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Abstract

This thesis presents a control scheme of virtual synchronous generator in photovoltaic
inverters without using external energy storage systems, where instead the reserve active
power is used to improve the grid frequency as well as the grid voltage. The reserve power
concept is possible in the smart grid context because some of the power inverters are
smart inverters and all are controlled by a control unit. The grid operator can reduce the
output power from these inverters in the case the power generated from the inverters is
more than the power required by the load. Meanwhile, the active power can be reduced
or increased even without using external storage which is with high investment cost. The
case study includes a PV inverter with a rated power of 50 kVA, a PV system with a rated
power of 50 kW, and a grid voltage of 380 V. When the solar radiation was 200 W/m?,
and the load power was 120 kW, 37.5 kVAr, the load voltage was 202.4 V. The proposed
control strategy improved the voltage by 17.6 V to be 220V. When the solar radiation
was 1000 W/m?, and the load power was 20kW, 7.5kVAr, the load voltage was 230V.
The proposed control reduced the voltage by 10 V to be 220 V. When there was a variable
frequency of +0.4 Hz from the nominal frequency of 50 Hz, the proposed control

improved the frequency by £0.4 Hz to be 50 Hz.

In the case of low load voltage (204 V) with a rise in system frequency (50.2 Hz), the
proposed control strategy improved the voltage by 15V to be 219 V and improved the
frequency by reducing the output power of the PV system by 4kW.

The MATLAB/SIMULINK software was used to simulate and to show the effectiveness

of the proposed control strategy to improve system stability with different scenarios.

Keywords: virtual synchronous generator, distributed generation, high penetration,
frequency stability, voltage stability, power reserve control.
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Chapter one
Introduction and Theoretical Background
1.1 General Introduction

The concept “Traditional power plant™ describes generating electricity from oil, coal, or
natural gas [1].

The installation and operation of these power plants can have environmental effects such
as CO2 emissions, nuclear waste, and a large amount of water used in these power plants
[2]; So, as a result, it’s necessary to find a sustainable and environmentally acceptable

energy source.

In the last few years, there is a high demand on power plants which use renewable energy
sources (RESs), solar and wind energy are the two most famous sources [3]; for example,
in 2020, 14.1 GW is generally linked to the electrical grid, and by 2030 the amount is
expected to increase to 53 GW [4]. The interest in this type of energy production comes
back for several reasons, including the growth of popularity of clean energy and the
positive environmental effects of these clean energy sources compared with the
traditional sources. In addition, because of the significant change in the field of power
electronics during the last decades. This increase in the capacity of renewable energy

sources causes an up normal conditions to the electrical grid [3, 5].

1.2 Problem statement

High penetration levels of distributed generation systems of renewable energy sources
connected to the grid through power electronics converters have a significant impact on
the grid stability. And this refers to the characteristics of these power converters that
suffer from the lack of rotating mass which is the source of inertia and damping properties

that help to enhance grid stability [6-8].

However, high penetration levels pose a risk to grid stability and affects the dynamic
performance of the grid. Among these negative effects are voltage fluctuation, increasing
power loss and harmonics, reverse power flow and protection problems [2, 9].

Several studies have been published to reduce these effects. The best solution to mitigate

these problems which was achieved by using the Smart inverters [2]. Recently, Virtual



Synchronous Generators (VSGs) will present an appropriate idea for controlling the

power inverters in power systems [6].

VSG control will expect to act as a synchronous generator in providing more damping

properties and virtual inertia for the inverter to enhance grid stability [10-12].

1.3 Motivation

The generator that is commonly used in the traditional power plants is the synchronous
generator (SG) [1]. SG has many features such as its rotating mass and damping
properties, its ability to control the reactive power flow that regulates the voltage in the
grid, and the grid frequency, which is vital to hold out the grid dynamics and ensure grid
stability [5, 8].

However, due to the natural variations of RES distributed generation, ensuring grid
stability and a power balance with energy production and demand is extremely difficult
[6, 13, 14].

Photovoltaic systems that are connected to the network through the inverters, which
convert the generated DC power to AC power should have some of the following
capabilities: provide or absorb active and reactive power, voltage ride-through,

voltage/frequency control for islanding mode [15, 16].

Voltage fluctuations are the major power quality issues related to fast PV output
variations or sudden changes in loads. These fluctuations can destroy electrical appliances

linked to the network and compromise grid stability [6, 13].

All the reasons have been mentioned were the motivation for this study which focuses on

control the inverters to support developing of PV systems in the utility grid.

1.4 Objectives

1.4.1 General objective

The objective of this study is to develop a control strategy for a three-phase grid-
connected inverter that emulates the inertia and damping properties of the synchronous
generator, with droop controllers and current control strategies without using the energy
storage systems, where the current command will be provided by a VSG model.



1.4.2 Specific objectives

The main goals of this study are as follows:

1- Provide a control plan for the traditional synchronous generator, in which the
automatic voltage regulator (AVR) control regulates the output voltage and the
governor control to maintain system frequency.

2- Investigate and design the power electronics control techniques to emulate the
behavior of traditional synchronous generators.

3- Provide a control design to implement and simulate the proposed control strategy for
grid-connected inverters.

4- Study the current VSG methods, evaluate the implementation and construction of the

system, and discover the range and constraints.

1.5 Thesis outlines

This thesis consists of five chapters:

Chapter 1: Introduce the assumption of this thesis, which contains an outline of the
constraints and issues associated with the effect of the high penetration level of a

renewable energy system in the grid.

Chapter 2: Give basic information on power systems that use conventional synchronous
generators, such as stability and inertia properties and introduce a review of the existing
methods that emulate the synchronous generator's behavior to compare the new methods.

Chapter 3: Explain and present the traditional control scheme of the grid-connected

inverter, also illustrate the frequency response techniques.

Chapter 4: Explains and models the suggested control technique, the virtual synchronous

generator control, without using the energy storage systems.

Chapter 5: Introduce the simulation results of the proposed control strategy in grid mode
and the simulation results of multi-cases that include variable irradiations and loads.
Show the effects of high penetration levels of renewable energy distributed generations
on grid stability and Illustrate the results, as well as the constraints of the proposed control

strategy, and present recommendations for future studies.



Chapter Two
Power system stability and Virtual Synchronous Generator topologies
2.1 Introduction about traditional and modern power systems

Power systems subdivided into two systems: the traditional power system and the modern
power system. The definition and difference between these system presented in the
following sections.

2.1.1 Traditional power systems

A Conventional power system has a central station that will produce electrical power and
transmit it from the generating unit to the different loads; it also connects the station with
transmission lines and distribution systems. Traditional power stations use non-renewable
energy sources such as fossil fuels, which consist of coal and oil used in most of these

stations and considered the primary energy source that controls the turbine.

In general, traditional power systems consists of generating substations, transformers,

transmission systems, distribution systems, and different types of loads.

Synchronous generators are the most machines used in traditional power systems, these
SGs have many characteristics; the most important are:

e Inertia because of the rotating mass.

e Damping property due to the damper winding.

e Droop control for load sharing.

There are two-control loops that are used in the traditional stations:

The first is the automatic load frequency control (ALFC), which controls frequency
variation to keep the active power stable in the system. It’s accurate while there is a small
and slow change in loads and divided into two functions [17]:

1- The primary ALFC, its principal functions are to keep the frequency constant, regulate
the flow of the tie-lines, and distribute the loads across the participating generation
units. According to the frequency and power deviations, the valve position changed,
and the prime mover varies its active power to perform active power balance
according to this position.

2- The second loop of ALFC or the supplementary loop can restore the frequency to the
reference value by using an integral controller that makes the deviation of the



frequency equal to zero and provides a reasonable adjustment based on the

characteristic of the power-frequency droop curve.

The second is the automatic voltage regulator that controls reactive power by controlling

the generator field current, hence regulating the terminal voltage [17].
Moreover, these characteristics are not available in traditional power converters.

2.1.2 Modern Power Systems

Smart grid is an example of modern power system. It is a modernized version of the
conventional power system that offering safe and reliable operation because there is an
advanced communication between the utility and the consumer. The modern power
system can analyze and control grid-connected operations and offer real information on

all occurrences.

Other technical developments such as distributed RESs, energy storage systems, modern
communication systems, and electric vehicle charging stations are all part of the modern
power systems, as shown in figure A.1 in appendix A [18].

