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Abstract

This thesis focuses on the fixed speed application of the Doubly Fed Induction Generator
(DFIG). The objective of this thesis is to develop a grid fault tolerant control of DFIG. For this,
a nonlinear robust control methodology (Integral Terminal Sliding Mode Control) is been
presented to mitigate the effects of grid fault. The design is based on a novel sliding manifold

to reduce the chattering effect that is shown in the so called first order sliding mode control.

The controller performance and its robustness were studied under voltage sag conditions and
parameter variations. Simulation results, carried out using realistic scenarios, confirmed the
system robustness against parameter variations and its effectiveness in mitigating voltage sags.
The performance of the proposed approach was further compared to that of a standard SMC
approach and conventional Pl controller-based approach in terms of voltage sag mitigation
abilities and chattering alleviation. While both SMC approaches were able to mitigate the
effects of voltage sags and protect the rotor circuit against over-currents, the proposed ITSMC
was shown to be more effective than CSMC and PI based approach in mitigating deep voltage
sags and reducing the chattering effect. Furthermore, the analysis of the crowbar protection

system to protect the system under symmetrical voltage dips is also performed.
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1.1.

Chapter 1

Introduction

Introduction to Wind Energy Conversion System (WECS):

Wind power generation is a promising way of energy generation in the renewable energy
market for their cleanliness, inexhaustible source, and a replacement of non-renewable energy
sources. The wind energy generation, as the name suggests, is produced by the help of wind
flow. The flow of the wind rotates the wind turbine, which is coupled with an electrical
generator through the shaft. Mainly squirrel cage induction generator, Permanent magnet
synchronous generator or doubly fed induction generators are used as electrical generators. The
output voltage of the electrical generators are coupled with power electronic circuitry in order
to control the output before feeding to the grid.[1]

There are two types of wind turbines, 1. Constant speed wind turbine, 2. Variable speed wind
turbine. In the case of fixed speed wind turbine, the wind speed remains constant so rotor of
the induction machine tends to rotate in a constant speed. On the other hand, in the case of the
variable speed wind turbine, rotational speed is changed in response to wind speed changes so
that the C,(Betz limit) can be kept at its maximum limit. We shall discuss more about C, in
Chapter 4.

When the wind speed increases, the output power of the generator increases as a function of
the rotational speed. Maximum Power point tracking algorithm and pitch angle control can be
used to extract maximum power from WECS and maintain stability in the system.

Among all types of Renewable energy sources, Wind energy are being used significantly for
many years. Among renewable energy sources, the application of wind energy is fastest going
and it tends to increase more in future. The increased penetration of wind energy-based
electricity production creates new challenges for the power system operators to ensure reliable
and safe grid operation. There are different grid codes for different countries, and some
countries also are revising their grid codes in order to maintain safety and reliability, such as
in Denmark and Germany [2,3]. Grid codes are basically a rule of connection and disconnection

periods of DFIG for a certain type of fault, depending upon the voltage dip.

The system to convert the energy present in the wind to useful form of energy is known as
Wind Energy Conversion system (WECS). In the past, the wind power was utilised in the form
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of useful mechanical power but in modern world WECS is mainly concentrated on conversion
of energy to electrical form to supply a certain area. The conversion of the wind energy into
the electrical energy depends on different factors like Wind speed, blade length, turbine type,
etc. [4].

Wind energy systems are complex structures driven by random wind flow disturbances,
gravitational, and gyroscopic loads. Although Squirrel cage induction generator and Permanent
magnet Synchronous generators are used, Doubly Fed Induction Generator (DFIG)-based wind
turbines (WT) are the most common type of Asynchronous Induction generators that are used
in wind energy conversion system. However, wind turbine’s direct connection to the grid has
led to new control challenges in voltage sag conditions. The voltage dip condition is a reduction
in rms line voltage of grid for a short duration of time which can be caused by a short circuit,
overload, or starting of electric motors. A voltage sag typically happens when the rms voltage
decreases more than 50 percent of its nominal value for a significant duration of time. VVoltage
dips effect in short-duration increase in currents—the higher the voltage sag magnitude, the
higher the fault current. Hence, during voltage sags, the current of the DFIG’s rotor increases
considerably. It is worth noting that controlling the rotor side converter (RSC) and grid side
converter (GSC) alone during grid faults will not prevent WT’s disconnection from the grid,
especially when the fault magnitude is significant (deep voltage sags). Note that even the
smallest variations in grid voltages can lead to severe damages to the wind turbine’s converters,
if the control approaches are not designed considering such disturbed grid voltage profiles.
Hence, any fault ride-through (FRT) design should be augmented by additional controllers or
components to ensure the continuous connectivity of the wind turbine to the grid regardless of
fault magnitude. This chapter will discuss the contributions of this work to the FRT of DFIG-

based wind turbines.

Introduction to Doubly fed Induction Generator:

Doubly Fed Induction Generators are widely used in Wind energy conversion system. This
type of generators are basically a type of induction generator, here the Stator side is connected
to the grid (Utility grid or microgrid) directly, whereas the rotor is also connected to the grid
with the help of a back to back converter, where in between the rectifier and inverter side, there
is a DC link capacitor which provides the reactive power. This type of configuration is helpful

to make a smoother control of active and reactive power.
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Transformer
DFIG
Gear Box ( /)

Grid

RSC DC Link GSC Grid Filter

Capacitor

el

AC

‘Wind Turbine

DC

Figure 1.1: Block diagram of a typical wind turbine connected Doubly fed

induction generator [5]

The figure represents the block diagram of a typical wind turbine connected Doubly fed
induction generator. The wind turbine is connected to the doubly fed induction generators with
the help of a gearbox. As previously mentioned, the stator is connected with the grid side and
the rotor is connected to the grid with the help of a back-to-back converter. The dc link
capacitor is placed between the midway of two converters. The chopper is used for overvoltage
protection during voltage dip, and the crowbar circuit is connected across rotor in order to make

overcurrent protection during fault period.

Working Principal of DFIG:

An induction generator is composed by a stator and a rotor. In the case of a DFIG, both
stator and rotor have three sinusoidally distributed windings, corresponding to three phases,
displaced by 120°. The three phases are called a, b and c. The stator has p pairs of poles. The
rotor is connected to the grid through converters. A three-winding transformer gives different
voltage levels for stator and rotor side. A schematic of such a system is presented in figure 1.2.
When the machine produces energy, only a small part of the generated power flows from the
rotor to the grid. The converters can then be chosen in accordance with this small rotor power.
This means smaller converters compared to fully rated converters and this allows to decrease
the costs. [6]

The stator windings are connected to the grid, so the stator current frequency is equal to the
grid frequency (50 Hz). The stator currents create a rotating magnetic field in the air gap. The

rotational speed of this field w, can be written as:
ws = 21 f; 0]




Since DFIG is an asynchronous machine, the rotor rotates at a different speed than the speed
of rotational field or synchronous speed, Therefore, by Faraday’s law of induction, currents are
induced in the rotor windings.

The DFIG machine operates usually as a generator if w, > ws and as a motor otherwise. In
the case of the DFIG however, it can operate in sub-synchronous mode as a generator. The slip,

s can be expressed as relative speed of the rotor compared with that of the stator

s == (ii)
The slip is usually negative for a generator and positive for a motor. The currents induced in
the rotor windings pulse at an angular speed defined by the difference between the synchronous
speed and the rotor speed. From the rotor end, as the rotor speed is w,., it can be observed that
the rotating magnetic field created by the stator pulsating at ws — w, radian/sec. So,
frequency of the rotor currents,

fr = sfs (iii)
If the rotor is made to rotate the synchronous speed, no rate of change of magnetic flux will
occur and no currents would then be induced in its windings, that results in no torque, and the
machine will refuse to start. Therefore, the DFIG is made to operate always at speeds different
from synchronous speed. The rotor-side inverter controls the rotor currents. From (iii), it can

be said that controlling the rotor currents controls the slip and the speed of the machine.

\ GRID
DFIG
)

e

P ™|

DC Link

—— DC CL AC
- 1

AC DC

Figure 1.2: Block diagram of a Doubly fed induction generator connected to grid [6]



1.4. Work Objective:

Fault occurrence is a very typical phenomenon in Doubly fed Induction generator connected
wind turbine. DFIG is extremely sensitive to grid voltage disturbance, since its stator terminal
is directly connected to the grid. For instance, when the grid faults occur, large electromotive
force (EMF) will be induced in the rotor circuit of DFIG, which usually far exceeds the DC-
bus voltage. Therefore, it may cause overcurrent of the rotor-side converter (RSC) and
overvoltage. Of the DC-bus if no effective protection scheme is adopted According to the grid
codes which are followed by different countries, the DFIG should be connected to the grid for
a certain period during the fault period. After that they should be disconnected from the grid.
A typical grid code is displayed in the following figure.

There can be two types of grid faults. 1.Symmetrical, 2. Unsymmetrical. Symmetrical grid
faults are very common in DFIG connected wind turbines and it causes significant voltage drop
that may damage the system components if not addressed suitably.

To ensure that the fault effects are mitigated while DFIGs are connected according to the grid
codes, different control techniques using software as well as hardware-based approaches are
undertaken in many literatures. The discussion of different techniques of fault control paradigm

has been discussed in the chapter 2 itself.

