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Abstract

The nature is embedded with non-linear systems. The non-linear systems
are generally multiple input multiple output ones. All the control Engineers
expect the system to deliver the expected performance. The expected per-

formance depends on the nature of the control strategy adopted.

This thesis proposes the design of sliding surfaces and sliding mode con-
trollers for multiple input multiple output (MIMO) systems. Two types of
MIMO systems are taken in to consideration. The first one is 2-degree of
freedom (2-dof) TRMS system which is a highly coupled non-linear Elec-
tromechanical MIMO system and second is dual input buck boost converter
(DIBB) which is a non-linear electrical Multiple input system. In both sys-
tems, the control action employed is sliding mode control since it is insensitive

to parametric variation and external disturbance.

The work includes design of both linear and non-linear sliding surface
for 2-dof TRMS using optimal design procedure and principle of variable
damping ratio concept respectively. It is found that there is a presence of
chattering in the control signal. Hence the work incorporate the design of
super-twisting controller which is a continuous controller to eliminate the
chattering in the output signal. The super-twisting control employed in non-

linear sliding mode control with non-linear sliding surface design fetches good



results. It is found that the scheme can reduce settling time of 2-dof TRMS.
The applicability of the designed non-linear sliding surface has been tested
both in simulation and in real time experiments. The performance of non-
linear sliding mode controller with super-twisting controller is also compared
with the third order super-twisting controller, Linear surface design and PID

controller design.

The work has been extended to dual input buck boost converter to know
the effect of control of different type system. In this the design of conven-
tional sliding mode controller, the design of super-twisting controller and
the design of modified integral sliding mode Control (ISMC) have been done
for the output voltage regulation of DIBB converter. The design method is
clearly illustrated for dual input buck boost converter with the above control

strategies.

The first stage of the research work is concerned with the modeling of
2-dof TRMS multiple input multiple output (MIMO) System and design of
the decoupler to eliminate the coupling effect between the main and tail ro-
tors of 2-dof TRMS. The second stage of the work involves the design of PID
controller and design of linear sliding surface and non-linear sliding mode
controller for 2-dof TRMS. The third stage of the work involves
1) The design of non-linear sliding surface using variable damping ratio con-
cept and non-linear sliding mode controller with the application of super-
twisting STC for 2-dof TRMS.

2) The real time implementation of non-linear sliding surface for 2-dof TRMS.
3) The design of third order super-twisting controller for 2-dof TRMS.
4)The comparison between all these controllers for 2-dof TRMS.

In the Fourth stage, the above mentioned controllers are employed in
purely electrical DIBB system. It is found that the super-twisting control
works well in dual input buck boost converter as it reduces chattering while

keeping the robustness of the system. The results have been analysed in terms

il



of robustness and found that the performance of DIBB system with super-

twisting algorithm combined with integral sliding mode controller fetches

good results.

Keywords: Two Degree of Freedom Twin Rotor MIMO System,Linear
sliding surface, Optimal sliding surface, State feed back controller, Non-linear
sliding surface, Non-linear sliding mode controller, Super-twisting controller,

Third order super-twisting controller, Integral sliding mode controller.
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Chapter 1
Introduction

All systems are non-linear in nature. Systems with multiple input multi-
ple output (MIMO) are generally dealt in all engineering disciplines. They
are referred to as multi variable systems. When multiple inputs are manip-
ulated simultaneously to control multiple outputs the performance will be
achieved in a more optimal manner. For reasons of economics, the control
systems design is done in an off line mode which will be later tuned to make
a smooth operating condition in reliable manner. The expected performance
of the system mainly depends on the modeling and control strategy that are
adopted. In the literature, there are many methods available. Pole place-
ment, Block back stepping control, Model reference adaptive control, Model
predictive control, Multi variable PID control etc. are some of the general
control strategies adopted for MIMO systems. The control design becomes
challenging when there is strong interactions in the input-output channels
and there are non-linearity in the dynamical behaviour. Parameter uncer-
tainties and the time delay also make the situation complex. Depending
on these dynamical properties, each type of system shall exhibit different

performance for the same type of control strategy.

In this work, two cases are considered. First one is electromechanical

system known as Twin Rotor MIMO system and second one is pure electri-



Chapter 1. Introduction

cal system namely Dual input Buck Boost converter have been considered to
the investigation of the effect of control strategy on the system’s inherent dy-

namical properties or changes occurring due to some structural modification.

A design engineer expects all systems to be robust in nature and also
insensitive to the parametric variation. Among the control strategies listed
above the sliding mode control (SMC) brings out the expected performance
in terms of robustness and insensitivity to parametric variation. Hence, in
this thesis it is proposed the design of a sliding surfaces and sliding mode

controllers for multiple input multiple output systems.

The two types of MIMO systems considered are 1) A 2-degree of freedom
(2-dof) TRMS system which is a highly coupled non-linear electro mechanical
system and 2) A dual input buck boost converter (DIBB) which is purely
electrical MIMO system. The controlling of closed loop system is done by
sliding mode control as it is insensitive towards parametric variation and
external disturbances. There are two steps in designing sliding mode control.

They are design of sliding surface and design of sliding mode control.

The sliding surfaces considered for 2- dof TRMS system are 1) The lin-
ear sliding surface design using optimal design procedure and 2) non-linear
sliding surface design using the principle of variable damping ratio. The
controllers designed for 2-dof MIMO systems are non-linear controller using
state feedback control structure, non-linear sliding mode with super-twisting
control applied and third order super-twisting controller. The linear sliding
surface enables the system trajectory to be robust by designing a suitable
non-linear sliding mode control (SMC). This scheme is able to reduce the
settling time and peak overshoot of the response for 2-dof TRMS. But, the
existence of non-linear sliding surface improves the robustness of the system.
Then the performance of 2-dof TRMS using the non-linear sliding surface
is compared with the conventional linear sliding surface, PID control design

and third order super-twisting control design. It is observed that not only



1.1 Objectives

the settling time but the peak overshoot of the system also are found reduced
with the use of non-linear sliding surface design. The system becomes more
robust with the application of non-linear sliding surface. The applicability
of the designed surface has been tested both in simulation and in real time.

In the case of the dual input buck boost converter (DIBB), the error be-
tween the actual value of the output voltage and the reference value is taken
as the error surface. The controllers designed for dual input buck boost
converters are 1) conventional sliding mode controller 2) super-twisting con-
troller and 3)super-twisting controller applied in integral sliding mode con-
troller (ISMC). The comparison between these controllers has also been done.
It is found that the chattering in control as well as in output can be reduced
with the use of continuous controller like super-twisting controller. Moreover
the reaching time and chattering in control signal can be reduced with the

use integral sliding mode controller applied with super-twisting controller.

1.1 Objectives

The main objectives of the thesis can be enumerated as:
e Modeling of 2-dof TRMS by including all non-linearities

e Design of decoupler for 2-dof Twin Rotor MIMO System to eliminate
the coupling effects between the main and tail rotor of 2-dof TRMS.

e Design and validation through simulation of PID Controller for 2-dof
TRMS.

e Design and validation through simulation of linear sliding surface using
optimal design procedure and non-linear controller using state feedback

controller for 2-dof TRMS.
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e Design and validation through both simulation and real time imple-
mentation of non-linear sliding surface and non-linear sliding mode

controller with super-twisting algorithm for 2-dof TRMS.

e Design of third order super-twisting controller for 2-dof TRMS and the

validation of the controller using simulation.

e Design of PI controller for DIBB and the validation of the controller.

e Design of conventional sliding mode controller for DIBB and the vali-

dation of the controller.

e Design and validation through simulation of super-twisting controller
for DIBB.

e Design and validation through simulation of Integral sliding mode with
discontinuous and continuous controller to reduce chattering as well as

reaching time for DIBB.

1.2 Organization of the thesis

The chapters of this thesis are organized as follows:
For stating the problem and developing solution approach, a thorough review
has been conducted. This is to analyse the various types of control strategies
applied in MIMO systems. These are described in chapter 2.

The modeling of 2-dof TRMS including all system related non-linearities
and effects of coupling are carried out. Also the design of decoupler for 2-dof
TRMS is designed to eliminate the coupling effects between the main and

tail rotors. These are discussed in chapter 3.

4



1.2 Organization of the thesis

Design and validation through simulation of linear sliding surface using
optimal design procedure and non-linear controller design using state feed-
back controller for 2-dof TRMS are discussed in chapter 4.

In chapter 5, the design and validation of non-linear sliding surface and
non-linear controller with super-twisting control applied for 2-dof TRMS
through simulation and real time are dealt with. Also the design of third
order super-twisting controller for 2-dof TRMS and the validation of the
controller using simulation are explained in this chapter.

Chapter 6 begins with the design and validation PI controller for Dual in-
put Buck Boost Converter (DIBB) followed by design of conventional sliding
mode controller. The presence of chattering is mitigated using super-twisting
controller which is clearly dealt in this chapter. Integral sliding mode with
discontinuous and continuous controller to reduce reaching time as well as
chattering for dual input buck boost converter are also discussed in this

chapter. Finally conclusion and scope for future work are given in chapter 7.
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Chapter 2

Literature Review and Problem

Definition

2.1 Introduction

Even though multi variable control theory is a subject of recent origin, a lot
of research is going across the world. A stable time invariant controller for an
open loop unstable system has been designed for multi variable system [1].
The advantages of such system are minimum control action, robustness etc.
But this controller cannot be used for tracking purpose since the sensors may
make wrong measurement. The researchers are in search of other types of
controllers . The output feedback controller for a class of non-linear systems
is designed in [2]. The advantage of such controllers is that the knowledge of
upper bounds of perturbation is not necessary. A novel controller is designed
for a class of non-affine MIMO systems to achieve a uniform semi-global
asymptotic stability by combining the h-infinity and back stepping control
[3]. The Robust stabilization of MIMO non-linear systems by back stepping
is designed by Liu et.al. [4]. They utilized a smooth feedback law for a
class of minimum phase systems. All the above mentioned controllers are

employed to achieve asymptotic stability. A method for block back stepping

7
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controller is proposed to solve tracking problem based on Lyapunov stability
theorem [5].

Some authors have designed the adaptive control strategy, which will pro-
vide superior tracking capability in comparison with fixed gain controllers [6].
The limitations of this methods are 1) The time needed for parametric tun-
ing is high. 2) It is difficult to find Lyapunov function for the control of
each system. Some authors have also designed the model reference adaptive
controller which is a popular technique and efficient approach in improving
tracking capability, in comparison with fixed gain controllers [7]. This con-
troller also suffers from the problem of tuning of parameters with Lyapunov
function. A novel approach was designed by using robust fixed point transfor-
mation by J.K. Tar et.al. [8]. This controller avoids the use of sophisticated

tuning process.

Some authors designed model predictive control to control MIMO sys-
tems for getting good tracking performance. But the model restrictions have
to be taken in to account [9]-[11]. The implementation of field programmable
gate array in combination with model predictive control for improving the
response speed is designed by K.V. Ling and others in [12]. But it is con-
ventionally used for controlling single input single output systems. The al-
gorithm which is implemented by Sajin and et.al. can solve the problem of

loop interaction hence can be applied in MIMO systems[13].

The well-known Nasubuam control is applied in MIMO system by decom-
posing the MIMO systems in to several separate SISO systems [14]. In [15],
a classical Nusubuam gain is employed to identify control direction of each
SISO systems. C. Chen and et.al investigated a fuzzy asymptotic control
for MIMO systems with unknown identical control directions [16]. In this
paper, using newly constructed nusubuam technique, the authors have found

a feasible solutions for the problems such as input non-linearities , external
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disturbances, unknown identical control directions etc.

The other control strategies are Vibration control [17], Non-linear dis-
turbance observer [18], Sliding mode control[19]. In sliding mode control
(SMC), the authors have considered the system non-linearity as uncertainty.
In a neural composite learning control using on-line recorded data, the neural
networks are used for uncertainty approximation [20]. The authors have up-
dated neural weights using tracking error and a composite learning algorithm
is designed by them. Among the control strategies available the sliding mode
control is best suited for the control of MIMO systems as it is insensitive to

parametric variation and external disturbances.

2.2 Motivation to the Problem

Applying sliding mode control in multiple input multiple output systems is
the problem area. Two different type of systems are considered for analy-
sis. Generally electromechanical systems will be having high time constant
and will show slow response. The pure electrical system will be having low
time constant and will show fast response. The problem is to analyse various
types of sliding mode controllers and sliding surfaces for these two types of
systems and to check which type of sliding mode controller and sliding sur-
face will give a better result. The two systems considered in this thesis are
2-dof TRMS( electro mechanical MIMO system) and dual input buck boost
system (DIBB) as a pure electrical MIMO system. When multiple input mul-
tiple output (MIMO) systems are considered, the coupling effect between the
input-output pairs may come in to action. Controlling of such system become
a difficult task. The 2-degree of freedom Twin Rotor Multiple input Multiple
output system (2-dof TRMS) is one such non-linear electro-mechanical sys-
tem. The 2-dof TRMS is a setup that resembles to the helicopter [21]. The
setup is shown in figure 2.1. In the proposed work the TRMS of 2-degree
freedom TRMS with model number 33-949 has been considered.
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Figure 2.1: TRMS SYSTEM

2.2.1 Dynamics of 2-dof TRMS

The figure 2.2 shows the TRMS system with the vertical movement and
horizontal movement forces marked. The moment due to vertical movement
of 2-dof TRMS consists of moment due to pitch angle acceleration 1&, moment
due to non-linear characteristics M7, moment due to gravity Mg, frictional
force moment Mp, and gyroscopic moment M. The following equation

shows the relation between these terms are given in [1].

I, = My — Mpg — Mpy — Mg (2.1)

10
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Mpup + My

Tail Rotor

Main Rotor

% Control signal
Measurement signal

———

Figure 2.2: TRMS SYSTEM with the vertical movement and horizontal

movement forces marked

The moment due to non-linear static characteristic M is related with the

torque 11 developed in the main rotor as:
My = aym* 4 by (2.2)

where a; and b, are constants. Now the relation between gravity moment

Mpq and pitch angle 1 is given by
Mpe = M, sin(y) (2.3)

where M, is the gravity constant. The relation between frictional force mo-

ment Mp,, pitch angle velocity ¢ and yaw angle velocity b is given by:

0.0326 sin(2¢))¢? (2.4)

Mpy = Byyth —

11
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The relation between gyroscopic moment Mg and yaw angle velocity qb is
given by:
Mg = Ky, M, ¢ cos(v)) (2.5)

Similarly, the moment due to horizontal movement is given as:
¢I, = My — Mpy — Mp (2.6)

Here ¢ represents the yaw angle acceleration, M, represents the moment due
to non-linear static characteristic of tail rotor, Mp4 represents frictional force
moment and My represents cross reaction moment. The moment due to non-
linear static characteristic of tail rotor M, is related with torque 75 developed
in the tail rotor as:

My = aymo® + by (2.7)

where a9 and b, are constants. The relation between frictional force moment

Mpg and yaw angle velocity is given by:
Mpy = 6By, (2.8)
The following equation approximates the cross reaction moment;

T, 1
My = K. s+

c——M 2.9
T,s+1 ! (2.9)

where Tp and T, represent the cross reaction moments parameters for pitch

and yaw respectively.

By observing these moment equations we can see that the system is highly
non-linear and heavily cross coupled. Hence identification of a decoupler
through which the coupling effects can be made to zero for 2-dof TRMS
becomes the first motivation. the controlling of 2-dof TRMS becomes a
challenging task. The controlling of 2-dof TRMS with a suitable controller

which give excellent transient performance while retaining the robustness

12
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SW, D,
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Figure 2.3: Dual input Buck boost converter.

becomes the second motivation. A detailed account on the recent works on
TRMS is given in Section 2.3.

Since, TRMS works on electro mechanical actuators, it is slow compared
to the electronic systems like power converters. So, there is a natural curiosity
to know how the control algorithms will work in fast acting system. Hence,
the work was extended to the case of double input buck boost converter
(DIBB).

2.2.2  Dual input buck boost converter

The dual input buck boost converter is a pure electrical non-linear MIMO
system where it is difficult to control the system due to non-linearity and
coupling effects. Figure 2.3 shows the dual input buck boost converter
(DIBB)[22]. There are two input voltages are V; and V,. The diodes Dy
and Dy are connected in such way so as to prevent the current flow from V;
to V5. Here the input V) is considered to be renewable energy source and V5
is a stiff source. The diode Dp is the free wheeling diode. R, the small resis-
tance of the inductor, R¢ is the small resistance of the capacitor. The output

voltage V, is taken across the load resistance R. There are three modes of

13
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SW, D,

Figure 2.4: Mode 1 operation of DIBB.

operation and these modes of operation are explained in [22]. The mode 1
operation of DIBB is given in figure 2.4. During this mode of operation, the
inductor L is connected to the input voltage 1 (V;) through SW; and D;.
The voltage across the capacitor discharges through the load and the current

through the inductor L builds up.