2.2 Power systems stability

Power systems are made of different synchronous machines (SMs) which works in
synchronism. It is important for power system's stability that they maintain good
synchronism under all situations, and the system generates a force that causes it to return
to the normal or the stable condition when a disturbance arises in the system, and the
ability of different machines in the network to stay in synchronism after any disturbance

with each other is called power system stability [7, 18, 20].

2.3 Classification of power system stability

There is different classification of power system stability, as shown in figure A.2 in
appendix A, depending on the next factors [7]:

e Nature and type of the disturbance.

e Disturbance size.

e Duration of the fault.



There are different forms of disturbance in the power system, such as a change in load
gradually or suddenly, faults of all types of symmetrical and asymmetrical fault, loss of

switching operation, etc.

Different types of stability in the power system had been categorized to facilitate the
process of identifying the reasons for instability and provide solutions to improve system

stability according to these reasons.

According to figure A.2 in appendix A, problems of power system stability can be
categorized as follows:

e Rotor angle stability.

e Frequency stability (in small and high range).

e Voltage stability.

Each type of stability can be subdivided as follow [21]:

¢ Dynamic or steady-state stability (small signal): the electric power system expects to
remain stable after slow and small disturbance. This type of stability is called Steady
State Stability.

e Transient stability: after a large disturbance like a fault in transmission lines or a
sudden large change in load, the faulted part could be separated from the rest of the
network, so that leads to a structural change of the power system, and this type of
stability is called Transient Stability.

e First swing stability: the period under investigation is one or a fraction of seconds
following a system failure (based on a basic model of the generator).

e Multi swing stability: the period under investigation is about ten seconds after a
system fault (based on the advanced model of the generator, and it must consider the

impacts of the control model).

The objective of all stability studies is to determine if the electric power systems after a

following disturbance are back to a steady-state operation or not.

2.3.1 Voltage stability

In the previous section, voltage stability is one of the important types of power system

stability. Recently, voltage stability issues have happened continuously, so it’s important



to study this type of stability because the voltage problems may effects the stability in all
power systems [22, 23].

The majority of recent faults that happened in the power system were caused by the
instability in system voltage. For example, the blackout accident that happened in some
areas in Canada grid, which continued for almost a week and it was the cause of load
losses estimated at 62,000 MW in 2003 and the blackout that happened in China and
Ningxia, which lead to load losses reached to 480 MW, 420 MW in years 1989, 1995
respectively [22, 24, 25].

Some of the reasons for rising voltage instability problems are as follows:

e Environmental protection pressures when building the generating plants and
developing lines.

e Increasing consumption of electricity.

e Increasing distributed generation units which use renewable energy sources in the

system.

There are many definitions for voltage system stability. According to Chinese Standard
DL 755-2001 titled “The safety and stability standards for power grids” the definition of
voltage system stability is the capability of the system to regulate the grid voltage in an
appropriate and reliable range after a different disturbance appears in the grid such as
lines failures, increasing or decreasing load demands, tripping of the producing units.

Also, the normal and up-normal operation conditions are put forwards [22].

According to IEEE and CIGRE38 groups, The other definition is “that every node in the
grid can keep the voltages in appropriate range after disturbances appear in a certain
operation state and depend on the balance between the load demand and source in the

power grid” [7].

The issue is not easy and simple when talking about reactive power balancing as it is
when talked about active power. In each node in the grid and according to Kirchhoff’s
first current rule, there must be a balance between the generated and absorbed reactive
power. And based on the amount of injected reactive power, the desired voltage is
normally regulated [26].



In fault cases, the generated reactive power is generally so tiny. So, the voltage level in

this case, cannot be maintained to appropriate levels.

2.3.2 Frequency stability

According to IEEE and CIGRE38 research groups, the definition of system frequency
stability is “the capability of the system to keep the operation of the power system in
steady-state frequency after the disturbance such as unbalance between the load demand
and the generation appears in the grid” [27]. Therefore, it is important to study this type

of stability to balance electricity consumption and generation.

The many problems that happened in the power system were appeared by the instability
in system frequency. For example, some of the transmission lines (380 kV) were removed
from the service because of the drop in the frequency, which led to a blackout in Italy in
1994. In the same year, another blackout happened in Australia because the system

frequency drops at 3.5 Hz per sec [27].

The system frequency has directly related to the active power that can be absorbed or
produced in the grid, and based on the injected active power; the system frequency can
be controlled [21].

2.4 Swing equation

Several SMs formed the power system, and these machines operate under all operational
scenarios. The equation that described the relationship between the electromagnetic
torque and the input of mechanical torque and considered as the heart of the electric power
system is called the Swing Equation, and it’s as follow [16, 17]:

ds(t)
dt

d?8(t)

T (t) — Te =D dt2

+ ] (2.1)
Where
J: is the moment of inertia.

0: is the angular difference between the rotor’s angular position and the reference

position.

D: is the factor of damping.



Tm: is the mechanical or shaft torque.
Te: is the electromagnetic torque.
These values are in function of t (time in second).

The inertia property of SG reacts to the disturbance and consider a vital part of system
stability, that’s the most important feature of SMs [7, 17].

2.5 Improve power system stability

In the power systems, there are several methods to improve the voltage and frequency
stability in the grid, such as: increasing the output of the swing and other generators in
the network up to 10% 5% of nominal power, respectively, increasing or decreasing tab
changer of transformers in the network and can be used the capacitors bank and shunt
reactors, then developing these methods by FACT devices such as Static Synchronous
Series Compensator (SSSC), Static Compensator (STATCOM), Static Synchronous
Series Compensator (SSSC) [18, 21].

Domestic loads and low-voltage energy sources are integrated into the grid. Hence, the
presence of several DG units that connect to the grid through the power converters causes
many problems to the electrical network, such as stability issues and voltage fluctuations
because of the lack of inertia in power converters and the dependence on climate
fluctuations that solved via the applications of smart inverters instead of traditional
inverters such as the effective VSG control technology. VSG gives inertia and damping
effects to the inverter like the standard SM with the proper control strategy, which helps

to ensure grid stability.

2.6 Voltage and Frequency standards

The main aim of this approach is to explain and clarify the supply voltage characteristics
about the magnitude and the frequency. These characteristics vary during regular supply
system operation due to changes in load, and the development of failures mainly caused

by external occurrences.

The nominal frequency and voltage in low voltage supply must be 50 Hz, 230 V,
respectively. The average value of the frequency recorded over 10 s under typical

operating conditions must be within the range of (47-52) Hz, and the mean value of the



voltage all 10 min must be within the range of (195.5-253) V according to the EN50160
standard [28].

2.7 Virtual Synchronous Generator topologies

VSG control strategy was found in 2007 as a technique of solving stability issues in the
grid caused by the high integration of RESs [10, 29]. Different research projects are still
experimenting with different models and control systems to imitate the behavior of

traditional SGs, as presented in previous sections.

There are two types of control for applying VSG's concept: the VSG with energy storage
and VSG without energy storage.

Several research groups in VSG with energy storage type are searching on virtual

synchronous generators, and the most important groups are as follows:

1. The first VSG topology proposed by the Institute of Electrical Power Engineering
research group in Germany (IEPE).

2. The second VSG topology proposed by the INGENIA Solar Energy group at Osaka
University (ISE).

3. The third VSG topology proposed by the Kawasaki Heavy Industries research group
(KHI).

4. The fourth VSG topology proposed by the VSYNC group.

And in the VSG without energy storage type as the virtual synchronous generator with

power reserve control projects (VSG_PRC).

2.8 Concept of virtual synchronous generator

Previous sections presented a virtual synchronous generator as a possible solution to the
electrical grid stability issues caused by the increase of the penetration levels of RES in
the network. A VSG will form by three special components: a power electronic converter,

an energy storage system, and the appropriate control technique.

Figure A.3 shows the general structure of VSG, a distributed generation of RES unit
connected to the electrical grid through the inverter. It is supposed to work equally to
normal SG by providing virtual inertia and damping properties and having the same

reaction as the SG when a sudden load change or any disorder happens in the network.
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The VSG block can determine and regulate the inverter’s output power depending on the
rate of change in grid frequency and voltage, and the difference between the reference
values of voltage and frequency with the grid values, similarly to how traditional SGs are
controlled [8].