The main objective of this work is to diminish the transients in a quick succession in order to
meet the grid codes. For this, we have presented a novel Integral terminal Sliding mode control
which is a bit advanced version of normal sliding mode control. In conventional 1% order type
sliding mode control, the convergence condition is guaranteed in terms of asymptotic stability.
Means the system will reach to its stable position, but in infinite time. In Integral Terminal
Sliding Mode Control (ITSMC), the sliding surface or sliding manifold is taken such a way
that some nonlinear terms are used in its equation and the manifold acts as a terminal attractor,
that drags the system response to its convergence in a finite time, also integral error function
helps to eliminate the singularity condition, which is a problem in Terminal Sliding mode
control (TSM).

Furthermore, we also introduce a crowbar in the system in order to bypass some amount of
rotor currents during fault period.
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Figure 1.3: Grid Codes in Different Countries for Fault Ride Through [8]

1.5. Thesis Organisation:

The structure of the thesis is based on our work objectives mentioned above. In chapter 2,
we have discussed some previous works based on Fault Ride Through techniques. The ITSMC
based control approach with a complete discussion of Sliding mode control has been discussed
is detailed in chapter three. Chapter 4 discusses about mathematical formulation of the system.
The simulation results with conventional P1 control, sliding mode control and proposed ITSMC
based control with crowbar is discussed in chapter 5. Chapter six concludes this dissertation

with the summary of contributions and suggestions of future work.



Chapter 2

Literature Review of Existing FRT technique

2.1. Introduction:

In this chapter, we shall discuss about different Fault ride through techniques that have
been applied in previous work. In chapter 1, it is presented that the fault ride through technique
in DFIG based wind turbine can be employed by 2 methods, 1. Auxiliary hardware-based
method, 2. Software Based control technique. As this particular work is a combination of both
hardware and software-based fault effect mitigation technique, | have mentioned the pre-
existing works of the both techniques in the subsequent sections. Among these, some works
have employed only Hardware based technique, some papers have employed software-based

technique, and some papers have undertaken hybrid technique for fault mitigation.

2.2. Auxiliary Hardware based approach [9]:

This method is based on employing hardware circuitry in order to prevent rotor side converters
and Dc link capacitors from overcurrent and overvoltage respectively. Generally, this
protection scheme is implemented by bypassing the RSC by the help of a crowbar circuit. This
method is low-cost and simple, but the disadvantage is that the DFIG can lose its controllability
and the crowbars can absorb reactive power from the grid. To overcome this drawback, several
other auxiliary hardware-based methods are proposed to achieve better transient performance,
e.g., dynamic voltage restorer (DVR)[10], nine switch-converter[12], static synchronous
compensator (STATCOM)[11], and series grid side converter (SGSC). [13]

2.2.1. Dynamic Voltage Restorer:

In case of a grid side fault in DFIG connected wind turbine, to mitigate the effect of voltage
dip and to ensure low voltage ride through, the use of dynamic voltage restorer has been
discussed in several papers. In this case, A dc voltage source is used where the voltage is
converted to AC further by using a voltage source converter, and that voltage is fed to the grid
in the fault condition. In normal operating mode, however, the DVR is disconnected from the
grid. In [14]-[16] low voltage ride through is presented using DVR. In [17], adaptive fuzzy PI
controller is used along with DFIG controller for LVRT study. The advantages of the DVR are



to reduce the control strategy complexity of the DFIG system, and to ensure the DFIG

uninterrupted operation.

2.2.2. Static Synchronous Compensator (STATCOM):

Static Synchronous Compensators or STATCOM are used to provide reactive power support
in the grid in order to manage low voltage ride through in the system. A STATCOM is a
capacitor based shunt-connected FACTSs device that is capable of generating and/or absorbing
reactive power. Usually, the STATCOM is applied to voltage support aims. Recently, a large
number of wind turbines installed are the variable speed type fitted with DFIGs. Under normal
operating conditions, the DFIGs operate at close to unity power factor and may supply some
reactive power during system disturbances such as a three-phase fault close to the wind farm
in order to meet the FRT grid code requirements. In fault period, when voltage of the grid
becomes very low, The STATCOM then activates and fed reactive power to the system in order
to prevent the voltage collapse. In the paper [18], the STATCOM based FRT approach is
undertaken with the help of gate turn-off thyristor (GTO) based PWM converter with a dc-link

capacitor.

2.2.3. Nine Switch Converter:

As we know that the back-to-back converters that are used in DFIG wind turbines, consists of
2 converters, 1. Grid side Converter, 2. Rotor Side converter. But in case of a nine-switch
converter, a single converter is used to connect the rotor with the grid. It is the replacement of
traditional twelve-switch back-to-back converter [11]. With the help of nine switch converter,
the gird-side branch gets higher voltage to maintain dc bus steady under normal condition, and
the rotor-side branch gets higher voltage to withstand the rotor-overvoltage during FRT period.
The proposed system and adapted control method ensure the rating capacity of the power
devices can be fully used at any time, and no extra capacity margin on the power devices is
required. Unlike traditional twelve-switch B2B converter that needs some extra capacity
margins or auxiliary hardware along with its normal control approach to address the FRT, the
NSC is more economical because it not only protects power devices but also fulfil the Fault
ride through without any auxiliary hardware. In most applications, the occurrence of high dc
voltage is the major drawback of a NSC, which limits its application. In the DFIG wind power
system, this high dc voltage could be properly utilized to withstand the rotor-overvoltage

during the voltage dipping moment, and thus, achieves the LVRT without any additional



auxiliary circuits. The advantages of NSC hardwires in DFIG wind power system, is that it
only requires nine power switches so they are economical and dc voltage can be fully utilised

in either normal or FRT period, and no additional voltage margin is required [19].

2.2.4. Crowbar:

It is considered to be most fundamental type of fault ride through method, and generally is
concerned about limiting the rotor overcurrent. It is basically a diode bridge where a resistance
(named crowbar resistance) is connected across it. Whenever, the rotor current is increased
over a certain value, the diode bridge activates and the current starts to flow through the
crowbar resistance.[20],[21]. Thus, the DFIG acts as a motor and starts consuming reactive
power. This is a widely used hardware topology which is used to protect the converters from

high transient fault current.

2.2.5. Series Grid Side Converter:

The working principle of Series grid side converter is almost similar to the Dynamic voltage
restorer, except here main objective is to protect the DC bus capacitor from overvoltage. The
series converter acts as a Dynamic Voltage Restorer, improving the DFIG capability to deal
with disturbances in the grid, especially symmetric and asymmetric faults. In paper [22], a
series grid side converter-based approach is undertaken in order to prevent the DC bus
capacitor from overvoltage and to restrict the voltage fluctuation in 0.95-1.05 pu range. The
filter activation and the voltage injection are done by the help of suitable controller. However,

a drawback of this scheme is to control the power during sub synchronous speeds.

2.2.6. Fault Current limiter:

This is used to limit the stator currents. It protects the doubly-fed induction generator wind
turbine (DFIG-WT) during the symmetrical and asymmetrical grid faults. Fault current limiter
is economical and requires little maintenance during operation. They maintain rotor current
and DC-link voltage to remain below the maximum acceptable limits during fault period. In
this way they protect the back-back converters. Similar to a crowbar circuit, the fault current
limiter circuitry also consists of diode bridge circuitry. In paper [23], [24] different works

related to fault current limiter are presented.



2.3. Software based Approach:

These techniques under this class are mainly software-based control techniques, where
different types of mathematical manipulations are done, in order to improve the performance.
This includes virtual damping flux-based method, Impedance emulating method, PI control

approach method etc.

These approaches are used to improve the control strategy of RSC and GSC to fulfil the FRT
requirement. A robust controller is used in to improve the system transient response. Generally,
a rotor reference current is calculated from the system parameters which is compared with the
measured value of rotor current. Similarly, a reference grid filter current is calculated using
parameter values and suitable mathematical expressions which is compared with measured
value of grid current. After that, using appropriate control techniques, reference voltages of
PWM converter are generated. Sometimes, only RSC is considered for control approach, and
in that case, torque and reactive power is also used for proceeding with particular control
approach. One of the very popular types of software-based control is virtual damping flux
control.
Some examples of software-based approaches are:

2.3.1. Conventional PI controller-based approach:

It is the most primitive process of controlling a grid side and rotor side converter. In
fact, there is nothing special in this method because the presence of this type of controller is
inevitable in DFIG based wind turbines. The controller is designed by the use of vector control
technique. They generally are associated with crowbars, in order to protect the rotor windings

from overcurrent or other hardware devices.[25]
2.3.2 Virtual Damping flux-based approach:

During the fault condition, the transient flux causes a huge overshoot in rotor current. To
suppress that, a virtual damping flux-based approach is undertaken in [26],[27]. In this method,
we virtually calculate the amount of flux and then apply it in a separate loop to diminish the
effect of it.

2.3.3. Feedforward Current Reference Approach:

At the time of significant grid fault, we need to inject transient and negative sequence
component to the rotor current reference in order to obtain controllable Fault Ride through

which cannot be addressed by classical PI controllers. In order to solve this, in this paper [28],
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they discussed a feedforward current references control (FCRC) method for rotor side

converter (RSC) to improve the fault ride through and system transient performance.

