inputs-outputs data. Using the family of frequency responses, a robust
QFT controller is designed. Experimental results are also presented and the nonlinear stability of
the designed QFT controller is investigated using T-S fuzzy modeling and its stability theory.
This stability analysis is carried out in the presence of uncertainty in the parameters of the
system, environment, friction, and external and internal leakages. The contributions of this

research are given in Chapter 7, along with suggestions for future research.
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Chapter 2

Hydraulic Actuation Systems

The double-rod hydraulic actuator in the experimental set-up of this research can be controlled
by two actuation systems: electro-hydraulic and electro-hydrostatic, shown in Figure 2.1. In the
following sections, components, circuits, and functionality of both the electro-hydraulic and
electro-hydrostatic actuation systems are described. In addition, the nonlinear models of these

actuation systems are presented.

t \ Double-rod hydraulic actuator

Electro-hydrostatic circuit Electro-hydraulic circuit

Figure 2.1. Experimental set-up: electro-hydraulic circuit (right), electro-hydrostatic circuit (left).
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2.1 Electro-Hydraulic Actuation

2.1.1 Test-Rig

The photograph and schematic diagram of the electro-hydraulic actuator are shown in Figure 2.2.
The main components of this system are the double-rod actuator, a servovalve and a high
pressure supply, also known as hydraulic power supply. The double rod hydraulic actuator is a
heavy-duty actuator, manufactured by Parker, and has a 38.1 mm bore, annulus area of 633 mm?,
and a 610 mm stroke. The fluid flow is controlled by D765, a nozzle-flapper servovalve
manufactured by Moog with a 31 L/min (8.3 GPM) flow capacity at 17.2 MPa (2500 psi) supply

pressure, and a rise time of 2 msec.

(1) Double-rod hydraulic actuator ﬁ‘fl Q il
(2) Load cell . ) & - 25
% Rotary optical position encoder q/! }J—_l‘ Pressure
Servovalve i
@ line Hydraulic
@ Pressure transducer Return supply
() Check valve ® line pressure

@ Relief valve
Figure 2.2. Electro-hydraulic actuator, test-bed and schematic.
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The D765 uses a linear variable differential transformer (LVDT) that measures the position of
the spool. Using a closed-loop position control system in the servovalve, an accurate position
control of the spool to the command signal becomes possible. The pressures of the fluid in the
supply and the return ports of the servovalve are measured by two Ashcroft-K1 pressure
transducers with a 0-21 MPa range and a full-scale accuracy of £0.5%. To measure the pressure
at the control port of the servovalve, two Sensotech-FPG pressure transducers with a range of 0-
21 MPa and a full-scale accuracy of +0.1% are placed. Since fluid pressure drops as a result of
piping between the servovalve and the actuator chambers, another pair of Sensotech-FPG
pressure transducers is installed directly for the chambers. The actuator displacement is
measured by a rotary encoder (Bourns ENS1J-B28) with a resolution of 1024 counts/revolution.
Maximum displacement is 0.6 m which is the length of the rod. The system consists of a fluid
reservoir, to keep the hydraulic fluid at a low pressure and use as needed. The hydraulic power
supply is a variable displacement pump with the nominal pressure between 17 and 21 MPa (2500
to 3000 psi). The nominal supply pressure can be set by adjusting a pressure relief valve. The
experimental hardware is interfaced to a desktop computer by a DAS16F input—output board and
a M5312 24-bit quadrature incremental encoder card. The desktop computer runs the Windows
XP operating system. DAS16F input—output board digitizes the analog signal and apply the
software generated control signal to the servovalve. The nominal sampling rate of the interface

and control software is approximately 1 kHz.

2.1.2 Modeling

A schematic diagram and the system variables of the electro-hydraulic actuator interacting with
the environment are shown in Figure 2.3. The control signal activates the servovalve spool to
move. The following first-order dynamic equation represents the relationship between the control
signal uy and the spool displacement x, (Alleyne and Liu, 2000; Liu and Alleyne, 2000; Niksefat
and Sepehri, 2001):

_ k
B N N7 (2.1)
T T

XV

where Ks, is the gain and t is the time constant of the servovalve. Spool displacement changes the
fluid flows at the servovalve control ports according to the following equations:
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Uy

Figure 2.3. Variables in electro-hydraulic actuator.

where Ps and P, are the hydraulic supply and return pressures, respectively. In equation (2.2)
constant K, =+/2C,p*° is the flow coefficient, w is the orifice area gradient, C4 is the

coefficient of the discharge and p is the hydraulic fluid density. The input and output flows in
turn change the pressures in each of actuator chambers as follows:

pl:Vﬁ(Ql_ki(Pl_PZ)_kepl_AVp) (2.3a)
1

P, =Vﬁ(—Q2+ki(P1_Pz)—keP2 +AV,) (2.3b)
2

where v, is the actuator velocity, g is the effective bulk modulus of the hydraulic fluid, and A
refers to the piston effective area. k; is the actuator internal (cross-port) leakage coefficient and ke
is the actuator external leakage coefficient. The volume of the hydraulic oil in each side of the

piston is given by variables V; and V; as follows:

Vy =V + AX, (2.4a)

Vo =Viy - AX,y (2.4b)
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where Vo; and Vo, are the initial volume of the fluid in each side of the actuator. In double-rod
hydraulic actuators, the pressure differential P1-P, multiplied by the piston effective area A
determines the actuator force, f;=A(P1-P,). This force accelerates the actuator itself and deals
with friction force acting between the piston and the cylinder walls, f;, and linear viscous friction
dnVvp, Where dj is the viscous damping coefficient of the hydraulic fluid. The rest of the actuator
force is applied on the environment and deals with the external force f. The mentioned force is
shown by fs in Figure 2.3 and can be measured by a force sensor. Assuming a high stiffness for
the force sensor as compared with the stiffness of the environment and the actuator, the dynamic
equations are:

mX, = f, —dpv, — f,— f; (2.5)
meX, = f, —dv, —kx, — f, (2.6)
where the total mass of the piston and rod of the actuator is shown by my; the environment is
represented by mass me, damping de and stiffness k. Now, the entire nonlinear model of the

double-rod electro-hydraulic actuator based on equations (2.1)-(2.6) are written as follows:

Xp:vp (2.78.)

o1

%:Emmfgy«&—wf4ﬁ (2.7b)

. i J&—R P, +P

P = —F— (K, Wx, | —=—"+sgn(x —PR) -k (P, —P,)—k,P,— Av 2.7

1 V01+AXp(VXV 5 +sgn(x, )( 5 ) —ki (R —P)—kR o) (2.7¢)

: Vi J&—R P.+P

P=—"1 (K =t sgn(x,)(P, — ki (P, —P,)—k.P, + A :

) wn—m%( A +sgn(x, )(P; > ) +ki (R —P)—k.P+ Av,) (2.7d)
_ k

X, :—1x\,+ﬂuV (2.7¢e)
T T

where m=mp+m, represents combined mass of the piston, rod, and environment, d=d,+d,
represents the total damping coefficient of the electro-hydraulic actuator consisting of the
actuator viscous damping and the damping of environment. f; is the combination of friction f; and
external force fi; fy =f; +f;. For friction f;, a LuGre model is considered. This model has been

developed based on the modeling of sliding surfaces with elastic bristles which separate and
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bond (Tran et al., 2012). When two surfaces are sliding, the bristles are deformed with deflection
of 5. The rate of this deflection is represented by a spring-like behaviour as follows:

dn
dt

where, oy, is the average stiffness of bristles and y(v,) is the following nonlinear term:

=V, =0y (Vy)7 (2.8)

‘Vp‘

y(v,) = (2.9)

af
—‘vp /vs‘

F, +(F, —F.)e
In the above equation, Fs corresponds to the stiction force; F. is the Coulomb friction force; oy iS
a geometry dependent parameter, and vs is called Stribeck velocity. The friction force f; is
determined by the following equation:
fe =0+ 077 = 0V, + (00 — 615w(V,) Jr (2.10)
In equation (2.10), parameter o7 is the micro damping coefficient. Note that the effect of viscous
friction has already been incorporated into the system model as dvp, and therefore is not
considered in (2.10). The parameters of friction model were identified according to the procedure
outlined in (Tran et al., 2012) and given in Table 2.1. The nominal values and the variation range
of other parameters of the system are given in Table 2.1. These values were obtained from
manufacturer’s catalogs and earlier reported investigations (Karpenko and Sepehri, 2008; 2009;
2012). In this table, the valve flow gain ks and flow pressure coefficient k, are related to the
linearized model of the electro-hydraulic actuator which will be explained in Chapter 5.
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Table 2.1. Values of parameters of electro-hydraulic actuation system.

Parameter Nominal Value Range
Supply pressure, Ps (MPa) 17.2 -
Spring stiffness, k (KN/m) 90 70-130
Total mass, m (kg) 12.3 10-14
Total damping coefficient, d (N.sec/m) 250 200-400
Piston area, A (m?) 6.33x10™ -
Chambers initial volume, Vo;and Vy, (m°) 234x10° -
Servovalve time constant, T (sec) 0.0022 0.002-0.0026
Valve orifice area gradient, w (m*/m) 0.02075 -
Spool valve position gain, kg, (um/V) 25 23.1-27
Fluid bulk modulus, g (MPa) 689 650-700
Flow coefficient, K, (m*?/kg"?) 0.0292 -
Valve flow gain, ks (m*/sec) 1.5 1.34-1.73
Flow pressure coefficients, k, (m*/sec/Pa) 0 0-1.09x10™
Stribeck velocity, vs (m/sec) 0.01 -
Coulomb friction F¢ (N) 75 -
Stiction friction Fs (N) 240 -
Average stiffness of bristles oo (N/m) 1.04x10° -
Friction geometry parameter oy 1 -
Micro damping coefficient o; (N.sec/m) 100 -

2.2 Electro-Hydrostatic Actuation

2.2.1 Test-Rig

A schematic diagram of the electro-hydrostatic actuator of this research is shown in Figure 2.4.
The main components of this system are the double-rod hydraulic actuator, a fixed-displacement
pump and a variable speed electric servomotor. The double-rod actuator is the same actuator

discussed in Section 2.1.1. The features of other component and the system functioning are

presented as follows.

The fixed-displacement hydraulic pump that has been used in this experimental set-up is a F11-
005-HU-CV-K-000-000-0 from Parker, with the maximum speed of 4000 rpm clockwise and
counter clockwise. The pump provides a constant flow rate in each cycle. This pump has fixed-

displacement of 4.9 cm®/rev, and a maximum limit of pressure rated at 5000 psi. Referring to
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Figure 2.4, the leakage from the pump case drain goes to reservoir 1 which is manually
connected to the pressurized reservoir 2 before an experiment starts. Reservoir 2 is pressurized
by 120 psi using an air booster to avoid cavitation in the system. Two pressure transducers are
also connected to the inlet and the outlet of the pump. The pump is coupled to the servomotor by

a flexible Oldham coupler to synchronize the rotation of the pump and the servomotor, shown in

Figure 2.5.

- -
D A | A

/7

Double-rod hydraulic actuator
Motor

Pump

Pressure transducer

Booster

Reservoir 1

Reservoir 2

Load cell

Filter

Check valve

Rotary optical position encoder
Relief valve
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Figure 2.4. Electro-hydrostatic actuator, test-bed and schematic.
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Figure 2.5. Coupling between fixed-displacement pump and servomotor.

The servomotor in the experimental set-up is M-4650 made by Teknic, a permanent magnet
rotary servomotor which is assisted by a sealed, high bandwidth, and precise differential encoder
to measure the position of the servomotor. Since the encoder has a unique floating mount design,
if the axial shaft moves slightly, the encoder moves with the servomotor shaft. The servomotor is
connected to the servodrive SSt-6000-R which is interfaced to a high speed computer using an
I/O board. The 1/0 board receives the pressure data from sensors installed in the actuator
chambers and the pump inlet and outlet, as well as data from encoders that measure the actuator
displacement and the servomotor position. The measured data by sensors and encoders are then
available in the high speed computer for control purposes. In the high-speed computer, the
pressure controllers are implemented in Simulink environment. In order to control the output
pressure, the velocity of the electric motor is controlled. Corresponding to the command signal
sent from the high-speed computer to the servodrive, it generates a PWM signal to run the
servomotor. When the servomotor is running, based on the data sent by the attached encoder to
the servomotor, the actual velocity of the servomotor is calculated. In servodrive, the actual
velocity and the desired velocity are compared. Based on the velocity error, an internal control
system in the servodrive generates a new signal to apply to the servomotor. This continues until
velocity of the servomotor reaches the desired velocity. The servodrive internal controller
consists of a PIV controller with dual feedforward terms, which provides a high performance
tracking system with a settling time less than 1 msec. The servodrive utilizes an adaptive control
algorithm called inverse modeling technique (IMT) based on neural fuzzy logic to enhance the
robustness of the control system. The above features in servodrive have been digitally

implemented in non-volatile EEPROM, and are accessible through a Windows based software,
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called Quickset, developed by Teknic. This software is used to configure and diagnose the

servodrive. The sampling rate at which the data is collected is 1 kHz.

2.2.2 Modeling

In Figure 2.6, the schematic and system variables of the electro-hydrostatic actuator under study
are shown. In the electro-hydrostatic actuator, the control signal un, runs the servomotor to reach

the velocity of wn, according to the following first order differential equation:

1k,
Wy, :T—C()m+1:—um (211)
m m

where kn, is the servomotor gain, and 1y, iS the servomotor time constant. Since, the servomotor
and the pump are coupled together, by rotation of the servomotor, accordingly, pump rotates and

generates the flows according to the following equations:

Qu =Dy, ——-—=-Cip (R =Pp) =Cep Ry (2.12a)

Vp dPy
QD = Dpa)p +7T

where Qu and Qp are the flow coming out and going into the pump, and Py and Pp are the

pressures at the outlet and inlet of the pump.

Figure 2.6. Variables in electro-hydrostatic actuator.
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In equation (2.12), Dy is the pump displacement, w, is the pump angular velocity which is equal
to servomotor angular velocity; wp = wm, Cep is the external leakage coefficient of the pump, and
Cip Is the pump cross-port leakage coefficient. Vy and Vp are the pump section volume associated
with its outlet and inlet ports respectively.

The inlet and outlet of the pump are connected to the actuator chambers via some pipes which
cause pressure drop. As a result, the relationship between pressures in the pump side and the

actuator side are as follows:
P =Ry —Ppipe (2.13a)
Py =Pp + Ppipe (2.13b)
where P, and P, are the pressures in the actuator chambers, and Ppipe sShows the pressure drop

across the pipes. From Figure 2.6, having no leak across the pipes, Qu=Q; and Qp =Q,. The

relationship between the flows and the pressures at the cylinder side are as follows:

Vo1 + Ax dPR,

Q =Av, +Ld—t1+ kP, + kP, (2.14a)
V,, — AX dP.

Q, =Av, —OZT—tZ—kePZ L KP, (2.14b)

where v, is the actuator velocity. A refers to the piston effective area, g is the effective bulk

modulus of the hydraulic fluid, k; is the actuator internal leakage coefficient, and ke is the actuator
external leakage coefficient. Vo, and Vg, are the initial volumes of the oil in each side of the
actuator. The pressure differential P, —P, acting on the piston effective area A generates the

actuator force fy:

fa=(R-P)A (2.15)
The differential pressure P1-P; is called the output pressure of the system and is shown by P,.
Resultant actuator force f, accelerates the actuator itself and deals with force acting between the

piston and the cylinder walls due to friction, f;, and linear viscous friction d,v,, where dy is the

viscous damping of the hydraulic fluid. The rest of the actuator force is shown by fs in Figure
2.6, is referred as the interacting force. This force manipulates the environment and deals with

the external force fi. The interacting force fs is measurable by a force sensor. In Figure 2.6, the
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environment is modeled as a mass (me)-spring (k)-damper (de), and the actuator mass is shown
by mp. Assuming a high stiffness for the force sensor as compared with the stiffness of the
environment and the actuator, the dynamic equation is as follows:

mx, = f, —kx, —dv, — f, — f; (2.16)
where m=mu+m. represents combined mass of the piston, rod, and environment, d=dy+d.
represents total damping coefficient and consists of the actuator viscous damping and the
damping of environment. The nominal values of the system parameters are given in Table 2.2
using manufacturer’s catalogs and earlier reported investigations (Karpenko and Sepehri, 2008;
2009; 2012). The friction model and corresponding parameters are same as in Section 2.1.2.

Table 2.2. Values of parameters of electro-hydrostatic actuation system.

Parameter Nominal Value
Servomotor gain, ky, (rad/V.sec) 25
Servomotor time constant, t,, (sec) 0.001
Spring stiffness, k (KN/m) 90
Total mass, m (kg) 12.3
Total damping coefficient, d (N.sec/m) 250
Fluid bulk modulus, g (MPa) 689
Fixed pump displacement, D, (m®/rev) 4.9x10°
Piston area, A (m?) 6.33x10™
Total volume of the cylinder, Vo, Vo  (M°) 234x10°®
2.3 Summary

In this chapter, features and functionality of electro-hydraulic and electro-hydrostatic actuation
systems were described. Mathematical models of the actuation systems and their corresponding
parameter values were presented. These models will be used in subsequent chapters for the
design of robust output pressure controller and also nonlinear stability analysis of the control

systems.
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Chapter 3
Quantitative Feedback Theory

This chapter presents an overview of the quantitative feedback theory (QFT). Based on this
theory, the designed controller guarantees robust performance and stability within a certain range
of inputs-outputs of the system. The classical two-degree-of-freedom QFT feedback control
system is presented, followed by the description of design steps in QFT. QFT design technique is
used in the subsequent chapters to design robust output pressure controllers for electro-hydraulic

and electro-hydrostatic actuators.

3.1 Control Block Diagram

Figure 3.1 illustrates the two-degree-of-freedom feedback structure that is used in QFT design
technique. Note that here, two-degree-of-freedom means the presence of two measurable

quantities, R and Y. In this thesis, no measurement is carried out on disturbance D (Yaniv, 1999).

