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Abstract

Recent trend of research is oriented toward different method of emulating the inertia
of the synchronous generator to increase the reliability and stability of the power system in a
micro grid. In the case of dynamic performance of power systems, especially in frequency
control of interconnected systems, there are concerns considering the matter of virtual inertia.
This thesis proposes a control technique for the virtual synchronous generator in a micro grid.
Multipurpose control algorithm for integration of the distributed generator based on a
conventional two level inverter is analyzed. The proposed control algorithm makes the system
more stable and able to improve the power quality of the grid under real network challenges.
The Distribution Generator (DG) will emulate the behavior of a synchronous generator, and
replicate the stability and reliability introduced by the synchronous generator in the micro grid.
The thesis presents an analytical study of the virtual synchronous machine employed as a
distributed generation in a micro grid by modelling, control system, simulation results and

discussion.



oaldlioll

8oy Caagy el il culal all 3 SIAN ) gusl o e clSlacal Aakail Jae i3 a1 235V 8 Cilagl] g

Lala 35S 5 paall lladl  Saaliall elaY) Alls 3 63 psral) CASQEN 8 Al 5S35l HUai 38 65 gay ) il
Sl 385 da gyl s O (S geaill a0 Alae eV ey 38V e o s sall allaill aa yilly SSall
ISl 8 )il il e day ) Calaaly) danie aSad Al Jery GBlely ¢ oaal 81 el 55 A gl aSad aUi 5 Ll
el Ll Gt s 485 o Jany g Al g8l 3l Ui 48 i ga 5 B US (e 2 3y 7 il aSail) oldai 63yl
Gy aadl Al o Jpease galal Alse o Gada da g HhaY) ol (B sl allas ) A8l 5eSd) A (e

Al eSh) JleaY) 48 Jlie e 43 a8 5 aUaill i i



Table of Contents

ACronyms and ADDIEVIATIONS........cciiiiiiiiieie et sre e Y
TS o) B 1o [N 2SRRI Vil
Chapter 1 INTrOTUCTION ....oueiiic et nne e 1
1.1 OVEBIVIBW ..ttt bbbt bbbttt b bt b e n e 1
1.2 Problem SALEIMENTS. ........ciiiiiee et 5
1.3 PUBKICALIONS ...t 6
1.4 RESEAICN GOAIS......coiuiiiiiiiiiic s 6
1.5  Organization Of The THESIS ......cciiiiie it ens 6
Chapter 2 LIterature REVIEW..........oiiiiiiiiiiee ettt 8
2.1 Distribution GENErator SYSLEM.........ccouiiiiiiirieieiee et 8
2.2 Virtual SYNChronous GENETALON..........coiiuiiiiriireiee e 9
Chapter 3 CONVErSION SYSTEIM .....cuiiieiiecieciese et sre e sra e enes 13
3.1  Inverter Structure and Operating PrinCIPIE ..........cooiiiiiiiiiieeieecee s 13
3.1.1 Three Phase Voltage Source Inverter TOPOIOgY .......cccovvivevieieciieie e 13

3.1.2 Sinusoidal Pulse Width Modulation (SPWM) in a Three-Phase Voltage Source

1Y =T [ TSRS PP 14
3.1.3 FIIEET DESION ..ttt 16
KT o o 1o o Tod (=Yoo To] o SRS 18
3.3 Nonlinear Load and Harmonics in POWEr SYSIEM .........ccccoviiiiieiecece e 19



3.3.1 Power and Harmonics in The POWEr SYStEM........cccciveviiicieie e 20

3.3.2 Modelling of The Industrial Loads ..........ccccovviieiiiiciiiic e 22
3.4 Three Phase RePreSENTAtioN .........cociiiiiiiieie ettt st e e neas 23
34.1 ADC SEUUENCE ...ttt e es 23
3.4.2 Reference Frame RepreSentation ............cevvieeieiecieie it 24
3.5 Modeling of The INVErEr SYSIEM .......oiiiieie e 28
351 Mathematical Modelling of The Propose DG SYStemM.........cccoeveriieeierreiene e 28
3.5.2 Transformation of The Dynamic Model Into d-g Orthogonal Frame..............ccccoeee.e. 32
3.6  Stationary Reference Frame Control in Three Phase Inverter System............cccocevvvviivernnnne. 36
3.7 Rotating Reference Frame Control in The Three Phase Inverter System ..........ccccccevvvvevnane. 37
3.8 Virtual Synchronous Generator StTUCTUIE ..........c.oiveeereieee et 40
3.8.1 OVBIVIBW. ...ttt b b e et r e nn e nen e 40
3.8.2 Rotor Inertia in The Synchronous GENEIator..........cccooviveveieeie e 42
3.8.3 Damper WIndings EFfeCt .........cocvoiiiiieic e 43
3.84 Droop Characteristics of Synchronous Generator ...........ccocvvevvieecenieniee e, 44
Chapter 4  Control System of The INVEITer ... 46
4.1 Voltage and Current in the o-p and d-q Reference Frame ...........cccooeoeviinincncccen, 46
4.2 Calculation of The Reference Current for DG Proposed SyStem...........cccceoevvveeieieinennne 49
421 Reference Current to Supply the Load ACtive POWEN...........cccocvevieiiiieeie e 49
4.2.2 Harmonic Components of the d-axis Reference CUrrent..........ccccovveveveivevcieceeennn, 50
423 Reference Current to Supply The Load Reactive POWET ...........cccocoioiiiiiiiieni e 51



