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ABSTRACT

In recent years, electricity generation from standard fossil fuel resources originate critical influence
on the environment. Moreover, fossil fuel resources are evacuating day by day. Therefore, the
microgrid is an effective way of integrating current power system and renewable energy resources.
A microgrid is a type of grid that has local distributed generators (DGs) and it is connected to the
national grid but also able to work independently and have effective control. Hybrid AC/DC
microgrid, DC microgrid and AC microgrid and are the three categories of microgrid. The
generally used configuration in the AC microgrid because it provides a straightforward way for
the integration of DG modules and existing network utilities with minimal modifications. Although
maximum distribution networks are AC, ESS units, addition of DC modules and DG-based loads
is included. More characteristics include opening the entryways of distribution networks which are
based on DC. The features of both AC and DC are combined in hybrid AC/DC microgrid. In hybrid
microgrid, the three phase AC/DC bidirectional converter is required for power conversion. It can
operate both in rectification mode and inverter mode. In rectification mode, it can regulate power
on the DC side or it can maintain voltage on the DC side. In inverter mode, it can further operate
in two modes, islanded mode and grid connected mode. In grid connected mode, national grid
controls the frequency and voltage of the microgrid while power is control by the DG. In the
islanded mode, DG control the frequency and voltage of a microgrid and also fulfill the local
demand. Bidirectional Voltage Source converter (VSC) is an essential component in hybrid
microgrids. The challenges in bidirectional converter are; control of power flow in both directions
while maintaining stability, efficient transitions between the modes and efficient control of non-
linearity. This study proposes the FCS-MPC control scheme for the bidirectional converter in
hybrid microgrid. In the proposed scheme, future value of the system at each sampling instant is
forecasted for every switching states using system’s mathematical model. After this, for the next
sampling instant optimum action is applied using cost function. Converter switching frequency is
reduced using tow-step horizon-based cost function (CF). The proposed MPC model for
bidirectional converter is verified for its robustness and effectiveness using
MATLAB/SIMULINK.
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Chapter 1

Introduction
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CHAPTER 1. INTRODUCTION

In past few years, electricity generation from standard fossil fuel resources originate critical
influence on the environment. Moreover, fossil fuel resources are evacuating day by day. This has
created need of generating electricity from the resources that are good for the environment like
renewable resources. Wind, solar and hydropower are different forms of RE resources. Although,
the RE resources are intermittent in nature which constitute a technical problems in their
integration with the current power system. Therefore, the microgrid is an effective way of

integrating current power system and renewable energy resources.

A microgrid is a type of grid that has local distributed generators (DGs) and it is connected to the
national grid but also able to work independently and have effective control [1], [2]. Hybrid
AC/DC microgrid, DC microgrid and AC microgrid are the three categories of microgrid. [3], [4],
[5], [6]-13].

The AC microgrid is generally used arrangement because it offers a straightforward way for the
integration of DG modules and existing network utilities with minimal modifications as shown in
figure 1.1. This structure is characterized to facilitate the adjustment of low voltage levels
frequency transformers and have a high level of error handling - detect errors and correct them.
Although, it has some disadvantages, such as synchronization of DG modules, interactive energy
rotation, which increases the energy lost in the transport system [14], [15], [16], and [17].

Although maximum distribution networks are AC, ESS units, addition of DC modules and DG-
based loads is included. More characteristics include opening the entryways of distribution
networks which are based on DC. Higher efficiency is its main advantage and there is no reactive
power in the network. More, synchronization of DG modules is not needed. Although, this
arrangement requires a large refinement of the energy distribution network. Therefore
considerably increases the costs [18], [19], [20], [21], [22], [23]. Figure 1.2 shows the Dc

microgrid.

The features of both DC and AC are combined in hybrid DC/AC microgrid. [24], [25], [26], [27],

and as shown in figure 1.3 [28]. The distribution network itself allows direct integration of ESS
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loads, DC and AC based DG as well as AC and DC loads. This characteristics provides an effective
path to integrate RES or EV electric vehicles with minimal modification to the current network.
So overall cost will be reduced. Hybrid DC / AC microgrids are an excellent way for joining smart

grids with traditional distribution.

AC grid

Electronic

— and senestive
§ | loads
e e
e

Wind turbine

PV panel

Fuel cell

Figure 1.1 AC Microgrid

A three phase bidirectional AC / DC converter is required in hybrid microgrids for power
conversion as shown in figure 1.3. It can work both rectification mode and inverter mode. In
rectification mode regulate power on the DC side or it can maintain voltage on the DC side. In
inverter mode, it can further operate in two modes, islanded mode and grid connected mode. In
the grid connected mode, national grid controls the frequency and voltage of the microgrid while
power is control by the DG. In the islanded mode, DG control the frequency (Hz) and voltage(V)
of a microgrid and also fulfill the local demand [29]. To prevent the poor quality problems like
AC Voltage distortion, low power factor, total harmonic problems (THD), DC voltage pulsations

and ripple in DC current, the bidirectional AC/DC converter should be very efficient [30], [31].
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% % AC system
] == 7 O

Bidirectional
converter

DC loads AC loads

Figure 1.3 Hybrid Microgrid

1.1. Problem Description:

Bidirectional VVoltage Source converter (VSC) is an essential component in hybrid microgrids. The
challenges in bidirectional converter are; control of power flow in both directions while

maintaining stability, efficient transitions between the modes and efficient control of non-linearity.
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1.2. Thesis Objectives:

e To Propose the FCS-MPC based control scheme for the bidirectional converter in hybrid
microgrid.

e To propose a control strategy, design methodology and mathematical modeling of Active
front end (AFE) rectifier using Model Predictive Control (MPC).

e To propose control strategy, design methodology and mathematical modeling of VMPC
using Model Predictive Control (MPC) in islanded mode.

e To propose a power control strategy, a design methodology and mathematical modeling of
DPMPC using Model Predictive Control (MPC) Grid Connected mode.