D
Pre-filter Controller Plant l+
R + + Y
—» F(s5) — Cs) —2L » Gs0) —>Q——>

y

Figure 3.1. Two degree-of-freedom QFT control system.
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In QFT design technique, a family of frequency responses of the uncertain nonlinear plant is
required. These frequency responses can be obtained through different methods that will be
explained in Section 3.2.1. In the control system shown in Figure 3.1, this family of frequency
responses is obtained using the following transfer function:

(3.1)

where o e Qc R” is a vector of p uncertain parameters of the system. Q is a compact set of

parameter variations, given as:

Q={o:0; €lo, a,}i=1..p} (3.2)

Each uncertain parameter o, (i =1,..., p) varies independently within an interval (Niksefat and

Sepehri, 2001). In control structure in Figure 3.1, the desired response is shown by R. Employing
QFT design technique, the controller C(s) and the pre-filter F(s) must be designed such that the
output of the control system, i.e., Y follows the desired command R within some given tolerance
despite uncertainty in the parameters of the system and nonidealities. The nonidealities include
measurement noise, unmodeled dynamics, and disturbance in the control system. In QFT, the
controller and the pre-filter are designed in the frequency domain. The controller is designed
through a loop-shaping process in the Nichols chart, and the pre-filter is designed using the Bode
diagram. Therefore, all desired specifications should be represented as constraints in frequency
domain. Then the constraints are demonstrated as bounds on the loop transmission function in
the Nichols chart. This way QFT provides a quantitative relationship between desired
specifications, and system uncertainties and nonidealities. The graphical representation of the
design constraints in the Nichols chart helps the designer to make a better decision on the

complexity of the controller in order to satisfy the performance criteria.
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3.2 Design Steps

In this section, steps for designing QFT controllers and pre-filters for plants with parametric
uncertainties are explained in detail. These steps are generating templates, calculating bounds,

loop-shaping, and pre-filter design.

3.2.1 Generating Plant Templates

The first step is to present the family of frequency responses of the uncertain nonlinear plant in
the Nichols chart. These frequency responses can be obtained via different methods including
small-signal (Niksefat and Sepehri, 2001), Fourier transformation (Karpenko and Sepehri, 2008),
and Golubev (Golubev and Horowitz, 1982). To derive the frequency responses, a number of
techniques such as small-signal method require a mathematical model of the plant, which is
linearized around the operating points of interest. Other techniques such as Fourier
transformation and Golubev are applied on the sets of input-output data of the system, which are
obtained in certain operating conditions. Therefore, the derived frequency responses represent

the original nonlinear plant within a certain input-output set or around some operating points.

Then the magnitude and phase of the family of frequency response are plotted in the Nichols
chart for a finite number of frequencies, known as the array of design frequencies (Borghesani et
al. 2003). In general, the frequencies where the shape of the template shows significant
variations should be considered in this array (Borghesani et al. 2003). At each frequency of this
array the phase and the magnitude of the family of frequency response are marked. For example
for the system in Figure 3.1, the magnitude and phase of the plant, i.e. G(s,a) are calculated for
the whole combination of the parameters variation and then marked in the Nichols chart. The
region in the Nichols chart that is covered by the data points of the family of frequency response
in a particular frequency is called the plant template in that frequency. The templates are used to
generate bounds on the Nichols chart for the controller design. It is required choosing one
arbitrary frequency response corresponding to a specific vector of uncertain parameters, oo. The

plant designated to this set of parameter values is called the nominal plant, i.e.,G,(jw,a,). The

corresponding loop transfer function is also called nominal loop transfer (or transmission)
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function, i.e., L,(jo)=C(jw)G,(jw,a,), wWhere L(jw) is the loop transmission function,
L(jw)=C(jw)G(jw,a). The nominal plant is used to calculate the QFT bounds in the next

section, and the nominal loop is used to design the QFT controller.

3.2.2 Design Specifications in Frequency Domain

Representation of the performance criteria in the frequency domain is as follows:

1)  For the stability of the closed-loop system and noise rejection (Guzman et al., 2011), the
following constraint on the complementary sensitivity function must be satisfied for the
entire range of parameters uncertainties:

| L(jew)
If M; is a constant, it guarantees the following amount of gain margin and phase margin for the
closed-loop system (Yaniv, 1999):

GM = 20Ioglo{ Ml\t/|+1} dB (3.4)

t
PM = z.c,in—l{i} deg (3.5)
2M,
However guaranteed gain and phase margins, do not imply a good robust stability margin
(Levine, 1996). Robust stability margin is determined by the inverse of the shortest distance
between the Nyquist plot of the loop transmission function from the critical point (-1,0), i.e.,
|1+L(jw)|. Robust stability margin also appears in the peak of the magnitude of the sensitivity
transfer function, i.e., max(|S(jw)|=1/|1+L(jw)|). Therefore, to guarantee the robust stability

margin, in the next section, an appropriate upper bound on the sensitivity magnitude is imposed.

i)  To attenuate the effect of disturbance D on the output, and guarantee robust stability, the
following constraint on sensitivity function must be satisfied for the entire range of

parameters variation:
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1
1+ L(jo)

1S(jo) %‘ .

‘SMS VY [0 o) (3.6)

The complementary sensitivity and sensitivity transfer functions in a closed-loop system satisfy
the following equation (Levine, 1996):

T(jo)+S(jw)=1 (3.7)
From the above equation and equations (3.3) and (3.6), the following constraint on the upper
bound of the complementary sensitivity function, i.e., M; and the upper bound of the sensitivity

function. i.e. Ms is derived (Levine, 1996):

M+ M >1 (3.8)
Constraint (3.8) indicates that sensitivity and complementary sensitivity functions cannot be
small (less than 1) at the same frequency. In control systems, measurement noise becomes large
at high frequencies, while disturbances appear at low frequencies. Therefore, a reasonable

selection is firstly, to keep the sensitivity function as low as possible at low frequencies.
Selection of M <<1, results in M; =1, or|L(jw)| >>1, which also implies good reference tracking.
Secondly, the complementary sensitivity function must be kept as low as possible at high
frequencies to reject noises. Selection of M<<1 results in Ms=1 or |L(ja))| <<1. At intermediate
frequencies both the sensitivity and the complementary sensitivity functions must be prevented

from being excessively large. Having Mg>>1 or M>>1, implies that |L(jco)|z1and

ZL(jw) ==£180", and the system will be on the verge of instability (Levine, 1996). For strictly

proper systems, the following equation holds:

lim C(j)G(jo) =0 (3.9)
Thus:

Iim|T(ja))|:| C(io)G(jo) o (3.10a)
s 11+C(jw)G(jw)|

PO I SR

S TS (3100

Equation (3.10a) shows that the complementary sensitivity transfer function has a low magnitude

at high frequencies that is desirable in order to reject noise that happens at high frequencies.
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Equation (3.10b) shows that the sensitivity has higher magnitude at high frequencies. For strictly
proper systems, there is another important equation about sensitivity called Bode sensitivity

integral, or waterbed effect as follows (Houpis et al., 2005):

jow|n|5( jo)do=0 (3.11)

Equation (3.10) implies the fact that if the sensitivity is close to one at high frequencies, it
becomes close to zero at low frequencies. From equations (3.10b) and (3.11), the sensitivity is
low at low frequencies, which is desirable to reject disturbances that normally happen at low

frequencies.

Therefore, the constant upper bounds on the magnitudes of the complementary sensitivity, T(jw)
and sensitivity S(jw) are mostly effective for intermediate frequencies. According to Astrom
(2002), to impose constant upper bounds on the magnitude of the complementary sensitivity and
sensitivity transfer functions through whole range of frequencies, the constant must be chosen

between 1 and 2.

iii)  For the tracking of the desired command, the following constraint must be satisfied for the

entire range of parameters variation.

|T|(jco)|s‘F(ja)) L(j”))‘SITu(jw)l Voeld ) (3.12)

1+ L(jw

where the upper and lower bounds T,(jw) and T(jw) are determined by the designer. The shape
of these bounds determines the transient response of the system and the closed-loop bandwidth.
It is important to mention that satisfying the tracking constraint is done in two steps. The first
step is done in the Nichols chart, where only the controller is designed. Towards this step, a
constraint which only includes the controller and can be graphically represented in the Nichols
chart is derived from the inequality (3.12) as follows:
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20l0g,,|T, (jo)| < 20logy, Flio)L(jo)

<20logy,T, (jo)|

1+L(jw)
F(jo)L(jo ) ) L(jow )
20l0g,, % < 20l0g, T, (j@)] = 20106, F (je) + 20l0g,gf f_’(ji)) s 2010,,[T, (jo)
F(jo)L(jw . . L(jiw )
—20log,, % < -2010g,[T, (j@)| = ~(2010g,, F (j) +2010g,, o (LJ(,-ZO) min) <-2010g,,[T, (jo)

Adding the two inequalities on the left results in the following formula:

L(jo)
1+ L(jo)

L(j)
1+ L(jo)

20log,, F(jw) +20log,, —(20log,, F(jw) + 20log,,

max

min

From the above inequality, the following relationship is derived, which relates the uncertainty in

the plant to the tracking bounds and includes only the controller and not the pre-filter.

L(jo)
1+ L(jw)

L(jo)
1+ L(jw)

20log;,, —20log,,

< 2010g,[T, (j@)| - 2010g,0[T, (je)| (3.13)

min

The above inequality is used to generate the tracking bounds in the Nichols chart. Still the pre-
filter must be designed to satisfy inequalities 3.14 and 3.15. These two inequalities are another

representation of the constraint (3.12).

. L(jow .

20log,o|F (j@)|+201ogy, % - < 20l0g, [T, (jo) (3.14)
. L(jw .

20l0g,o|F (j@)|+20l0g,, % , > 2010g,[T; (j) (3.15)

3.2.3 Generating Bounds and Loop-Shaping

The performance constraints consisting of stability, tracking, and disturbance rejection should be
graphically represented in the Nichols chart. These bounds are derived by moving the plant
templates between the closed-loop magnitude contours on the Nichols chart. These bounds are

used in loop-shaping as a guide for shaping the nominal loop transmission function.
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Finally, once the QFT bounds are derived, the nominal loop transmission function,
Ly (jow) = C(jw)G,(jow,0,), Should be designed by adding proper poles and zeroes to the
controller C(jw), to satisfy all bounds while it should not cross the axis of positive magnitude at
-180° (instability region in the Nichols chart). A typical plot of L,(jw) is given in Figure 3.2.
This means that the nominal loop transmission function must stay close to the bounds and its

magnitude must decrease rapidly as frequency increases. The requirement of low bandwidth in

the controller is to avoid problems with amplification of noise and unmodeled dynamics.

Plant template atw;

Open-loop gain (dB)

Open-loop phase (deg)

Figure 3.2. Plant template, QFT bounds, and Loop-shaping in Nichols chart.

3.2.4 Design of Pre-filter

Finally, if the tracking specifications are not satisfied, then a pre-filter F(jw)is required to

satisfy the inequalities (3.14) and (3.15), which can be designed in Bode diagram. Figure 3.3
shows the typical frequency responses of a system for the entire range of parametric uncertainties
before and after a pre-filter is applied. Pre-filter moves frequency responses of system for the

entire range of parametric uncertainties between the desired upper and lower bounds.
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Before prefilter

Magnitude (dB)

Frequency (rad/sec)

Figure 3.3. Frequency responses of closed-loop system before and after pre-filter.

3.3 Summary

The concept and design steps of QFT control systems were explained. It was shown how QFT
provides a graphical relationship between desired specifications and system uncertainties. This
helps the designer to make a better decision on the complexity of the controller. In Chapters 5
and 6, QFT design technique will be used to control the output pressure of the electro-hydraulic

and electro-hydrostatic actuators under study.
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Chapter 4
Stability Analysis Using T-S Fuzzy
Modeling

As described in Chapter 3, QFT controllers are designed for the family of frequency responses of
the nonlinear plant. These frequency responses are derived based on sets of input-output data
obtained by running the plant in specified operating conditions, or linearizing the nonlinear plant
around some operating points. As a result, the stability of the QFT control system is valid only
over these particular sets of input-output and/or in a small-signal sense (Horowitz, 1976).
Methods to solve the stability limitation of QFT control systems provide approximate stability
results or suggest very conservative conditions on controller design (Barreiro and Banos, 2000;
Banos et al., 2002). In this chapter a new solution based on Takagi-Sugeno (T-S) fuzzy modeling
and its stability theory (Tanaka and Wang, 2001) is provided for the nonlinear stability analysis
of QFT control systems, which provides the stability conditions in the form of linear matrix
inequalities (LMIs) (Esfandiari and Sepehri, 2013). This solution overcomes the issues of the
previous approaches, presented for QFT stability analysis. Review of fuzzy systems, T-S fuzzy
modeling and corresponding stability theory are presented in Sections 4.1 and 4.2. In Section 4.3,
a T-S fuzzy model describing the nonlinear functions of a double-rod electro-hydraulic actuator
is derived. The effectiveness of the T-S fuzzy modeling and its stability theory for the nonlinear
stability analysis of the control systems of hydraulic actuators is investigated by considering
three case studies in Section 4.4. The first case study is a robust nonlinear controller previously

designed based on the passivity theory for the pressure control of a hydraulic actuator (Alleyne
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and Liu, 2000). The second case study relates to a bilateral haptic control system of a hydraulic
actuator, which was previously designed based on Lyapunov stability theory (Zarei-Nia and
Sepehri, 2012). In the third case study, the T-S fuzzy modeling and its stability approach are
employed to investigate the nonlinear stability of a QFT position controller for the first time.
This QFT controller previously was designed for an electro-hydraulic actuator by Karpenko and
Sepehri (2008).

4.1 Fuzzy Systems

A fuzzy system describes a nonlinear system based on fuzzy logic, where inputs are analyzed
based on their degree of membership to defined fuzzy sets (a continuous value between zero and
one), in contrast to classical logic, based on true or false, (a discrete value: zero or one). A fuzzy
system consists of fuzzification, If-Then rules, inference process, aggregation, and
defuzzification. Using a simple example, the functionality of each part in a fuzzy system is
explained. The example is a two-input, one-output, three-rule fuzzy system to adjust the
necessary time for irrigation of a garden. Inputs are the ambient temperature and soil moisture,
and the output is a linguistic representation of the applied values to the lawn sprinkler system,
which adjust how long the irrigation must be. The Following rules are defined to map inputs to

outputs linguistically:

If ambient temperature is low And soil is wet, Then sprinkler works for a short time.
If temperature is high And soil is dry, Then, sprinkler works for a longer time.

If temperature is high And soil is moist, Then, sprinkler works for an average time.

In each rule, the part after If called antecedent, and the part after Then, is called conclusion. The
values of temperature and moisture are measured by sensors, which are crisp values. Therefore,
in the first step, these crisp values should be mapped to a relative fuzzy set through fuzzification
process. The associated fuzzy values are the rating of a membership associated to a fuzzy set. For
example, for the fuzzification of the ambient temperature t, three membership functions (t),
um(t), and un(t) are defined. These three functions exemplify low, medium, and high

temperatures, respectively (see Figure 4.1).
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Figure 4.1. Fuzzy membership functions.

From Figure 4.1, the crisp temperature input of t=10°C, belongs to the fuzzy set of low
temperature with a grade of g (10°C)=0.6, belonging to the fuzzy set of medium temperature
with a grade of un(10°C)=0.4, and belonging to the fuzzy set of high temperature with
1n(10°C)=0.

If the antecedent of a given rule engages more than one input using logical operations of And or
Or, such as above example, a fuzzy operator should be applied to obtain one number that
represents the result of the antecedent for that rule. Fuzzy operators are mathematical
formulations that substitute And and Or in the antecedent part of a fuzzy rule. Two well-known
operators for And are: min (minimum) and prod (product), and two well-known operators for Or
are max (maximum) and probor (probabilistic), (Lee, 1990; Xu and Da, 2003). For the above
example only And operator was used. Using the fuzzy operators, the result of the antecedent part

of each rule is obtained as a single number.

The result of the antecedent of each rule is used to reshape the fuzzy set in the conclusion part of
that rule. This process is called fuzzy inference. For inference, two well-known methods are
employed: min (minimum), which truncates the output fuzzy set, and prod (product), which
scales the output fuzzy set. The result of inference process for each rule is a fuzzy set
corresponding to that rule (Lee, 1990; Xu and Da, 2003). These fuzzy sets which represent the
results of rules for specific input values, must be combined into a single fuzzy set. This process
is called aggregation. The final fuzzy set is converted to a crisp value through defuzzification
process (Lee, 1990; Xu and Da, 2003). In this example the result of the defuzzification is the

amount of time that the sprinkler must irrigate the garden.
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In the above example, in both antecedent and conclusion parts of each rule, fuzzy sets were used.
These types of fuzzy systems are called linguistic fuzzy systems. However, if fuzzy sets are only
used in antecedent part and the conclusion consists of crisp (non-fuzzy) functions of input
variables in antecedent, then it is called Takagi—-Sugeno (T-S) fuzzy model. Due to the presence
of linguistic variables in the first type of fuzzy systems, classical stability and design theories
cannot be used. On the other hand, T-S fuzzy models employ crisp functions on the conclusion
parts. Thus, a wide range of available tools in the area of classical control, stability, and
identification can be utilized (Tanaka and Wang, 2001).

4.2 Takagi—Sugeno (T-S) Fuzzy Model

The concept of T-S fuzzy models was introduced by Takagi and Sugeno (1985). T-S fuzzy
models can distribute the task of modeling and control of a nonlinear system into modeling and
control of local linear systems, which are easier to handle (Tanaka and Wang, 2001). Ultimately,
defuzzification process integrates the local tasks and yields the overall model. It has been proven
that any nonlinear system can be represented by a T-S model with arbitrary accuracy (Tanaka
and Wang, 2001). The stability of T-S fuzzy systems was first investigated by Tanaka and
Sugeno (1992). The idea was to find a common quadratic Lyapunov function for all local models
in a T-S fuzzy system. Searching for this common Lyapunov function was stated as a linear
matrix inequality (LMI) problem. The resultant LMI constraints can be solved by convex
optimization algorithms, available in software like MATLAB LMI Toolbox (Gahinet et al.,
1995). In the following sections, construction and stability conditions of T-S fuzzy systems are

described.

4.2.1 Construction of a T-S Fuzzy Model

In general there are two approaches for constructing T-S fuzzy models: (i) identification (fuzzy
modeling) using input-output data and (ii) derivation from given nonlinear system equations,
using sector nonlinearity approach. Using sector nonlinearity approach, a nonlinear system can
be exactly represented by a T-S fuzzy model (Tanaka and Wang, 2001; Ohtake et al., 2003). The

goal is to find a sector [b2 bl]x(t) to represent the nonlinear system x(t)= f(x(t)) as

35



[, + 11,0, [x(t) , where, x(t) is the system state variable, by, are scalars, and s and u,are

2
positive nonlinear membership functions such that Zﬂi =1. As a result, the original nonlinear
i=1
system x(t) = f (x(t)) is represented as a weighted sum of local linear models, b x(t) and b,x(t) .
Note that in general x(t) can be a vector of system states, which in this case, b,,_, ,, are matrices.