2.9 Virtual synchronous generator topologies with energy storage
systems

In this type of control, the research groups depend on the energy storage systems to
provide additional inertia. So, when the grid needs to a large amount of active power
bigger than the PV system can produce, the energy storage system can provide this
amount of active power to the grid. Also, if we need to reduce the active power in the
grid, the energy storage system will absorb this active power to improve the system's

operation. Short overview of these methods will be presented in the following sections.

» The first topology

The Institute of Electrical Power Engineering research group at CLAUSTHAL University
in Germany created a VSG model, commonly known as a virtual synchronous machine
(VISMA). There are two ways for VISMA implantation, which are VISMA-method1 and
VISMA-method2 [30-33].

e VISMA-methodl

The main concept of the VISMA model is that a block control representing a synchronous
algorithm will provide a reference value of voltage or current depending on the grid

measurements [30, 32], and figure 2.1.a shows the overview of VISMA-method1

Figure 2.1.a shows the overview of the VISMA-methodl1. The VISMA model will begin
with real-time grid voltage measurements that provide the virtual synchronous algorithm
block (VSA). The VSA block will generate the reference current and rotational angle and

activate the inverter switches via the hysteresis controller.

The inertia and damping features of SM could be modified by varying the parameter of
the VSA model, and the stator current is represented by the following equations to
determine the reference value of current [32]:

diy

i1'R5+LS'dt

= el - V1 (22)
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iz'RS+LS'%ZEZ_V2 (23)

diy

is R + Lg "

= €3 — V3 (24)
Representation in vectors is as follow:

- dlre - —

Iref-RS+LS-Tf=e —v (2.5)

Where

e~ =[e;e,e5]T : is the induced electromotive force in the stator (EMF).

Vi
v~ :[Vz]: is the grid voltages.
V3

Rg, L : are the resistance and inductance of stator.

So according to equation (2.5), the reference current in the Laplace domain can be

determined as

e” (S) _Vgrld (S)

Irer(s) = Lg.s+Rs (2.6)
The rotor dynamic is represented by the following equations [32]:
1 d d
Tmech = Telec = 7 d;: + Ka. f(S).d—V: (2.7)
_ Pelec
Telec T w (2.8)
0= [w.dt

Where

Tmech.» Telec: are the mechanical and electrical torque.
J: is the inertia.

Kq: is the factor of damping.

w, 0: are the angular velocity and the rotational angle respectively.

12



f(s): is the phase compensation term which use to ensure that the virtual damping power

IS counteractive to any rotor action in the opposite phase.
Finally, the EMF as a function of theta can be written as [32] :

sin(0)
€1 . 2
e :[ezl =E,. sin(6 — 3 .T0) (2.9)
sin(0 + % .T0)

Where E,, is adjustable amplitude to give the induced EMF.

A mathematical VSA model can be represented based on the equations (2.2) to (2.9) as
illustrated in figure 2.1.b.
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Figure2.1.a
The structure of VISMA-method1 [31]
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Figure 2.1.b
Visma-method1 block diagram [31].
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¢ VISMA-method2
VISMA-method2 is another approach created by the IEPE group. In this method, the grid

current is used as an input to the VSA block and will generate a reference voltage as an

output to energize the inverter switching by using a pulse width modulation controller
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(PWM) instead of the hysteresis controller as in the VISMA-method1, to use a constant

switching frequency which makes it easy to select the filter circuit [31].

The overview model of VISMA-method2 and the mathematical representation of the
VSA block are shown in figures 2.2.a and 2.2.b.

Figure 2.2.a
The structure of VSG VISMA-method2 [31].
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Figure 2.2.b
Visma-method2 block diagram [31].
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In island mode, the two methods can be activated, but the VISMA-mehod2 is better than

VISMA-method1 for improving voltage quality, and it’s easier to use [31].
» The second topology

In 2011, The INGENIA Solar Energy group at Osaka University in Japan developed a
new strategy control of VSG, commonly known as the ISE-VSG, as illustrated in figure
A.4 [11, 34-37]:

In this design, a cylindrical rotor type of SG was used, and the VSG control block is used
to provide a mechanical phase angle depending on the swing equation, which is expressed

by the next equation [11]:

dwpy,

Pin - Pout = DA(Dm + ]Wm “at (210)
dfy,

Wn = W (21)

Where

P,, : is the turbine power to SM and it represents the input power.

P,ut: 1S the grid power that represents the out power of VSG.

J,D,Wm, 6, : are the inertia, the damping factor, the speed of the rotor, and the

mechanical phase angle, respectively.

In this model, the voltage and current are measured on the grid side, and by using a power
meter block, the active output power ( P,,) could be determined. Also, the frequency can
be measured by using a phase-locked loop block. By setting the reference input power
Pin depending on the relation between input power and output power of VSG as shown
in equation (2.12), the VSG block will give (w,,) virtually and by applying the integration
on this( wyy,), will provide virtual (6,,,) as the first input to PWM . By choosing the voltage
reference as the second input, the PWM will generate pulses for energizing the inverter

switching and deliver the proper power depending on the grid condition.
P = Kp x Aw + K; * Ad—vtv + Kgoc * Asoc (2.12)

Where
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K, , K;, Ko : are damping, dimensionless, state of charge factors, respectively.

p )
» The third topology

In 2012, The Kawasaki Heavy Industries research group developed a VSG controller
depending on the algebraic model of SG by using the phasor diagram to generate a current
reference to guarantee the necessary operation under all types of load, and the structure
of the KHI model is illustrated in figure A.5 [38].

In this model, they use a governor control model to generate the load angle (8). By setting
the reference real power as the first input, then through a droop control gain with reference

angular velocity, they get on the & .

To produce the internal electromotive force of the generator (E¢), they use the automatic
voltage regulator (AVR) control model by setting the reference reactive power as the
second input. Through a droop control gain with a reference voltage and feedback signal

of terminal voltage (Vg) via Pl controller, they get on the E.

The reference current will be generated depending on the phasor diagram of the SG shown

in figure A.6 by using the E¢,6 and Vg.

The reference current (I*) can be determined using equations 2.13 and 2.14. Furthermore,
this reference current controls the PWM to generate pulses for driving the inverter.

This type of control could be used in grid mode and island mode, and it can operate under
unbalanced loads depending on the current controller. Also, this control supports the

parallel operation in island mode.
131 [Ea Veal 1 yr  x7([Ed Ve
1;;] _Y[Eq] ‘Y[vgq = o lox 1l Eq] ™ | Ve, (2.13)

1 r X
V=l o
r’+x2|l—x r

E . [sind (2.14)
-l

cosO

Where
r: is the virtual resistance.

x: IS the virtual reactance.
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Y: is the admittance matrix.

» The fourth topology

Figure A.7 illustrates the topology of VSG control established by the VSYNC group [10,
12].

The energy source is connected to the main grid through a power electronic inverter and
filter circuit to provide a virtual inertia property to the system. Using the PLL block, the
frequency of the grid, the rate of change in frequency, and the reference signal of

frequency will be measured.

P and Q on the output of the inverter can be calculated by using state of charge of energy
storage (SOC), deviation of frequency, reference frequency, grid voltage, and the

reference voltage depending on the following equation [5]:

A
{P = Kp * Aw + K; * d_vtv + Ksoc * Asoc (2.15)

Q=AvxK,

According to the next two equations, the reference current used to deliver the PWM to

generate the pulses for the inverter can be calculated as follow :

_ (varP-vg*Q)
T (Vat+vg)?
_ (Vd*Q"'Vq*P)
T (vatvg)?

14
(2.16)
Where

P, Q: are output active and reactive power of VSG control respectively.

Vg4 ,Vq: are the voltage in dq frame.

ig, 14 are the reference current in dq frame.

2.10 Virtual synchronous generator topologies without energy storage
systems

This method is indicated by the symbol “VSG_PRC*. It is a new method that appeared
in 2019 by the research group at the Lanzhou University of Technology in China.
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In this system, they depend on the concept of power reserve control instead of depending
on the energy storage systems to improve the system frequency stability as in the
traditional methods. In another way, the PV system can preserve an amount of real power-
up or down-regulation capability in actual time by reducing the output power of PV

systems in a specific range [39].

This method will be used in our thesis. The following chapters will discuss the operation
of the PV system with the virtual synchronous generator by using power reserve control

in detail.
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Chapter Three
The control of grid-connected PV system
3.1 Introduction

Chapter 2 shows several topologies, and different types of VSG control strategies with
energy storage devices responsible for providing inertia property to the inverter also
illustrates the concept of operating with active and reactive power.

