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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Introduction

High speed trains are a fast transport system in many countries and is getting
popular all over the world. With the development of railway technology, electric field
trains have proven to have many advantages over other forms of transport systems, i.e.
high energy efficiency, high specific installed power, low maintenance cost, more
responsive control, no emissions in urban areas, and energy-saving by regeneration
brake systems. However, it also has some drawbacks: high capital cost of providing
the energy distribution, complex to operate in regions with different electrical supply
standards and poor current collecting quality when running above the originally
intended operational speed. Today, electrically powered trains are widely used on the

main railway lines in many countries. [1,2,3]

Fig 1.1 High Speed Train in Japan
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Figure 1.1 shows a high-speed train with the pantograph and catenary system.
The functions of pantograph is to collect the electric energy from the catenary and
transfer it to the locomotives motors, so that they have enough energy to operate. The
pantograph-catenary system is an elaborately-designed system which can keep a good
quality of electricity transmission at relatively high speeds. The pantograph can
automatically be raised from the folded position and work at a certain range of the
height while sustaining a constant uplift force. The catenary is a well-suspended
structure kept in a desired geometry.

For high-speed trains, active control of the pantograph is crucial technology to
collect electrical current from the overhead contact wire supported by vertical
droppers, hangers and cantilevers. When the pantograph runs along the catenary, it is
fluctuated due to aerodynamic force, propagation and reflection of the wave on the
catenaries, changes in the dynamics characteristics of the catenary system depending
on the position, etc. An excessively large contact force can damage both in the
pantograph and the catenary or may cause a severe accident like contact wire breaking
in the worst case. On the other hand, if the contact force is too small, the pantograph
and catenary easily lose their contact state. The state the pantograph and catenary are
in the non-contact state is called contact loss.

If the dynamic interaction between pantograph and catenary is not constrained
within an acceptable range, in some extreme cases, not only a high maintenance cost
can be expected but also serious structural damage can appear. With the development
of the railway technology in recent years, the operational speeds for most railway line
have significantly been increased world-widely, so the pantograph-catenary becomes
one of the key factors which decide the cost of infrastructure and maintenance, and
limit the operational speed. Therefore, it is quite important for both engineers and
researchers to investigate the dynamic behavior of the pantograph-catenary system to
keep the contact tight and stable. The increase of the static contact force, which might
be considered as a possible solution for this problem, is not an efficient way, because
it increases mechanical abrasive wear and produces an excessive uplift of the contact
wire.

Therefore, maintaining the contact force in an admissible region is crucial for
high speed trains and thus modeling and control of active pantograph-catenary
systems have been taken much attention from many researchers. So far, some models

and controllers for the systems have been proposed. For example, Arnold and Simeon
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developed a rather rigorous model with PDEs and DAEs and then proposed a
numerical solution method [4], Makino et al. developed a wing-shaped low-noise

collector and proposed an H_ controller with a disturbance observer [5], Yamashita

et al. developed a low-noise active pantograph, and then applied a PID controller or
an impedance control method [6], Chartter et al. proposed a controller based on the
back-stepping method together with a high-gain observer [7], Allota, Pisano, et al.
proposed higher order sliding mode controllers [8]-[10], Sanchez-Rebollo et al.
proposed a hardware-in-the-loop strategy with a PID controller [11].

In order to regulate the contact force, the authors and the Railway Technical
Research Institute have developed an active pantograph using a pneumatic actuator,
and presented modelling and a robust regulator with a rigid frame model. In this thesis,
three different types of control strategies are introduced. The design and performance
of an active pantograph which collects current for high-speed train are considered. A
dynamic model of the pantograph/catenary system is described and control objectives

are established.

1.2 Objectives

As mentioned above, the modelling and the study of the pantograph-catenary
system enables the saving of time and cost. By modelling these elements, engineers
can make modifications and test new implementation to improve the quality of real
pantographs, making them more perfect. The main objectives of this project can be
summarized as presented below:

® Modelling the active pantograph with flexibility: to maintain the contact force

in an admissible region

® Analyzing the pantograph-catenary system

Applying different kinds of control theory to the controller design to regulate
the more robust contact force

® Developing the best control configuration and control strategy
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1.3 Contributions

This thesis investigates a dynamic behavior of the contact force variations of
pantograph-catenary system based on numerical studies. There are three different
types of controller together with an observer, which are introduced. They are

(1) Linear state feedback controller with sliding mode observer,

(2) Sliding mode servo controller with sliding mode observer and

(3) Optimal servo system based on sliding mode control with sliding mode
observer. Although the first two control methods of the active pantograph systems in
this thesis only regulate the contact force under model uncertainty or disturbance, but
the last controller, optimal servo system, can realize to track the reference signal
optimally by making efficient use of the active force.

The model of the pantograph was recovered from the work developed by the
master student Shun Nagayoshi. Once the model has been obtained, the next stage is
to investigate the dynamic properties both analytically from a systems-theory point of
view and numerically. The system is studied with the computational tool Matlab /
Simulink that enables knowing the response of the pantograph to the catenary’s action.

1.4 Thesis Organization

This thesis is organized into five chapters:

Chapter 1 describes an introduction to all worked about the high speed train.

In Chapter 2, a basic structure of the pantograph head and the contact wire
(catenary system) is described. The mathematical model of the pantograph head and
the catenary system are constructed. Furthermore, a mathematical model of the
pantograph and catenary has integrated to get the contact state because the train is
considered as moving state. The stiffness of the overhead contact wire in catenary
system is a main source of the variation of the pantograph-catenary system. Hence, it
is emphasized that the fluctuation of the equivalent stiffness between the pantograph
head and the overhead contact wire, makes it difficult to control the contact state of
the system.

Chapter 3 proposes the linear state feedback controller together with the sliding

mode observer, taking account of the flexibility of the articulated frame in our
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pantograph. It is emphasized that one of the key points is to regulate the contact force
in the nominal model without perturbation. A physical interpretation of the pole-zero
cancellation in the transfer function is also given.

Chapter 4 is composed of two different sections. In the first section, we propose a
sliding mode controller together with the sliding mode observer, taking account of the
flexibility of the articulated frame in the actual pantograph. An introduction to the
variable structure system (VSS) is described. The condition to ensure the switching
surface, so-called reachability condition, is also described. The reduced order sliding
dynamics is formulated. The proposed controller achieves the robust output (contact
force) by pole-zero cancellation during sliding mode. Secondly, we analyze the robust
stability of the active pantograph system using Lyapunov method.

Chapter 5 describes an optimal servo system based sliding mode controller
together with a sliding mode observer. It is pointed out through our analysis of the
plant and the closed-loop system using SRL (symmetric root locus) technique that
pole-zero cancellations play an important role to control the contact force.

Chapter 6 summarizes the contribution of the thesis and points out some key

ideas proposed in this thesis.
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Chapter 2

Mathematical Model of the Pantograph and
Problem Formulation

2.1 Pantograph Catenary interaction

Figure 2.1 shows a high-speed train with the overview of the pantograph and
catenary system. The stationary system that consists of poles and the wires with the
electric power supply is called catenary. The train is connected to the catenary system
via pantograph which is mounted on the roof of the train. The catenary has two wires,
the contact wire which is connected to the pantograph and the messenger wire above
the contact wire is linked together over the droppers. The pantograph catenary is
designated to transfer electric current to the train. As a contact pair is always moving,

it is important to keep the contact between pantograph and catenary tight and stable.

Dropper

Contact Wire

Fig 2.1 The train with pantograph and catenary system
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2.1.1 Pantograph

The aim of pantograph system is to collect electrical current from the catenary
cable system. In order to collect the current and not to interfere with the passing
non-electric train under the overhead lines, the main frame is fold-able and can
vertically raise the pantograph head a significant distance. To achieve good current
collection, the pantograph head is sprung and is pushed against the overhead line. The
drive, usually operated by compressed air from the brake system, is used to power the
system to raise or fall, and provides sufficient uplift force to keep the contact between
overhead line and pantograph head. Nowadays, there are several types of pantographs
existing, but the principles are nearly the same. [2]

The pantograph consists of a part of body that come in contact with the overhead
catenary and a frame that supports it. The frame is divided into upper frame and lower
frame. The main spring acts to lift the entire pantograph upwards. For a passive
pantograph, the only way to avoid the loss of contact at higher speed is to reduce both
the mass of the pantograph head and the frame, but this is limited by the required

current-carrying capacity of the pantograph.

Pantograph head

Spring

Upper frame

Articulated
frame

Lower frame

P

Main Spring

Fig 2.2 Pantograph

2.1.1.1 Force exerted on the pantograph

The pantograph suffers different types of forces which have different natures.

They can be classified as static loads [12], dynamic loads and aerodynamic loads. The



Chapter 2 Mathematical Model of the Pantograph and Problem Formulation

application point of these forces is established in the contact point with the catenary

wire. A summarized explanation of these forces is presented below:

1.

Static contact forces: These loads are exerted on the pantograph when it
raised still. This force is applied on the point where the overhead’s strips
contact with the catenary wire. A perfect pantograph should keep a constant
static contact force across its route.

Dynamic contact forces: This component of the force depends on the nature
of the contact and on the speed of the train.

Aerodynamic contact forces: This force must be differentiated from the
aerodynamic force that opposes to the train’s course. This aerodynamic
force is a vertical force and it opposite to the vertical movement of the
pantograph as consequence of the aerodynamic effects. These aerodynamic
effects increase with the train speed, therefore a proper design both of the

train and the pantograph needs to take account to them.

2.1.2 Active Pantograph

As mentioned above, the pantograph doesn't control the variations of the contact

force by itself. In order to control the contact force between the pantograph and the

catenary, the active pantograph with the pneumatic actuator have been developed. It

was found through some experiments that the frame had flexibility which could not be

ignored to control the contact force.

Actuator

Fig 2.3 Active pantograph
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2.1.3 Catenary

The catenary mainly consists of the contact wire, a continuous conduction which
transfers electric current to the moving train through the pantograph, and some other
supporters to support the weight of the contact line and to keep the contact wire in a
certain shape at certain positions. [3] The structure of the catenary shown in fig 2.4. In
general, a catenary is composed of one or two wires that ensure the power
transmission to the pantograph, and it also counts with one or two complementary
wires that are charged of maintaining the horizontality of the contact wire, as

observed in fig 2.4.

Utility Pole
Hanger F/
trolley

[T T

/ Contact wire

Messenger wire

Cantilever

Fig 2.4 Catenary system

The upper wire is the messenger wire and the lower wire is the contact wire
where the contact with the pantograph take places. The catenary is widely used in
railways permitting operation at voltages above AC 1000V and DC 1500V, by which
trains get sufficient power to run at a high speed. To achieve good current collection,
it is necessary to keep the contact wire geometry within the definite limits. This is
usually achieved by supporting the contact wire from above by a second wire known

as catenary wire (or messenger wire).
2.1.3.1 Types of catenaries
1 (Tramway) Catenary

It is the simplest catenary, it consist on a wire tended between two supports.

It is used in low speed tracks. It greatest advantage is the presence of stiff points
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at the supports, what leads to the interruption of the contact between the

pantograph and the catenary.

2  AC Catenary

When running at high speeds becomes, the use of tramway catenaries is no
longer an option. This is due to the fact that catenaries start oscillating when the train
starts to run at high speeds. This can be solved by using an additional wire which
positioned over the contact wire with the mission of holding the latter. Two kinds of
catenary can be used, AC (Alternative current) or DC (Direct current) catenaries. It is
easier to boost the AC voltage than the DC voltage, so it is send more power with AC
lines. As AC is easier to transmit over long distances, it is an ideal medium for
electric railway’s supply. This catenary is the most used in long lines requiring from

trains running at high speeds.

3 DC Catenary
DC catenary, is preferred in shorter lines, urban systems and tramways. As
shorter line trains required less power, DC catenaries supply the enough power to
the railway’s traction. It must be mentioned that corrosion is an important factor

to be considered in DC systems.

10
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2.2 Mathematical Model of the System

2.2.1 Mathematical model of the catenary system

Fig 2.5 Catenary model

A catenary is a complex periodic structure. The catenary model described here is
use a simplified spring, mass and damper model as shown in fig 2.5. The catenary

mass and the damper are time-invariant elements and the spring is as the time-varying

element k,. The equation of motion can be written as

m.X, =—-¢X, —Kkx + f. +¢ (2.1)

where &, = Ak, X, defines as the uncertainty/ disturbance due to the change of the
equivalent stiffness k, of the catenary system. The state equation can be expressed

as

(2.2)

=AXx, +h,f. +d,¢

where t is taken as the short form of the trolley (Catenary).

11
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2.2.2 Mathematical model of pantograph system

Taking account of the flexibility in the frame, a three degree of freedom model is

developed as shown in fig 2.6, where m,,m,, and m,, are masses of the pantograph

head, the upper frame and lower frame, respectively, f, is static uplift force

generated by the main spring which is denoted as the actuator force (the other

variables are defined as shown below in table 2.1). In this research, the disturbance

such as aerodynamic fore, static loads, etc... which are neglected.