4.3 Steady State ANAIYSIS......cciiiiiii e reeae e 51

431 Current Control Technique for The Proposed Model..........c.ccooovvevviveiiiicicicceeee, 52
4.3.2 DC-Bus Voltage RegUIALION ..........c.ccoiiiiei et 57
4.3.3 Virtual Inertia and Virtual Damping.........ccoooeeeererienenese e 60

4.4 Capability Curve 0of The DG UNIt. ....cooiiiiciiiecccc et 62
Chapter 5  SIimulation RESUITS..........ccoiiiieieceee e 66
5.1  The Proposed VSG TESt SYSIEM .....ccveiiiiiieiie ettt sttt sttt sra e e 67
5.2 VSG Operating as ACtive POWET FIlTEr ........ccooiiiiiieee s 68
5.3  VSG Operating as Active Filter and Reactive Power COmpensator ...........cccoevvereenereeneene. 70
5.4 VSG Operation When It is subjected to The Three Phase Fault Current..............c.cccoevenenne. 76
Chapter 6 Conclusions and FUTUIe WOIK............cccovveiiieireie e 78
8.1 CONCIUSTONS ...ttt ettt 78
8.2 FULUIE WOTK ...ttt 79
RETEIEINCES ...ttt bbbt 80
Appendix A Matlab/ SIMUIINK MOGEIS .......ccooveiiiiciec e 87



Acronyms and Abbreviations

APF

AVR

DSTATCOM

DPF

DG

PCC

Pl

PLL

PR

PF

VSI

VSG

SG

THD

Active Power Filter

Automatic Voltage Regulator
Distribution Static Compensator
Displacement Power Factor
Distribution Generator

Point of Common Coupling
Proportional-Integral

Phase Locked Loop
Proportional-Resonant

Power Factor

Voltage Source Inverter
Virtual Synchronous Generator
Synchronous Generator

Total Harmonic Distortion

Vi



List of Figures

Fig. 1.1: The block diagram of the proposed system 3
Fig. 2.1: A Synchronous Generator Control Strategy 11
Fig. 3.1: Two level three Phase Inverter 14
Fig. 3.2: Example of SPWM generation signal [32] 15
Fig. 3.3: L-type Filter circuit diagram 17
Fig. 3.4: The SRF. PLL 18
Fig. 3.5: The typical linearized PLL model 19
Fig. 3.6: Fundamental and harmonic components of the square wave signal 20
Fig. 3.7: Simulated current waveform and harmonics spectrum for a 3-phase full wave
rectifier 23
Fig. 3.8: abc sequence in time domain 24
Fig. 3.9: The phasor diagram of abc sequence 24
Fig. 3.10: Three phase current Reference Frame Representation. 25
Fig. 3.11: Clark transformation vector [40] 26
Fig. 3.12: Park transformation [40] 27
Fig. 3.13: Schematic diagram of the DG proposed model 28
Fig. 3.14: : Equivalent circuit of the DG proposed system 29
Fig. 3.15: General block diagram of the three phase PR control strategy 37
Fig. 3.16: General block diagram of a three phase rotating reference frame control strategy

38
Fig. 3.17: The schematic view of single phase synchronous generator[52] 41
Fig. 3.18: The generation unit block diagram [54] 41

vii



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
eliminate the presence of the zero in the system
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

3.19: The Rotor and power oscillations with damping effect included[53]
3.20: The speed-droop characteristics of two synchronous generator [52]