According to the analysis, the improvement goals are to support the main grid and ensure

voltage system stability based on the grid conditions and load type.

The fundamental structure and construction of traditional control of the grid inverter
utilized in this research is provided in this chapter.

The principal objective of this study is to consider grid-connected solar distributed
generations, which is a very important and popular model, and several test situations have
been examined to assess the suggested system that uses PV arrays as the voltage source.
Firstly, a short overview of the PV inverter and the traditional control scheme of the grid-
connected inverter is presented. Secondly, a general overview of the whole system is
presented, and then the relevant mathematical model explaining each element that

emulates the proposed control is discussed.

3.2 PV inverter

Solar energy is one of the famous sources of renewable energy [2], and the photovoltaic
panel is one of the necessary components in solar system. The power generated from PV
panels is DC power, and the power usually is used for domestic and industrial loads in
the grid is AC-grid. So the PV system is connected to the load via the inverter, a power
electronics device have been used to transform the power from DC power to AC power

to the loads, and all modern power systems do not be without it [40].

There are several classifications of inverters: islanding inverters, grid-tie inverters, and
hybrid inverters. When an inverter have been selected, it should have many properties,
including efficiency curve, special internal protection, scalability, DC and AC voltage
standards, etc. [41].
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This study will focus on grid inverters due to the large use of this type of inverters. Grid
inverter requires to be synchronized with the grid. With a proper control mechanism, the
inverter can deliver or absorb the proper active and reactive power depending on the grid

conditions for achieving more system stability [40].

Grid-tie inverters techniques in solar systems usually comprise different types of micro-
inverters, string, and centralized inverters. Micro-inverters connect every panel to its
single inverter, and micro-inverters provide maximum power optimization but it is more

expensive than the other two types [42].

In a central inverter, power plants that generate a huge amount of power ranging from
500 kW to 2.5 MW, every power block at the power plant will be equipped with a single
central inverter. However, string inverters utilize a distributed system instead of a
centralized one, so every section of the PV array will be with a small inverter, and the
benefit of this type is that when any inverter fails, only that section of the PV array will
be lost compared to the whole system in the central inverter and the next table shows a

comparison between central and string inverters [43].

Table 3. 1:

General comparison between string and central inverters

String inverters Central inverters
Distributed structure Centralized construction
Small physical and with low nominal Physically bigger and with greater nominal
power. power.
Low voltages and simple to service High voltages and hard to service
Less cost per Watt High cost per Watt

3.3 Traditional control of grid-tie inverters

Grid inverters must be synchronized with the grid to make the system more stable and
reliable. The requirements for controlling the grid inverters are as follows [22]:

e Ability to control the active power in two directions.

e Ability to control reactive power independently in the two directions.

e DC-voltage control to keep the voltage at the proper levels.
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The inverter used in this thesis is a two-stage inverter. The first stage is the DC/DC
converter to control the DC voltage and provide the maximum power to the next stage by
using the Maximum Power Point Tracking control (MPPT). The second stage is the
DC/AC inverter to provide the all-active power that can be generated from the PV arrays
by using the DC link voltage control, current control, vector oriented control (VOC), and

control of synchronization, as shown in figure A.8.

3.4 The concept of maximum power point tracking control

To regulate the inverter output power at any time, notably during varying solar radiation,
and to study the naturally low efficiency of the solar panels, the maximum power point
tracking control is used. The main significant benefit of using MPPT control is its
capability to detect the maximum power point (MPP) as effectively as possible. Many
various MPPT methods are available to find the best voltage and current values of the PV
panel to achieve the highest output power level depending on the Voltage-Current

characteristic of the PV panel, as shown in figure A.9 [44, 45].

As shown in figure A.9, there is a three-point on the curve: point A is the top of the figure,
and point C is the bottom, nevertheless, neither is the maximum power point. Point B is
the MPP located between the A and the B points because it has the highest output power,
which is 224 W,

3.5 Technologies for grid synchronization

Earlier, they synchronize the inverter with the grid by repeating the grid voltage in a way

to keep the reference of output current and the grid voltage in the same phase [46].

In recent years, they used the phase-locked loop for grid inverter synchronization (PLL).
PLL is a control system used to extract the phase angle from grid voltage and used this
angle in the system control [47]. The primary function of PLL is to follow the voltage and
frequency of the grid, where the phase voltage of inverter output be in phase with the

phase voltage of the main grid in the case of grid synchronization.

In this study, the synchronous reference frame phase-locked loop is used to achieve the
objective mentioned above. Figure A.10 shows the internal structure of the PLL block,
which consists of three main blocks: PI controller to provide a fast dynamic response,

voltage-controlled (VCO) to generate a sinusoidal signal, and a phase detector [48].
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As shown in figure A.10, the phase detector detected the input signal frequency and
compared it with the output signal frequency of VCO. Then, if there is a difference
between these two signals, the error signal will be generated and filtered by using a PI

controller to control the VCO frequency.

3.6 Current control

In a three-phase inverter, there are two methods for the control: current control and

voltage control.

The current control method is used to control the output active and reactive power by
regulating the current injected in the main grid. On the other hand, the voltage control
controls the power flow by using the phase shift between the output voltage of the

inverter and the grid voltage.

The output of power electronic inverter should be sinusoidal, and its frequency and
magnitude can be regulated, so it has been needed to control the current responsible for
this operation. The current controller helps to enhance the power quality by offering over-
current protection and providing compensation for the harmonics [50]. There are several
methods for the current controller: hysteresis controller, Pl current controller, and

predictive current controller.

This thesis uses the linear Pl current controller since it has a low total harmonic distortion

(THD), fast dynamic response and low sensitivity of other current controllers [51].

According to the filter circuit diagram, the current controller that supports the
implementation of the current control block has been designed [52].

Figure A.11 shows the circuit diagram of the LCL filter. The reason to choose this type
of filter on other types such as L and LC filter is because it has a better performance to
reduce the harmonics in the grid, excellent in reducing inverter switching frequency

harmonics, and decreases the filter’s dependency on the parameter of the main grid.

The LCL filter is assumed to be lossless. Then, by applying Kirchhoff’s voltage low on
figure A.11, the next equations can represent the LCL filter [53]:
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dlij,
L1,fi1ter- dr Vin - Vc
dI
g _
Lo fitter- 3, = Ve — Vg

(3.1)

Where

Vi is the output voltage of the inverter.
V.: is the voltage across the filter capacitor.
V,: is the grid voltage.

Ly filters Lo firter- are inductance filters.

The currents and voltages in this equation rotate at the same synchronous speed Wqyp,

and can be transformed the above equations from natural reference frame control (ABC

frame) to the synchronous rotating frame (DQ control) by using Park’s transformation as

follow:
Ly fitter- 228 = Vi 4 — Ve g + Weyn- Ly sitter- | 3.2
1,filter- dt in,d c,d Wsyn- 1,filter- lin,q ( . )
Ly fiter 228 = V;, o — V, Ly firter- | 3.3
1,filter- — Vin,q c,q syn- “1 filter- ‘in, :
fil dt - - W fil d (3.3)
dI
gd _

2, filter- — Ve d d syn- 42 filter- 1g, .
Lo TS Ved = Vga + Wsyn- Lo g lgq (3.4)
Ly fitter- B2 = Vi g — Vi q — Weyn- L filcer- | 3.5

filter- = Veq g9 syn- L2 filter- 1g, :

2 filter+ g, Wayn- Lo filter- Ig.a (3.5)

dVeq

Crilter- FT Ig,d — ling + Wsyn- Cfilter-vc,q (3.6)
dVcq

Cfilter- T Ig,q - Iin,q + Wgyn. Ctitter- Ve,d (3.7)

In the above equations, the fact that the (d) and (q) axis currents and voltages are coupled
can be seen, and we should remove this coupling to improve the performance of

regulation, then make the output current follows the reference current.

The coupling can be eliminated by using a PI controller and feed-forward control, which
is a decoupling control in the current controller. The PI controller is also used to make
the output current follows the reference current. The current controller takes the following

form:
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{Vin,d = Vg,d — Ws. L. Iin,q + Kp(iin,dref - iin,d) +Kj f(iin,dref - iin,d) (3 8)

Ving = Vgq + Ws. L. Ting + Kp(iinquer — Ging) + Ki S Gingper — ling)

The previous two equations generated the reference voltage in the d-q reference frame for
the outer system. Using inverse Park’s transformation, the reference voltage in the d-q
frame will transform to reference voltages in the ABC frame, which are used as a primary
control for the PWM control block to control the inverter by generating the pulses that

regulate the output power of the inverter [54].