1.3. Thesis Organization:

This thesis is systematized as follows:

Chapter 2: This part explains the detail synopsis of control techniques proposed for the Active
front End (AFE) rectifier, islanded mode for the hybrid microgrid, grid connected mode of hybrid
microgrid. Nonlinear controls and linear control alongside their working standard are examined
and toward the finish of section examination among linear and nonlinear control methods are

available as table.

Chapter 3: This section investigates working principle, mathematical modeling, structure of
proposed controllers Active front end rectifier (AFE), VMPC and DPMPC for hybrid MG and
clarify the system parameters.

Chapter 4: The simulations of the proposed techniques are explained in this section and robustness

against external variations is validated under different type of tests and different type of loads.

Chapter 5: Conclusion and future work of the proposed work is presented in this section.
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CHAPTER 2. LITERATURE REVIEW

2.1. Classical Control Methods:

2.1.1. Voltage Oriented Control:

Many Topologies and control methods were examined for the improvement of performance and
efficiency of Power converter [30], [31]. Traditional control usually depends on the voltage
oriented control (VOC) [32], [33]. In stationary a-3 Coordinate reactive and active power are
divide. It uses PI Controllers with d-q reference rotation by indicating current control loops for
power synchronization [34].

In standalone mode, the frequency and voltage of the system is controlled and in grid connected
mode, the power controlled and this type of control in which these two parameters are controlled
is known as primary control. Power electronics primary control based DGs have many control
schemes. Majority of the control methods contain the concept of inner/outer control loop. The
current and voltage control comes in category of inner control while droop control comes in the
category of outer loop. PID, PR, PI are the controllers that are normally used for these inner and
outer control. The complex system is changed in single output loop, single input or the system is
linearized in a significant range about the operating point. Thus this linear system does not
accommodate more than one input and more than one output or multiple-output and multiple-input
also the handling non linearity is not possible. In [35], for controlling DG in microgrid, the adaptive
voltage control scheme is propose and has very good instant performance and response. In [36],
the method is propose for static synchronous compensator (STATCOM) and is grounded on tuning
of Pl and it is adaptive in nature. This scheme has the feature to change its control parameters to
get the desired response when any disturbances comes. In [37], using the LCL filter, the flow of
current is from PEI DG to utility grid. The outer current loop is combined with inner capacitor’s

loop for the stabilization of system. This scheme has very good results in every situation even
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when there is a distortion in capacitor current. The grid current has a THD is in range which is less
than 3%. In [38], a scheme is proposed that is based on P1 for grid side which has zero steady state

error.

2.1.2. Direct Power Control (DPC) and Direct Torque Control (DTC):

Direct Torque control (DTC) and Direct power control (DPC) and are the advanced versions of
Hysteresis control [42], [43]. In DTC strategy, control parameters are flux and torque and in DPC,
the control parameters are reactive and active powers. To implement this control in digital domain,
there is a requirement that the system’s switching frequency will be very high for bounding the
parameters within the hysteresis bandwidth. The high power applications does not use this scheme
because of a drawback of more switching frequency which results in more switching losses. A
virtual flux oriented control is explained in which PI controllers are used [44]. The major drawback
of PI controllers is their tuning. In addition, direct power control (DPC) [45], [46] was
implemented to an AC/DC converter grounded on the principle of direct torque control (DTC)
[47], [48], in which PI controller is used.

Direct power control (DPC) is based on look-up table is proposed in order to improve the
performance of converter [49], [50]. It uses predefined switching state table in which active and
reactive power to perform switching action. Variable switching problem is its drawback which
leads to undesirable harmonic contents. To eliminate this issue, fuzzy logic based DPC approach
[51] is presented in which predefined switching table is not used. The sampling frequency in fuzzy
logic based approach is little bit high but reactive and active powers are good when compared with
classical DPC. In grid tied mode, sliding mode [52] nonlinear control is explained to regulate

reactive and active power that much depends on variables.

2.1.3. Drawbacks in Linear Controllers:

In voltage source converter’s control, the linear controllers gets much matured. There are many

drawbacks of linear controllers and many new control strategies are also added in the literature.
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One of the major drawback of linear controllers is their tuning. The control parameters in these
controllers are tuned on hit and trial basis which consumes lot of our valuable time and very effort.
Moreover, external PWM is also required for the generation of pulses. The linear controllers has
another drawback that transient response is not dynamic in nature. They also has a drawback that
they cannot control multiple parameters at the same time. Taking all the drawbacks in record, it
can be easily concluded that linear controllers or PI controllers are not effective in cost, time

inefficient and cannot control multiple parameter at the same time.

2.2. Non Linear Control Techniques:

Considering all the above points, world researchers moves towards other techniques that are
nonlinear in nature for example Slide Mode Control (SMC), Hysteresis Control, Fuzzy Control,

Model Predictive Control etc.

2.2.1. Hysteresis Control:

The referenced and measured currents are compared and the hysteresis upper and lower limits are
narrowed and the error is reduced in hysteresis control [39]. It has several advantages and one of
them is simple in nature and has also advantage of no modulator required for the signal generation
for power electronic devices but its switching frequency changes with variation in the filter
parameters, bandwidth of hysteresis and working conditions [40]. It has a major disadvantage that
the switching frequency is not controllable. Researchers has done lot of work to eliminate this
drawback. This control scheme has switching losses because of it and where high power is needed,

this scheme is not used [41].

2.2.2. Sliding Mode Control (SMC):

Slide Mode Control used for both nonlinear and linear systems and it is nonlinear in nature. It is
advance control technique [53]. It generates a reference for the load voltage. The controlled
variable which is normally load current is bound to follow the predefined path [54]. To accomplish
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the steady and powerful response during variety in framework parameters and Load variety,
controller arrangement is intentionally changed with reference to structure control act. When
contrasted with the linear controller, SMC has ideal execution and great powerful reaction under
all instances of activity. But it isn't utilized in viable applications because of the accompanying

disservices. Troublesome numerical portrayal and having phenomena of chattering.

2.2.3. Other Non Linear Control Techniques:

The Genetic algorithm, Fuzzy Logic, Artificial Neural Network (ANN), and the mixture of these
techniques belongs to intelligent controls and they come in the category of modern nonlinear
control methods.