4.1: The voltage and current component in the dg and « — S frames

4.2: The Equivalent circuit of the proposed model in d and q frame

4.3: The vector control loop in the d and g plane with PI regulator

4.4: The control block diagram of the current control loop in d and g axis

4.5: The Equivalent block diagram of the current control loop in dg-axis

43

45

47

53

55

55

56

4.6: The equivalent control block diagram in the d and q axis after adding pre-filter to

4.7: The control block diagram of the dc-bus voltage

4.8: The inertial structure with mechanical dynamic

4.9: The general schematic diagram of the control strategy for the DG system

4.10: The comparison between the load and DG current component

5.1: The load voltage of the system

5.2: The load current of the system

5.3: The three phase currents and voltages of the load

56

59

61

62

64

67

68

68

5.4: The load current, source current and DG current after the DG work as Active Power

Filter

Fig.

5.5: The grid voltage and current after the APF connect to the network

69

69

Fig. 5.6: The load voltage, load, grid, DG currents from top to bottom, respectively. The DG

unit is connected at t=0.1s,at 0.2s additional load is connected to the grid

71

Fig. 5.7: The grid voltage and current before and after additional load connected to the grid

viii

71



Fig. 5.8: The d axis reference current tracking the load current after connection the DG to the

network and after additional load is connected to the grid 72

Fig. 5.9: The g-axis reference current tracking the load current after connecting the DG to the

network and after additional load is connected to the grid 72
Fig. 5.10: The direct and harmonic components of the load in the d-axis 73
Fig. 5.11: The angle generated by the virtual inertia and by PLL 73
Fig. 5.12: The source, load and DG active power 74
Fig. 5.13: The source, load and DG reactive power 75

Fig. 5.14: The load, grid, VSG current when the load is subjected to the three phase fault

currents 76

Fig. 5.15: The VSG current frequency when it subjected to the three phase short circuit fault

77




Chapter 1

Introduction

1.1 Overview
The expression of the Distribution Generator (DG) deals with any electrical power

generation technology located beside the load centre and integrated to the electrical power
network. It is cheap, efficient, reliable, and able to locate the electrical energy approximately
next to the load center [1]. Therefore, the industrial consumer can gain various options in larger
range of low cost and high reliability by using the DG technology.

Reactive power is an important component of the power flow in the power system. Reactive
power is essential for operation of the large number of load either static or rotation load like
induction motor. Therefore, in the transmission and distribution system of the electrical
network the reactive power is an important component for a proper operation of the power
system. The value and direction of the reactive power flow in the network vary according to
the inductive load [2].

Reactive power flow has a number of undesirable consequences; it increases the current
draw from the main source at the same load level, which increases the losses, maintenance and
the cost of the power system operation. Therefore it mitigates the power quality of the system,
and a heavy reactive power consumption causes instability of the voltage in the distribution
system [3].

Due to increase of using the power electronic converters and other non-linear loads in

industry, it is observed that the waveform of the current and voltage of the power system are



distorted. Static power electronic converters, such as single phase and three phase rectifiers,
AC to AC converters and huge number of power electronics devices, are nonlinear loads, which
generate significant disturbances in the main AC source. Therefore the power distribution
problem increases due to the harmonics content generated by the nonlinear loads [4].

The percentage of distribution generator (DG) connected to the grid via inverters is growing
rapidly in the worldwide. For example, 14.3 GW photovoltaic is planned to connected to the
power grid in Japan by 2020, and 53 GW photovoltaic will be connected to the grid by 2030
[5]. The inverter used in the DG unit is controlled by a phase locked loop (PLL) in order to
synchronize the DG unit with the grid frequency and phase angle. A power system become
unstable when the percentage of the inverter based DG system becomes larger and larger,
because the phase locked loop makes the inverter frequency determined by other synchronous
generator. If the PLL loses the synchronism situation by the power system disturbances, the
inverter probably loses the operation due to overvoltage on the DC side or overcurrent of AC
side. So the inverter can operate as a synchronous machine using the concept of "Virtual
Synchronous Generator” (VSG) by adding an algorithm to emulate the inertia in the control
system of inverter.

Fig.1.1 shows a block diagram of the proposed system, which consists of Distributed energy
source, a storage system, inverter, control system (Active Power Filter, D-STATCOM, VSG,
and PLL), nonlinear load and grid. The conversion system is a simple DC/AC converter
(inverter) that interfaces the DG with the grid. It converts DC power into a three-phase AC (or
the other way round) using Pulse Width Modulation (PWM). Filters are added to reduce the

voltage ripple (and hence, the current ripple) caused by switching.