Figure A.12, shows the internal structure of the current controller, in which kj, is the

proportional gain and k; is the integral gain of the PI controller.

In traditional control of grid inverter, the reference current Id..s fed from the DC-link
voltage control and the Iq..¢ equal to zero, which means the inverter will work at unity

power factor (PF).

3.7 DC-Link voltage control

Based on operational environmental situations, such as ambient temperature and solar
irradiation, the DC link voltage fluctuates between two different levels and makes
unbalance between the DC and AC powers. So, this type of control is used to keep the

DC-link voltage at the appropriate voltage.

The next equations express the active and reactive powers of the inverter in the d-q frame
[55]:

3 . .
P == (Vgyig + Vg .ig) (3.9)
Q=2 (Vgyia — Vi) (3.10)
Pac = Vdc ldet (3-11)
Where

P: is active power on the AC side.
Q: is the reactive power on the AC side.

V4c: is the voltage across the dc-link capacitor.
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Igct: 1S the current in the DC terminal of the inverter.

The (ng) is zero and the (Vy,) is the rated voltage (V,) during the operation in steady-
state, because the d-g components of grid voltages are constant at the rated values.
According to the previous assumption, the equations P and Q will be as follow:
3
P=2V,.ig
2 8 (3.12)
Q=7 Vgiq
And if we neglect the losses in the DC/DC and DC/AC converters, the power on the DC
side will be equal with the power on the AC side, so,

Ppc_side = Pac_side (3.13)
Then,

3 .
Vdc.Idct = 5 Ve-la (3.14)

According to equation (3.14), if there is any change in the power balance between the DC
and AC sides, the voltage of the DC capacitor will change. PI controller will produce the
reference current (iy") according to the error between the actual DC-link voltage, and the
reference voltage as shown in figure A.13. And this reference current will be used to keep

the voltage at the appropriate value.

3.8 Frequency response techniques for PV systems

There are two categories for the frequency response (FR) [56]:
1- By using energy storage.

2- By applying the power reserve control.

The first, PV integrated with short-term energy storage such as batteries, which provides
the inertia for the power electronic inverter and provide the power reserve from the energy
storage system. There are many strategies for controlling the PV-storage grid system.
Such of them, the energy storage system developed an MPPT control and the three-phase
inverter using a VSG control, and they both can deliver inertial and main frequency
support for micro-grids [57] or a genetic algorithm can be used to study the response of

the frequency and its stability by improving the parameter values for VSG control but this
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method its very complicated [58]. However, there are many problems when energy
storage is used, like the high cost of the batteries and in some regions, the energy storage
systems cannot extensively be utilized because the efficiency of charge and discharge is
low and this refers to the limitations of the current energy storage systems level in high

penetration level of PV power plants as in Hexi New Energy Base in China [39].

The second is power reserve control or the de-load control incorporates frequency
response into the PV system itself, there are several strategies that have been presented
for PV systems. For example, in [59], presents an algorithm for tracking the maximum
power to operate the PV systems under or below the maximum power point, and in [60]
an adaptive flexible power tracking was suggested to speed up the monitoring process.
However, this thesis uses the measurements of solar irradiations and temperatures with
applying the direct power control for tracking the maximum power as will present in the

following chapter.
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Chapter Four
The proposed control scheme of virtual synchronous generator
4.1 Overview of the proposed system

The overview of grid-connected PV systems and the configuration of control power is
show in figure A.14. This grid-connected system's major energy source is the PV arrays
that generate DC voltage, as seen in the figure's left upper corner. The PV system is
connected to a DC/DC converter then connected to a power electronics inverter, which

converts the DC power into AC power at 50 Hz frequency.

The proposed control is subdivided into two control loops: Control the DC/DC converter
depending on the power reserve concept, and implement VSG control to drive the
inverter's output power that must be supplied or absorbed from the main grid to improve
voltage profile and support system frequency stability. The other side of the inverter or
the output of the inverter is connected to the main grid through a filter circuit, an LCL

filter type, to minimize the harmonics and optimize the output signal form.

In the proposed control strategy, as shown in figure A.14, three-phase voltage and current
on the grid side were measured and transformed from abc frame to dq frame by using
Park’s transformation, which is a way to simplify the calculations and enables the system
to regulate the d and g axis independently. Then calculates the active, reactive power, and
frequency on the grid side. Also uses these values as input signals in the VSG and PRC

control blocks to provide the proper active and reactive power for supporting the grid.

The reference current Id,¢ is fed from the DC-voltage control according to the PRC

regulations, and the Iq,.¢ is fed according to the proposed Q-V droop control.

4.2 Reactive power-Voltage droop control

The output voltage of the synchronous generator is directly connected to the reactive
power delivered by SG, and figure A.15 shows the reactive power-voltage droop

controller that is used to perform the voltage stability.

According to figure A.15 and equation (4.1), the required reactive power that regulates
the load voltage to be 220 V (PH-N) can be determined. Then compare this value with

the available reactive power of the inverter can provide or absorb.
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Qmax
Qreq = m * (Vnom — Vmes) (4.1)

Where

Qreq: Is the required reactive power that is needed to regulate the voltage.

Q.va: IS the available reactive power the inverter can supply or absorbed.
Vnom- 1S the nominal AC voltage.
Vmes- 1S the voltage measured on the grid side.

There is a limitation for reactive power which can be noticed in figure A.15, and this
limitation is to protect the grid from the reverse power flow that causes several problems
like the over-voltage, also there is another limitation concern to the available reactive

power in the inverter according to the next cases:

Qmyy, ) Qreq > Qmyy,

Qref = Qreq ;o — Qmyy, < Qreq < Qmyy, (4.2)
—Qmyy, , Qreq < —Qmyy,

ngva = Si2nv - pi%lv (43)

Where

Qreq: Is the required reactive power before the comparison with the available reactive

power, and it is the output of the Q-V droop control block.
Q.ef: is the required reactive power after comparing it with the available reactive power.

Qmguy,, —Qmyy,: are the maximum and minimum of available reactive power,

respectively.

Then by using equation (4.4), we can determine the required reference current for the
current controller block. This current block calculates the reference voltage of three
phases for PWM. Furthermore, the PWM will generate pulses to control the inverter to
provide the proper reactive power. The flowchart of this part of the control is shown in

Figure 4.1.

[Qref = Qref/(\/g * V3g) (4.4)
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Figure 4.1

Flowchart of reactive power control

I
‘ Measure Vg.lg,Sinv, Pinv ‘

l

‘ Oava = sqrt(Sinv 2- PinvA2) ‘

}

‘ Oreq= Qmax(Vmes - Vnomy(0.08*Vnom) ‘

}

Qreqg>+Qava

Qref=Qava

Qref=Qava ‘ ‘ Qref=Qava

Iqref= Oref/(V3ph *sqrt(3/2))

current control

l

PWM inverter
t

4.3 The proposed VSG with power reserve control

Power reserve control or the de-load power control is a technique that is used in traditional
generators to keep the power between the generation and the demand balanced. The goal
of this method is to keep the system within the nominal range of frequency and voltage.
PV systems will reduce the output power of the PV system and reserve a certain amount
of active power for grid suppuration according to the next equation [56].

l:)mpp = Pye—1oaa + AP (4.5)
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Where

Prpp: IS the maximum power point.

Pie—10ad: 1S the output power generated from the PV system when operating in PRC mode.
AP: is the amount of reserve real power of PV system.

4.3.1 Analysis of voltage operating point:

Figure A.16 shows the characteristic curve of output Power-Voltage of PV module, and
there are two different operating points of voltage in the non-maximum power point can
be noticed. Equation (4.6) shows the relation between these different operating voltages
V., Vp and Vmpp , also it shows that the same reserve power is installed in power reserve

control mode.

{ Vb > Vmpp > Va
|Vmpp — Va| = AVa > AVb = |Vmpp — Vb|

(4.6)
Where
AVa: is the voltage regulation on the Va side.

AVb: is the voltage regulation on the Vb side.

In this thesis, the inverter doesn’t operate at Vmpp because the output power in the mpp

area will be uncontrollable power. So we left with two sides, the Va side and the Vb side.