2.3.4. Inductance Emulating Control:

For doubly fed induction generator (DFIG)-based wind turbines, the rotor side converter is
vulnerable to suffer from overcurrent during severe grid faults, due to large electromotive force
(EMF) induced in the rotor circuit, resulting in a spike in dc link capacitor voltage and thus
resulting in huge rotor overcurrent. To solve this problem, in this paper [29] an inductance-
emulating control strategy for DFIG-based wind turbine is undertaken in order to suppress the
huge rotor current in post fault period, thus improving its robustness and FRT capability. Under
the proposed control strategy, once the grid fault is detected, the rotor side converter (RSC) is

controlled to emulate a virtual inductance.

2.3.5. Sliding Mode Control based approach:

Sliding mode control is a nonlinear robust control methodology by which an error-based
sliding surface is chosen. The objective of sliding mode control is to minimize the error
between the reference and measured value to bring sliding surface=0 in finite time. Sliding
surfaces are to be chosen such a way that Lyapunov criteria is satisfied. In paper [30], the DFIG
grid fault has been minimized with the help of a sliding mode control-based methodology. We
shall know more about sliding mode control in chapter 3. The disadvantage of this method is
high frequency chattering effect which is harmful for power system circuitry. So, some advance
manipulation can be done over this method to obtain better result. Our present work is

accomplished with an advanced version of sliding mode control which we shall discuss later.
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2.4. Flowchart of Different Fault ride Through Techniques:

Auxiliary Hardware Software

Based Method Based Method




2.5. Chapter Summary:

In this chapter, we have discussed different types of hardware, software or hybrid type
approaches that are undertaken previously in order to analyse fault ride through of DFIG. This
discussion helps us to find out the advantage and disadvantage of the various techniques, also
motivates us to apply newer mathematical or hardware-based techniques to improve the outputs

furthermore.
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Chapter 3

Introduction to Sliding Mode and Integral Terminal

Sliding Mode Approach

3.1. Introduction:

In chapter 2, we already put some views over sliding mode control. Now for this particular
thesis work, we have to introduce a newer type of Sliding mode control, that is integral terminal
sliding mode control. As we know, a typical 1% order sliding mode control has several
disadvantages, like chattering effect, so in order to overcome this, we are using a different
approach, Integral Terminal Sliding mode control. It can be said as a part of Terminal Sliding
mode control, where a terminal attractor in mathematical form is used in order to alleviate the
chattering phenomenon and to ensure the finite time convergence. In subsequent sections and
also in some parts of next chapter, we shall discuss about integral terminal Sliding mode control
in more detail.

3.2. Revision of Sliding Mode Control:

Sliding Mode Control (SMC) is a nonlinear robust control method that alters the dynamics
of a nonlinear system by applying a equivalent control signal along with a discontinuous
control signal that drags the system to slide along a plane of the system's normal behaviour.
Sliding mode control is a variable structure control method. The multiple control structures are
designed so that system trajectories always move toward an adjacent region with a different
control structure, and the ultimate trajectory will slide along the boundaries of the control
structures. The motion of the system as it slides along these boundaries is called a sliding mode
and the geometrical surface upon where the sliding takes place consisting of the boundaries is

called sliding surface. [31]
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3.2.1. Mathematical Approach of Sliding Mode Control:
Now let us focus into the mathematical approaches of sliding mode control. Considering
a single input dynamic system:

x™ = f(x) + b(x)u (1)

Where scalar x = output of interest
u = control input
™ = [XX ... ... x(~D1T = State Vector

Now according to the Sliding mode control, we have to build up an error surface which is

known as Sliding surface. [32]

For that, let us denote
X = xq — X, Where X = Tracking error on variable x
xq = Desired value of variable x

To proceed with the sliding mode control, we have to design a time varying surface S(t)

(Sliding Surface) which is:

S=(5+ NO.x )

Where, y = Strictly positive Constant
n = Order of the System
3.2.2. Convergence Condition for Sliding Mode Control:

According to Lyapunov, the Stability of any nonlinear system is checked by taking a Lyapunov

Candidate function (Which should be Positive definite in nature).
Where V is the Lyapunov Candidate function.

1 3
— Q2
V=13s

And, S is the Sliding surface.
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Now, from the equation, it is clear that V is positive definite in nature. Now to satisfy the
Lyapunov stability criterion, we have to check if, V or the derivative of positive definite
function is lesser than O or not, i.e. we have to check if the derivative is negative definite or

not. The asymptotic stability condition for the system is:

SS <0 (4)

Or if the finite time convergence is to be given for a certain extent, then the equation would be:

()

ds?
o = sl

N | =

where 7 is a strictly positive constant. Unlike the previous equation, the addition of the value

n ensures finite reaching time instead offering asymptotic stability.

Equation (5) states that the squared value of the distance to the surface, as measured by s?,
decreases along all system trajectories. Thus, it drags all the trajectories to the sliding surface
as shown in the figure, making it an invariant set. That means once they are brought to the
surface, they remain on the surface forever. This is the methodology of sliding mode control

and this condition is called sliding condition.

S(t) verifying (5) is referred to as a sliding surface, and the system's behaviour once on the

surface is called sliding regime or sliding manifold.

Figure 3.1. Sliding Condition [32]
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Generally, it is based on the remark that it is much easier to control Ist-order systems (i.e.,
systems described by Ist-order differential equations), be they nonlinear or uncertain, than it is

to control systems described by higher order differential equations).
3.2.3. Equivalent Control law generation for Sliding Mode Control:

The system's motion on the sliding surface can be stated with an interesting geometric
interpretation. The final condition of fulfilling the sliding mode control can be stated as a

dynamic equation as follows:

$=0 (6)
By these dynamics, we can state that when the rate of change of sliding surface is 0, it reaches
to the sliding surface. Choosing Sliding surfaces wisely and performing all the mathematical

manipulations for the control input, we can obtain expression for equivalent control for sliding

mode control.

The control law for satisfying the above condition have 2 parts. In the first part we have to
build an equivalent control according to the system dynamics. The second part is a
discontinuous switching function that is known as switching or hitting control. This part

basically consists of a signum function.
The control law can be expressed as:

U= Ugq + UM )

Where,

Ueq = Equivalent Control

UMt = Switching or hitting control
UMt can be expressed by:

UMt = —ksign(S(x,t)) (8)

Here, k is controller gain, and sign function can mathematically be expressed by:

sign(S(x,t)) =1,S(x,t) >0
=0,5(x,t) = 0 ®)
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=-1,S(x,t) <0

The controller presents high robustness against parameter variations in uncertainty period, but
as the convergence that depends on the hitting control or switching based on signum function
is often imperfect (for instance, in practice switching is not instantaneous, and the value of s is
not known with infinite precision), it leads to high-frequency switching (chattering
phenomena) over the sliding surface due to the presence of discontinuous signum function

involved. This is the main disadvantage of sliding mode control.

X
A
N
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'\ Chattering
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- —
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N
v S=0

Figure 3.2: Sliding Surface and Chattering phenomenon [32]
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3.3. Introduction to Terminal Sliding Mode Control:

In the early 1990s, an advanced version of sliding mode control named Terminal sliding
modes (TSM) [33] was invented by Venkataraman and Gulati.[34] TSM is a mathematically

manipulated version of conventional sliding mode control.

The main idea of terminal sliding mode control can be understood by the concept of terminal
attractors which guarantee finite time convergence of the states. In conventional 1% order type
sliding mode control, the convergence condition is guaranteed in terms of asymptotic stability.
Means the system will reach to its stable position, but in infinite time. In TSM, the sliding
surface or sliding manifold is taken such a way that some nonlinear terms are used in its
equation and the manifold acts as a terminal attractor, that drags the system response to its

convergence in a finite time. [33]

There are some variations of the TSM including: Non-singular TSM(NTSM)[33], Fast
TSM(FTSM)[33], Integral Terminal Sliding mode control (ITSMC)[33] etc. Terminal sliding
mode is also applied in different applications of nonlinear process control, for example, rigid
robot manipulators control etc. It is worth to be mentioned that the approach of TSMC is non-

Lipschitz.

The concept of Terminal Sliding Mode (TSM) is based on a notion of terminal attractors [37]
for studying the content addressable memory in neural networks. The first specific use in
control design was in [38] where the following basic TSM form was used for controlling the

second-order systems.

Although it can alleviate the drawbacks of conventional sliding mode control to some extent,
still it has some disadvantages such as singularity problem. To further alleviate this problem,

we introduce an integral terminal sliding mode control that is to be discussed in detail.
3.4. Integral Terminal Sliding Mode Control:

The approach here presented as ‘Integral Sliding control design’ directly uses the
TSM/FTSM/NTSM as the reaching law and the sliding mode is of the same dimension of the
system to be controlled. All of these methods are called the integral TSMC (ITSMC). Integral
Terminal sliding mode control is a class of Terminal sliding mode control which focuses on
reducing the singularity problem and ensure fast finite time convergence. This would result in

somehow a control without discontinuous though robustness features may be compromised. In
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[39], an ITSMC approach was discussed for output tracking of a nonlinear MIMO system of

relative degree 1.

In [39], the derivative-integral TSMC technique was used to suppress the chaotic behaviours
in complex and uncertain biological systems. The model simulation results clearly indicated
that the settling time using the derivative-integral TSMC technique is around 22% of that using
the first and high-order SMC technique, and the state errors using the derivative-integral TSMC

technique is nearly 5% while comparing with the first and high-order SMC techniques.

