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ABSTRACT

RECONFIGURING/ SLIDING-MODE CONTROLLER FOR
- UNDERWATER VEHICLES

The challenging control problem of underwater vehicles is addressed in this study -
under excessive sea wave disturbances at shallow submerged operation. The systems are
becoming more and more complex with the effect of rapid technological developments.
These complex systems require fault tolerant control systems in order to accommodate
with the uncertain‘tiesb caused by faults or environmental changes. In this doctoral
‘dissertation, a novel re-conﬁguﬁng controller is proposed based on sliding mode
methodology for fault or disturbance tolerant control. Ré-conﬁguring control with sliding
mode technique annuls the unwanted effects of system uncertainties caused by faults and
environmental effects and avoids the chattering by increasing the robustness of the
controller when it is necessary. As a result acceptable performance is obtained in case of
systém uncertainties and the chattering phenomenon is eliminated for the nominal system

situation.



OZET

SUALTI ARACLARI iCIN YENIDEN YAPILANABILIR
KAYAR KiPLI DENETLEYICI

Bu ¢aligmada 1§ suda harekat icra eden sualt1 araglarimn agir deniz dalga etkileri
gibi zor sartlar altinda denetimi problenii incelenmigtir. Hizli teknolojik gelismeleﬁn
sonucunda sistemler gittikce daha karmagik hale gelmektedirler. Bu karmagik sistemler
arizalardan ve ¢evresel etkenlerden kaynaklanan sistem belirsizliklerinden etkilenmemek
icin arizaya miisamahali denetime ihtiyag duymaktadirlar. Bu doktora tezinde, arlzaYa
miisamahali Adenetim igin kayar kip teknigini temel alan yeni bir yeniden yapilanabilir
denetleyici onerilmigtir. Kayar kipli teknikle yeniden yapllanabilir denetim arizalardan ve
cevresel etkilerden kaynaklanan sistem belirsizliklerinin etkilerini sifirlar ve sadece
gerektiginde denetleyicinin giirbiizliifiinii artirarak c;at1rt1dén kaginmay: saglar. Sonug
olarak sistem belirsizlikleri durumunda kabul edilebilir bir performans saglanir ve nominal

sistem durumunda catirti olay1 ortadan kaldirilmis olur. -
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1. INTRODUCTION

Control of underwater vehicles for shallow water operations is a challenging problem
under the excessive sea wave effects. In this thesis, the control of underwater vehicles is

addressed with a proposed reconfiguring controller based on the sliding-mode scheme.
1.1. Underwater Vehicle Control

Underwater vehicles are modelled with six degree o.f freedom (DOF) nonlinear
equations. They are controlled in depth and steering directions. Sea waves have adverse
effects on underwater vehicles at shallow submerged operation. Sea waves tend to bring
the underwater vehicles towards the surface of the sea with ;'m effect that is called suction
force. On the other hand, due to suction force and sea wave currents, steeringcontrol is also
a challenging problem for underwater vehicles at shallow submerged operation. In this
thesis, depth and pitch angle controls of underwater vehicles under excessive sea wave

disturbances are investigated.

In fact, there are both commercial and military applications of underwater vehicles
and therefore, many researchers addressed the control of underwater vehicles with
different control methods. But not many of them addressed the challenging depth control

of underwater vehicles under excessive sea wave disturbances.

One of the controller solution for shallow submerged operation of underwater
'Vehicles‘is proposed in [1]. A multivariable (2x2) H, -controller is designed in this study
for depth control of a submarine under sea wave disturbances. A linearised model of a
submarine is used for the controller design. It is observed that designed H_ -controller

causes bow hydroplane actuator to saturate which in return, caused overall system to be

unstable. In short the designed controller cannot cope with sea \X}éVe disturbances.

Another implementation is the depth control of a submarine [2] under sea wave

disturbances. The gain scheduling approach is used and different gain sets for a stochastic



controller is a priori calculated. Steady-state estimator gains corresponding to different
wave heights for different sea states are also calculated and used for estimating the real
wave height by switching the gain sets. This approach requires excessive computations at

the design phase for all possible sea states and in particular significant wave heights.

There are a variety of control methods which are implemented on .underwater
vehicles without considering sea wave disturbances. Among them, sliding-mode control
[3] scheme is commonly used as it is robust to uncertainties caused by model mismatch or
environmental disturbances as a passive reconfiguring controller when the boundary of the
uncertainty is known. Therefore, sliding-mode control is a suitable candidate that can be
implemented for the control of underwater vehicles, which, has a challenging problem to
be modeled due to 6 degree of freedom (DOF) coupled nonlinear differential equations.
Model mismatch is unavoidable, as analytical methods for obtaining hydrodynamic -
coefficients of an underwater vehicle cannot give precise results. They are also operated
under changing sea conditions; therefore, uncertainties are also unavoidable due

environmental conditions.

Applications of sliding-mode controllers briefly reviewed below are used for
steering, depth and speed control of underwater vehicles without considering faults or

operation in excessive disturbance environment.

One of the first underwater vehicle applications of sliding-mode controllers is the
JASON remotely operated vehicle (ROV) [4]. A siiding-mode controller for JASON ROV
is used for the vehicle to follow a pre-defined trajectofy in a test pool. It is shown that the -
performance of the controller increases as model uncertainty decreases. Different models
are used to show the increase of the performance for trajeétory following task when the

model mismatch level is decreased.

A different application of sliding mode control method is combining adaptive control
methods with sliding-mode control method [5]. In this aﬁpﬁbation_, the problem of
controlling an Autonomous Underwater Vehicle (AUV) in a diving maneuver is
implemented. The implementeq controller is called as adaptive sliding mode controller and

the controller is based on a reduced order linear model of AUV based on the dominant



- poles of the plant. The estimates of the parameters of the model dynamics are used for the
equivalent control part of the controller in a way similar to indirect adaptive model-

reference control method [6].

Another application of sliding mode controller is the multivariable sliding mode
controller [7] based on state feedback which is operated for the combined speed, steering
and diving response of a slow forward speed AUV. The so-called waypoint following
problem is achieved by compensating the influence of speed, modeling nonlinearity and
uncertainty. A linearized model of AUV is used for the equivalent control part of the .
controller. This part is obtained by means of linear feedback regulator. Separate autopilots
are used for separate subsystems; speed, steering and diving systems. It is assumed that

mentioned subsystems are not coupled.

In this study sliding-mode controller scheme is used as a baseline controller for the
nominal plant and possible reconﬁguratioﬁ approaches for sliding-mode control scheme is
investigated in case of faults or dperating under excessive environmental disturbances.
Therefore, next Section introduces control reconfiguration which is used when the
controllers designed for nominal cases cannot cope with faults and disturbances.
Reconfiguring controllers either updates in an adaptive manner the controller coefficients

or reconfigure the Structure'of the controller.
1.2. Control Reconfiguration

Autonomous control reconfiguration [8] is a very important issue. Nowadays, the
engineering systems are becoming more and more complex. These complex systems
require robustness in order to guarantee continuous operation in case of uncertainties

caused by faults and environmental changes.

Fault tolerant controllers have the ability to tolerate the faulty situation of a system
dynamics and be able to continue operation with a degraded performance [9]. Appropriate
fault handling provides continuous operation. In order to handle faulty situations of

systems, the fault information is required to be detected and isolated. Therefore, a variety



of fault detection and isolation schemes are used for the fault detection and isolation (FDI)

block in Figure 1.1.

A -
— P C;?éller > Plant » >

/

Fault Detection
and Isolation

l

Controller
Reconfiguration

Figure 1.1. Fault tolerant controller scheme

Controller reconfiguration is provided based on the fault information and the
controller block is updated in order to cope with faulty situation. Controller

reconfiguration block in Figure 1.1 will be described in detail later.

Fault tolerant control is vital for future applications of underwater vehicles.
Autonomous control of underwater veh‘icles for mine 'detection and classification
operations at littoral waters is the strategic mission of North Atlantic Treaty Organization
(NATO) Navies. Unmanned mine operations are essential for Navies due to public
" pressure for not using manned mine hunting and sweeping vessels [10]. Therefore,

underwater vehicles are required to be operating autondmously for long periods.

Fault tolerant control is primary requirement of navies in order to have reliable
vehicles, which will be operating effectively in case of faults-or harsh environmental
conditions of littoral water operations. Navies are planned to have such an autonomous
mine detection and classification vehicle in next decade. Therefore, it is expected that there
will be increasing number of studies supported by NATO Navies will be exponentially

increasing in the upcoming a couple of years. The proposed scheme is a contribution for



the requirement defined above in order to have a fault tolerant controller scheme which can -
be used both for in case of faults of vehicles and harsh environmental conditions of sea

when it is not possible or feasible to terminate the 6peration and fix the fault or change the

unprecedented behavior of sea.

Reconfiguration methods for controllers are shown in Figure 1.2 [11]. There are two

main approaches, namely, active and passive reconfigurable control methods.

l Reconfigurable Contfol }
[ Passive ] , Active

|- |
Scheduling J [ Adaptive Methods J F’rojection Methods
[ Robust Control } - | :

—

Model Following
Pre-Computed _ [ Pseudo-inverse J
Laws
{ . ) ‘ . Feedback
[ Direct [ Indirect ] Linearization

Figure 1.2. The tree diagram of reconfigurable control methods [11]

The passive approfaches to control reconfiguration require a robust controller, which
is designed off-line in order to achieve robustness against disturbances and possible faults.
Once the robust controller is designed to accommodate possible faults, which might
change the system parameters then it is not possible té reconfigure the controller on-line in
case of unpredicted faults or disturbances. The use of a robust control technique alone as a
passive reconfiguring controller for fault accommodation can be quite risky. If disturbance
and modeling uncertainties are present in the Asystem that are not accounted for during the
(off-line) design of the robust controller, then they might insért adverse effects on the
system. Also nearly all passive control re-configuration designs in [12, 13] do not
challenge the robustness problem and do not consider the smaller or incipient effects of

disturbances which may happen in real applications, but only consider large effects.



There are also a great variety of active control re-configuration techniques. Control
law re-scheduling [14] is implemented mainly for flight control systemsv. This method
requires the knowledge of the fault or disturbance characteristics and their effects on
system dynamics. In return, different sets of control gains or parameters can be calculated
a priori considering possible changes in dynamics. In ;nany cases, an effective disturbance
monitoring mechanism is required in order to extract uncertainty information accurately.
By doing so, the correct control schedule can be implemented without any operator
supervision. The main drawback of this method is the requirement of precise fault or
disturbance information otherwise an incorrect re-scheduling may degrade the system

. performance.

Another active reconfiguration method is pseudo-inverse method [15]. The feedback
gain is updated in a way to approximate the nominal system performance in case of a priori
known possible faults orA disturbances. Gain sets are designed for all possible faults and
disturbances. No fault detection or disturbance monitoring mechanism is required, but the
stability and performance of the system in case of an unaﬁticipated fault or disturbance

cannot be guaranteed.