I
- m, WJ X,
c, E‘j % k

m,,

? k

Fig 2.6 Pantograph model

The equation of motion of the system can be written as

msxs = _Cs(xs _Xfl)_ks(xs _Xfl)_ fc
mflel = _Cs(Xfl - Xs)_ks(xfl - Xs)_cfl(xfl _sz)_kfl(xfl - Xs)

M, X, = _Cfl(XfZ _Xfl)_kfl(xfz _Xfl)_CfZXfZ + fa

(2.3)

12
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Hence the following linear and time-invariant of the state space representation was

derived to
[0 1 k0 0 0 0 ]
My ] k c C [ x. ]
X 5K S ot f 0 0 Xs
X, m m; m ms X
g 0 0 1 0 0 X
Tk Cs (kg +ke)  (Co+C) Ky Cy " (2.4)
X - - o X
.” Mgy My Mg, Mg, My, My, i
Xty 0 0 0 0 0 1 Xty
X, 0 0 Ky Ciy B Ky, B (Ciy +Cyp) X,
i My, My, Me, M ]
1 0
mS 0
R
0
0
0 1
L 0 m,

=A X, +h f +bf,

where p is used as the short form

used here are shown in Table 2.1.

of the pantograph model. The physical parameters

13
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Table 2.1 Physical parameters

Catenary Catenary damping
stiffness K, [N/m] € [Ns/m]
Mass of catenary
m, [kal
Shoe-upper Shoe-upper frame C, [Ns/m]
frame stiffness K, [N/m] damping
Mass of shoe m, [ka] Mass of upper frame m, [ka]
Upper Upper frame-lower Co [Ns/m]
frame-lower K, [N/m] frame damping
frame stiffness
Mass of lower m, [ko] Lower frame damping Ci, [Ns/m]
frame
Contact force f [N] Axis force f, [N]
Displacement of Displacement of upper Xy [m]
contact X, [m] frame
wire/shoe
Displacement of Uncertainty/disturbance
lower frame Xt2 [m] due to catenary’s &, [N]
stiffness variation

2.2.3 Composite model of pantograph and catenary

Consider the train situation is always moving, it is desired to control the contact

force variations and not to get the contact losses between the pantograph and catenary
system, the overhead contact wire and pantograph have to keep in contact with each
other. Therefore, it is determined to combine the catenary model which described in
fig 2.5 and pantograph model which described in fig 2.6. Figure 2.7 shows the
combine model when the contact wire and the pantograph are in contact state.
Assuming that the overhead contact wire and the shoe on the pantograph head are
connected all the time, the state vectors can be redefined as

(2.5)

X, =X, =X

t S ts

14
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T
i

|
? k,
e

N

C

/
-

Fig 2.7 pantograph-catenary model

The origin in the coordinates is the equilibrium point, the equations of motion of the
masses are given by

(mt +ms)xts = _(_Ct +C3)th _(kt + ks)th +Csxf1 + ksxfl +§t (2'6)
mflel = Cths + kths _(Cs +Cf1)Xf1 _(ks +kf1)xfl +Cfle2 + kflez (27)
mfZXfZ = Cflel +kfle1 _(Cfl +Cf2)xf2 _klefZ + fa (28)

Taking the state vector as,

X:[th Xs Xi1 X1 Xpp sz]T (2.9)

15
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The state equation is

0 1 0 0 0 0
_kt+ks G+ K, C, 0 0
m+m,  mo+m, mo+mg o m +m
0 0 0 1 0 0
X = K, C, Ckotky ooty kg Cri g (2.10)
mfl mfl mfl mfl mfl mfl
0 0 0 0 0 1
0 O kfl Cfl _ kfl _Cfl+Cf2
L M, My, M, Me,
01 [ g
0 1
0 mt‘|'mS
0
oo |fat 4
0
0
1 0
| My, | L 0]
=Ax+bu+d,¢

Since the contact force includes inertial force of the overhead contact wire and
pantograph head, in order to obtain an expression of the contact force, we need the

following equations of motion with respect to each mass independently.

m. X, =—-CX, — K. %, + . — Ak, X, (2.11)
m X.s =—Cs (Xs _Xfl)_ks (Xs - Xfl)_ fc (212)

S

From these equations, it follows the contact force equation can be represented by

2.13
f. = 1 {(ctmS —m,C, )X, + (k;m, —m.K, )X +m,C X, + mtksxfl} ( )
m, +m,
mS
- ét
m, +m

S

16



Chapter 2 Mathematical Model of the Pantograph and Problem Formulation

The contact force state equation can be given by

m. k

t''s

—m.k

S t''s

. —Mm,C, m,c

——k,m c.m 0 Olx
t t t¥s

(2.14)

=CcX +d¢,

2.2.4 Stiffness variations of the catenary

Figure 2.8 shows the diagram of the catenary stiffness, when the train speed is
360km/h. The distance between two poles is set to 50meters. The wire length is
usually from 1 km to 1.5 km, depending on the temperature ranges. When the
pantograph moves along the overhead wire, its stiffness variation produces a periodic
excitation which leads to the vibration of the pantograph and the fluctuation of the
contact force. A main source of vibration is the stiffness variation of the contact wire
along the span. The stiffness of the overhead wire is the minimum at the middle of the

span and it is the maximum at the around the support tower, which means that the
catenary stiffness k, is always change with the time. In this thesis, the variations of
the catenary stiffness is treated as the disturbance. And then consider the fluctuation
range of the contact force due to the changes of the stiffness variations. The catenary

stiffness k, varies between

200 <k, <2000 (2.15)
2500
=
=N I\ [\
; 1500
NN AW A
= 1000
Py I\/J \\4 /\/J \\4 I\/J \\4
= 500
Y W WM %
% 05 1 15
Time[sec]
Fig 2.8 Catenary Stiffness

17
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2.3 System analysis of the open loop control system

In this section, we do analyze the state equation of the pantograph catenary
system (eq 2.10) and the output equation (eq 2.13). The parameters are set according
to the values from Table (2.2) and d stands for the disturbance input to the
pantograph-catenary model. From the identification experiments of these parameters,

the equivalent stiffness coefficient of the catenary, k, is defined as a time varying

parameters. But in this thesis, we take k, =1100N/m as for the nominal case.

Table (2.2) Designated parameter values

m, | 100kg m, | 2.13kg m., | 6kg m.,| 10kg
k, | 200N/m k, | 3800N/m ki, | 19218N/m
c, | 100Ns/m c, | 60Ns/m Cey 0 Ci, | 8ONs/m

Design on the open loop control system of the pantograph-catenary system, we can
consider the control system in two different ways as follow;

(1) Control analysis from disturbance input d to the output y and

(2) Control analysis from control input u to the output y.

2.3.1 From Disturbance input to Output

The equation of the open loop gain from the disturbance input to contact force

(output of the system) can be written as

G(s) = c(sl — A)*(=D) + () (2.16)

18
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From (eq 2.16), the poles and zeros of the transfer function from the disturbance

input to the contact force are obtained as follows

Py =[-5.17+102.27i -3.85+36.39 -0.76+1.05i]

z4 =[-18.94+157.53i -1.93+64.0i —4.43 0]

Figure 2.9 shows the bode diagram of the transfer function from the disturbance

input to the contact force.

Bode Diagram

Magnitude (dB)
N
o
/‘

Phase (deg)

10™ 10° 10" 10° 10°

Frequency (rad/sec)

Fig 2.9 Bode plot for the open loop transfer function from the disturbance input to the

contact force output

According to this diagram, it can be seem that the gain continues to decrease in
the low frequency until it reaches to the zero point of the origin because of the direct

term which we mentioned in (eq 2.14). It also should be noted that the relative degree

between the uncertainty/ disturbance &, and the contact force f_ is zero because

the uncertainty &, appears in the output equation (eq 2.14).
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2.3.2 From Control input to Contact force

The equation of the open loop gain from the control input to contact force (output

of the system) can be written as
G(s)=c(sl —A)'b (2.17)

From (eq 2.17), the poles and zeros of the transfer function from the control input

to the contact force are obtained as follows

p, =[-517+102.27i -3.85+36.39i -0.76+1.05i]

z, =[-633.33 —0.50+1.32i]

Figure 2.10 shows the bode diagram of the transfer function from the disturbance

input to the contact force.
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Fig 2.10 Bode plot for the open loop transfer function from the control input to the

contact force output

With the state equation (eq 2.10) and the output equation (eq 2.14), the numerator

polynomial of the transfer function from the control input to the contact force is given

by
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= (Ms” +¢,5+k)(C;s+k,)(C;8 +Kyy) (2.18)

A-sl -b
c

where c,, =0 from our identification experiments, and thus the zeros of the transfer

function are obtained as follows

—C, £+/¢2 —4mKk
S:_ﬁ, t t tt (219)

It should be noted that two complex zeros of the transfer function are the same as
the poles of the nominal catenary subsystem given by (eq 2.11), and that the relative

degree is three. If c,, # 0, the relative degree would be four. On the other hand, the

relative degree of the transfer function from the disturbance &, to the contact force is

zero as mentioned above. In general output regulation or disturbance rejection
problems, the relative degree and pole-zero cancellation play an important role in
controller design. That is, from the above observations, we can see that it is
impossible to reject the disturbance completely in our system, because the relative
degree of the transfer function from the control input to the contact force is less than
that of the transfer function of the disturbance. Furthermore, in order to reduce the
effect of the disturbance on the contact force, some of the closed-loop poles should be
assigned in exactly the same location as the catenary poles, yielding pole-zero

cancellation.
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2.4 Problem formulation

The main reason of the implementation of an active control system is the
reduction of the standard deviation of the contact force between the pantograph and
catenary, hence reducing the contact variation and holding the contact force as
constant as possible. The disturbances are mainly caused by the droppers and poles.

In control theory, the disturbance is normally considered in the way as shown in
fig 2.11. As the exact input of the disturbance into the pantograph-catenary model is

known from section (2.2.3).

h 4

d
SN TR K(s) u P(s) 5

L
<
W

Fig 2.11 Closed loop control system with the disturbance added to the output signal

The active pantograph control system is mainly used closed-loop feedback
control, in which it is difficult to keep the contact force constant. Because of the
comprise between the stability and the performance of a feedback control system. For
an active pantograph, different control strategies will lead to different results. Here in
this thesis, we introduce three different types of control strategies. They are

(1) Linear state feedback controller with sliding mode observer,

(2) Sliding mode servo controller with sliding mode observer and

(3) Optimal servo system based on sliding mode control with sliding mode
observer.

Each of them above gives a good performance of the pantograph catenary

interaction which will be discussed in chapter 3, 4 and 5.
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2.5 Summary

In this chapter, a basic structure of the pantograph head and the contact wire
(catenary system) is described. The mathematical model of the pantograph head and
the catenary system are constructed. Furthermore, a mathematical model of the
pantograph and catenary has integrated to get the contact state because the train is
considered as moving state. The stiffness of the overhead contact wire in catenary
system is a main source of the variation of the pantograph. Hence, the fluctuation of
the equivalent stiffness between the pantograph head and the overhead contact wire,
make it happen a problem to control the contact state of the system. In section 2.3, a
problem formulation of the pantograph-catenary system proposed and then a
numerical analysis of the open-loop pantograph-catenary system has described.
Moreover, the relative degree of the transfer function and the pole-zero cancellation

plays as an important role from the viewpoint of output system are also discussed.
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Chapter 3

Linear State Feedback Controller Design

3.1 Introduction

The performance of the high speed trains depend critically on the quality of the
contact in the pantograph-catenary interaction. Maintaining a constant contact force
needs taking special measures and one of the methods is to utilize active control to
optimize the contact force. Therefore, maintaining the control of the contact force
becomes the main problem for the high-speed train transportation system. The force
exerted by the pantograph on the contact wire oscillates, such oscillations can cause
contact losses, electric arc formations that damage the structure of the pantograph and
reduce the system performance.

In order to regulate the contact force, we have been developing an active
pantograph with a pneumatic actuator which described in chapter (2). Based on that
model design, an optimal control strategy with the aim of maintaining the constant
contact force are investigated in this chapter. The active pantograph using optimal
strategy can resist the disturbances because of the optimal control force is derived
from feedback, and achieves the best theoretical performance.

In this chapter, a design of the linear state feedback controller for the
pantograph-catenary system and a sliding mode observer are mainly discussed. First,
design an optimal type 1 servo system by full state feedback where the controlled

variable is the contact force f, between the pantograph overhead and the contact

wire, and then design a sliding mode observer is proposed to regulate the contact
force in the presence of variation with respect to the equivalent stiffness of the

catenary system.
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The overall block diagram of the control design will be discussed. In section 3.3,
the function of the optimal control theory by full state feedback law will be introduced.
In section 3.5, a sliding mode observer design will be discussed. Numerical
simulation is carried out and the output reduction will be discussed in section 3.8.

3.2 Overall control design

Ak, d
X, r
+

I+ 1 K + u Nominal /e

e Plant -

V

F Observer

Fig 3.1 Overall block diagram of the control system

First we design an optimal servo controller and then design a sliding mode
observer to regulate the contact force. Figure 3.1 shows the overall block diagram of
the control system of pantograph-catenary system, where r is the reference contact
force and u is the control input. At first, assuming that all the state variables are
available, we design an optimal controller and then design a sliding mode observer to
estimate the state.

This controller design can divided into two parts, a nominal controller plant and
an observer. A nominal controller plant is designed with the optimal control theory
and an observer is designed with sliding mode theory. The state error is used as an
input to the system in closed-loop system. Because of the main reason is that the
disturbance or uncertainty, which is directly effect to the contact force, output of the

system which make the system much more difficult.
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3.3 Theoretical background of linear optimal controller

This is the short summary on optimal full-state feedback control theory. [14] The
plant for the linear time invariant system to be written in the controllable state-space

form represented by
x(t) = Ax(t)+ Bu(t) (3.1)

and that all of the n states x are available for the controller. The feedback gain is a

matrix k, represented as

u=—-K(x(t) — X(t)) (3.2)
The system dynamics of the closed loop system are written as

X(t) = (A= BK)x(t) + BKX(t) (3.3)
X represented the vector of the closed loop system, and serves as the external input
to the closed loop system. As the system is controllable, the closed-loop poles can be

allocated to any desired location by appropriate choice of K. The schematic diagram

of the full-state feedback controller is as shown in fig 3.2.