Consider the following nonlinear system with one variable x:

x=@B+x%)x, xe[-4 5] (4.1)
Using T-S fuzzy modeling, it is shown that for each value of xe[-4 5], the nonlinear function

(4.1) can be represented by two linear functions, b;x and byx, with two corresponding degrees of

memberships u; and wo. This relationship is shown below:

X=(3+ xz)x=iuibix=(mbl + 11,0, )X (4.2)

i=1

where the membership functions u; and u, are defined as follows:

= %EXZ) (4.33)
= % (4.30)
2

and by and b, are the extremums of the nonlinear function (4.1) for xe[-4 5]:

b, = max(3+ x°)

w5 =28 (4.4a)

b, =min(3+ x*)|,, = 3 (4.4b)

The nonlinear function (4.1) is shown within the sector in Figure 4.2.
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Figure 4.2. Sector nonlinearity approach.

4.2.2 Stability Analysis of a T-S Fuzzy Model

Consider a T-S fuzzy model, described by the following equation:

)-(:z cIX (4.5)
p=1

where r is the number of fuzzy rules or equivalently number of local linear models. The stability
of (4.5) can be established from the corresponding local linear models i.e., Ag' X(pe [1 r]) , using

the following theorem.

Theorem: The equilibrium point of the continuous T-S fuzzy system described by (4.5) is

globally asymptotically stable if there exists a common positive definite matrix P such that for

p=1l.r:
P=P">0 (4.6)
{Ag'TP+PAg' <0 4.7)

Proof: (Tanaka and Sugeno, 1992; Tanaka and Wang, 2001). According to the above theorem, in
order to prove the stability of any system described by the T-S fuzzy model (4.5), a common
matrix P must be found that satisfies conditions (4.6) and (4.7). Fortunately, these conditions can
be stated as linear matrix inequalities (LMIs) (Boyd et al., 1994). These LMIs can be solved
using available LMI Toolboxes (Gahinet et al., 1995). If LMIs are found feasible, it means that
the solution matrix P exists. Any stability results for system in (4.5) can then be extended to the
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original nonlinear model due the exact representation (zero modeling error) of the original
nonlinear system by the T-S fuzzy model within the corresponding sectors (Tanaka and Wang,
2001).

4.3 T-S Fuzzy Model of a Double-Rod Electro-
Hydraulic Actuator

4.3.1 Nonlinear Model

In this section, using equations (2.1)-(2.7), presented in Section 2.1.1, the nonlinear dynamic
equations of the double-rod electro-hydraulic actuator are obtained with variables, Xy, Vp, PL, Xy,
and n. Combining the differential equations of P; and P, to derive one equation for Py, is carried
out to avoid numerical problems when solving stability LMIs, presented in (4.6) and (4.7). It is
also necessary for stability analysis of controllers, which will be designed for the output pressure,
P., in this case. To obtain a differential equation for P, first, equation (2.3b) is subtracted from
(2.3a). It is assumed that the piston is centered such that Vo;=Vo,=Vi/2. This assumption is made
based on the fact that stability problems are more serious and challenging when the piston is
centered (Merritt, 1967). It is also a valid assumption in pressure/force control applications, with
small piston displacement around the midstroke. Also the definition and equation of the load flow
Q. are used, which are as follows:

g =& +2-Qz ~ K w, I —sgg(xv)PL (4.8)

As a result, the differential equation of P, is:

Ps —sgn(x, )P,

P, :f/—ﬁ(Kvwxv —k;P - Av,) (4.9)

t
k . .. . .
where kr =(k; +?e), and is called the total leakage coefficient in the electro-hydraulic actuator.

Then the friction in equation (2.10) is substituted for f; in equation (2.7b), and f; is considered as

zero. The resultant equations are shown as follows:
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Xp :Vp (4103.)
. A k d+o (Go _6160\V(Vp))’7
Vp :E(PL_K p— A 1Vp— A ) (410b)
b= 4 ([ TSIRL g oy (4.100)
V, 2
k
%, =—1x, +-2y, (4.10d)
T T
=V =cy(Vp)y (4.10e)
where y(v,) s as follows:
_ A
w(v,) = (4.11)

of
7‘vp /vs‘

Fc + (Fs - Fc)e

4.3.2 T-S Fuzzy Model

Using the procedure explained in Section 4.2.1, a T-S fuzzy model is now constructed for the
system described by (4.10). The nonlinearity in (4.10) originates from the load flow Q. and

friction term y(Vp), which are assigned to variables z,(t) and z,(t), as follows:

P, —sgn(x,)P.

a (4.12)

z,(t) = KVW\/

|Vp|

z,(t) = (4.13)

af
—‘vp /vs‘

F.+(F, —F.)e
Now, some sectors should be established to rewrite the nonlinear functions z;(t) and z,(t) as
z,t)x, € [0, g]x.and z,(t)y< [5, &,]n. First, consider the nonlinear function z;(t), which
can be rewritten as follows:

(1) = Gy(z,(1))9; + G,(z,(1)) 9, (4.14)
where G, ,(z(t)) are positive membership functions defined as follows:

Gy(z (1)) = z0)-g, (4.15a)
0,-0,

G,(z,(t) = 22 (4.15b)
0:-9>
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2
and ZGi (z,(t)) =1. In the above equations, g; and g are the extremums of z,(t):
i=1

01 = max( z(t)) (4.16a)
xv (t),PL(t)
02 = vaylp[l(t)(h('[)) (4.16b)

To determine the above extremums, note that the value of z,(t) depends on the value of variable
P., the sign of the variable x,, and the values of parameters K,, w, and Ps. For now, it is
considered that there is no uncertainty in the above parameters, and their values can be
substituted from Table 2.1. To find out the extremums of z(t), the variation range for P, is

considered for X, =0, [Pymin+ PLmax+], and for x, <0, [PLmin- PLmax-]- Note that as P, increases,
z,(t) decreases for X, =0 and increases for x, < 0. Therefore, depending on the application, the

extremums are found based on the following values:

Zl(t) —Kw Ps B IDLmin+ (4178.)
X, 20 2
< 2,(t) = K,w &;mm (4.17b)
2,(t) = K,w % (4.17¢)
X, <0
! ) Ps + I:>Lmax—
\ Zl(t) == KVW T (417d)

Note that if the values of the parameters K,, w, and Ps vary within a sector, they should be
considered in the calculation of the extremums of z(t) in (4.17). The same procedure is carried
out for the nonlinear function z,(t). Having 8; and &, as the extremums of z,(t), the following

sector is defined: z,(t)yn = [5, &,]n. In this sector, z,(t) can be written as follows:

2,(t) = I'1(2,(1))3, + I',(2,(1))3, (4.18)

The membership functions I", .,  (,(t)) are defined as follows:

Iy(z,(t) = Zg(t)_—_ssz (4.192)
Iy(2,(1) = Sg%zg(t) (4.19b)
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2
where ZFY(zz(t)):l. Substituting equations (4.14) and (4.18), respectively instead of

=1

nonlinear terms z(t) and z,(t), in equations (4.10), results in the following equations:

Xp =V, (4.20a)
A k d+o 1 2
Vy=—(P ——X, ———2Vv, —=| 60 —06,00 ) I, (z,(1))3, ) 4.20b
p m L A p A p A 0 1 0; y\=2 Y ( )
4 &
T(xvgei(zl(t)»gi—kTPL—Avp) (4.20c)
%, =—Lx 452, (4.20d)
T T
2
=V, =0 ). I, (7, (1)) 8,7 (4.20€)

Since ZZ:Gi(zl(t))zl and iFY(zz(t))zl, therefore iiGi(zl(t))FY(zz(t))zl, which can be

i=1 y=1 i=1 y=1
used to present equation (4.20) by a matrix form as follows:

X(t) = ZZ( (Z.0), (2, () A, () + Bu,) (4.21)

where x = [xp v, P X, n]T is the vector of the hydraulic states, and A, and B are given as

p

follows:
"0 1 0 0 0 ]
-k —(o,+d) A 0 — (09 —040,9,)
m m m m
ABA 4B, 4B
=1 0 - -4k = 0 4.22a
Al“{ V Vt T Vt gl ( )
0 0 0 -1 0
T
0 1 0 0 ~640
L k ]
B:{O 00 =2 0} (4.22b)
T

In derivation of (4.21), parametric uncertainties were not considered. If the uncertainty is
bounded, a representation analogous to (4.14) or (4.18) can be considered (Du and Zhang, 2009).

41


http://www.engineeringvillage.com/controller/servlet/Controller?CID=quickSearchCitationFormat&searchWord1=%7bHaiping+Du%7d&section1=AU&database=8195&yearselect=yearrange&sort=yr
http://www.engineeringvillage.com/controller/servlet/Controller?CID=quickSearchCitationFormat&searchWord1=%7bNong+Zhang%7d&section1=AU&database=8195&yearselect=yearrange&sort=yr

For example, if the environment stiffness is an unknown value in sector [ko=Kmin k1=Kmax], it can

be rewritten as:

k =S, (k)k, +S, (k)k, (4.23)
where, S; (k) and S, (k) are membership functions defined as:

Sl(k)—k kk (4.24a)
2
Sz(k)—kl lz (4.24b)

Substituting (4.23) instead of k in dynamic equations (4.20), the resultant T-S fuzzy model has

the following format:

2 2 2
)= 228 B O (08 )5, (kYA () + Bu,) (4.25)
i=1 y=1 I=1
With B as in (4.22b), and A, as follows:
0 1 0 0 0 ]
—k (o, +d) A 0 — (60 —0¢0,9,)
" ArfnﬂA 4n/} 45 "
= 0 - -2k -0, 0 4.26
Alyl Vt Vt T Vt gl ( )
0 0 0 _—1 0
T
0 1 0 0 ~ 6,9,

Other uncertain parameters can also be easily included using a similar manner as for the stiffness
case in above T-S fuzzy model. The summations in (4.25) can then be aggregated as one

summation (Tanaka and Wang, 2001):

. 8
x(t) =g, WA +Bu, ) 4.27)
p=1
where, g, (z(t)) = G;(z, (), (z,(1))S, (k) , and A;, B;, p, are as follows:
A=Ay, B =B (4.28)
p=l+2(y-1)+4(i-1) (4.29)

Note that variable z(t) in q,(z(t)), is only used to simplify addressing zy(t), z»(t), and k. Now, T-S
fuzzy model for the electro-hydraulic actuator with equations in (4.10) is as follows:

Model rule 1:
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IF z4(t) is Gy, and z,(t) is Iy, and k is Sy
THEN X(t) = A'X(t) + B{u,

Model rule 8:
IF 24(t) is G,, and zy(t) is I, and Kk is S,

THEN X(t) = AsX(t) + Bgu,
4.4 Case Studies

In this section, the T-S fuzzy modeling and its stability theorem described in previous sections
are employed to analyze the stability of three control systems developed for hydraulic actuators.
The first case study relates to a nonlinear pressure controller designed for an uncertain model of
a hydraulic actuator (Alleyne and Liu, 2000). The stability of this control system was proven
previously using the passivity theory. In Section 4.4.1, the stability is verified again using the T-
S fuzzy modeling and its stability approach. Here, this example is used to show the feasibility of
the T-S fuzzy modeling approach. The second case study relates to the bilateral haptic control
scheme for hydraulic actuators designed based on Lyapunov stability theory (Zarei-Nia and
Sepehri, 2012). Stability of this control system was not discussed in the presence of parametric
uncertainties. Using fuzzy modeling and its stability approach, the range of parameters for which
the system remains stable is obtained thus extending the stability bounds. Finally, the approach is
tried on a QFT position controller previously designed for the electro-hydraulic actuator by
Karpenko and Sepehri (2008).

4.4.1 Case Study 1

Alleyne and Liu (2000) developed a robust nonlinear force/pressure controller for a hydraulic
actuator with modeling errors and bounded uncertainties. In their experimental set-up, the

cylinder is attached to a slide in contact with a linear spring. The following equations describe

the system:
&H=& (4.304)
. k b A
G=m G- Gt X (4.30h)
X =—aé, — g + (P —sgn(X,) %)%,
Z%e2 T Pt (4.30c)

f1(¢x) 91(¢.%)
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.1 Kep
=%+ U (4.30d)

fo(E X, %) 92(E%,%2)

where & and &, indicate the slide position and the velocity, respectively. x; denotes the cylinder
pressure differential, x, is the valve spool position, and u is the control signal. The output to be

controlled is the pressure differential x,. Description and the values for the parameters in (4.30)

are provided in Table 4.1. Nonlinear functions fi(<, %), f(€ %, %;,) | 9,(€ X)) and 9, (S5 %, %,)

, are used in the controller design.

Table 4.1. Values of parameters in the system described by (4.30).

Parameter Nominal value
Supply pressure, Ps (MPa) 10.3
Hydraulic coefficient, a (N/m°) 1.51x10"
Hydraulic coefficient, £ (1/sec) 1.0
Hydraulic coefficient, y (kg®°/m*sec?) 7.28x10°
Load spring stiffness, k (kN/m) 16
Mass, m (kg) 24
Viscous damping, b (N.sec/m) 310
Piston area, A (m°) 3.26x10*

Accordingly, to achieve a stable force/pressure tracking system, the following control law was
proposed by Alleyne and Liu (2000):

u= gi (_ f2 + deesired - kzez) (4318')

2

Xodesired = gil (= L + Xigesires —Ki&1) (4.31b)
where Xigesired aNd Xogesies are the desired differential pressure and the desired valve spool
displacement respectively. Errors e;=X;-Xigesirea aNd €2=Xo-Xaqesired, SCaled by controller gains k; and
k, are used to determine the control signal u. To determine the controller coefficients k; and ko,

first the controller equations (4.31) are substituted in the system equations (4.30) to construct the
error dynamic equations as follows:

€& =K + 0.8 (4.32a)
éz = _kzez (432b)
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Using the passivity theory, the global stability of (4.32) has been proven, previously, providing
the controller gains to be selected as k, = max(|g,|) and k, =k, />0 (Alleyne and Liu, 2000). To
analyze the stability of system (4.32) by the T-S stability theorem described in Section 4.2.2, first
(4.32) must be represented by a T-S fuzzy model. Selecting the controller gains as

k, = max(|g,|) = yy/P, —sgn(x,)x, =3.01x10?andk, =k, /t=1000 (Alleyne and Liu, 2000), the

error dynamic equations (4.32) are represented as the following T-S fuzzy model:

& _2 -kt o|e
M_ZT{ 0 —kj{ej (4.33)

In (4.33), the membership functions Tj;=1,7) are defined as follows:

Tl _ y\/ PS _Sgn(XZ)Xl)_tZ (434a)
tl_tZ
t, —t,
The extremums ti-1, are found for P_e[-(2/3)P, (2/3)P,]=[-6.86MPa 6.86MPa].

t
T2=1

(2/3)P is considered as the maximum output pressure as applied to hydraulic actuator (Merritt,

1967):

t, = max(y/P, —sgn(X, )%, ) = y/10.3MPa+ 7 MPa =3.01x 1012 1 kg ':a (4.35a)
. 2 1 kg Pa
t, =min(y,/P, —sgn(x,)% ) =yv10.3MPa-7MPa =1.35x10 -~ (4.35h)

LMIs are now constructed based on conditions (4.6), (4.7), and two local linear models described
by equation (4.33). Using the MATLAB LMI toolbox, the LMIs are found feasible given the
following common positive definite matrix P as the solution:

117 -072 (4.36)
S 1-0.72 9.72x10° '

Therefore, according to the stability theorem in Section 4.2.2, the closed-loop system is stable.
This is exactly what was concluded based on the passivity theory used by Alleyne and Liu
(2000). The result of this case study shows that the T-S fuzzy models and corresponding stability

can be reliably employed to investigate the nonlinear stability of hydraulic control systems.
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4.4.2 Case Study 2

Case study 2 is employed to not only confirm the existing stability results, but also extend the
results to include uncertainty in a system parameter used by the controller. Zarei-nia and Sepehri
(2012) developed a bilateral control system which allows a hydraulic actuator to achieve a stable
position tracking at the slave side while, at the master side, the haptic device provides the feeling
of tele-presence to the operator. The following equations were used by them to present the
dynamics of the whole system:

e X]_ = X2 (437a)
, A d K
X2 =m_x3 _sz _m_Xl (4.37b)

S

Slave side < . —A CqW
Xy =—— X, + —5— X,/ P, —sgn(x,) x .
3= X C\/;A' an(X,)Xs (4.37c)

S

. _l ksp
- X4 = X4 +—U (437d)
T T
X5 = Vg (4.37¢)
Master side { ) 1
Xe = m_(Fh + Fn —Kg X —KyXs) (4.371)

m

where, at the slave side, xi, X,, X3 and x, are the actuator position, velocity, differential pressure
and valve spool displacement, respectively. The control input is the voltage to the servovalve of
the hydraulic actuator, shown by u. At the master side, xs and x; are the haptic device
displacement and the velocity, respectively. F, is the input force, originated from the operator

and F, is the control input applied to the master.

To implement a stable position tracking system, the following control laws were proposed
(Zarei-nia and Sepehri, 2012):

u=[—Kp1(xl—x5)—Kp2x3]\/m (4.38a)
Fn = Kpa (X —X5) + K s Xg (4.38b)
where K1, Ky, Kps and K, are constant gains. The description and values of the rest of the
parameters are given in Table 4.2. To construct the closed-loop dynamic equations, the controller
equations (4.38) were substituted into the master and the salve equations (4.37). The equilibrium
of the closed-loop system was determined by imposing Xi¢i-1.6) = 0as follows:
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Table 4.2. Values of parameters in system described by (4.37).

Parameter Nominal value
Supply pressure, Ps (MPa) 17.2
Hydraulic compliance, C (m°/N) 2x10™°
Spring stiffness, ks (KN/m) 125
Piston and rod mass; slave side, ms (kg) 12.3
Viscous damping coefficient, d (N.sec/m) 250
Piston area, A (m?) 6.33x10™
Orifice coefficient of discharge, cq 0.6
Hydraulic fluid density, p (kg/m®) 847.15
time constant, z (msec) 0.03
Valve orifice area gradient, w (m*/m) 0.02075
Valve gain, kg (M/V) 2.79x10°
Inertia of master, haptic, my, (kg) 0.545
Viscous coefficient at master side, kg (N.sec/m) 2
Stiffness of human arm, k, (N/m) 1000

- u u
Xeq =[Xleq Xoeq X3eq Xseq Xseq X6eq] =[Xlss 0 Xz 0 Xgg 0]

where X, Xos and Xss, are as follows:

. K 1 AF,
(K oK ek — Ky K ks + K ik A+ K KK, )
X _ Kplks I:h
25 (K oK ks — K 1K ks + K ik A+ K oKk, )
v - K o1 AR, + K ks F,
T (KoK ek — K g K gk + Kok A+ K okko)
Defining€ = x — X, , the following error states were then derived:

eq?