Model following as an active reconfigurable control techhique is implemented for
many applications with many different adaptive methods in [16, 17 18]. For example,
adaptive reconfiguration via model following method uses the estimated system
parameters for updating the controller scheme in case of disturbances. [19]. The problem
with this method is the difficulty in estirhating system parameters accurately. In some
cases, the input signals for the estimators are not persistently ;exciting enough. In return,

the updated controller parameters cannot provi.de the desired response.
1.3. Fault Detection and Isolation
FDI is a widely investigated issue and there exist a variety of FDI approaches in the

literature. Main approaches are observer based, parity relations and filtering techniques.

The detailed surveys about FDI schemes are given in [20, 21, 22, 23, 24, 25].



Observer based FDI methods are explained further in detail in this dissertation. Fault
information is detected by means of residuals generated by comparing actual plant
dynamics with estimated ones. If a priori information is available about possible faults,
which might occur in system, actuators or sensors, then a pre-defined threshold is defined.
If the residual generated exceeds the pre-defined threshold value, then, the operator or the
controller is warned about the fault. If the controller is a reconfiguring controller in order
to provide fault tolerant control, then, mentioned fault information is fed to controller

reconfiguration block in Figure 1.1.
1.4. Contribution and Qutline of the Dissertation

Challenging problem of underwater vehicles under excessive sea wave disturbances
is investigated and two approaches are proposed in this study which have some advantages
with respect to other proposed controllers. Proposed approaches combines fault detection
and isolation methods with sliding-mode control scheme in order to obtain an active
reconfiguring controller for the challenging control pro'bleml of underwater vehicles under

excessive sea wave disturbances at shallow submerged operation.

The proposed approach is an active (on-line) control re-configuration scheme, which
uses the well known robust sliding-mode control method as the baseline controller of the
nominal plant. The sliding mode controller method is used as a passive baseline controller
for slowly developing so-called incipient faults. Sliding-mode controller gain vector is
reconfigured when a fault or an uncertainty is monitored by an observer based FDI
scheme. A disturbance or fault distribution information is extr:acted from plant dynamics
by using observers. This disturbance distribution information is used to adjust the
robustness of the sliding mode controller to annul the unwanted effects of uncertainties on
tracking performance. No pre-calculations except those required for the nominal plant are
involved, nor are a priori information on fault or disturbance required.

In case of unanticipated changes in system dynamics, which can be processed as
additive disturbances, the robustness of the sliding-mode controller is increased using
disturbance distribution information. Chattering, the main drawback of the sliding-mode

controller is eliminated by using a soft nonlinear switching function for the nominal plant.



The chattering is almost unavoidable for a plant subject to disturbances as the control
_ action should be increased extensively to pompensate unwanted effects. But the stability of
the on-line reconfigured controller is guaranteed. due to the nature of baseline slidingl mode
controller in case of excessive disturbances as well as distxirbance-free case. A Lyapundv
function is defined in terms of a sliding manifold and along which the stability is

guaranteed for sliding-mode controllers [26].

Sliding mode control scheme has been recently used for reconfiguration purposes by

[27] and [28]. McGookin (2003) describes the use of sliding-mode controller as a passive

baseline controlier. However, this method provides tolerance‘ only for certain sensor faults

of a submarine model. On the other hand, Yen and Ho (2000) implemented a sliding-mode

controller scheme for a SISO system in a way that the faults Qr uncertainties are detected

by means of a neural network obsérver_. The robustness of the sliding mode controller is
increased without taking care of the direction of the uncertainty. In the meantime neural

network model is trained for the faulty system, which causes a ‘great deal of computational

burden. In our solution a generalized MIMO system ié used and the disturbance

distribution vector directions are also extracted from the uncertainty information.

In this study, a new control mechanism is proposed with active reconfiguration,
which uses sliding mode control technique as the baseline controller [29]. The
uncertainties caused by unanticipated faults and disturbances are extracted by means of
observers. The controller is reconfigured with respect to uncertainty information and the
 stability of the controller is guaranteed by robustness property of sliding-mode control
method. By means of its robustness property, sliding-mode con&ol can compensate minor
disturbances. The proposed control scheme can also \cope. with larger disturbances by
updating itself with réspect to on-line monitored uncertainty information. The robustness
of the sliding mode controller is updated only using the disturbance distribution vector
direction without increasing the computational burden involved appreciably. It is believed
that this proposed fault tolerant controller idea which bounds. active and passive

reconfiguration control scheme contributes to this area of research.

In order to address these objectives, this dissertation is organized in the following

way:



In the next chapter, MIMO submarine model together with environmental effects are
examined. A generalized 6 DOF nonlinear equations of motions together with earth and
body fixed reference frames are also addressed in this chapter. MIMO submarine model
for the depth and pitch angle control of a submarine under sea wave effects are examined
in this chapter. Sea wave model is derived in detail together with effects on shallow
submerged submarines. Sea wave effects as disturbances are addressed and the effects of
sea waves for a submarine operating near the surface are investigated. Proposed
reconfiguring controller is implemented for the submarine model together with sea wave

effects.

Chapter 3 addressed to different important facts about residual generation and
evaluation. Different fault detection and isolation (FDI) approaches are also mentioned in
~ this chapter. Theoretical information regarding fault detection (FD) scheme is supported

with case-study simulations.

In Chapter 4, the basics of the sliding-mode control aﬁd proposed control approach
with sliding-mode control scheme are examined in detail. The necessity of the proposed
approach and the requirement for a reconfiguring sliding mode controller is explaihed in
detail with a SISO linear model. Fault and disturbance extraction is addressed and the
application of the proposed scheme for multi-input-multi-output (MIMO) linear systems
together with simulation studies is also shown in this chapter. The implementation of the
proposed scheme for MIMO linear systems is investigated in detail with two approaches.
The first one is the performance of the controller when the extracted disturbance

distribution information is used to update the gain vector in th;a corrective control part of
| the sliding mode controller and the second oné is the performance of the controller when
the extracted disturbance distribution information is inserted into equivalent control part of
the sliding mode controller. Detailed stability analysis with proposed controller schemes

are also investigated in detail in this part.

In the Chapter 5 simulation results for different sea states are illustrated for the
submarine model at shallow water operation. It is observed that standard sliding-mode

controller scheme camnot perform the trajectory control task of the submarine for depth
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control when there exists excessive disturbances caused by sea state 6 situation. However,

proposed novel approach shows satisfactory results‘for different sea state situations.

In the Chapter 6, concluding remarks and recommendations are given for future

work.
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2. MODELLING OF SUBMARINES AND SEA WAVE EFFECTS

2.1. Shallow Submerged Submarine Operation

In this chapter, a model for submarines at shallow submergence under sea wave
disturbances is investigated. The model will be used in order to illustrate the effectiveness
of implementation of observer based fault detection (FD) methods with reconfiguring
control. Shallow water operation has vital importance for conventional submarines to use
their periscope and charge batteries while cruising in diesel-engine mode. However the
depth control becomes more difficult when the vessel is close to the surface due to adverse V
effects of sea conditions. The Waye forces try to pull the submarine to the surface at
shallow submerged operation. Because of sea wave effects it is very difficult to operate the
submarine manually for long period of operation time. Therefore a depth controller for

shallow submerged operation is vital in order to avoid submarine crew to be exhausted.

The vessel at shallow-submerged position is effected by sea waves rather than
currents in the sea thaf is neglected. in this study. The vehicle in this dissertation [2] has
two control surfaces, namely, the bow and stern planes. Also, the content of the trim tanks
is used as a constant control input. But the content of the trim tanks is assumed ‘to be
defined and impleménted prior to control activity. The depth and pitch angle
measurements are performed by a hydrostatic pressure sensor and a gyroscopic system,
respectively. The vehicle is assumed to be at shallow submergence and has initially
constant low speed forward motion. The vehicle is also assumed to be stable in roll axis
and no control activity required for roll motion. Therefore, the yaw motion which is

controlled by the rudder is uncoupled from the pitch motion.

The submarine beneath the sea waves is subject to sea forces and moments. These
forces are composed of first and second order parts of sinusoidal wave patterns. The first
order forces tend to cancel each other along the hull of the vehicle and can be neglected for

the controller design. Second order part of the wave effect tends to pull the vehicle towards
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to surface. The latter one becomes smaller as the depth increases. This is called suction
force [30].

Equations of motion of a submarine consist of nonlinear differential equations. These
equations are derived in six degrees of freedom [30]. Since the control action is not
performed for yaw and roll axes, the pitch and heave equations are used for the controller
design. For working with a linear model is much simpler than a nonlinear one, the

nonlinear equations of the submarine for the pitch and heave axes to be linearized around

an equilibrium point.

The adverse effects of the sea waves are modeled to include in the overall submarine
model for a more realistic controller design. Sea states can be defined with respect to sea
wave heights from sea state 0 (calm —glassy-) up to 9 (phenomenal) [30]. In this study, the
sea states from 1 (calm -rippled-) and 6 (very rough) are modeled in order to investigate
the control performance for different sea wave heights as -moét vessels are designed to be

robust up to sea state 6.
2.2, Submarine Dynamics

A nonlinear 6 degree-of-freedom (DOF) hydrodynamic model of a generic
underwater vehicle [30], [31] can be used to describe necessary dynamic information
which describes the motion of the submarine relative to its body-fixed reference frame and
earth-fixed reference frame. The model is derived from two-reference frames; therefore,

 there are two parts of the model of an underwater vehicle; namely,

e Kinetic (body-fixed hydrodynamic forces),

e Kinematics (represents transformation from body to earth fixed reference frame)
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Figure 2.1. Submarine reference frames [27]

The kinetic and kinematic equations form the 6 DOF motion of a submarine. The notation

used for submarines are listed in Table 2.1, and the variables are depicted in Figure 2.1.

- Table 2.1. Notation used for submaﬁnes [30]

Linear and

Forces and Angular Positions and

DOF | ‘ Moments Velocities Euler Angles
1 motions in the x-direction (surge) X | U x
2 | motions in the y-direction (sway) Y v y
3 | motions in the z-direction (heave) Z w z
4 | rotation aboutbthe x-axis (roll) K P ¢
5 rotation about the y-axis (pitch) M q 0
6 | rotation about the z-axis (yaw) N R v
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v(?) i Mean Sea Level

Reference

Vertical Z,
Reference
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Figure 2.2. Depth deviation of a trimmed submarine [2]

Six DOF nonlinear dynamic equations of a submarine can be expressed in the

following general form [30]:
Mv +C@)v +D@)v+g) =1,
where

M = inertia matrix (including added mass)

Clv)= matrix of coriolis and centripetal terms (including added mass)
D(v) = damping matrix |

g(1) = vector of gravitational forces and moments

2.1)
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7 = vector of control inputs

The variables associated with the motion of a submarine along the pitch and heave

axes are shown in Figure 2.2 with respect to its body-fixed reference plane.

The derivation of submarine model used in this dissertation is investigated in detail

in [2]. Therefore, only heave and pitch axis equations of motion are investigated in this
part.