The mode 2 operation of DIBB is given in Fig.2.5. During this mode of
operation, inductor L is connected to the input voltage2 (V3) through SWs
and Dy. The current through inductor L builds up and capacitor discharges
through the load. The mode 3 operation of DIBB is given in Fig.2.6. During

this mode of operation, the capacitor gets charged through inductor L.

The three modes of operation can be modelled in state space as follows:
The voltage across the capacitor is taken as the state variable x; and current
through the inductor is taken as the state variable x5. The state model for

the first mode of operation of DIBB is given by:

Ry,
[xl ] _ I 01
1;2 0 _—
C(R+ R.)

14

X1

Vi (2.10)

+
o N

X2
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SW, D,

Ry Re

Figure 2.5: Mode 2 operation of DIBB.

Figure 2.6: Mode 3 operation of DIBB.
The output voltage equation for the first mode of operation is given by:

e ww]

X2

n ] (2.11)

The state model for the second mode of operation of DIBB is given by:

15
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Ry,

[x'l ] |z 01
.252 0 -
C(R+ R,.)

The output voltage equation for the second mode of operation is given by:

T

- Vs (2.12)

O N

v @il

X2

o ] (2.13)

Although the state equations given in equations (2.10) and (2.12) looks
same the input voltages are different. The state model for the third mode of

operation is given by:

—R
: Ry, + RR. ————=
1| L L(R+R.) | |*1 (2.14)
.Z:Q R —1 )

C(R+R.) C(R+R,)

The output voltage equation for third mode of operation is given by:

o ] (2.15)

X2

The authors have derived an average transfer function. Also they have
designed a proportional integral (PI) controller using pole placement tech-
niques. But the determination of the average transfer function model for the
closed loop system is very complex which is one of the draw back of the above
mentioned control strategy. Thus the aim is to get a robust chattering free
controller for dual input buck boost converters. So this become the third
motivation. A detailed account on the recent works on DIBB is given in
Section 2.4.
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2.3 Review of control strategies available for
TRMS

2.3.1 PID control

PID is one of the control algorithms mostly used in 2-dof TRMS [23]-[24].
The control scheme for PID is proportional to the actuating signal in addi-
tion to integral and derivative of actuating signal. The PID control strategy
is very simple in structure and the well-known ziegler method is available
for tuning of kp, kp and k;. The main drawbacks of PID control method
is the existence of high overshoot and high settling time. The use of binary
genetic algorithm on controller tuning for improving system performance has
been designed by authors [25]-[26]. The gains tuned by the binary genetic
algorithm gave better result than the previous algorithms. The disadvan-
tage of genetic algorithm is that the searching process is time consuming.
To overcome this problem, a non-linear control design which provide narrow
initial search has been designed by Jih Gao and et.al [27]. Although it can
track the desired path more efficiently, it loses its tracking property when
the external disturbance or disturbance through input channel is applied.
Meta and et.al.proposed a fuzzy logic based methods for on-line selection of
proportional, integral and derivative gains [28]. Keya Li developed a PID
tuning method based on non-linear optimization. But while solving using
non-linear optimization, the feasible regions will have multiple peaks and
valleys and there is no general way to determine which peak is tallest or
which value is smallest [29]. There will be some some uncertainty in the sta-
tus of the problem . Based on the multi variable frequency response criterion,
Campestrini L and et.al.presented a method to tune PID parameters. How-
ever an adequate stability can be obtained only if the frequency response of
the process satisfies certain constraints, and design can fail if a bad ultimate

point is identified [30]. Fuzzy PID [31] can be used for non-linear system has

17



Chapter 2. Literature Review and Problem Definition

ability to perform better against the linear PID. But it has a disadvantage
of increased number of membership functions. The above draw backs are

eliminated by sliding mode control.

2.3.2 Advanced controllers

The advantage of using sliding mode control are mainly two fold. a) There
is order reduction for the system and b) The sliding motion is completely
insensitive to parametric variation and external disturbance [32]. The in-
variance towards matched disturbance makes the sliding mode control an
attractive one. There are two steps in designing the sliding mode control.
The first step is to design the sliding surface and the second step is to design
the sliding mode control. The first step itself is having two phases. In the
initial phase, states are being driven towards the surface and this phase is
referred to as reaching phase. The second phase is the sliding phase. The
system become insensitive to the matched disturbance only when the system

reaches the sliding phase.

The draw backs mentioned with PID control in the previous section can
be eliminated by sliding mode control as presented by su and et.al in [33]-[34].
Although they could attain a good tracking performance with less overshoot,
they failed to reduce settling time because of the selection of linear switch-
ing surface for a non-linear system. In this context fuzzy controllers were
designed for tracking pitch and yaw position [35]. The fuzzy rules vary for
different applications and there are many such rules. Moreover, it loses its
tracking performance when a disturbance is applied. On the other hand the
sliding mode control is applied with fuzzy control to improve the tracking
performance at the time of matched disturbance [36]-[37]. It can be seen
that the fuzzy sliding mode control reduces the chattering problem which is
found in pure sliding mode controller. Based on previous discussion, a new

fuzzy integral sliding mode controller is designed to produce control action

18
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for pitch and yaw in [38]. The reaching conditions and stability of 2-dof
TRMS are guaranteed in the fuzzy integral sliding mode control. Moreover,
there is reduction in chattering and the system remains insensitive to ex-
ternal disturbances. Some authors have proposed a method using evolving
neuro-fuzzy network with fast learning adaptive procedure [39]. Although
the control using robust H-Infinity algorithm gives good result, the authors
could not give attention in improving the transient performance [40]. A good
control for 2-dof TRMS is obtained with the use of linear quadratic regulator
(LQR) [41]. But there is a need of full state feedback which may not always
be possible because of cost factor or availability of sensors or due to other
reasons [42]. The draw back of linear quadratic gaussian [43] is that a precise
model is required to realize better tracking performance. Particle swam op-
timiser has been chosen by Roshini and et.al. as the stochastic optimization
algorithm for the the design of optimal state feed back controller for twin
rotor MIMO system [44]. The disadvantage of particle swam optimization is
that it is easy to fall in local optimum in high dimensional space and it has
low convergence rate in the iterative process. S.Mandal and et.al proposed
an adaptive second order sliding mode controller [45]. The major advantage
of adaptive tuning method is that the advance knowledge of upper bound
of system uncertainty is not a necessary requirement. This is because adap-
tive second order sliding mode controller uses a proportional plus integral
sliding surface. Here the system stability and robustness are proved by us-
ing Lyapunov criterion. The disadvantage of above control strategy is that
the coupling effect between pitch and yaw is taken as uncertainty. Also in
papers[46]-[48], the design engineers have taken coupling effect as uncertainty.
But coupling effect is made to zero using decoupler, without considering the
coupling effects as an uncertainty. The authors reduced the coupling effect to
zero in [49]. They could not give due attention to the improvement in tran-
sient performance of 2-dof TRMS. Considering the above mentioned aspects

of TRMS viz the accuracy in the improvement of the system performance
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depends on the way how the the surface is defined, the control engineers
have taken alternative methods. They have employed decoupler where the
coupling effects is made to zero along with excellent transient performance

of less settling time and no overshoot.

2.3.3 Review of decoupling of TRMS

The limitation of the controllers mentioned in previous Section is that they
haven’t used the decouplers to eliminate the coupling between pitch and
yaw. However, a robust dead beat controller has been designed to reduce the
cross coupling effect [50]. But here, the cross coupling effect has been taken
as disturbance and also from the simulation result it is observed that the
control effort is large. Jatin kumar and etal. designed decoupling methods
for MIMO system using minimal-di method ( that is decoupler is designed
including minimum number of unstable poles and zeros) in [51]. They have
used SISO controllers for 2-dof TRMS along with loop robustness and dis-
turbance rejection properties. Although they tried to introduce decoupling,
loop robustness and disturbance rejection etc., the authors did not give much
importance to the transient responses. Hence the present work includes the
minimal-di method to reduce the coupling effects between pitch and yaw in
an efficient way. The next Section deals with the control strategies for dual

input buck boost converter.

2.4  Control strategies available for Dual in-

put buck boost converter

The renewable source of energy such as solar, wind, tidal power etc. are
used in many tropical regions. Integration of the above energy sources is
inevitable to tap the maximum energy from these sources [22]. In dual input

converter two voltage sources are combined.
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The output voltage regulation is well illustrated in various topologies [52]-
[55]. The use of multi-winding transformers is avoided in [56]-[57]. But none
of these topologies consider power budgeting issue. Generally, the control
loop used for output voltage regulation as well as power budgeting issues
are very complex in [58]-[59]. The authors have combined all state space
models during each state mode of operation and derived an average transfer
function. Also they have designed a proportional integral (PI) controller
using pole placement techniques In [60]. Duty ratio of one of the power switch
is fixed while other one is varied to get output voltage regulation. But the
determination of transfer function model is very complex which is one of the
draw back of the above mentioned control strategies. Also through literature
survey it is noticed that the multi variable control was not used extensively
in DIBB. In [61] the small signal modelling of double input converters based
on H-bridge cells is done. In this thesis also the determination of small signal

model is complex.

2.5 Problem definition

The identification of the problem is the difficulty in applying sliding mode
control in MIMO systems. In all MIMO systems the system will have non-
linearities and coupling effect. When there are non-linearities and coupling
effects it will be difficult to model and control the system.

Two different type of systems are considered for analysis. Generally elec-
tromechanical systems will be having high time constant and will show slow
response. The pure electrical system will be having low time constant and
will show fast response. The problem is to analyse various types of sliding
mode controllers and sliding surfaces for these two type of systems and to
check which type of sliding mode controller and sliding surface will give a bet-
ter result. The two systems considered in this thesis are 2-dof TRMS( electro
mechanical MIMO system) and dual input buck boost converter (DIBB) as
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a pure electrical MIMO system.

Considering an electromechanical system 2-dof TRMS, the behaviour of 2-
dof TRMS resembles to that of a helicopter whose performance is described as
highly unstable non-linear dynamics with heavy cross-coupling effects. Hence
the thesis addresses modeling of 2-dof TRMS by taking all non-linearities and
coupling effects into consideration and design of a decoupler to eliminate the

cross coupling effect.

PID controller is one of the control algorithms mostly used in 2-dof
TRMS. But there exists high overshoot and settling time. These drawbacks
are claimed to have been eliminated by some researchers using sliding mode
control (SMC). Although they could attain a good tracking performance with
less overshoot, they failed to reduce settling time because of the selection of
linear switching surface for a non-linear system. Even if 2-dof TRMS with
fuzzy sliding mode controller alleviates chattering effects and remain robust
to external disturbance, it has inherent drawback of increased number of
membership functions. Some authors proposed an adaptive second order
sliding mode controller where the coupling effect between pitch and yaw is
taken as uncertainty. They claims that the control action can reduce the
coupling effect. But coupling effect is to be made zero using decoupler, with-
out considering the coupling effects as an uncertainty. In literature, although
some of the authors reduced the coupling effort to zero, they could not give
due attention to the improvement in transient performance of 2-dof TRMS.
Considering the above mentioned aspects of 2-dof TRMS, in the present
work, the aim is to identify a non-linear sliding surface with high robustness
property and validate through both simulation and real time implementation
for 2-dof TRMS.

Considering a pure electrical MIMO system dual input buck boost con-
verters (DIBB), the authors have combined all state space models during
each state mode of operation and derived an average transfer function. Also

the authors have designed a proportional integral (PI) controller using pole
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placement techniques. Duty ratio of one of the power switches is fixed while
other one is varied to get output voltage regulation. But the determination
of average transfer function model is very complex which is one of the draw
back of the above mentioned control strategy. Hence the aim is to design a
robust chattering free controller for the expected performance of dual input
buck boost converter (DIBB).

2.6 Methodology

The Methodology followed involves both simulation and laboratory experi-
mentation. In the case of part 1 of the work that was pertaining to 2-dof
TRMS, investigations were carried out using the dynamical model of the
TRMS that was available. For DIBB, the simulations were carried out using
Matlab and the models obtained were subsequently used in formulating ad-
vanced control strategy to incorporate sliding mode control. The details can
be seen in subsequent chapters. The work is divided in two parts: Part 1
deals with TRMS and part 2 is pertaining to DIBB. An analysis of the result
and the view on the effectiveness in the control strategies in the different

time frames of system dynamics is given to throw light on findings.
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Chapter 3

Modeling and Decoupler design
of 2-dof Twin Rotor MIMO

system

3.1 Introduction

The system modelling plays an crucial role in the study analysis of any sys-
tem. The accuracy in system modelling guarantees the accuracy in system
performance. For any system the modelling has to be done before the appli-
cation of control signal. There are two types of modelling namely transfer
function modelling and state space modelling. The transfer function model is
simple and powerful, but it is having following draw backs. 1) It is applicable
only to linear time invariant system. 2) It is restricted to single input single
output system. 3) It Provides no information regarding the internal state
of the system. Also 4) The separate transforms are needed for time domain
and discrete domain.

The advantages of using state variable approaches are as follows 1) This
approach can be applied to both time varying and time in-varying system. 2)

The same mathematical formulation can be used for continuous and discon-
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tinuous system. Since the system considered in this thesis is highly non-linear
multiple input multiple output system, the state space modelling approach
is done. The transfer function model is derived from state space modelling.
The information about the coupling effect between the signals can be visual-
ized more easily in transfer function model. Hence in this chapter, the state
space modelling of 2-dof TRMS has been done from the dynamics of the
2-dof TRMS which is given in [21]. Since the system is found to be heavily

coupled, a decoupler is designed using minimal-di method.

3.2 State space Modeling of 2-dof TRMS

It is evident that the system is non-linear from the above set of equations
(2.1) to (2.9). These set of equations can be converted in to state space model
as follows: The state space model given below consists of state equation and
output equation.

The state equation is given by:
X=EX+KU+N (3.1)

The output equation is:

Y = HX + IU (3.2)

where KX + KU represents the linear part of the system and N represents
non-linear part. The matrix E represents the system matrix, K accounts for

the input distribution matrix, X is the state vector, Y is the output vector

u
and U is the control input. U is given by: U = ! , where u; is the input
U2

(control) voltage applied to main rotor and ws is the input (control) voltage
applied to tail rotor. The maximum and minimum input(control) voltages
for both main rotor and tail rotors are between +2.5V and —2.5V [21].
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The state vector X of 2-dof TRMS is given by

T

X=W ¢ ¢ ¢ 1 m (3.3)

where

¥ : Pitch angle of 2-dof TRMS

¢ : Yaw angle of 2-dof TRMS

¢ : Pitch angle velocity

¢ : Yaw angle velocity

71 : Torque developed in main rotor
79 : Torque developed in the tail rotor

Hence the derivative of X is
X=[b b é ¢ A A (3.4)
The output vector Y is given by

v=[v o (3.5)

Generally, all the researchers and academicians neglected the coupling that
exists between pitch and yaw and they modelled the system accordingly. But

the coupling effect also has to be taken in to consideration. It can be written

as
¥ =d(y)/dt (3.6)
Linear part of the pitch is represented by:
. B, . b k .
=220 4 Ly — 2 cos(v)dm (3.7)

I I I

k
Here the term %bl represents the coupling term. By substituting the val-

1
ues for kg, I; and By, from the table (8.1) in appendix the equation (3.7)
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becomes:
= —0.0882¢) + 1.3587, (3.8)
similarly

¢ = d(¢)/dt (3.9)

and B b ]f

. 1¢ . 2 c
_ _ 18 Y 3.10
¢ P i -727—2 I 171 ( )

substituting the values , I5, By, boandk, from the table (8.1) equation (3.10)

becomes:

¢ = —5¢ + 1.6757m + 4.57, (3.11)

The time derivative of the torque developed in the main rotor is repre-
sented by:
7:1 = ——T1 + —1Uu (312)

Substituting the values of 111, k1, T1o from Table (8.1) in appendix:

7 = —0.9097; + uy (3.13)

The time derivative of torque developed in the tail rotor is represented

by:
. T20 k2
= —— — 3.14
T2 T21 To + T22 U9 ( )

Substituting the values of Ty, ko, The from Table (8.1) in appendix:

Ty = —T2 + 0.8uz (3.15)

From equations (3.6),(3.8),(3.9),(3.11),(3.13) and (3.15) the state matrix
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E input matrix K, output matrix A and [/ are calculated as:

o 1 0 0 0 0]
0 —0.0882 0 0 1358 0
0 0 0 1 0 0
E = (3.16)
0 0 0 -5 1.675 4.5
0 1 0 0 =0909 0
0 1 0 0 0 -1
Input vector K is given by
0 o]
0 O
0 O
K = (3.17)
0 O
1 0
[0 0.8]

The output matrix H is obtained as:

100000
H= (3.18)
001000

and

0 0
I= [o 0] (3.19)

The non-linearities associated with the 2-dof TRMS are parabolic non-linearity
and trigonometric non-linearity. The non-linear term 0.198577—0.047 sin(t))+
0.239sin(21))¢? — 6.75 % 104 cos(1p)¢72 corresponds to ¢ and 72 + 0.13572
corresponds to ¢ Now the non-linear part in the equation(3.1) N is written

as;
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o
no
N=|" (3.20)
U2
ns

Ng

The non-linear part related with pitch angle position and yaw angle position

are given by ns, ns respectively. These are expressed as:

ar o M, . 0.0326 . ‘5
Ng = —T — —=sinY + stn(2
I A Y (3.21)
—kgyar Cos(w)m-f

ns = %722 - 1;{—Z5kca17'12 (3.22)

The non-linear part can also be written in matrix form by substituting
the parameter values from the Table( 8.1) in appendix. The non-linearity
Matrix N is given by:

_ 0 -
(0.198572 — 0.047 sin(v)) + 0.239sin(2)) 2 —
6.75 % 10~* cos (1)) 72
N = 0 (3.23)
73 + 0.1357¢
0
0

Referring to the Table (8.1)in appendix, the various parameter values are
substituted for noand ns, the maximum value for n, is calculated as noy0, =
0.875 and maximum value for ns is calculated as ns,,q, = 1.68

From the values obtained E, K, H and I, the transfer function can be derived
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using the equation:
G(s)=H(SI—A)"'B+1 (3.24)

Thus the transfer function obtained is:

1.358

0
G(s) = | 5(c + 0-08819)(s +0.9000)

26 (3.25)
s(s+0.9090)(s + 5) s(s+1)(s+5)

This Section has dealt with the state space modeling and transfer function
modeling of 2-dof TRMS system. It is quite clear from the transfer function
G(s) given in equation (3.25) that coupling exists between pitch and yaw
of 2-dof TRMS. The existing coupling term as revealed in G(s)has to be

nullified. The decoupler to be designed is given in the next Section.