Figure A.17, shows the output power of PV in different solar radiations with a 10%
reserve power of Pmpp. Also it can be seen that the Vb side has a steeper slope than on
the Va side and the Vb side has a faster response because the voltage regulation on the Vb

side is smaller than on the Va side.

Where

Vi,: is the minimum input voltage of the inverter to work effectively and normally.
Vout : 1S the maximum input voltage of the inverter to work safely and normally.

Pie—10ad1, Pde—10adz2: are the output power when PRC operates in Va & Vb side

respectively.
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Pmpp: is the maximum power in MPPT mode.

However, if the system runs in MPPT or PRC mode, the possibility of the inverter
operating safely and effectively when connected to the grid must be taken into account.
Therefore, every inverter has a certain workspace where it can work normally, and it can

be get it from the datasheet of the inverter.

For example, in figure A.17, if the output voltage of the PV system in the inverter
workspace range [Vin - Vout], the inverter will work safely and effectively, and there are
three situations to inverter work:

1- The PRC mode operates on the Vy,pp,.

2- The PRC mode operates on the Va side.
3- The PRC mode operates on the Vb side.

As it was mentioned before, the PRC mode will not operate on the Vy,,,, area because the
output power cannot be regulated. If the PRC mode operates on the Va side, there are

some different points where the inverter will not work normally and will go to shut down.

Like when the solar radiations changes from (600 to 300) W/m? because the output
voltage of PV will be smaller than the Vin of the inverter.

On the other hand, when the PRC operates on the Vb side, the inverter will work normally
and effectively in each operating point with different solar radiation because the output

voltage of PV going to be within the range of the inverter workspace.

So, for keeping the ability to control the output of the inverter and to ensure that the
inverter is working in safe and reliable operation, the ideal area for the inverter when the

PRC operates on Vb side.

In this thesis, as shown in figure A.18, the voltage in PRC mode is always greater than
the voltage in MPPT mode. This proves that the inverter will always continue in the Vb
side to achieve better performance including the accurate and reliable operation of the

inverter.
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4.3.2 Maximum power point estimation.

According to equation (4.5), the current Py, will be a known value. Therefore, there is

an additional block, the MPPE block, which is the maximum power point estimation

block necessary to operate in PRC mode and to estimate the Pp,p,.

There are several methods to implement the MPPE block. In case of using, the estimation
method presented in [61] that will be used. It is based on taking two similar groups of PV
modules of the same quantity and the same model. Then when working under the same
operational conditions, PV1, which is the first group of the PV system operating in MPPT
mode and can be utilized its output power as the exciting power of the second group of

the PV system (PV2), in another way ( Pp,p, for PV1 = Py, for PV2) as shown in figure
A.19.

The research group in [61]; maintained the output power of PV by controlling the output

voltage, but this method needs to exhaust control procedure.

In this thesis the method presented in [39], which uses the direct power control to regulate
the output power of PV as shown in figure A.19, will be considered. By using this method,

the PRC will operate within the Vb side and reduce the input current of the inverter.

4.3.3 Power reserve control with frequency support and reserve ratio analysis:

The Reserve ratio represents the percentage of power that the inverter will reserve and

this value can be calculated according to the next relation [56]:

R, = I+ 100% (4.7)

Pmpp

In PRC mode, a portion of the PV system's power up-regulation ability is retained,
allowing the PV system's output to be modified within a certain range, and reserve power
regulation has the same effect as charging and discharging the energy storage system, and
the real output power can be adjusted. According to VSG control, the participating active
power and the frequency support can be realized by applying the power-frequency (P-f)
droop equation. The output power needed can be represented as shown in equation (4.8).

PmaX
Py = —2—x (Fhom — Fres) (4.8)

- 0.01*Fnom.
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Where

R, : is the reserve power ratio.

Pr: is the reference power for frequency support.
Fes: 1S the frequency measured.
Fes: 1S the nominal frequency.

The P-f droop equation controls the generator frequency dynamics. If there is a change in
the grid frequency, P will change, and the inverter will support the grid with the
appropriate power. Figure A.20, shows the droop control between the power supplied by

the SG and the frequency to perform the frequency stability of the system.

4.4 Power Reserve Regulations

The operation mode of PRC in the PV system is incompatible with the good use of energy
and with the national codes applicable because of the abandonment of some PV resources.
Anyway, due to the benefits of using the VSG with PRC mode method of improving the
grid stability, reducing the system cost because the ESSs are not used in this method, and

improving the power grid’s adoption of PV energy.

Therefore, It is important to use the proposed method to maintain part of the PV output
power in a certain amount, which is called the reserve power for grid, and this power in
actual operation is mostly limited by the next factors [39].

1- According to relevant State Energy Administration rules in China, to fix the issue of
clean energy consumption, the reserve power will not exceed of 10% of the PV
maximum power.

2- During low solar radiation, the reserve power will be zero.

3- The PV with VSG control will be allowed to participate the power to support the grid
in FR when:

a- The output power of PV is 20% of rated power and more.

b- The deviation of frequency is greater than (£0.03 Hz) which is the frequency dead

Zone.
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4- limitation for participating the power, the top limit of real power can be raised at most
to 10% of Pmpp, and the 20% of Pmpp is the maximum limit of real power

that can be reduced.

According to the previous factors, there is a limitation of giving up part of PV power for
participating in FR. So, when the system frequency increased, the AP will be increased
and the maximum value for increasing AP is 30% of Pmpp. But when the system
frequency decrease less than the nominal frequency, the AP will be decreased and the

maximum value for this decreasing is 10% of Pmpp as shown in equation (4.9)

30% Pmpp, Prs < —20% Pmpp
AP ={ AP —Py, —20% Pmpp < Pz < AP 4.9
0, P = AP

Which the AP, is the reference reserve power during principal FR.

The flowchart of the grid frequency support is shown in figure 4.2, and the proposed

control mentioned in this chapter will be simulated in the following chapter.
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Figure 4.2

Flowchart of active power control.
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Chapter Five

Simulation results of different scenarios and conclusion

This chapter provides multi-test scenarios to examine the suggested VSG with power
reserve control. The simulation studies that given in chapter 5 are built by using
MATLAB/SIMULINK software, as well as the droop gain of the droop controller for
VSG control strategy was determined in chapter 5. In contrast, the gains of the PI
controller were obtained by the trial and error method.

5.1 Scenarios

Many test scenarios with the proposed control strategy will be running in this thesis to
check the success of the system and its opportunity to improve.

» The first scenario: Simulation results without using the proposed control

strategy

We will implement a PV system with a rated power of 50kW through a three-phase grid
inverter with a rated power of 50 kVA in this case. Then the PLL and the MPPT control
are using to see and study the properties, the response, and the behavior of the inverter
and the main grid under any disturbance as significant changes in load and changes in

solar radiations.

» The second scenario: Simulation results with using the proposed control strategy

for voltage improvements

In this scenario, a 50 kW PV system and a three-phase inverter were connected to the
main grid by using the proposed control strategy with a low and high penetration level of
the distributed generation system. Then showing the inverter's response and voltage
profile improvements during the disturbances, such as unstable load voltage.

» The third scenario: Simulation results with using the proposed control strategy

for frequency improvements

In this scenario, a 50 kW PV system and a three-phase inverter were connected to the
main grid by using the proposed control strategy. Then showing the inverter's response
and voltage profile improvements during the disturbances, such as the varying frequency

in the grid.
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» The fourth scenario: Simulation results with using the proposed control strategy

for frequency and voltage improvements

In this scenario, a 50 kW PV system and a three-phase inverter were connected to the
main grid by using the proposed control strategy. Then showing the inverter's response
and voltage profile improvements during the disturbances, such as the varying frequency

in the grid and unstable load voltage.