Equation of motion along z-axis (normal force) is given

o ZU | e ZML . ZRU?
w(t) = == w(t)+—-1—,—(Zé+m Yo() +—= 9.(t)+Z"B({ 8B(t)
Lm, msy : m, Lm,
Z U 2 2 @
+ B 88(O) + —5—Z e () + W, () cOS O cOS p—5—
Lm, pL m;, - pLm,

where w(t) is the velocity of the submarine along z axis, 0 is the pitch angle and 4 is the

depth value, p is the mass density of sea water, L is the length and m is the weight of the
submarine, U is the forward speed of the submarine , 6B is the bow plane command and 6S

is the stern plane command. Z,,,,, is the instantaneous force in heave due to the sea waves,
m =2m/pl}, m,=m ~Z, and W,(t)=M,()-g. HereM (¢)is the instantaneous

auxiliary tank content in slugs and g is the gravitational acceleration.

Equation of motion along y-axis (Pitching Moment) is given

. M. MU MU . M. U?
B(1) = 22 ()0 + 2o w(f) + —2—6(2) + +—Z-—3B(t
@) 11 w(t) 2] w(t) I7; (2) @

2 ? 2 2 : 2‘[;
MU
21'2

2mg(z; —25)
PLI,

| (2.3)
+ o5(t) + 6(t)+M , _
‘ §L5.r;
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where z;and z;are the vehicle dimensions, M. is the instantaneous moment in pitch

wave

due to the sea waves, I, = I 6, My and I is the moment of inertia about the center of
y .

gravity. All Aprimed quahtities in (2.2) and (2.3) are hydrodynamic coefficients.

Hydrodynamic coefficients are given in Appendix-A.

By substituting the hydrodynamic coefficients and other values which are given in [2], and
substituting equations (2.2) and (2.3) to each other, we obtain

W) =-2.45313x107w(t) +1.51740Q(f) + 4.6192185x 1026 B(¢) - 7.9592688x1075S (£)
+1.62x1076() -2.2x10° M, (1) +3.06x10°Z, ., (1) +9.8x10° M, , _

O(f) = 3.3720x107* w(£) - 7.71345x10°2Q(f) +4.79688x10™ SB(r) - 2.184535x10°65(0)
~0.0039750(¢)+5.42x10™° M, (£)~2.20x10°Z,_(1)— 7.i4x10"8Mem |

(24)

where Q(t) = 6(t) and U= 8.43 ft/sec.

These are the state equations of the submarine dynamics; the state variables are being
the pitch velocity and heave velocity. From (2.4), the state-space model of the submarine

dynamics can be written as-
x(¢) = Ax(¢) + Bu(?) + Rd(?) (2.5)
with

x(2) =[w(), 0,0,
u(t)=[8B(),650).M,_ ] .
A() = [Zyme O M e )] -

where x(tf) e R"is the state vector, u() € R" is the control input vector and y(t) € R" is

the measurement vector, and the values of A, B are obvious from (2.4). The vector
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d(r) e R" is the disturbance vector representing sea force component along the z-axis and

moment of sea waves about y-axis. The matrix R is the disturbance distribution matrix.
2.3. Sea Model-

The submarine beneath the sea waves is subject to sea forces and moments. These
forces are composed of first and second order parts of sinusoidal wave patterns [32]. The
first order forces are proportional and periodic. Second order forces are proportional to the
square of the wave component and tend to pull the vehicle towards to surface. The latter
one becomes smaller as the depth increases. The adverse effects of the sea waves are
modeled to include in the overall submarine model for a more realistic controller design.

The sea model given in this paper is the one accepted in International Towing Tank
Conference (ITTC) [2, 30].

A storm at sea starts with high frequencies of wavelets; generated due to wind. A
fully developed seé is created by a storm which has been blowing for a long time. Low
frequency decaying sea forms long waves with a wave spectrum having a Io§v modal
fréquency after the sforrh stopped or.decreased its effect t30]. From analysis of wave
spectra in the North Atlantic Ocean, a wave spectral formulation for fully developed wind-

generated seas is given by the equation [30],
‘ S(w)= Aw”’ exp(-Bo™) (m>s) (2.6)
‘where, @ is the wave frequency in rad/sec.,

A=81x10"g? and B = 0.74(5)4

Here V is the wind speed at a height of 19.4 m over the séa surface and g is the

gravitational acceleration. Wind speed and significant wave height’ H _ can be related as,

! Mean of the one-third highest waves, denoted by H,,; in some text books.
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2
" =021 2.7
. |

The sea spectrum expression in terms of the significant wave height can be obtained
by inserting (2.7) into (2.6) as

S(w)=8.1x10"p* exp(~%'rlz_l o™*) (m?s) (2.8)

s

The sea state definition with respect to significant wave height is shown in Table 2.2.

Table 2.2. Deséription of sea states [33]

Sea State Code Description of Sea | Significant Wave Height (m)

0 Calm (glassy) _ | 0
1 Calm (tippled) - 0-0.1
2. Smooth 0.1-0.5
3 (wavelets) - 05-1.25

4 Slight 1.25-2.5
5 Moderate 2.5-2.0
6 Rough | 2.0-6.0

Very Rough

The wave spectrums for different significant wave heights can be seen in Figure 2.3.

The frequency range of sea-wave components can be divided into N bands of width
Aw. Sea component can be approximated by a sinusoidal function with the center
frequéncy of each band and the instantaneous wave height for this componént can be

calculated as [2, 34],

v, (t) = 4;sinw;t (2.9)
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and according to Fourier-Stieltjes theorem [34],

4, =[25(w)Aw]" , (2.10)
25 ‘ T T T T T !
Hs=4m (Sea State )
2r i
15F .
z
73]
1F i
=2.5m (Sea State 5)
05 i
s=1.25m (Sea State 4)
U ! t 1 !
0 0.5 1 15 2 25 3

frequency(rad/s)

Figure 2.3. Wave spectrums for significant wave heights

Sea waves have two types of effects on ship dynamics as disturbance. One is the
distufbanc_e on force dynamics and the other one is the disturbance on moment dynamics

[48]. The instantaneous total force in heave can be given in the form,
Z e ) = Z,(1) + Z,(2) (2.11)

where

N
Z,®)= Zzli(t)’
| R 2.12)
=>"C,Vp(l.5sin® ¢ +1)-(1-0.02U cos§)F,, sin @,t,

i=1
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and

Z,() = —ZZ(E, sin@,t)- (7, sin weﬁ - (.3 fosiil«’l 2 @13

C,,(1-0.04U cos ¢)

where @,is the wave frequency of the i-th component,V is the submarine volumetric
displacement, C,,,C,,,C,;,,C,,are corresponding non-dimensional hydrodynamic
coefficients and ¢ is the heading of the submarine relative to the waves. The Fis the

force due to attenuated static head at the vehicle depth produced by wave components,

2

F, = Aa? exp(—2 H (2.14)

where 4, is the wave amplitude of the i-th component.

The instantaneous total moment in pitch can be given in the similar form,

M, =M@)+M (t) - (2.15)
where
.
M, (6) =D M, (),
. \ 2.16)
=" €, LVp(1-0.02U cosg)sgn(cosg) - Fy, cos o,

i=1

and

M, (1) = ~Cyr L OO Z,0) - 2.17)

Using the required numeric values given in [2], the force and moment expressions turn out

to be,
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’ ) N N
Zoare(8) = [2.2772x 10° ~1.4552x10*>" F, sin coe,.t} Y Fysinogt,
. ' i=l

i=1

. | (2.18)
M., (#)=1.7780x10" - " F,cos ,t.

i=l

Such a computation of Z

wave

() and M

wave

() is based on sampling S(@) at N
different frequencies, @, (i =1,....,N) and obtaining F;’ s (the force due the static head at
the vehicle depth) corresponding to these frequencies [2, 34]. Nevertheless, a simple affine

form which approximates the expressions in (2.18) is used to model the sea state force and

moment effects on submarine for heave and pitch directions [35, 36]:

Zme (&) = av(t) +b

© © (2.19)
M,..O)=cv(t)+d :

where v(f) is instantaneous sea surface wave elevation, and constants a, b, c, d are
determined by data fitting according to (2.18). The numerical values for constants a,b,c,d

are given in Table 2.3 for different sea states.

Table 2.3. Constants for sea wave forces and moments [2]

Sea State

Code a b : c d

i 22000 K 16505 230
2 -15000 90 1.20¢6 8000
3 -28000 300 | 22566 3.20e4
4 48000 | -4000 3.90¢6 1.65¢5
5 48000 | -6700 | 3.80e6 1.70e5
6 47000 | -11000 | 3.70e6 | . 2.80e5
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2.4. Actuator Dynamics

The submarine model in (2.5) includes three control inputs applied to the system by
three actuators. Two of the actuators that are electro-hydraulic systems are used to drive
bow and stern hydroplanes. The actuator for the third input is a pump to fill or empty the
auxiliary tank. As the actuators are mechanical devices their control action is limited.

Limit values for bow and stern hydroplanes are +30°. A digital filter can represent the

dynamics of the bow and stern hydroplanes as [2],

B, (k +1) = 0.885B_ (k) + 0.1156B(k) (2.20)

and
85, (k+1) = 0.88555, (k) +0.11555(k) (2.21)

where 6B, and &S, are the commanded hydroplane deflections, 5B and 4S are the actual

hydroplane deflections.
2.5. Conclusion

General representation of underwater vehicle modeling and coordinate systems are
introduced in this part of the dissertation. A classic submarine model is introduced for the
depth and pitch angle controls under sea wave effects. Therefore, heave and pitch axis of

the submarine model is described in detail.

Modeled submarine is assumed to be at shallow submerged operation at which the
sea waves effects the submarines at most. Shallow submerged operation is réquiréd when
the submarines need to charge the batteries. The submarines are under excessive sea wave
effects at shallow submerged operations. Sea waves are modeled by sea wave spectrum
approach. The relation between forces and moments acting on the submarine and
operation depth is ’also addressed in this part. Sea wave spectrums with respect to different

sea states are also explained in detail. Sea state is a well-known term not only among
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world military navy community but also among merchant navy community. Most navy
vessels are built in a way to be robust enough to sail up to sea state 6. Therefore, sea states

7, 8 and 9 are not even introduced as it is not realistic to implement a control method on a

vessel theoretically not robust to sail at sea states 7, 8 and 9.

Submarine actuators are also modeled and they have saturation and rate limits. These

limits are also considéred at the submarine model.
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3. OBSERVER BASED FAULT DETECTION AND ISOLATION

The term fault is used for any unexpécted change of a system function. Fault and
failure terms are misinterpreted in some different studies [20, 37]. According to Clark ef al.
(1989), “a fault is a performance degradation of a system, which even causes some

dangerous situation, whereas the later one describes a catastrophic situation of the system

' performance or even a total breakdown.”

Fault detection (FD) is a way of making a binary decision in order to find if
something is going wrong or not. Fault isolation (FI) is to determine where or which part
of the system has a fault. In many practical situations, these two tasks are present together

and referred to as Fault Detection and Isolation (FDI).
3.1. Analytical Redundancy

Redundancy is the basic coﬁcept, which lies at the heart of most fault detection
systems. It can be achieved in two ways; hardware and analytical (software) redundancy.
Hardware redundancy is a costly approach for redundancy purposes. As the computer
technology is capable to simulate system dynamics, model-based analytical redundancy

concept is widely used for redundancy purposes.