Fuzzy Logic Controller (FLC) works on the criteria of “if-then” instructions. It is non-linear in
nature and considered as very good when compared with adaptive controllers [55]. In [56], the
voltage and current is controlled based on fuzzy logic controller and it can operate in both islanded
and grid tied mode.

Moreover, control methods based on human thinking (human nervous system) are also available
and they are known as Artificial Neural network (ANN). Using ANN based controller, the constant
switching frequency can be achieved. Neuro-fuzzy logic technique is hybrid in nature and it is the
combination of fuzzy and ANN. For the intelligent controller, the information of the operation and

behavior of the system is required. There is no need to have an information about the system [57].

2.2.4. Model Predictive Control:

Finally, Predictive control (PC) is a kind of advanced controlled technique and nonlinear and
digital in nature. Predictive controllers utilize the framework model to visualize the prospect
reactions of the plant. Based on forecast, the ideal control activity is created and connected to the
framework, as indicated by the predefined enhancement standard. Between the recently create
control techniques, predictive control is one of more wise than typical PID control and successfully

utilized in power electronics industry [58]. Despite the fact that during the 1960s, Predictive
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control is mined from best control theory. In 1962, Whalen and Zadeh perceived the nearby
connection b/w linear programming & optimal control and min. time. Since 1963, moving horizon
approach was proposed by propi and it is the base of all predictive control algorithms [59]. PC
took attention in compound and procedure Industry in the late 1970s [60, 61]. During the 1980s,
MPC also applied in power system which has low switching frequency [62]. Power electronics
which has low switching frequency is developed because PC has an additional computational
weight for skyline N > 1 because of less advancement in chip (MP) innovation. With the
progression in MP, Implementation of PC turns out to be simple for higher switching frequency
on standard control equipment firm. Because of advancement in DSP's, a wide scope of PC is
created which incorporates deadbeat PC, model-based PC (MPC), direction based PC and
hysteresis-based PC and an arrangement of PC is appeared in table. 2.1 as proposed in [63, 64].

The concept of optimization in hysteresis predictive control is to bound the controlled parameter
inside the given furthest reaches of a region of hysteresis [62]. In direction based predictive control,
the factors are compelled to pursue a given direction [65]. In control technique of deadbeat, ideal
incitation is the one that calculates the error equivalent to focus in the following examining

moment [66].

A progressively adaptable rule is utilized in MPC, communicated as a cost capacity to be limited
to choose the ideal activity [60, 67]. MPC is additionally arranged into two classifications:

e FCS-MPC (Finite Control Set MPC).

e CCS-MPC (Continuous Control Set MPC).

CCS-MPC resembles a deadbeat prescient control. CCS-MPC process the continuous signal and
need a modulator to create the switching signal for PEDs. Any kind of modulation system can be
utilized. Producing constant switching frequency is its main advantage. In any case, FCS-MPC
processes the discrete idea of power electronics and it inside creates the switching signals and

modulation stage is not required.
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For power converters, the developing control strategy is MPC. Fundamentally, MPC is progressive
control technique and nonlinear and digital in nature. MPC wipe out the PI controller as well as its
modulation stage. MPC pulls in the scientist and industrialists because of its few favorable
circumstances, for example, it permits the multivariable framework. It has the quick powerful
reaction, straightforward plan, it includes the non-linearity and imperatives of the framework into
control law in a simple way [68]. It additionally consolidates settled control circles in just one
circle and facilitates to dealing with control deferrals, and power against framework parameter
varieties [69, 70]. Also, there is no compelling reason to tune the controller parameters since FCS-
MPC is structured utilizing a cost function [71]. Also, FCS-MPC does not require PWM units
since it inside produces the gating signals in 0 and 1. Framework limitations legitimately joined
the cost function (CF) of the controller to gain the required outcomes. Because of the above-
depicted advantages, FCS-MPC a decent device for directing electric power transformation
devices. Following reference books [58, 64, 67, 72, and 73] and studies [60, 63, 68, 71, 74, and
75] demonstrates the outcomes and talked about various kinds MPC control for P.E application

and their proposed speculations.

In [76], a strategy is proposed that is based on current control is proposed for voltage source
inverter. This study utilized the discrete model to foresee the load current. The proposed procedure
has a superior dynamic response than traditional linear control. In [77], predictive DPC strategy is
proposed for AFE AC-DC. The proposed plan can diminish its switching misfortunes and
furthermore control the rectifier power. In [78], an improved model prescient current control had
been proposed. The researcher attempts to lessen the spread range by addition of a channel to the
factors that are assessed by the cost function. By utilizing this plan, it diminishes the switching
losses, so the yield had less harmonics. In [79], creators proposed the predictive power control for
battery storage framework and contrasted and PI direct Controller and found that MPC has great
outcomes and execution when contrasted with customary PI control. Different BESS with PPC in
microgrid Scenario accomplish dynamic outcomes and decrease switching losses and switching
frequency. In [80], the voltage improved MPC system for BESS in the independent/standalone
mode was proposed. In this work, frequency regulation in the independent/standalone mode of a

microgrid is excluded. Pl-based MPC procedure and PCC for inward and external control loop
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was intended for BESS in [81]. In [82], secondary control of MG is proposed by utilizing MPC

knowledge.

Table 2.1 demonstrates the correlation between all control techniques. The old style control plan
is full grown and very much perceived in writing and broadly utilizes by PE industry. Rather than
that, modern control techniques incorporate new thoughts, complex arithmetic, the casing of
reference change, and the regularly required microprocessor. Numerous linear control systems are
executed in dg-frame with PID controller and utilizing modulation techniques, for example, PWM
and SVM. Table 2.2 shows the comparison table of MPC and linear control is shown in and it

shows that MPC is superior to linear controller.

Between control strategies, hysteresis control has the least demanding methodology. There is no
need of model and parameters of the system for intelligent control and hysteresis control. Be that
as it may, intelligent control strategies requests the former data and view of designers. The
limitations are permitted by the SMC and MPC to be included the structure of the controller, yet
MPC in such manner is increasingly helpful and basic actualized technique. The response of
hysteresis and FCS-MPC has excellent execution under various loading conditions since pulses
are produced inside by the procedure. In any case, their switching frequency is variable. In this

way, the prerequisite of future application is too full fill the accompanying criteria:

e It should be simplest in digital implementation.

e Performance should be superior to linear control.