3.4.1. Mathematical Formulation of Integral Terminal Sliding mode control in
nonlinear system:
The ITSMC method is presented to achieve the control objective tlim y(t) — yq(t) forrelative-

degree-one systems with all ; = 1. Here, the tracking error is defined as e(t) = y(t) — yq(b).
Instead of using a linear sliding function, a novel nonlinear sliding function- sign function

based integral terminal sliding mode control is discussed. [39]
e Sign integral terminal sliding mode control:
For relative-degree-one systems the sign integral terminal sliding function is taken as follows:

s(t) = e(t) + ae(t) (10)

e(t) = sign(e(t)),
with e;(0) = —e(0) /a (11)
where o > 0 and e;(t) is the integration of sign(e(t)) and has the initial value —e(0)/a, and
sign(e) = [sign(e;) - - - sign(ey,)]T for e; (n = 1,...,m) is the n-th element of the error
vector e. In other words, the sign integral terminal sliding function can be rewritten in the

following form:
s(t) = e(t) + « f; sign(e(t ))dt, and s(0) = 0 (12)

If the sliding surface s(t) is always kept at zero such that e(t) = —ae;(t), then the derivative
of sign integration (11) becomes é;(t) = —sign(ae;(t)). Then, e;(t) will converge to zero in

the finite time.
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le(0)]

Ts = le(®] = — (13)

The convergence of the tracking error e(t) is occurred in the same finite time because the error

equation e(t) = —oaey(t) remains on the surface s(t) = 0.

The system is forced to start on the TSM, and the final reaching phase is eliminated. Therefore,

the singular problem is avoided due to the utilization of the ITSM.

Consider the following the Lyapunov function:

V. = % STS
To guarantee its convergence, we must ensure that its derivative is negative.
V.= STS
The rest procedure is similar with sliding mode control or any other nonlinear control

techniques.
3.5. Chapter Summary:

In this chapter, the theoretical approaches that are to be undertaken for the thesis work has
been discussed. The basics of Conventional first order sliding mode control and equivalent
control laws are generated here. Also, the basics of Integral Terminal sliding Mode Control,

the finite time convergence time is also presented.
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Chapter 4

Mathematical Derivation for Grid Connected DFIG
based WECS System

4.1. Introduction:

In this chapter we shall discuss about mathematical formulation that is required for our
simulation. As discussed in chapter 2, we shall start with the mathematical modelling of DFIG.
This will give us the set of equations that we can use to create our sliding surfaces. After that,
using the mathematical equations, we shall try to form sliding surfaces that will be useful in

thesis work.
4.2. Mathematical Modelling of wind turbine:

The mechanical power generated by the wind turbine is:

P = 0.5ApC,V} (14)

Where, P is the power in W, p the air density in g/m?, C, is a dimensionless factor called power

coefficient, A the turbine rotor area in m? and V,, is the wind speed in m/s. [40]

Ideally, power coefficient Cp maximum value equal to Cp = 0.593 [41] which means that the
maximum power extracted from the wind cannot be more than 59.3% (Betz 's limit), because
various mechanical and aerodynamic losses occur due to rotor construction (Shape of blades,
weight, stiffness, etc.) which eventually degrades the amount of useful power from wind
turbine. The power coefficient can be utilized in the form of a function. The general function
defining the power coefficient as a function of the tip-speed ratio and the pitch angle is defined
as [42]

1
CP()\IG) = Cl (CZ % = C3e 'C4_ GX— C5) e_CGE (15)

The standard values of the coefficients c¢;, = 0.5, c, =116,c3 =0.4,¢c,,=0,¢c5 =5,¢c¢ =
0.068. The parameter {3 can be expressed with the following equation:
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1 0.035 (16)
A+0.080 1+63

1
B

Where 0 is the pitch angle, which is the angle between the plane of rotation and the blade
cross-sectional area. Now and the tip-speed ratio is defined as:

)\:R\‘/Nw 7
Where, R= radius of wind turbine blade.

The amount of aerodynamic torque ( Ty, ) in Nm is given by the ratio between the harnessed
power of wind turbine (Pw) and the turbine rotor speed in rad/s, as follows:

Py
Tw :m (18)

If the gearbox ratio of the machine is ng the mechanical torque transmitted to the generator

(T ) in terms of aerodynamic torque will be:
Tw (19)

T = —
Ng

4.3. Mathematical modelling of DFIG:

The mathematical modelling of DFIG is done by synchronously rotating dq axis
modelling. Making it into rotating reference frame, it is easier to analyse the system. In high
power (Megawatt range) Wind turbines, DFIG is the most widely used electrical generator
[43].

4.3.1. Mathematical Modelling of DFIG Stator and Rotor:

The vector control of the DFIG is performed with the help of synchronously rotating dq
reference frame. The stator flux vector position is oriented along the direct-axis [44], [45]. The
implementation of the control of the rotor side converter the stator and rotor currents along
with the stator voltage and rotor position is required to be known. [33] The stator flux-based
orientation helps to make the torque expression only dependent upon the g axis component of
rotor current. The below figure represents the d and q axis circuit diagram respectively of DFIG
machine. By applying KVL, we can find the rotor voltage equations in synchronously rotating

frame.
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Figure 4.1. dqg axis circuit diagram of Doubly fed Induction generator [46]

From the figure, the voltage equations can be derived as follows:

iy
Vas = Rslgs + TS - Ws)\qs (20)
B dAgs

Vqs - Rqus + dt + Ws)\ds (21)
dAgy

Var = Relgr + df: — (Ws—wp)Agr (22)
gy

Vqr = RrIqr + d: - (Ws_Wr)}\qr (23)

After obtaining the stator and rotor dg axis voltage expression, next our target is to calculate

the stator and rotor dq axis flux linkages. They are given in the following equations:

7\ds = Ls Ids + Lm Idr' (24)
Ags = Ls Igs + Lin Igr (25)
}\dr = Lr Idr + Lm Ids (26)

24



Aqr=Lrlg+ L1 (27)

qr = qs

Next our target is to calculate the stator active and reactive powers. Considering the d axis
components as real and g axis components as imaginary, we can solve easily the equations for

active and reactive power as follows:

Ps =3/2 (Vdslds + VqSIqS) (28)
Qs = 3/Z(Vqslds - Vdslqs) (29)

Similarly, the rotor active and reactive power can be deduced as:

Pr =3/2 (VdrIdr + Vquqr) (30)
Qr = 3/2(Vqr1dr - VdrIqr) (31)

And the electromagnetic torque equation is given by:

_3pLm
Te 2 L_s (}\qsldr - )\dslqr)

3
Or, Te= Tp Lm (Iqsldr - Idqur) (32)

Ags _ Ads _
[Because, .- Igs and L—: = Igs]

where p is the pole number.
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4.3.2. Mathematical Modelling of Back-to-Back PWM Converter:
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Figure 4.2. Schematic of back-to-back converter [47]

RSC and GSC are assumed to be as two controllable voltage source converters. For the sake of
developing the dg axis voltage equations, here we have to design the stator voltage space vector
along the g-axis. The reference frames for DFIG model, RSC and GSC control are all aligned
with the stator voltage. The RSC and GSC voltages are generated through the afore-mentioned
control blocks. In MATLAB/SIMULINK, feedback control blocks can be built. The converter
controls can then be integrated with the DFIG model in the same dq reference frame.

There is one relationship that is to be discussed: the DC-link capacitor dynamics or the
relationship between the RSC and the GSC. The DC-link capacitor dynamics has to be

considered as well. So, now we shall discuss about Grid Side topology.
Grid Side Converter:

The objective of grid side converter control is to maintain the DC link voltage constant. For
this a suitable PI controller is used with proper tuning of gain. Direct axis current can be
obtained using the controller by comparing measured and reference value of DC link voltage,
and quadrature axis current component can be obtained to by calculating the reactive power
flow between the grid side converter and the grid. Here the grid voltage is aligned with the d
axis reference frame. As we know, the rms voltage value of the microgrid system is constant,

the grid voltage V, can be expressed as V.

Vdg - Vg
ng =0 (33)
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Active Power injected to the grid can be stated as:

Pg = 3/2 (Vaglar + Vglqr)
or, Py = 1.5Vgglar (34)
Reactive Power injected to the grid can be given as:

Qg = 3/2(ng1df - Vdgqu)
or, Qg = —1.5Vyglyr (35)
In a typical grid filter model, the voltage equation can be written as follows:

. dI
Vg = —(Rf +](L)Lf)lf - Lfd_tf + Vf (36)

where I is grid-filter current flowing through RL grid filter and Vi is the grid side converter

output voltage.

Hence the dqg axis voltages of GSC output can be expressed as follows:

dl
Vdf = Rfldf + Lfo - WSLfqu + Vdg (37)
_ dlgf
qu = Rfqu + Lf? - WSLfIdf + ng (38)

Here Vg, Vg are the dg axis voltages at the output end of GSC converter and I, Io are the dg
axis currents that are flowing to the grid through the grid RL filter.

Similar like rotor side converter, the decoupled power flow control between the GSC and the
grid will be proportional to I and I¢. The energy stored by the DC-link capacitor is expressed

as follows:

W _ 55 cdVie (39)

=-P, - P
dt dt g r
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4.4. Clarke and Park Transformation:

The Clarke transformation transforms the 3-phase system a,b,c to the two orthogonal
coordinate system (o). This transformation transforms the three-phase reference frame to the

two-phase stationary reference frame.