Analytical redundancy is a way of detecting faults by comparing actual system
response with the analytical model output rather than hardware; redundancy. As it is well-
known, having redundant systems with extra parallel running hardware is a way of
providing redundancy. However, that cannot be achieved for all systems due to space and
cost constraints. In order to handle these obstacles, analytical redundancy is used By using
model-based FDI approaches. The concept of analyticai redundancy uses the information

obtained from the model of the system.

;
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Different types of analytical redundancy methods are used for FDI. Among them:
observer based approaches [38, 39], which will be described later in detail, the parity space
approach [40] and the parameter estimation techniques [41].

- The main advantage of analytical redundancy Hes in the fact not to use a physical
system for redundancy and software is used to provide redundancy. Analytical redundancy

methods are surveyed in a study [22] comprehensively.
3.2.Residuals

Residuals are signals that carry information about faults. C.omparing actual outputs
of the system dynamics with their estimations can generate residuals. The residual signal
assumed to be zero when the system. is fault free or nominal. it deviates from zero when a
fault occurs in system dynamics. Different types of faults can occur in system itself,
sensors or actuators. Residuals are insensitive to changes in operating point, disturbances

etc., sensitive to faults or changes that have to be detected.
3.2.1. Residual Generation

The residual generation for FDI based on analytical redundancy is represented by a
set of differential equations. The faults can occur in system, sensor or actuators as can be
seen in Figure 3.1, there are two main ways of generating residuals to detect faults. In
many cases, one can either use the estimate of the system output vector y, or the estimate
of the system parameter vector § , namely § and 6. This leads to the following residual

vectors.
r =y-§7 | and l'9=e"_é (31)

Generated residual vector is compared with a pre-defined threshéfd vector in order to

detect and isolate the faults. Therefore, residual evaluation is performed as defined in next

section.

&> Bogazici Universitesi Katdphanesi €
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Figure 3.1. General scheme for FDI based on analytical redundancy [20]
3.2.2.Residual Evaluation

FDI requires successful and appropriate residual evaluation. Residual evaluation is

the task of evaluatihg the residuals in order to take the following decisions:

e Is any element of residual vector exceeds the pre-defined threshold vector?

o If yes, which fault(s) is/are present?

Note that the former question is related to fault detection and the latter one for the isolation

of the fault.
3.3. Observer-Based FDI Methods

Observer based FDI methods utilize a mathematical model of the plant under fault
monitoring. However, in most practical cases, a precise model cannot be obtained.

Modeling inaccuracies can be categorized [3] as
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e Structured uncertainties,

o Unmodeled or unstructured uncertainties.

Model uncertainty can cause false or missed alarms, hence, it needs to be considered
when implementing FDI. There exist several approaches for avoiding false or missed

alarms caused by modeling inaccuracies. Obtaining robust residuals by means of observers

can solve that drawback.
3.3.1. Luenberger Observer for Fault Detection (FD)

It is stated in many research results on FDI that a reasonable model for FDI purposes
is the one which has a description about the system uncertainty, e.g. its distribution matrix
or spectral bandwidth. Typical description for the system uncertainty caused by system

faults can be represented with a linear state-space model of the system [20], namely,

x(¢) = Ax(f) + Bu(t) + RE(?),
y(¢) = Cx(2).

3.2)
where x(f) € R"is the state vector, u(f) € ®" is the control input vector and y(f) € R"is
the measurement vector and f(f) € R® represents the fault vector which is considered as an

unknown time function. Here, R"denotes n-dimensional Euclidean space. On the other

hand, A, B and C are system parameter matrices and the pair {C,A} is assumed to be

observable. Here, R matrix is the distribution matrix of a system or actuator fault. REf(?)

term in (3.2) denotes the uncertainty caused by system or actuator faults. For system faults

uncertainty is inserted into system matrix A, system matrix turns out to be,

Aga=A+DA - (3.3)

Uncertainty is inserted into control input matrix B for actuator faults, and
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B,,=B+AB (3.4)

Hence, Rf(#)1in (3.2) can be represented with respect to fault as follows,

ol e
By means of an observer, the residual can be generated as, |
(1) = (A-LO)R(Y) -I;Bu(t) +Ly(?), | (3.6)
and
y(6) = C&(), 3.7)

r(t) = y(t)- () = C[x(t) -2(1)]. -

where r(f) € R” is the residual vector, Xand § are state and output estimates. By defining

the state estimation error as
e(t) =x(t) - X(t) \ (3.8)

error dynamics can be written as,

&(2) = (A -LC)e(t) + RE(F), | (3.9)

Also note that,

r(f) = Ce(?). o (3.10)
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3.3.2. Dedicated Observer Scheme for FDI

The dedicated observer scheme (DOS) for FDI purposes was first introduced in
[14]. The scheme was based on the idea thata separate state observer for each sensor to be

monitored was designed and used for FDI purposes.

This scheme was one of the first FDI methods based on the analytical redundancy. If
there are m sensors there must be m separate observers designed for that scheme to detect
the possible system or actuator faults, which might occur. Figure 3.2 depicts the basic
~ internal structure of the FDI system using DOS. System dynamics are monitored by means
of observers dedicated to each state of the system. The thresholds are defined with respect
to known possible faults for fault detection logic. If one- of the observed states of the

system dynamics exceeds the pre-déﬁned threshold value then, that system component is

warned as faulty part to operator.

Consider the dynamic system in (3.2), the fault in the i system output can be
detected as shown in Figure 3.2 by dedicating one observer for each system output. A fault

in system dynamics appears to effect system matrix A as defined in (3.3) and a fault in the

actuator appears to effect actuator as defined in (3.4).

3 &

X
N !
—»| | Observerl >
l u ,.-
V2 ' *2 |  FAULT OPERATOR
—P Observer 2 FAULT
° | LOGIC
. )
» u R
Vm X o
; —————
—> Qbserver i

Figure 3.2. The dedicated observer scheme [28]
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There are m states of the system in (3.1) and it is assumed that none of these m

instruments are redundant. m observers are designed and m threshold values are defined for

each fault which might occur at each state of the system dynamics.

For residual generation, the states are observed with a full-order Luenberger observer

as defined in (3.6) and from the observed states and actual system states, the residual

vector can be generated as;

(1) = x()- k() | (3.1D)

~

where x =[x,...... x] and X=[X......%,].
3.3.3. Linear Unknown Input Observer for FDI

It is aimed to design an observer in order to detect and isolate the faults of a dynamic
system by de-coupling fault effects from system dynamics and generating a residual which

is robust to the vector of unknown inputs of system dynamics.

The robust observer schemes for FDI has been used by means of different types of
observer design approaches, one of which is known as unknown input observer (UIO) and
has been proposed by [42]. The observer design with unkﬁown input approach has been
described in detail in [20]. Consider the dynamic system model with system uncertainty as

an additive term slightly different to system representation defined in (3.2),

x(¢) = Ax(¢) + Bu() +\Ed(t), (3.12)

y(®) = Cx(?).
where d(f) is the unknown input vector which represénts the dynamics of the system
uncertainties or disturbances. In order to overcome the false alarm of faults due to system
uncertainty d(f) in (3.12), observer should be designed in a way to be robust with respect
to unknown inputs. As it is mentioned before, the faults in system dynamics can occur in

actuatbrs; system itself and sensors. Here, it is assumed that the distribution matrix E is
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~ known. By using the information obtained from E, the unknown input d(¢) can be de-

coupled from the residual information.

unknown input

10 output
. y(®
> Dynamic e
System

state estimates

=) Ty R

—>

tr | —

P

Figure 3.3. The Structure of linear UIO [20]

The structure for a full-order UIO is given as,

z(t) = Fz(t) + TBu(?) + Ky(2),

. (3.13)
x(t) =z(t) + Hy(¢).

where- %(¢) is the estimated state vector and z is the state of observer. F, T, K and H are

matrices designed in order to de-couple the effects of d(f) from (3.12), as

(HC-DE=0,

T =I-HC,
F=A-HCA-KC,
K, =FH.

(3.14)
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with 0 and I denoting zero and identity matrices, respectively, of appropriate dimensions.

The state estimation error under these conditions can be computed from Figure 3.3 as using
(3.8), (3.12)-(3.14), ‘

&(t) = (A —HCA -K,C)e(t) + [F — (A -HCA - K,O)Jz(t)
+[K, —(A~HCA -K,C)Hly(?) : . 3.15)
+[T - (I~ HC)]Bu(?) + (HC - DEd(¢)

where

K=K, +K, | (3.16)
when the conditions in (3.14) are heid, :

é(r) = Fe(d), ' (3.17)

If all eigenvalues of F are stable, the derivative of estimation error é(¢) will approach zero

asymptotically.
The design algorithm can be expressed in a compact form as follows;

(i) = If rank(CE) # rank(E) , then an UIO design does not exist go to (v), otherwise,

(ii) Compute H, T and A, matrices as,
H = E[(CE)" CE"'(CE)’, T=1-HC, A,=TA,

(iii) Check the observability of the plant: If (C, A) is observable then an UIO exists,
otherwise an observable canonical form should be applied to (C, Ay),

(iv) Compute F and K to hold the conditions in (3.15) and the derivative of the

estimation error é(f) ;

F=A,-KC, K=K, +K,=K,+FH,
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(v) STOP.

In order to detect a particular fault caused by an actuator or sensor, the residual has
to be robust to unknown inputs but sensitive to mentioned faults. The system

representation in (3.12).can be modified to express the sensor and actuator faults in the

system model as [20],

&(f) = (A, - K,C)e(r) + TBE, (1) - K.£, () — HIf, (1),

r(t) = Ce(t) +£,(2). (3.18)

It can easily be seen that unknown input vector d(#) effects de-coupled from the derivative
of state estimation error and residual vectors. The residual vector in (3.18) can be used ina
way to detect the faults by means of the threshold logic as described in Section 3.3.3. But
this holds true if TB = 0, otherwise, actuator fault vector vanishes from the derivative the

state estimation error equation.

le(#)]| < @ for nominal case,

3.19
"I‘(t)ll > ¢ for faulty case, (3.19)

where ¢ stands for threshold vector and vector norm definition is given in Appendix B.

3.4. Examples

In this section some examples are given in order to justify the methods explained in

previous sections.
3.4.1. Case Study: Fault Detection on a Pneumatic Valve -

3 4.1.1. System Model. A pneumatic servo system linear modélﬁ is used for SISO-system

FD case study. The servo system consists of 6 main parts; the spool valve and its

controller, the cylinder, the load, the system controller and the position feedback
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potentiometer [43]. The transfer function for the system can be obtained by combining the

governing equations for each system component.