€ =€
é —Ae _ie _k_se
2 m, 3 m, 2 m, 1
. A CyW
6 =——6,+—=¢,./P. —sgn(e,)(e,; + X
3 c C\/;“/S an(e,)(es + Xss)
1k
€, = _;e4 +7[_Kp1(e.l. —€5)— sze3]\/Ps —Sgn(€,) (83 + X35
€ =6
1

éG Zm—(Kp3(el _e3)+ Kp4e3 _kde4 _khES
m
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(4.39)

(4.40a)
(4.40Db)

(4.40c)

(4.41a)
(4.41b)

(4.41c)

(4.41d)
(4.41e)
(4.41f)



where, e;, e,, e; and e, are the actuator position error, velocity error, differential pressure error
and valve spool displacement error, respectively. Error states es and es are the haptic device

displacement error and the velocity error at the master side, respectively.

By employing Lyapunov stability theory, the authors concluded the following conditions to

guarantee the stability of dynamic equations in (4.41):

€ L (4.42a)
A" Ky
< kn(Kp2 A=K, C) (4.42b)
7K ;,A=5K ;,C
C
Kps = Kps = (4.42c)

Now, the stability analysis of (4.41) is re-examined using T-S fuzzy modeling and the
corresponding stability theorem. First using the T-S fuzzy modeling procedure discussed in
Section 4.3.2, the only nonlinearity term in (4.41) is represented as follows:

2(t)= \/Ps —SgN(,) (&3 + X3ss) = ihsi Hgq (z(1) :ZZ: hcj ch (z(1) (4.43)
i1 =l

Since this term appears in both the system and the controller equations, subscripts s and ¢ are
used to separately refer to this nonlinear term in the third and fourth differential equations in

(4.41). Membership functions Hgi=12 and Hgj=1., are defined as follows:

Hy (2(t)) = 20 =Nz (4.443)

he, — e,
_ hy —2(t) 4.44

Hea2(0) = 2L (4.44b)
_ Z(t) - th

Ha(e@) =12 (4.44c)

Hep(2(0) = 110 (4.44d)
sl s2

Using nominal value for supply pressure given in Table 4.2, and for
P e[-(2/3)P, (2/3)P,]=[-11.5MPa 11.5MPa], the extremums hsij=1,2 and hejj=1,7 are found as

follows:

het = hy = max(z(t)) = max(y/P, —Sgn(e;)(€3 + Xags ) ) = MaX(+/P, —sgn(x,)(Xs)) = v17.2MPa+11MPa =53104/Pa  (4.452)

heo = hep = Min( 2(t)) = min( [P, —sgn(e4)(&5 + Xax)) = Min(/P- —SGN(X,)(X3)) = V17.2MPa—11.5MPa = 2490 Pa  (4.45b)
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Substituting (4.43) in (4.41), results in the following equation:

T SR
- . - 5 - - O 0 - -—
el mS mS mS el
é — e
6| 2o I - B K
312 _ _ p s 4.46)
H. (z(t))H. (z(t (
N ZJ a(2ODH@O) _y Dok 1 kK e,
N 0 0 ‘0 ) 0 0 1>
L] Kps 0 Kpa =Kps —ky Ky 0 %]
mm mm mm mm

Equation (4.46) accurately_ represents original nonlinear model (4.41). The stability theorem
discussed in Section 4.2.2 is now employed for the stability analysis of the system represented in
(4.46). First a set of controller gains that satisfies conditions (4.42) are substituted into (4.46);
Ky =005, K, =2x10"%, K 3=0.0139, and K, =4.4x10"**. Next, linear matrix inequalities are

constructed based on (4.6) and (4.7), and the local linear models in equation (4.46). Using the

LMI toolbox, the common positive definite matrix P is found as follows:

521 0.08 027 199 248 -207]
008 724 -027 -149 083 11
P 027 -027 852 078 031 -0.75 (4.47)
199 -149 0.78 1219 898 1271
248 083 031 898 349 4053
-207 11 -075 1271 4053 813

Therefore, the proof of the stability for the controller in equation (4.38) with conditions (4.42)
has been shown for the values of the parameters given in Table 4.2. However, the controller
equation (4.38) requires an exact value for the supply pressure Ps. The issue of uncertainty in the
value of supply pressure was not discussed in the reference by Zarei-nia and Sepehri (2012).
Here, it is investigated to see whether the T-S fuzzy modeling and stability theorem can provide
further insight into the stability of system (4.46) in the presence of uncertainty in the supply
pressure. To incorporate such uncertainty, extremums hg=12) are re-calculated considering

variation of Ps from its nominal value (17.2MPa), i.e., P,c[138 22.6]MPa. The new values for the

extremums are then determined to be hg; =6137 and hg,= 2144. The positive definite matrix, P to

satisfy the stability conditions (4.6) and (4.7), is determined to be:
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11 03 15 33 38 08
03 11 -04 -19 -12 21
b_ 1.5 -04 14 13 04 0.1 (4.48)

33 -19 13 18 14 18
38 —-12 04 14 622 72

108 21 0.1 18 72 1450
Selecting different gains for the controller based on condition (4.42) may extend or limit the

allowable uncertainty ranges for the supply pressure.

This case study shows that T-S fuzzy modeling and corresponding stability theorem are not only
effective to conclude the stability of a given control system, but also can be useful to extend the

previously-developed stability results to include uncertainties.

4.4.3 Case Study 3

The previous two case studies established that the T-S fuzzy modeling approach is effective to
investigate the stability of hydraulically-actuated control systems. In this section the approach is
employed to study the nonlinear stability of QFT controllers. Before this, efforts have been made
to incorporate nonlinear stability bounds in the design process of QFT controllers. Wang et al.
(1990) employed the Circle Criterion in the process of QFT design to study the effects of time-
varying gain on both the stability and performance of the control system. Oldak et al. (1994)
suggested using describing function and the Circle Criterion along with QFT design to avoid
limit cycles. Barreiro and Banos (2000) employed combined Circle Criterion and Popov
Criterion to incorporate the Input/output (I/O) stability bounds in the process of QFT controller
design for memoryless and sector-bounded nonlinear plants. Incorporating these stability bounds
provide rigorous stability results, but assign very conservative restrictions on the QFT controller
(Banos, 2007). Banos et al. (2002) employed harmonic balance and multiplier theory. Harmonic
balance provides an approximated solution to the global stability problem, but results in very
relaxed conditions. Multiplier theory is a less conservative version of absolute stability; however,
finding appropriate multipliers is qualitative (Banos et al., 2002). Also, using the standard
approach of construction of Lyapunov functions to ensure the stability of the already developed

QFT control systems is very difficult, if not impossible. So the challenge is how to investigate
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and ensure the stability of a QFT control system, without assigning conservative conditions on
the QFT controller, or face the challenge of finding a Lyapanov function. Using T-S fuzzy
modeling approach and its stability theorem, without assigning conservative conditions on QFT
controllers, a solution for the nonlinear stability analysis of QFT controllers is provided
(Esfandiari and Sepehri, 2013). T-S fuzzy modeling for electro-hydraulic actuators have been
previously used in the process of designing a fuzzy static output feedback controllers based on
parallel distributed compensation scheme (Du and Zhang, 2009). Here, T-S fuzzy model of the
electro-hydraulic actuator is blended with the designed QFT controller to investigate the
nonlinear stability of the closed-loop system. Using this solution, the nonlinear stability analysis
becomes independent from the design process of QFT controllers. In this solution, a T-S fuzzy
model for the closed-loop system with QFT controller is developed and then it is investigated
whether the local linear systems in the corresponding T-S fuzzy model satisfy the conditions of
the theorem, presented in Section 4.2.2. This approach provides several advantages: it does not
assign any conditions on QFT controller, parametric uncertainties can be incorporated in the
stability analysis, and since the stability conditions are in the form of LMIs, they can be solved
using available numerical algorithms (Boyed, et al., 1994). In this section, the above stability
solution is applied on the case study of a QFT position controller developed earlier for a double-
rod electro-hydraulic actuator (Karpenko and Sepehri, 2008). The equations describing the
dynamics of the system to be controlled are shown below:

Xp =Vp (4493.)

v, :%(API—APZ —kx, —dv,) (4.49b)

R =ﬁ<kvwxv\/u+sgn<xv>(Ps Ry -Avy) (4.49¢)
v, 2 2

P = 'B(—kvwxv\/Ps —F L sonoa) e = 2P Ay, (4.49d)
V, 2 2

%, =V, (4.49)

Vy = —oZx, —2&,w,V, + Ksp wlu, (4.49f)

where X, and v, are the position and the velocity of the hydraulic actuator respectively. P, and P,
denote the pressures in chambers 1 and 2, respectively. x, and vy are the position and the velocity
of spool valve, respectively. The system input is the voltage applied to the servovalve (u,).

Description and values for the rest of the parameters are given in Table 4.3. Note that the system
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has parametric uncertainties for the supply pressure (Ps), bulk modulus (f), total mass (m),

viscous damping (d), stiffness of the environment (k), and valve spool gain (ksp).

Table 4.3. Values of parameters in the system described by (4.49).

Parameter Nominal value  Uncertainty range
Effective piston area, A (mm?) 633 -
Length of rod, L (mm) 610 -
Flow coefficient, K, (m*?/kg"?) 0.0292 -
Orifice area gradient, w (mm?/mm) 13.2 -
Valve damping ratio, ¢, 0.9 -
Valve natural frequency, w, (Hz) 150 -
Supply pressure, Ps (MPa) 17.2 13.8-18.6
Total mass, m (kg) 12.3 11-13.7
Viscous damping, d (N.sec/m) 250 200-300
Fluid bulk modulus, g (MPa) 689 345-1030
Spool position gain, kg, (KmM/V) 28 25-31
Load stiffness, k (KN/m) 30 0-60

To provide accurate position tracking for the hydraulic actuator despite parametric uncertainties,

the following QFT controller was designed by Karpenko and Sepehri (2008):

Uu(s) _  2.76x10°(s+25) (4.50)
Ex (s) (s+16)(s*+108s+120%)
where the input to the controller is the error between the desired position and the actual position,

G(s) =

e, = (Xpaesired — Xp)» @nd the output of the controller is the voltage signal, uy, applied to the

servovalve. To study the stability of the QFT controller in (4.50) for the hydraulic actuator in
(4.49), the closed-loop system should be represented by a T-S fuzzy model. Figure 4.3 shows the

closed-loop structure of the system using the state-space representation of the controller as

follows:
Xc = 'A\:XC + Bc (Xpdesired - Xp) (451)
u, = Cc)_{c
where, %, =[x, - x,], is the state vector of the controller and A B, C. are given as
follows:

52



-124 -16128 -230400

A= 1 0 0 (4.523)
0 1 0

B.=[t 0 o] (4.52b)

C.=[0 2760000 690000000] (4.52¢)

For the above state-space representation, 1=3. The state-space representation of the controller

will be added to the T-S fuzzy model of the hydraulic system.

X pdesired + ; 2 — A% +Be. Uy HYdraU“C X,
Gls): wy = C.% >  System

v

A

Figure 4.3. Closed-loop position control system.

For the hydraulic actuator, the T-S fuzzy model obtained in (4.21) and (4.22) can be used after
removing the terms related to the friction and leakages, since the system presented in (4.49) does
not include the friction and leakages. Also, the first order servovalve equation in (4.21) and
(4.22) is replaced with the second order equations in (4.49). The uncertain parameters are
incorporated in the T-S fuzzy model using the approach explained in Section 4.3.2. The resultant

T-S fuzzy model is as follows:

2 2 2 2 2 2
X(t) = ZZZZZZ G, (2 (1)S, ()N, (@M, (M)H ; (B, (Kep )N A X1 + Bisuly)  (4.53)
n=l r=1 j=1 w=

i=1 1=l w=1

where A, and By, are as follows:

0 1 0
m, m, m,
Ailnrjw =0 - 4ﬂjA 0 ﬂ g; 0 (4.54a)
\A V,
0 0 0 0 1
L 0 0 0 _w\? vawv_
Bitng = booo kspwcof]T (4.54b)
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Note that Si(k), Nn(d), M(m), H;(8), and W,(ks,) are the membership functions related to the
environment stiffness k, total damping d, total mass of m, effective bulk modulus g, and spool
position gain ks,. The uncertainty range of supply pressure Ps is incorporated in calculation of
JiG=12). The extremums gii=ip for P €[-(2/3)P, (2/3)P,], and P, e[l3.8 18.6] MPa are

calculated as follows:

K, m°Pa
g, =mex(z,(0) = max(—— \/ “sgn(x, )P ) = J186MPa+<—x186>MPa 2287\/ kg (4.553)

K, w K, w 2 m°Pa
v JP. —sgn(x,)P, ) =—=.|13.6 MPa— (= x13.6) MPa = 0.881 | ——

The summations in (4.53) can be aggregated as follows:

i(t)=§)(qp(z<t>))(&i<t>+83uv) (4.56)
where A, B;, q,(z(t)), and p, are:

A; = Ailnrjw (4.572)
B = BIlnI‘]W (4'57b)
g, (2(1)) = G; (z,(1)S, (K)N, (d)M (M)H; (B)W,, (kg;) (4.57¢)
p=w+2(j—1)+4(r-1) +8(n-1) +16(1 1) + 32(i - 1) (4.57d)

Now to present the T-S fuzzy model of the closed-loop system, the state-space equations of the

QFT controller in (4.51) is added to the T-S fuzzy model of the hydraulic actuator in (4.53) as

follows:
%(t) = i(qp(z(t))x,ﬁ{; %(1)+BC.%,) (4.58a)
X, = Ai_;c + By (Xpgesired = Xp) (4.58b)
Since i(qp(z(t)))zl, the above equations can be easily combined as follows:
=
s Zlqp‘z‘t”(( ot 0] a4 {(OHJ (459
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Equation (4.59) describes the T-S fuzzy model of the QFT positioning control system shown in

Figure 4.3. To investigate the stability of this system using stability theorem discussed in Section

4.2.2, first by setting[>*<T ?J]T:[Xp i, PLX ¥, X, - %] =0, the following equilibrium
point is obtained:

KX ) esi
[)_{;1 X;q :|:Xpdesired 0 % 00 Xceql Xceqﬂ:| (460)

This equilibrium point (4.60) is not at the origin; therefore the error states are defined as

€ =X— X and €; = X; — X, with the following dynamic equations:

*

_64 A\a B;Cc &
[-J-qu““){-sc[l On A JH (461)

Aclosed —loop

Where Agosed-ioop 1S as follows:

DI .

0 1 0 0 0 oL, ]
— k| _ dn A
o Wm0 0 [0L...
_4BA 45
Aclosed—loop = 0 Vt 0 Vt Ji 0 [O]bd (4.62)
0 0 0 0 1 oL,
0 0 0 - 603 - ngwv kspww\f [CC ]Jxl
_[_ Bc ] 1x1 [o]ﬂ,xl [O]ﬂ.xl [o]ﬂ,xl [O]ﬁ.xl [AC ]ﬂxﬂ

Now, the stability of the system described by (4.61) and (4.62), can be investigated by T-S fuzzy
stability theorem. Based on the stability conditions (4.6) and (4.7), the corresponding LMIs are
constructed. It was found that in order to find feasible LMIs, the uncertainty ranges for some of
the parameters presented in Table 4.3, must be reduced. Given the new range of uncertain

parameters, the following positive definite matrix P is obtained:
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(2781 -6.5 441 1283 1387 6248 963.7 -154]
-65 198 -54 -232 -745 -30 -47 =52
441 -54 3157 2284 1194 106 1511 -74
P 1283 -232 2284 2502 1868 —-451.7 582 -35.9 (4.63)
1387 -745 1194 1868 23614 8513 10995 2318
6248 -30 106 —451.7 8513 2141 1389 8215
963.7 —47 1511 582 10995 1389 19274 690.8

—-154 -52 -74 -359 2318 8215 690.8 8554 ]
Table 4.4 compares the range of parameters, for which the LMIs becomes feasible, with the one

used to design the QFT position controller. Accordingly, the nonlinear stability of the QFT
controller, designed for the parametrically uncertain hydraulic actuator is proven using T-S fuzzy
modeling and stability theorem. Since the approach is systematic, it can be used to analyze the

stability of other QFT controller designed for hydraulic actuators.

Table 4.4. Range of parametric uncertainties used in QFT design, and those which result in
feasible LMIs for system described in (4.49).

Parameter Range in QFT design Range for feasible LMIs
Supply pressure, Ps (MPa) 13.8-18.6 13.8-18.6

Total mass, m (kg) 11-13.7 11-11.4
Viscous damping, d (N.sec/m) 200-300 200-300

Fluid bulk modulus, g (MPa) 345-1030 690-710

Spool position gain, kg, (EmM/V) 25-31 25.1-30.7

Load stiffness, k (KN/m) 0-60 20-36

4.5 Summary

In this chapter, it was shown that T-S fuzzy modeling and its stability theorem are appropriate
tools for the nonlinear stability analysis of QFT controllers, designed for hydraulic actuation
systems with parametric uncertainties. Using this approach, the stability conditions of the closed-
loop system can be presented as linear matrix inequalities (LMIs). In order to validate the
functionality of T-S modeling and its stability approach, the stability of three well-established
controllers, designed for hydraulic actuators were re-analyzed. The first control system was a
nonlinear pressure controller developed for a hydraulic actuator based on the passivity theory.
Using T-S fuzzy modeling and its corresponding stability conditions, the stability results were
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consistent with those obtained from the passivity theory. The second control system was a
bilateral haptic control of a hydraulic actuator designed based on the Lyapunov theory. For this
control system, the proposed approach was able to further extend the stability region that
included parametric uncertainties. Having successful results of validation of T-S fuzzy modeling
and its stability theory, the stability of a QFT position controller was analyzed. This approach
will be used for the nonlinear stability analysis of QFT controllers that are designed in the next

chapters.
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Chapter 5
Output Pressure Control of Electro-

Hydraulic Actuator

This chapter is divided into two parts. First, a QFT output pressure controller is designed for the
electro-hydraulic actuator described in Chapter 2. Next, the nonlinear stability of the resulting
control system is analyzed using T-S fuzzy modeling and its stability theorem. To design a QFT
control system, first a family of frequency responses of the electro-hydraulic actuator is obtained
by linearizing the hydraulic function and constructing an equivalent linear plant set in Section
5.1. Then a QFT controller and a pre-filter are designed to satisfy desired performance criteria
consisting of tracking, stability, and disturbance rejection. By designing the QFT controller and
pre-filter, the frequency responses of the closed-loop system are placed within an acceptable
envelope of frequency responses for the entire range of parametric uncertainties. It is shown that
the upper and lower bounds of the envelope determine the minimum and the maximum values of
the closed-loop bandwidths. In Section 5.3 it is demonstrated that re-defining the bounds in order
to increases the bandwidth contributes to reduction of the sensitivity over low frequencies and
increase the sensitivity at higher frequencies - a phenomenon known as ‘waterbed effect’
(Houpis et al., 2005). The increased sensitivity makes the system vulnerable to disturbances and
subsequently reduces the stability margin (Houpis et al., 2005). It is shown that any increase in
the bandwidth pushes the hydraulic system closed-loop poles towards the imaginary axis,
resulting in higher overshoot and longer settling time. Thus, it is imperative that the controller

maintains an adequate balance between performance, stability, and disturbance rejection while
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achieving a high bandwidth for the pressure tracking of the hydraulic actuator. Based on the
insights from the discussion, a new QFT control system with higher bandwidth is designed in
Section 5.3, followed by the experimental verification. In Section 5.4, using the T-S fuzzy
modeling and its stability theorem, the nonlinear stability of the designed QFT controllers is
investigated. For this stability analysis, the effects of parametric uncertainties, friction, and

external and internal leakages are described.