FCS-MPC fills these prerequisites, it is a basic and instinctive plan for advanced usage and has

dynamic execution during every working condition.

MPC is an advance control technique and it is nonlinear and digital in nature.
Predictive controllers generate future responses using system's mathematical model and the control
action is taken based on predefined optimized criteria. It can handle multivariate system and has a

rapid dynamic response. System constraints can be easily incorporated into control law. In
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addition, nested control loops can be integrated in single loop easily, controlling capability has

high delay and when any of the system parameters changes, it shows robustness.

Authors in [83] developed a new algorithm based on model MPC-DPC for AC/DC active rectifiers
which can rectifier power and decrease its switching losses. In [84] authors proposed a modified
model predictive current control in which they added a filter to the variables to decrease the extent
spectrum which are calculated by the CF. The results obtained shows that this method can help to
lessen switching losses and overcome harmonics in the scheme. For a battery storage system and
compared thus with PI linear control a predictive power control has been developed [85].
Compared to conventional Pl control, the MPC was come out to have good results and
performance. In [86,87] an strategy proposed for analyzing of predictive current control (PCC )
and showed the comparison between the common PCC approach. In [88] the issues like harmonic
contents examined briefly that cause due to long prediction horizon in FCS-MPC, but
computational complexity is the main complication with long receding horizon. For a four-leg
inverter, voltage MPC has been developed which have THD more than 3% in voltage and this is
above the legal limit accepted by the some European countries [89].The authors proposed
observer-based voltage model predictive control (VMPC) for the applications of UPS which have
less system cost but in terms of THD and steady state error, its performance is satisfactory. For
VSI with an islanded mode LC filters an implicit MPC has been proposed by the authors in [90]
but this tool has helplessness to external uncertainties and parametric variation of the system.
Additionally, more computational burden is needed for this system compared to other MPC based
techniques. It aides us in measuring the filter and load current instead of estimation and because

of the use of sensors it may have increased cost of the system.
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Table 2.1 Comparison between Non-linear & linear control technique.

MPC DBPC | Intelligen SMC Linear Hysteresis
t
Switching Frequency Variable Fixed Fixed Fixed Fixed Variable
(Controlled) (uncontrolle
d)
Dynamic Response Excellent Good Good Good Average Excellent
Constraint Inclusion Possible No No No No No
Modulation Stage Not Required | Required | Required | Required | Required Not
Required
Prior knowledge No No Required No No No
Model & Parameters Required Required No Required | Required No
Control Difficulty Low-Medium | Moderate | Higher Higher | Moderate Less

Table 2.2 Comparison between Pl & MPC Control.

Description MPC controller PI controller
Multivariable Decoupled Coupled
Dynamic behavior Outstanding Average
Computational Burden High Medium
Steady state performance Better in all 3 frames of Satisfactory in dq Frame
reference
Complexity in Design Easy Moderate with SVM
Constraints addition Easily Possible Not added
Modulation Scheme Not Needed PWM/SVM/SPWM
Switching Frequency Variable Fixed
Implementation platform Only Digital Both
Type of Controller Non-Linear Linear
Design of Controller Define the Objective Pl tuning + Modulator
function design

System Model

Discrete Time model

Linear load model
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Predictive Control

A 4

Deadbeat Control

1. Required a Modulator
2. Low Computational burden
3. Fixed Switching Frequency

Hysteresis Based

1. Not needed Modulator
2. Simple Concept
3. Variable Switching Frequency

Trajectory Based

1. Not needed Modulator

2. No Cascaded Structure
3. Variable Switching Frequency

Model Predictive Control
(MPC)

FCS-MPC

1. Not needed Modulator

2. Online Calculation

3. Adjustable Switching Frequency
4. Soft Computational Burden

CCS-MPC

1. Needed Modulator
2. Constraints can be added
3. Fixed Switching Frequency

Figure 2.1 Types of Predictive Controllers
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Chapter 3

METHODOLOGY

Page | 18
Predictive Direct Power Control of VVoltage Source Converter in a Microgrids.



CHAPTER 3. METHODOLGY

3.1. Mathematical Modeling and Description of the system:

3.1.1. Finite Control Set Model Predictive Control (FCS-MPC):

In FCS-MPC, optimal output is achieved by cost function minimization. The system’s model
forecast the future value of the parameters for a predefined horizon in time. The basic working of

MPC is shown in figure 3.1.This controller has many advantages:

e Itis not a complex controller and can be easily implemented.

It is applicable for various systems.

e |t can easily control multivariable system.

e Non linarites can be easily considered in the system model and dead times can be easily
rectified.

e Constraints can be simply treated.

e This system is appropriate for the incorporation of changes and augmentations depending
on explicit applications.

e Switches gating signals are internally generated.

e outer modulation unit and internal control loops are not needed.

e Modeling of power converter recognizing relation of the
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Figure 3.1 Principle of MPC

The fundamental design present in MPC are:

e The future behavior of parameters are forecasted using model until horizon in time.
e The wanted output of the scheme is represented using the cost function.

e The optimal action is taken using cost function minimization.
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Figure 3.2 Block Diagram of MPC

Figure 3.2 presents the standard control strategy for FCS-MPC that is used for power converters.
The future values x (k+1) is predicted using the present values x (k) that are the measurements of
output. After this, each possible output of the system is evaluated and by the predefined cost
function as shown in equation 3.1 and selects that which has least error between predicted and

reference values.
J=(x*"(k+1)—x(k + 1))? (3.1)

Where x (k+1) represents the predicted value and x*(k+1) represents the reference value. After
finding optimal output of voltage source converter (VSC), FCS-MPC controller sends proper
switching signals to Voltage source converter and the process is repeated continuously at every
sampling period. The control scheme can be easily implemented in abc or alpha-beta reference
frames and same results achieved in both frames. The computational operations in alpha-beta
frames are less as compared to abc frames because we have to control only 2 variables as compared
to 3 variables in abc frame. Therefore bidirectional converter is implemented in alpha-beta frames.