5.2 Simulation Parameters

Table 5.1 shows the parameters of PV arrays and the DC/DC converter with PRC control,
grid inverter with VSG control, transmission line, and filter parameter beside the

parameters of PI controllers:

Table 5. 1:
Simulation parameters
V nominal (line to line) 380 V
F nominal 50 Hz
R (transmission line) 0.015 ohm/km
L (transmission line) (4.3263/1000 ) H/km
Distance 0.2 km
DC voltage 800 V
Rated power of the inverter 50 kVA
L filter 540e-6 H
C filter 54.8 uF
Q-V droop coefficient 0.08
P-F droop coefficient 0.01
kp & ki of the current controller kp=0.005,ki=1
kp & ki of DC-link voltage control kp =0.15, ki =80

5.3 The first scenario: Simulation results without using the proposed
control strategy

We implement a 50 kVA of three-phase grid inverter using the grid connection in this
scenario. The PV source of the inverter have 800 DC voltage through an MPPT control,
and the vector-oriented control with the PWM and DC-link voltage control can be used
to govern the output of the inverter. First, a DC reference voltage is applied to get the

maximum output power generated from the PV system, which is connected to PWM

38



through a PI controller. Moreover, the LCL filter connects the inverter with the grid to

remove the current ripples from PWM.

50 Hz & 10 kHz is the frequency and switching frequency, respectively, taken as the
inverter's AC frequency. RL load type will be used because most of the loads in the
network are of this type. The inverter will deliver all active power generated from the PV
to the grid, and this thesis will study the effects on the voltage and frequency with any

disturbance. The structure of the system for the first scenario is shown in figure A.21.

The objective of studying this case is to look at the grid-connected inverter dynamics and
then to see where we can make the improvements in the network. The output DC voltage
of the PV is 406 V (14*29), and through a boost converter will be hold as a constant 800

VDC as the input voltage to the inverter.

Figure A.22, shows the response of power during the normal conditions when the solar
radiation varies from (0 to 1000) W/m? then from (1000 to 0) W/m? in clear sky day with
load power equal to 120 kW and 37.5 kVAr.

In figure A.23, we can observe that the voltage at load bus was varied from (201 to 204.7)
V and this voltage is a low voltage. As a result, we can see in figure A.22(a) that the load
power was varied between (100 to 103.7) kW, (31.2 to 32.2) kVVAr, and the inverter power
was varied between (0 to 50) kW as shown in figure A.22(c) and there is a high loss in

active power at load bus.

Many disturbances can happen in the network, such as a sudden change in load, sudden
change in solar radiation, unstable voltage source. However, the worst cases it is when:

a- The solar radiation is maximum and the load power is minimum.

b- The solar radiation is minimum and the load power is maximum.

5.3.1 High solar radiation with low load power

Firstly, when the solar radiation and load power are both low, the voltage (V1) is 212 V,
as shown in figure A.24. secondly, when the solar radiation is high (1000 W/m?) and the
load is minimum and equal to (20 kW,7.5 kVAr), the voltage (\V2) at load bus will be
increased to 229.8 V as shown in figure A.24, and this increasing back to the power that
generated from PV is more significant than the load power. As shown in figure A.25, this

case creates a reverse power flow in the grid, which is a phenomenon which makes the
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system unstable and causes many problems like overvoltage in the feeders, rising fault

current, and inappropriate use of the protective device [62].

5.3.2 Low solar radiation and high load power

When the solar radiation is low, like when it is 200 W/m?, the expected power generated
from the PV system ( Ppv ) is 10 kW, and after we ran the simulation, we observed that
the load voltage was 202.4V, as shown in figure A.26. inverter power, active and reactive
load power were 9 kW,100 kW,30 kVAr, respectively, as shown in figure 5.1, and these

values are low and effects the operation and stability of the grid.

Figure 5.1
Grid, Inverter, Load active (kW) and reactive (kVAr) power with low solar radiation and low
load power.
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5.4 The second scenario: Simulation results with using the proposed
control strategy for voltage improvements

In this scenario, we implement the VSG with PRC control to reserve a specific part of the
power for controlling the output power of the PV system, and control the output voltage

at load bus according to the state of the grid.

5.4.1 Low solar radiation and high load power
The system response of the proposed control strategy with low active power generated
from PV and high load power equal to 120 kW, 37.5 kVAr is shown in figure 5.2, and the

load voltage improvement in figure A.27.

Figure 5.2
Grid, Inverter, Load active (kW) and reactive (kVAr) power with low solar radiation and high
load power.
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5.4.2 High solar radiation with low load power

The system response and voltage improvements when we use the proposed control
strategy with high active power generated from the PV and low load power equal to
20 kW, 7.5 kVAr is as shown in figures A.28 and 5.3.

Figure 5.3
Grid, Inverter, Load active (kW) and reactive (kVAr) power with high solar radiation and low
load power.
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5.5 The third scenario: Simulation results with using the proposed
control strategy for frequency improvements

In this scenario, we implement the VSG with PRC control to reserve a specific part of the
power for controlling the output power of the PV system and regulate the system

frequency according to the state of the grid.
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5.5.1 High level of solar radiation with system frequency rise

After the simulation, the results of increasing system frequency from 50 Hz to 50.4 Hz
are shown in figures 5.4.a and 5.4.b.

Figure5.4.a

Reserve and inverter active power (kW).
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5.5.2 System frequency drops significantly or decrease in a small range

After the simulation, the results of decreasing system frequency in a small range from
50 Hz to 49.85 Hz are shown in Figures 5.5.a and 5.5.b.
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Figure 5.5.a

Reserve and inverter active power (kW).
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However, when the frequency decreased in a high range from 50 Hz to 49.6, the results

are as seen in Figures 5.6.a and 5.6.b.
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Figure 5.6.a

Reserve, inverter active power (kW).
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Figure 5.6.b

System response with high-frequency drop.
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5.6 The fourth scenario: Simulation results with using the proposed
control strategy for frequency and voltage improvements

In this scenario, we implement the VSG with PRC control to reserve a specific part of
the power for controlling the output power of the PV system, control the output voltage

at the load bus and regulate the system frequency according to the state of the grid.

When the solar radiation is 600 W/m? and the load power is high (120 kW, 37.5 kVAr),

the inverter output power is shown in figure A.29.
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When there is a system frequency rise from 50 Hz to 50.2 Hz, the reserve power increases,
as shown in figure A.30.

The load voltage, in this case, increased from 204V to 219V, as shown in figure A.31.
5.7 Scenarios discussions

After run the simulation and presented the results in the previous chapter, these results

will be discussed and compared in this chapter.

In figures A.22 and A.23 can be seen that this grid during the normal conditions has a
lower power and voltage that may affects the operation of electrical appliances and the
voltage/frequency system stability. So, there is a need to use the appropriate control to
improve the voltage profile and solve this problem, and it is the reason to use the proposed

control strategy.

In the case of low solar radiation with high load power, figures 5.2 and A.27 presented
that the voltage at load bus and grid reached to 220 V, and the active PV power was 8 kW
when we used the proposed control strategy that responsible for introducing a certain
reactive power from the PV system (49 kVAr) instead of absorbing all reactive power
that needed from the source. In addition, we can observe that there is an improvement in

voltage when we compare these results with the results in figures 5.1 and A.26.
The next table shows the improvements that happened in this case:

Table 5. 2:

Grid improvement with low solar radiation.

MPPT inverter VSG-PRC inverter
load voltage 202.4V 220V
Active and reactive power of 8.8 kW, 0 7.9 KW, 48.8 KVAr

the inverter

Active and reactive power of

. 92.35 kW, 49.82 kVAr 112 kW, 9.2 KVAr
the grid

Active and reactive load power 100.9 kw, 31 kVAr 119.6 kW, 37 kVAr

From table 5.1, we can observe that there is an improvement in voltage and load power,

which make the system more stable. Also, reducing the reactive power absorbed from the
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grid reduces the grid losses and decreases the effects of high penetration levels of PV

systems in the network.

When the solar radiation and load power both are low, we can see in figure A.24 that the
voltage was 212 V. Then, when the power generated from the PV system becomes bigger
and bigger than the active load power, the load voltage increases to 230 V because there
is a large power reverse from the PV system towards the grid (about 27 kW), as shown in
figure A.25. This increase in voltage and power reverse affects the system stability. So,
we used the proposed control strategy to reduce the effect of reverse power in the grid by
making the inverter acting as a synchronous generator to absorb an amount of reactive
power from the grid (20 kVAr) to regulate the load voltage to be 220 V depending on
equations 4.1, 4.2 and 4.4. According to the de-load control, reducing the output of the
PV system reduces the effect of reverse power. These improvements when using the VSG

with the PRC controller makes the system more stable, as shown in figures A.28 and 6.3.

In the case of system frequency rise, when the system has a surplus power at a certain
moment, this results in a change of frequency in the grid. It varies from 50 to 50.4 Hz,
and then it returns back to the normal condition after the problem is cleared. Figure 5.4.b
presents the variation of system frequency during and after the surplus power problem in

the system.