X = E Y
. ‘ Pneumatic Servo}———p»
A System
Linear potentiometer|

Figure 3.4. Pneumatic servomechanism block diagram [44]

The mathematical equations for each part is derived from the dynamic, energy and
flow equations. The equations of a pneumatic servo mechanism form a complicated set of
coupled nonlinear differential equations. These nonlinear equations are t0o complicated for
design purposes. A detailed derivation of these equations is given by [44]. Therefore, they

need to be linearised and simplified, under the following assumbtions:

e Valve spool position is proportional to the input voltage about a desired operating
point. Hence, the third order dynamics of valve can be neglected.

e For cylinder ram dynamics, perfect-gas, fast—proceés, good-insulation, horizontal-
orientation assumptions are made. |

e For linearisation, it is assumed that changes about a steady-state initial condition is

very small and the piston is initially at the central position.

Using all these assumptions, the equations of a pneumatic servo mechanism can be
linearised around an equilibrium point. The continuous-time transfer function describing

this linearised dynamics of the servo system is then obtained as [45]

Y(s) 1100
E(s) s°+181ls”+56ls

H(s)= (3.20)

where the output Y (s) is the position of the cylinder and the input E(s) is the valve

solenoid voltage.
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An internal feedback loop within the servo system is introduced [45].

w E Y
K —» H(s) —>

Figure 3.5. Block diagram of the internal loop [44]

The proportional gain X in Figure 3.5 is tuned in such a way that the system is forced
to behave like a 2™ order over-damped system. To avoid the effect of this in tracking
performance, the largest possible value of K is used, which do not cause overshooting. It is

calculated to be K=0.7 and with this gain value the closed loop transfer function is

obtained as

Y(s) 770

Gc(s): - 3 2
W(s) s +18ls”+561ls+770

(3.21)

where W (s)is the input voltage to the inner loop. Closing the loop, a pole is positioned

away from the imaginary axis, which can be neglected with respect to the other two poles.

Hence, it is obtained,

770

G.(s)= , 3.22
G~ S 5433 (3.22)
Further, a feedforward attenuation is required to impose a unity gain, i.e.,

G.(5) % e (3.23)

s +3.135+4.33°

3.4.1.2. Fault Detection Using Luenberger Observer. The residual from a Luenberger

observer is used to detect the fault in the system. The transformation of the servo system
model from transfer function representation in (3.23) to state-space representation [43]

yields the model
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[&]z[ 0 1 x 0
517|433 33| %, |F| 433"

y(&)=[0 1]x().

(3.24)

Here, the system is a SISO system, the observability of the system in (3.24) is checked as,

rank([C CA] =2, (3.25)

The dynamic system is completely observable. The observer dynamics is required to

be much faster than the system dynamics. The eigenvalues of the full-state observer
defined to be;

A =14 2, =100 |  (3.26)

The observer gain vector K, can be obtained by means of pole-placement method defined

in [46],

17.13 ‘
K, = (3.27)
50.7131 |

The residual can be generated from (3.10)" and a pre-defined threshold can be used to
detect the fault as defined in (3.19).

3.4.1.3 Simulation Results. FD scheme with Luenberger observer is simulated with
'MATLAB-SIMULINK software. Here a bias fault of 10 per cent is created at the 2nd
second of the simulation and a residual generated as defined in (3.10) which can be seen in
Figure 3.6. In other words the system parameters are changed to 10 per cent greater values

in order to insert a system fault.
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Figure 3.6. Residual generated with estimated and actual outputs of the system [43]

FD scheme detected the fault when the residual value exceeded the pre-defined
threshold value. At the 4™ second of the simulation, the pheumatic servo mechanism is

initiated to act nominally which can be seen from Figure 3.6.
3.4.2. Case Stady: MIMO System FDI

In this case, it is assumed that there is no disturbance for modelling uncertainty or at
least modelling uncertainty can be handled with sliding-mode controller. On the other
hand, a typical description for the system uncertainty caused by system faults can be

represented with the following linear model of the system as givén in (3.2) [47, 48].

Consider state-space representation of a Multi-Input-Multi-Output (MIMO) system
as [47, 48],

(3.28)
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A system fault is inserted into the system matrix A, consequently, the state space
representation of the faulty system becomes,

/X(t)=[260 -150]X(t)+[(5) ?]u(t),

10
y(@) =[0 1]X(l‘)

The MIMO linear system given as an example has two eigenvalues, one of them

(3.29)

being negative and the other is positive, namely,

4 =-2.0397 , =3.0397 A (3.30)

The fault inserted into system matrix A and the eigenvalues of the system turns out to be,
a, =19.6510 a, =-8:6510 (3.31)
It can easily be checked that the state vector is observable from both outputs.

A linear observer is designed to observe the system outputs with the following gain

matrix which in return provides a faster response for observers for each output.

L= 21 32.1 . (3.32)
1692 21 -

The fault can be detected by means of the residual vector by means of threshold vector

similar to the approach defined in (3.19). The above mentioned fault has been inserted into

system matrix A at 1.25" sec. and removed at 1.75"™ sec. of the simulation. MATLAB-

SIMULINK software has been used for simulations.
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Residual 1

1.5 2
Time (sec.)

Residual 2

1.5 2 . =25 3
Time (sec.)

Figure 3.7. Components of residual vector [47]

Fault can be detected by means of residual vector r as the residual vector

components can be seen in Figure 3.7. Mentioned residuals can be used in order to detect

the faults and extract fault distribution information.



40

4. RECONFIGURING SLIDING-MODE CONTROLLER

The reconﬁgurir_lg control for fault ‘accommodation purposes has usually been
achieved by mainly adaptive controllers [11, 19]. To my knowledge, the novel idea

proposed is the first application of a sliding-mode control scheme as an active

reconfiguring controller for fault accommodation.

The fault distribution matrix extracted by means of a linear observer is used in two
approaches: First one is to adaptively switch the corrective gain vector of the sliding-mode
controller. Here, the fault distribution information is used as the corrective gain vector to
compensate the uncertainty inserted into the system dynamics due to system fault. The
second one is to adjust the equivalent control term of sliding mode controller, while having

a small gain value for the corrective gain part.

Applicability of the proposed algorithm with both "approaches is shown in the
reconfiguration of a sliding-mode controller for a MIMO linear system. The objective of
the controller is to control the MIMO system under nominal operating condition, as well as
in case of an abrupt fault. The mentioned reconfigured cohtroller is switched back to its
nominal scheme when fault detection scheme detects that the faulty system component acts

nominally.

The proposed method aims to avoid chattering for the nominal plant, nevertheless, to
keep the process in operation by increasing the robustness of the controller with.a larger
gain for the faulty plant in accordance with the size of the fault distribution matrix. It is
required to avoid an increase in the controller gain and, hence, in the chattering, for the
nominal plant; but for the faulty plant the robustness is a delicate subject to be considered
to keep the plant running with an acceptable perforfnancé. Here, a trade-off appsars

between the tracking performance and chattering [3].
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The proposed algorithm can be implemented for autonomous underwater and space
vehicles when there is no way to stop the process and fix the faulty system component.

Torpedo and missile guidance systems can also be considered as military applications.

4.1. Sliding-Mode Controllers

Consider the SISO system defined below,

% = f(x)+b(x)u, (4.1)
where x is the state variable,

fTx) is the unknown dynamics,
u is the control input and

b(x) is the input gain

Given the initial conditions, perfect tracking x=x,is equivalent to keeping the

states on the sliding surface s(f) for all.¢ > 0. This condition, i.e., s =0 represents a linear
differential equation with unique solution of ¥=0. Considering the dynamic system in

(4.1), a switching surface is defined as [3],
{ s(x)=%+A[%dt (4.2)

Where s is the scalar function, A is a positive scalar, which defines the slope of the surface
and ¥ is the tracking error which is the difference between actual and desired trajectories

and defined as,
X=x—-x, - 43)

In order to make the system follow the desired trajectory, a Lyapunov function is defined

in form of s,
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V=—;-s2 (4.4)

which is positive definite. It is required that the following condition must be satisfied for

overall system to be stable under the switching controller inputs,

V<0 V>0 (4.5)

Control law u outside of sliding surface is chosen in a way to keep the scalar s at zero can

be achieved under the condition [3],
d

— < - . . 46
7S 1ls| | (4.6)

where 7 is a strictly positive constant. In fact, (4.6) defines the squared distance to the

surface. The system trajectories stay on the surface once on the surface.
From (4.2), first derivgtive of sliding surface function becomes,
§(0) = ¥() + AX(@) =0, @
It follows from (4. 1),‘(4.2) and (4.7) that,
$(8) = felt) + bu(t) — X, — AX(¥) ] (4.8)

Assume that the dynamics of f has some uncertainties and estimated with a boundary as

follows
Ir-7|<F | (4.9)

and the best approximation of a control law # in order to keep the system states on the

sliding surface and achieve $ = (s obtained as,



a="2‘[_f+5cd “H]

43

(4.10)

In order to satisfy the condition in (4.6), despite uncertainties in f, a discontinuous term is

added on to # and, hence, the overall controller with the corrective control term will be

given as,
1. .
U= ;;-[u — ksgn(s)]
where
o +1, ifs>0
sgn(s)=4 0, ifs=0
-1, ifs<0

Inserting (4.11) into (4.8), one will obtain,
. b - b, . ~ b
$=(f _Zf) +(1 —g)(_xd +AX) —gksgn(S)

so that k& must hold the following condition,

~

b, » b b
k>|=f—f+(=-D(x, + X)+n—
il D ) '71;

f'term can be expressed in terms of f as
F=Fr+(=h
Hence,

k2 b F +mbb™ + |6 -1|-|7 -, + 1%

@)

(4.12)

(4.13)

(4.14)

(4.15)

(4.16)
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sliding mode exponential
convergence

slope
Figure 4.1. Graphical illustration of sliding surface [3]

Once the state errors are on the sliding surface, they will converge to the origin in the
dynamics defined by the sliding surface. In order to compensate the effects of drifting
away from the sliding surface and guarantee a sliding regime ‘on the sliding surface shown

in Figure 4.1, a nonlinear switching function is used as corrective gain.

<V

Figure 4.2. A typical phase portrait under sliding-mode control [26]
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4.1.1. Chattering. Phenomenon

The main drawback of sliding mode control is chattering due to delays and

imperfections [3, 49, 50] as depicted in Figure 4.3.

X

s>0

Figure 4.3. Chattering phenomenon of sliding mode controlier [26]

The so-called chattering drawback of sliding mode controllers can be eliminated to some
degree by means of soft nonlinear functions. In this case, instead of a hard nonlinearity as

signum function defined in (4.12), a soft nonlinear function such as saturation function

, +1if s>
sat(S)=1s if -D<s<D (4.17)
@ .
-1if s<®

can be used in order to eliminate chattering.

If Equations (4.12) and (4.17) are compared, it is seen that there is an extra @ term which

defines a layer around rather than on the sliding surface and relaxes the switching line.
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This relaxation eliminates the chattering but in return, the tracking performance of the
sliding mode controller will decrease. There is a trade-off between eliminating chattering

and tracking performance. The boundary layer described above can be seen in Figure 4.4

[3].