~ v ¢
r + :; B X l X c y

Ln

Fig 3.2 Schematic design of full-state feedback controller
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In order to design an optimal controller for the pantograph-catenary system, the
linear quadratic regulator (LQR) is used in this chapter. This method depends on

minimizing criteria using the feedback u =—-Kx(t). The performance index that is

used for minimizing both the control effort and the states is given as

00

J= % [Ix® Qx() +u®" Ruct bt

0

(3.4)

X[ = x(t)"x(t) and x is an nx1 state vector. The given norm that depends on the

state can be used as a measure of the system response. The index also includes u input
to control the system. The Q and R matrices in J are called the weight matrix. The
weight matrix allow to define the effect of each state and control input in the
controller response when the feedback is used for designing the controller. The Q and
R are positive definite symmetric matrices and design parameter R is designed as a
scalar which is greater than 0.

According to the eq (3.1) and (3.4), the required optimal solution for the feedback

gain is calculated by
u(t) = —-R BT Px(t) (3.5)

where P(t) is the positive semidefinite solution of the matrix differential Riccati

equation

PTA+AP-PBR'B'P+Q=0 (3.6)
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3.4 Design of Linear Optimal Controller

First, we design an optimal type | servo system by full state feedback where the

controlled variable is the contact force f_. An optimal servo controller is designed

with integral action which shown in the overall block diagram fig (3.1). Considering
the optimal controller, we assume all the state variables for the controller design, the
parameter K is the integral gainand F is the feedback gain.

The plant to be controlled is given by

X(t) = Ax(t) + bu(t) + d,&, 3.7)
y =cx(t) + d&, (3.8)

where A e R¥®. This controller design is denoted as a (SI1SO) system, the input is the

reference signal r and the output is the contact force f..

In order to apply the linear quadratic regulator (LQR) technique to the tracking
problem, we consider the deviation system from the steady state to the contact

reference signal. Then the time derivative of the control input is given by

U=—Fx+Kz

=—-F(Ax+bu) + K(-cx+r)-Fd ¢,

=-[F K]K‘ g}m +Kr—Fd,¢&,

(3.9)

In order to formulate the tracking problem to LQR, the state vector of the linear
servo system is defined as [x u]. Using the above equation, we can derive the

deviation system from the steady state for the linear servo system as follows;

m :{—IF Ek SM{E} {Fddtjét (3.10)
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X
= d
y=[c OLP & 311
Letting E as;
<o
E=
c 0 (3.12)

Assuming that both the reference signal and the disturbance are constant in the

steady state x =0, U =0, the equilibrium point can be obtained as follows:

MR st HEE
= + r+ &,
0| |-F K]c oJu@)]| k] |Fd,
o1 o e (el
=7 r+ St
_U (OO) c O -F K_ K th (313)
Hga e by
=E r-E o o &,
1 “K'F —K™*|Fd,

B X(o0) (3.14)
y() =l OL (w)}m;

Substituting eq (3.13) into eq (3.14)

y(oo) =r- E_l|: I,l 0 1:||: dt :|§t
“KPF -K™|Fd, (3.15)

Define the new state and output, which are perturbations from the equilibrium.

X, =X=X(0),U, =U—u(0)
e=r_y (3.16)
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Defining x, and u, as the deviation of the state and the control, respectively,

and taking x, =[x, u,]' as the augmented state vector. The augmented deviation

system can be represented by
X, X I 0 X, 4|0 4] 0 d,
T LT E -E r-E a 1 é:t
U, ul |-F -K U, 1 -K7F —-K™ | Fd,
+ 0 r+ d £
K Fd, [

1 Ade -
o ofu [ <5

o o]
ol ool 25k«

For this controller design,we neglected the effect of the disturbance, the

(3.18)

perturbation term from the plant system and consider as a nominal

pantograph-catenary system. Removing the disturbance yields

_ AWN by (319)

{xe} {xe} (3.20)
e=[c 0] °|=c,
ue ue
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where e is the tracking error, and v =u, which can be seen as the control input in

the regulator given in eq (3.19). Thus, for this plant, the following state feedback is
employed.

Xe Xe
v=-|F KIJE *|=-F,

u, U, (3.21)
To obtain the optimal regulator gain F,, the following performance index is used.

J= {eTWe +v' Rv}dt

T X
{[xl u; {C XVC S}LG}H/T Rv}dt

The design parameters are the weighting matrices W, R on the tracking error. The

O ——y 8

(3.22)

optimal regulator gain F, can be obtained with ‘LQR’ function in Matlab, then it

changed to the original state equation as follows:

X
VO — _Feo e
{uj (3.23)

Finally, the actual optimal gain is given by

[F K]=FE™ (3.24)
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3.5 Sliding Mode Observer

An observer is a system that provides an estimate of the internal state driven by
the input of the system and a signal representing discrepancy between the estimated
and the actual states. In most practical cases, the state of the real system cannot be
determined by direct observation, therefore, the internal state is observed from the
system outputs instead. The sliding mode observer, based on the same idea of sliding
mode control, employs a switching function of the sliding variable to steer the system
trajectory to the sliding manifold and maintain the motion on the manifold thereafter.
[16,17,18] The ideal sliding motion is shown in fig (3.3).

The sliding mode observer uses non-linear high-gain feedback to force estimated
states to reach a predetermined surface, which is called sliding surface (Hyper-surface)
where there is no difference between the estimated output to the measured output.
When the states reach on the switching surface, observer trajectories slide along the
origin where the estimated output matches the measured output that means the sliding

variable is chosen to ensure the observed states converge to the actual stages. [16-18]

W
=

oc=0-,

switching line (hyper - surface)

Fig 3.3 Ideal sliding motion

The main problem of the sliding mode observer is the chattering which makes the
high frequency variations output. Chattering effects in the sliding motion which is
described in fig (3.4).
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switching line (hyper - surface)

Fig 3.4 Chattering effect on sliding mode

In such a case, we can design to add various control theories, such as boundary
layer, adaptive switching function and low pass filtering. Among the various solutions

to reduce chattering: the boundary layer control is the most popular approach.

Xy

X

-
boundary layer

Fig 3.5 Boundary layer control

In a boundary layer design, a smooth continuous function is used to approximate
the discontinuous sign function in a region called the boundary layer around the

sliding surface. By using the sign of the error to drive the sliding mode observer, the
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observer trajectories become insensitive to many forms of noise. Once the sliding
mode is achieved, the sliding mode observer can reject certain external disturbances

and internal parameter uncertainties. [16,17,18]

3.5.1 Theoretical background of a sliding mode observer

This is the short summary on sling mode observer design using variable structure
control system [13]. Sliding mode observer can be used in the design of state observer.
The nonlinear high-gain observers have the ability to bring coordinates of the
estimation error dynamics to zero in finite time. The plant for the linear time invariant

system to be written in the controllable state -space form represented by

X(t) = Ax(t) + Bu(t)
y(t) =cx(t) (3.25)

where AeR",BeR™,ceRPand the system is observable. A schematic diagram of

the controller with an observer is shown below

u + -~ X l X y
S

Fig 3.6 Schematic diagram of the controller with an observer
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Based on the diagram, the dynamics of the state estimate are described by

changing the new coordinate system as follows:

X, (£) = A% (1) + A%, () + Byu(t) + Lv (3.26)

Y(t) = Ap%, (1) + A §(8) + Bu(t) v (3.27)
where L is the observer feedback gain and the vector v is defined by
v=Msgn(y-y) (3.28)

where M € R, . Representing the mismatch in the process by state reconstruction

error
e, =X, — X (3.29)
e, = y—y (3.30)

The following error dynamic is obtained

e,(t) = Aue, (1) + Ape, (1) + Lv (3.31)

ey (t) = Aye (t) + Azzey (t)-v (3.32)

If the original plant system is observable, the pair (A, A,) is also observable. After
that change the coordinates dependent on L and let € =e, +Ly. The error system

with respect to the new coordinates can be written as

& (1) = AuE (1) + Ae, (t) (333)

&, (t) = Ay (t) + Aye, (1) —V (3.34)

where A, =A,+LA,, A, =A,+LA,—A,LandA, =A,-A,L . With an

appropriate L, €, decays exponentially and observer stage converge to the actual
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stages. Therefore, the goal of state reconstruction using sliding mode is achieved. An

ideal sliding motion will take place on the surface
s,=1{(e.e,): e =0} (3.35)

In this research, we consider the problem of designing sliding mode observer
using Variable Structure Control (VSS) system. Variable structure control system
comprise feedback control and a decision rule. Depending on the states of the system,
the decision rule, often termed the switching function, determines which of the control
law. The dynamical behavior of the system when confined the surface is described as
the ideal sliding motion. The latter property of invariance towards so-called matched
uncertainty makes the methodology as an attractive one for designing robust
controller for uncertain systems. The advantages of obtaining such a motion are
twofold: firstly, there is a reduction in order and secondly the sliding motion is
insensitive to parameters variations. [13,15,16,17]

3.6 Design of Sliding Mode observer

In this thesis, we introduce a sliding mode observer using variable structure
control (VSS) system. A variable structure system (VSS) of a nonlinear uncertain
system is well known for its robust property and simplicity of control law. In this
section, the problem of designing an observer of state estimation using variable
structure system (VSS) is discussed. The state equation of the pantograph-catenary

plant system is given by

X =Ax+bu+d,é (3.36)

There are six state variables in the plant system which described in eq. (2.9). To
estimate the state variables for the observer system, we could not estimate the full
state of the system. In general servo systems, the controlled variables are used for the
observer. However, the contact force is not appropriate for the observer, because it is
directly influenced by the uncertainty as seen from eq (2.14). Taking account of
robustness against the uncertainty and the existence of the sliding mode, we use two
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parameter measurements, X, the velocity of the pantograph head and x,, the

displacement of the lower frame, for the observer design.

OlOOOOX
000010

Y= e { (3.37)

To simplify the design procedure, the state vector is redefined for the observer
design as

x

:[th Xip X X Xpp th] (3.38)

where the last two variables are available for the observer (only change of the order).

With this new state vector, the system equation eq. (2.10) can be written by

0 0 0 0 0 1
0 0 1 0 0 0
ks _ks+kf1 _Cs+cf1 Cfl kfl Cs
- mfl mfl mfl mfl mfl mfl -
X= 0 kfl Cta _Cf1+cf2 B kfl 0 X
mfZ mfZ mfZ mf2
0 0 0 1 0 0
ki kg K, C, 0 0 -Gt
mt+ms mt+ms mt+ms mt+ms_
C o C o
0 0
0 0
+ 1 0f + 0o &
mf2 O
0 1
| 0 | | m,+m; |

(3.39)
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Furthermore, the system matrix is partitioned as follows:

> >
B
> >
N
| — |

(3.40)

where A, e RO™C™ " n is the number of the system states and m is the
number of the measured states. If there are any invariant zeros present in the system
then they must appear in matrix KM. It can be partitioned accordingly, so that the

sub-block has the structure as;

(3.41)

Ax4 4x2 4x2 x4 2x2
s AL ERT, AL eR™ AL eRTAL,eRT L A,eR

The pair (;5\22,,5\21) is completely observable. The output equation with respect

to the measurements for the observer is give by

~_00001o)~(
100000 1

=[0 Ik (3.42)

where | e R??.
In this research, we design a variable structure system (VSS) of sliding mode

observer based on the Walcott-Zak observer theory. Figure 3.7 shows a block diagram

of the Variable structure system (VSS) observer.
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A S
_l’_

Fig 3.7 Schematic diagram of the VVSS observer

The (VSS) sliding mode observer is designed as

§:A;~<+5u—6,ey+Gnv (3.43)

? _& (3.44)
2~ €,
where, e, =y -y, V=—p—
e,
G, eR®?and G, € R>* are the design parameters.

The third term of the eq (3.43) is the linear observer term and the last term is the

nonlinear observer term, where, e, is an error and it is used as a switching function

of the observer. Therefore, when system is enter to the sliding mode control, the error

(e, ) becomes zero.
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3.6.1 Design of a linear observer gain

In order to design the linear optimal observer gain for the system, the optimal
observer theory (Kalman filter) is used. To consider the parameter of the linear

observer gain G,, the nonlinear term from the observer state equation eq (3.43) is

excluded. Therefore, the observer state equation can be rewritten as

5 _zs @ (3.45)

By using the optimal observer theory (Kalman filter), the optimal observer gain

G, iscalculated as
G, = PCTR (3.46)

where P is the positive semidefinite solution of the matrix differential Riccati

equation
PTA+AP-PC'R,'CP+Q, =0 (3.47)

To find the optimal observer gain, we consider the system as dual system. It
means that the output feedback is used as the system input to the observer design. The

state equation of the dual system is given by
X =ATX(t) +CTu(t) (3.48)

The performance index that is used for minimizing both the system error and the

states is given as

J= ! [X®TQR® +u® Ru®t (3.49)
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The index includes u input to control the system. The Qand R matrices in J
are called the weight matrix. From eq (3.48) and eq (3.49), the required optimal

solution to calculate the observer gain G, is achieved. The optimal observer gain

matrix is
G, =F (3.50)

The weight matrix in the Riccati equation is defined as follows:

O
Il
©O o 0o o o o
©O o 0o o o o
O o o o o o
©o o o o o
A
Il
1
H
o <
N
H
© o
D
|

3.6.2. Design of a nonlinear observer gain

In this observer, the nonlinear term on the right hand side from eq (3.43) is a
discontinuous function to bring about the sliding mode. In order to analyze the error

dynamics of the system, the state equation of the estimation error is defining as,

e=X-X (3.51)

where an error dynamics is divided into two error states, e, is the unmeasured state
vector which is not sensed by an observer and e, is the measured state vector which

is sensed by an observer. The state equation of the estimation error dynamics for the
sliding mode observer is designed as
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e=Ae-Ge, +G,v-d¢& (3.52)

éll 612
A21 A22

where G, e R** and G,, e R>*. As seem from the eq (3.52), one of the points to

determine the design parameter G, is that if d belongs to the range space of G,,

i.e. the matching condition holds, then the estimation error dynamics during sliding
mode is insensitive to the uncertainty. Although this requirement can be easily
fulfilled, there is another obstacle such as the existence of the sliding mode, which is

highly depend on G, but also on the linear gain G, as another design parameter.