3.3 Design of Decoupler for 2-dof TRMS

The transfer function of 2-dof TRMS equation (3.25) reveals that there exists
coupling between the yaw (¢) and input signal (u;) given to pitch. Also it is
obvious that there is no coupling between pitch (¢)) and input signal given to
yaw (ug). The above coupling effects can be nullified by designing a suitable
decoupler which is also known as pre-compensator. This is dealt in this
Section.

For a given MIMO plant G, a method to design pre-compensator (decou-
pler) Z is available in [43]. Figure 3.1 represents the system with decoupler.
Hence 9, and ¢, represent the reference pitch and yaw angle respectively and
these are given as controller inputs to two 2-dof SISO controllers. The con-
troller outputs v; and vy are the inputs to the pre-compensator (decoupler).
The decoupler outputs are u; and us respectively and these are given as the
inputs to the system. While designing the decoupler Z, it is to be ensured

that the unstable poles and zeros are not cancelled against each other to
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Y 5-dof SISO vi : .
' controller P
Z(s) G(s)
A 1 roror] L,
Y, < 1
® 2 dul_\ l.‘.‘:(_) : 2 S
; controller v2

Pre Compensator

Figure 3.1: 2-dof TRMS with decoupler.

ensure the controllability of the system. To avoid the cancellation of unsta-
ble poles and zeros the minimal — d; (minimum number of unstable poles
and zeros including those at infinity) is calculated first and then decoupler
is designed accordingly. The method of calculation of decoupler Z in [43] is
applied here. The decoupler for 2-dof TRMS is conceived as below:

The decoupler is given by
7 =G 'D. (3.26)

where D = minimal — d; = GZ = diag (d;) where G is the system transfer
function. From the transfer function obtained in equation 3.24, it is obvious
that GG has unstable poles at s = 0. The pole at s = —0.0881 which is very
near to zero is also taken as unstable pole. The zeros are at s = inf. Then
using G and G~1, the terms necessary for the design of minimal — d; in this
model is calculated using the procedure explained below [43]:

The minimal — d; consists of two terms d; and dy. P{(G™1) = [IM(G1) = 3.
Iinf(G—1) represents the number of poles present in the dy of minimal-d;and'" (¢~
represents the number of poles present in the dy of minimal — d;. From
the above design procedure for minimal — d;, it is noted that d; consists
of three poles. The dy consists of three poles. Also k)(G) = 1, k3(G) =
1,E7OO819(G) = 1 and k;00819(G) = 0

These terms are used for calculating the the factors that must be present in
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3.3 Design of Decoupler for 2-dof TRMS

minimal — d;s as:

B°(dy) = kY(G) = 1, using this equation it is calculated that there is a
pole at origin in the term d; of minimal-d,.

B%(dy) = kI(G) = 1 using this equation it is calculated that there is a pole
at origin in the term do of minimal-d;.

B008819(q)) = EO9819(@) = 1, using this equation it is calculated that
thes = —0.08819 is present in the term d; of minimal — d;.

3008819 (q,) = f;008819(G) = (. using this equation it is calculated that the
pole at s = —0.08819 is not present in dy of minimal — d;.

Thus the poles that are present in the d; are one at origin, second one at
s = —0.0889. The third one is assumed to be at s = «;. The zeros of d; are
at infinity. The poles in the term dy are one at origin. The other two poles
are assumed to be at s = as and s = a3 and three zeros at infinity.

Now minimal — d;s become:

1
dy = 3.27
' (s + 0.0881) (s + ay) (3:27)

and )

s(s+ ag)(s + ag)
For simplicity and to match with system taken, it is assumed that o =
as = 0.9090 and a3 = 5. The diagonal matrix D is given by D = diag
minimal — (d;)
1

0
p— | s(s+0.0881)(s + 0.9090) ] (3.29)

0
s(s + 0.9090)(s + 5)
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The inverse of transfer function function G is calculated using Matlab as:

s3 +0.9972s% + 0.08017s 0

G = 1.358 (3.30)

54652+ 5
—0.3426(s + 0.08819)s(s + 1) %

Now the pre-compensator (decoupler) Z(s) is calculated from the equation

(3.26) as:

0.736
—_— 0

Z()=| _osals +1) 0.277(s+ 1) (3.31)

s +0.9090 s +0.9090
With the introduction of decoupler, the coupling term of 2-dof TRMS system
G(s) is made to zero. Now the net transfer function of the 2-dof TRMS

system is obtained as:

0.99994 0
3 2
Gl(S) — | s°+ 0.997280 + 0.08017s 0.9999 (332)
$3 + 652 + 5s

To match with our system G(s) given in equation (3.32), the first row is mul-
tiplied with 1.358 and the second row with 3.6. Then the modified transfer

function of the decoupled system becomes:

1.358 0
3 2
Go(s) = |8 + 0.997230 4+ 0.08017s 5.6 (3.33)
s3 + 652 + bs

From equation (3.33), The pitch transfer function is given by:

1.358
u
s3 1+ 0.99725% + 0.08017s

Y(s) = () (3.34)
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3.4 Conclusion

The yaw angle transfer function is given by:

3.6

¢ls) = 53 4+ 65 + bs (3.35)

Thus, the transfer function of the decoupled system for pitch and yaw are

obtained.

3.4 Conclusion

The state space modeling of 2-dof TRMS using the dynamics which is dealt
in this chapter. It is to be noted that the system is highly non-linear. There-
fore, the modelling has been done by including all non-linearities. Also from
the transfer function obtained, it is concluded that the system is heavily cou-
pled. In order to eliminate the coupling effect a decoupler is designed using
minimal-di method. The decoupler thus obtained nullifies the cross-coupling
effect between pitch and yaw of the TRMS system. Hence the next step is
the design controller suitable for the 2-dof TRMS. The sliding mode control
is suitable for controlling the TRMS system as it is invariant to parametric
variation and external disturbance. This design needs the sliding mode con-
trol design and sliding surface design. Hence the next chapter is dealt with
the sliding mode controller design and linear sliding surface design for 2-dof

TRMS.
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Chapter 4

Design of Linear Sliding
Surface for 2-dof Twin Rotor
MIMO system

4.1 Introduction

The PID controller is a commonly used controller for Multiple Input Multiple
Output systems. If the precise model of the system is available in hand,
the PID controller will perform well. But it has some drawbacks of high
settling time and overshoot. Also the PID controller is not resilient to the
external disturbances. Hence the aim of this chapter is to design a sliding
mode controller for 2-dof TRMS. Design of linear sliding surface is the first
and foremost one prior to the design of sliding mode controller. For any
system under consideration sliding surface can be linear or non-linear. The
linear sliding surface (LSS) is designed using optimal sliding surface design
procedure in variable structure system. This system involves the design of
sliding surfaces for both pitch and yaw angles. The design of sliding surfaces
in both above mentioned cases are synthesized using quadratic minimization

approach [63].
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This chapter is organised as follows: The design of PID controller for
2-dof TRMS is explained in Section 4.2 followed by the simulation analysis
in Section 4.3. The design of linear sliding surfaces for pitch and yaw angles
of 2-dof TRMS are discussed in Sections 4.4 and 4.5, respectively. Section
4.6 describes the design of feedback controller for pitch and yaw. The sim-
ulation results with linear surface design are presented in Section 4.7. The
performance comparison of the linear sliding surface design (LSS) with PID
controller is given in Section 4.8. The analysis of the results is carried out in

Section 4.9. Finally conclusion is given in Section 4.10.

4.2 PID controller design

From the decoupled transfer function for pitch angle obtained in equation
(3.34), it is noted that the system does not have delay time, hence the PID
controller is designed using Ziegler- Nichols ultimate gain method [62]. By
setting the values of K; = 0, Kp = 0, the value K, is increased till the sus-
tained oscillation is obtained as explained in [62]. The proportional constant
K, is given by:

K, =12K, (4.1)

The values of K; and Kp are calculated from the following relation

12K,

K; = T (4.2)
3K, *T,
Kp = 4.
b= (13)

4.2.1 Calculation of Kp, K; and Kp for Pitch

The equation (3.34) shows the pitch angle transfer function and equation

(3.35) shows the yaw angle transfer function. The PID controller is designed
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4.2 PID controller design

for both pitch angle and yaw angle as per [62]. In this method K, is adjusted

till the sustained oscillation is obtained.

The figure 4.1 shows the sustained oscillation obtained for the pitch angle
transfer function when zeiglers method is used. The time period between
two consecutive positive or negative peaks is taken as T,. The value of T,
pitch angle is obtained as 22.3 (34.3-12). proportional constant Kp, Integral
constant K; and derivative constant Kp are calculated using the equations
(4.1),(4.2) and (4.3) respectively as: Kp =.0356 K; = 0.0991. Kp = 0.0032
for pitch angle PID controller design.

Step Response

P
r

Amplitude

=
=N

02r

0 12 20 34.3 40 50 60 70 80 80 100
Time (seconds)

Figure 4.1: sustained oscillation for Pitch angle Transfer function
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Step Response

Amplitude

0 1.55 435 6 8 10 12 14 16 18 20
Time (seconds)

Figure 4.2: Sustained oscillation for yaw angle Transfer function

The same procedure is repeated for yaw angle PID controller.figure 4.2
shows the sustained oscillation obtained for the yaw angle transfer function.
The value of T, yaw angle is obtained as 2.8 (4.35-1.55). proportional con-
stant Kp, Integral constant K; and derivative constant Kp are calculated
using the equations (4.1),(4.2) and (4.3) respectively as: Kp =5 K; = 3.5714
Kp = 1.75 for yaw angle PID controller design.

12K,

u

K; — 3.5714 (4.4)
3K, * T,

=1. 4.
i 75 (4.5)

Kp
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4.8 Simulation results of 2-dof TRMS with PID controller design

The next Section deals with the analysis of simulation results with PID con-

troller design.

4.3 Simulation results of 2-dof TRMS with
PID controller design

Figure 4.3 represents the response of the pitch angle position tracking when
a matched disturbance of 0.4sin(0.1¢) + 0.4 is applied with PID controller.
The matched disturbance is the disturbance through the input channel. The
matched disturbance is given to check how the controller works when the
disturbance is applied through input channel. Usually 30 to 40 percent of
the input magnitude is applied as the disturbance. Since the input given
is unit step, the magnitude of disturbance is taken as 0.4. It is observed
that initial overshoot and settling time are very high. There is 60 percent
overshoot in pitch angle position tracking and the settling time for pitch is
found to be 28 seconds based on 5 percent band ( 5 percent band is taken
for calculating settling time through out this work). It is also noted that the
tracking property is lost with the use of PID controller from ¢ = 50 second

onwards.

Similarly figure 4.4 represents the response of the yaw angle position
tracking when a matched disturbance of 0.4sin(0.1¢) 4+ 0.4 is applied with
PID controller. There is 50 percent overshoot in yaw angle position tracking
with settling time 40 seconds. It is also noted that the tracking property is

lost with the use of PID controller from ¢ = 50 seconds onwards.
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Figure 4.3: Pitch angle position tracking with PID controller design when

matched disturbance is applied at 50 sec.
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Figure 4.4: Yaw angle position tracking response with PID controller design

when disturbance is applied at 50 seconds.

Hence the drawbacks of PID controller are 1)high peak overshoot and
settling time. 2)Robustness property of the system is poor with the use of
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PID controller as PID is not resilient to the matched disturbance (disturbance
through input channel). Referring to the above mentioned draw backs of PID
controller, it is required to find a controller which is resilient. The literature
review reveals the fact that the above mentioned draw backs can be mitigated

to a large extent with the help of sliding mode controller.

4.4 Design of linear sliding surface For Pitch

Considering the above draw backs of PID controller which is explained in
Section 4.3, the aim is to identify a highly robust sliding mode controller.
The sliding surface has to be designed first and then sliding mode controller.
The state space modelling is necessary to design the sliding surface. The
state space modelling is derived from transfer function model which is given
in equation (3.25). It is observed that there is coupling effect between pitch
and yaw of 2-dof TRMS. The coupling effect has been reduced by designing
a suitable decoupler. The decoupled transfer function is given in Equation
(3.33). Decoupled transfer function is used for the design of linear sliding
surface. From the decoupled transfer function model (3.33), the main rotor

transfer function is given by:

1.358
u
s3 +0.9972s2 + 0.08017s

b(s) = (s) (4.6)

The phase variable form of state space model can be derived from the transfer

function model as:

U =
U = 1) (4.7)
3 = 0thy — 0.08017¢)5 — 0.99721p5 + 1.358u,
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The state model in matrix form of equation (4.2)

U 0 ]
vy | =10
s 0 0.08017 0.9972
0
+ 0 Uy
1.358

From the state space model obtained in the previous section, the sliding
surface is to be calculated for pitch. The relation between sliding surface

S1(t) for pitch and pitch angle state vector ¥ (t) is given below as [63]:

S1(t) = Lip(t) (4.9)

where ¥(t) = [t (t)o(t)13(t)] and L is sliding surface matrix for pitch. The
system represented by Equation (4.6) is a third order system. Generally,
regular form approach is employed to bring down the higher order system.
A different set of state variables is considered using h(t) to develop regular
form. This A(t) is related to the conventional pitch angle state vector ()
as [63]:

h(t) = Toap(t) (4.10)

where T, is the orthogonal matrix used for coordinate transformation. The

regular form of equation (4.7) becomes;

i?, (t) = Allhl (t) + A12h2<t) + Blul (t

o (4.11)
hg (t) = A21h1 (t) + A22h2 (t) + Bzul (t)
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thus the equation (4.11) is written in matrix form as:

51 _ A Al |l
ho Asy Asga| |he
(4.12)
By
+ (75}
By
where
01 0
Ay = 00 Ay = ] A9 = [0 —0.08017}

(4.13)

0
Agy = [0.9972} Bi=| | B:= [1.358}

Now, switching function associated with the in regular form in equation (4.12)
1s:

Si(t) = Lk (t) + loha(t) (4.14)

During sliding motion the switching function will be equal to zero. Hence

the equation (4.14)can be rewritten as:
L (t) + Lsho(t) = 0 (4.15)
From equation (4.15) hs(t) can be obtained as:
ho(t) = Iy Hihi(t) = —Myhy (1) (4.16)

where M; = I, 'y The calculation of M is detailed below.
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4.4.1 Calculation of M;

The calculation of M; is done after the selection of quadratic performance

index J. Let the quadratic performance index J be:
1 [ r
J = 3 P Qupdt (4.17)
ts
where 4 is the time at which sliding mode commences, matrix () is known

as performance index matrix. It is selected to minimize the deviation of final

state of the system from its desired value. Assume Q as identity matrix

(4.18)