4

Figure 4.4. The boundary layer and control input 3]

4.2. Reconfiguring Controller Idea

The basic idea is to design a controller using sliding-mode methodology, which can
yield satisfactory performance when uncertainties inserted into the process at any instant.
The robustness against a fault should be adjusted in such a way that the proposed sliding-
mode controller should increase the corrective gain when a fault is detected and decrease
the gain when the system acts nominally. Hence, the novel idea of this study is a synergic

combination of sliding-mode control method and fault detection methods.

The relation between robustness and the size of the- controller gain has been
illustrated below with examples. Here the corrective gain forces the response to the defined
sliding surface and equivalent control part tries to keep the response on the sliding surface,

in return the stability is achieved asymptotically. It is observed that nominal plants require
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less corrective gain and causes less chattering. Even any classical control technique such

as PID controller could have been used for this part. Nevertheless, it would have failed if a
fault develops in the system.

4.2.1. Increased Corrective Gain for Faulty Case

By combining fault detection techniques defined in Section 3.4. with the standard
sliding-mode control approach, it is possible to introduce a high switching gain only when
necessary. This idea implemented on the linear model of pneumatic servomechanism

mentioned in Chapter 3 and where transfer function is given in (3.23).

The controller is designed so as to be robust against the model uncertainties and self-
reconfiguring with switched higher corrective gain if a fault occurs in the systém. The

corrective gain, which is switched to in case of a fault is obtained with prior information of

the fault.

The control of the pneumatic servomechanism is achieved by controlling the servo
control valve. It is a tracking problem and a desired trajectory has to be followed by the

piston of the servomechanism. . ‘

4.2.1.1. SISO Switched-Gain _Sliding-Mode _Controller. The differential equation

corresponding to (3.23) can be written as,
¥(f) ==3.13%(r) - 4.33x(8) + 4..33u(t), - (4.18)
By inserting (4.18) into (4.7),
§(f) = =3.13x() — 4.33x() +4.33u(t) —.5c'd ® + AX(t), (4.19)

and, from (4.8), it follows that
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4, () =%5(3.135c(t)+4.33x(t)+5c'd (6) = 250)). | (4.20)

This is the equivalent control for the given system, a corrective control term is added to

this equivalent control term, which has discontinuous characteristics. Then, the control
turns out to be, '

u(t) = Z%(&Bx(t) +433x(6) + £, (f) = AF(D) - ksgn(s). 4.21)

The nominal gain k for corrective gain of sliding mode controller can be defined in (4.16).

By choosing k large enough, the sliding condition is guaranteed.

For the nominal case the controller turns out to be,
u(t) = 4—13—?—’ (3.13)&0) +4.33x(t)+X,(t) - A%(@t)) -k, sgn(s) (4.22)
Under the faulty condition the controller would be given as,
u(t) = 113—3,(3.13)&(1,‘) +4.33x(0) + ¥, () = A%(0)) — k 1, 581(S) - | (4.23)

4.2.1.2. Simulation Results. The proposed controller is simulated with Matlab-Simulink

‘Software. The nominal gain term k,,,, is implemented as 6 for the nominal plant and the
‘faulty case gain term kfau,, is implemented as 20 for the faulty plant. The fault is simulated

by abruptly changing the parameters of the closed-loop system. The residual is obtained
from (3.10). The residual exceeds a pre-defined threshold, then, the fault is detected and
the sliding-mode controller is switched corrective gain to obtain the desired response for

the faulty plant.

The results for nominal and faulty plant cases can be seen together in Figures 4.5-

4.8. Here a bias fault [43] of 10% created at the 2" sample and fault detection system
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shown in Figure 4.5 and switched the sliding-mode controller gain. At the 4™ second, the
servomechanism is simulated to act nominally and it is observed that the sliding mode
| controller gain _switched back to the corrective gain which is calculated for-the nominal
case. The controller switched to a higher pre-defined gain value after fault is detected by

the FD mechanism. Satisfactory tracking is achieved as can be seen from trajectory error in

Figure 4.8.
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Figure 4.5. Residual for pneumatic servomechanism
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Figure 4.6. Actual and desired trajectories
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4.3. Fault Distribution Information

It is required to reconfigure the sliding mode controller structure and adjust the
controller gain according to “the fault information, without referring to any prior
information about the faults which might occur in the S);stem. Therefore, the next step is to
find an analytical relation between robustness of the sliding-mode controller and fault

information. Therefore, fault distribution information need to be extracted by means of

observers.

In this thesis, it is assumed that there is no modeling uncertainty or, at least, even if
there is, it can be handled by the robustness property of a relatively low-gain sliding-mode
controller. On the other hand, a typical description for the- system uncertainty caused by
system faults can be represented with the model of the system in (3.2). Also, remember
that, by means of an obsefver, the residual can be generated as defined in (3.6) and (3.7),

Assuming C is a unity matrix and from (3.9), it follows that,

I(t) = (),
= (A —L)e(?) + RE(?), (4-24)
Rearranging (4.24);
RE(f) = £(f) - (A - L)e(?). (4.25)

Extracted fault information can be embedded into sliding mode controllers in two
possible approaches in order to obtain a reconfiguring controller, which is robust to any

system faults.

e Fault distribution information can be utilized in adjusting the corrective control part

of sliding-mode controller.

e Fault distribution information can be inserted into equivalent control part of sliding-

mode controller output.
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4.4. Reconfiguring Controller Design

The reconfigurable controller proposed here is a modified version of standard
sliding-mode controller. Sliding-mode controller is robust to model uncertainties when the
upper boundary of the uncertainty is given. Assume there is no information for the upper
boundary of the uncertainty caused by model mismatch or a system fault. In that case, the
proposed methodology replaces corrective gain vector with fault distribution information
or inserts the fault distribution information into equivalent control part of sliding mode

controller to _achiéve the acceptable performance criteria.
4.4.1. First Approach: Switching-Gain Sliding-Mode Control
Consider a general linear MIMO system of the form in (3.2). In order to achieve all v

states of the system in (3.2) to track the given desired trajectories at the same time, the

sliding manifold is defined as follows [3],
$() = %(t) + A [%()ae (4.26)

where s is the sliding surface vector, A is a diagonal matfix which defines the slopes of

the sliding surfaces, X is the state error vector and defined as,
X=X—-X " . (427)

In order to guarantee stability, a candidate Lyapunov function is given in terms of sliding

manifold given in (4.26)

V(s) =§;—s, T (4.28)

If the control satisfies the negative definiteness of the time derivative of the Lyapunov

function in (4.28) is guaranteed, then, the stability of the overall system is guaranteed. The
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system representation with fault distribution information can be presented in terms of
system and actuator faults as defined in (3.5)

X= Afaulrx(t) + Bﬁzullu(t‘) (429)
First derivative of sliding surface function becomes
§() = X(6) + AX() =0 (4.30)

The system representation can be inserted into (4.30) under the assumption that there exists

no uncertainty,

$(t) = Ax(¢) + Bu(?) — x,(¢) + AX(t) (4.31)
The best approximate of control law similar to (4.10) for the system with uncertainties
turns out to be,

i =B, [ A £, X(0) + X, () - AX(D)] (4.32)
The overall controllscheme together with corrective control gain becomes,

u=i-B7, ksgn(s) (4.33)

The condition for k can be obtained in a similar way defined in (4.13) by inserting (4.32)
and (4.33) into (4.31) as follows, |

§(2) = AX(() + BB [-A £ x() + %, () - AX(O] - %, () + AX(D) - BB,k sgn(s),

(4.34)
= (Ax(?) - -BB, Sault A X N+dA- BB—lult)( —X,(0) + Ax(t)) BB ﬁmltk sgn(s).

So that k must verify,

2 BB 0 AXE) ~ & uaXO)+ (BB gy =D )+ AT+ 7B B s (435)
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If there exists uncertainty in system matrix but not in input matrix, in other words, if
B=B,, then,

k > |Ax() A s X(O) + (L =D)(%, () + AX(@)| + 71, (4.36)

Hence,

kﬁzult 2 Rf(t) +1, (4.37)

The corrective gain vector k in (4.33) is replaced with fault distribution information for
faulty case and a nominal gain vector is used for nominal case. In case a fault is detected

by means of FD scheme, then the corrective controller gain vector is switched to fault

distribution vector as shown below.

| K,om = ] for nominal plant
k= (4.38)

Tk e = RE+7 for faulty plant

In other words the fault distribution vector is taken as the corrective control gain vector of
standard sliding-mode controller. The desired trajectories given in Figure 4.5 are required

to be achieved by the controller.

The trajectory task performance has been achieved for both outputs of MIMO system
with the proposed reconfiguring controller scheme, which uses sliding-mode controller as
the baseline controller [9]. Here, the fault or uncertainty information is extracted from the
system dynamics by means of an observer and embedded into corrective control pért of
reconfiguring sliding mode controller scheme. A soft nonlinear switching function is used

to avoid chattering for the nominal plant.

The system fault is detected by comparing any comporiénf of residual vector with
any corresponding scalar threshold component which is found by trial and error in a

similar way defined in (3.19).
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4.4.1.1. Design Example and Simulations for First Approach. Consider state-space

representation of a MIMO system in (3.28), a system fault is inserted into the system
matrix A consequently, tho state space representation of the faulty system became as
defined in (3.29). The eigenvalues change as defined in (3.30) for nominal plant to
eigenvalues defined in (3.31) for faulty plant. The fault is easy to detect but difficult to

control after the eigenvalue changes due to fault.

The fault information within fault distribution matrix will be obtained as follows [47,

48],

RE(t) = #(8) - (A - L)e(n),

#f(t)_{{—z 0.1]_[ 21 -17.9]}[%,] (439)
2 3 (1692 21 |||%]
_[A+23%, - 0.1%,

'\ir'2+2%1+18)?2]

Each fault distribution vector term has been used as the corrective control gain vector
of standard sliding-mode controller as defined in (4.37) and (4.38). In other words, the
controller transformed to run in an adaptive manner in case a fault detected in the system
dynamics. Matlab-SIMULINK software has been used for simulations. A bias system fault
as defined in Chapter 3.4.2.2. inserted at 1.25 sec. into the nominal system and this fault

has been removed at 1.75 sec. of the simulation. Following desired trajectories given in

Figure 4.9 are required to be achieved by the controller. .

4

Desired Trajectory 1

Desired Trajectory 2

-4 0.5 1 1.5 2 2.5 3
Time (sec.)

Figure 4.9. Desired trajectories [48]
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Actual Trajectory 1

Actual Trajectory 2

-60 ' 1 i i

u] 0.5 1 1.5 2 2.5 3
Time (sec.) '

Figure 4.10. Actual trajectories with standard sliding-mode scheme [48'] '

It is observed that the standard sliding mode controller cannot cope with the
structured (or parametric) uncertainties [20] inserted into the system as a result of the
system fault. It is seen from Figure 4.10 that the magnitude of the fault would grow
unboundedly if the system has not been simulated to act nominally. On the other hand

proposed controller scheme copes with the fault and stops system dynamics to wind-up.