Taking the matching condition into account, firstly G, is parameterized as

-L]
G =| " p
’ {IJ ’ (3.53)

and Lisdefinedas, L=[lI, 0]

0

where PeR** | 1, e R™

It should be noted that the last column in G is taken for d to belong to the range
space of G, .

As the error dynamics are divided into two states, then we convert the control
variables to the regular form and divide it into two states also, which are Null space
and Range space. In order to change the error dynamics eq (3.53) into a regular form,

using the linear transformation as

e=[e, o (3.54)
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The transformation matrix T, is defined as

_1 {IL‘ _L}
T =
0o I, (3.55)

After applying a change of the state, the state equation for the error dynamics can
be rewritten as
e=TAT'e-T,Ge, +T,G,v-T,d¢ (3.56)

The estimation error dynamics of the measure state vector in the change state is

e, =e,. Then, It follows:

T,AT? o LTAL Ayl -L
_0 I2 AZl A22 O I2

_'z‘n + L;&Zl '5‘12 + L'z‘zz }[h - L}

A, A, 0 1,
(3.57)
A +LA,, —(AL+LA,)L+A, +LA,
L Ay ~A,L+A,
= 511 512
A, A,

where the element (1x1) of the eq (3.57) is
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A (3.58)
:A11+|0~211
Parametrization;
TG _{u L"G,l__{GlﬁLG,z}_[@u} (3.59)
12 = = | =
0 I2__(3I2 GIZ GI2
I, Lf-L]., [O (3.60)
TIGn = I:)o = -1
0 1,1, ] P,
~ 1, LTo] o (3.61)
Td= 4 ~ ==
0 1,]d,| |d,

According to eq (3.60) and eq (3.61), It can be seen that the disturbance/
uncertainty term Tla is satisfied with the Range space of the nonlinear term T,G ..

This condition is defined as the matching condition. Consequently, it follows the null

space dynamics and range space dynamics,

él = (’&11 + Io'z‘zn)el + (;\12 —Eu)ey (3.62)

éy =Aye + ('5‘22 _Gm)ey + F)O_lV—azft (3.63)

The null space dynamics eq (3.62) is insensitive to the uncertainty because of the
matching condition, and thus the estimation error dynamics during sliding mode,

€y

e, =0, is governed by,

é1 = ('&11 + IOAZIl)el (3'64)
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where ;5\11 and ;5\211 are the design parameters of the system and |, is the design

parameter which can be determined the sliding mode poles. The other parameter must
be determined to guarantee the existence of the sliding mode. Then, the positive

definite matrix P, is designed to satisfy with

P,(Ap —G )+ (A, -Gy,) P, =—Q (3.65)

po

P,>0,Q,>0

which means P, satisfies with a Lyapunov matrix for (ZZZ ~-G,,).

>

»—G,=A,, -A,L-G,,

=A,, -A,ll, 0]-G,,

Considering the existence of the sliding mode, taking the positive definite matrix
P, such that

p = [Pyd, | +7, (3.66)

where p is the relay gain for the switching function. If the value of the relay gain
o s large, the effect of the disturbance can not appeared. However, 7, >0, o > |§t| :

n, is a small positive number, which means that « takes a larger value than the
magnitude of the perturbation force.

The relationship between P, and 62 is calculated as

5 :[PH Plz}[P} (3.67)
o PZl PZZ d22

Therefore, the relay gain to be calculated as

P

p = o,y [(Py +Py)2 +77, (3.68)
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3.7 System Analysis

In this section, we apply the SRL (Symmetric Root locus) method, which gives
the locus of the optimal poles with respect to the parameter W under the
performance index eq (3.22), to analyze the optimal servo system designed in the
section (3.4). By increasing the weighting factor W, the fluctuation of the contact
force between pantograph and catenary can be reduced. The optimal poles are the

stable roots in the left half plane of the SRL equation

1+ pG, (-5)G, (5) =0 (3.69)

where G, (s) is the transfer function of the control input to the contact force,

G,(s)=c(sl-A)'b (3.70)

The symmetric root locus obtained for W =10~ ~ 10" is shown in fig (3.8)., where

a portion around the origin in the left figure is zoomed in the right figure.

Root Locus Root Locus
1500 6

1000 4 oy <
—b6
o 500 b 2 2
3 N\ 3
<\ /

G = 3
= 500 AN =2

1000 4 = “.

715-010500 -1000 -500 0 500 1000 1500 -62 -1.5 -1 0.5 0 0.5 1 15 2

Real Axis Real Axis
(@) Overall (b) around the origin

Fig 3.8 Root locus of linear optimal feedback poles

According to this figure, the stable roots converge to the zero of G (s) as W

increases. As described in chapter 2, the order of the relative degree from disturbance
to contact force is smaller than the order of the relative degree from control input to
the contact force, which means perfect output zeroing can not be achieved easily. In
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this research, the weighting factor is set to W =10, the poles and zeros in the
transfer function from the reference signal to the contact force are obtained as

follows:

poles = [-34.29+142.25i —90.79+85.56i —0.50+3.28i —113.10]

zeros = [-7.53+182.11i —107.20+140.63i —0.50+3.28i —160.40]

It should be noted that a pair of poles approximately cancel out a pair of zeros at
—0.50+3.28i which is the mode of the catenary subsystem given by eq (2.19).

Taking these poles into account, the observer poles |, during sliding mode were

determined as
Observer poles =[-70+£10i —50+10i]

after some trial and errors. According to this fact, perfect output zeroing can be
achieved by exact pole-zero cancellations which make an unobservable subspace in
the state space. From a physical point of view, in addition, these close-loop poles will
make it possible that the pantograph head is following the catenary wire motion not to
prevent its free motion, yielding a good regulation of the contact force.

According that the uncertainty &, is an independent external disturbance, the
frequency response from the disturbance &, to the contact force f_ can be obtained
as shown in fig (3.9) where the blue line is passive case (open loop) and the green line
is the active (close loop). It can be expected from this figure that the active
pantograph probably achieves the regulation of the contact force better than the
passive pantograph, because the gain of the active pantograph is lower than the gain
of the passive pantograph, in almost all frequencies especially at the disturbance
frequency (4 rad/s) without any resonances (much more stable).

In the rest of the simulation, the reference signal is given as follows:

(t) = 54 for 0<t<11
|64 thereafter
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to make sure the transient response.

Bode Diagram

0 T T TTTT
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Fig 3.9 Bode diagram of the transfer function from the disturbance to the contact
force

3.8 Simulation Results

In order to investigate the performance of the proposed linear state feedback
controller, numerical simulation has carried out. Numerical simulation results are
performed to confirm the effectiveness of the controller design. The parameter values
of the pantograph-catenary system are shown in Table (2.2), where the parameter
values of the pantograph are the estimates by identification experiments, and those of
the catenary system are determined based on some references. The parameter values
of the pantograph-catenary system as shown in this section obtained from the joint
research with the Railway Technical Research Institute

When the train speed is 360 km/h and the span length of each cantilever is about
50 m, the catenary equivalent stiffness can be assumed to change periodically with
2Hz as shown in fig (3.10).
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Fig 3.10 Catenary stiffness

Because the proposed controller achieved a good performance as expected for the
simulation result, we carried out some simulations in more realistic situation. That is,
although we neglected the actuator dynamics when designing the controller and

observer, we inserted the following dynamic model of the pneumatic actuator

1
G(s) = @-00025
®) 0.013s+1 (3.71)

which had been obtained by some experiments. Furthermore, it was assumed that
three measurements for the controller and observer were corrupted by white Gaussian
noises whose maximum magnitude and some important parameters are as shown

below:

Contact force: +4N

Catenary equivalent stiffness: 2Hz
Displacement of the lower frame: +1x10™*m
Velocity of the contact wire/shoe head: +1x10™*m/s

Nominal value of stiffness fluctuation: k, =1100N /m

The design parameters in the controller and observer were determined taking

account of the above situation.
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Fig 3.11 Perturbation force

Figure (3.12) and (3.13) shows the estimation errors, e, , used in the observer eq

(3.43) and eq (3.44), where the true state variables are used for control to evaluate
only the observer performance. Figure (3.12) shows the simulation result of the
estimation error of the linear optimal observer and Fig (3.13. a,b) shows the
simulation result of the sliding mode observer. It can be seen from the chattering
around the origin as shown in fig (3.12, a) that the quasi sliding mode takes place, and
that the estimation accuracy is better than that of the linear optimal observer shown in
fig (3.12).

X 10_3

error

40 11 12 13 14 15
time [s]

Fig 3.12 Estimation error, e, for Linear optimal observer
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Fig 3.13 (a) Estimation error, e, for Sliding mode observer (Without actuator)
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Fig 3.13 (b) Estimation error, e, for sliding mode observer (With actuator)
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Fig 3.14 Control input
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Fig 3.15 Control input in transient response
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Fig 3.17 Step response of the contact force
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Furthermore, it is assumed that the measurement of the contact force with a load
cell is corrupted by a band limited white noise. It can be seen from fig 3.13 (b) that
the quasi sliding mode takes place in spite of the existence of the actuator dynamics.
Figure (3.14) and (3.15) show the simulation results of the control input with actuator
control dynamics and the without actuator control dynamics. The simulation result of
those two are almost the same, which means that the designed controller is
appropriate for the actuator dynamics.

Figure (3.16) shows the contact force in the steady state in comparison with the
passive case where the static uplift force is provided. It is clear that the active
pantograph achieves much better regulation performance than the passive one. Figure
(3.17) shows the step response of the contact force, from which it can be seen that the
transient response is also good.

3.9 Summary

In this chapter, we proposed the linear state feedback controller together with the
sliding mode observer, taking account of the flexibility of the articulated frame in our
pantograph. It has emphasized that one of the key points to regulate the contact force
in the nominal model without perturbation. A physical interpretation of this pole-zero
cancellation is also given, that is, the pantograph head can follow the catenary motion
not to prevent it free motion by assigning some of the closed loop poles on the
catenary mode. Because it is found out through many simulation results that the
observer plays a key role in the control performance, we are still under investigation
on which physical variables to use for the observer and how to measure them

precisely in severe environments.
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Chapter 4

Sliding Mode Servo Controller Design
4.1 Introduction

Previous chapter was developed the linear state feedback controller together with
a sliding mode observer and it can proved that the system have good performance
according to the simulation results. However, It is always required to design a more
robust controller for an active pantograph. Therefore, a sliding mode controller
together with a sliding mode observer is proposed in order to regulate the robust
contact force in the presence of variation with respect to the equivalent stiffness of the
catenary system in this chapter. To regulate the robust contact force, we have
developing an active pantograph with a pneumatic actuator, which described in
chapter (2). Based on the same model design, sliding mode control strategy with the
aim of achieving the robust contact force are investigated in this chapter.

As we mentioned above, the control system is developed with a sliding mode
controller together with a sliding mode observer, is based on the same mathematical
model of the pantograph. Figure (4.1) shows the overall block diagram of the control

system where the reference r is the reference contact force, the contact force f_ is

the control output,o is the switching function of sliding mode control and u is the
control input to the system. We use sliding mode control theory for both controller
and observer design to regulate the robust contact force. At first, assuming that all the
state variables are available, we design a sliding mode control law, and then design
sliding mode observer to estimate the state.

The two different sections discuss in this chapter. The first section is how to
design the sliding mode controller together with sliding mode observer and next
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section is the stability analysis of the system. A design of the sliding mode controller
for the pantograph-catenary system is mainly discussed even though a sliding mode
observer is combined with the controller in the control system. Because we used the
same design of sliding mode observer, which described in chapter (3). And the
stability of the closed loop control system is proved by using Lyapunov method. In

the design of sliding mode controller, the controlled variable is the contact force f,

between the pantograph and the catenary.

2
Ak, d

r o+ 1 g T _ O u Nominal * fe
s : — plant +

S, Observer

Fig 4.1 Overall block diagram of the control system

In section 4.2, a basic concept of the variable structure system with sliding mode
control is introduced. Section 4.3 is devoted to the design of a sliding mode controller
and section 4.4 is presented the stability analysis of the closed loop control system.
Numerical simulation is carried out and the output reduction is discussed in section
4.5.
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4.2 Variable Structure Control

The concepts of variable structure system originated in the Soviet literature in
1955 and got much attention in 1977 when Utkin published his famous paper in
English. The variable structure control systems include a feedback control law which
employs a discontinuous control action and decision rule. [15] The decision rule is
often based upon the behavior of the switching function and determines which of the
control law is activated at any instant times.

The basic idea of control systems are designed to drive the system state trajectory
onto a specified surface in the state space, named sliding or switching surface and
keep the system state on this manifold for all the subsequent times. In order to achieve
the control objective, the control input must be designed with a sufficient to overcome
the uncertainties and the disturbances acting on the system. [15, 16, 17, 18] There are
two main advantages of sliding mode control approach. First, while the system is on
the sliding manifold it behaves as a reduced order system with respect to the original
plant. In the nonlinear systems, an appropriate selection of switching function may
render the reduced order motion to be linear or almost linear. Secondly, the close loop
response becomes totally insensitive to some particular uncertainties and disturbances,
so called matched uncertainty.

For a variable structure control system with sliding mode control, the dynamical
behavior of the system state is divided in to two stages. Firstly, the phase is to drives
the states to the surface. During the motion, the system is effected by any unmatched
disturbances present. Secondly, seek to maintain the states on the switching surface
for the remaining period where it is insensitive to all the matched uncertainty.