5.1 Family of Frequency Responses

In order to design a robust output pressure controller based on QFT, a family of frequency
responses of the electro-hydraulic actuator are required for the entire range of parametric
uncertainties given in Table 2.1. Here, the frequency responses are generated from an equivalent
linear plant set of the hydraulic actuator. The plant set is obtained by linearization of flow
equations presented in (2.2) around desired operating points using small-signal approach. Using
Taylor series and expanding nonlinear flow equations (2.2) around the operating point (Xyo, P10,
P2o), the linearized flows are:

0 0
30=0- Q= 520 X0+ THR o) =kt kP (5.12)
1
0 0
AQZ :QZ _QZO =%(Xv - Xvo) +%(P2 - P20) = kZSAXv + kZpAPZ (Slb)
v 2

In (5.1), the partial derivatives of the input flow Q; and the output flow Q, with respect to x,, are
represented by kis and ko, respectively and called valve flow gains. Terms ki, and ky, are called
flow pressure coefficients, which are the partial derivatives of the input and the output flows with
respect to P; and P,, respectively. Since the valve is symmetric and the actuator is double-rod, by
assuming a negligible return pressure i.e., P=0, the supply pressure is Ps=P;+P,. Employing this
relationship and having P =P:-P», a proper approximation is to consider kis~kps and kip=kop. The
valve coefficients can therefore be written in terms of operating point of output pressure

PLo=P1,-P2, as follows:

ks _ KVW\/(PS _Sgnz(xvo)PLo) (528)
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_ KV\N1XVO|
)=
\/Z(Ps _Sgn(xvo)PLo)
Assuming small piston displacement around the midstroke in pressure/force control applications,

(5.2b)

the volume of the hydraulic oil in each side of the piston is approximated as V1=V,=V4/2, where
V¢ is the total volume of the chambers 1 and 2. Finally, the following equations represent the

linearized state-space equations of the hydraulic actuator around the operating point (Xyo, PLo):

AX, =Av, (5.3a)
. 1

AV, = E(AAPL —kAx, —dAv, - Afy) (5.3b)
s =3B 0.5k

AP, —V—( sAX, —0.5k JAR, — AAv ) (5.3¢c)

t
In the above model, the external and internal leakages are considered as zero. Using the

servovalve dynamic equation in (2.1) and equations in (5.3), the transfer functions from the
servovalve input voltage (U,) and disturbance forces (Fq) to the output pressure (P.) is derived as:

P (s) =| ZPFeKa (ms® +ds+Kk) U, () + (2As) E,(9)
- ts+1 ) (ms® +ds+K)(0.5V,s+ Sk, ) + 2A%fs | (ms? +ds+k)(0.5V,5 + Bk, ) +2A%fs |

(5.4)

The first term on the right hand side of equation (5.4) represents the equivalent linear plant set as
Gp (5,0):

6. (5.0) = P.(s) (2Pkkg (ms? +ds+k)
TETTUL) s+l )| (ms? +ds+K)(0.5V,S + fk,) + 2A% Bs

(5.5)

where o refers to a vector of parameters of the system from Table 2.1. The second term on the
right hand side of (5.4), shows the effect of disturbances on the output pressure, and is denoted by
D(s), which should be attenuated by a proper design for the controller:

_ (2hs)
Pl)= [(msz +ds+k)(0.5V;s+ pk,) +2A2ﬂs]Fd 9 (5.6)

In (5.5) the value of the valve flow gain ks and flow pressure coefficient k, depend on the
operating points. To define these operating points, first a set of acceptable output pressure

responses are defined; then corresponding spool displacements are obtained using equation (2.7).
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Figure 5.1 shows the plots of the outputs-inputs. Following procedure shows that if the
coefficients ks and k;, are calculated in both the steady-state operating points and transient points,
transfer function (5.5) can successfully reproduce the response of the nonlinear model of the
electro-hydraulic actuator in both transient time and stead-state. In this procedure, each
acceptable pair of input-output response is divided into finite sections, and one transient point for
each section is considered. For example, an arbitrarily output pressure response of the electro-
hydraulic actuator with the corresponding valve spool displacement are shown in Figures 5.2a
and 5.2b, respectively. Seven points consisting of transient points and (steady-state) operating
point are considered and shown by circles in Figure 5.2. Table 5.1 shows the corresponding
coefficients ks and k, using (5.2) for all seven points. Figure 5.2c shows the output pressure
response of the transfer function (5.5) when the values of coefficients ks and k, are updated over
time according to Table 5.1. Transfer function (5.5) with time-varying coefficients ks and k; is

called equivalent piecewise linear model.

Comparing Figure 5.2a and Figure 5.2c, it is seen that for an arbitrary vector of uncertain
parameter o, the transfer function (5.5) can successfully represent the nonlinear model (2.7) if ks
and k, are allowed to change in a coordinated manner. Thus, for the entire acceptable set of
input-output responses in Figure 5.1, coefficients ks and k, are calculated and their variation
range are given in Table 2.1. These coefficients are considered as uncertain parameters in the
equivalent linear plant set (5.5). The family of frequency responses of the equivalent linear plant
set are shown in Figure 5.3 for the entire range of parameters given in Table 2.1.
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Figure 5.1. (a) Acceptable set of output pressure responses; (b) corresponding valve spool
displacements.
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Figure 5.2. (a) Typical output pressure response; (b) corresponding valve spool displacement; (c)
pressure response obtained from equivalent piecewise linear model.
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Table 5.1. Flow and pressure coefficients for response in Figure 5.2.

Operating point  k (m?/sec) k, x10' (m°/sec/Pa)
1 1.72 0.32
2 1.63 1.08
3 1.55 0.53
4 1.53 0.16
5 1.52 0.03
6 1.52 0.01
7 1.73 0.00
200
m
% 150
gn 100
P
50
0
B 45
g -90
= 135
2180 ‘
1072 107" 1o

Frequency (rad/sec)

Figure 5.3. Bode plots of equivalent linear plant set.

5.2 Controller Design

In this section the steps for designing a QFT controller C(s) and a pre-filter F(s) for the output
pressure of the electro-hydraulic actuator are described. The control structure is same as in

Figure 3.1, for Y=P\, R=Pirdesires, and G(s,a) =G, (s,a). Generating templates, calculating

bounds, loop-shaping, and designing a pre-filter are discussed respectively.
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5.2.1 Generating Plant Templates

To generate plant templates, frequency responses obtained in Section 5.1 are plotted on the
Nichols chart at the selected frequencies of »={0.01,0.1,1,10,50,100,470} rad/sec, shown in
Figure 5.4. In this figure, boundaries, shown by dashed-line distinguish the templates at each
design frequency. These templates describe the total parametric uncertainty of the system in the
frequency domain, used to generate QFT bounds, based on performance criteria. As can be seen

from Figure 5.4, templates are bigger within two frequency ranges; around the natural frequency

of the environment, i.e., we:\/z, and around the natural frequency of the hydraulic system,
m

@, = ionrK. This can also be clearly seen in bode plots in Figure 5.3. The reason of such
mV, m

drastic change in the templates is due to the low damping ratio (see Table 5.2). Table 5.2 gives
the natural frequency and damping ratio of environment and electro-hydraulic actuator, derived
from equation (5.5). Note that here, the term environment represents the load on the hydraulic

actuator, originates from the total mass (m=mn+m,), total damping (d=d,+dc), and stiffness k.

190 -
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170 e~ e

160 - N ~~—_ )
150 + -

140 - | |
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120 +

Open-loop gain (dB)

mnor -7 S

100 '~=mm777
90 - - \ [P -m= !

-180 -135 -90 -45 0
Open-loop phase (deg)

Figure 5.4. Plant templates at each design frequency (rad/sec) for entire range of parametric
uncertainties.
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Table 5.2. Natural frequency (rad/sec) and damping ratio of environment and electo-hydraulic
actuator for entire variation range of parameters shown in Tables 2.1.

hydraulic actuator environment
2
Natural frequency op= | PR K Cla1s a7s) o, =% 70 109]
mV, m m
2

dv, 45A +£
Damping ratio & = _Vm% M [0.0254 0.0387] & -9 o111 0227]

2(V,k +48A%) 2/mk

It is worth mentioning that in Figure 5.4, the large templates at very low frequencies, i.e., ©<0.1
rad/sec, are due to the variation range of flow pressure coefficient k, which affects the system
type (Karpenko and Sepehri, 2008).

5.2.2 QFT Bounds

The QFT design procedure is carried out in the Nichols chart, which requires all performance
criteria to render in frequency domain. Employing templates, the corresponding graphical
bounds are plotted in the Nichols chart (Borghesani et al., 2003). These QFT bounds depict the
correlation between the actuator uncertainties and performance criteria at each design frequency.

The following performance criteria are chosen:

i)  Closed-loop robust stability. The robust stability constraint is given by placing an

upper bound M; on the complementary sensitivity transfer function:

L(jo)
1+ L(jw)
where L(jw)=C (jo)Gp (jw,0) is the loop transmission function. Criterion (5.7) implies a

<M, =14 Vo e[0 ) (5.7)

minimum gain margin of 4.68 dB, and a minimum phase margin of 42° for the closed-loop

system according to equation (3.3) and (3.4).

i) Output disturbance rejection. In a linear control system, the sensitivity transfer
function is also the disturbance rejection function at the plant output. Therefore, to attenuate
disturbances at the plant output, and to guarantee an acceptable robust stability margin, an upper

tolerance must be imposed on the magnitude of the sensitivity transfer function as follows:
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1
1+ L(j)

‘s M, =165 Voel[0 «) (5.8)

In Section 5.3, it is discussed how the sensitivity upper bound influences the controller structure.
iii) Robust reference input tracking. The controller must satisfy inequality (5.9) for
tracking performance requirement:

 L(jw)
PO T G)

where Ty(jow) and T(jw) are the upper and lower bounds, respectively. These bounds are built

M(jo) < <[T,(jo) Yoelo o) (5.9)

from specific time and frequency domain figures of merit (D'Azzo and Houpis, 1988). The time
responses of the upper and lower bounds in (5.10) and (5.11) are shown in Figure 5.5. The
bounds allow the system to have the maximum overshoot of 8% and settling time around 0.5 sec

for the step response and provide a minimum bandwidth around 2 Hz (see equation (5.11)).

~ 15390(s + 2) 510
%)= (532285 + 90)5 - 150) (10

_ 14400(s+15) 511
) (s+30) (s +20)s+12) &1

Design specifications (i)-(iii) are plotted as bounds on the Nichols chart and shown in Figure 5.6.
These bounds are used in the next section to design a robust QFT controller through loop-

shaping process.

_.
[

Upper bound
/ pp

—_—

Lower bound

o
W

0.5 1 1.5
Time (sec)

Normalized output presure

S
(=}

Figure 5.5. Time responses of tracking bounds.
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Figure 5.6. QFT bounds on Nichols chart for selected design frequencies (rad/sec).

5.2.3 Loop-Shaping and Pre-filter Design

Once the QFT bounds are constructed, by adjusting zeros and poles of the linear controller C(s),

the nominal loop transmission function, L,(s)=C(s)Gy, (s,0), is shaped such that it lies on or

above the corresponding open bounds and also does not enter the closed bounds at each
frequency. According to Chapter 3, the controller should be designed with the minimum gain to
reduce the cost of feedback, which refers to amplification of noise and effects of unmodeled
dynamics. The nominal loop transmission function as well as the QFT bounds before any
compensation, i.e., C=1, are shown in Figure 5.7a. It is also important to note that for the
pressure control of the electro-hydraulic actuator with parametric uncertainties, simple structured
controllers like proportional or integral-proportional do not guarantee a robust performance. To

show this, the loop-shaping is shown using a proportional controller (0.0007 V/Pa) in Figure

-5
5.7b, and using an integral-proportional controller (0.16x10’5+%) in Figure 5.7c. In

both figures just a few regulations of the loop-shaping are satisfied.
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Figure 5.8 shows the QFT bounds and the nominal loop transmission function using a more
complex, yet low-order controller Cy(s):

18(s +0.75)

Ci(s)=
1©) s(s +210)(s2 + 3125 +50000)

(5.12)
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Figure 5.7. (a) QFT bounds and nominal loop transmission function before compensation; (b)

after compensation by a proportional controller; (c) after compensation by a proportional-integral
controller, at selected design frequencies (rad/sec).
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Figure 5.8. QFT bounds and compensated nominal loop transmission function using controller in
(5.12).
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Then to satisfy the tracking specification, pre-filter Fi(s) is designed to place the closed-loop
frequency responses in the desired range; between T,(s) and T,(s).

1415+ 7)
A1) = 115+ 90) (5.13)

Figure 5.9 shows the frequency response of the sensitivity and the closed-loop system using

controller (5.12) and pre-filter (5.13) for the entire range of uncertainties given in Table 2.1.
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Figure 5.9. (a) Frequency responses of sensitivity; (b) corresponding frequency responses of
closed-loop system, using controller (5.12) and pre-filter (5.13) and for entire range of
parametric uncertainties given in Table 2.1.

5.2.4 Experimental Validation

In this section, the designed controller and the pre-filter are applied to the experimental test-bed
of the electro-hydraulic actuator, described in Chapter 2. For these experiments, the actuator is
operated against a spring of 125 kN/m. Figure 5.10 shows the normalized output pressure of the
hydraulic actuator in tracking different desired step inputs with magnitudes of 1 MPa, 2 MPa, 3
MPa, 4 MPa and 5 MPa, as well as the corresponding control signals. These results show that the
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control system successfully tracks the desired step input of different magnitudes. The settling

time is around 0.4 sec, and no overshoot is observed.

Figure 5.11 shows the output pressure of the hydraulic actuator to a desired sinusoidal input with
the peak-to-peak amplitude of 4 MPa and the frequency of 1 Hz. Results show that the control
system successfully tracks the desired sinusoidal input; the phase lag is 20° and the output
amplitude reaches 95% of the desired input amplitude. The simulation results of the same input
are shown in Figure 5.12. Next, the frequency of the input is increased to 2 Hz. Figure 5.13
shows the results. The phase lag is 30°, and the amplitude of the output is 80% of the desired
input, which is still considered acceptable according to the definition of the bandwidth (less than

-3 dB attenuation). The simulation results of the same input are shown in Figure 5.14.

As a result, employing controller (5.12) and pre-filter (5.13), the achieved bandwidth for the
pressure tracking is around 2 Hz. In the next section, it is explained under what conditions,

higher bandwidth can be obtained.
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Figure 5.10. (a) Normalized output pressure responses in tracking of different step inputs (1-5
MPa); (b) corresponding control signals.
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Figure 5.11. (a) 1 Hz sinusoidal output pressure tracking; (b) corresponding control signal.
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Figure 5.12. Simulation results: (a) 1 Hz sinusoidal output pressure tracking; (b) corresponding
control signal.
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Figure 5.13. (a) 2 Hz sinusoidal output pressure tracking; (b) corresponding control signal.
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Figure 5.14. Simulation results: (a) 2 Hz sinusoidal output pressure tracking; (b) corresponding
control signal.
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5.3 Increasing Tracking Bandwidth

5.3.1 Challenges

In order to achieve the pressure tracking bandwidth higher than 2 Hz, the tracking bounds should
be re-defined. This will result in new QFT bounds and designing a new QFT controller and pre-
filter. However, the process is not straightforward and introduces a number of challenges. The
main challenge in increasing the pressure tracking bandwidth originates from the natural velocity
feedback in the hydraulic actuation function. Thus, first the effect of the natural velocity
feedback on bandwidth is explained, followed by a discussion on trade-off among different

performance criteria to achieve optimum responses.

Figure 5.15 shows the two-degree-of-freedom of QFT control system of hydraulic actuator using
controller C,(s) and pre-filter F1(s) given by equations (5.12) and (5.13). In this block diagram
the relationship between the output pressure P, and the actuator position X, is shown by transfer

function Ge(s).

Electro-hydraulic actuator

D
]?Ldesirea Rf_dgsjrg( . Uy k.k,, n i 1 N l-l— P.
— F () 4@_’ G(s) > —><>—> 4 s+k, > —
A ' 4p
Velocity
feedback —— Ge(S)
g Vp Xp A
| SO st b ds + k

Figure 5.15. Detailed block diagram of actuator-environment dynamics and control system.

The positions of the poles of Ge(s) depend on the parameters m, d and k. These poles appear as
zeros in the open-loop transfer function of the system given by equation (5.5). For lightly
damped environments, these zeros are located near the imaginary axis, resulting in a drop in the

frequency response magnitude of the output pressure. This drop, which occurs at the natural
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. k . -
frequency of the environment (\/% ), also known as the anti-resonance frequency, limits the

pressure tracking bandwidth of the actuator (Sivaselvan et al., 2008; Alleyne and Liu, 1999;
Lamming, 2009). This is clearly seen from Figure 5.3 where the frequency response magnitudes
of the closed-loop transfer functions drop at a frequency within [70 105] rad/sec, depending on
the values for m and k given in Table 2.1. This drop, which is closely related to the parameters of
the environment, was covered by the lower tracking bound in Section 5.2 (see equation (5.11)),
limits subsequently the closed-loop bandwidth to 2 Hz.