O
I
o o ~
o~ o
— o o

The performance matrix @ is also transformed and partitioned with h(t),
where h(t) is a different set of state variables employed for regular form

approach [63]. The regular form of the matrix Q is given by:

T.QT" = Qu G2 (4.19)
Qa1 Q22
where T, is calculated as 1 as in [63]. and
Q21 = QlTQ (4.20)

where

10 0
Qn = [O 1] Q2 = [0] (4.21)

46



4.4 Design of linear sliding surface For Pitch

and
Qu =0 0] Q= [1] (4.22)
Now the performance index in coordinate transform becomes:
J = %/:O hi Quihi + 2hi Qiahs + hy Qaohy (4.23)

The above equation can be rearranged as:

1 [ ..
I= [ W
2 Ji, (4.24)

((ha + Q35 Q21h1)) " Qaa(ha + Q33 Qa1h1)

where

Q = Qu — Q12Q3 Qo (4.25)

Now defining
v = h2 + Q521Q21h1 (426)

The modified performance index is obtained as:

1

J = 5/ h?@hl + 'UTQQQ'U (427)
t

E

Hence this performance index is to be minimized subject to constraint equa-
tion in quadratic form as given below. The constraint equation is the system
equation

hi(t) = Arhy(t) + Argho(t) (4.28)

eliminating the hs(t) contribution by equation (4.26), the modified constraint
equation becomes:
hl (t) = Allhl (t) -+ Algv(t) (429)
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where
A=Ay — ApQyQa (4.30)
A is calculated to be:
~ 01
— 4.31
X 0] (431)

The expression for hy partition as per [63] is given by:
ho = —Qg (AP + Qa1)ln (4.32)

where P is the positive definite matrix . Comparing the equations (4.32) and
(4.16) the value of M is calculated as:

M, = _ngl(Af2P+Q2l) (4-33)

From the above equation, it is clear that the value of M; can be obtained
by first calculating the the value of Matrix P. The matrix P can be calculated

from ricatti equation.
PA+ ATP — PAL,Q ALP+Q =0 (4.34)

By substituting available values in ricatti equation (4.34), a unique positive

definite solution P can be obtained as:

1 V3
P:[\/g 1] (4.35)

Substituting all the values of P, Q5;, AL, in equation (4.27), M, is ob-

tained as :

M, = [1 \/3} (4.36)



4.5 Design of linear sliding surface for yaw of 2-dof TRMS

Now the switching surface Sy is given by:
S TT = [Ml Im] (4.37)
where [,,, is the identity matrix.
S, = [Ml Im] «T, (4.38)

where [, is the identity matrix. The value of T, is calculated as 1 using QR

decomposition. Then sliding surface of the pitch angle calculated as:

Uy
51:[1 V3 1] s (4.39)
V3

Equation (4.39) defines the sliding surface for pitch. Now the sliding surface

for the yaw is to be obtained.

4.5 Design of linear sliding surface for yaw of
2-dof TRMS

The switching surface for yaw can be calculated in the same way as that of
pitch surface. The transfer function model of yaw is obtained from equa-

tion(3.35) as:
3.6

f . 4.40
s34 652 + 5su2<s) ( )

¢(s) =
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The phase variable form of the above equation can be written as:

$1 = ¢
by = ¢3 (4.41)

O3 = —Dpy — 6¢3 + 3.6us

Continuing in the same way as that of pitch angle surface design, the switch-
ing surface for yaw angle is obtained. From the state space model obtained in
equation (4.41), the sliding surface is to be calculated for yaw. The relation
between sliding surface Sy(t) for yaw and yaw angle state vector ¢(t) is given
below as [62]:

$u(t) = Lio(t) (1.42)

where ¢(t) = [¢1(t)p2(t)ps(t)] and L, is sliding surface matrix for yaw. The
system represented by Equation (4.41) is a third order system. Generally,
regular form approach is employed to bring down the higher order system.
A different set of state variables is considered using h(t) to develop regular
form. This h(t) is related to the conventional pitch angle state vector ¢(t)
as [63]:

h(t) = T,¢(t) (4.43)

where T, is the orthogonal matrix used for coordinate transformation. The

regular form of equation (4.41) becomes;

hg(t) = Allhg(t) —f- A12h4(t) —|— BllLQ(t

. (4.44)
h4(t) = Aglhg(t) + A22h4(t> + BQUQ(t)
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4.5 Design of linear sliding surface for yaw of 2-dof TRMS

The equation (4.3) is converted into the matrix form as:

53 _ Ay Ag| | hs
hy Ay Asga| |y (4.45)
B '
+ U2
By
where
0 1 0
Apn = 0 A = 1 Ao = [O —5]
(4.46)
0
AQQ— |:—6i| B1: 0 BQZ |:36]

Now, switching function associated with the in regular form in equation (4.45)
is:

So(t) = Ishs(t) + Liha(t) (4.47)

During sliding motion the switching function will be equal to zero. Hence

the equation (4.47)can be rewritten as:
Ishs(t) + Liha(t) = 0 (4.48)
From equation (4.48) hs(t) can be obtained as:
hy(t) = 1y Hshs(t) = —Myhs(t) (4.49)

where My = 1,73 The calculation of M, is detailed below.

o1



Chapter 4. Design of Linear Sliding Surface for 2-dof Twin Rotor MIMO
system

4.5.1 Calculation of M,

The calculation of My is done after the selection of quadratic performance

index J;. Let the quadratic performance index J;be:
R e
J1 = 3 o' Qodt (4.50)
ts
where ¢4 is the time at which sliding mode commences, matrix () is known

as performance index matrix. It is selected to minimize the deviation of final

state of the system from its desired value. Assume Q as identity matrix

(4.51)

O
I
o o ~
o~ o
— o o

The performance matrix @ is also transformed and partitioned with h(t),
where h(t) is a different set of state variables employed for regular form

approach [62]. The regular form of the matrix Q is given by:

T.QT" = Qu Qr (4.52)
Qa1 Q2
where T, is calculated as 1 as in [62]. and
Qa1 = Q1 (4.53)

where

10 0
Qn = [O 1] Q2 = [0] (4.54)
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and
Qa1 = [0 0} Q22 = [1] (4.55)
Now the performance index in coordinate transform becomes:
Ji = % /:o h?;thS + 2h§@12h4 + h4TQ22h4 (4.56)

The above equation can be rearranged as:

1 [ 4
Ji :—/ hgTQh3+
2 Ji, (4.57)
((ha + Q33 Q21h3))" Qa2(ha + Q35 Q21h3)
where
Q = Qu — Q12Q35 Qo (4.58)
Now defining
vV = h4 + Q521Q21h3 (459)

The modified performance index is obtained as:

1

Jl = 5/ hg@hg -+ 'UTQQQU (460)
t

s

Hence this performance index is to be minimized subject to constraint equa-
tion in quadratic form as given below. The constraint equation is the system
equation

hs(t) = Aphs(t) + Ajoha(t) (4.61)

eliminating the hy () contribution by equation (4.61), the modified constraint
equation becomes:
hg(t) = Allhl (t) -+ Algv(t) (462)
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where
A=Ay — ApQyQa (4.63)
A is calculated to be:
~ 01
— 4.64
X 0] (164

The expression for hy partition as per [63] is given by:
ha = —Qa (AT, P1 + Qa1)hy (4.65)

where P; is the positive definite matrix . Comparing the equations (4.65)
and (4.49) the value of M, is calculated as:

My = _Q2_21(Arip2p1 + QQI) (4-66)

From the above equation, it is clear that the value of Ms can be ob-
tained by first calculating the the value of Matrix P;. The matrix P, can be

calculated from ricatti equation.
PLA+ ATP — PLALQRALP +Q =0 (4.67)

By substituting available values in ricatti equation (4.67), a unique positive

definite solution P; can be obtained as:

=t ﬁ] (4.68)

V3 o1

Substituting all the values of Py, Qs , AL, in equation (4.67), M is

obtained as :

My = [1 \/3} (4.69)



4.6 Design of state feedback controller for pitch and yaw of 2-dof TRMS

Now the switching surface S, is given by:
S,TT = [Mg Im] (4.70)
where [,,, is the identity matrix.
Sy = [M2 Im] T, (4.71)

where [, is the identity matrix. The value of T, is calculated as 1 using QR
decomposition. Then sliding surface of the given system available in (4.40)

is defined as:

o1
Sy = [1 V3 1} &2 (4.72)

b3
Thus the sliding surfaces for both pitch and yaw of 2-dof TRMS are obtained.
Now, the design of the controller is to be done which is discussed in next

Section.

4.6 Design of state feedback controller for
pitch and yaw of 2-dof TRMS

In the above Section, the design of linear surfaces for both pitch and yaw are
carried out. The next important step towards achieving the expected system
performance lies in the design of controllers. Generally the state feedback
linearization technique is employed for design of controller [63]. In state
feedback linearization, controller is designed so that the output tracks the

reference signal. Unit step signal is taken as reference signal.
ri(t) =1 (4.73)
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The error signal which is the difference between output and reference is given
by:

e1 =Y —m
ey =Py — 11 (4.74)

ez =3 — 11
The state space model of this equation is given by:

él = €9
€2 = €3 (4.75)
€5 = 0y — 0.08017¢hy — 9972405 + 1.358u; — 7

Then the state feedback pitch control w, is given by

1
1.358

up = ("1 — €3 — kier — kaez) + Kysign(Sh) (4.76)

Substituting the values of €3 in equation (4.75) in equation (4.76) the pitch

control u, becomes:

- 0801
Up = T gpg (O + 0080174, (4.77)

+09972¢3 + 7’1 — k:161 — kgeg) + Klszgn(Sl)

where/K; = 3.5. Similarly the yaw control is designed using state feedback

linearization. The reference signal for yaw control is taken as
ra(t) =1 (4.78)

The procedure explained above is repeated for design of yaw angle control

signal. The error signal which is the difference between the output and
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reference is given by:

ey = ¢1 — 1o
€5 = (g — Ty (4.79)

€6 = g3 — 12
The state space model is given by:

é4 = €5
é5 = €4 (480)
éﬁ = 0(]51 — 5¢2 — 6¢3 + 36U1 — 7”2

The state feedback yaw control u, is given by

r .. . .
Uy = E(rg — €5 — kgeq — kyes) + Kaosign(Sz) (4.81)

1 .
Uy = %(5% + 6¢3 + 7'y — kgeq — kyes) + Kosign(Ss) (4.82)

where Ky =5,
In the state feed back control law, shown in equation (4.76) and (4.81),
the values of K;, and K, are obtained by trial and error method. Next

Section deals with the performance of 2-dof TRMS with linear sliding surface
(LSS)design.

4.7 Simulation results of 2-dof TRMS with

Linear surface design

The MATLAB simulation has been done for 100 seconds by taking the unit
step as the reference input and the results are plotted for 2-dof TRMS. Figure
4.5 shows the pitch control signal as derived in equation(4.77). It is evident
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from the figure that the magnitude of pitch control signal is 2V, which is
within the prescribed control limit —2.5V" and 2.5V [1]. Similarly figure 4.6
shows the yaw control signal. It is also noticed that the magnitude of yaw
control signal is 0.2V which is well within the prescribed control limit —2.5V
and 2.5V. Thus it is proved that the above control signals for pitch and yaw
are acceptable for the 2-dof TRMS.

Figures 4.7 and 4.8 show the pitch angle and yaw angle linear sliding sur-
faces respectively. It is understood from the these figures that during sliding
mode the state vectors for pitch and yaw angles slide along the designed

sliding surface while keeping the tracking error to a minimum value.
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Figure 4.5: Pitch control with linear sliding surface design
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Figure 4.6: Yaw control with linear sliding surface design
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Pitch surface (rad)
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Figure 4.7: Pitch surface with linear sliding surface design
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Figure 4.8: Yaw surface with linear sliding surface design

The position tracking responses of the Pitch and Yaw for unit step input
reference are provided in figure 4.9 and 4.10 respectively. It is noticed that
the settling time for pitch is 8 seconds and for yaw the settling time is 10
seconds. It is also noted that there is 12 percent overshoot in pitch angle
tracking response and 5 percent overshoot in yaw angle tracking response.

The disturbance of (0.44-0.4 sin(0.1t) is given at t=50 seconds for checking
its dynamic performances of the system with the designed sliding surface.
Figures 4.11 and 4.12 show the pitch angle and yaw angle tracking responses
respectively when the disturbance is given at t= 50 seconds. The disturbance
of 0.4sin(.1t) + 0.4 is given to both pitch and yaw through input channel
(matched disturbance). When the disturbance is applied, both pitch and
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Figure 4.10: yaw angle position tracking with linear sliding surface design

yaw angle position track the corresponding reference inputs.

Hence It is clear that the pitch angle and yaw angle tracking responses
for 2-dof TRMS are not affected by the matched disturbances given to the
system as the state trajectory slides along the designed LSS. This explains in-
variance (Robustness) property of the designed linear sliding surface (LSS).
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Figure 4.11: pitch angle position tracking response with linear sliding surface
design when disturbance at 50 seconds is given
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Figure 4.12: Yaw angle position tracking with linear sliding surface design
when disturbance at 50 seconds is given

The next Section deals with the comparison between LSS and PID design.

4.8 Comparison

The table 4.1 shows performance comparison between the LSS design and
PID controller design for the 2-degree of freedom Twin rotor MIMO system
(2-dof TRMS). It is found that when the PID Controller is employed the
settling time is 28 seconds for pitch and 40 seconds for yaw. Also the peak
overshoot is 60 percent for pitch angle tracking and 50 percent for yaw angle
tracking. The settling time for pitch angle reduced to 8 seconds and for yaw

the settling time is reduced to 10 seconds respectively with the use of LSS.
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Also the peak over shoot is reduced to 12 percent for pitch angle tracking and
5 percent for yaw angle tracking with the use of LSS. Moreover, a disturbance
of 0.4sin(0.1t) + 0.4 is applied through the input channel at 50 seconds. It
is found that the tracking property is lost when PID controller is used. The
system becomes insensitive to the matched disturbance of 0.4sin(0.1¢) + 0.4
with the use of LSS design. Thus it is inferred that the system become robust
with the use of LSS design.

Table 4.1: Performance comparison for 2-dof TRMS with Linear sliding sur-
face design and PID Controller design

Description LSS PID Controller
Settling time for Pitch angle position 8 sec 28 sec
Settling time for Yaw angle position 10 sec 40 sec

Overshoot for Pitch angle position 12 percent 60 Percent

Overshoot for yaw angle position 5 percent 50 Percent
Robustness Robust Not robust
Chattering low low

4.9 Analysis of Results

In this chapter two controllers are designed for 2-dof TRMS. 1) The non-
linear controller with LSS design and 2) PID controller. The simulation
result show that the initial overshoot is reduced to 12 percent for pitch and
5 percent for yaw. Also the settling time is reduced to 8sec for pitch and
10 seconds for yaw with the use of linear sliding surface design and non-
linear sliding mode controller. It is verified in simulation. The robustness of
the designed LSS for 2-dof TRMS is demonstrated by applying a matched
disturbance of 0.4sin(0.1¢)4-0.4. It is verified that the robustness is improved
with the use of LSS.
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4.10 Conclusion

This chapter deals with the performance of the 2-dof TRMS with the design
of LSS and PID controller. The simulation result validate the design of LSS
with satisfactory tracking performance. It also is robust to the matched
disturbance. In addition to that the comparisons with the PID included to
show that the LSS design perform better in control aspects and robustness
aspects. it is verified that the LSS design become more appropriate than
the design of controller using PID for systems like 2-dof TRMS. The draw
back of the design using LSS is that the complexity of the design is high as
compared with the existing PID controller design.

The Performance of the system can be further improved if LSS is replaced
with non-linear sliding surface and non-linear sliding mode controller with
the application of super-twisting control instead of feedback controller. Hence
next chapter deals with the design of non-linear sliding surface and non-linear

sliding mode control with super-twisting control employed for 2-dof TRMS.
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Chapter 5

Design of Non-linear Sliding
Surface for 2-dof Twin Rotor
MIMO system

5.1 Introduction

Chapter 4 dealt with the design and application of linear sliding surface (LSS)
for pitch and yaw of 2-dof TRMS. When carrying LSS and PI controller,
LSS has better transient performance In the above context, research has
been carried out to check the performance of the system using non-linear
sliding surface (NLSS). The employability of the NLSS also motivated in the
technical scenario which is given below. That is in Pitch and Yaw angle
position, it is observed that as the settling time decreases the overshoot
increases. Hence, the interest of research is to reduce both settling time and
overshoot simultaneously. This problem is mitigated with the NLSS design
using the concept of variable damping ratio [[64]. The idea is that the initial
low value of damping will produce quick response during starting and later
high value of damping that reduces the overshoot. Here the controller applied
is non-linear sliding mode control (NSMC) [64].
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Sliding mode control (SMC) always produces chattering. Chattering in
the control signal of 2-dof TRMS may produce heat and mechanical vibra-
tion of the system which eventually results into mechanical damage in real
time application. Therefore this work it is proposed to apply super-twisting
control (STC) in non-linear SMC (NSMC)to reduce chattering. The super-
twisting controller available in [69] is applied in this chapter.