In this thesis, linear uncertain systems of the following form are considered,

X(t) = Ax(t) + bu(t) + g<&, (t) (4.1)

where AeR™ and b e R™™ are plant model matrices where n and m are the

number of states of x , input u and &, is considered to represent any uncertainty and

disturbances in the system. The control input is discontinuous across the manifold

o =0. The function of the control input is defined as
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u(t) = -y sgn(o) (4.2)

where y is the relay gain and sgn(o) is denoted as signum function and indicates

the positive and negative sign changes depending on the switching function, that is;

—y for >0
t) =
u(® {}/ for c<0 (4.3)

where the switching function is defined by

a(t) = SX(t) (4.4)
where S e R™" and the system trajectories lie on

S={xeR" : s(x)=0 (4.5)
The controller can be considered as a discontinuous at s =0, due to the effects of
sampling, switching and delays in the device. It is natural to choose the control action

and the switching strategy such that sliding takes place on the switching surface S and

remain on the surface S. It can be clearly understood by the following figure.

S=0"

switching line (hyper - surface)

Fig 4.2 Sliding mode technique
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In practice, an ideal sliding motion may not be attained due to the effects of
imperfections such as delays, hysteresis and unmodelled dynamics and become the
high frequency motion which called chattering effect. Chattering, which is a
dangerous high frequency variations of an controlled system that become the main

problem for sliding mode control.

switching line (hyper - surface)

Fig 4.3 Chattering effect on the control switching line

Figure (4.3) show how delays can cause chattering. The chattering can be

eliminated by replacing the discontinuity in the control law.

X,

Xy

-
boundary layer

Fig 4.4 Boundary layer control
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In such a case, we can design to add various control theories, such as boundary
layer, adaptive switching function and low pass filtering. Among the various solutions
to reduce the chattering: the boundary layer control is the most popular approach.
Figure (4.4) shown the diagram of the boundary layer design. In a boundary layer
design, a smooth continuous function is used to approximate the discontinuous sign

function in a region called the boundary layer around the sliding surface.
4.2.1 Method of equivalent control

This section described a method of establishing the nominal control function
required to maintain a sliding motion remain on the switching function S and the
equations representing the dynamic behavior of the states, named ‘equivalent
dynamics’. In describing the method of equivalent control, it will initially be assumed
that the uncertain function in eq (4.1) is identically zero. Therefore, equation (4.1) can

be rewritten as
x(t) = Ax(t) + bu(t) (4.6)

At time t=t, the system output reaches the switching function S and an ideal
sliding motion is attained. This can be expressed mathematically as Sx(t)=0 and

$(t) =Sx(t) =0 forall t>t,. Substituting for x(t) from eq (4.6) gives

6 = SX(t) = SAX(t) + Sbu(t) 4.7)
The equivalent control associated with the nominal system eq (4.6), written as u,,
Ugq(t) = —(Sb) " SAX(t) (4.8)

This shown that the matrix Sb is required to be the matrix of invertible if an

‘equivalent control u,,’ is exist. The ideal sliding mode dynamics may be given by

substituting the equivalent control u,, into eq (4.6), which results in free motion

59



Chapter 4. Sliding Mode Servo Controller Design

X(t) = (1, —b(Sb) *S)Ax(t)  forallt>t, and Sx(t,) =0 (4.9)
Define the linear projection operator is ,

P, = (I, —b(Sh)™S) (4.10)
which satisfies

SP,=0 and Pb=0 (4.11)

The system matrix governing the sliding motion P,A, which is belongs to the N(s)

and consequently the sliding motion is a reduced order dynamic. Hence, the system
can be decomposed into two sub-dynamics. One is called the Range space dynamics

R(s) and Null space dynamic N(s). The stability and the invariance properties of

the range space is explained in next section.[13, 16, 17]
4.2.2. Invariance properties of VSS

To consider the invariance properties of the range space, eq (4.1) is used
X(t) = Ax(t) + bu(t) + g&, (t)
where &, is considered to represent any uncertainty and disturbances in the system.

Suppose a controller exists which induces a sliding motion on the surface S, then the
equivalent equation can be represented as
Ugy (£) = —(Sb) " (SAX(Y) + Sg&, (1)) fort >t (4.12)

Substituting eq (4.12) into the uncertain system in eq (4.1) yields the sliding motion

X(t) = P,AX(t) + P,g<, (t) forallt>t, and Sx(t;)=0 (4.13)
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where P, is the projection operator defined in eq (4.10). Suppose R(g) < R(b)
then there exist a matrix ReR™" such that g =bR. This leads to P,g =0 and

P.b =0 which described previous section. The reduced order motion as given in eq

(4.13) reduces to

X(t) = P,AX(t) forallt>t, and Sx(t;)=0 (4.14)

where the function &, does not effect the motion. The reduce order dynamics are
insensitive to any disturbances occurring in the Range space R(b). This class of
uncertainty is called matched uncertainty. The invariance properties with respect to

the matched uncertainty makes the “VSS’ a powerful tool for controlling uncertainties

system.

4.2.3 Condition on the existence of sliding mode

According to the sliding mode control law, it is clear that the neighborhood of
switching surface S must be directed towards to the sliding surface. The sliding
surface is locally stable. Using Lyapunov approach, a sufficient condition for
existence of a sliding motion is described. [13, 16, 17]. Lypunov approach is
described in section (4.4). To consider the sliding reachability region, first, it is
necessary to establish sufficient conditions which guarantee that an ideal sliding
motion will take place. The sliding surface must be locally attractive, which may be

expressed as

limo<0 and Ilime>0 (4.15)

o—0" o—0"

which can be clearly expressed as

66 =0 (4.16)

The expressions in eq (4.15) and eq (4.16) are termed as reachability conditions.
However, the eq (4.15) and (4.16) do not guarantee the existence of the ideal sliding
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motion. For guaranteeing an ideal sliding motion, a stronger condition of 7

-reachability is given by

60 < -1l (4.17)

where 7 is a strictly positive constant. The relay gain is generated by using 7

-reachability conditions which shown in fig (4.5).

X, A

Sliding region

- ;y
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.
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_r

s
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Fig 4.5 Reachability region

According to this facts, eq (4.17) is guarantee the system state to arrive the

sliding surface at the finite time. Thus, the relay gain for the sliding mode is obtained

o6 =0S(A, X, +b,u+d.¢&)

= 65{(1-b,(Sb,) *S)A,X, +b,(Sb,) *SV,r —b,ysgn(c) +d,& |

(4.18)
= o{SV,r -Sb,ysgn(c) +Sd,& }

Substitute eq (4.18) to eq (4.17),
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a{SV.r—Sb,_ysgn(o) +sd & | < —77|0'|

ysgn(o) = (Sba)‘{SVa”Sdaeﬂ +,7M} (4.19)
o}

Relay gain satisfies above equation. As mentioned above, chattering is the main
problem of the sliding mode control. To reduced the chattering effect in this research,
the boundary layer design is used. Therefore, in order to eliminate the influence of the
chattering effects and suppress the influence of the uncertainty or disturbances, the
saturation function using boundary layer ¢ is applied which shown in fig (4.6). The
width of the boundary layer is completely depends on the relay gain. If the relay gain
increases, the boundary layer become narrow and the system will be fast. If the relay
gain decreases, the boundary layer become expense and the system will be slow. It is
decided as the trial error so that a sliding mode occurs.

X,

o

Q X|
boundary layer

d

Fig 4.6 Boundary layer design with relay gain

4.2.4. Structure of control law

Based on the variable structure system with sliding mode control, the control law

composed with two parts. This is given as
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u=u, +U, (4.20)

U, =—(Sb) 'S[A% —vr - g& |
u, =-ysgn(o) (4.21)
o = SX

where u, is so-called the equivalent control of the system which is obtained by
letting 6 =0, and u, is the relay input to bring about the sliding motion. And o

is defined as the switching function of the system. It will precisely defined in
controller section.
4.2.5 Regular form

For variable structure control design problem, a particular canonical form, the

so-called regular form, is most useful for analysis. The system has considered as the

matrices (A,b,c) to be controllable and observable. The configuration of eq (4.1)

and eq (4.7) is expressed in regular form

X (t) = A11X1 (t) + A12 X, (t) (4.22)
X (£) = Ay X, (1) + Ay X, (1) + byu(t) (4.23)

with the switching surface is defined by

S(t) = S X, (t) + SpX, (1) (4.24)
where the change of coordinates is defined by an orthogonal matrix T, as

X(t) =T, x(t) (4.25)
With a non-singular transformation T, e R™" exists, the plant matrices (A,b,c)

have the following form. The system state matrix can be written as
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(4.26)

Tr ATrT — |:A11 A12:|

A21 A22

where A, e RO™™ - n js the number of the system states and m is the

number of the measured states. The input matrix has the form

N
b, (4.27)

S=[S, Sq] (4.28)

During sliding motion, the switching function s(t) will be identically zero. Thus

S % (1) +S.x,(t) =0 (4.29)

X, (£) = =Sg'Sy X, (t) (4.30)
=—Mx, ()

where M € R™™™ s defined as

M =S.'S, (4.31)

Therefore, the reduce order dynamics is governed by eq (4.20) and eq (4.28) as

X, (£) = Ay X () — Ap (=Mx (1)) (4.32)
= (An - A12M )Xl(t)

In particular, the reduce order dynamics eq (4.30) makes the system maximally robust
to system uncertainty which occurs within the system has the effect of rendering the
sliding mode dynamics minimally sensitive to the unmatched uncertainty in the

system.
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4.3 Design of Sliding Mode Controller

For the control system, we use sliding mode control theory for both controller and
observer design to regulate the robust contact force. The overall block diagram shown
in fig (4.1). Since an optimal type | servo system is designed, the system takes the

error integration of the output where the controlled variable is the contact force f_.
The augmented state vector is defined as

Xa:“r_y Xy th X1 Xfl X, sz (4'33)

The augmented state equation is expressed as

0 - ktms — mtks _ ¢,ms —m,Cs _ mtks _ m,Cs
m, +m, m, +m, m, + m, m, +m,
0 0 1 0 0
0 ki +kg G +C _ k . C
m, +m, m, +m, m, + m, m, +m,
Xa = 0 O 0 O 1
0 K, C, K, +Kqp C,+Cy;
mfl mfl mfl mfl
0 0 0 0 0
0 O 0 kfl Cfl
B My, Me,
0 o 1 ro1 [ m ] -
0 0 0 m, +m, . (4.34)
0 0 . 0 0
1 0
0 0 0
Ckn o gt X u+ mtgms E+|0]r
mfl mfl 0
0 1 0 0 0
kfl Cf1+cf2 0 0
- B m LV
M¢, Mep Ll | 0 i

fo Wl fo)

=AX,+bu+d. & +],r
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From these equations, it follows the contact force equation is represented by

1

f = 0 km.—-mk. cm.—mc. mk. mc. 0 Ofx
C mt+ms[ t S t''s t S t¥s t''s tvs ]a
g 3 (4.35)
m, +m,
=C, X, +d¢,

From eq (4.34) and eq (4.35), the disturbance coefficient vector d, does not
satisfy the matching condition with the input vector b, which is d, ¢ Range(b,).

To get a good control performance, we design a sliding mode controller. First, we

design a sliding mode control law eq (4.18), the switching function can be defined as

o = Sx (4.36)

a

The first part, equivalent control law u, for this control design can be derived using

eq (4.34) and eq (4.36) as

o =SX,
=S(A X, +b U, +d, & +],1)

when the system enters to the sliding mode controlo =6 =0

Sbaueq = _S(Aaxa +da§t +jar)
(4.37)

ueq = _(Sba)ils(AaXa +da§t +jar)
For this controller design,we neglected the effect of the disturbance, the
perturbation term from the plant system and consider as a nominal

pantograph-catenary system. Removing the disturbance yields;

Uy =—(Sb,)"S(A,X, +],I) (4.38)
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Recall the second part, relay gainis u, = —ysgn(c). The control law of sliding mode

control can be written as
u=—(Sh,)*S(A,x, +j.r)—ysgn(c) (4.39)
4.3.1 Switching Surface design for the plant

It is very important how to determine the switching function o for a sliding
mode controller design, because the sliding motion is prescribed by the switching
function; an ideal sliding motion can be represented by o =06 =0. To simplify the
switching function design, the so-called regular form which described in section
(4.2.5) is employed because this special form makes it possible to avoid the
calculation of the 6 =0.