Changing the pressure tracking bounds for increased bandwidth, leads to a shift in the magnitude
of the closed-loop frequency responses for the family of transfer functions. It also changes the
locations of the closed-loop poles. For example, Figure 5.16 shows the root locus plot of
dominant complex poles for the block diagram shown in Figure 5.15 for the nominal values
given in Table 2.1. Note that open-loop zeros are the poles of the environments. An upward shift
in the frequency response translates into moving the closed-loop poles from their initial position
along the direction shown by the arrows in Figure 5.16. While, the relocated closed-loop poles
increase the tracking bandwidth, the corresponding damping ratio, ¢ is reduced causing the

transient response to exhibit more overshoot.
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Figure 5.16. Close-up view of root locus around dominant closed-loop complex poles.
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Furthermore, the real parts of the complex poles, i.e., {w, decreases leading to longer settling
time. Thus, new tracking bounds must be defined to allow overshoot and longer settling time - a

compromise towards increasing the bandwidth.

Another consideration when increasing the output pressure tracking bandwidth is to observe the
sensitivity of the control system to output disturbances. Figure 5.17 compares the frequency
response magnitude of the sensitivity transfer function, for the nominal plant and the QFT
controller (5.12), with the one having its closed-loop poles relocated for increased bandwidth
(see Figure 5.16).

From Figure 5.17, the sensitivity of the system with higher bandwidth is less at low frequencies
(which is expected). However, less sensitivity at low frequencies is accompanied by higher
sensitivity peaks at high frequencies due to the “waterbed effect” (Houpis et al., 2005). High
sensitivity decreases the closed-loop stability margin. Therefore, careful selection of the
sensitivity upper bound is important. Unnecessary low upper bound for the sensitivity, limits the
maximum achievable bandwidth through the QFT design process while a thoughtless design with

high upper bound for sensitivity can jeopardize the stability of the system.

10r e
Sensitivity with
lower bandwidth

Magnitude (dB)

higher bandwidth

230 . L) . L) . P
10° 10! 107 10°
Frequency (rad/sec)

Figure 5.17. Sensitivity magnitude corresponding to closed-loop poles in Figure 5.14 (solid line),
and after relocating closed-loop poles in Figure 5.14 (dashed line).

From the above discussion, in order to design a QFT controller with increased output pressure
tracking bandwidth, first, new tracking bounds should incorporate higher overshoot and longer
settling time. Second, higher sensitivity can be permitted as long as the stability and robustness

of the closed-loop system are not jeopardized.
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5.3.2 Controller Design

Applying the results of the discussion in Section 5.3.1, to achieve higher tracking bandwidth,
new tracking bounds are defined by equations (5.14) and (5.15). These bounds allow the system
to have the overshoot from 0% up to 23% and the longer settling time within 0.1-0.9 sec for the
step response as shown in Figure 5.18. Given these new tracking bounds, the bandwidth of 3Hz

and more is expected (see equation (5.15)).

_ 17x10%(s+2.2) 514
T”(S)_(s+2.8)(s+90)(s+150) 619
42000
TI(S)_—(S+35)3 (5.15)

The constraints for the robust closed-loop stability and output disturbance rejection are kept the

same as equations (5.7) and (5.8), respectively.
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Figure 5.18. Time responses of new tracking bounds.

Employing the new performance criteria and after loop-shaping process, shown in Figure 5.19,

the following QFT controller and pre-filter are designed:

B 8(s+2.1)
Ca(8) = s(s + 210)(s + 223s -+ 50000) (5.16)
F,(s) = 9x10°(s +8) (5.17)

(s +180)(s +150)(s + 270)
Figure 5.20 shows the frequency responses of the closed-loop system and the corresponding

sensitivity using controller (5.16) and pre-filter (5.17) for parameter values given in Table 2.1.
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Figure 5.20. (a) Frequency responses of sensitivity; (b) corresponding frequency response of
closed-loop system, using controller (5.16) and pre-filter (5.17) for entire range of parametric
uncertainties given in Table 2.1.
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5.3.3 Experimental Validation

In this section, the experimental results of applying the controller (5.16) and the pre-filter (5.17)
on the electro-hydraulic actuator are presented. Figure 5.21 shows the output pressure tracking
performance of the hydraulic actuator given different desired step inputs of amplitudes 1 MPa, 2
MPa, 3 MPa, 4 MPa and 5 MPa. The corresponding control signals are also shown. Figure 5.19
shows the overshoot (22%) and settling time (1 sec) of the responses are increased as compared
with the step responses shown for the first design (see Figure 5.10). Figures 5.22 and 5.24 show
the system response in tracking of a sinusoidal input with the peak-to-peak amplitude of 4 MPa
and frequencies of 5 and 6 Hz, respectively. The closed-loop system successfully tracks the
desired output pressure of 5 Hz. In tracking the input signal of 6 Hz, the magnitude of the output
pressure is attenuated more but is still within 80% of the desired magnitude. The corresponding
simulation results for inputs of 5 and 6 Hz are shown in Figures 5.23 and 5.25, respectively. As a
result, the increase in the closed-loop tracking bandwidth with adequate margin of stability was
possible for the same environment as in the previous test (see Section 5.2) at the expense of an
increased overshoot of 22% and longer settling time of 1 sec for tracking step inputs.
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Figure 5.21. (a) Normalized output pressure responses in tracking of different step inputs (1-5
MPa); (b) corresponding control signals.
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Figure 5.22. (a) 5 Hz sinusoidal output pressure tracking; (b) corresponding control signal.
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Figure 5.23. Simulation results: (a) 5 Hz sinusoidal output pressure tracking; (b) corresponding
control signal.
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Figure 5.24. (a) 6 Hz sinusoidal output pressure tracking; (b) corresponding control signal.
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Figure 5.25. Simulation results: (a) 6 Hz sinusoidal output pressure tracking; (b) corresponding
control signal.
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5.4 Stability Analysis

In previous sections, two QFT control systems were designed to provide a comprehensive
discussion on the performance of the closed-loop system. These controllers were designed based
on a linearized model of the nonlinear hydraulic system around some operating points.
Therefore, the stability of the resulting closed-loop system is limited over these particular sets of
operating points, i.e., in a small-signal sense (Horowitz, 1976). To alleviate this limitation, in this
section, the nonlinear stability of the QFT control systems are investigated using T-S fuzzy

modeling and its stability theorem, explained in Chapter 4.

5.4.1 T-S Fuzzy Model of Electro-Hydraulic Actuator

For the stability analysis, first a T-S fuzzy model of the electro-hydraulic actuator under study is
required. This model was derived in Section 4.3.2 and is used here. All the uncertain parameters
in Table 2.1, should be incorporated in the T-S fuzzy model (4.21)-(4.22), using the procedure,
explained in Section 4.3.2. These parameters are the bulk modulus (f), total mass (m), total
damping (d), stiffness of the environment (k), valve spool gain (ksp), and valve time constant (t).
In addition, uncertainty in the identified friction parameters oo, o1, Fs, F¢, 05, and vs, as well as
the total leakage coefficient ky are incorporated in the T-S fuzzy model. The resultant T-S fuzzy
model of the double-rod hydraulic actuator in the presence of the above parametric uncertainties

is as follows:

KO =33 GO, 2.0)5 (N, @M, (H, ()

T = (5.18)
Ry (e WG (K )Y, (12, (664, (0) Arnns KO + Bypncty )
The summations in (5.18) can be aggregated as follows:
2048
0 =2 CONA %0+ B (5.19)

where A7, B}, d,(z(t)), and p are as follows:
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[0 1 0 0 ]
—k, —(oy +d;) A 0 — (0o, =00,01.8,)
m, m, m, m,
. 40 4p; 40
A = Aty = 0 B VtJ A - th kTK VtJ 9i 0 (5.202)
0 0 0 -1 0
Ty
0 1 0 0 —Gy. 9,
L k )
B = BL e {o 00 2 0} (5.20b)
Ty
A, (2(1)) = G (2. ()1, (2, (1))S, ()N, (DM (M)H ; (B)R (ky W, (K )Y (1) 2, (60) 4, (o) (5.20c)

p=¢+2(v-1)+4(y -1 +8(w—-1) +16(x —1) + 32(j — 1) + 64(r —1) +128(n —1) + 256(1 —1) + 512(y — 1) + 1024(i - 1) (5.20d)

In equation (5.19), the total number of local linear models is 2048, which is obtained using the
formulation of p in (5.20d). Membership functions S,(k), Na(d), M:(m), Hj(5), Re(kt), Wu(Ksp), Yy(2),
2,(0p), 4.(c,) are related to the stiffness k, total damping d, total mass m, bulk modulus 4, total

leakage coefficient kr, valve gain kg, valve time constant ¢, and friction parameters o, and o;.

Uncertainties related to parameters Fs, F, as, and vsare considered in calculations of g,.

5.4.2 Stability of Closed-Loop System

After developing a T-S fuzzy model for the electro-hydraulic actuator, now the state-space
equations of the QFT controllers in time-domain are added to present the closed-loop system
with one T-S fuzzy model. This state-space model can be calculated manually using the
instructions in (Rowell, 2002) or using MATLAB. Figure 5.22 shows the closed-loop structure
of the output pressure control system using the state-space representation of the controllers as

follows:

Xi-

=AX +B.e
c (':A‘c c c¥P (521)

o
<
I
Xi

c'C

where A, B, and C. are as follows for each controller:
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Figure 5.26. Control loop of output pressure of electro-hydraulic actuator for stability analysis.

Note that for the stability analysis, the pre-filter F(s) is not considered. Referring to Figure 5.22,

the following equations represent the closed-loop system:

2048

%= (0,zO)A X0 +B.C%,) (5.24a)
)_-(’c = A\:)_(c + Bc(lsLdesired - PL) (524b)

2048
To derive equations (5.24), ep was substituted as P, yeq — P, . Since Z(qp(z(t)))zl, the above

p=1
equations can be combined as follows:

)4( B 2048 A; B;Cc X (0)5 a A
l:)_{c:l - < qp(z(t))[[_ Bc [0 010 0] Ac ]|:)—<C:|+|: Bc :|PLdesiredJ (525)

To investigate the stability of the closed-loop system presented by T-S fuzzy model of (5.25), the
stability theorem in Section 4.2.2 is used. First by solving
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[)?T ?(J]T =[>'<p v, BLo%, o Xy oo XM]T =0, the equilibrium point of the closed-loop system
should be obtained. However, the presence of leakage term kyP_ does not allow deriving explicit
values for the equilibrium point of the electro-hydraulic closed-loop system. On the other hand,
internal leakage flow has inherent stabilizing effect by providing damping for hydraulic
resonant mode, thus, for the rest of the analysis, the leakage term kP, is omitted (Vossoughi

and Donath, 1995). As a result, the following equilibrium point is obtained:

eq ceq k

oot | AP .
[XT X ]:|:M 0 PLdesired 00 Xeeg Xceqﬂ:| (526)

i

The above equilibrium point is not at the origin; therefore by defining€ = XX, and €; =X, — X,

, the following error dynamic equations are derived:

é _1024 A; B;CC &
{ }pz-l“q"(z(t»[—Bc[O 0100 A ]{é} (5.27)

c

|

@D

Aclosed —loop

where Aciosed-loop 1S as follows:

[0 1 0 0 0 oL
- k| - (Glg + dn) A 0 - (60V - GOlegéy) [O]lx/1
m, m, m, m,
48, 48,
0 -A o -ty 0 [0].
Aclosed—loop = Vi Vi | ‘ ! (5.28)
0 0 o 0 2uc,].,
Ty Ty
0 1 0 0 ~ 04,9, oL
_[0]l><1 [0]/1><1 - [BC ]ﬂ,xl [O]ixl [0]/1><1 [AC ]ﬂ.xﬂ.

For controllers C;(s) and C,(s), with state-space representations in (5.22) and (5.23), 1=4. By
substituting A¢, Be, C. from (5.22) and (5.23), the stability LMIs are constructed based on
conditions (4.6) and (4.7). However, the feasibility is not achievable for these LMIs. Instead for

=0, the LMIs become feasible. With =0, the error dynamics are as follows:

6| & A BC. ) &
Lj_plq"(z(t»(—BC[O 010 A j{é’} (5.29)

Aclosed-loop

where d,(z(t)), p, and Aciosed-loop are:
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0, (2(1)) = G; (. (1)) S, (K)N, ()M (m)H ; (BIW,, (kg )Y, () (5.30a)
p=Yy+2(W—1)+4(j—1)+8(r —1) +16(n—1) +32(1 —1) + 64(i —1) (5.30b)
"0 1 0 0 oL,
-k —d A
n — 0 0
mr mr mr [ ]1><l
4p 4p,
AC'OSEd—|OOp = 0 - V_tJ A 0 V_tJ gl [O]lxl (530C)

0 0 0 Tl k;pw [C.L.,
O, [l. -BJ. 0L (AL,

In equation (5.30c), the values of gij-12) forP_e [— (213)P, (2/3)Ps], are obtained as follows:

5

g, =max(z, ,/ -sgn(x, )P, )— \/172MPa+(—><172)MP =2.182 kga (5.31a)
5

g ,/ )P ) =2 \/172MPa (5<17.2)MPa = 1.023 | k;a (5.31b)

where K, and w are substituted from Table 2.1. Note that the range for the load pressure (£2/3P),
is specified according to (Merritt, 1967). The LMIs constructed based on Aciosed-loop IN €quation
(5.30c), become feasible for a smaller uncertainty range of the parameters that QFT controllers
were initially designed for. Table 5.3 lists these ranges along with the ranges that QFT
controllers were initially designed for. Following positive definite matrices are found to satisfy
the stability conditions (4.6) and (4.7) for system (5.29)-(5.30) with controllers C,(s) and Cx(s)
respectively, and for the parameter values given in Table 5.3:

Table 5.3. Range of parametric uncertainties with feasible LMIs for electro-hydraulic pressure
control system.

Range in QFT  Range for feasible LMIs using QFT

Parameter gesign gcontrollers Cy(s) and Cz(sg)
Total mass, m (kg) 10-14 10.9-11.1

Total damping, d (N.sec/m) 200-400 200-400

Fluid bulk modulus, g (MPa) 650-700 690-710

Spool position gain, kg, (um/V) 23.1-27 23.1-30

Load stiffness, k (kN/m) 70-130 100-130

Valve time constant, 1 (sec) 0.002-0.0026 0.0022
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[ 0.0464 0.0034 0.0127 0.0506 0.0569 0.0683 0.0706 —0.0862]
0.0034 0.0130 0.0008 0.0162 0.0773 0.0788 0.0592  0.0008
0.0127 0.0008 0.0142 0.0155 0.0191 0.0180 0.0143 -0.0282
0.0506 0.0162 0.0155 0.2134 0.3429 0.3626 0.3315 -0.1030
0.0569 0.0773 0.0191 0.3429 1.1831 1.1818 0.9336 -0.0010
0.0683 0.0788 0.0180 0.3626 1.1818 1.2320 0.9935 -0.0085
0.0706 0.0592 0.0143 0.3315 0.9336 0.9935 0.8947 -0.0168

|—0.0862 0.0008 -0.0282 -0.1030 -0.0010 -0.0085 -0.0168 1.2078 |

Pl =105 (5.32)

[ 5.0142 03911 1.0111 53136 6.1918 57276 53982 -6.3564]
0.3911 3.0607 0.0823 -0.2766 4.0931 3.5263 2.1094 0.5830
1.0111 0.0823 3.8366 18046 2.1373 13588 0.8253 -2.1267

b - 53136 -0.2766 1.8046 10.9321 12.8644 11.1383 10.0863 -6.2652
271 61918 4.0931 21373 128644 57.0772 47.3457 33.3460 8.9289 (5.33)

57276  3.5263 1.3588 11.1383 47.3457 44.0663 33.2656 7.2778

53982 21094 0.8253 10.0863 33.3460 33.2656 33.0391 6.1634

| —6.3564 0.5830 -2.1267 -6.2652 8.9289 7.2778 6.1634 70.8886

5.5 Summary

QFT was employed to design a robust control scheme for the output pressure of the electro-
hydraulic actuator. Besides achieving desired pressure tracking bandwidth, the QFT controller
satisfied other performance criteria, i.e., closed-loop stability, disturbance rejection, and desired
transient time response. It was shown how assuring these criteria could conflict with increasing
the bandwidth. The nature of the trade-off was discussed and results were incorporated in the
controller design. Experimental results were provided to substantiate the theoretical
developments. Accordingly, the QFT controller adequately satisfied closed-loop performance
criteria, and achieved the bandwidth of 6 Hz for the pressure tracking. After design and
experimentally verification of QFT controllers, the nonlinear stability of the closed-loop systems
were proven using T-S fuzzy modeling and its stability approach, explained in Chapter 4. This

analysis was done considering uncertainty in the actuator and environment parameters.
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Chapter 6
Output Pressure Control of Electro-

Hydrostatic Actuator

In this chapter, a robust, fixed-gain, and linear output pressure controller is designed for the
double-rod electro-hydrostatic actuator using QFT. First, the family of frequency responses of
the system is identified by applying an advanced form of fast Fourier transform on the open-loop
input-output experimental data, in Section 6.1. This approach results in realistic frequency
responses, prevents generation of unnecessary large templates, and consequently contributes to
the design of a low-order QFT controller. The designed controller in Section 6.2 provides desired
transient responses, desired tracking bandwidth, robust stability and disturbance rejection for the
closed-loop system. Experimental results in Section 6.3 confirm the performance of the QFT
controller. The controller, however, only guarantees the closed-loop stability for the family of
frequency responses obtained given specific operating conditions. In order to further investigate
the stability for a wider range of uncertainties, T-S fuzzy modeling and its stability theory are
employed. The T-S fuzzy model is derived for the closed-loop system and the stability
conditions are presented as linear matrix inequalities (LMIs). Feasible LMIs are found for the
closed-loop system covering a wide and continuous range of uncertainties, including the

presence of friction and leakages.
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6.1 Family of Frequency Responses

To derive the family of frequency responses of the electro-hydrostatic actuator from the dynamic
equations, presented in equations (2.11)-(2.16), the uncertainty ranges of the system parameter
are required. However, employing identification methods to estimate the variation range of
parameters is not in the scope of this research. One alternative solution is to employ frequency
domain identification method, which is built upon an advanced form of fast Fourier transform,
implemented in software, called CIFER (Tischler and Remple, 2012). Standard Fourier
transformation has been used before to obtain frequency responses of an electro-hydraulic
actuator, where only the simulation input-output data was employed (Karpenko and Sepehri,
2008). The advanced form of fast Fourier transform uses Chirp-Z transform and composite
optimal window techniques, results in frequency responses with better quality as compared with
the results of standard fast Fourier transform (Tischler and Remple, 2012). Furthermore, the
method is applied to experimental data, which results in more accurate frequency response
representation of the real system. The experimental output pressure data is obtained by exciting
the test-rig with a linear chirp input signal, described by the following form (Annus et al., 2012):

Asis sin(zn(fo + @t)tj 6.1)

1
where f, (Hz) is the start frequency at time 0 (sec), and f, (Hz) is the end frequency at final
time t(sec). Acnirp represents the magnitude of the chirp signal, which should not excite the

system close to the saturation level of the servodrive (£10V). In a linear chirp signal, the

instantaneous frequency f, + flt_ fot varies linearly with time and is accompanied by harmonic
1

frequencies as a result of frequency modulation. chirp excitation has the advantages of wide and
flat amplitude spectrum with independent scalability in time and frequency domain. (Nahvi &
Hoyle, 2009). In addition, since usually system parameters change with frequency, single
frequency measurement is not enough to fully identify system under test. Therefore sweeping
over a wide range of frequencies is needed. Excitation under chirp is short enough to avoid
significant changes during the analysis and long enough for amplifying the excitation energy and

improving signal to noise ratio (Annus et al., 2012). The chirp signal gives a good control over
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the excited frequency band and avoids aliasing noise in measurements (Bondarev, 1988). Using
the chirp signal, characteristics of a system can be obtained in a wide frequency range during a

very short measurement cycle. The sweep frequency of the chirp signal is determined to cover a

range from low frequencies to beyond the natural frequency of the system; f,=0.016 Hz to f,

=25 Hz. According to the selected frequencies, the system should be excited for at least 1/ f,=

62.5 sec. The frequency responses of the system were obtained for different load masses (12.3,
13.4, and 14.56 kg) and different environment stiffnesses (82 and 125 kN/m). Figure 6.1 shows a
typical chirp input voltage to the servodrive, upy, and the corresponding output pressure, P, of

the electro-hydrostatic actuator. Corresponding to each pair of input-output, a frequency

response is obtained, consisting of magnitude and phase for the range of frequencies between f,

and f;.