Clarke’s transformation is used to calculate variables in alpha-beta frame.
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Figure 3.3 Three Phase Bidirectional AC-DC Converter Topology
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Bidirectional AC/DC VSC is shown in figure 3.3. It is a 3 phase two-level VSC which contains 3
legs and in every leg there are 2 switches. So, in total it contains six switches as shown in figure
3.3. The gate signals Sa, Sh, Sc controls upper three switches on the basis of SVM and the lower
switches are complement of the upper switches. As each leg contains two switches and the possible
states are two i-e 0 or 1, so eight switching combinations are possible. Three phase two level
converter will have output voltage of Vt from one of the eight vectors, Vn. Among these eight
vectors, two vectors results zero, so they are called zero vectors and other six vectors are expressed

as:

V=204 n=(1,..6) (3:5)
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Table 3.1 Voltage Space vector of Bidirectional AC-DC Bidirectional Converter

Switching Voltage space vector
States
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Figure 3.4 Space Vector Modulation

Vo, S0=(0,0,0)
Vs S,=(1,1,1)

S5=(0,0,1)

Figure 3.5 Voltage Vectors Generated by VSC

Where Vn represents the output voltage vectors of VSC. Vdc shows the DC side voltage. The six

different combinations of voltage vectors (V1 to V6) that are obtained from voltage space vectors
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equation. The zero output voltage vectors are VO and V7. The switch mix (SaSbSc) for these eight
conceivable yield voltages (VO, V1, ..., V7) are the accompanying: 000, 100, 110, 010, 011, 001,
101, and 111, separately (where 1/0 implies the switch is ON/OFF) The voltage space vectors,
which are formed by the three-stage two-level Converter are shown in table 3.1.

3.1.2. Control of an Active Front End Rectifier:

The converters that are mostly used in power electronics are rectifiers. They can convert AC

current to DC current and have many applications for small as well as large power applications.

3.6(a) shows the simplest diode rectifier topology which controls DC voltage and the diodes
commutation is done using AC voltage. It operates at low frequency and it is also called as line-
commutated rectifier. It is easy in nature very low cost as well. Three phase diode rectifier has

some disadvantages and limitations which are:

e Control of power flow is not possible.
e In the input side when capacitive load is connected, harmonics are generated in the input
current. Output voltage is filtered using this capacitor.

e Regeneration of power is not possible.

Figure 3.6(b) shows the thyrister rectifier which allows the power flow control by changing the
gate pulses angle (alpha). By using angle (alpha), power of the load can be controlled [91] and
mean value of load voltage can also be changed [91]. The diode rectifiers and thyrister rectifiers
have approximately same advantages and disadvantages. It has one additional disadvantage that
by increasing the value of alpha, the phase displacement among AC source voltage and input
current get changed, thus reactive power is increased. The thyrister rectifier has an advantage of
regenerating power from DC load to source when operating angle is greater than 90.

3.6(c) shows the third important topology which consist of power transistors with antiparallel
diodes. This topology operates at more switching frequency. It is called as active front end (AFE)
rectifier. It eliminates all the issues that were in thyrister and diode rectifiers [92]. Main

characteristics of this topology are:
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e Controlled DC voltage.
e Reduced harmonics.
e |t operates with high power factor.

e Full recreative operation.
This topology has a negative feature of high cost compare to diode and thyrister rectifiers.
The control schemes for AFE rectifier are DPC and VOC [93].

In VOC, input currents are align with reference to the line voltage vector and regulation of reactive
and active power is controlled by controlling currents [94]. In this scheme, reactive power
proportional to iq and active power proportional to id. For unity power factor current iq reference
is fixed to 0. The PI controller controls dc voltage and the reference current is generated which
then controls the active power. It has very good static and dynamic behavior but the quality

depends on control strategies.

In DPC, currents are measured after which reactive and active powers are approximated. It is

regulated directly with switching table and hysteresis controllers similar to the DTC [95,96].
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3.1.2.1. Rectifier Model:

FI-
44
S S3
(9
4V
c dc
S, K} Ss
Line Rectifier N Load

Figure 3.7 AFE Model

Figure 3.7 represents the model of AFE rectifier. It is fully controlled and consist of power
transistors attached to 3 phase source vs filter resistance Rs and inductances Ls. The equations

3.6, 3.7, 3.8 are the equations of each phase:

dis, , (3.6)
Vsq = LSW + Rsigq + Van — VUnn
Usp = LS% + Rgisq + Van — VUnn (3'7)
di _ (3.8)
Vse = Lsd_i_a + Rgisq + Vgn — Unn
Space vector for the grid voltage is
2
Us = g(vsa + avg, + azvsc) (3'9)
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Where a = e% and grid dynamic currents can be obtained by substituting 3.6 to 3.8 into 3.9

d . . . 2 . . .
vy = LsE(Lsa + aig, + a’ig.) + Rs§(15a + aig, + a’iy) +

2 2 3.10
2 Wan + Wy + @2voy) = 2 vy + AV + aZ0n) (3.10)

Equation 3.10 has a last term equal to zero

g(vmv + av,y + a?v,y) =vny g(l +a+ a?)=0 (3.11)

Following grid current and AFE’s generated voltage vectors are used to simplify the input

current dynamic equations (3.10)

. 2 . .
is = §(lsa + aig, + a’ig.) (3.12)

2
Vafe = §(UaN + avpy + azch) (3.13)

vafe is determined by DC link voltage and Switching state vector and expressed as:

(3.14)

vafez SafeVdc
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Vdc shows the DC link voltage Safe shows switching state vector and it is defined as

defined as:

) (3.15)
2
Safe = 5(51 + as, + a“s3)

Where Sx(s1, s2, s3) are the rectifier’s switching states and it has value of 0 it Sx is off and it is 1
ifSxisl(x=1,2,3).

In stationary o4, the input dynamic equations are represented as:

di, . (3.16)
SE = Us — VUgfe — Rgis

Where vsshows the supply voltage, v, ¢, shows the voltage produced by converter i; shows the

input current.