According to the regular form technique, the system can be decomposed into two
sub-dynamics. One is called the Range space dynamics and the another is Null space
dynamic. To this end, the state equation eq (4.34) can be written with the divided state

vector, partitioned system matrix, and coefficient vectors as follows:

el L Lo ol
o= + u+ &+ r
XR aRl aR2 XR bR O 0

where N is denoted for Null space and R is for Range space. The switching

function is also partitioned as

XN} (4.41)
When system entering the sliding motion, the switching function can be written as

SNXN(t)+SRXR(t)=0 (4'42)

Xg () = =Sg'Sy Xy (t) (4.43)
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Since o =0, during ideal sliding motion, the dynamics of the sliding motion is given
from eq (4.40) and eq (4.41) by

Xy = (Agy —83,Sg Sy )Xy +dy & + T (4.44)

The coefficient vector of the switching function is determined by applying the
LQR theory. In order to design an optimal switching function, the following quadratic

minimization performance index is used

1o o (4.45)
J =§an(t) Qx, (t)dt

where Q is weight matrix and is both symmetric and positive definite and t, is the

time which the sliding motion starts. To transform the performance index into the one
used in the standard LQR problem, where the control effort is inclined, the matrix Q

from eq (4.43) is partitioned as

) R (4.46)
Q:dlag|q1 *P qn|:{Q ) }

qu qRZ

where g, =qy,. Because of the plant system is used the regular form technique, the

weight matrix also need to change with this conversation matrix to the regular form.
However, pantograph-catenary system is originally the regular form, therefore, there
is no need to change any situation. Consider the derivation of the optimal switching
function in the sliding mode control state for the optimal control design of pantograph
overhead system, the state equation where removing the disturbances yields can be

written as
XN = ANlXN +ay,Xg (4'47)
The situation of eq (4.47) can be regarded as a virtual control system, which will be

discussed in next chapter. Then, the eq (4.47) can be seen as the similar as a general
state equation
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X = AX +bu (4.48)
From eq (4.45) and eq (4.46), the quadratic performance index can be rewritten as

3= [ (O QuaX (0 + X (0 Qo Xe (D it (4.49)

After some algebraic manipulations on eq (4.47) and eq (4.49), Riccati equation to
give the optimal solution is obtained by

PyAy +ALPy — 0R,Pyay,an,Py +Qyy =0 (4.50)
where P is the unique positive definite and the following equation is obtained

Xq (1) = —Qraay, Py X,y (1) (4.51)
From eq (4.41) and eq (4.51), the optimal switching function vector can be given by
S'Sy = Gra@n,Py (4.52)

where S;, the range space of the switching function does not directly effect the
sliding mode state. In this controller design, let S; is equal to the one. And the

weight matrix Q from eq (4.46) is determined as follows

0.1

O O O O O o1 O
o O O O r O O
o O O o1 O O o
O O r O O O O
o o1 O O O O O
R O O O O O O

O O O O O o

Note: Sliding mode observer design described in chapter (3).
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4.4 Stability Analysis

The purpose of switching control law is to drive the system state trajectory onto a
specified surface in the state space, named sliding or switching surface and keep the
system state on this manifold for all the subsequent times. The most important task is
to design a switched control that will drive the system state to the switching surface
and maintain it on the manifold. A Lyapunov approach is used to characterize this
task. Since the invariant property of the sliding mode observer which is described in
chapter (3), we investigate the stability of ideal sliding motion given by eq (4.42).
Deleting the reference signal from eq (4.42), it follows;

XN = (ANl_aNZSF;lSN)XN +dN‘§t
(4.53)
= A, Xy +d ¢

sm‘*N

Lyapunov method is used to determine the stability properties of an equilibrium

point without solving the state equation. Let V(x) be a continuously differentiable
scalar function defined in a domain that contain in the origin. A function V(x) is
said to be positive definite if V(0) =0 and V(x) > 0for x. It is said to be negative
definite if V(0)=0andV (x) >0for x. Lyapunov method is to assure that the

function is positive definite when the function is negative definite if is possible. Using
this analogy, the stability is assured.

A Lyapunov function candidate can be taken as

V =X Px, (4.54)

where the matrix P € R™"is symmetric positive definite. It is well known that A,
has stable eigenvalues or A, is Hurwitz, there exists a unique positive definite

matrix P satisfying the following Lyapunov equation

PA, +ALP=-Q (4.55)
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Thus, any stable linear system is quadratically stable. A symmetric positive definite
matrix P satisfying eq (4.53) will be referred to as a Lyapunov matrix for the matrix

A, . The pair of positive definite matrices (P,Q) satisfy the Lyapunov equation, eq

(4.53) and can be defined as

_ Anin(Q) (4.56)
ﬂ’max (P)

and the uncertain function is satisfied

1 (4.57)
6] < 5 mxa

Then, the system state of the plant system, eq (4.51) is stable. The derivate along the

trajectories using a Lyapunov equation, eq (4.52) satisfies

V = x| PAX, + X, ATPx, +2x}Pd ¢
=X}, Qx, + 2%, Pd ¢

(4.58)
< —xy Qxy +2|Pxd ||,

where the Cauchy-Schwarz inequality has been used to obtain the last inequality from
eq (4.56) is

4,
Pul = AXP X <\ e PO [P = A P (459)
And the Rayleigh principle has been used to get the first inequality from eq (4.56)
X0 QX <~y Q[ (4.60)

With the above three equations, eq (4.56), eq (4.57) and eq (4.58), the time

derivative of V along the state trajectory satisfies the boundedness.
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V <200 Q)a [ + x4 llE |

= x| Qx| = 01| (4.61)

where J is defined as

8 = 2/ Ay (P T P) (4.62)

From eq (4.59), if the following inequality holds

A (4.63)
o] < 2oy, |

then the system state in this thesis during sliding motion is asymptotically stable
(sometime referred to as quadratically stable).

This result is a special case of the one Patel and Toda [22] obtained for general
linear time invariant systems subject to linear growth uncertainty, where the

uncertainty was represented by an n-th dimensional vector; d, &, — &, . In their case,

o becomes 24_. (P) and the condition on the uncertainty for the perturbed system

max

to be asymptotically stable is given by

/1min (Q) (464)

<2 ®

]

Furthermore, their research shows that the coefficient on the right hand side in eq
(4.62) is maximized when Q =1. Although the condition given by eq (4.62) is
clearly more conservative than the one by eq (4.61). In this research, we assume
Q =1 to simplify further analysis.

Substituting the perturbation term in the present study

51 (t! th) = Akt Xis (4.65)
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into eq (4.62), then it follows:

1 4.66
Ak, X, | < g”XN [ (4.66)

Therefore, if |Akt|<%, this inequality holds for the system. For example, we

obtained 6 =85 for some sliding mode controller. In this pantograph-catenary
system, the actual fluctuation of the catenary stiffness is terribly large when the train
speed is 360km/h and the span length of each cantilever is about 50 m that can be

seen in fig (4.7).

% 12 14 16 18 20
Time[sec]

Fig 4.7 Catenary stiffness

Even if the values of the nominal stiffness k,, was taken as 1,100N /m, when

the maximum perturbation is about 900. Therefore, eq (4.64) gives a sufficient
condition for asymptotically stability of the closed loop system of the system, this also
implies that the control system that we have designed would not be asymptotically
stable even if the design parameters are adjusted by some means. However, it might
be able to guarantee ultimate stability and boundedness by making use of the

periodicity of the perturbation.
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4.5 Simulation Results

In order to investigate the performance of the proposed controller, numerical
simulation has been carried out. The parameter values of the pantograph-catenary
system are shown in Table 1, where the parameter values of the pantograph are
estimated by identification experiments, and those of the catenary system are
determined based on some references, e.g. Kobayashi et al. [20]. The design
parameters in the controller were determined taking account of this situation so that
sliding mode would take place. Because chattering may result in wear and tear on the
actuator components, it is very important to reduce the chattering from the control
system. To reduce chattering due to the relay component of the control law, we used
saturation function with a boundary layer instead of the relay.

In this section, the numerical analysis of the sliding mode controller is performed.

The transfer from the reference input r to the contact force f, is

5.95x10%s® +3.78x10"s% +3.83x10"s + 4.15x10°®

G, (s)=
»(8) s® +1335° +1.87x10%s* +1.19x10°s* +3.9x10"s% +5.15x10" s + 4.15x10°

The design parameters in the controllers are as follows:

S=[-032 -9202 -318 -28.17 231 121.53 1]
relay: p =100

boundary layer: 6 =+3

Weighting matrix : Q =diag[0.1 5 1 5 1 5 1]

With these parameters, the poles and zeros in the transfer function from the

reference signal to the contact force are obtained as follows:

zeros=z,, =[0 -633 -0.5+3.27i]

Poles=P, =[0 —21.07+105.14i —44.97+35.49 —-0.5+3.27i]

where ry represents the output value y and input reference value r. Hence, the

sliding mode controller is used in this system, the zero eigenvalues are present. It
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should be noted that a pair of poles approximately cancel out a pair of zeros at
—0.5+3.27i which is the mode of the catenary subsystem given by eq (2.19) from
chapter 2. Therefore, a perfect output zeroing can be achieved by exact pole-zero
cancellations which make an unobservable subspace in the state space of the control
system. From a physical point of view, in addition, these closed-loop poles will make
it possible that the pantograph head is following the catenary wire motion not to
prevent its free motion, yielding a good regulation of the contact force.

Because the proposed controller achieved a good performance as expected for the
simulation result, we carried out some simulations in more realistic situation. That is,
although we neglected the actuator dynamics when designing the controller and

observer, we inserted the following dynamic model of the pneumatic actuator

1
G ) = e—0.00ZS
(5) 0.013s5+1 (4.67)

which had been obtained by some experiments. Furthermore, it was assumed that
three measurements for the controller and observer were corrupted by white Gaussian
noises whose maximum magnitude and some important parameters are as shown

below:

Contact force: +4N

Catenary equivalent stiffness: 2Hz
Displacement of the lower frame: +1x10™*m
Velocity of the contact wire/shoe head: +1x10™*m/s

Nominal value of stiffness fluctuation: k, =1100N /m

The design parameters in the controller and observer were determined taking
account of the above situation. Figure (4.8) shows the switching function, s, where
the switching function stays within the boundary layer that can prove that
quasi-sliding mode exists. Figure (4.9) and fig (4.10) show the estimation errors of

sliding mode observer, e, , used in the observer eq (3.43) and eq (3.44) which

y )
described in chapter (3), where the true state variables are used for control to evaluate

only the observer performance. Figure (4.9) shows the simulation result of the
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estimation error without actuator dynamic and fig (4.10) shows the simulation result
of the estimation error with actuator dynamic. It can be seen from the chattering
around the origin as shown in fig (4.10) that the quasi sliding mode takes place in
spite of the existence of the actuator dynamics.

0.05

|
NIl
o |
AT
M |
SO VO

-0.35

switching function

time(s)
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Fig 4.9 Estimation error, e, without actuator

Figure (4.11) shows the simulation results of the steady state response of the
control input with actuator control and the without actuator control. The simulation
result of those two are almost the same, which means that the designed controller is

appropriate for the actuator dynamics.
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Fig 4.11 Control input

Figure (4.12 a,b) shows the steady state response of the contact force and the
catenary displacement. Figure (4.12.a) shows the contact force in the steady state in
comparison with the passive case where the static uplift force is provided. It is clear
that the active pantograph achieves much better regulation performance than the
passive one. Figure (4.13), fig (4.14) and fig (4.15) show the simulation result of the
step response of the control input, contact force and catenary displacement, from

which it can be seen that the transient response is also good.
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From fig (4.12. a), it can be numerically verified that eq (4.66) does not hold with
the above switching function shown in fig (4.8). As can be seen from these results,
however, the closed-loop system is not asymptotically stable but seems like ultimately
bounded. Furthermore, the system was asymptotically stable under the condition,

& = 85,|Ak,| <10. This means the condition |Ak,|<1/& is conservative.

If the perturbation is strictly periodic just shown in fig (4.12. a) this system can be
seem as a parametric excitation system and there are some other methods such as
Floguet theory to analyze the system. However, actual perturbation is not strictly
periodic, and other analyzing methods should be established to prove the ultimate

boundness of the system. Figure (4.12 b) shows the catenary displacement of the
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system where the true value and estimated value is the almost the same. It is clear
from this figure that the pantograph head is following the catenary wire motion not to

prevent its free motion.

4.6 Conclusions

In this chapter, we discussed two different section of pantograph-catenary system.
In the first section, we proposed a sliding mode controller together with the sliding
mode observer, taking account of the flexibility of the articulated frame in the actual
pantograph. An introduction to the variable structure system (VSS) is described. The
condition to ensure the switching surface, so-called reachability condition, is also
described. The reduce order sliding dynamics is formulated. Here, it is also discussed
about how to avoid the chattering effects of the system using boundary layer. The
proposed controller achieves the robust output (contact force) by pole-zero
cancellation during sliding mode. A physical interpretation of this pole-zero
cancellation is also given, that is, the pantograph head follow the catenary mode
without preventing its free motion.

Secondly, we analyzed the robust stability of the active pantograph system using
Lyapunov method. Although one sufficient condition for asymptotic stability has been
derived, but it is too conservative. Therefore, other methods to prove more practical
stability such as the ultimate boundness of the system is still under investigation.
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Chapter 5

Optimal Sliding Mode Servo Controller
Design

5.1 Introduction

This work reported herein is a continuation of our early study which investigates
the control of the contact force of an active pantograph. As an extension of chapter (4),
in this chapter, we mainly discuss a design method of optimal servo systems based on
sliding mode for an active pantograph with flexibility subject to the stiffness variation
of the catenary. Uncertainties in dynamical and control systems are ineluctable.
Robust controls represent a class of methods to handle uncertainties. In fact, the
sliding mode control is a powerful robust nonlinear control technique for the systems
with uncertainties. Therefore, an optimal sliding mode servo controller together with
the sliding mode observer is proposed in order to regulate more robust contact force
of an active pantograph.

The points for controller design in this research can be summarized as follows:

“ If the contact force can be used as a switching function in the sliding mode
controller, the contact force would be regulate very well because sliding mode takes
place when the switching function is forced to be zero by a relay control. In such a
case, however, it is impossible to guarantee the existence of sliding mode because of
the relative degree between the control input and the contact force, which must be one
for the existence. In order to get around this problem, the switching function was
constructed just to “approximate” the contact force by introducing a design

parameter.”
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In order to regulate the contact force, we have been developing an active
pantograph with a pneumatic actuator which described in chapter (2). After that,
however, it was found through some experiments that the frame had flexibility which
could not be ignored to control the contact force. This flexibility increase not only the
freedom of motion but also the relative degree mentioned above.

We employ sliding mode theory both controller and observer. The overall block
diagram is shown in fig (5.1) where the reference r is the reference contact force,

the contact force f_ is the control output,o is the switching function of sliding

mode control and u is the control input to the system. To compensate the tracking
error in steady state, integral action with respect to the tracking error is used, although
the tracking error cannot be kept zero due to the uncertainty as mentioned above. At
first, assuming all the state variables are available for control, we design an optimal
sliding mode control law applying a design method of optimal linear tracking system,

and then design a sliding mode observer to estimate the state.

Uncertainty

a %
f
— dr
S
— Ak, d
Integral compensator Xy ,f"
r (f + f
- i ¢
% NN S, ° H “ﬁr)“ Nominal + C)
A L s A — Y Plant
\ u,
Equivalent
control
S, ©«— Observer

Fig 5.1 Overall block diagram

In this research, therefore, we present a design method of an optimal servo
systems based on sliding mode taking account of the flexibility. Although most of the

active pantograph systems in literature only regulate the contact force under model
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uncertainty or disturbances, servo system should be realized by making efficient use
of active force.