Input voltage (V)

0 10 20 30 40 50 60 70
Time (sec) 10

¥ 14

12 a 12

10 ( ) |

8 08
-

Output pressure (Pa)

0.4 1 1 1 1
0 10 20 30 40 50 60 70

Time (sec)

(b)

Figure 6.1. (a) Typical linear swept-frequency input signal, unm; (b) corresponding output
pressure, P.. Hydraulic actuator is operating against a spring having stiffness of 82 kN/m, and
carrying a 12.3 kg mass.
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For each calculated frequency response, CIFER provided the degree of validation by a coherence
coefficient for each of the frequencies between f; and f;. A frequency response is valid if the

coherence coefficient is close to one and there are no rapid changes in the frequency response
(Rupnik, 2005). The family of frequency responses derived by CIFER for all excitation tests is

calculated in this research, shown in Figure 6.2.
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Figure 6.2. Family of frequency responses of experimental electro-hydrostatic actuator with
output pressure, P, and input voltage, un, for different masses (12.3, 13.4, and 14.56 kg) and
different spring stiffnesses (82 and 125 kN/m): (a) Magnitude (dB); (b) phase (deg); (c)
coherence coefficient. Acceptable frequency response range is shown between arrows.
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6.2 Controller Design

Figure 6.3 shows a two degree-of-freedom feedback structure (D'Azzo and Houpis, 1988) to
control the output pressure P.. The uncertain plant is shown by G(s,a), where a is an uncertain
parameter vector of the system. Disturbance at the plant output, caused by the friction and
external force, is shown by D. Using QFT design technique, the controller C(s) and pre-filter
F(s) are designed in the frequency domain using Nichols chart and Bode diagram. First the
family of frequency responses of nonlinear plant for a set of inputs-outputs and in the presence of
parametric uncertainties are obtained and represented in the Nichols chart, known as plant
templates. Using the plant templates, performance criteria consisting of stability, desired
tracking, and disturbance rejection are graphically represented in the Nichols chart. During the
loop-shaping process, the QFT controller is designed such that the nominal loop transmission
function satisfies the QFT bounds presented in the Nichols chart. Finally, the pre-filter F(s) is

designed in Bode diagram to complete the tracking requirements.

Pre-filter A Controller Plant N
B”.desired P desired + Um B
— F(s) ———> C(s) G(s,0) s —>

v

Figure 6.3. QFT control system for output pressure of electro-hydrostatic actuator.

6.2.1 Generating Plant Templates

To generate the plant templates, the identified frequency responses of the electro-hydrostatic
actuator, shown in Figure 6.2 are employed. The frequency responses over
®»={10,20,30,50,100,150} rad/sec are used since they are confirmed by the coherence coefficient
as valid. Therefore, the corresponding magnitude and phase for each frequency in this vector are
plotted in the Nichols chart, shown in Figure 6.4. These plant templates graphically represent the
parametric uncertainties of the system as captured by the experiments in the frequency domain.

From the family of plant templates, one arbitrary plant (actuator carrying the mass of 12.3 kg and
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interacting with the spring of 125 KkN/m) is designated as the nominal plant, i.e.,

G,(jw)=G(jmw,a,). The frequency response of the nominal plant at each design frequency is

shown by a circle in Figure 6.4. This plant is used to calculate the QFT bounds in the next
section.
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/—\
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118 { \\\
=15%
16 ¢ (6\'\\\ \J
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55 114 w=20 {Q\\\:\:i\\
E AN \1\]
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& 110} w=350
= |
‘ °
g 108r w=100 =
@ ~
106 o =150 (o
lo4f 78
102 +
-180 -135 90 -45 0

Open-loop phase (deg)

Figure 6.4. Plant templates at design frequencies w (rad/sec) for electro-hydrostatic actuator. Circles
represent frequency response of nominal plant.

6.2.2 QFT Bounds

In this section, a controller and a pre-filter are designed to satisfy the following performance

criteria for the closed-loop system of electro-hydrostatic actuator:

) Closed-loop robust stability. The QFT robust stability constraint is given by:

L(jo)

(o) <M, =14 Voel[d =) (6.2)

where the transfer function, L(jw)=C(jw)G(jw,a), is called loop transmission function, and

G(jw,a) represents the family of frequency responses of the electro-hydrostatic actuator.

93



Criterion (6.2) implies the gain margin of 4.68 dB, and the phase margin of 42° for the closed-
loop system (Yaniv, 1999).

i) Output disturbance rejection. For disturbance attenuation at the plant output, an upper

tolerance is imposed on the disturbance attenuation transfer function as follows:

1
1+ L(jow)

‘31.65 Vwe[0 o) (6.3)

The output disturbance rejection function also represents the closed-loop sensitivity transfer

function.

iii) Robust reference input tracking. The controller must satisfy the following inequality for

tracking performance requirement:

F(jo)—=U®)

(o) < 1+ L(jo)

S|Tu(ja))| ‘v’a)e[O oo) (6.4)

where T,(jw) and T (jw) are the upper and lower bounds, respectively:

 17x10%(s+22) *
Tu(e)= (s +2.8)s +90)s +150) -
42000
S 6.6
T,(s) (S N 35)3 -

These bounds are built from specific time and frequency domain figures of merit (D'Azzo and
Houpis, 1988). The time responses of the upper and lower bounds are shown in Figure 6.5.
Given these tracking bounds, the minimum bandwidth of 3 Hz is expected for the output pressure
tracking. Design specifications (i)-(iii) are combined and plotted as bounds in the Nichols chart
and shown in Figure 6.6. These bounds are used in the next section to design a robust QFT

controller through a loop-shaping process.
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Figure 6.5. Time responses of tracking bounds.
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Figure 6.6. QFT bounds in Nichols chart for selected design frequencies, e (rad/sec).

6.2.3 Loop-Shaping and Pre-filter Design

Once the QFT bounds are constructed, the frequency response of the nominal loop transmission
function, L,(jo)=C(jo)G,(jm,0,), is shaped by adding appropriate zeros and poles, and
adjusting the controller gain, such that it lies on or above the open bounds and does not enter the
closed bounds at each corresponding frequency. The following controller, C(s), satisfies the QFT
bounds as shown in Figure 6.7.

7y (s +1000)

51159 (V/Pa) (6.7)

C(s) = (510"
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To design the controller (6.7), first the proportional loop gain was adjusted so that the QFT
bounds B(10)-B(100) are satisfied. To satisfy the bound B(150), a slight positive phase is
required which is obtained by adding a zero at -1000. This zero also contributes to a stronger

stability margin and disturbance rejection.
at -158 is added to the controller which al

To roll off the high-frequency controller gain, a pole

so filters the noise in the pressure data, measured by

the pressure transducers. The last step is to design a pre-filter to locate the frequency responses

of the control system within the specified tracking bounds according to inequality (6.4). The

following pre-filter satisfies the tracking cri

(5085)(s +8)

P = (64 113)s + 607

15r

10

Open-loop gain (dB)

terion as shown in Figure 6.8:

(6.8)

B(50)

B(150)
e ]

\
\

=270

Figure 6.7. QFT bounds (dashed lines) and
(solid line) after compensation by controlle
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Figure 6.8. Frequency responses of closed-loop system using controller (6.7): (a) before adding
pre-filter; (b) after adding pre-filter.

6.3 Experimental Validation

The designed controller and pre-filter, shown by equations (6.7) and (6.8) are applied to the
experimental set-up of electro-hydrostatic actuator, described in Section 2.2.1. Figure 6.9 shows
the normalized output pressure responses of the closed-loop system to different desired step
inputs having the magnitudes of 1 MPa, 2 MPa, 2.5 MPa, and 3 MPa. In running the above
experiments, two springs having stiffnesses of 125 kN/m and 82 kN/m, and two masses of 12.3
kg, 14.56 kg added to the actuator, were used. Figure 6.9 also shows the corresponding control
signals as well as the error signals between the desired and actual responses. Using these step
responses, features like overshoot and settling time are observed and compared with those
specified by the tracking bounds, given by equations (6.5) and (6.6). Results show that despite
the variation in the system parameters and operating conditions, the control system successfully
tracks the desired step input of different magnitudes within the desired upper and lower bounds.
For all responses in Figure 6.9, the settling time is within 0.2 - 0.3 sec and the percentage of
overshoot stays below 5, which are in accordance with the tracking bounds. In Figure 6.9, the
steady-state errors are less than 0.5% of the desired inputs. A close-up view of a typical
normalized step response given the desired input of 2.5 MPa in steady-state is shown in Figure
6.10a. The corresponding control signal is shown in Figure 6.10b. Since the controller (6.7) does
not have an integral term, the steady-state error is inevitable. Using the integral term slows down
the system response. The steady-state error less than 0.5% is a compromise to keep the system
response fast enough to comply with the tracking criterion, given in (6.4)-(6.6).
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Figure 6.11 shows the output pressure of the hydraulic actuator and the corresponding control

signal, in tracking of the following desired input:

I:)Ldesired = (1+0'65in(10ﬂt)) MPa (69)

For this experiment, the actuator operates against a spring with a stiffness of 125 kN/m, carrying
a 12.3 kg load. The result shows that the closed-loop system achieves a bandwidth of 5 Hz when
the actuator operates against the 125 kN/m spring. Here, the bandwidth is considered by its
common definition as the frequency at which the control system attenuates the magnitude of the
desired input by -3dB. The test was repeated with a 14.56 kg load. The controller successfully
achieved the same amount of bandwidth. Figure 6.12 shows the simulation response to the input
signal in equation (6.9). Figure 6.13 shows the output pressure of the hydraulic actuator and the

corresponding control signal in tracking of the following sinusoidal input:

I:)Ldesired = (1+0'6Sin(6ﬂt)) MPa (610)

For this experiment, the actuator operated against a spring with a stiffness of 82 kN/m, moving a
12.3 kg load. Result shows the success of the control system in achieving a bandwidth of 3 Hz
for this amount of stiffness. Similar result was achieved for the actuator carrying a 14.56 kg load.
Figure 6.14 shows the simulation response to the input signal in equation (6.10).

One worth mentioning observation from the above experimental results is that the achieved
bandwidth of the closed-loop system reduced by decreasing the stiffness of the spring. The effect
of the spring stiffness on the achievable tracking bandwidth was also documented by Robinson
(2000). Both achieved bandwidths of 5 Hz and 3 Hz are located within allowable tracking
bandwidth according to equations (6.5) and (6.6).
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Figure 6.9. (a) Normalized output pressure responses using springs with 82 and 125 kN/m
stiffnesses, and carrying 12.3 and 14.56 kg loads- the desired inputs are within 1-3 MPa; (b)
corresponding control signals; (c) corresponding error signals between desired and actual output
pressures.
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Figure 6.10. (a) Close-up view of output pressure response around steady-state using a 82 kN/m
stiffness spring and carrying 12.3 kg load; (b) corresponding control signal.
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Figure 6.11. (a) 5 Hz sinusoidal output pressure tracking using 125 kN/m spring - the desired
peak values are shown by dashed lines; (b) corresponding control signal.
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Figure 6.12. Simulation results: (a) 5 Hz sinusoidal output pressure tracking using 125 kN/m
spring - the desired peak values are shown by dashed lines; (b) corresponding control signal.
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Figure 6.13. (a) 3 Hz sinusoidal output pressure tracking using 82 kN/m spring - the desired peak
values are shown by dashed lines; (b) corresponding control signal.
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Figure 6.14. Simulation results: (a) 3 Hz sinusoidal output pressure tracking using 82 kN/m
spring - the desired peak values are shown by dashed lines; (b) corresponding control signal.
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6.4 Stability Analysis

The QFT controller was designed for the identified family of frequency responses of the system,
in Section 6.1. These frequency responses were obtained for the particular values of system
parameters and operating conditions. As a result, the designed QFT controller guarantees the
closed-loop stability condition in (6.2) only for the identified set of frequency responses, and for
particular values of system parameters, used in the experiments. To investigate the stability of
the designed QFT controller, in the presence of a continuous range of parametric uncertainties,
T-S fuzzy modeling and the corresponding stability theory (Tanaka and Wang, 2001) are
employed in this section. Here, T-S fuzzy model of the electro-hydrostatic actuator is blended
with the designed QFT controller to investigate the nonlinear stability of the closed-loop system.
To derive the T-S fuzzy model, sector nonlinearity approach (Tanaka and Wang, 2001) is

employed. Stability conditions of T-S fuzzy models are then derived.

6.4.1 T-S Fuzzy Model of Electro-Hydrostatic Actuator

The equations representing the model of electro-hydrostatic actuator were given in Section 2.2.2.
Since the control variable is the output pressure Py, first a differential equation for P_ is obtained
using equations presented in Section 2.2.2. Assuming small piston displacement, the volume of
the hydraulic oil in each side of the piston is approximated asV, =V, =V, /2, where V, is the total
volume of the cylinder. Furthermore, V, and Vp are very small quantities as compared to V; and
V,, and having g as a large quantity, then, Vy /8 and V, /B are considered negligible. By
substituting equations (2.12) into (2.14), and applying the above assumptions, the differential

equation describing P, is obtained as follows:
. 4
R :Vtﬁ(Dpa)m—cTPL—Avp) (6.11)

Cop Kk
In (6.11), C; =Cip+%+?"+ki, and is called total leakage coefficient of electro-hydrostatic

actuator. By substituting friction in equation (2.10) into equation (2.16), and assuming f=0, the
equations describing the nonlinear dynamics of the electro-hydrostatic actuator are given as

follows:
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X, =V (6.12a)

p p

v, =%(APL ke, — (d + 6V, — (60 — 51000V, )1) (6.12b)

R =‘\1/—ﬁ(Dpwm—cTPL—Avp) (6.12c)
t

o =;—1wm +t—mum (6.12d)

=V, - o0y, )7 6.12¢)

where y(v,) is as follows:

|Vp|

Fc + (Fs - Fc)e

y(v,) = i (6.13)

—‘vp/vS

To establish a T-S fuzzy model for the electro-hydrostatic actuator described by equations (6.12),

the nonlinear terms must be represented in a sector. The only nonlinear term in equations (6.12)

iswy(v,) . Therefore, a sector [82 81] is defined such thatw(vp);ye[és2 8,7 .Then nonlinear term

y(v,) is represented as follows:

W(vp) =11(w(vp))dy + 15 (w(vy))S, (6.14)
In equation (6.14), I, ,_, ,, are positive nonlinear membership functions, defined as follows:

ru) =10 (6.150)
1 2
Iy (p(vy)) = 2%‘"2/") (6.15h)

2
where ZFi(\V(vp))zl, and §,;_,, are the extremums of (v, ). Given Fce[70 280]N,

i=1
m m
F, €[200 500] N, v, €[0.007 0.015] (Qj o €[05 2], and v, €[-04 0.4] (Q;j St are

as follows:

\
8, = max(y(v,)) = ‘ ”‘ T ‘=0.0016 (6.164)
Fc+(Fs_Fc)e P ‘
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Vsl _ L 0 (6.16b)
F,+(F, —F,)e ™" ‘
In addition to the nonlinear term y(v,), the T-S fuzzy model must also include the effect of

8, =min(y(v,)) =

uncertain parameters. In this research, uncertainty is considered in the environmental stiffness k,
hydraulic fluid bulk modulus g, total damping d, total mass m, servomotor gain k., and
servomotor time constant t,, micro damping coefficient o1, bristle stiffness o, and total leakage
coefficient cr. The procedure of incorporating the parametric uncertainties in the T-S fuzzy
model of the electro-hydrostatic actuator is similar to the procedure explained in Section 4.3.2.
Here, this approach is exemplified using the environmental stiffness k. The same procedure is
used for other uncertain parameters. Using the sector nonlinearity approach, the stiffness value,

k, can be represented by the following formula:
k=S, (k)k, +S,(k)k, (6.17)

2
where S; (k) and S; (k), (ZSj (k) =1) are the membership functions, defined as:

j=1

k -k,

S1(k) = (6.18a)
1~ N2
k, —k
S, (k)= .
0= (6.18b)

and k; and k, are the extremum values of the environmental stiffness k. Now formulations (6.14)

and (6.17), replace nonlinear term y(v,) and uncertain parameter k, in equation (6.12):

Xp =V, (6.19a)
o1 2 2
Vo= E(APL _lej (k)k;x, = (d +o,)v, _(00 _Glcozl‘lfi (\V(Vp))si]ﬂ) (6.19b)
j= i=
. 4
R :vtﬁ(Dpa)m - P —Av,) (6.19c¢)
o =L +fny (6.19d)
Tm Tm
2
i =V, —ogn Y I (w(v,))3, (6.19€)

i=1
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2 2 2
S;(k)=1, therefore, » > Ii(y(v,)S;(k)=1. As a result, these
=1

i=1 j=1

2
Since Y I (w(vy))=1 and
i=1 i

membership functions can be factored to represent equations (6.19) in the following form:

2 2

X(0) = 2> T (w(v, )8, (A (1) + Bu,,) (6.20)

i=1 =1

where x=[x, v, P @, #| isthe vector of the system states; A; and B are given as follows:

0 1 0 0 0
;kj —(o,+d) A 0 — (09 —64015)
m m m IB m
4pA 4pc, 4pD,
i = - - 0 6.21a
A‘J Vt Vt Vt ( )
0 0 0 -1 0
Tm
| O 1 0 0 — 6,5,
k T
B:{o 00 - o} (6.21Db)
Tm

2 2
Equation (6.20) represents the nonlinear model (6.12) as weighted sum (ZZE (w(v,))S;(k)) of

i=L j=1

local linear models A; X(t) + Bu,,.