During the regular operation at rated frequency, the reserve value will be 10%Pn
according to the regulations mentioned before in chapter six, and it is equal to 5 kW. Then
when the frequency increase, the reserve power is increased to be 13 kW (26% Pmpp),
and the output power of the PV system will be reduced from 45 kW to 37 kW according
to the relation between frequency and reserve power described in equation 4.5 in chapter
6 as shown in figure 5.4.a. In figure 5.4.b, we can see that the output voltage is still
constant, and the current of the inverter decreases when the inverter power decreased. All
of these values are consistent with equations 4.5 and 4.8. By reserving a specific part of
PV power, the process of system frequency response effectively ensures power system

stability.

In case of system frequency drops significantly or in a small range, the amount of reserve

power during regular operation and the simulation parameters are just like above
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(10%Pmpp). The frequency decreases in small and high ranges when a generator fails or

a sudden cut of a large load happened.

Firstly, drops in a small range, such as when it reduces from 50 to 49.85 Hz for a particular
time, then after the fault is clear, it returns to the rated value (50 Hz), as seen in figure
5.5.b. Then, in figure 5.5.a, the reserve power will decrease from 5 kW to 2 kW, and the
power generated from the PV will increase in a specific value (3 kW) to support the

system according to equation 4.5.

The reserve ratio will decrease from (10% to 4%) Pmpp according to equations 4.7 and
4.8. Also, in figure 5.5.b, the output voltage and current of the three-phase inverter are

presented.

Secondly, the frequency drops in a high range, from 50 to 49.6 Hz. Then after the fault

Is clear, it backs to the normal operation, as shown in figure 5.6.b.

According to equations 4.8 and 4.9, there will be a limit to the FR because there is a
limitation in reserve power in PV systems. When the frequency decrease more than
0.33 Hz, the PV inverter will operate like in MPPT mode to introduce all active power
generated from the PV system. From figure 5.6.a, we can see that the reserve power
decreased from 5 kW to zero, and the power generated from PV is maximum, equal to 50

kW for participating in the grid.

Those values presented in figures 5.4 to 5.6 are consistent with the previous equations
mentioned before. By releasing/decreasing a part or all of the reserve power from PV, we
can see that participating in FR of the grid was effective without using the energy storage

devices. Additionally, the period of support active power has extended.

In this case, when the solar radiation is 600 W/m?, and there is a variation in the frequency
by +0.2 Hz from the nominal, we can see that the voltage was 204V, as shown in figure
A.31. The proposed control strategy improved the voltage by 14V to be 218 V by
introducing the required reactive power to improve the voltage and improved the
frequency to be 50 Hz by reducing a certain amount of the active output power of the PV
system, as shown in figure A.30. These improvements in system frequency and voltage

make the system more stable.
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5.8 Conclusion

Some distributed generation that uses renewable energy sources is unsuitable for direct
grid integration. So, the power electronic inverters must be used as a link between the
distributed generation and the grid. Still, the lack of inertia in these inverters causes

problems in grid stability.

The grid inverters cannot minimize these problems. However, the traditional synchronous
generator can solve these problems, so the VSG concept was born with the grid inverter

to emulate the behavior of SGs.

In traditional VSG control, we need energy storage systems which are highly expensive
and giving rise to the cost of PV systems. In this thesis, we proposed a new method of

VSG control which is the new VSG control without using the energy storage systems.

Activating the DC/DC converter allows the PV system’s reserve power to be realized.
The output power can be controlled to allow the solar PV system to have individual
frequency support and perform power conversion. A power electronics inverter is used,

as well as the reactive power regulations.

The grid in this thesis was weak. Only one inverter (50 kVAr) was used, and its effects
on the grid were that the voltage decreased by approximately 15 V in most cases.
Therefore, when the proposed control strategy was used, the voltage was improved by
(10-20) V to be 220 V, to make the system more stable.

In the smart grid and by using the data centers, the cases when the system frequency can
rise or fall can be predicted when these cases will occur. So, based on the data and with
using the proposed control, the inverter will reduce the output power of the PV system by
a certain amount and use this power as a reserve power to support the grid. As a result,
the frequency in this thesis is improved by (£0.4) Hz. Noticing that one inverter was used
in this thesis, but there is more than one inverter in the grid in the real case. Therefore,

the number of effects and improvements is more significant than using one inverter.

The next conclusions obtained from the analysis and simulation results:
1- Reduce the high effects of the large penetration level of PV distributed generations.
2- Voltage and frequency profile improvement.
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PRC technique in this thesis can operate in both modes: MPPT and PRC based on the
actual grid requirements and there is no need to change the control method to switch
between them.

The operating point of voltage in the proposed method is always on the right side of
the maximum power point voltage method to operate the inverter safely and
effectively.

There is no need for a complicated PV array modeling or estimation algorithm.
Economic. No need for the energy storage systems for participating power in the

frequency response of the power system.

The disadvantage of this method it has a limitation on the reserve power but on the other

hand, it offers a longer duration of power support when compared with battery storage.

5.9 Future work

This section discusses an expansion of this study in six areas to fulfill the thesis

requirements.

Verifying simulation results practically in the laboratory.

Making this control on multi-inverters connected to the grid.

Pl controller gains in the current simulation have been chosen by trial and error
method and this could be the source of the system oscillation. As a result, we need to
create mathematical equations to calculate these gains accurately.

This study focused on the grid-connected mode that will need to be expanded to
include island mode.

Propose a solution to prevent the limitation on reserve power.
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List of Abbreviations

Abbreviation

Meaning

AC
ALFC
AVR
DC
EMF
ESSs
FR
IEPE
ISE
KHI
MPP
MPPE
MPPT
N

PH

PLL
PRC
PVs
PWM
REs
RES
SC

SG
SMs
SOC
SSSC
STATCOM
THD
VCO
VOC
VSA
VSG
VISMA
VSYNC
VSG_PRC

Alternative Current

Automatic Load Frequency Control
Automatic Voltage Regulator
Direct Current

Electro-Motive Force in the stator
Energy Storage Systems
Frequency Response

Institute of Electrical Power Engineering
INGENIA Solar Energy

Kawasaki Heavy Industries

the Maximum Power Point
Maximum Power Point Estimation
the Maximum Power Point Tracker
Neutral line

Phase line

Phase Locked Loop

Power Reserve Control
photovoltaic systems

Pulse Width Modulation
Renewable Energy Systems
Renewable Energy Sources

Series Compensator

Synchronous Generator
Synchronous Machines

State Of Charge

Static Synchronous Series Compensator
Static Compensator

Total Harmonic Distortion
Voltage-Controlled

Vector Oriented Control

Virtual Synchronous Algorithm
Virtual Synchronous Generator

Virtual Synchronous Machine research group

Virtual Synchronous group

Virtual Synchronous Generator with Power Reserve

Control
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Figure A1

Modern power system [19]
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Figure A.3

VSG’s main structure [11]
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Figure A.5

Block diagram of VSG control according to KHI [38].
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Figure A7

The main structure of VSG control by the VSYNC research group [10].
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Figure A.9

The V-I characteristic curve [43].
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Figure A.11

The LCL filter circuit.
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Figure A.14

Overview structure of the proposed VSG control system.
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Q-V droop control curve.
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Figure A.16

P-V characteristic curve.
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The output power of PV in different solar radiations with 10% reserve power of Py, [56].
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Figure A.18

Comparison between MPPT and PRC voltage.
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Figure A.20

P-F droop control curve.
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Figure A.21
The system structure for the first scenario.
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Figure A.22

Grid, Inverter, Load active (kW) and reactive (kVAr) power during the normal condition.
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Figure A.23

Load voltage (V) during the normal condition.
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Figure A.24
Load voltage (V) during high and low PV power with low load.
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Figure A.25
Grid, Inverter, Load active (kW) and reactive (kVAr) power when the PV power more than the

load power by using the MPPT control.
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Figure A.26
Load voltage (V) during low PV power with high load.
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Figure A.27

Load voltage improvement (V) with low PV power.
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Load voltage (V) before and after the improvement
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Figure A.29

Inverter, Load active (kW) and reactive (KVAr) power.
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Figure A.30
Reserve power and system frequency.
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Figure A.31

Load voltage with and without using the proposed control strategy.
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