3.1.2.2. Discrete Time Model:

The current is predicted by the following discrete time equation:

(3.17)

RIS o T
iU+ 1) = (1= =22) 500 + 12 [9300) = vare )]

Where Ts shows the sampling time. This equation is obtained by discretizing equation 3.16. The
discretization is done by taking the one sampling period and derivative is approximated as
difference. The instantaneous reactive and active power are predicted from the following eq:

— ) . 3.18
Pn(k+1)= Re{vs(k + i (k + 1)} = Vsqlsa T Vsplsp (3.18)
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Qin(k + 1) = Iy{vg(k + Dig(k + D} = vyqisy — Vspisp (3.19)

Wherei,(k + 1)) shows predicted input current vector, i;(k + 1) is the complex conjugate

of the input current vector, v, ¢, shows the rectifier’s generated voltage vector.

3.1.2.3. Predictive Power Control:

The behavior of input reactive and active power at the input of converter can be predicted using
this model and knowing the knowledge of instantaneous power theory [97]. After this, If the cost
function is correctly described the flow of power among the grid and the converter can be easily
controlled [98]. At the central time instant, the converter’s switching state is constant for the
complete sampling time. The switching states selection is done by the cost minimization criteria
at each sampling interval. The state that will generate less error will be selected. This strategy does
not need any external modulators nor and internal control loops. The reactive and active powers

are controlled by simply forcing currents.
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Figure 3.8 Predictive Power Control

3.1.2.4. Cost function and control scheme:

Figure 3.8 shows the block diagram of control strategy. In this strategy, voltage vector Vafe(k)
generated by AFE is used to to calculate future value the input currents is(k+1) using input current
is(k). Total seven possible values of future input currents is(k+1) are predicted for every voltage
vector vafe. After this, future input reactive power Qin(k+1) and active power Pin(k+1) are
calculated using predictive currents using eq (3.18) and (3.19). Then cost function gafe is evaluated
on the basis of these predictive reactive power Qin(k+1) and active power Pin(k+1). At the end,
desired behavior is achieved by the CF gafe i-e reactive power error and active power errors are
minimized by comparing their values with the reference values by the eq:

Yafe = Qi — Qun(k + )| + |P}, — Pin(k +1)] (3.20)

DC link voltage are regulated through P1 controller. For stabilizing the DC link output voltage and

to eliminate error in the desired output, the PI controller gives output power. This generates the
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reference for the active power. Reactive power reference value is fixed to zero. However we can
also set the reactive power other than zero in some applications. Voltage vectors vafe(k) will
generate different values of cost function and for every next interval, the voltage vector vafe(k)

through which the cost function gafe is minimized will be selected.
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Figure 3.9 Active Front End (AFE) Rectifier Flowchart
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3.2. Voltage Model Predictive Control in Islanded Mode:

When microgrid and utility are disconnected from each other then islanding occurs. In this mode
frequency (Hz) and voltage (V) of the microgrid is not fixed.it has to be controlled because we lost
our reference. So controller control the frequency (Hz) and voltage (V) of the microgrid. The

mathematical model of the system is described as:

i i (3.21)

(3.22)

V=V (3.23)

Ve = Upc + U + igRy (3.24)
Where,

i; = load current

i. = filter capacitor Current

if = filter inductor Current

i, = load Current

v, = Voltage source converter voltage

v, = Voltage at the point of common coupling

vy = Inductor Voltage

By using dynamical equations of the filter capacitor voltage and inductor current, the continuous
state space model can be determined easily and it can be expressed as:
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ie = if — g

(3.25)
dv, o
Cf =7 =iy —io (3.26)
dVpe 1, .
ac ~ ¢ (=) (3.27)
Ve = Upc +Vr + ifR
cooRe T I (3.28)
dig _
L= =ve = Vpc —igRy (3.29)
dip 1 ,
L (ve = vpc — ifRy) (3.30)
The continuous state space model can be determined by the equations 3.27 and 3.30:
dx . (3.31)
E = Ax + Blvt + leo
- 3.32
L [ ir ] (3.32)
Vpe
[ZR 1
| Ly G | (3.33)
~
Cr
1
Bl - Lf
0 (3.34)
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B,= | 1 (3.35)
s
—Ry -1 .
dx [Lf cf] AN E RN (336)
—_—= [ ]+ Lf Ut+ _ 1
dt | 1 | Upc
-— 0 0 Cr
lc,

The system’s discrete time model can be found by the method of Euler forward method of

approximation.

dx  x(tp +1)" — x(t)

dt T, (3.37)
(tp + 1) = Ag x(t) + B1gV,(ty) + Bogio(ty) (3.38)
Ay = eATs (3.39)
Ts (3.40)
Biq = j e B, d,
0
(3.41)

TS
BZd = j eAT BZ d‘L’
0

Exponential matrix can be approximated as equation 3.42 if the sampling time is very small.

eTs =~ 1+ AT, (3.42)
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Now for the next sampling instant (k+1), the imaginary and real parts (i.e., af) of the filter

capacitor voltage and filter inductor current are find using the measure discrete values
Ofif(k);io(k): vpc(k)-

Ts (. .
Ve, (tr + 1) = vy () + o (Lf,a(tk) - lo,a(tk)) (3.43)
Ts (. .
Ve,p (b + 1) = e, (8) + C—f(lf,,g (tr) — o, (tk)) (3.44)
. . Ts RfTS .
lf'a(tk + 1) =l + E(vtux(tk) - Upcna(tk)) N Lf lf’“(tk) (345)
. . Ts RfTS .
et D =l + 7 (% () = vpc,ﬁ@k)) ~L () (3.46)

The second step sampling instant (k+2) is predicted for the optimization of the capacitor output
value to allow the cost function to find for each voltage vector. Equations of capacitor’s voltage is

found and expressed as:

T,
Ve (tx +2) = e, (b + 1) + C—S(if,a(tk +1) = i, (&) (3.47)
f

T
U, (ti +2) = e, (6 + 1) + C—;(if, S+ D) — i, (tk)) (3.49)

It is assumed that the variation in load current will be very small if the sampling interval(Ts) is

small for the whole prediction time.