It is also observed from Figure 4.11 that the control inputs are out of realistic values
during the faulty périod. This illustrates the fact that the fault had adverse effect on the

system dynamics and therefore the reconfiguration of the controller is essential.

First approach of proposed scheme which inserts fault distribution information into
corrective control part of reconfiguring sliding mode controller shows better performance
when compared with standard sliding mode controller as can be seen in Figure 4.12. The

trajectory following is not perfect but the system is still in operation.

The activity of the reconfigured controller under the faulty condition can be seen in
Figure 4.13 clearly. Note, the control activity is _considerably jﬁigher during the faulty

situation, whereas it is reduced under nominal condition.
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Figure 4.11. Control inputs with standard sliding-mode scheme [48]
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Figure 4.13. Controller inputs with first approach of reconfiguring controller scheme
4.4.2. Second Approach: Fault Information Inserted into E(juivalent Control Part
Our second approach is based on the idea of updating the equivalent control part of
the sliding-mode control action using the fault distribution information whenever a fault is

detected.

It follows from (3.2) and (4.30), that the system representation with the fault distribution

vector is inserted into (4.30)
§(t) = Ax(t) + Bu(t) + R () — %, (7) + AX(¢) ‘ (4.40)
hence, the equivalent control term is obtained as o

u,, (1) =B [-Ax() - RE() +X, ()~ AX()]. (4.41)
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It is clear that all terms are known except fault distribution matrix in (4.38). To
satisfy the sliding condition a corrective control term is used for sliding mode controllers.

The overall controller with the corrective control term will be derived as,

u(®) =u, (1)~ B“[knamsaz(%j]. (4.42)

where k,,, is the corrective gain vector which is also used for nominal case to guarantee a

sliding regime on the switching surface vector s. As the fault distribution vector CRE(Y)

term inserted into the equivalent control part of controllér_ scheme, the controller runs in a

reconfiguring adaptive manner and makes it possible to accommodate with system faults.

Proposed second approach of - reconfiguring sliding mode controller copes
satisfactorily with the mentioned uncertainties by updating the equivalent control part of
reconfiguring sliding mode controller as can be seen from Figure 4.14 and Figure 4.15.
Note that the control activity incréases under faulty situation. In return, fault tolerant

control is accomplished with reconfiguring sliding mode controller.
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[48]
4.5. Discussions

A reconfiguring sliding mode controller is proposed for linear MIMO systems.
Reconfiguring controller alleviates the disturbances inserted into the system dynamics in
case of a faﬁlt by réconﬁguring the equivalent control term or corrective gain vector term
of the sliding mode controller in an adaptive manner. It is observed that the standard
sliding mode controvller cannot cope with uncertainties due to éystem fault. On the other
hand, the switching gain reconfiguration can éope with faulty condition much better than
the standard sliding-mode controller and stops system\ dynamics to wind-up at the faulty
situation. Second approach can also cope with mentioned uncertainties by updating the
equivalent control part of a sliding-mode controller with respect to fault distribution
information. In fact, by comparing Figure 4.12 and 4.14, it-is seen that updating the

equivalent control term yields better performance as compared to a switched gain

controller.
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The algorithm based on the extraction of fault distribution information from system
dynamics by means of a linear observer. This method is an example for the integration of
fault detection methods with robust control techniques to obtain fault tolerant control. The
proposed controller schemes can be seen as. active reconfiguration methods. This method
can be implemented for the control of underwater and. aerospace vehicles especially when

there is no way to terminate the process and fix the faulty system component.
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5. SIMULATION RESULTS

The proposed control reconfiguration scheme is implemented for the depth control of
the submarine. Our aim is to keep the vehicle at submergence in order to avoid detection

by surface units in case of approaching to surface as a result of forces and moments acting
on the submarine.

5.1. Re-Configuring Sliding-Mode Controller Design

The controller is designed ina way similar to MIMO linear model defined in Chapter
4, Submarine dynamics is reduced to two-input-two-state form by treating pitch angle
6(t)as a known disturbance and computing the auxiliary tank content M, a priori

separate from hydroplane inputs. Reduced state space model of the submarine dynamics

turns out to be [52],

% ()= A x,(1)+B,u(t)+ R,d(t)+ FO() (5.1)
where
OB(?)
X, (f) = [W(t)} and u(f) =| 65(t)
o@) | M

€aux

and, it follows from (2.4) and (5.1),

0.046192185 —0.079592688
" ~10.000479688 —0.002184535 |’

0.0003372 -0.0771345

e 0.0162 0
| 0 -0.003975]

[-0.0245313 1.5174 }
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For the system in (5.1), the state estimates %,(f) can be generated by means of a

Luenberger observer, as

£,()=(A, -L)%, () +B,u(t) + FO@) +Lx, (), (5.2)

Defining the state estimation error as in (4.24), its dynamics can be written from (5.1) and
(5.2) '

&) =%, (1) - %, (),

(5.3)
=(A, -L)e(?) + R, d(#), :
From (5.4), disturbance information can be extracted similar to (4.26) as [52],
R,d(1)=é()-(A, -L)e(t) 54)

It is known that a sliding-mode controller can be made robust to uncertainties in
system dynamics when the upper bound of the uncertainty is given [26]. For the proposed
methodology below, ﬁo information for the upper bound of the uncertainty (which may be
caused by a model mismatch or disturbances) is necessary since the disturbance
information obtained in (5.4) is used as an additive term in the corrective or equivalent

control part of the control action.

In order to achieve all states of the system in (5.1) to track the given desired
trajectories at the same time, the switching s1_1rface function [53] can be defined. Similar
methodology defined in (4.33)-(4.42) can be implemented and the control law can be

obtained in two approaches explained in Chapter 3.
5.1.1. First Approach: Modified Corrective Control Term

The first approach is to use extracted disturbance distribution information as an

additive term to the corrective control part of the controller. From (4.31) and (5.1) without

uncertainty information, it follows that
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s(t) = A,,.x,, (6)+B,u(t) + FO(t) - x, (1) + AX(?), (5.5)
Rearranging (5.5),

B,u, =—A x, (£)-FO()+x%, - Ai(x) (5.6)
or

u, () =B;'[-A,x,()-FO@) + X, (t) - AX(D)]. (.7

Corrective control term can be added similar to (4.36) and (4.38), and, the overall

reconfiguring sliding-mode controller turns out to be,

u(t)=u, (t)—B-‘[(k)sat(;f-)] | (5.8)

where

. {km =7, for nominal plant

K., =R, d@®+y, for faulty plant

and 17 is a positive definite vector for the nominal plant. Here, R,d can be replaced by its

estimate obtained from (5.4).

Simulations are performed with Matlab-SIMULINK software. Desired depth

trajectory is defined in the following way. The depth velocity of the submarine is given as,
ii(¢) = w(t) cos 8(t) U sin 6(t) (5.9)

For small angles, the desired depth dynamics can be written as
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hy(6) = w, (1) - U8, (2) : (5.10)
which is a combination of desired heave velocity w,and desired pitch angled,. The

desired pitch angle trajectory is chosen to be 0° during the simulation, then, the desired
heave velocity dynamics turns out to be

w,(6)= h,(t) (5.11)

- So, the desired heave velocity can be obtained by differentiating the profile of desired
depth 4. During the simulations, the depth profile given-in Figure 5.1 is used, which

corresponds to a diving maneuver from the sea level to a depth of 30 ft (10 m).
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Figure 5.1. Desired depth trajectory [51]

Firstly, a standard sliding-mode controller is designed forthe depth control of the -
 submarine is designed based on the nominal plant where the disturbances are not taken into
account. It performs unsatisfactorily which can be seen in Figure 5.2. which shows that the

submarine cannot leave the sea surface because of the suction force.
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Figure 5.2. Depth and pitch error values for sea state 6 with standard scheme [52]

An indirect adaptive controller is designed in order to investigate the performance
of adaptive controllers under system faults with the same gubmarine model. It has been
observed that the indirect adaptive controller, which the parameters of the controller are
updated with respect to estimated system coefficients also cannot cope with disturbances at
sea state 6 [19]. Indirect self-tuning control technique is épplied to the depth and pitch
angle control of the same submarine model in case of system faults in order to perform
active reconfiguration. Satisfactory resulté obtained for sea state 1 but the performance

degraded when the effects of the sea waves increased in case of sea state 6.

Parameter estimation for time-varying parameters due to sea wave and system fault
effects is performed with RLS algorithm. Estimated parameters coriverged to true
parameters of the submarine model for sea state 1. Same foréetting factor 0.98 has been
used throughout the simulations. Forgetting factor is defined by trial and error. Fault
detection is not required but performed by using parameter éstimation algorithm. It has
beén observed that the parameters of the system dynamics change rapidly and inputs of

recursive least square (RLS) estimation with forgetting factor are not persistently enough
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in order to converge to the true parameters of changed system dynamics due sea state 6 sea
wave effects. '

In our approach, firstly, each disturbance distribution vector term has been inserted
into the standard sliding-mode controller as an additive.gain for the corrective control part
as can be seen in (5.8). In other words, the controller is adapted to the changes in system
dynamics from the corrective control part whenever there is a change in sea states. In other
words, submarine states are continuously observed. The submarine depth control for sea
state 1 situation with respect to a given desired trajectory up to 30 ft (10 m) depth is

performed with the proposed sliding mode control scheme and the results are evaluated.

| The desired and actual depth outputs are shown together in Figure 5.3 and depth and
pitch angle errors are shown in Figure 5.4 for sea state 1 when the effects of sea waves on
the submarine is relatively small. It looks like that there is excessive chattering on the
control planes when the control commands are observed in Figure 5.5. Depth and pitch

error values are satisfactory (less than 0.6 ft - 20 cm -) as can be seen in Figure 5.4.
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The same scenario is simulated also with sea state 6. Sea state 6 is the limit for
almost all vessels on the sea therefore, simulation results at this sea state are particularly
Important. The desired and actual depth outputs are shown together in Figure 5.6 and depth

- and pitch angle errors are shown in Figures 5.7 and 5.8 for sea state 6 when the effects of

Sea waves on the submarine is huge.

It looks like that there is excessive chattering on the control planes when the control

Commands are observed in Figure 5.9.
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Figure 5.6. Desired and actual depth trajectories for sea state 6 with switching gain sliding-

mode controller

Depth and pitch error values are greater than the simulation results depicted for sea
state 1 (maximum 6.5 ft - 2 m -) as can be seen in Figure 5.7 and 5.8. The control activity
for duration of 5 seconds is shown in Figure 5.10, where it can be seen that the variation of
the control action is within implementable limits. As compared 'f& the sea state 1 scenario

control inputs increase and the saturation of the bow plane inputs causes an increase and
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saturation for the stern plane inputs. However, the response shown in Figure 5.5 is still

within acceptable limits.