This chapter is organised as follows: Section 5.2 deals with design of NLSS
for pitch angle of 2-dof TRMS using variable damping ratio concept. Section
5.3 deals with design of NLSS for Yaw of 2-dof TRMS. Stability analysis of
designed surface using Lyapunov method is given in Section 5.4. Section 5.5
explains the design of NSMC with super-twisting control and discussion on
simulation result for 2-dof TRMS. In Section 5.6 the discussion on real time
implementation of the NLSS and controller is given. Section 5.7 deals with
the design of third order STC and discussion on simulation results for 2-dof
TRMS. The performance of 2-dof TRMS with NLSS design is compared with
the results obtained through third order STC which is given in Section 5.8.
The analysis of results is gien in Section 5.9. Finally conclusion is given in
Section 5.10

5.2 Design of non-linear sliding surface for
pitch angle of 2-dof TRMS

The aim of this Section is to develop a non-linear sliding surface with high
robustness as well as simultaneous reduction in both settling time and peak
overshoot. The 2-dof TRMS has to deliver expected performance in terms
of the settling time and overshoot for both Pitch and Yaw. This is achieved
with the design of NLSS with the concept of variable damping ratio. The
controller design of 2-dof TRMS involves the design of sliding surfaces for

both pitch and yaw angles. The design of NLSS in both above mentioned
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cases are synthesized using the approach mentioned in [64].

From the decoupled transfer function model given by equation (3.34), the

main rotor transfer function for linear part of 2-dof TRMS is given by:

1.358

5.1
1 0.997252 - 0080175 1) (5.1)

¥(s) =

Where 1(s) represent the pitch angle position in laplace domain and w; is
the control signal applied to the pitch of the system. For writing the state
model of pitch, the non-linearity no associated with the pitch angle is added
with the linear part of the pitch. Then the state model of the pitch is given
by:

U 0 1 0 s 0
vy | =10 0 1 vy |+ 0 w
) 0 —0.08017 —0.9972| |v¥ 1.358
s ' | 2
0
+ 0 o)
1 -
The output equation for pitch is given by:
Y1 =1 (5.3)
The switching function for pitch is given by:
NS, (t) = NLT(t) (5.4)

where 1(t) = [1(t)2(t)13(¢)] and N LT is non-linear sliding surface matrix.
The NSy is the non-linear sliding surface. The transfer function model of the

system represented by the equation(3.34) is a third order system. Generally,
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regular form approach is employed to bring down the higher order system to
low order system for simplicity. For the system considered, different sets of
state variables are employed using h(t) to apply regular form approach. This

h(t) is related to the conventional pitch angle state vector 1 () as:

h(t) = Toy(t) (5.5)

where 7T, is the orthogonal matrix used for coordinate transformation. Now,

the regular form of the (5.2) becomes:

hl (t) = Allhl (t) + A12h2<t> + Blu(t)

(5.6)
hg(t) = Aglhl(t) + Agghg(t) -+ Bgu(t) + ’I'Lg(h(t))

Equation(5.6) is different from equation (4.6) as non-linear element ny is
added to equation (4.6).

where

0

An= || A= An = [0 —0.08017}

(5.7)

Agy = [—0.9972] B, — B, — [1.358}

ny is the non-linearity associated with pitch. hi=[t11)5] and he=1)3. The

associated switching function in regular form can be expressed as:

NSy (t) = l1hi(t) + lahs(t) (5.8)
where
ly =M, — y(@b)AﬂF (5~9)

The value of [y is calculated as in [56]. Here [; consists of two parts. The

linear and non-linear part. The M is linear part of non-linear sliding sur-
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face (NLSS) which is already designed in the previous chapter. The term
y(v)ALF is the one corresponding to non-linear part of the surface The

non-linear sliding surface matrix NL7 is written as:
NLT = [I11,)] (5.10)
where [y is taken as 1 as in [64]

NL' = [I11] (5.11)

Now the non-linear pitch sliding surface for the 2-dof TRMS can be rep-

resented as:

NSi = NLTh(t) = | My —y(0)ALF 1]

2

hl] (5.12)

The value of M is the linear part of the surface calculated using the quadratic
minimization technique which is already explained in the previous chapter.

The value of M; as obtained in equation(4.36) as:
M, = [1 \/5} (5.13)

The value of F' can be calculated from the Lyapunov theorem: A" P + PA =
—(@. By applying this theorem in the design procedure, the equation be-

comes:

((All - A12M1)TF + F(AH — A12M1)> = —W (514)

Where A= (All — A12M1,P = F and Q =W.

The W is a positive definite matrix and is selected as:
01
W =0.34 (5.15)
10
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By substituting all the values of Aqq, A, Ao, Az and W in the equation
(5.14), F has calculated as:

On simplification, F becomes:

(5.16)

0.4904 0.17
0.17 0.196

Then for the design of NLSS the next parameter to be obtained is y(1).
The y(1)) is selected for Pitch as detailed below.

5.2.1 Selection of non-linear function for Pitch angle

The y(1)) represents the pitch angle non-linear function and y(¢) represents
the yaw angle non-linear function. The non-linear function is employed to
change the systems closed loop damping ratio of the system from its ini-
tial low value to final high value as the output varies from its initial and
approaches final value [56]. The non-linear function should satisfy the fol-
lowing properties

1) It should change from 0 to —e; as the output approaches the set point
(final value) from its initial value where €; > 0.

2) It should be differentiable with respect to ¢ to ensure the existence of
sliding mode.

The possible choice of y(1)) to satisfy the above two conditions as in paper[56]

1S:
y() = —ere (5.17)

where k and €; are positive constants. To ensure a small initial value of
y(¢), k should have a large value. Substituting all the available values in

Equation (5.12), the pitch non-linear sliding surface is obtained in terms of
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phase variables 11, 1, 93 as:

NS; = [1 — 8571009y,

, 5.18
+[V(3) = 9.8 10917y, + 1 (5:18)

5.3 Design of non-linear sliding surface for
yaw angle of 2-dof TRMS

From decoupled transfer function model (3.35) the tail transfer function for
linear part of 2-dof TRMS is given by:

3.6

P(s) = muz(s) (5.19)

where ¢(s) represent the yaw angle position in laplace domain and us is the
control signal applied to the tail rotor of the system. The non-linearity ns

is added to the linear part of the yaw. Then the state model of the pitch is

given by:
¢:1 0 1 0] [ |
¢ [ =10 0 1 by | +10 Us
o 0 -5 —6] |3 3.6 : (5.20)
+ 10 | ns
The output equation for yaw is given by:
Y2 = 1 (5.21)
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The switching function for yaw is given by:
NSy(t) = NLTp(t) (5.22)

where ¢(t) = [¢1(t)P2(t)d3(t)] and NL” is non-linear sliding surface matrix.
The transfer function model of the system represented by the equation(3.35)
is a third order system. Here also regular form approach is given. The h(t)

is related to the conventional yaw angle state vector ¢(t) as:
h(t) = Tro(t) (5.23)

where T, is the orthogonal matrix used for coordinate transformation. pro-
ceeding in the same way as that of pitch angle surface the yaw angle surface

can be calculated.

5.3.1 Selection of non-linear function for yaw angle

Similarly the non-linearity function y(¢) for yaw is given by:

y(¢) = —eze " (5.24)

The procedure which is adopted for the design of non-linear pitch angle
sliding surface is same as that adopted for the design of non-linear yaw angle
sliding surface. The equation (5.12) can also apply for the calculation of yaw
angle surface. M7 will be replaced by M,. but the same values are obtained
for My and M, and it is explained in Section 4.3 and Section 4.4. Hence the
equation for NSy and N.S; will be same. But the phase variables will be
different. The non-linear sliding surface for yaw angle is obtained in terms

of phase variables ¢1, ¢9, ¢35 as:

NSy = [1 — 8.5¢7 100917,

) 5.25
+[V/(3) = 9.8¢71% gy + ¢y >29)
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Thus in this Section , the selection of non-linear sliding surface for both
pitch and yaw are carried out. The next aim is to check the stability of the

designed non-linear sliding surface for pitch and yaw of 2-dof TRMS.

5.4 Stability of non-linear sliding Surface for
2-dof TRMS using Variable Damping Ra-
tio Concept

In the Section 5.2 and 5.3 the non-linear sliding surfaces for both pitch and
yaw angles are calculated by selecting the non-linear function. The next ob-
jective is to check whether the selected non-linear sliding surfaces are stable
in the sense of lyapunov or not. As per the Lyapunov first theorem of asymp-
totic stability, If V/(h) is positive definite and V'(R) is negative definite then
the system is said to be asymptotically stable.

Proof: Let the positive definite Lyapunov function be:
V(h) = h"(t)Fhy(t) (5.26)

where F'is a positive definite matrix and it is chosen based on the condition
satisfying the Lyapunov equation. The derivative of Lyapunov function V'(h)

becomes:
V(h) = hT () Fhy(t) + " () Fhy (t) (5.27)
substituting for h;(t) in equation ( 5.27) V (k) becomes:
V(h) = (Aj1hy + Ag1ho) ' Fhy 4+ b F((A11hy + Agihs) (5.28)

73



Chapter 5. Design of Non-linear Sliding Surface for 2-dof Twin Rotor
MIMO system

But during sliding mode, sliding surface function is equal to zero. The equa-
tion (5.12) becomes:

(M — y(@U)A%F)hl +hy=0 (5.29)
then

hy = —(M; — y(¢)A1T2F)h1 (5-30)

Replacing hs(t) in terms of hy(t), in equation (5.28), V(h) becomes:

V(h) = h 7 (A — A M)TF + F(Ay — Ao My))ha(2)

. ; (5.31)
+2y(Y)hy () F A1 Ao Fhy (1)
The equation(5.31) is further reduced as:
V(h) — th((All - A12M1)TF + F(All — A12M1) (5 32)

+2y(V)h] (t)F A ATy F) b ()

Now, substituting the Lyapunov equation ((A;; — ApM)TF + F(Ay —
AMy)) = =W in equation(5.32), V(h) becomes:

V(h) = " (=W + 2y()h{ (t) F A1 AT, F)) o (1) (5.33)

Here the y(¢)) is negative definite by definition and FA;,ALF is positive
definite matrix. Then the term 2y(y)hT (t) F A1, AL F becomes negative semi-
definite matrix. Adding the term 2y()hT (1) F A1o AL, F with negative definite
matrix —W always results in the negative definite matrix. Therefore we
can write V(h) is less than zero. Thus the designed pitch angle non-linear
sliding surface for 2-dof TRMS is stable in the sense of Lyapunov. The
stability of yaw angle non-linear sliding surface can also be proved by the

same procedure.
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applied for 2-dof TRMS

5.5 Design of non-linear sliding mode Con-
troller with super-twisting control applied
for 2-dof TRMS

The non-linear sliding mode controller for 2-dof TRMS is designed based
on the method available in [56]. Pitch and yaw control inputs have to be
calculated for 2-dof TRMS. The non-linear pitch control for 2-dof TRMS u;

is given in [56] is re-stated as:
uy = =By '(NLTAh + kN S; + Oysign(NSy) — 9(¢) AL, Fhy) (5.34)

where u; is the sliding mode control signal applied to pitch:
By=| 1358,

NL = g , and
ly

0 1 0
A=10 0 1
0 —0.08017 —0.9972
The main problem of sliding mode control is chattering in control signal.
High chattering affects the mechanical part of the system in real time. To
reduce such chattering, the higher order sliding modes are introduced. The
main disadvantage of using higher order sliding mode is the difficulty in
gathering information of derivatives in real time. But the super-twisting
control does not require the information regarding the derivatives. This
super-twisting control is a continuous control ensuring all properties of first
order sliding mode control. The non-linear SMC for 2-dof TRMS is designed
adopting the control structure envisaged in [64] but with a modification.
Instead of the signum function used in [64] super-twisting control is adopted
in this work to reduce chattering. In the existing non-linear SMC mentioned

in literature [64], a super-twisting controller [69] is incorporated which is
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explained below. The non-linear control applied to pitch is given by;
uy = —By '(NLT"Ah + kNS, + Oyug; — §(¢) A, Fhy) (5.35)

Here NS is the non-linear sliding surface for pitch angle position of TRMS.
The Oy is the term that contain equation for non-linear sliding mode con-
troller mope:. Then to obtain the value of Oy, none: is to be calculated.
The value of ng,,q. is obtained as 0.875 as discussed in Section 3.2. The
control signal to the yaw will be in tune only if it satisfies the condition that
Nomae < O1. Hence the value of O; is chosen to be O; = 0.9 which is slightly
greater than mg,,,,(0.875).

The ug is the super-twisting controller which is given by:
Usy = —'yl(NSl)%sign(NSl) — 'yg/sign(NSl) (5.36)

The v; and v, are positive gains. The parameters v, and 7, are calculated

using the equation:

v = 1.5R? (5.37)
vo = 1.1R (5.38)

With sufficient convergence conditions,

Yo > R (5.39)
and 2 R)
V2 +
- <1 5.40
7% — R) (540
The value of R is selected such that the maximum bound of system matrix
flz) < R.

The value chosen for k, 71, and ~, are k = 5. 73 = 6, 75 = 4 respectively.
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Substituting all available values in equation(5.35), u; becomes:

wp = —1/1.38(5NS; + 0.9us; — §()[0.17h; + 0.1961)] (5.41)

Similarly non-linear sliding mode control with super-twisting algorithm for

yaw is given by:

uy = —By " (NLTAh + kN Sy + Ogugy — 9(¢) AL, Fhy) (5.42)
where
Uge = —vg(NSg)%sign(NSg) — / sign(N.Ss) (5.43)

Uy is the non-linear sliding mode control signal applied to pitch: By =
| 356),

NL = [ ll], and

0 1 0
A=10 0 1
0 -5 —6

The O, is the term that contain equation for non-linear sliding mode
controller ns,,q... Then to obtain the value of Oy ns,,.. is to be calculated.
The value of ngnq. is obtained as 1.68 as discussed in Section 3.2. The
control signal to the yaw will be in tune only if it satisfies the condition that
Nsmaz < Oz. Hence the value of O, is chosen to be Oy = 1.7 which is slightly
greater than ns,,4,(1.68). The value for k 73, 74 is chosen to be k = 5, y3 = 6,

~v4 = 4. Substituting all available values in equation(5.38)us is calculated as:
ug = —1/3.6(5N Sy + 1.Tugs — 9(¢)[0.17¢1 + 0.196¢5] (5.44)

Thus non-linear sliding mode control with STC for both pitch and yaw
are obtained. Further the real time performance of 2-dof TRMS with the

above control signal is to be investigated.
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5.5.1 Simulation Results and Discussion with non-

linear sliding surface design

The MATLAB simulation has been done for 100 seconds by taking the unit
step as the reference input and the results are plotted for 2-dof TRMS. Figure
5.1 shows the pitch control signal. It is evident from the figure that the
magnitude of pitch control signal is in between 1V and 2.5V, which is well
within the prescribed control limit —2.5V and 2.5V [21]. Similarly figure 5.2
shows the yaw control signal. It is noticed that the magnitude of yaw control
signal is in between —0.5V and —1V. From the simulation results obtained
in figure 5.1 and 5.2, it is ensured that these control signals can be applied to
2-dof TRMS as the value of the control signal is within the limit prescribed
by manufactures. Also it is noticed that the chattering is reduced with the

use of super-twisting control in non-linear SMC.