io,, (tx +1) =iy (tx) (3.49)
lo,g (te+1) = io,B(tk) (3:50)
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The cost function will be:

Go = (0 e (b + 2) =g (6 + )7 + (00, (i + 2) — vy (6 +2)> (35D)

Where referenced af values are represented by v*. (tx +2), v*c,ﬁ(tk + 2) and the predicted

values are represented by and v, _(tx + 2), v, p (tx +2)

Finally the VVoltage Model predictive Control (VMPC) flow chart is shown in the figure 3.10.
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3.3. Direct Power Model Predicted Control in Grid Connected
Mode:

When the utility grid is connected with the microgrid, it is in the grid connected mode. The utility
grid will generate reference of frequency and voltage. The power can be controlled between

voltage source converter (VSC) and microgrid. System’s mathematical model is:

i =i — g (3.52)

(3.53)

i = if — i
(3.54)

Ve = Upc + Uf + lfRf

iy = current flowing to the utility grid.

The exchange of reactive and active powers among the grid and between the VSC and PCC can

be obtained by:

[p] B E[va Vpe,p ] [ifa] (3.55)
Ql ~ 2Vpep  ~Vpcallisp
3 . . (3.56)
P = 3 (vpc,a‘f.a + Upclﬁlf,ﬁ)
(3.57)

3 : .
Q = E (vpctﬁlf:a - vpcralf'ﬁ)

When Q and P are differentiated w.r.t time, the output will be state space (continuous time)

model of the scheme. It is expressed as:
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dP 3 (dv,.,, . dip dv,  dig, (3.58)
ar _ 2 (req Voc,

i v +
dt — 2\ dt T« Poa g¢ T
dQ 3 (dvpc, di;, dvp, . dis, (3.59)
dt — 2\ dt Tl POr dt dt e TPa gt
AVpcq difg dvpc'ﬁ dif‘[f . . . .
g »and—-= are determined to find the continuous time state space model. The

system is consider balanced sinusoidal, Vpc can be fined by:

Upe = Vpe + iVpc,y = |Upc|e ™" (3.60)

After taking explicit derivate of equation a, we get:

vy, (3.61)
— = wv.
dt pe.p
vy, . (3.62)
dt Pla

Where angular frequency at PCC voltage is measured in w and it is measured in rad/sec. It can be
found by PLL. The equation 3.54 is use to determine real and imaginary dynamical equations of

current.

di;, 1 (3.63)
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1 (3.64)

dx 3 3 (3.65)

‘= P (3.66)
e
_ 3.67
=R ] (367)
A —I ! I
g — _Rf
o 3]
Ly
Upc.a Upc,ﬁ (3.68)
Big = [vpcﬁ vpca]

By [vp(;a vpg.g] (3.69)
dx _x(ti + 1) — x(t) (3.70)
dt T,
x(ty + 1) = Agy x(ti) + By1Vi(ty) + Byaio(ty) (3.71)
Ay = eAgTs (3.72)
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I, (3.73)
Bgl = f eAgT Blg d‘l’
0

T, (3.74)
Bgz = f eAgT Bzg dT
0
Exponential function can be approximated if sampling time is very small.
edes ~ 1+ A T, (3.75)

The above equations are used to sing reactive and active power and it is expressed as:

P(te +1)' = P(ty) (3.76)

7, I—fP(tk) wQ(t)
o (P P 0+ e (V2 (60 = 5 (e 280D
2L PC.ar « pe.p s 2L, P

+ 17pc,[;2 (tk)l

Q(tk +1)' = Q(tk) (3.77)
+Ts l i Q(tk) + wP(ty)
f
3
+ 5 (Fealtdve 80 + va(tk)vm(tk))l

Finally the cost function will be represented as:
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gopmpe = (P (e + 1) = P(t, + D)2+ (Q* (6 + 1) — Q(ty + 1)")? (3.78)

Where P*(t; + 1)’ represents active power reference value.
Q*(t, + 1)' Represents reactive power reference value.
P(t, + 1)" Represents predicted value of active power.

Q(t, + 1)' Represents predicted value of reactive power.
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CHAPTER 4. RESULTS

Performance of the Bidirectional Voltage Source Converter (VSC) based on MPC controller for
hybrid microgrid is validated by considering different test cases and MATLAB/SIMULINK is
used for the responses and analysis and effectiveness of MPC is confirmed under different test

conditions.
Different cases are:

1. Bidirectional VSC as Active Front End (AFE) Rectifier

1.1. Regulation of DC link Voltage.

1.2. Step Change in DC link Voltage.

1.3. Step Change in Load.

1.4. Regulation of power/Step Change in power.

2. Bidirectional VSC as Voltage Source Inverter (Grid Connected Mode)
2.1. Regulation of Power/Step Change in power.
2.2.Unbalanced Linear Load.

3. Bidirectional VSC as Voltage Source Inverter (Islanded Mode)
3.1. Regulation of voltage and frequency.

3.2. Step Change in linear Load.
3.3. Non Linear Load.

4. Transitions Between the modes of microgrid.

Table 4.1 Parameters for the simulations

Parameters Symbols Values
Sampling Frequency T 33us
Grid Voltage v, 110V, s
Grid Frequency f S0Hz
Filter capacitance Cr 250 uF
Filter resistance Ry 0.1ohm
Filter Inductance Ls 10mh
DC Bus Voltage Vic 500V
DC link Capacitor C 2000uF
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4.1. Bidirectional VSC as Active Front End (AFE) Rectifier:

The simulation for the bidirectional VSC as Active Front End (AFE) rectifier are shown in this

section.