The Park Transformation transforms the 3 phase a,b,c co-ordinate into a synchronously rotating
dqO reference frame. To perform this, one more parameter is needed which is the angular

position wt.

When the rotating frame alignment at wt=0 is 90 degrees behind the phase A axis, a positive-

sequence signal with Mag=1 and Phase=0 degrees yield the following dq values: d=1, g=0.

B axis m B axis

)

-

C axis

Figure 4.3. Phasor diagram of dq to abc conversion [48]
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4.5. Angle Estimation [49]:
For the estimation of the rotor angle and the grid angle we use PLL block available in
MATLAB/SIMULINK. However, the mathematical calculation of figuring out the angles are

shown below:
0, = tan‘l%sS (40)
0,=05-2-6, (41)
Be = PO (42)
Where,

0, is the stator angle

0,. is the rotor angle

6, is the electrical angle

The stator is directly connected to the grid so that the grid angle is equivalent to the stator angle.
The rotor angle can be estimated from the stator angle using above formulae. The grid is

synchronised using a PLL block.

4.6. Control Implementation using conventional PI control:

To implement Pl based control of DFIG machine, vector control approach is most widely used.
The vector control of the induction machine is performed by the current control loops. The It
is a very nice approach to address limited speed range electrical drive systems [50]. The use of
the suitable power converter in the rotor side, the overall system control can be performed with
low current harmonic distortion in both stator and rotor side [45], [50]. The space vector theory
is used to express the three-phase quantities in terms of the space vectors. Vector control
modelling describes induction machine describes its transient and steady state performance.
[51]. The three phase quantities are converted to synchronously rotating frame in order to

address the system dynamics in a convenient way.[52]. The system becomes simpler and
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simplifies the understanding of the control process. In the work, we specifically use stator flux-

oriented vector control.

We previously mentioned that the vector control here is done based on stator flux-oriented

control. In order to obtain better control, we align stator flux along d axis [30]. That results in:

Ags =Asand Ags = 0

Putting the values in equation (20) and (21)

dAgs
Vds - RsIcls + di
Vgs = Rslgs + WAg

(43)

(44)

Assuming Ay to be constant in steady state, and stable electrical network, we can take the

constant stator flux in the system, which means derivative

Ags is also zero. So the new voltage equation will be:

Vas = Rglgs
Vgs = Rslgs + wiAg

Putting the values of 245 and A4 to the equation (24) and (25) we can obtain:

L
Iqs = —L—Slqr
Lin As
Igs = —— 4 4+ —
S LS r LS
3p Ly
n=—§z%@

Substituting the equations (45),(46) and (47) to the equation (30) and (31) :
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(45)

(46)

(47)

(48)

(49)
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b= 3 (wSmeslqr . (vg—ngg))
) Lg R (50)
3 wsbmhslar _ (wsad) (51)
) Lg R

4.6.1. Rotor Side Converter Control Implementation:

The vector control of the DFIG is performed in the synchronously rotating dq reference frame.
The stator flux vector position is oriented along the direct-axis [44], [45]. The implementation
of the control of the rotor side converter the stator and rotor currents along with the stator
voltage and rotor position is required to be known. The advantage of the stator flux orientation
is that the torque is only dependent on the quadrature axis component of the rotor current [33].
The equations obtained for the rotor voltage in synchronous reference frame as the function of
the rotor currents is as shown below:

By analysing the equations (50) and (51), we can see that a decoupled power control can easily

be done; where the component I, of the rotor current is directly related to active power, so it

can control active power. Similarly, the reactive power can be controlled by I4,.. By rearranging

equations (22) and (23) we can deduce a formula of rotor currents as a function of rotor

voltages.
Vor = Relgr + 0Ly S — ow,Leig, +w,bm s (52)
Var = Relge + 0Ly S8 — ow, Lyig, +w, b dd—xts (53)
Where,
=1 - m" (54)

The stator flux is constant since the grid is connected to the stator of the DFIG, this implies
that the derivative term| dd—};S is zero. For the transformation in the reference frame, the angle 0r

has to be estimated. The block diagram for the rotor side converter control of the induction
machine is provided below form reference.

The block diagram for close loop current control of rotor side converter is shown below:
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Idr ref

Iq r_ref

Figure 4.4. Current control loop of Rotor side converter with Conventional PI control
[53]

The transfer function for dq axis current loop modelling can be expressed using the block
diagram as follows:

idr — SKp+Ki
idr_ref LfS2 o+ S(Kp+ Rr) + K; (55)
iqr — SKp+K1
iqr_ref LfS2 o+ S(Kp+ Rr) + Kl (56)

When the denominators of the above 2 transfer functions are compared with the denominator
of general second order control transfer function i.e., s? + 28w,s + w,? we have,

Ki = Lr(.l)nz (0} (57)
Kp = 20L:&wy” - R, (58)

The above-mentioned values are proportional and the integral gain constant for the PI-

controller in the rotor side converter control.
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4.6.2. Grid Side Converter Control Implementation:
The grid side converter is fed from the grid using the RL-filter. Taking the Laplace
transformation in the voltage equations of the grid side converter yields the following transfer

function:

gf — _ 1

Vdg Lgs+Ry (59)
iqf - 1
Vgg  Lgs+Rg (60)

The block diagram for the grid side converter control loop is shown in the figure below:

idf_ref .@ » k'l+ bste 48

AY

J.,a)

l.!m

| af

Ly + R, i

qu_ref :T i ,‘ A.[’+ %

Figure 4.5. Current control loop of Grid side converter with Conventional PI control
[53]
The transfer function for dq axis current loop modelling can be expressed using the block

diagram as follows:

idf _ SKp+Ki
idf_ref LfS2 + S(Kp+ Rf) + Ki (61)
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igf _— sKp+Kj
iqf ref  Lgs? +s(Kp+ Rp) + K; (62)

When the denominators of the above 2 transfer functions are compared with the denominator

of general second order control transfer function i.e., s? + 2fw,s + w,?, we have:

Ki = Lf(*)n2 (63)
Kp = ZLfEU)nz - Rf (64)

The above-mentioned values are proportional and the integral gain constant for the PI-
controller in the rotor side converter control.

In the block diagram, PLL is used to estimate the grid angle while in this thesis the grid angle

is calculated using angle calculation block which will explained in the later section.

The constant gains in the above block diagram are defined as below:

K..= %
Koo = - 57— 65
qg %Vdg ( )

4.7. Control Implementation using sliding mode control:

The theory for sliding mode control is already discussed in chapter 3. Now we shall implement
it in the DFIG system to generate control law (Reference voltage) for RSC and GSC
respectively.

4.7.1. Rotor Side Converter Control:

Rearranging equation (52) and (53),

dlgr 1 sLmAs 66
d(é = O'_Lr (Vqr_RrIdr - qurGIdr - SWL—S) (66)

digr 1

d_i = O'_Lr (Vqr_RrIqr + SVerIqr) (67)
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Now, for designing the Rotor Side Converter Control, we need to declare the sliding surfaces.
As our main focus is kept on the uncertainty of rotor d and q axis currents, the sliding error
surfaces are based on the difference between reference and measured value of dg axis rotor

currents.

So, the Sliding Surfaces are taken as:

Sa(lar) = lar_ref — lar (68)

SaUgr) = Igrrer — Igr (69)
The derivatives of the sliding surfaces are given by:

5a(lar) = lar rer — lar (70)

5qUqr) = Igrrer = Igr (71)

From the above two equations, the d axis sliding mode invariance condition can be stated as:

sa(lar) = (Iar,o, — lar) =0

$a(lgr) =0 (72)

Now the final objective of this control method is to generate reference voltage signals for VSC
type Rotor side converter. So, the control law will be in terms of Rotor dq axis voltages.
According to the sliding mode control, the d axis voltage control law can be expressed as

follows:

Vgr = Vi 4 VR (73)

Here, V;f = d axis Equivalent Control
VIt = d axis Switching or hitting Control

So, by from the equation (52) and equation (22), we can get:

eq _ _ 2 olrls — olrds
Var = 3 wsLmAs eref + Relar = swiollgr + Lm (74)
_ 2 Lg _3 wWsAZ
Where,  larrer = =35 575 Qsrer =5 1) (75)
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Similarly, the g axis sliding mode invariance condition can be stated as:

Sq(lqr) = (Iqrref —Igr) =0

. (76)
5q(lar) =0
Similarly, the g axis voltage control law can be expressed as follows:
Vgr = Vgr + V&It (77)
So, by putting the equation (51) to equation (23), we can get
eq _ 2 olrLs sWsLmAs (Vi-wiA2)
Vor = 3 walohs Ps . + Relgr + sVg0lg + L. + Ly weLoh R, (78)
_ _Ls  Psrer  (VE-wEN)
Where, Ig; . = Ty ¢ e wsLmAsRs) (79)
The control law thus can be set by:
Vyr = ng - kgsign(sy)
Vgr = Vgr - kgsign(s,) (80)

Where kq and kg are switching gains>0.

The generated reference voltages are converter from dqg to abc coordinate, and after that they
are fed to the PWM converter.
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Figure 4.6: Control Implementation of Grid Side Converter with SMC approach [30]
4.7.2. Grid Side Converter Control Implementation:

Now, for designing the Grid Side Converter Control, we need to declare the sliding surfaces.
As our main focus is kept on the uncertainty of grid filter d and q axis currents, the sliding error
surfaces are based on the difference between reference and measured value of dg axis grid filter

currents.