40

2071 N

Pitch angle control
o
<
L

2 4 6 8 10 12 14 16 18 20
Time

Figure 5.1: Pitch control signal using non-linear SMC with super-twisting
control and non-linear sliding surface design

Figures 5.3 and 5.4 show the pitch angle and yaw angle non-linear sliding
surfaces respectively. During sliding mode, the state vectors for pitch and yaw
angles will slide along the designed sliding surface and keep the tracking error
to a minimum value. Also, the pitch angle and yaw angle responses are not
be affected by the disturbances given to the system since the state trajectory
slides along this surface designed. This explains in-variance (Robustness)

property of the designed surface.
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Yaw control (volts)
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Figure 5.2: Yaw control signal using non-linear SMC with super-twisting
control and non-linear sliding surface design
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Figure 5.3: Pitch angle non-linear sliding surface using non-linear SMC with
super-twisting control and non-linear sliding surface design

Figures 5.5 and 5.6 show the pitch angle and yaw angle position tracking
responses respectively when the above control signals are applied. Here the
reference signal is taken as unit step. It is found that the response of both
pitch angle and yaw angle position track the unit step signal and this ensures
the tracking property of non-linear sliding mode control with NLSS design.
The initial conditions for pitch is given as 0.1 rad and for yaw 0.4 rad. Pitch
response settles in 8 seconds and yaw response settles in 7 seconds. It is
noted that there is no initial over shoots and under shoots in both pitch and

yaw angle responses.
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Yaw angle surface
o
g

-2 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20
Time

Figure 5.4: Yaw angle non-linear sliding surface with non-linear SMC with
super-twisting control and non-linear sliding surface design

Figures 5.7 and 5.8 show the pitch angle and yaw angle position tracking
responses respectively when the disturbance is given at 50 seconds. The
disturbance of 0.4sin(.1t) + 0.4 is given to both pitch and yaw through input
channel (matched disturbance). Even when the disturbance is applied, both
the outputs track the corresponding reference inputs. This verifies the in-

variance property of the designed sliding surface.
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Figure 5.5: Pitch angle position tracking using non-linear SMC with super-
twisting control applied and non-linear sliding surface design
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Figure 5.6: Yaw angle position tracking using non-linear SMC with super-
twisting control applied and non-linear sliding surface design

—— Reference input (rad)
— Pitch response (rad)

Pitch response with disturbance at 50 sec
o
(%2}
T
|

1 i i i i i i i i i
0 10 20 30 40 50 60 70 80 90 100

Time (seconds)

Figure 5.7: Pitch angle position tracking using non-linear SMC with super-
twisting control and non-linear sliding surface design when matched distur-
bance is applied at 50 sec.

Figures 5.9 and 5.10 show the pitch angle and yaw angle position track-
ing respectively when zero initial condition is given. Even when the initial

conditions are changed, the responses for both pitch and yaw track the corre-
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Figure 5.8: Yaw angle position tracking using non-linear SMC with super-
twisting control and non-linear sliding surface design when matched distur-
bance is applied at 50 sec.

sponding reference inputs. this will verify the robustness property of designed

sliding surface.
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Figure 5.9: Pitch angle position tracking ( zero initial condition) using non-
linear SMC with super-twisting control and non-linear sliding surface design
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Figure 5.10: Yaw angle position tracking ( zero initial condition) using non-
linear SMC with super-twisting control and non-linear sliding surface design

Thus it is concluded that the generated control signal has good tracking
ability and the designed NLSS is invariant to the disturbance. The MATLAB
simulation results seen to be quite satisfactory. Since the control inputs gen-
erated for both pitch and yaw are within the control limit prescribed by the
manufacturer of 2-dof TRMS [21]. The next Section deals with implemen-
tation of NLSS and non-linear SMC with the application of super-twisting

control.

5.6 Real time implementation for 2-dof TRMS

Figure 5.11 shows the block diagram of real time implementation with the
designed NLSS and non-linear SMC (NSMC) with super-twisting control ap-
plied for 2-dof TRMS by using Advantech PCI1711 interfacing card. This
card reads the 16 bit data from encoders. There are two blocks in the fig-
ure shown. They are encoder (Analogue to digital) and decoder (digital to
analogue) blocks. The encoder block has two outputs which are position

of rotor in radians in the vertical and horizontal planes [21]. The control
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signals for pitch and yaw are given to the digital to analogue block. These
encoder and decoder serves as an interface between the PC and external en-
vironment. The sensors senses the real time pitch and yaw angle positions.
these real time angle positions sensed by the sensors and are given to the
encoders. The encoder delivers the discrete values corresponding to the in-
terrupt service routine(ISR). The control algorithm operate according to the
pulses distributed by the clock and the clock delivers the interrupt service
routine.

Since the system constraints are too high, the operating regions for pitch and
yaw are to be fixed prior to the real time implementation. The operating
region in radian 43| for pitch is [ —0.51 1.2] and for yaw is [ —1.2 1.2}
as explained in [43]. In this work the maximum limit is not applied as it
may cause system failure. Hence a lower values, ( 0.2 radian for pitch and
0.8 radian for yaw) are applied in order to ensure safety working of the 2-dof
TRMS. Here the operating region is fixed in accordance with the value of

operating region considered in [43].
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Figure 5.11: Block diagram for real time implementation of non-linear SMC

with super-twisting control and non-linear sliding surface design

5.6.1 Real time implementation results and discussion
for 2-dof TRMS

Figure 5.12 shows the real time implementation set-up for pitch and yaw
angle control of 2-dof TRMS. Figure 5.13 shows the real time pitch angle

and yaw angle position tracking and control signals given to pitch and yaw
of 2-dof TRMS.
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Figure 5.12: Real time setup for 2-dof TRMS using non-linear SMC with

super-twisting control and non-linear sliding surface design
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Figure 5.13: Real time implementation results of tracking responses of both
pitch and yaw of 2-dof TRMS using non-linear SMC with super-twisting

control and non-linear sliding surface design
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Figure 5.14: Real time implementation result of pitch angle position tracking
response of 2-dof TRMS using non-linear SMC with super-twisting control

and non-linear sliding surface design
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Figure 5.15: Real time implementation result of yaw angle position tracking
response of 2-dof TRMS using non-linear SMC with super-twisting control

and non-linear sliding surface design
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Figure 5.16: Real time implementation result of pitch angle position tracking
response of 2-dof TRMS using non-linear SMC with super-twisting control

and non-linear sliding surface design when an external disturbance is applied

at 32 sec.
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Figure 5.17: Real time implementation result of yaw angle position tracking
response OF 2-dof TRMS using non-linear SMC with super-twisting control

and non-linear sliding surface design when an external disturbance is applied

at 32 sec.

Figures 5.14 and 5.15 show pitch angle and the yaw angle position tracking
responses respectively in real time implementation. It is observed that both
responses for pitch and yaw track the reference inputs with small amount of

over shoots at starting. The settling time for pitch is found to be 13 seconds
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and settling time for yaw is found to be 15 seconds. It is also noted that
in real time system there is an overshoot of 40 percent in the pitch angle
tracking and an overshoot of 6 percent in yaw angle tracking. This may be
due to high moment of inertia of TRMS system.

Figures 5.16 and 5.17 show the pitch and yaw angle position tracking
responses respectively in real time implementation with external disturbance.
An external disturbance ( A force equivalent to 100 gram) is applied to the
beam. It is observed that both responses for pitch and yaw track the reference
inputs. Here the external disturbance is applied at 32 seconds The system
performance has undershoots and overshoots and settles in 10 seconds.

Thus it is concluded that the generated control signal through non-linear
sliding mode control with super-twisting algorithm applied has a good track-
ing ability and the designed non-linear sliding surface is invariant to the

external disturbance also.

5.7 Design of Third order Super-twisting con-
trol for 2-dof TRMS

The main problem of sliding mode control is chattering. The higher order
sliding modes can solve this problem. The main disadvantage of using higher
order sliding mode is the increasing information demand. The increase in
information demand is explained below . If the sliding order is r, then surface
S, and derivatives of the surface are S,S upto (r —1) . These derivatives are
to be calculated. In this context, the solution lies in super-twisting control
(STC). This is because the STC needs only measurement of surface S.

The super-twisting control is a continuous control ensuring all properties
of first order sliding mode control. For higher order systems, first order
sliding surfaces will result the asymptotic convergence of the system. Hence,
in order to get the finite time convergence the design of higher order super-

twisting is needed. Since the system under consideration is third order, a
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third order super-twisting control has to be designed for both pitch and yaw
of 2-dof TRMS to get finite time convergence. The third order super-twisting

control is given by [65] as:

N

Vsign((y) — c;;/sz'gn((l) (5.45)

Upitch = _Cl(gl)(
The parameter (; is obtained from where

¢ = s + cxpf sign(ihn) (5.46)

Here ¢, ¢ and c3 are constants. 1,9,andy3 are the state variables corre-

sponding to pitch. and

D=

tyaw = —Ca(G2)'

Jsign(Cy) — c6/sz'gn(§2) (5.47)

where

Co = o + ey sign(gy) (5.48)

Here cy4,c5,c6 are constants. Also ¢1,¢09,and¢s are state variables correspond-
ing to yaw.

Thus the third order STC is designed for the 2-dof TRMS. Next Section
deals with the simulation results of 2-dof TRMS with Third order STC.

5.7.1 Results and Discussion of Third order Super-
twisting control for 2-dof TRMS

Fig. 5.18 shows the pitch control signal when third order super -twisting
control (Third order STC) is employed. It is evident from the figure that the
magnitude of pitch control signal is in between 2V and which is within the
prescribed control limit —2.5V" and 2.5V [21]. Similarly figure 5.19 shows
the yaw control signal. It is noticed that the magnitude of yaw control signal
is —0.75V which is within —2.5V" and 2.5V [21]. It is also observed that
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the pitch angle and yaw angle control signals are continuous that is free of
chattering.

25
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0.5 4

| | | | |
0 10 20 30 40 50 60 70 80 90 100
Time (sec)

Figure 5.18: Pitch control signal with third order Super-twisting control
design
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Figure 5.19: Yaw control signal with third order Super-twisting control design

Figures 5.20 and 5.21 show the pitch angle and yaw angle sliding surfaces
respectively when third order super-twisting control is used. During sliding
mode the state vectors for pitch and yaw angles slide along the designed

sliding surface and keeps the tracking error to be minimum.

92



5.7 Design of Third order Super-twisting control for 2-dof TRMS

Pitch error

Figure
design

Yaw error (rad)

Figure
design

PITCH ERROR

1 i i i i i i i i i
0 10 20 30 40 50 60 70 80 90 100

Time(sec)

5.20: Pitch error surface with third order Super-twisting controller
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5.21: Yaw error surface with third order Super-twisting controller

Figures 5.22 and 5.23 show the pitch angle and yaw angle position tracking

respons

es respectively when third order super-twisting control is used. The

initial conditions for pitch is given as 0.1 rad and for yaw 0.4 rad. Pitch

respons

e settles in 70 seconds and yaw response settles in 35 seconds. It is
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noted that there is no initial over shoots and under shoots in both pitch and

yaw angle responses.
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Figure 5.22: Pitch angle position tracking response with third order Super-
twisting controller design
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Figure 5.23: Yaw angle position tracking response with third order Super-
twisting control design

Figures 5.24 and 5.25 show the pitch angle and yaw angle position tracking
responses respectively when the disturbance is given at 80 seconds. The
disturbance of 0.4sin(.1t) + 0.4 is given to both pitch and yaw through input
channel (matched disturbance). When matched disturbance is applied there
is a small deviation in the pitch angle position tracking. The explains the
robustness of the system reduces with the use of third order super-twisting

control.
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Figure 5.24: Pitch angle position tracking response with third order Super-
twisting controller design when a disturbance is applied at 80 sec.
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Figure 5.25: Yaw angle position tracking response with third order Super-
twisting control design when a disturbance is applied at 80 sec.

5.8 Comparison

Table 5.1 shows the comparison between non-linear sliding surface (NLSS)
and, real time implementation using NLSS and third order super-twisting
control (Third order STC)design for 2-dof TRMS. Pitch angle position track-
ing response settles in 8 seconds and yaw angle position tracking response
settles in 7 seconds with the NLSS design. The robustness of the system is
also improved with the use of NLSS design. The non-linear sliding surface
is capable of withstanding a matched disturbance of 0.4 + 0.4sin(0.1t) as

well as external disturbance in real time implementation without the loss of
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tracking efficiency. The pitch angle position tracking response settles in 70

seconds and yaw angle position tracking response settles in 35 seconds when

third order STC is used. The robustness property of the system is slightly

lost with the use of third order super-twisting control.

Thus it is concluded that even though the chattering is reduced, the
robustness property is affected with the use of third order STC for the 2-dof

TRMS.

Table 5.1: Performance comparison for 2-dof TRMS with simulation real
time implementation of Non-linear surface design and Third order super-

twisting controller design

Description NLSS

Real time NLSS Third order STC

Settling time for Pitch angle position 8 sec

Settling time for Yaw angle position 7 sec

Overshoot for Pitch angle position Nil

Overshoot for yaw angle position Nil
Robustness Robust
Chattering low

13 sec 70 sec
15 sec 35 sec
40 percent Nil
6 percent Nil
Robust Less robust
high low

Table 5.2: Performance comparison for 2-dof TRMS with simulation real
time implementation of Non-linear sliding surface design and Linear sliding

surface design

Description NLSS

Real time NLSS LSS

Settling time for Pitch angle position 8 sec

Settling time for Yaw angle position 7 sec

Overshoot for Pitch angle position Nil

Overshoot for yaw angle position Nil
Robustness Robust
Chattering low

13 sec 8 sec
15 sec 10 sec
40 percent 12percent
6 percent 5 percent
Robust Robust
high low
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5.9 Analysis of Results

In this chapter a non-linear sliding mode control with super-twisting control
and third order super-twisting control have been designed for highly non-
linear 2-dof TRMS. The performance of 2-dof TRMS is compared with the
non-linear sliding mode controller using NLSS and that with the third or-
der STC. With the newly designed non-linear sliding surface as per[56],it is
verified that the system becomes more robust with the use of NLSS. Also
there is simultaneous reduction in overshoot and settling time for pitch and
yaw of the 2-dof TRMS. The settling time for pitch is reduced to 8 seconds
and for yaw it is reduced to 7 seconds. There is no overshoot in both pitch
and yaw of 2-dof TRMS. Also the non-linear surface is proved to be stable in
the sense of Lyapunov stability analysis. There is a significant reduction in
chattering with the application of super-twisting controller. The non-linear
sliding mode control with NLSS for 2-dof TRMS has been tested in real time
with the use of MATLAB tool box and PCI1711 card. The performance
comparison between the non-linear sliding mode controller with non-linear
sliding surface and the third order super-twisting control has been made for
2-dof TRMS. In real time implementation of NLSS in 2-dof TRMS, it is noted
that there is an overshoot of 40 percent in pitch angle position tracking and 6
percent overshoot in yaw angle position tracking. This high variation in sim-
ulation result and real time implementation may be due to the high moment
of inertia of the 2-dof TRMS. The other reason may be due to the incorrect

damping ratio constant given by the manufacturer.

5.10 Conclusion

This chapter deals with the performance of 2-dof Twin Rotor MIMO system
with the design of non-linear sliding surface and non-linear sliding mode
controller. The super-twisting controller is included in the non-linear sliding

mode controller to reduce chattering. The simulation result validate the
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design using non-linear sliding surface has good tracking performance and
also robust to the matched disturbance. The simultaneous reduction of peak
overshoot and settling time has also been noticed from the simulation result.
The real time implementation validates the robustness of the system with
the application of NLSS. In addition to that the comparisons with the third
order super-twisting and LSS have been provided to show that the NLSS
design perform better in control aspects and robustness aspects. it is verified
that the NLSS design becomes more appropriate than the design of controller
using LSS and third order super-twisting for systems like 2-dof TRMS. The
draw back of the design using NLSS is that the complexity of the design is
high as compared with the existing PID, LSS and third order super-twisting.
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Chapter 6

Design,Simulation and
Comparison of Various
Controllers for Dual Input

Buck Boost Converter

6.1 Introduction

In chapter 5, it is seen that for electro mechanical system (2-dof TRMS)
the non-linear sliding mode controller with super-twisting control and non-
linear sliding surface have given an excellent performance with simultaneous
reduction of settling time, initial overshoot and chattering. And also there
is an improvement in robustness of the system. In the present chapter, it
is proposed to use various controllers for an electrical system and analyse
through extensive simulation. The electrical system considered here is dual
input buck boost converter (DIBB).

The different modes of operations and corresponding state space modelling
of DIBB is explained in Section 2.2.2. The equation for transfer function

for DIBB shown in figure 2.3 can be obtained using the equation which is
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available in [66] as:

2
Vi D s — BL=DF

" RC(1-D)?s2y L 4 UDF

G(s)

(6.1)

Where V; is the input voltage applied to the DIBB, D is the duty ratio. C'
is the capacitance of DIBB,L is the inductance of DIBB, and R is the load
resistance. The transfer function for DIBB is obtained by substituting the
values of DIBB parameters as in table 8.2 of Appendix 8, D = 0.75, R = 100,
C=450%x1le —6, L =3.75 % le — 3,andV, = 12

s — 2222

Gls) = 3200 55595 7 3.7 107

(6.2)

The corresponding root locus obtained using MATLAB-9 is shown below
in figure 6.1.

From the root locus it is clear that there is one zero lying on the right side
of s plane and two complex poles on the left side of the s plane. Since one
zero is on the right side of the s plane the system becomes a non-minimum
phase system. The following controllers are designed for dual input buck
boost converters:
1)PI Controller
2) A conventional sliding mode control
in cascaded structure 3) super-twisting control
4) Integral sliding mode control with discontinuous control
5) Integral sliding mode control with super-twisting control algorithm.