Using the same procedure, the uncertainties of the remaining parameters (5, d, m, Ky, tm, 01, G0,
cr) are incorporated in the T-S fuzzy model. The uncertainty ranges of these parameters are
considered as follows, bulk modulus (g <[g, 4.]), total damping (d [d, d,]), total mass (

me[m, m]), servomotor gain (k, e[k, k]), Servomotor time constant (t, €[tn, Tu)),
micro damping coefficiento, e[o,, o,,], bristle stiffnessc, e[o,, oy ], and total leakage
coefficientc; e[c;, c,]. Consequently, the T-S fuzzy model of the electro-hydrostatic actuator

in the presence of the above parametric uncertainties is as follows:

YYYYYYIIY )5, (0H (AN, @M, (W, (k) 6.22)
%Y, ()X, (6)Z, (66)G; (€ ) Ay X) + Byt

The summations in (6.22) can be aggregated as follows:
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1024

%(t) = qu )NAX®) +Blu,) (6.23)

Where A, B}, d,(z(t), and p are given as follows:

[0 0
-k;  —(oy,+dy) A 0 —(S0r. —00.01,9;)
m, m, m, m,
. 48 A aficr, 44D
Ab = Aijlnrwyy}hg = 0 - Vl - v, : v, : 0 (6248.)
0 0 0 -t 0
Tmy
|0 1 0 0 — 60,8
_ ) T
B, =By =|0 0 0 =™ 0 (6.24b)
. Tmy
6,(2(1) = I, (w(v,))S; (O H, (BN, [d)M, (MW, (K,,)Y, (1) X, (6,)Z;, (66)G (Cr) (6.24c)

p=C+2(h—1)+4(y—1) +8(y —1) +16(w—1) +32(r —1) + 64(n—1) +128(1 1)+ 256(j —1) +512(i-1)  (6.24d)
In equation (6.23), the total number of local linear models is 1024, which is obtained using the
formulation of p in (6.24d). Note that Sj(k), Hi(8), Na(d), Mi(m), Wi (Kn), Yy(tm), X,(61), Zi(o0), and
Ge(cr) are the membership functions related to the environment stiffness k, effective bulk
modulus g, total damping d, total mass of the moving actuator m, servomotor gain kp,
servomotor time constant t,,, micro damping coefficient o3, bristle stiffness oo, and leakage

coefficient ct.

6.4.2 Stability Verification

The QFT controller in (6.7) are added to the T-S fuzzy model of the electro-hydrostatic actuator,
described by equation (6.23), to represent the closed-loop system as a single T-S fuzzy model.
For this purpose, the transfer function of the QFT controller must be represented in time domain.
The transfer function of the controller represents the relationship between error and the input
voltage to the servodrive in Laplace domain. First a dummy variable X.(s) are multiplied in the

numerator and denominator of the controller transfer function as follows (Rowell, 2002):

U, (s) (5x ,7)(s+1000) X (s)
Ep () (s+158) X,(5)

(6.25)
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Thus:

U, (s) = (5x107 X, (s) + (5x10*)X . (5) (6.26a)
Ep (8) =X, () +158 X (s) (6.26b)
Applying inverse Laplace transformation on (6.26), the following equations in time-domain are
derived:

U (1) = (5107 Jx (8) + (5x 107 )x, (t) (6.27a)
e, (t) = X, (t) +158x, (1) (6.27h)

From the above equations, the state-space formulation for the QFT controller is constructed:

X (t) =—158x, (1) + e, () =a X, (t) +b.ep (1) (6.28a)
Uy (1) = (4203207 i, () + (5x107 ey, (£) = c.x, (1) + d,ep, (1) (6.28h)
Figure 6.15 shows the state-space model of the QFT controller and the T-S fuzzy model,
describing the electro-hydrostatic actuator. Note that for the stability analysis, the pre-filter F(s)
(see Figure 6.3) is not required to be considered. Referring to Figure 6.15, the T-S fuzzy model
of the electro-hydrostatic actuator combined with the controller state-space equations, in the

closed-loop format are shown in below:

1024

()= 3.0, (2ONAXO+B; e, + . (Psies ~ ) (6.292)
p=1
Xc(t) =a X+ bc(PLdesired - PL) (629b)
QFT controller Electro-hydrostatic system
I’\J;'.d(:s‘.irud + ep (I) 3 u 1024 PL
! x.(O=ax.(t)+be, (1) ol . . o
. B > X ) = N . B‘ m »
C(s): { =0+, () (1 ;(q; (O AF0)+ By, )

Figure 6.15. Control loop of output pressure of electro-hydrostatic actuator for stability analysis.
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In the above equations, e (t) was substituted as P iesres — P~ Since Z(qp(Z(t)))ﬂ, equations
p=1

(6.29) can be combined as follows:

x| & A -BdJfo 0 10 0] Be|X] [Bd]s
[X};q"(za»({ bfo 0100 a J[X}{ b, }PL(’“"“’J (6.30)

C

Equation (6.30) represents the closed-loop control system in the presence of parametric

uncertainties, uncertain nonlinear friction, and leakages. To investigate the nonlinear stability of
this system, first the equilibrium point, i.e., [)?eTq xceq]T =[xpeq Voo Pleg @meq Tleq xceq]T is
obtained by solving the equations of the closed-loop system in steady-state, i.e.
[)?T XC]T = [xp v, P o 7 XC]T =0. As a result, the equilibrium point is obtained with respect

A

t0 P 4qreq @S follows:

ADp (_kmdcac + kmccbc)lf)Ldesired

Xpeq = 6.31a
" k(-cra, +k,D,cb, —dk,a.D,) ( )
Vye =0 (6.31b)
g = Dp (_kmdcac + kmccbc) I:)Ldesired (6310)
(-¢ra, +k,D,cb. —d ka.D,)
) — CT (_kmdcac + kmccbc)PLdesired (631d)
"™ (-cra, +k,D,chb, —d.k,a.D,)
e =0 (6.31e)
Xceq — bcCT PLdesired (631f)
-¢;a, +k,D,cb, —d.k,a.D,

The above equilibrium point is not at the origin; therefore by definingé =x-X,, and e, =X, =X,
the following error dynamic equation is derived:

6| & A -BdJfo 0 1 0 0] Bc, [é}
{ej_;qp(z(t»( ~-bJo 0 1 0 0] a Je (6.32)

C

Adiosed—loop

Where Aclosed—loop iS:
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[0 1 0 0 0 |
-k; —(o, +d)) A —(Cg, —60,0,9;) 0
m, m, m, m,
0 _M — 4'BI G 4’B| Dp 0 0
Aclosed—loop = Vt K th Vt (633)
0 0 ~ “mw*c -1 0 mw .
Tmy tmy Tmy
0 1 0 0 —65,,
0 0 —b, 0 0 a, |

The stability LMIs for T-S fuzzy model of the closed-loop system described by equations (6.32)-
(6.33) are constructed based on conditions (4.6) and (4.7). As a result these LMIs become
feasible for the uncertainty ranges of parameters given in Table 6.1, with the following positive

definite matrix P:

[1.71x10° 300 26x10° -9200 200  1.768 |
300 6541 —21.68 —364 —0.019 0.0001
b_ 0.26x10° -21.68 1.8x10° 880 16281 0.7271 (6.34)
-9200 -364 880 1869  0.771 -0.0014
2000 -0.019 16281 0771 13482 0.0151
| 1768 00001 07271 -0.0014 0.0151 75.956 |

Table 6.1. Range of parametric uncertainties with feasible LMIs for electro-hydrostatic pressure
control system.

Parameter Range for feasible LMIs
Environment stiffness, k (KN/m) 80-125
Total mass, m (kg) 11-16

Total damping coefficient, d (N.sec/m) 200-300
Effective bulk modulus, g (MPa) 20-900
Servomotor time constant, T (Sec) 9x10*-1x107°
Servomotor gain, kp, (rad/V.sec) 24-26
Leakage coefficient, cr (m®/sec/Pa*?) 5x1012-5x10™"
Stribeck velocity, vs (m/sec) 0.007-0.015
Friction geometry parameter o 0.5-2
Coulomb friction, F¢ (N) 70-280
Stiction friction, Fs (N) 200-500
Average stiffness of bristles, oo (N/m) 1.03x10%1.07x10°
Micro damping coefficient, o1 (N.sec/m) 90-110
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6.5 Summary

Quantitative feedback theory (QFT) was employed to design a robust, linear, and fixed-gain
controller for the output pressure of a double-rod electro-hydrostatic actuator. The family of
frequency responses of the actuation was derived experimentally using an advanced form of fast
Fourier transform on the measured input-output data. This approach avoided creation of
unnecessary large templates and resulted in the design of a low-order controller. The designed
QFT controller satisfied robust stability, disturbance rejection, desired tracking bandwidth and
desired transient response performance criteria. Experimental results showed settling-times
below 0.3 sec, overshoots below 5% and, steady-state errors less than 0.5% of the desired output
pressure step inputs of different magnitudes. The experiments included interaction with
environments having different stiffnesses and carrying different loads. The closed-loop system
exhibited bandwidths of 5 Hz and 3 Hz, when interacting with 125 kN/m and 82 kN/m springs,
respectively. Some comparisons between the results in Chapters 5 and 6, are as follows. The
maximum bandwidth achieved for the closed-loop system of the electro-hydrostatic actuator, i.e.
5 Hz was less than that of electro-hydraulic actuator, i.e., 6 Hz, for the same amount of stiffness
(125 kN/m) and mass (12.3 kg). The step responses of electro-hydrostatic actuator were more
damped than step responses of the electro-hydraulic actuator. The lower bandwidth and higher
damping in the step responses of the electro-hydrostatic actuator are the results of high inertia of
rotational parts in the variable speed electric motor in this actuation system. The QFT controller
presented in this chapter was designed based on a limited number of identified frequency
responses. These frequency responses did not include the behaviour of the system for all possible
values of parameters and/or scenarios. Therefore, this chapter further investigated the stability of
the control system expanding the uncertainties to include friction as well as internal and external
leakages. The approach taken was to construct a T-S fuzzy model of the electro-hydrostatic
actuator. Since the T-S fuzzy model comprises linear local models, it easily incorporated the
linear QFT controller and as a result, the whole closed-loop control system was presented by a
single T-S fuzzy model. The stability conditions were then presented as LMIs and the stability of

the closed-loop system was proven for the wide range of parametric uncertainties and in the
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presence of uncertain friction, external leakage, and internal leakage in both the pump and the

actuator.
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Chapter 7

Contributions and Future Directions

7.1 Contributions of this Thesis

This thesis presented a comprehensive study on the design and stability analysis of the output
pressure controllers of hydraulic actuators in the presence of parametric uncertainties. The
contributions of this thesis can be grouped into two parts. First, using quantitative feedback
theory, linear, fixed-gain, robust, and low-order controllers were designed for the output pressure
of the hydraulic actuator in this study. This actuator was run by two different actuation systems,
electro-hydraulic and electro-hydrostatic. The designed controllers successfully satisfied
specified performance criteria consisting of desired time and frequency responses, robust
stability, disturbance rejection, and desired tracking bandwidth for the closed-loop system,
despite the presence of parametric uncertainties. Second, the nonlinear stability of the designed
QFT controllers for the both electro-hydraulic and electro-hydrostatic actuation systems was
investigated, using T-S fuzzy modeling and its corresponding stability theorem. This analysis
was performed in the presence of uncertainty in the system and environment parameters, as well
as the nonlinear friction, and external and internal leakages. The detailed contributions of this

thesis are outlined below:
1. OQutput pressure control of electro-hydraulic actuator

QFT was employed to design a robust, linear, low-order controller for the output pressure of the
double-rod electro-hydraulic actuator. The controller satisfied the performance criteria consisting
of stability, disturbance rejection, desired transient response, and desired tracking bandwidth in
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the closed-loop system of output pressure, in the presence of parametric uncertainties.
Considering the constraints on the experimental system, such as the supply pressure, servovalve
input voltage, and environment stiffness, the performance criteria were specified based on the
best achievable responses, from the experimental system. To design the QFT controller, the
family of frequency responses was obtained by linearizing the hydraulic nonlinear function
around operating points of interest, and constructing an equivalent linear plant set. Towards
achieving high bandwidth in the output pressure control, the conflicts between different
performance criteria were discussed. It was shown that high bandwidth for the closed-loop
system is obtained at the cost of lowering performance in step response, i.e. higher overshoot and
longer settling time. This finding was confirmed by the experimental results. For QFT controller
that achieved a bandwidth of 6 Hz, the step response showed 22% overshoot and settling time of
1 sec. However when the QFT controller was designed to provide less bandwidth, i.e. 2 Hz, the
transient response characteristics were improved, i.e., no overshoot and shorter settling time of

0.4 sec.

2. Output pressure control of electro-hydrostatic actuator

QFT was employed to design a robust, linear, and low-order controller for the output pressure of
the double-rod electro-hydrostatic actuator. Performance criteria consisted of closed-loop
stability, disturbance rejection, desired transient response, and desired bandwidth in the output
pressure tracking, in the presence of parametric uncertainties. The family of frequency responses
was obtained by applying an advanced form of fast Fourier transform on the experimental input-
output data of the electro-hydrostatic actuator. This approach provided accurate and high quality
frequency responses, avoided unnecessary large templates, and resulted in the design of a low-
order controller, as compared with the QFT controller designed in Chapter 5 for electro-
hydraulic actuator. The results of applying the designed QFT controller on the experimental set-
up of electro-hydrostatic actuator, showed the bandwidth of 5 Hz in the sinusoidal tracking, and
5% overshoot and 0.2 sec settling time in step responses. The closed-loop system of the electro-
hydrostatic actuator achieved slightly less tracking bandwidth (5 Hz) than that in electro-
hydraulic actuator (6 Hz), while had more damped step responses as compared with that in

electro-hydraulic actuator. The lower bandwidth and higher damping in the step responses of
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electro-hydrostatic actuators are the results of high inertia of rotational parts in the variable speed

electric motor.

3. Stability analysis

The QFT controllers were designed based on families of frequency responses, which represent
the physical system only for specified operating conditions or particular values of the parameters.
Therefore, the stability of the resultant control systems was only guaranteed for the specified
conditions and parameter values. To investigate the nonlinear stability of the control system, for
a continuous and wide range of parametric uncertainties and beyond limited number of operating
points, a solution was provided in this thesis. In this solution, the Takagi-Sugeno (T-S) fuzzy
model of hydraulic actuator was derived and combined with the state-space representation of the
designed QFT controllers. The stability conditions were presented in the format of Linear Matrix
Inequalities (LMIs). By presenting several case studies, T-S fuzzy modeling and its
corresponding stability approach were established as reliable solution that produce correct
stability results, can be used to extend stability regions for some existing controllers and to study
the nonlinear stability of QFT controllers in fluid power systems. Using T-S fuzzy modeling and
its stability theorem, the nonlinear stability of the designed QFT controllers was investigated and
proven for both the electro-hydraulic and electro-hydrostatic actuators. The stability analysis was
performed in the presence of uncertainty in the system and environment parameters. For electro-
hydrostatic actuator, the stability of the closed-loop system was achieved even in the presence of

the nonlinear friction, and external and internal leakages.

7.2 Future Work

1- QFT controllers for the electro-hydraulic and the electro-hydrostatic actuators were designed
based on the family of frequency responses of the system. These frequency responses were
obtained by linearizing the nonlinear model of electro-hydraulic actuator around some operating
points or, by applying fast Fourier transform on input-output data, obtained by running the
experimental system in certain conditions and excitations, and for specified values of parameters.
Therefore, the performance of the designed QFT controllers was guaranteed only over the

limited number of operating points or conditions, and specified values of system parameters. To
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broaden the operating range of the control system without changing the structure of the
controller, one way is online tuning of the values of the controller coefficients. In this method,
one error minimization approach like gradient decent method can be used to estimate the new
coefficients of the controller. This way even if the system is exposed to inputs outside of the
acceptable range that the QFT controller was initially designed for, the controller adapts to
minimize the error between the desired and actual response. Since only the coefficients of QFT
controller are allowed to change, and not the order of the controller, T-S fuzzy modeling and its
stability theorem can be employed to analyze the nonlinear stability of the closed-loop system. In
deriving the T-S fuzzy model of the closed-loop system, the coefficients of QFT controller

should be considered as bounded uncertain parameters.

2- Having more uncertain parameters in the nonlinear model of the hydraulic actuator, the
number of local linear models in the corresponding T-S fuzzy model is increased. As a result, it
becomes more difficult to find one positive definite matrix to satisfy the stability conditions for
all local linear models. On the other hand, literature pointed out that the stability conditions,
presented by Tanaka and Sugeno (1992), which used in this thesis, are actually very conservative
and likely unsuccessful to deal with highly nonlinear systems (Tanaka et al. 1998; Wang and
Sun, 2005). The literature suggested new stability conditions as relaxed versions of conditions
presented by Tanaka and Sugeno (1992). By applying the relaxed stability conditions (Tanaka
and Wang, 2001), the stability of the designed QFT controllers can be proven for wider ranges of
parametric uncertainties than those obtained in Chapters 5 and 6, and in the presence of friction.
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