That means, the proposed scheme of updating cotrective control part of sliding-mode
controller in an adaptive manner can compensate adverse sea affects to some degree. Note
that, standard sliding-mode and adaptive controllers cannot cope with disturbances in case
of sea state 6. But, our switching gain sliding-mode controller gives better performance

than standard sliding-mode and adaptive controllers.
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5.1.2. Second Approach: Modified Equivalent Control Term

The second approach is to use extracted disturbance distribution information as an

additive term to equivalent control part of the controller, it follows the same approach
defined in (3.40), from (5.1) and (5.4) [52],

§() = A, x, (1) +Bu(t)+ R, d(t) + FO(t) - x, (£) + A%(?), (5.12)

Rearranging (5.12),

B,u,, =-A,x,(®)-R,d()-Fo(r)+ xd — AX() (5.13)

or
u, (1) =B;'[-A,x,()-R,d()-FO(t)+%,(1)- AX(@)). (5.14)

In this approach, each disturbance distribution vector term has been inserted into the
standard sliding-mode controller as an additive term for the equivalent control part as can
be seen in (5.14). In other words, the controller is adapted to the system dynamics from the
equivalent control part whenever there is a change in sea states. The submarine depth
control for sea state 1 situation with respect to a given desiréd trajectory up to ‘30 ft (10 m)
depth is performed with the proposed sliding mode control scheme and the results are

evaluated.

It looks like that there is excessive chattering on the control planes when the control
commands are observed in Figure 5.11. This is not true if a shorter duration of the
hydroplane activity is taken into account. It can be seen in Figure 5.12, which shows the
control activity detail of 5 seconds that the variation of control action is acceptable and
implementable. Depth and pitch error values are much better than being just satisfactory

(less than 0.025 ft - 0.75 cm -) as can be seen in Figure 5.13.
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The same scenario is simulated also with sea state 6. The control activity for a
duration of 5 seconds is shown in Figure 5.14, where it can be seen that the variation of the

control action is within implementable limits. As compared to the sea state 1 scenario

control inputs increase and the saturation of. the bow plane inputs causes an increase and

saturation for the stern plane inputs. However, the response shown in Figure 5.15 is still

within acceptable limits. Depth error is around 1 ft (30 cm) and pitch error is arouhd 0.2°.

That means, the proposed second approach scheme reconfigures the controller

structure in order to compensate adverse sea affects.
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Figure 5.12. Bow and stern plane commands for sea state 1 in a smaller scale with

modified equivalent control part of a sliding-mode controller [52]
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5.2. Discussion

Two reconfiguring sliding mode controllers are proposed to compensate primarily
the sea wave disturbances on the submarine..A state observer has obtained the disturbance
information of sea waves or other disturbances caused by model mismatch on submarine
dynamics. The first approach uses the extracted sea wave disturbance information in a way
to update the corrective control part of a sliding-mode controller. This approach gives

better result when compared with a standard sliding-mode controller that is designed by
ignoring mentioned disturbances. |

In fact the standard sliding-mode controller designed by ignoring the disturbances
cannot cope with excessive environmental changes. Updating the controller using the
disturbance information at the corrective control part modifies the sliding mode controller
- adaptively. Hence, the robustness of the controller is adjusted on-line and the overall
performance of the controller is enhanced to overcome the disturbances caused by sea

waves during shallow water operation.

On the other hand, the second approach uses the extracted sea wave disturbance
information in a way to update the equivalent control part of a sliding-mode controller.
This approach gives better result when compared with a standard sliding-mode controller
and reconfiguring shdmg—mode controller based on first approach This can be seen clearly
seen when the depth and pitch errors for sea state 6 depicted in Figure 5.15 for second
approach namely, modified equivalent control part of a sliding-mode controller with the

depth and pitch errors for sea state 6 depicted in Figures 5.2, 5.7 and 5.8 for standard

sliding-mode controller and first approach, namely, switching gain sliding-mode controller.

However, second approach causes computational burden when compared with other
two methods mentioned above. But, the computational burden cannot be considered a very

important issue when the benefits of this approach for a high technology system.

Such approaches of reconfiguration are very useful for real case applications of this
field. In return, a reconfiguring robust controller can be obtained in order to perform the

tasks expected from a submarine. The simulations tested the applicability of the proposed
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scheme on a large-scale submarine. However, the same controller .scheme is a good
candidate for autonomous underwater vehicles (AUV), which are. required to operate

accurately and reliably in harsh marine environment [54].
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6. CONCLUSIONS

As the dynamic systems are becoming more and more complex, they require
sophisticated controllers ‘in order to achieve reliability task. Among these systems,

underwater vehicles are commonly used for both commercial and military purposes.

Above all, the military applications of underwater vehicles are becoming more and
“more popular as there is a great need for NATO Navies to have unmanned underwater
vehicles for mine hunting operations due to political reasons. Therefore, there is a great
interest among research centers for designing autonomous underwater vehicles in order to
operate independently. They are required to operate autonomously and continue their
mission in case of excessive sea wave disturbances or faults. Also there is an increasing
interest among NATO Navies to utilize autonomous underwater vehicles at shallow waters
for harbor and port protection. This issue was one of the main issues of NATO mine
warfare conference 2004 due to new perspective of highly valuable industrial target

protection after 11" September attacks of terrorists.

This dissertation aims to contribute this area of researchf The prbposed controller is
aimed to reconﬁgﬁré itself in an adaptive manner in case of environmental or fault effects.
Autonomous underwater vehicles are under excessive environmental disturbance at
shallow water operations and they need to have fault tolerant control systems in order to

operate autonomously.

The basic idea in this dissertation is to design a controller using sliding-mode
methodology, which can yield acceptable performance when uncertainties inserted into the
process at any instant. The robustness against a fault or disturbance should be adjusted in
such a way that the proposed sliding-mode controller should reéonﬁgure the controller and

adjust the robustness when a fault or disturbance is detected in the system dynamics.

The work presented in second chapter explains firstly the fault and failure terms,

analytical redundahcy concept together with residuals in order to detect faults. The fault
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detection and isolation (FDI) design tools based on observers in order to provide the
fundamentals to bound mentioned tools with extraction of fault or disturbance information
is also introduced in this chapter. Residuals are generated by means of observers, which
are robust to disturbances but sensitive to faults, which might occur in system, sensor or
actuators. The same idea is used to extract fault or disturbance information. Case studies

are also presented in this chapter with simulations on a SISO pneumatic servo valve and a

MIMO linear system fault detection.

The fundamentals of sliding-mode controller method are described togethef with
chattering phenorhenon in third chapter. The relation between robustness and the
magnitude of the controller gain vector is shown with a pneumatic servo valve model. The
sliding-mode controller design for a pneumatic servo valve is simple with regard to only -
one fault is detected and there is oniy‘one corrective gain term that is pre-calculated. The
corrective gain of the controller is switched to a greater value in order to compensate fault
effects on system dynamics. Nevertheless, the main aim of this approach is to form a
relation between reconﬁgﬁration of sliding-mode controller and fault or disturbance
information. Therefore, a relation between fault or disturbance information and robustness

of the controller is investigated.

Fault or disturbance information is extracted by means of observer based fault
detection techniques and extracted fault or disturbance information is inserted into a
MIMO linear system model sliding-mode controller for bias faults with two approaches.
Firstly, the corrective gain vector of the sliding-mode controller is switched to extracted
fault information when the fault is detected. The performance of proposed re-configuring
shdmg-mode controller based on switching of corrective gain vector with respect to
extracted fault information is compared under the same fault condition with standard

sliding-mode controller scheme.

The proposed scheme based on corrective gain vector re-conﬁguratlon shows better
performance than standard sliding-mode controller for the glven case and stops system

dynamics to wind-up, whereas the standard sliding-mode controller cannot cope with the

faulty situation and causes system dynamics to wind-up.
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The second approach for feconfiguring sliding-mode controller uses the extracted
fault or disturbance information for the equivalent control part of the sliding-mode
* controller. This approach is implemented for the same MIMO system under the same

faulty situation. It has been observed that the second approach gives better performance

than the first one.

The proposed approaches are aimed to implement an autopilot for an underwater
vehicle, parallel to the philosophy defined in first paragraph. Therefore, a submarine model
is introduced in fourth chapter. The submarine model is explained for the depth and pitch
angle control of the submarine with excessive sea wave effects at shallow submerged

operation. The actuator model is also given with realistic physical constraints.

The reconfiguring sliding-mode controller concept with two approaches defined in
third chapter is also implemented for the submarine model. The performance of three types
of controllers is investigated. Standard sliding-mode controller designed for nominal plant

shows poor performance and cannot cope with disturbances.

First approach based on inserting extracted disturbance information into corrective
control part of standard sliding-mode controller shows better performance than a standard
sliding-fnode controller and perform shallow submerged depth control task. Second
approach based on inserting extracted disturbance information into equivalent control part

of sliding-mode controller shows better performance than the first one.

Therefore, proposed reconfiguring sliding-mode controller approaches have
considerable advantages when compared with passive robust control reconfiguration
controllers. They combine fault detection and isolation methods with sliding-mode
controller scheme in an adaptive manner. The robustness of sliding-mode controller is
updated in a way to compensate fault or disturbance effects. Hence, the proposed
reconfiguring fault and disturbance tolerant controller that uses mstandard sliding-mode

controller as the base-line controller is 2 good candidate to be imﬁlerﬁented for underwater

vehicles.
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It is also Turkish Navy’s interest as a NATO member country Navy to have
autonomous underwater vehicles. So far, remotely operated vehicles are used on board
mine hunting vehicles. It is planned to have national technological capability for
underwater vehicles which will be the main factor of upcoming unmanned wars. Therefore,
it is aimed to implement proposed approach for a national developed underwater vehicle
for littoral water mine hunting operations and harbor and port protection tasks in future.
Future work as the first step involves the development of a remotely operated vehicle and
implementation of the proposed approach on this developed underwater vehicle. Next step

will be going one step further, and having an autonomous underwater vehicle which will

operate autonomously.
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APPENDIX A: HYDRODYNAMIC COEFFICIENTS

The hydrodynamic coefficients and variables below are used in (2.2.) and (2.3).

Normal Force

Z,=-0.0110 Z,=-0.0075 Z,=-0.0045
Z;=-0.0002 Z;=-0.0025 Zg=-0.0050

Pitching Moment

M, =0.0030 M, =-00002 Mj=-0.0025
Mj;=-0.0004 My =0.0005 My =-0.0025
I,=5.6867x10"*

Sea Wave Forces

C,y =035 Cp =128 C,=0.77 \
L=286Ft. V=76x10"Ff p=2.0slugs/F¢
U =8.43Ft/sec. ‘
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APPENDIX B: VECTOR NORMS

Definition:

The norm of a vector can be defined as a measure of the magnitude of that vector.
Vector norms are used in (3.19) and (4.36) in this thesis.,

Xy

Let x=|. > |e R". The Euclidean norm (or ) ofxis defined by,

Ix|= \/xl2 +x0 4+ X
Properties of Vector Norms

=0
||| =0, if and only if x =0,

ch" = c|||x|| for any scalar c,

[+ vl <[+ Ik

{

 As defined above, there is Euclidean or /, norm, there exists also;; I, norm,
[, = b+ ol + s+ .+

I, norm is defined as follows,

}

I, = mas} e bl

The norm defined in (3.19) and (4.36) are Euclidean vector norms.
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