4.1.1. Regulation of DC link Voltage.

-

1] 01 02 03 04 05 06 a7 08 09 1
Time (secs)

(@)
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Figure 4.1 Simulation results of bidirectional VSC in Rectification mode: (a) DC link Voltage
(b) Three phase grid Voltage (V) and Three Phase AC Grid Current (A)
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4.1.2. Step Change in DC link Voltage:

i

o o1 02 03 0.4 05 0.6 o7 0.8 09 1
Time (secs)

(a)

Figure 4.2 Simulation results of bidirectional VSC in Rectification mode: Step change in DC link
Voltage from 500V to 350V at 0.5sec
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4.1.3. Regulation of Load:
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Figure 4.3 Simulation results of bidirectional VSC in Rectification mode: (a) Step change in load
from 50 ohm to 100 ohm at 0.5sec (b) Three Phase grid Voltage (V) and Three Phase grid
Current (A)
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4.1.4. Regulation of power/Step Change in Power:

[ 01 02 03 04 05 06 o7 08 08 1

100

Three Phase AC Voltage[V]

~

Three Phase AC Current[A]
o

& & kR

Figure 4.4 Simulation results of bidirectional VSC in Rectification mode: (a)Regulation of
power/Step change in power on DC side from P = 1IKW to 1.5KW, Q = OVAR (b) (b) Three
Phase grid Voltage (V) and Three Phase grid Current (A)
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4.2. Bidirectional VSC as Voltage Source Inverter (Grid Connected
Mode):

The simulation for the bidirectional VSC as inverter (Grid Connected Mode) rectifier are shown

in this section.

4.2.1. Regulation of Power/Step Change in Power:

o 01 02 03 04 05 0.6 o7 08 09 1
Time

(a)
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Figure 4.5 Simulation results of bidirectional VSC in Inverter (Grid Connected Mode): (a)
Regulation of power/Step change in Power P = 10KW, Q = OVAR to P = 15KW, Q = 10kVAR
(b) Three Phase AC Voltage (V) and Three Phase AC Current (A)
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4.2.2. Unbalanced Linear load:
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Figure 4.6 Simulation results of bidirectional VSC in Inverter (Grid Connected Mode): ()
Regulation of power P = 10KW, Q = OVAR (b) Three Phase AC Voltage (V) and Three Phase
AC Current (A)
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4.3. Bidirectional VSC as Voltage Source Inverter (Islanded Mode):

The simulation for the bidirectional VSC as inverter (islanded) are shown in this section.

4.3.1. Regulation of voltage and frequency:
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Figure 4.7 Simulation results of bidirectional VSC in Inverter (Islanded Mode): Three phase AC
Grid Voltage and Three phase AC Grid Current (A) x10
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4.3.2. Step Change in Linear Load:
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Figure 4.8 Simulation results of bidirectional VSC in Inverter (Islanded Mode): Three phase AC
Grid Voltage and Three phase AC Grid Current (A) x10 for step change of load from 50 ohm to
100 ohm at 0.5sec
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4.3.3. Non Linear Load:
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Figure 4.9 Simulation results of bidirectional VSC in Inverter (Islanded Mode): Three phase AC
Grid Voltage (V) and Three phase AC Grid Current (A) x10 when there is transition from linear
load (50 ohm) to non linear load at 0.5sec
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4.4. Transitions between modes of microgrid:

g 8
=
-

B

(=]

&

Three Phase AC Grid Voltage (V)

g
e

g
=i

8

- Rectifier Mode Inverter Mode (Grid Inverter Mode (Islanded)
z n Connected)
A
;mi AYAV N A IV aVaVaVaV¥aVaVaVaVaVaVataVaVall TavaVaVaVaVaVaVaVaVaVaVavaVal
5 AN THIRAAAA A AR A XX AAAAAAAAAAAAA
¢ ARNOO0000000 AAAAAANAAAAAN)
3 NI \VAVAVAVAVAVAVAVAVAVAVAVAVAS AVAVAVAVAVAVAVA VAVAVAVAVAVAVAY
Y

'§ s

[} 0.05 o1 015 0.2 0.25 03
Time

(@)

Figure 4.10 Simulation results of bidirectional VSC when there is transition between rectification

mode and inverter mode: Three phase AC grid Voltage (V) and Three phase AC grid Current (A)
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4.5. Comparative Analysis:

Table 4.2 % THD

Bidirectional Voltage Parameter % THD
Source Converter Mode
As Active Front End Rectifier Grid Current 0.56
As Voltage Source Inverter Grid Current 0.43
(Grid Connected Mode)
As Voltage Source Inverter Grid Voltage 0.50
(Islanded Mode)
As Voltage Source Inverter Grid Current 0.56
(Islanded Mode)
As Voltage Source (Inverter Grid Voltage 1
Islanded Mode)
(Non Linear Load)

Table 4.3 Comparison between Conventional and Proposed Scheme (Inverter Mode)

Load Types Voltage % THD(PI) [99] Voltage %THD (Proposed MPC)
No Load 1.22 0.5
Balanced Resistive Load 1.22 0.5
Non-Linear Load 4.31 1
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Table 4.4 Comparison between different control methods (Inverter Mode)

Reference Control %Voltage THD | %Voltage THD Controller
: Non-Linear Linear Load Complexity
Technique
Load
[100] PR 4.6 1.4 Low
[101] SMC 2.66 - High
[102] PI 42 16 Low
[103] Dead Beat 4.8 2.1 Medium
Proposed FCS-MPC 1 0.5 Medium
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CHAPTER 5. CONCLUSIONS AND
FUTURE WORK

5.1. CONCLUSION:

In this study, Finite Control Set-Model Predictive Control (FCS-MPC) based three phase
bidirectional AC/DC converter for hybrid microgrid is implemented. It can operates either in
rectification mode or inverter mode. In rectification mode, it maintain voltage on the DC side or
regulate power on the DC side. In inverter mode, it can further operate in two modes, islanded
mode and grid connected mode. In the grid connected mode, national grid controls the voltage and
frequency of the microgrid while power is control by the bidirectional VSC. In the islanded mode,
bidirectional VSC control the voltage, frequency of a microgrid and also fulfill the local demand.
Results are verified using MATLAB/SIMULINK under different case studies shows that the
proposed technique has good dynamic response, effective and robust for both unbalanced and
nonlinear load conditions. In addition, the %THD of voltage and current are in limits. The percent
Voltage THD in case of proposed scheme is 0.5% and 1% for linear and nonlinear load which is

better than all other techniques.

5.2. FUTURE WORK:

e Experimental verification of proposed controlled scheme.
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