For example, the desired contact force might be changed due to some trouble in
the catenary. In such a situation, transient response to a step command would be very
important. LQR (Linear Quadratic Regulator) technique has been successively applied
to not only linear servo systems but also sliding mode control systems. To our best
knowledge, however, the reference signal must be assumed to be zero to treat it as a
regulator design problem in the optimal design methods for sliding mode servo
controllers [22, 23]. As a results, transient response such as step response cannot be
taken into account explicitly. On the other hand, Takeda and Kitamori proposed a
design method of linear optimal servo systems without such an assumption . We apply
their method to design a sliding mode servo controller, which makes it possible to
take the transient response into account and gives an important guidelines for
controller design. Finally, we combine the controller with a sliding mode observer
which described in chapter (3) [23, 24].

As an extension of the early chapter, here, we mainly discuss the design of the
controller in which switching function, optimal linear gain and virtual plant system
are include. Theoretical background which was explained in chapter (3) and chapter
(4), therefore, here we mainly point out how to design the optimal based servo sliding
mode controller. The main advantages of this optimal sliding mode servo control is
that they can provide a more robust optimal control to the system. The optimal sliding
mode control system works as follows:

B If the control system is dominated in the region of nominal part, the system
behavior is mainly governed by optimal control.
B If the control system is dominated in the region of perturbations, sliding
mode control will take over the main control task.
In section (5.2) describes the main controller design of the active pantograph system.
Analysis of the optimal servo system is described in section (5.3). Finally, Numerical

simulation results of the proposed controller is given.
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5.2 Design of the controller

We employ the (VSS) sliding mode theory to design the controller. There are two
main task in a variable structure control system with sliding mode control. The first
one is that the phase is to drives the states to the surface. During the motion, the
system is effected by any unmatched disturbances present. Secondly, seek to maintain
the states on the switching surface for the remaining period where it is insensitive to

all the matched uncertainty. To design the controller, the plant to be controlled is

X=Ax+bu+d,& (5.1)
y =cx+d¢, (5.2)

where AeR®®and beR™® are plant model matrices where n and m are the

number of states of x , input u and &, is considered to represent any uncertainty and

disturbances in the system. Recall the state vector to be controlled which described in

chapter (2) is

>'<=[xtS X Xi1 Xg1 o Xg, sz] (5.3)
Having introduced the integral action, the augmented state vector is defined as

z=[[r—y X X X1 X Xgp o X, (5.4)

Rewrite the state equation of the augmented system for the pant system is

expressed as
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0 _ kem, _emg-mc,  mk,  mgc,
m, +m, m, +m, m, +m, m, +m,
0 0 1 0 0
0 - K, +K, G +C ~ K, G
m, +m, m, +m, m, +m, m, +m,
2=0 0 0 0 1
0 ks CS _ ks +kf1 _Cs +Cfl
mfl mfl mfl mfl
0 0 0 0 0
0 0 0 kfl Cfl
mf2 mf2
0 0 i B 0 7 _ __ mq i
0 0 0 L m, +m,
0 0 0 0
0 0 1
0 0 0 (5.5)
k Ch |z+ U+[0fr+| Mt+Mg 1=
— O 0
m mg, 0
0 1 (1) 0 0
k Ci +Cs, 0
- m 0]
m Mep | S L 0 .
0 -c 1 d
= Z+| U+ r+] |8
0 A 0 d
=Az+bu+vr+d¢
The output equation is expressed as
f = L [0 km,—mk, cm,—mc, mk, mc, 0 0
m, +m,
mS
m, +m g
CE 5.6
=[0 clz+d¢g 50)
=Cz+d¢,
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From eq (5.5) and eq (5.6), the disturbance coefficient vector d, does not satisfy
the matching condition with the input vector b, which is d, ¢ Range(b). To get a

good control performance, we design a sliding mode controller law.

5.2.1 Control law of the controller

Based on the standard sliding mode control theory, the control input u is

composed of two components as follows:

u=u, +u, (5.7)

where u, is the so-called equivalent control and u, is the relay input to bring about
the sliding motion. Th equivalent control u, which is obtained by solving the

switching equation shows in eq (5.8).

6=52=0 (5.8)
Equation (5.5) substitutes to eq (5.8) for the control u is

6 =SAz +Sbu, +Svr +d¢,

when system enters to the sliding mode 6 =0

SAz +Sbu, +Svr+dé, =0

Sbu, =-S(Az+Vr+d¢&,)

u, = —(Sb)*S(Az +Vr +d¢&,) (5.9)

For this controller design,we neglected the effect of the disturbance, the perturbation
term from the plant system and consider as a nominal pantograph-catenary system.

Removing the disturbance yields;
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u, = —(Sb)'S(Az +Vr) (5.10)
The relay input u, is defined as

u, = (Sb)™ psgn(o) (5.11)
The control law of the controller, eq (5.7) is rewritten as

u=—(Sb)*S(Az +Vr) + (Sb) ™ psgn(c) (5.12)
5.2.2 Switching surface design

As mentioned chapter (4), It is very important how to determine the switching
function o for the sliding mode controller because the sliding motion is prescribed
by the switching function; an ideal sliding motion can be obtained from o =06 =0.
To simplified the switching function design, the so called regular form is employed
because this special form makes it possible to use of complicated equivalent control to
represent the dynamics during ideal sliding mode. To apply the regular form
technique, the state equation eq (5.5) is divided into two subsystems, i.e. two

sub-states z, and z., which are sometimes referred to as “Null space dynamics”

and “Range space dynamics” respectively.

5 — i.N _ ?Nl ay, || 2y n 9 U+ Vi ra aN & (5.13)
2, g, g, || Zg b, 0 0
2y = A Zy Fay,2, +V F+d & (5.14)

u (5.15)

where z, eR®, z,eR', A, R, q,ecR*, q,ecR*®, a,en',
V, €R®, b eR' and d, e R*.

The output equation in regular form is given as
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(5.16)
fc :[EN O{ZZN}+dégt =Cy\Zy +d§t

R
where T, e R*® and d e R'.

The coefficient of the switching function is also partitioned corresponding to the

subsystem as

o=[S, 1z=[S, 1{“}

2, (5.17)

where the last element in S is assumed to be 1 without any loss of generality
because the switching function from the range space region does not directly effect
the sliding mode state. Since o =0 and the system order is reduced by one during
ideal sliding mode, the dynamics of the sliding mode is represented by eq (5.14) and
and o =0 witheq (5.17) instead of the range space dynamics eq (5.15) as

Z, =-S,Zy (5.18)

During ideal sliding motion, the dynamics of the sliding motion is given from eq
(5.14) and eq (5.18) by

Zy = (A —a,S,)Zy +Vyr+d & (5.19)

One of the advantages of this form is that z, can be though of as virtual linear
state feedback control for the Null space eq (5.14) which will be discussed in next

section, and thus the coefficient of the switching function, S, can be determined by

linear control theory as a feedback gain vector.
5.2.3 Design of a Linear feedback gain

The coefficient vector of the switching function is determined by applying the
LQR theory. In order to design an optimal switching function, the following quadratic

minimization performance index is used
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Lo (5.20)
J —EJ;SZ Qz dt

where Q is weight matrix and is both symmetric and positive definite. To transform
the performance index into the one used in the standard LQR problem, where the

control effort is inclined, the matrix Q from eq (5.20) is partitioned as

Q:diag|Q1 4, - Qn|:|:Q11 q12:| (5.21)

di. G2

where Q. e R*®, q, eR*® (q, =0)) and g, €R'. After some algebraic

manipulations eq (5.20) is seen

1% ~
J =EI(ZLQZN + 0Vt (5.22)
ts
where
Q =Qy - Q2_21Q12q12 (5.23)
V=1Zg "‘qz_zl(ﬂzzN (5'24)

To simplify the analysis, letting Q be diagonal, so that

q, O O 0 o0 ©
0 g, 0 O O O
0 0 ¢ 0O 0 0 )
Qu= . , 0, =0 (5.25)
c o 0 g, 0 O
o 0 0 0 g O
0 0 0 0 0 g
Yielding, Q =Q,,, V=1z,.Finally, the quadratic performance index is
B 17 T 2
J _EI(ZNQMZN + 0,25 )dt (5.26)
ts
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Using Riccati equation to give the optimal solution is obtained by

PNKNl +KL1PN - qZZPNaNzaLZPN +Q,; =0 (5.27)

where P is the unique positive definite and the following equation is obtained

-1,T

Zg :_qZZaNZPNZN (5'28)

The optimal switching function vector can be given by

14T

SN :qZZaNZPNZN (5'29)

5.2.4 Design of Virtual Linear State Feedback Control

As we mentioned above, the advantage of the optimal servo sliding mode form is
that z, can be thought of as virtual linear state feedback control for the Null space

dynamics. Figure 5.2 shows the system block diagram of the virtual linear servo

system.
5™ order virtual plant
l/” \\‘
ro ¥ 1 |Zm NP Zva | 1 ev2| 1 f.
v, = =Sy =0 Ay o e
_ ) - : §
ANl
\\ 'I
SNZ

Fig 5.2 Virtual linear servo system equivalent to ideal sliding mode

91



Chapter 5. Optimal Sliding Mode Servo Controller Design

In this research, therefore, we divide the Null space dynamics further into two
subsystems. The state equation of the sliding mode dynamics eq (5.5) for Null space

region is partitioned as

ZNl
2, { } (5.30)

ZN2

The system state matrix is divided as

—' ktms mtks Ctms mtcs mtks thS 0 |
................... M MMM M M M
ol ! X 0 %0
— + c +C C, | |in
AN1: O ot S Tt S S _ S 0
m, +m, m, +m, m, +m, m+mgi i
0 0 0 0 1 i 0
0 K, C, Ko +Kyg Co+Cpi | Ky
Mgy My My Myy mfl
9 0 0 0 0 AU
where A, is divided as,
0 0 1 0 0 |
0 _ketky o c+c, 0
A m, +m, m, +m, m, +m,
A, =0 0 0 0 1 ,
0 K, C, _ks+kf1 _Cscfl
mfl mfl mfl mfl
0 0 0 0 0 |
F o
0
a,=|. |where &,=
dy, _ Ky
mfl
(- O —J
The output equation is
_ km,-mk, cm,—-mc, mKk m,C,
CN — |:O t t t t t t O (531)
m, +m, m, +m, m +m, m +m,
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k,+m, cm,+m.cC, m, K, m,C,
m, + m m, + m m,+m,  m, +m,

Cy =[0 &,] where ¢, :{ 0

where z,, e R, z,,eR™, 4, =R, &, =R*S and A, e R>®. According
to above calculation, the state vector of the virtual plant system is almost the same as

the augmented state vector equation which described in eq (5.5) without

disturbance/uncertainties . The virtual state matrix A, can be defined as

o -g,
Ay = 0 A (5.32)

The switching function is also partitioned as

SN :[SNl SNZ] (5.33)

where S, e R',S,, € R*®. Where we use ¢, in A,, noting that the first row in

A given in eq (5.5) originally contains the coefficient of the output in eq (5.6). Using

these matrices and assuming & =0 to get a nominal model for controller design.

And then, equation (5.14) is rewritten as

2y, =T —Cy
(5.34)
Zy, = r— fc
zNz :ANIZNZ +é‘NZZR (5'35)
where we use the fact that
f,=cx=Cyz,
~ Z ~
:[0 CN:{ Nl}:CNZN2 (5.36)
Zy,
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which is easily derived from eq (5.16) under the assumption &, =0. In a similar way

the virtual control eq (5.18) can be rewritten as

Zg :_SNZN

= _SNlZNl _SNZZNZ

(5.37)
= =Sy, [ (r=f)dr =S ,2,,

Equation (5.34) and (5.37) are represented by the block diagram of the virtual linear
servo system which shown in fig (5.2), from which it turns out that the coefficient of
the switching function can be though of as a feedback gain vector for the virtual plant

eq (5.35) with an integral compensator by eq (5.34) and eq (5.37).
5.2.5 Design of an Optimal Switching function for the virtual plant

In order to determine an optimal switching function for the virtual plant, we apply
the design method of optimal linear tracking systems proposed by Takeda and
Kitamori. There are two features in their approach. One of them is to use the control
input instead of the output of the integral compensator as a state variable, i.e. z,

instead of z,, in the equivalent system shown in fig (5.2). Another one is use to a
deviation system from the steady state under the assumption the reference signal is a
step function or constant. As a result, the tracking error, r— f_, can be thought of as
the system output, and it can be weighted in the quadratic performance function as
below.
Recall the virtual linear equation to be controlled;
2y, =T—-Cy,Zy,=r—1,
Zg = =Sy, [(r=f)dz=S,2,,

In order to formulate the tracking problem to LQR, the state vector of the virtual
linear servo system is defined as [z,, z,]. Using the above equation, we can derive

the deviation system from the steady state for the virtual linear servo system as

follows;
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el [ L 2T ufma)f 0], 53)
ZR _SNZ SNl 6N 0 Zp SNl '
. z
f =[¢, o{ NZ} (5.39)
ZR

Assuming the both reference signal and the disturbance are constant in the steady
state, the equilibrium point can be obtained as follows:

AN1 aN2 |:ZN2(C'O):| { 0 }
+ Zp
f:N O } ZR(OO) SN1

(5.40)
|:AN1 é‘N2:||:0:|
= Zq
&, 0 |1
_Ia Z ()
f, () = [¢, O{zR(w)} (5.42)

Define the new state and output for the tracking problem, which are perturbations

from the equilibrium.