Rearranging the equations (37) and (38) we get:

dI 1

d(:f' L (Var — Relae + WsLelqr — Vag) (&
dI 1
ot = 1 (Var = Relge + Welelar — Vgg) #2

So, the Sliding Surfaces are taken as:
s1(lap) = laf rer — lar (83)
$2(Igr) = lgfrer — lgr (84)
The derivative of the sliding surfaces are given by:
51(Iap) = lag rer — la (85)
$2(Ig0) = gt rer — Igf (86)

From the above two equations, the d axis sliding mode invariance condition can be stated as:
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s1(Ia) = (Iag rer — lar) = 0
$1(Igp) = 0 (87)

Now the final objective of this control method is to generate reference voltage signals for VSC
type Rotor side converter. So, the control law will be in terms of Rotor dq axis voltages.

According to the sliding mode control, the d axis voltage control law can be expressed as
follows:
Vg = Vgi + Vi (88)
Here, ngq = d axis Equivalent Control
VAt = d axis Switching or hitting Control

So, by rearranging the equations we can get:

ZGLf

Vgg = (gwdgps_ref + Relgr + WSLfqu - Vdg) (89)

Similarly, the q axis sliding mode invariance condition can be stated as:
s2(lgf) = (Tgrer —Igr) = 0

(90)
$2(Igr) = 0
Designing the control law:
Vge = Vi + Vart
(91)
Here, ngq = q axis Equivalent Control

Vé‘fit = q axis Switching or hitting Control

So, from the equation of g axis voltage, we can get:
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2 oLf »
Ve =~ gv—d; Qs ref + Relgr + WsLelgs (92)

To obtain good dynamic performance, the control vector is imposed as follows:

Var = Vg¢ - Kgasign(s,)
(93)
Vgr = V;f - kgqsign(s;)
Where kg4 and kg4 are switching gains>0

This is the control law generated for the grid side converter. The d and q axis reference
voltages are used to generate pulses with the help of a PWM converter.

B, Las
v - l- ldf_l'ef+ = + Vdf
de_ref +
_’®—' PI .I’ kgdsign[sl) —>®—' dq
- =
2 VacCac +| Vires | o |
3 Vg ’ L] GSC
V, > e abe ||
@ | Vos ref )
-2 +
Qf ref ——pr % R kg, sign(s;) _:-®_’
+
V
]qf_ref = o

Figure 4.7: Control Implementation of Grid Side Converter with SMC approach [30]
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4.8. Control Implementation using Integral Terminal Sliding mode control:
Now we shall discuss about ITSMC approach and its implementation in RSC and GSC
converter. The basics has been discussed in chapter 3. Now we shall discuss it in detail by
applying and manipulating system equations.
4.8.1. Rotor Side Converter topology for Integral Terminal Sliding mode
control:
The sliding surfaces can be taken as:
Sdr= €dr * Odrerdr (94)
Sqr= €qr T Qgreigr (%)
And the errors are taken as:
edar() = lar — lar ref (96)
eqr(® = Igr — lgr ref (67)

t
€1dgr = fSign(edqr(t))dt (98)
0

Here aq, and ag, are positive constants chosen to guarantee the convergence of the steady-
state d—q components errors to zero.

Sar = €qr(t) + agrépgr(t) (99)

Sqr = éqr(t) + O(qrélqr(t) (100)
Now putting the values of I4, and iqr in the equation (99) and (100):
[Sdr] _L R Idr * SWSGLrIqr L_S [adreldr(t) [Idr ref(t)
Sqrl  olr [—R I — swgoL gy — —swS Aqréiqr(D]  |ige rer(D
ch Vdr
o |V (102)
oLy
Ly dAs

Denoting (—R. 14, + swgoL Ig, — ) = Fgr and, (—R;Igr — swsoL lgr —

Ls

Lm .
L—sts}\s) = Fqr, We get:
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[Sdr] _ [Fdr + agrérar(t) + lar rer(t) ]+Ge [Vdr] (102)

Sar Far + agréiqr(t) + Igr ref(D) Var

[Vdr] -G -1 [Fdr + 0(dréldr(t) + idr_ref(t) + Undr ] (103)
Vqr r qu + aqrélqr(t) + Iqr_ref(t) + Unqr

Where, Uy 4, and Upq, (Switching control law) can be given as:

Undr Sar T Kar Sign(sdr)
Ungr = |sar + Kgr sign(sqr) (104)
And, the gain values should be taken as:
Kdr] S n+ AFdr +(1-5_1) [Fdr + O(dréldr(t) + idr_ref(t) (105)
Karl ™ In + AFy, Far + Oqréigr(®) + Igr rer(®)

Where |AFgq| < 0, and 671 < G,Gq~' < 6 (6 >1) are the uncertainty
bounds.[39]

From [39], we can check the stability condition for the sign based ITSMC system. It
satisfies the Lyapunov function Vgq,< -1 | Saqrl- Since, Saqe (0) = 0 and Vyqr< -n [Saqyl,
system states are always remained on the terminal sliding surface Sy (t) = 0.

The integral terminal sliding variable Sy, Will then reach the sliding manifold S =$=0in
finite time. The gains K4q, Can be chosen to ensure the convergence of the sliding
manifolds to zero in finite time [39], [54].

Remarks: The characteristics of the ITSMC can be explained as follows.

1) The finite convergence time can be chosen as follows:

Sdge=0; T = |eraqe (0)] = |eqqe (0)] /0.

2) In contrast to traditional TSMC, the singular problem does not happen on the control
law.

2) Unlike normal TSMC, the singularity problem does not occur on the control law here.
3) Fast response can be achieved.

4) The gain K44, only depends on the limits of the feedforward signals and the uncertainty
bound. Hence, it can be selected by some adaptation algorithm when upper bound of
uncertainty is specified.
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Figure 4.8: Control Implementation of Rotor Side Converter with ITSMC approach

4.8.2. Grid Side Converter topology for Integral Terminal Sliding mode control:

The main control objective of the GSC is to regulate the dc link of the DFIG. In addition,

it may also help decrease the swings of the DFIG’s total active and reactive power entering

the grid. It is necessary to control the GSC so as to obtain constant dc voltage and enhance

the DFIG performance. The voltage equations illustrating the behaviour of the GSC in the

synchronously rotating frame (d—q) are given by (81) and (82).

The sliding Surfaces can be taken as:
Sdg: edg + O(dgeldg

Sqg™ €qg * Aqg€lqg

Where the errors are defined as:

edg(t) = Idg - Idg_ref

eqg() = lgg — Iqg rer

t
ciias = | SiEn(eaqg(O)t
0

(106)

(107)

(108)

(109)

(110)

where age and ogg are positive constants chosen to guarantee the convergence of the

steady-state d—q components errors to zero.
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Sdg = édg(t) + adgéldg(t) (111)

Sqg = €qg(t) + aggliqg(t) (112)

[sdg] [Vds — Relgs + Wstqu [adgéldg(t)] [Idg ref(t)
Le

Sqg Vgs — Relgr — wsLilar Aggliqg(D]  [Igg ref(t)
- 0
Lf Vdf]
113
o lve (113)
L¢
Denoting Vas — Relgrs + WSLfI f= ng and VqS - Rfqu — wgLelgr = Fqg , we get:
Sdg Fag + aggliag(t) + lgf rer(t) Var
) 9 |v (114)
ng Fag + 0ggiqe() + Igf rer(t) af
)
Where, G, = [
0 —
L¢
zdf] - gt [ng + O(dg.éldg(t) + I'df_ref(t) + Ungg ] (115)
af Fqg + o(qgelqg(t) + qu_ref(t) + Unqg
Where, Upgg and U, 4, (Switching control law) can be given as:
Unag] _ sag + Kag sign(sgg)
[Unqg = |Sag + Kgg sign(sqg) (116)
And the gain values can be taken as [22]:
K + AFy + aggerge(t) + 1 t
Kdg] S n AF ] (1 5 1)[ dg dg Idg() dfref() (117)
qag n + Fqg + aqgelqg(t) + qu ref(t)

Where [AFgqe| < 9, and §71< Gng‘1 < & (6 > 1) are the uncertainty bound.

From [39], we can check the stability condition for the sign based ITSMC system. It
satisfies the Lyapunov function Vgge< -n | Sqqgl- Since, Sqqg (0) = 0 and Vyqe< -n [Saqgl:
the system states are always remained on the terminal sliding surface Sqq. (t) = 0. [39],
[54]

Remarks: The characteristics of the ITSMC can be explained as follows.

1) The finite convergence time can be chosen as follows:

qug = O; T= |eldqg (0)| = |edqg (0)| /a.
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2) In contrast to traditional TSMC, the singular problem does not happen on the
control law.

3) Fast Convergence achieved.