The main motivation of this chapter has come from the work carried out by
K.Sundaresan and et.al. The purpose is to find out the degree of acceptance
of the performance when each controller is employed in DIBB. It is obvious
that the pure electrical system of DIBB is very much faster compared to
TRMS. Certain algorithm give noticeable improvement while some others

are not effective.
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Figure 6.1: Root locus of Buck Boost converter’s linearized Transfer function

The performance improvement of DIBB under various control strategies
is measured in terms of chattering in output signal, initial transients and ro-
bustness of the system. The robustness of the system is measured by making
changes in input voltage, load current and change in reference voltage.

This chapter is organised as follows: Section 6.2 deals with design of PI
controller using Damped — Oscilation method for DIBB. Section 6.3 deals
with design of conventional sliding mode control in cascaded structure for
DIBB. Design of super-twisting control is given in Section 6.4. Section 6.5
explains the design of discontinuous control in integral sliding mode control
(ISMC) for DIBB. The design of super-twisting control in ISMC for DIBB
is given in Section 6.6. The performance comparison of DIBB with various

controllers is given in Section 6.7. Analysis of results is detailed in Section
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6.8. Finally conclusion is given in Section 6.9.

6.2 Design of PI controller parameters

From the root locus of the DIBB system, it is clear that no sustained oscil-
lation is possible for the system as the two poles are not on the imaginary
axis. Hence Damped — oscillation method of PID tuning is used [67]. This
method is slightly modified method of zeiglers ultimate gain method. By
setting T7 = inf and Ty=0, as in case of zeiglers ultimate gain method the
value of K, is increased from minimum value until ratio of a; to as is 0.25
where a; and as are first two continuous peaks. The corresponding step re-
sponse is obtained in figure 6.2 . Now the decay ratio is obtained as 0.25 for
Kp = 0.0049. The period is taken between two consecutive positive peaks
as Ty = 0.147.

The value of K; is obtained as:

K
K; =15=L =0.0516 (6.3)
Ty

Figure 6.3 shows the block diagram for the Proportional Integral control
(PI control) for DIBB . The reference voltage is compared with the output
voltage. The error signal thus obtained is passed through the PI controller.
The PI controlled signal is compared with 250KHZ signal. The resulting signal
is given as the triggering signal to the DIBB.

The values of proportional constant K p, integral constant K are obtained
as Kp = 0.0049. and K7 = 0.0516.
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Figure 6.2: PI parameter tuning using Damped — OScln — Test
6.2.1 Simulation Results and discussion of the DIBB
under PI control

The performance of DIBB using above values for K, and K are given in
figures (6.4) to (6.8). Figure 6.4 shows the output voltage of dual input buck
boost ( DIBB) converter when PI controller is used. It is obvious that there

controller is used.

is no initial overshoots or undershoots. It becomes steady from 13seconds
sec on wards. Hence it is concluded that the settling time is high when PI

Figure 6.5 chattering in output voltage of DIBB when PI control is used.
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Figure 6.3: Block Diagram of DIBB with PI control.

There exists a ripple voltage of 0.25V which is within the tolerable limit.

—— Output Voltage
— Input Voltage 1
— Input Voltage 2

Input voltages & Output Voltage

Time(Seconds)

Figure 6.4: Output voltage of DIBB with PI control

The next step is to check the robustness of the DIBB under the PI control.
The robustness is checked by making sudden changes in input voltage,load
current and reference voltage

Figure 6.6 shows the variation of output voltage with the change in input
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Figure 6.5: Chattering in output voltage of DIBB with PI control
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Figure 6.6: Output voltage response of DIBB with PI control when one of
the input voltage changes from 12V to 24V

voltagel (V1) when PI controller is employed. The change in input voltage
from 12V to 24V occurs at 16 sec. It is noted that there is an overshoot in
the output voltage of DIBB at the time of sudden change in one of the input
voltage of DIBB and settles in 8 seconds

Figure 6.7 (a) shows the change in load current at 16 seconds. Figure
6.7(b) shows the response of DIBB with PI control when load current is
changed at 16 seconds. It is noticed that there is no change in output voltage
of DIBB. Figure 6.8 shows the output voltage of DIBB when the reference
is changed from 30V to 40V. Here it is seen that the output voltage is also
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Figure 6.7: Response with Load Variation

changing from 30V to 40V by taking a time delay of 0.3 seconds.
Hence it is concluded that the settling time and chattering are high with

the use of PI control. Also overshoot at the time of change in input voltage
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Figure 6.8: output voltage of DIBB when reference changes from 30V to 40V
with PI control

is high for DIBB when PI controller is employed. The drawbacks of the PI
control are reduced with the use of sliding mode control (SMC) [68] as the
sliding mode control is insensitive to the parametric variation and external

disturbance. The next Section deals with the design of conventional sliding
mode control[69] for DIBB

6.3 Design of Conventional sliding mode con-

trol in cascaded structure for DIBB

The general procedure for designing a sliding mode controller is to develop a
state space model of the converter. For a system defined by state space vari-
ables x1,r9,73......x,the sliding function S can be expressed in the following
form [59] as:

S = ax1 + ey + azT3........... + Ty (6.4)

Where aq, as, as......q, are sliding coefficients. The second step is to find
the sliding mode control u. It is necessary to ensure that the sliding function

is confined to the sliding surface S = 0. This is achieved by applying the
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existence condition given by:
limg_055 < 0 (6.5)
The control signal u is calculated as per [59] as:
u = 0.5(1 — sign(9)) (6.6)

The chattering may result when SMC is used. Thus in order to reduce
the chattering problem sliding mode control in cascaded structure has been
developed [59]. The design of conventional sliding mode control in cascaded
structure for DIBB is detailed in next Section.

Fig 6.9 shows the block diagram of conventional SMC applied to DIBB.
Here the two loops are employed as the system is non-minimum phase sys-
tem. The conventional SMC for DIBB using cascaded structure requires two
control loops. These are inner current loop and outer voltage loop. Generally
for most converters, motion rate of current is much faster than the motion
rate of voltage. Because of this reason, SMC is applied in inner current loop

and proportional integral (PI) controller is given in outer voltage loop.

6.3.1 Outer voltage loop

1) Outer voltage loop : In figure. 6.9, the output voltage of the dual in-
put buck boost converter is compared with the reference voltage V,; and the
resulting signal is fed through PI controller, the output of PI controller is
referred to as i.. This current signal is now added with the feed forward

inductor current 75. Then the resultant current is ¢* termed as:

i = ig + i (6.7)

The resultant current thus obtained is the overall reference current to the

inner loop. Now the overall reference current to the inner current loop is 7*.
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sliding mode |u

| current controller |

converter

oV,

Figure 6.9: Block Diagram of Conventional Sliding Mode control applied to
DIBB.

6.3.2 Inner Current Loop

The buck boost output current i is compared with the reference current *
and the sliding surface S is designed. As per [59], the sliding surface is
obtained as

S =i (6.8)

Where i is the dual input buck boost output current and ¢* is the reference
current to inner current loop. The state of the system will slide along this
sliding surface during sliding mode irrespective of the system. Thus even if
parameters of the system is varied it will not affect response of the system

during sliding mode.

The next step is to design controller value. The control signal given to
the switch of dual input buck boost converter should be such that the switch
should either open or close according to the duty ratio. For dual input buck

boost converter the sliding mode control scheme as per [69] is:
u=0.5(1 — sign(9)) (6.9)
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6.3.3 Simulation Results and discussion of the DIBB

under conventional sliding mode control

The conventional sliding mode controller is applied to DIBB. The perfor-
mance of DIBB under conventional sliding mode control is given in figures
6.10 to 6.16. Figure 6.10 shows the two input voltages and regulated output
voltage during boost operation of dual input buck boost (DIBB) converter
when conventional sliding mode control is used. It is obvious from the figure
that there is an overshoot of 16.6 percent. It becomes steady from 0.2 second
on-wards.

Figure 6.11 shows the chattering in the output voltage of DIBB when
conventional control is applied. There exists a ripple with magnitude of 0.02V
in the output voltage of DIBB which is within the tolerance limit. Hence
it is concluded that the chattering is reduced with the use of conventional
sliding mode control in cascaded structure.

Figure 6.12 shows the error surface of DIBB when conventional sliding
mode control is applied. The error between the reference voltage and the
output voltage becomes zero in 0.2 seconds. Hence it is concluded that the
settling time is reduced with the use of conventional sliding mode control. It
is already observed that the settling time taken for DIBB is 0.5 seconds with
the PI control.

The next step is to check the robustness of the DIBB under conventional
SMC. The robustness is checked by making sudden changes in input volt-
age,load current and reference voltage

Figure 6.13 shows the DIBB response using conventional sliding mode
control when there is a change in load current at 1.5 seconds. It is observed
that there is small change in output voltage at the time of change in load
current and attains the steady value within 0.2 seconds. Figure 6.14 shows
the load current change at time 1.5 sec.

Figure 6.15 shows the variation of output voltage with the change in input

voltagel V7 when conventional sliding mode control is applied. The change
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Figure 6.10:  Output voltage response of DIBB with conventional sliding
mode control
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Figure 6.11: Chattering in output voltage response of DIBB with conven-
tional sliding mode control

in input voltage from 12V to 24V occurs at 1.5 sec. It is noted that there
is small overshoot at the time of sudden change in input voltage and attains
the steady state value within 0.1 second and this explains the robustness of
the conventional sliding mode control. Hence it is concluded that the over

shoot and settling time is reduced with the use of super-twisting control.

Figure 6.16 shows the output voltage when the reference is changed from
30V to 40V. The change occurs within 0.05 sec. The change from 30V to
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Figure 6.12: Error with conventional sliding mode control for DIBB
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Figure 6.13:  Output voltage response of DIBB with conventional sliding
mode control when the load current changes

Although the magnitude of chattering is reduced with the use of con-
ventional SMC, the frequency of chattering is found to be more. So this
control cannot be applied in real time implementation as the high frequency
of the control signal damage the switch used. But the super-twisting con-
trol can solve this problem. The next Section deals with the application of

super-twisting control in DIBB.
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Figure 6.15: Output voltage response of DIBB with conventional sliding
mode control when one of the input voltage changes from 12V to 24V
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Figure 6.16: Output voltage of DIBB with conventional sliding mode control
when reference voltage changes from 30V to 40V
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6.4 Design of super-twisting control for DIBB

The conventional SMC generates high frequency switching in control signal
which is also known as chattering problem. In order to avoid chattering
problem in control signal, super-twisting control (STC) algorithm is used
[69]. There are two parts in the super-twisting control algorithm. One is
continuous control part and other one is discontinuous control part. The
continuous control part reduces the chattering effect and discontinuous con-
trol part stabilizes the system.

Reference
Voltage

L

| Dual Input 0 \ é
!+

Buck Boost Converter A | output
D Voltage

E,

N

-

- Super twisting Controller

444

Ramp
Generator

Figure 6.17: Block Diagram of DIBB with Super-twisting control

Figure 6.17 shows the block diagram for DIBB under super-twisting al-
gorithm. Here the reference voltage is compared with the output voltage
and the difference between the reference voltage and actual voltage is taken
as the error signal. The error signal is passed through the super-twisting
controller. the signal thus obtained is compared with the ramp signal. The

output of the comparator is taken as the control signal which can be used to
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trigger the DIBB.

super-twisting control as given in [59] can be written as:

[N

ug = —i(e)

sign(e) — 72/Sign(e) (6.10)

Where e is the error between the output and reference signal. The 7,
and 7, are positive gains. The parameters v, and =, are calculated using the

equation:

v = 1.5R? (6.11)
v =1.1R (6.12)

With sufficient convergence conditions,

and 2om + R)
Y2
—— <1 6.14
(72 — R) (6.14)

The value of R is selected such that the maximum bound of system matrix
f(z) < R.

6.4.1 Simulation Results and discussion of the DIBB

under Super-Twisting Control

The performance of DIBB under super-twisting control is given in figures
6.18 to 6.24. Figure 6.18 shows the two input voltages and regulated output
voltage during boost operation of dual input buck boost (DIBB) converter
when super-twisting control is used. It is obvious that there is no initial

overshoot or undershoot.
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figure 6.19 shows the chattering in output voltage of DIBB. There exists
a ripple voltage of 0.1V which is within the tolerance limit. The frequency
of the chattering is reduced to large extent.

Figure 6.20 shows the error signal of DIBB with super-twisting control.
It is noted that the error attains zero value in 0.1 second which explains the

efficiency of the super-twisting control.
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Figure 6.18: Output voltage of DIBB with super- twisting control during
boost operation
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Figure 6.19: Chattering in output voltage response of DIBB with super-
twisting control

The next step is to check the robustness of the DIBB under super-twisting
control. The robustness is checked by making sudden changes in input volt-
age,load current and reference voltage.

Figure 6.21 shows the output voltage of DIBB whenever there is change
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Figure 6.20: Error of DIBB with super-twisting control

in load current with super-twisting control. It is observed that there is no
change in output voltage at the time of change in load current. Figure 6.22

shows load current change at 1.5 seconds.

Figure 6.23 shows the variation of output voltage with the change in
input voltagel V; when super-twisting control is applied. The change in
input voltage from 12V to 24V occurs at 1.5 sec. It is noted that there
is small overshoot at the time of change in input voltage and attains the
steady state value within 0.2 second. This explains the robustness of the

super-twisting control.

Figure 6.24 shows the regulated output voltage of DIBB when the refer-
ence is changed from 30V to 40V at 1.5 seconds. It is observed that there is
no overshoot during the step change in the reference voltage and the output

attains the desired value in 0.1 second.

It is noted that the performance of DIBB under super-twisting control is
good in terms of chattering and robustness. The performance will be more
better if we reduce the reaching time. Integral sliding is used to reduce
reaching time. Next Section deals with the application of Integral sliding
mode control in DIBB
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Figure 6.21: Output voltage response of DIBB with super-twisting control
when there is step change in load current at 1.5 second
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Figure 6.22: Load current change of DIBB with super-twisting control
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Figure 6.23: Output voltage response of DIBB with super-twisting control
when one of the input voltage changes from 12V to 24V
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Figure 6.24: Output voltage of DIBB with super-twisting control when ref-
erence changes from 30V to 40V

6.5 Design of discontinuous control in Inte-
gral Sliding Mode Control for DIBB

There are two phases in sliding mode control. First one is reaching phase
and second is sliding phase. The reaching phase is one in which the system
states are driven from any initial state to reach the sliding manifold. Sliding
phase is one in which system induces into sliding manifold. The robustness
comes into action only after the occurrence of sliding mode. The robustness
cannot be guaranteed during reaching phase. Integral sliding mode controller
(ISMC) is the best solution to eliminate the reaching phase [70]. Finite
time stabilization without disturbances are studied by Bhatt and Berstein,
using chain of integrators [71]. This control is not able to reject matched
disturbance (Disturbance through input channel).

In order to reject matched disturbance, a discontinuous control is added
with the nominal control. But this may result in chattering problem at the
output. As discussed in previous chapters the higher order sliding mode
control can reduce chattering. The most popular higher order sliding mode
control techniques are twisting algorithm and super-twisting algorithm. In
twisting algorithm, the real time measurement of switching variable deriva-

tive is required. But in some real time applications the measurement of
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derivative of switching variable is not possible. Such issues do not occur
in super-twisting algorithm. Hence the integral sliding mode control with
super-twisting algorithm is the best solution to reduce chattering effect as
well as to eliminate the reaching phase.

The system in equation (2.10)can be written in the following form as:
= f(z)r + g(x)u (6.15)

Where f(z) and g(x) are the system matrix and input matrix respectively.
If a disturbance d which is equivalent to sudden change in input voltage
and current respectively are applied to the system, the system equation now
becomes:

Tt = f(x)r+g(x)u+d (6.16)

The integral sliding mode control is added with either the discontinuous
control or continuous control (super-twisting algorithm) to make the system
robust. The integral control is designed using nominal control as discussed
below. The nominal control uy is designed using finite time stabilizing con-

trol by Bhatt and Berstein as per [71] and is given by:

N

uy = —f(e)2sign(e) (6.17)

where [ is the nominal control gain and e is the error between the actual
value of the output voltage and reference value. This control is unable to
reject matched disturbance entering through control channel. So in order
to reject such disturbance some authors designed additional discontinuous
control [71]. The discontinuous control is used to make the system robust

which is given by:

up = —esign(e) (6.18)

Where € is the discontinuous controller gain and e is the error.
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The control signal obtained by adding the nominal control and discontin-
uous control is given by:
Uy = Uy + Up (619)

Now if the control given to the system is selected as [61]:
1
()

and (6.19) in (6.16), the system becomes

(=f(z) +w) (6.20)

u =

~— O

By applying equations (6.20

Thus the system equation is modified in terms of nominal control, discon-
tinuous control and disturbance. The sliding surface as in [72] is reproduced

here: The sliding surface S is given by:
S:x—xo—/uN (6.22)
where z( is the initial condition. Also, the derivative of sliding surface is:
S=i—uy (6.23)
Substituting equation (6.21) in equation (6.23)
S=uy+up+d—uy (6.24)

When the system is in sliding mode, the equivalent value of control is calcu-

lated by equating derivative of sliding surface to zero.
uy +up +d—uy =0 (625)

Hence,
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This means that the disturbance can be rejected when the system is on
sliding mode and the magnitude of disturbance is equal to the magnitude of

discontinuous control.