ZN2e=ZN2_ZN2(°°) (5.42)

Zpe =1Zgp— ZR(OO)

Defining z,, and 1z, as the deviation of the state and the control,

e
respectively, and taking z,,, =[Zy, Zs] @S the augmented state vector. The

augmented deviation system can be represented by
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zRe ZR _SNZ SNl 6N 0 Ze SN1 "

(5.43)

where,

Z e
®=1q =—fe[ N? } (5.44)

ZRe

Define the matrix f, as;

A, 4
fe =1S -S N1 N2
[ N2 Nl:1: éN O :| (545)

The tracking error is defined as;

. z
e=r—f =[¢, o] “*
Ze (5.46)

Equation (5.43) can be though of as a plant to be controlled with the control input
@ which is linear state feedback eq (5.44) and eq (5.46) can be thought of as the

output equation. Because the feedback gain f, includes the coefficient vector of the

switching function in eq (5.45), it is given by

-~ -1
A, &
S -5 — N1 N2 f
R { O}e an

once f, is obtained. The matrix on the right-hand side in eq (5.47) is non-singular

because the virtual plants eq (5.35), eq (5.36) does not have any zeros at the origin as
the original plant eq (5.1), eq (5.2). Finally, applying the LQR technique with the

performance index
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{eT ge+ o’ }dt

0 AT ~A
- I{[ZTNZE Zge {CNQCN 0}{2“9} + a)z}dt (5.48)
5 0 0| Zge

The optimal feedback gain f, is obtained by solving the standard Riccati equation.

J=

O ——y 8

P A, +AlL P, —aP4,,a,P, +q=0 (5.49)

It should be noted here that the tracking error is directly weighted by ¢, and the
virtual control inputis @ =2, =X,,. That is, the optimal control obtained under the
performance index achieves the trade-off between the tracking error and the
acceleration of the lower frame. However, evaluating the acceleration of the lower
frame means to penalize the use of control effort implicitly, because the equation of

motion eq (2.8) which described in chapter (2), implies that it is highly depend on the

control force f,.
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5.3 Analysis of the Optimal Servo System

In this section, we will apply the SRL (Symmetric Root Locus) method, which

gives the locus of the optimal poles with respect to the parameter g under the

performance index eq (5.48), to analyze the optimal servo system designed in the
previous subsection. The optimal poles are the stable roots in the left half plane of the

SRL equation,
1+ pG,, (-9)G () =0 (5.50)

where G, (s) is the transfer function of the virtual control input @ to the tracking

error e,

G, () = [, o]£3| —{AOM ég?D m (5.51)

1.88x10°s% +1.19x10%s? +1.21x10%s +1.31x10°

G, (s) =
g s° +11.57s* +99.29x10%s% +1.13x10%*s? +1.29x10°%s

The symmetric root locus is obtained for q=102 ~10° is shown in fig (5.3),

where a portion around the origin in the left figure is zoomed in the right figure.

Root Locus Root Locus
1500 6

1000 4 — <
P —
2 500 4 0 2
g \’ / g
<\ L=
e =t z
= 500 =2
N\ g -
-1000 4 b ‘.
41500 4
1500 1000 -500 0 50 1000 1500 2 15 1 95 0 05 1 15 2
Real Axis Real Axis
(@) Overall (b) around the origin

Fig 5.3 Root locus of optimal sliding mode poles
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As shown in this figure, the stable roots converge to the zeros of G (s) as p

increases, which is the same property as normal roots. In this research, the weighting

factor is set to W =10", the poles and zeros in the transfer function from the

reference signal to the contact force are obtained as follows:

Poles =[-633.33 —0.5+3.28i]

zeros=[0 -5.28+98.78i —0.5+11.49i]

Noting that these zeros are identical to those of the virtual plant in fig (5.2), they must

satisfy the determinant equation with respect to s

=0 (5.52)

On the other hand, the determinant equation for the zeros of the original plant eq
(2.18) which described in chapter (2) can be written by expending the determinant
with respect to the last column as

s 1 0 0 0 0 o]

a, a,-S a, a, O 0 0

0o 0 -s 1 0 0 ‘o

A-sl Db et
c 0 = |8a 8y, A3 Ay —S Ay A4 ' 0 '
o 0o o0 0 -s 1 ‘o

0 0 % & 3 3 s bl

C C, C, C, 0 0 -:_Q_T

(5.53)
:bGANf_SI ay, 0
Cy 0

where a; isanelementof A, b, isanelementof b,and c; isanelementof c.

It can be seen from egs (5.52), (5.53) that the optimal poles converge to the zeros of
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the original plant eq (2.19) which described in chapter (2). As mentioned below eq
(2.19), the complex zeros near the origin are identical to the poles of the nominal
catenary system eq (2.11). The asymptotic property reveals that two optimal poles
converge to the catenary poles as p increases so that pole-zeros cancellation are
approximately brought about. This analytical result is very sound from a physical
point of view, because the pantograph should follow the catenary motion to reduce the

contact force variation.

5.4 Simulation results

In this section, the numerical analysis of the optimal servo system based sliding
mode controller is performed. The transfer from the reference input r to the contact

force f_ is

B 1.88x10°s® +1.18x10°s® +1.21x10%s +1.31x10°
s® +211.95° +3.23x10%s* +2.80x10°%s°® +1.22x10%s2 +1.49x10%s +1.31x10°

G, (s)

In order to investigate the performance of the proposed controller, numerical
simulation has been carried out. The parameter values of the pantograph-catenary
system are shown in Table 1, where the parameter values of the pantograph are the
estimates by identification experiments, and those of the catenary system are
determined based on some references, e.g. Kobayashi et al. [13]. The designed

parameters in the in the controller is as follows:

weighting factor: q =1

switching function: S=[-1 —385.068 —7.143 185.998 6.262 200.286 1]
relay gain: o =100

boundary layer: +0.05

With these parameters, the poles and zeros in the transfer function from the reference

signal to the contact force are obtained as follows:

zeros=[-633.33 -0.5+3.28i]
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poles = [-29.89+119.69i —75.54+46.09i —0.5+3.28i]

It should be noted that a pair of poles approximately cancel out a pair of zeros at
—0.5+3.28i which is the mode of the catenary subsystem given by eq (2.19) from
chapter 2. Therefore, a perfect output zeroing can be achieved by exact pole-zero
cancellations which make an unobservable subspace in the state space of the control
system. From a physical point of view, in addition, these closed-loop will make it
possible that the pantograph head is following the catenary wire motion not to prevent
its free motion, yielding a good regulation of the contact force.

Because the proposed controller achieved a good performance as expected for the
simulation result, we carried out some simulations in more realistic situation. That is,
although we neglected the actuator dynamics when designing the controller and
observer, we inserted the following dynamic model of the pneumatic actuator

1
G g) = e—0.00ZS
()= 50135 11 (5.54)

which had been obtained by some experiments. Furthermore, it was assumed that
three measurements for the controller and observer were corrupted by white Gaussian
noises whose maximum magnitude and some important parameters are as shown

below:

Contact force: +4N

Catenary equivalent stiffness: 2Hz

Displacement of the lower frame: +1x10™*m
Velocity of the contact wire/shoe head: +1x10™*m/s

Nominal value of stiffness fluctuation: k, =1100N /m

The design parameters in the controller and observer were determined taking
account of the above situation. Figure (5.4) shows the switching function, s, in the
controller and observer in steady state. It can be seen from fig (5.4, a) that the
switching function in the controller stays within the small boundary layer, which can
prove that quasi-sliding mode takes place in spite of the existence of the actuator

dynamics eq (5.54). It can be seen from fig (5.4, b) that the estimation errors, e,
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which is the switching function vector as well, contains high frequency components

due to the sensor noise but quite small, yielding the sliding mode.

0.05

0.04

003 [ .s
| i

I N

switching function

0.01 J

:0.02 ‘{ )

A R
| u

-0.04

-0.05

5 6 7 8 9 10
time(s)

Fig 5.4 (a) Switching function in steady state: In controller
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5 6 7 8 9 10
time(s)

Fig 5.4 (b) Switching function in steady state : In observer
Figure (5.5) shows the simulation result of the steady state response. As shown in
fig (5.5, a), two control inputs, one is with the actuator and the other is without

actuator, are almost the same, which means that the controller demands appropriate
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control force for the actuator dynamics. Consequently, as shown in figs (5.5, b) and
(5.5, ¢), the active pantograph regulates the contact force much better than the passive
case, where the static uplift force is provided, by keeping the variation of the catenary
displacement very small with the highly accurate estimates by the observer.

65
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5 [ I J
N
(<5}
[&]
-
O 50 5
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40 “

—— without actuator
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35 1 1
5 6 7 8 9 10

time(s)

Fig 5.5 (a) Steady state response: For control input
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Fig 5.5 (b) steady state response: For contact force
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Fig 5.5 (c) Steady state response: for catenary displacement

Figure (5.6) shows the step response of the catenary displacement and contact
force, from which it can be seen that the transient response is also good with small

rise time and no overshoot expect for that due to the steady variation.
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Fig 5.6 (a) Step response: For catenary displacement
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Fig 5.6 (b) Step response: For contact force

5.5 Conclusion

In this chapter, we proposed a sliding mode controller using optimal servo control
theory and sliding mode observer, taking account of the flexibility of the articulated
frame in the actual pantograph. It has been pointed out through our analysis of the
plant and the closed-loop system using SRL (symmetric root locus) technique that
pole-zero cancellations play an important role to control the contact force. A physical
interpretation of the pole-zero cancellations is that the pantograph head should follow
the catenary motion to reduce the variation of the contact force. The simulation results
has confined the good performance and robustness of the proposed control system in
the presence of variation of the catenary stiffness.

Although the measurements for the observer which described in section (3.6) of
chapter(3), were assumed to be the velocity of the contact-wire/shoe and the
displacement of the lower frame, other choices should be investigated taking more
practical situations such as noise level into account. Much more rigorous analysis of
the closed-loop stability dealing the plant as a time-varying system which described in

section (4.4) of chapter (4) is still under investigation.

105



Chapter 6. Conclusion

Chapter 6

Conclusion
6.1 Summary of Study

The main objective of this thesis is to investigate the robust contact force of an
active pantograph for high speed trains. The work includes the studies on the
structures and the dynamics behavior of the active pantograph-catenary system. Three
different control strategies have proposed, taking account of the flexibility of the
articulated frame in the actual pantograph. Firstly, the development of the contact
force control of an active pantograph using a linear state feedback controller together
with the sliding mode observer has been considered and secondly, the development of
an active pantograph using sliding mode controller together with the sliding mode
observer has been improved where the disturbances and uncertainties were neglected.
Finally, the development of a robust contact force control of an active pantograph
using optimal servo system based sliding mode controller together with the sliding
mode observer has been developed. It has been pointed out through our analysis that
the pole-zero cancellations play an important role to control the contact force.

In chapter 2, the construction of mathematical model of the pantograph head and
the catenary system is described. An active pantograph using pneumatic actuator is
developed in this chapter, which is considered for the entire thesis. It is very important
to control the contact force between the pantograph head and the overhead contact
wire because the active pantograph system for the high speed train in this research is
considered as moving state. After that, however, it was found through some
experiments that the frame had flexibility which could not be ignored to control the

contact force. The stiffness of the overhead contact wire in catenary system is a main
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source of the variation of the pantograph. Hence, the fluctuation of the equivalent
stiffness between the pantograph head and the overhead contact wire, make it happen
a problem to control the contact state of the system. The important measurements
which are used in this thesis is also described. The problem formulation of the
pantograph-catenary system is proposed.

Chapter 3 has mainly discussed the design of a linear state feedback controller
together with the sliding mode observer. The main objective of this controller design
is that the active pantograph can resist the disturbances/ uncertainties using optimal
force, which is derived from the feedback state and can achieved the best theoretical
performance. The theoretical background for both controller and observer are
discussed with the figures. LQR (linear quadratic regulator) technique has been
successively applied to the linear servo system. The problem of designing the sliding
mode observer using VSS (variable structure control system) is considered. It has
been emphasized that one of the key points to regulate the contact force is pole-zero
cancellation in the nominal model without perturbation. Finally, the simulation results
of the controller and observer, which is described with good performance results.

Chapter 4 has discussed two different sections: the sliding mode controller design
and the stability of the system. Firstly, a sliding mode controller together with the
sliding mode observer is proposed, taking account of the flexibility of the articulated
frame in the actual pantograph. An introduction to the variable structure control
system with sliding mode control is described. The reduce order sliding dynamics is
formulated. It is also discussed the use of boundary layer design to avoid the
chattering effects. The proposed controller achieves the robust output (contact force)
by pole-zero cancellation during sliding mode. A physical interpretation of this
pole-zero cancellation is also given, that is, the pantograph head follow the catenary
mode without preventing its free motion. Then, the robust stability approach for the
active pantographs system is analyzed. Lyapunov theory for stability analysis is used.
One sufficient condition for asymptotic stability has been derived but still need other
methods to prove more practical stability.

Chapter 5 has proposed a sliding mode controller using optimal servo control
theory and sliding mode observer. The design of the controller in which switching
function is mainly discussed, optimal linear gain and virtual plant system are included.
LQR (linear quadratic regulator) technique has been successively applied to not only

linear servo systems but also sliding mode control systems. The main advantages of
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this optimal sliding mode servo control is that they can provide a more robust optimal
control to the system. The function of an optimal sliding mode control system is as
follows: if the control system is dominated in the region of nominal part, the system
behavior is mainly governed by optimal control. If the control system is dominated in
the region of perturbations, sliding mode control will take over the main control task.
A physical interpretation of this pole-zero cancellation is also given, that is, the
pantograph head can follow the catenary motion not to prevent its free motion by
assigning some of the closed loop poles on the catenary mode. The simulation results
has confined the good performance and robustness of the proposed control system in

the presence of variation of the catenary stiffness.

6.2 Future Work

There are some subjects to investigate in the future as follows:

1. To make sure of the effectiveness of the proposed controllers with some
experimental setup such as HILS.

2. To choose more appropriate measurements (output variables) for the observer
taking practical situations such as noise level into account.

3. To analyze the closed-loop stability much more rigorously dealing the plant as a

time-varying system.
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