ElagiSag + Koy stEn (54, dq

'_,‘._,__r to

GSC

1':‘._,_”; —+
—@ =
U

Ve £q _l 1 abe
af ref
—2 +
T 3V, " ® RS 1 By SUEM(54,) —_:@.—'

tiit il

Figure 4.9: Control Implementation of Grid Side Converter with ITSMC approach
4.9. Chapter Summary:

In this chapter, we have discussed both DFIG and wind turbine mathematical model rigorously.
The DFIG stator equations are expressed and analysed in synchronously rotating dq reference
frame and furthermore, the equations are mathematically manipulated to design suitable SMC
or ITSMC controllers. Similarly, DFIG grid filter model is also analysed in dq reference frame
and mathematically manipulated for SMC and ITSMC controller. The objective of this is to

generate reference voltage to control the RSC and GSC with suitable PWM technique.
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Chapter 5

Simulation

5.1. Introduction:

In this chapter, we shall implement the simulations for a specified test condition on 3 different
types of control schemes on DFIG based wind turbine namely conventional PI controller,
sliding mode control and the proposed integral terminal sliding mode control in the
MATLAB/SIMULINK software. Also, we shall check how the results alter with the
incorporation of a crowbar. The results of different control schemes are compared and analysed

in detail in this chapter.

5.2. Model Description of DFIG:

The test simulation is basically a part of microgrid, where the line voltage is 580 volts. From
simscape library of MATLAB/SIMULINK, the block “Asynchronous machine in SI units” is
used to model the Doubly fed induction generator for thesis. According to the block, the stator
part can be connected direct to the grid and the rotor part is connected to the grid via back-to-
back converters. There is a DC link capacitor in between the rotor and grid side converters.
The switches for back-to-back converters are taken as IGBT/Diode switches. The grid side
converter is connected to the grid with the help of a low pass RL filter. A crowbar is connected
across rotor terminal so that high transient overcurrent during fault can bypass through it.

For control purpose of Rotor side and grid side converters, 2 separate subsystems are created
where different control schemes are utilised as per the mathematical analysis done in previous
chapters. These controllers generate gate pulse for the IGBT switches of the converters. Several
measurement blocks are used in order to measure parameter values. The machine data (dg axis
voltage, current and speed) are measured from the measurement port of the machine with the
help of a bus selector. The machine torque is obtained from the aerodynamic torque generated

from the wind turbine block.
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Figure 5.1. MATLAB/SIMULINK Block diagram for simulation of fault ride through

with different controllers

The data for Doubly fed induction generator are listed in the following table:

Parameters Values
Number of pole Pairs 2

Power Rating 0.96 MW
Stator Voltage 580 Volts
Rotor Voltage 580 Volts
Stator Resistance 0.0026 Q
Stator Inductance 0.077 mH

Mutual Inductance 2.5 mH
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Rotor Resistance 0.0029 Q
Rotor Inductance 0.083 mH
Inertia 25 kg/m?
Friction Factor 0.024
Filter Resistance 0.19864 mQ
Filter Inductance 0.05261 mH
DC capacitor value 30000 uF
Crowbar Resistance 1uQ

Table 5.1: Doubly Fed Induction generator and grid parameter values

5.3. Wind Turbine Aerodynamics Block:

The wind turbine block is made by utilising the equations of wind turbine as mentioned in
chapter 4. The output of wind turbine is mechanical power and aerodynamic torque. The
Torque is fed to the induction generator. The wind Turbine model uses wind speed, generator
speed and the pitch angle as the input parameters. The radius of the blade, and the wind speed
is used to derive the power coefficient Cp (A, B). Then, the torque calculated. The figure below

shows the block which performs the aerodynamic calculation of the turbine torque.
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Turbine Power Characteristics (Pitch angle beta = 0 deg)

Turbine output power (pu of nominal mechanical power)

o 02 0.4 0.6 0.8 1 1.2 1.4
Turbine speed (pu of nominal generator speed)

Figure 5.2. Wind Turbine Power characteristics

The optimum value of lambda is obtained from the Cp (A, B) and tip to speed ratio curve. The
optimum value of the power coefficient is the maximum value obtained from the curve and it
is obtained to be 41% .

Parameters Values
Wind Speed 10 m/s.
Power rating 0.96 MW

Radius 35m
Pitch Angle 0’
Gear Ratio 80

Density of Wind 1.225 kg/m?3

Table 5.2: Wind Turbine parameter values
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5.4. Simulation Test Scenario and Results:

Now we shall focus on our simulation work. To check the fault ride through capability with
different types controllers, we have to introduce a fault in the grid side so that voltage dip
occurs. Voltage dip is a sudden drop of the voltage at a point in the electrical system between
10% and 100% and lasts for some time. Three-phase symmetrical faults are most common and
most dangerous type of voltage sags. In this work, we have introduced three phase symmetrical
fault which results in a 100% dip of voltage in the DFIG grid side which implies that grid
voltage becomes 0 that remains from 0.9 s to 1.1 s in the simulation runtime. A three-phase
breaker is used purposefully to create the voltage dip on the aforementioned time interval.
The simulation runtime is 2 second. The following figures represents the voltage waveform for
the time interval with fault condition, normal stator current waveform and normal rotor current

waveform respectively.

""‘1 I """""'lw i "‘"'"lul'll\" | |"""""' fi |\""""'w”|[ i
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Figure 5.3: Grid voltage waveform with fault applied
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Figure 5.5. Normal value of Rotor current
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5.4.1. Fault Ride Through Check Using Conventional PI controller:

Now we have to check the fault ride through capability using different controllers. First, we
shall discuss about conventional PI control approach. This control approach implementation is
done in Rotor Side converter and grid side converter control block in the system model in
SIMULINK. The mathematical implementation of the control is done as per the control
methodology discussed in the chapter 4. K, and K; values for the controllers are calculated as
per the equations derived.

With this controller we have checked the response of Stator current, Rotor Current, Rotor
Speed, Stator Active Power, Stator Reactive Power and Torque during the fault condition.
From the graphs it can be seen that as soon as 0.9 sec time reached, the three phase fault
initiates, resulting in a spike in stator and rotor current, and a fluctuation in torque, that
eventually stabilizes at zero. Active and Reactive Power becomes zero at fault time because
the Voltage is 0. Again after 1.1 sec, a huge transient occurs in stator and rotor current, a
fluctuation occurs in active, reactive power and torque. This method offers poor control in

eliminating harmonics from the system and yield poor output, even in steady state.
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Figure 5.6.1: Stator Current Variation in Conventional Pl Controller
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5.4.2. Fault Ride Through Check Using Sliding Mode Control:

Now we have to check the fault ride through capability using 1% order sliding mode control.
This control approach implementation is done in Rotor Side converter and grid side converter
control block in the system model in SIMULINK. The detailed mathematical expressions of
1% order sliding mode control scheme are presented in chapter 3 and 4.

Similar to PI controller, now we have to check the response of Stator current, Rotor Current,
Rotor Speed, Stator Active Power, Stator Reactive Power and Torque during the fault
condition.

From the graphs it can be seen that as soon as 0.9 sec time reached, the three phase fault
initiates, resulting in a spike in stator and rotor current, and a fluctuation in torque, that

eventually stabilizes at zero. Active and Reactive Power becomes zero at fault time because
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the Voltage is 0. Again after 1.1 sec, a huge transient occurs in stator and rotor current, a
fluctuation occurs in active, reactive power and torque. From the waveforms it can be
concluded that the response is better than PI controller in terms of lesser harmonics in steady

state. But the high frequency chattering is present in the outputs. The outputs are shown below:
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Figure 5.7.1: Stator Current Variation in Sliding Mode Controller
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Figure 5.7.3: Active Power Variation in Sliding mode Controller
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Figure 5.7.5: Torque Variation in Sliding mode Controller

5.4.3. Fault Ride Through Check Using Integral Terminal Sliding Mode Control:
Now we have to check the fault ride through capability using the proposed Integral Terminal
sliding mode control. This control approach implementation is done in Rotor Side converter
and grid side converter control block in the system model in SIMULINK. The detailed
mathematical expressions of Integral Terminal sliding mode control. scheme is presented in
chapter 3 and 4.

Similar to other two controllers, now we have to check the response of Stator current, Rotor
Current, Rotor Speed, Stator Active Power, Stator Reactive Power and Torque during the fault
condition using integral terminal sliding mode control.

From the graphs it can be seen that as soon as 0.9 sec time reached, the three phase fault
initiates, resulting in a spike in stator and rotor current, and a fluctuation in torque, that
eventually stabilizes at zero. Active and Reactive Power becomes zero at fault time because
the Voltage is 0. Again after 1.1 sec, a transient occurs in stator and rotor current, a fluctuation

occurs in active, reactive power and torque. The nature of the graphs are shown below:
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Figure 5.8.1: Stator Current Variation in Integral Terminal Sliding Mode Controller
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Figure 5.8.2: Rotor Current Variation in Integral Terminal Sliding Mode Controller
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Figure 5.8.5: Torque Variation in Integral Terminal Sliding Mode Controller
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5.5. Result Summary:

From the obtained results, PI controllers are yielding poor performance in steady state. We

can see that the proposed integral terminal sliding mode control is much better in terms of

eliminating the high frequency chattering effect that is exhibited by sliding mode control, and

it is also capable of ensuring finite time convergence as compared to conventional sliding mode

control, where we can see there is a tendency of yielding asymptotic stability. It is useful

enough for the system to abide by the grid codes. However, there is a disadvantage in ITSMC

that it cannot eliminate overshoot in transient period much.