6.5.1 Results and discussion for DIBB under discon-

tinuous control in Integral Sliding Mode Control

Figure 6.25 shows the input voltages and regulated output voltage during
boost operation of dual input buck boost converter when discontinuous con-
trol in combination with integral sliding mode control (ISMC). It is obvious
that there is an initial overshoot of 20 percent with settling time of 0.05
seconds.

Figure 6.26 shows chattering in output voltage. There exists a ripple
voltage of 0.4V which is not within the tolerance limit. This high value of
chattering is due to the discontinuous control.

Figure 6.27 shows the error with respect to time. It is observed that
the error attains zero value within 0.04 seconds. This is because of the

elimination of reaching phase.
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Figure 6.25: Output voltage of DIBB with discontinuous control in ISMC
during boost operation.

Figure 6.28 shows the output voltage response of DIBB with discontin-
uous control in ISMC when there is change in load current. It is observed

that there is no change in output voltage at the time of step change in load.
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Figure 6.27: The error signal of DIBB with discontinuous control in ISMC.

Figure 6.29 shows the variation of output voltage with the change in
input voltagel (V) when integral sliding mode with discontinuous control is

applied. The change in input voltage from 12V to 24V occurs at 1.5 sec.
Figure 6.30 shows the regulated output voltage of dual input buck boost

converter when the reference is changed from 30V to 40V at 1.5 seconds.

It is observed that there is no overshoot during the change in the reference
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voltage and the output attains the desired value in 0.01 seconds.
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Figure 6.28: Output voltage response of DIBB with discontinuous control
in ISMC when there is step change in load current.
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Figure 6.29: Output voltage response of DIBB with discontinuous control in
ISMC when one of the input voltage changes from 12V to 24V

The performance of DIBB is improved with the use of discontinuous con-
trol in ISMC. But the magnitude of chattering is increased with the use of
discontinuous control in integral sliding. To reduce this effect of chattering
super-twisting control is applied instead of discontinuous control. Hence the

next Section deals with the the application of super-twisting control in ISMC.
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Figure 6.30: Output voltage of DIBB with discontinuous control in ISMC
when reference is changed from 30V to 40V

6.6 Design of Super-twisting control in ISMC
applied for DIBB

The integral sliding mode controller with super-twisting control applied is
given in [72] as :
U = uy + Ug (6.27)

where uy is the nominal control and u, is the super-twisting control. The

nominal control is given by:

N

uy = —pP(e)zsign(e) (6.28)

Here 3 is the nominal controller gain, and e is the error between the
actual value of the output voltage and reference value. The,us being the

super-twisting control ug is given by [62]:

D=

us = —1(e)

sign(e) — 72/Sign(e) (6.29)

Where v, and v, are positive gains. The parameters y; and 7, are calcu-
lated using the equation (6.11) to (6.14):
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Defining the sliding surface S as:

S:x—xo—/uN (6.30)

where z is the initial condition. Taking the derivatives of the surface S

becomes:

S=i—uy (6.31)

Then the control signal consisting of nominal control and super-twisting con-
trol is given by:
U = Uy + ug (6.32)

Proceeding in the similar fashion as explained for discontinuous control in

ISMC, the system equation becomes:

T=uny+us+d (633)

When the system is on sliding surface, the equivalent value of control is
calculated by substituting derivative of sliding surface equal to zero. Hence
it can be shown as:

uy +us +d+ —uy =0 (6.34)

Thus,
ug = —d (6.35)

This means that the disturbance is rejected when the system is on sliding

mode.
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6.6.1 Simulation Results and Discussion of DIBB with
Super-twisting control in ISMC applied for DIBB

The performance of DIBB using super-twisting control in ISMC is given in
figures 6.31 to 6.36. Figure 6.31 shows the two input voltages and regulated
output voltage during boost operation of dual input buck boost converter
when Integral sliding with super-twisting control applied is used. It is obvious
that there is no overshoot and becomes steady within 0.06 second onwards.

Figure 6.32 shows chattering in output voltage. It is obvious that there
exists a ripple voltage of 0.15V in the output voltage which is within the
tolerance limit.

Figure 6.33 shows the error between the reference voltage and the output
voltage of DIBB with super-twisting control in ISMC. It is observed that
error become zero in 0.01 seconds this is due to the reduction in reaching

phase.
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Figure 6.31: Output voltage response of DIBB with super-twisting control
in ISMC

The robustness is checked by making sudden changes in input voltage,
load current and change in reference voltage. Figure 6.34 shows the output
voltage response of DIBB with super-twisting control in ISMC when there
is a change in one of the input voltage. It is observed that there is small
overshoot during the change in the input voltage and the output attains the

desired value in 0.1 seconds.
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Figure 6.32:  Chattering in Output voltage of DIBB with super-twisting
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Figure 6.33: Error in DIBB with super-twisting control in ISMC

Figure 6.35 shows the output voltage response of dual input buck boost
converter with super-twisting control in ISMC when there is a change in
load current at 1.5 seconds . It is observed that there is no change in output

voltage at the time of change in load.

Figure 6.36 shows the regulated output voltage of DIBB when the refer-
ence is changed from 30V to 40V at 1.5 seconds. It is observed that there
is no overshoot during the change in the reference voltage and the output

attains the desired value in 0.1 seconds.

Thus it is inferred that the settling time as well as the chattering is
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Figure 6.34: Output voltage response of DIBB with super-twisting control
in ISMC when one of the input voltage changes from 12V to 24V
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Figure 6.35: Output voltage response of DIBB with super-twisting control
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Figure 6.36: Output voltage of DIBB with super-twisting in ISMC when

reference is

changed from 30V to 40V

reduced by using integral sliding mode control with super-twisting control

applied.
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6.7 Comparison

Table 6.1 shows the performance comparison of DIBB with various control
strategies. The magnitude in chattering, frequency in chattering and robust-
ness of the system with various controllers are shown in this table. The
robustness is checked by making sudden changes in input voltage, load cur-
rent and reference voltage. Table 6.2 shows the initial transients performance

of the DIBB with various controllers.

Table 6.1: Performance Comparison of DIBB with various control strategies

Description Mag. of Chattering Robustness
PI Control 0.25V slightly Robust
conventional sliding 0.02V Robust
super-twisting control 0.1V Robust
Discontinuous control in ISMC 04V Robust
super-twisting control in ISMC 0.08 V Robust

Table 6.2: Initial Transients comparison of DIBB with various control strate-
gies

Description Over shoot  Settling time
PT Control Nil 13 seconds
conventional sliding 16.6 percent 0.2 second
super-twisting control Nil 0.1 second
Discontinuous control in ISMC 20 percent  0.04 second
super-twisting control in ISMC Nil 0.06 second

6.8 Analysis of Result

The focus of the chapter is to apply sliding mode controller to dual input
Buck boost converter. Firstly, the design of PI controller is done. It is
observed that the settling time is 13 seconds. The chattering is 0.25 V in

the output response. Moreover it is noted that the changes in input voltages,
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load current or reference voltage take high value of settling time in the output
response. The system becomes less robust with the use of PI controller. In
order to reduce the settling time, the design of sliding mode controller has
been done. The conventional sliding mode control is tried first. Since the
system is non-minimum phase system as described in Section 6.1, two loop
control is used. It is found that the frequency of chattering is very high due to
the application of discontinuous part of conventional sliding mode controller
in the current loop of the DIBB. In order to reduce chattering a continuous
controller known as super-twisting controller is applied to the system. It
is found that the chattering is reduced to 0.1V with the design of super-
twisting control in the DIBB system. Moreover an integral sliding mode
controller is designed for DIBB to eliminate the reaching time. The integral
sliding mode with super-twisting control produces an output response with
0.08V chattering and less reaching time. The simulation results of DIBB
for its responses to sudden change in load current, sudden change in input
voltage and sudden change in reference voltage are compared for all the
control strategies applied for DIBB. The results show that the effectiveness
of modified integral sliding mode controller with super-twisting control as
continuous part in ISMC. The control signal obtained using super-twisting
control and super-twisting control in ISMC for DIBB can be used in real

time application.

6.9 Conclusion

This chapter analyses the performance of DIBB with the design of PI con-
trol, conventional sliding mode control, super-twisting control, integral slid-
ing mode control with super-twisting control, Integral sliding mode with
discontinuous control. The simulation result validate the design using super-
twisting control and design of ISMC with super-twisting control has good

tracking performance and is robust to the matched disturbance. In addition

131



Chapter 6. Design,Simulation and Comparison of Various Controllers for
Dual Input Buck Boost Converter

to that the comparisons with the conventional sliding mode control and PI
control have been provided to show that the STC and STC with ISMC design
perform better in control aspects and robustness aspects. it is verified that
the STC design become more appropriate than the design of controller using
PI for systems like DIBB.
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Chapter 7

Conclusions and Future Work

7.1 Introduction

Two different types of systems are considered in this research work. The
performance analysis of the 2-dof TRMS is carried out first with PID control,
linear sliding surface with non-linear control , non-linear sliding surface with
the combination of super-twisting and non-linear sliding mode control and
third order super-twisting control. In the second case, the research work
includes the performance of DIBB when applied with PI control, conventional
sliding mode control, super-twisting control and super-twisting control in
combination with integral sliding mode control.

The state space modeling of 2-dof TRMS is done using the dynamics
which is available in the manual. Therefore, the modeling has been done by
including all system related non-linearities since the system is highly non-
linear. The transfer function derived from state space analysis has coupling
term. In order to eliminate the coupling effect a decoupler is designed using
minimal-di method. The decoupler thus obtained nullifies the cross-coupling
effect between pitch and yaw of the TRMS system.

The performance of the 2-dof TRMS with the design of LSS is investi-
gated in chapter 4. The simulation results validate the design using LSS has
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satisfactory tracking performance and is robust to the matched disturbance.
In addition to that the comparison with the PID has been provided to show

that the LSS design perform better in control aspects and robustness aspects.

The performance of 2-dof Twin Rotor MIMO system with the design of
non-linear sliding surface and non-linear sliding mode control is investigated
in chapter 5. The super-twisting controller is included in the non-linear slid-
ing mode controller to reduce chattering. The simulation results validate the
design using non-linear sliding surface which has good tracking performance
and also robust to the matched disturbance. The simultaneous reduction of
peak overshoot and settling time has also obtained and it is validated using
simulation. The real time implementation validates the robustness of the
system with the application of NLSS. In addition to that the comparison
with the third order super-twisting and LSS has been provided to show that
the NLSS design perform better in control aspects and robustness aspects. It
is verified that the NLSS design becomes more appropriate than the design
of controller using LSS and third order super-twisting for systems like 2-dof
TRMS. The draw back of the design using NLSS is that the complexity of
the design is high as compared with the existing PID, LSS and third order
super-twisting. The applicability of the designed non-linear sliding surface
with STC employed in non-linear controller has been tested both in simula-

tion and in real time.

The performance of DIBB with the design of conventional sliding mode
control, super-twisting control, integral sliding mode control with super-
twisting control, Integral sliding mode with discontinuous control is inves-
tigated in chapter 6. The simulation results validate the design using super-
twisting control and design of ISMC with super-twisting control has good
tracking performance and also robust to the matched disturbances. In addi-
tion to that the comparison with the conventional sliding mode control and
PI control has been provided to show that the STC and STC with ISMC de-

sign perform better in control aspects and robustness aspects. It is verified
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that the STC design become more appropriate than the design of controller
using PI for systems like DIBB.

7.2 Major Research Contributions
The main contributions of the thesis can be summarized as:

e Developed a mathematical model for the 2-dof TRMS considering all
system-relevant non-linearities and coupling effects. The non-linearities
include the parabolic variation of torques of yaw angle and trigonomet-

ric and parabolic variations torques of pitch angle.

e The developed decoupler is capable of eliminating coupling effects be-
tween pitch and yaw angles of 2-dof TRMS. The decoupler is designed
based on minimal-di method which guarantees the expected perfor-
mance without the poles and zeros of the system getting cancelled

against each other.

e The linear sliding surface is designed for linear part of 2-dof TRMS
using optimal design procedure. Also a non-linear controller is designed
for 2-dof TRMS. The performance validation of the controller is done

using simulation.

e Using the concept of variable damping ratio, a non-linear sliding surface
is designed for 2-dof TRMS by considering all non-linearities associated
with the system. The simultaneous reduction in both peak overshoot
and settling time is noted in the simulation results. Also, a non-linear
sliding mode controller with super-twisting algorithm is designed. The
controller performance is validated by both simulation and real time
implementation. The use of super-twisting algorithm helps to reduce

the chattering in control signal given to pitch and yaw of TRMS.
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e The use of third order super-twisting algorithm helped to reduce the
chattering in control signal given to both pitch and yaw of of TRMS
and validation through simulation is also done for the 2-dof TRMS.

e PID controller is designed for dual input buck boost converter using
Damped — Oscilation method as the system is non-minimum phase

system. The performance is validated through simulation.

e The sliding mode controller is designed for Dual input buck boost con-

verter (DIBB) and is validated through simulation.

e Super- twisting controller is designed for DIBB to reduce chattering.

Also validation is done through simulation.

e The combination of super-twisting control and integral sliding mode
control is designed for DIBB. The performance is validated through

simulation.

In nutshell, the performance of the sliding mode controllers on systems
with high time constant (Electro mechanical systems) and low time constant
(Electrical system) are analysed. It is found that both systems perform well
with sliding mode control. Super-twisting controller gives chattering free
responses in both systems. Also it is noticed that the non-linear sliding
surface with variable damping ratio makes the electromechanical system (2-
dof TRMS) more robust and to reduce the settling time. The application of
super-twisting control instead of signum function in non-linear sliding mode

control reduces the chattering in control signal.

7.3 Scope and Future Work

The thesis work concentrated on two MIMO systems. These are 2-dof TRMS
and DIBB. The following are the scope and future work.
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There are 3-dof MIMO and higher dof MIMO systems. The investigations
of the performance of these systems with linear and non-linear sliding surfaces
with relevantly designed sliding mode controllers is very needed. This can
be taken as future work.

In this work the decoupler is designed for linearized model of the system.
But for non-linear part the decoupler design is not carried out. Hence this
also may be the scope for the researchers as a future work.

The objective of the algorithm considered is limited to asymptotic sta-
bility of the system and the finite time stabilization of the system is not
considered at all. This is yet another scope for future work

The expected performance is obtained for the above mentioned 2-dof
TRMS and double input buck boost converter. It is not verified for other
mechanical , electromechanical, electronic systems. Hence same could be

considered for future work.
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Chapter 8

Appendix

8.1 TRMS Parameter Values

Table 8.1: TRMS Parameter Values

Symbol Parameters Values
I Moment of inertia of vertical rotor 6.8 * 1072kg — m?
I Moment of inertia of horizontal rotor 2 * 1072kg — m?
ap static characteristic parameter 0.0135
b1 static characteristic parameter 0.0924
as static characteristic parameter 0.02
by static characteristic parameter 0.09
M, Gravity momentum 0.32 N-m
By Friction momentum parameter 6*103N — m/rad
Byt Friction momentum parameter 1¥*107'N — m/rad
B¢ Friction momentum parameter 1¥*1072N — m/rad
k,y Gyroscopic momentum parameter 0.05 s/rad
I Motor 1 gain 1.1
ko Motor 2 gain 0.8
T Motor 1 denominator parameter 1.1 sec
T Motor 1 denominator parameter 1
Ty Motor 2 denominator parameter 1
T Motor 2 denominator parameter 1
T Cross reaction momentum parameter 2
7€ Cross reaction momentum parameter 3.9
ke Cross reaction momentum gain -0.2
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8.2 DIBB Parameter Values

Table 8.2: DIBB Parameter Values

Description Parameter Values
Load Resistance R 100 Ohm
Inductance L 3.75 mH
Internal resistance of inductor Ry, 0.01 Ohm
Capacitance C 450 micro F
Internal resistance of capacitor C 0.01
Switching Frequency F 25KHz
Input voltagel Vi 12V
Input voltage 2 Vs 10V
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