5.5.1. Data Comparison Table:

Maximum Maximum
Different Overshoot of Overshoot of
Controllers Stator current in | Stator currentin | Settling Time | Chattering
transient period | transient clearing (Seconds)
(pu) period (pu)
Pl 12 10.85 0.25 sec --

1% Order SMC 8.57 13.14 0.3 sec Significant
ITSMC 9.14 11.42 0.15 sec Almost none
Table 5.3: Comparison of Stator current transient characteristics in 3 different
controllers

Maximum Maximum

Different Overshoot of Overshoot of
Controllers Rotor current in | Rotor currentin | Settling Time | Chattering
transient period | transient clearing (Seconds)
(pu) period (pu)

Pl 18.66 16 0.2 sec --
1% Order SMC 14 19.6 0.18 sec Significant
ITSMC 14 17.7 0.16 sec Almost none

Table 5.4: Comparison of Rotor current transient characteristics in 3 different

Controllers
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Maximum

Maximum

Different Overshoot in Overshoot in
Controllers Stator Active Stator Active
Power in Power in Settling Time | Chattering
transient period | transient clearing (Seconds)
(pu) period (pu)
Pl 0 13 >0.5 sec --
1% Order SMC 0 11.5 >0.5 sec Significant
ITSMC 0 9 0.22 sec Almost none

Table 5.5: Comparison of Active Power transient characteristics in 3 different controllers

Maximum
Overshoot in

Stator reactive

Maximum
Overshoot in

Stator reactive

Different power in power in Settling Time | Chattering
Controllers transient transient clearing (Seconds)
period(pu) period (pu)
Pl 0 10 >0.5 sec -
1% Order SMC 0 18 >0.5 sec Significant
ITSMC 0 15.5 0.25 sec Almost none

Table 5.6: Comparison of Reactive Power transient characteristics in 3 different controllers

Maximum Maximum
Different Overshoot of Overshoot of
Controllers Torque in Torque in Settling Time | Chattering

transient transient clearing (Seconds)
period(pu) period (pu)

Pl 3.9 6 >0.5 sec -

1% Order SMC 2.9 4.6 >0.5 sec Significant

ITSMC 1.92 2 0.25 sec Almost none

Table 5.7: Comparison of Torque transient characteristics in 3 different controllers
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5.6. Insertion of Crowbar:

Now our Task is to insert a crowbar in the system. The crowbar is a simple diode bridge
that connects a resistor in its output. The purpose of crowbar is to bypass the excessive rotor

current during fault period and to protect rotor windings to some extent.

For implementation of crowbar, the measured value of rotor current is compared with the
reference values of rotor current. If the measured value exceeds two times the reference current,

the crowbar IGBT switch activates and the crowbar starts to conduct.

Since we achieved poor control using PI based control, so from now, the comparison of SMC

and ITSMC are presented only.

/\/\/\’ »<~  Crowbar_GCument
o ] i
Crowbar Resistance

Figure 5.9: Crowbar circuit
5.6.1. 1%t Order Sliding mode Control with crowbar:

Now, with the inclusion of crowbar circuit, Simulations with the help of Sliding Mode
Controllers are shown here. The graphs for stator and rotor current, Active and Reactive Power

and Torque are shown here.
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Figure 5.10.1: Stator Current variation in Sliding mode controller with Crowbar
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Figure 5.10.2: Rotor Current variation in Sliding mode controller with Crowbar
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Figure 5.10.3: Active Power variation in Sliding mode controller with Crowbar
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Figure 5.10.4: Reactive Power variation in Sliding mode controller with Crowbar
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Figure 5.10.5: Torque variation in Sliding mode controller with Crowbar
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Figure 5.10.6: Crowbar Current in SMC approach
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5.6.2. Integral Terminal Sliding Mode Control with crowbar:

Now we shall check the results of ITSMC controllers with crowbar. The results are listed

below:

Stator Current (Amp)

Rotor Current (Amp)

Active Power (pu)

Time (seconds)

Figure 5.11.1: Stator Current variation in ITSMC controller with crowbar

Time (seconds)

Figure 5.11.2: Rotor Current variation in ITSMC controller with crowbar

Time (seconds)

Figure 5.11.3: Active Power variation in ITSMC controller with crowbar
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Figure 5.11.4: Reactive Power variation in ITSMC controller with crowbar
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Figure 5.11.5: Torque variation in ITSMC controller with crowbar
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Figure 5.11.6: Crowbar Current in ITSMC approach
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5.7. Result Summary:
From the obtained results, we can conclude that the inclusion of crowbar limits the high currents
to certain extent. That improves the transient characteristics of the stator and rotor current. Also,

this contributes in yielding better transient characteristics in torque, active and reactive power.

5.7.1. Data Table:

Maximum Maximum
Different overshoot of overshoot of
Controllers Stator current in | Stator currentin | Settling Time | Chattering
transient period | transient clearing (Seconds)
(pu) period
(pu)

1% Order SMC 8 11.43 0.2 sec Present
ITSMC 8 10.28 0.15 sec None

Table 5.8: Comparison of Stator current transient characteristics in 2 different controllers

with crowbar

Maximum Maximum
Different overshoot of overshoot of
Controllers Rotor current in | Rotor currentin | Settling Time | Chattering
transient period | transient clearing (Seconds)
(pu) period (pu)
1% Order SMC 12.44 16 0.2 sec Present
ITSMC 12 15.11 0.17 sec None

Table 5.9: Comparison of Rotor current transient characteristics in 2 different

controllers with crowbar
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Maximum Maximum
Different overshoot of overshoot of
Controllers Stator Active Stator Active
Power in Power in Settling Time | Chattering
transient period | transient clearing| (Seconds)
(pu) period (pu)
1% Order SMC 0 8.5 0.3 sec Present
ITSMC 0 8 0.22 sec None

Table 5.10: Comparison of Stator Active Power transient characteristics in 2 different

controllers with crowbar

Maximum Maximum
Different overshoot of overshoot of
Controllers Stator Reactive | Stator Reactive | Settling Time Chattering
Power in Power in (Seconds)
transient period | transient clearing
(pu) period (pu)
1% Order SMC 0 15 0.32 sec Present
ITSMC 0 14 0.25 sec None

Table 5.11: Comparison of Stator Reactive Power transient characteristics in 2 different

controllers with crowbar

Maximum Maximum
Different overshoot of overshoot of
Controllers Torque in Torque in Settling Time | Chattering
transient period | transient clearing (Seconds)
(pu) period (pu)
1% Order SMC 2.5 1.9 >0.5 sec Present
ITSMC 1.9 13 0.25 sec None

Table 5.12: Comparison of Torque transient characteristics in 2 different controllers with

crowbar
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5.8. Chapter Summary:

In this chapter, we have performed the simulation work. The results of conventional Pl
controller, SMC and ITSMC are analysed. Furthermore, we include a crowbar to the rotor
terminals and run the simulation. It is seen that the results have been improved from PI to
ITSMC, especially when steady state fluctuation is concerned. However, the chattering effect
is seen on SMC based control but there is a significant reduction of chattering in ITSMC
controller. Overshoots in Active power reactive power are also improved in ITSMC approach.
The problem of high overshoot of currents in fault period is reduced to some extent when we
apply crowbar in the circuit.
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Chapter 6

Conclusion and Future Work

6.1. Conclusion:

In this thesis, a novel integral terminal sliding mode control approach is undertaken in order to
enhance the fault ride through performance of DFIG based wind turbine. The objective of this
thesis work is to meet the grid codes, improving the transient performance of the system and to
ensure the finite time convergence of the system. 3 phase symmetrical fault with 100% voltage
sag is used in order to check the fault ride through using the proposed controller. The obtained
results ensure the terminal attractor property of integral terminal sliding mode control that
alleviates the chattering phenomenon in 1% order sliding mode control. Also, the due to the
inherent property of the ITSMC controller, it yields better results than SMC and PI type controller in
achieving a lesser settling time. Further, to reduce the current overshoot to some extent, we use a
crowbar at rotor terminal and compare the compared result ensures the superiority of Integral
terminal sliding mode control. However, Integral Terminal sliding mode control has the
limitation that it cannot alleviate overshoot in a good amount. In fact, any software-based
approach has this kind of limitations. For that, they should always be accompanied with some
auxiliary hardware devices. However, properly tuning the gain values in respective control,

certain amount of better result can be obtained.

6.2. Future Works:

Doubly Fed Induction Generator has a wide application in Wind energy conversion system.
Being an emerging source of renewable energy, the application of wind energy is increasing
day by day to replace the use of conventional energy sources. In microgrid applications, wind
turbines are a main component, so does DFIG.

Grid connected Wind turbines are very prone to experience grid faults, be it symmetrical or
asymmetrical. So, Fault analysis is very important to maintain grid codes and to protect DFIG
power converters from high rotor current. Several works were presented in order to address grid
faultin DFIG connected wind turbine. In this work our contribution is to present a novel ITSMC
approach along with crowbar to limit the transients and ensure fast convergence. However, pure
tuning of gain values of ITSMC can affect the output significantly. Fuzzy logic controller can

be used for tuning the gains more appropriately. Also, This work further can be progressed by

65



applying more robust control methodologies like H-infinity control, Backstepping control or
some observer design based method, like Sliding mode observer or Kalman Filter observer to
estimate the error by mathematical derivation. Also some advanced hardware approaches that
is of comparatively low cost but more efficient can be employed to limit the transients.
Furthermore, for application in smart grid-based system, some Al methods also can be used
which are proved to be more robust and reliable nowadays and are being applied in many

applications.
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