The VSG control system has two main loops; the active power loop and reactive power loop.
The active power loop emulates the machine’s inertia, damping factor and frequency control
of synchronous machine to generate the reference frequency and phase angle of modulating
waves, while the reactive power loop emulates the voltage regulation to generate the magnitude

of modulating waves.

Distribution N I nverter |
energy resource d - Non-linear load
IYYYY Y
Control signal
1
Grid Voltage and Frequency
Storage system APF DLSTATCOM VSG PI.I.

Control system

Fig. 1.1: The block diagram of the proposed system
The inverter is controlled to behave like a synchronous generator by the VSG control
system to produce the speed-droop characteristics of the synchronous generator for load
sharing. The output power of a VSG unit can be simply described using the swing equation as
follows:

Pisec =P +Kid§—ta)+KpAa’, Ao =w—aw, (1.2)

where w, is the nominal frequency of the grid, P, denotes the primary power that should be
transferred by the inverter. The second term indicates the amount of power that will be
generated or absorbed by the VSG according to the positive or the negative initial rate of
frequency change, Ki is the inertia emulating characteristic, and Kp is the droop coefficient and
defines the power that needs to be absorbed or injected into the system due to the deviation of

frequency from the reference value.



The control system of VSG can improve the grid stability c, because the VSG can provide a

virtual inertia, which is similar to the actual rotor inertia in a real synchronous machine, by

using a control algorithm and a storage system, and the continuous inverter operation on

synchronized with other generator in the power system.

The VSG unit has the following functions:

Measures the grid abc-phase voltages and currents

Estimates the phase angle of the grid voltages and currents using a Phase Locked Loop
(PLL)

Performs the transformation of the abc-phase voltages to the synchronous reference in dg-
domain

Calculates the reference active and reactive power that should be produced by the VSG,
considering the swing equation

Determines the reference direct and quadrature currents

Compares the reference direct and quadrature currents with the measured quantities to
produce the reference direct and quadrature phase voltages

Converts the reference direct and quadrature phase voltages to the abc-stationary reference
frame

Uses the reference modulated waves with an appropriate modulation scheme to run the

inverter

Finally, the overall proposed system will be analytically modelled and then tested using

Matlab/Simulink to demonstrate its main features.



1.2 Problem Statements

The presence of the harmonics in the power system causes high losses in distribution system,
interference problems with the communication system, and causes improper operation of
electronic equipment, which is very sensitive, because it contains micro controller system.
Non-sinusoidal currents cause many problems in the main power and distribution system, such
as low power factor, reduce the efficiency of energy, distorts of the voltage waveform etc. [4].

Most of the load in the electrical network are consuming reactive power due to presence of
reactance. Heavy consumption of reactive power by the load causes poor quality of the voltage
and decreases the power factor in the distribution system, which increases the maintenance and
the operation cost of the power system. Today this problem has high impact on the reliability
and security of the power system in the world and energy savers.

The presence of Synchronous Generator (SG) in a micro grid gives many of advantages in
the field of stability and reliability in the power system. That is due to the inertia, load sharing
and damping properties of the SG. When non-synchronous generator units replace a significant
part of the synchronous generation capacity, the total inertia of the network is decreased
significantly. This causes a large frequency variation in the power system with any change in
the load, which produces unstable grid and frequency blackouts [6].

The solution of this problem to make the system more stable with the increase of penetration
of the DG and Renewable Energy Sources (RESS) is to provide additional inertia virtually to
emulate the behaviour of the synchronous generator. The virtual inertia can be added to the
DGs/RES’s by using a short-term storage system with the power electronics inverter and proper
control system algorithm. This concept is known as Virtual Synchronous Generator (VSG) or

Virtual Synchronous Machin (VSM) [7].



1.3 Publications

B. Abojams, M. Quraan, M. Abu-khaizaram,” A Multi-Function Current Controller for a
Virtual Synchronous Generator”, 2020 International Symposium on Power Electronics ,

Electrical Drives and Motion, SPEEDAM 2020, Napoli ,Italy, pp. 654-658.

1.4 Research Goals

The objectives of this thesis are as follows:
e  Demonstrate the structure and operating principle of the Virtual Synchronous
Generator.
e  Demonstrate the control algorithm of the active power filter.
o Demonstrate the control algorithm of the distribution STATCOM.

e  Toexamine the proposed system using Matlab/ simulink and analyse the results.
1.5 Organization of The Thesis

This thesis is organised in six chapters and the rest of this thesis is organised as follows:

e Chapter 2 provides a review of main types of DGs system working as active power
system and reactive power converter and supplying the real power to the load. The
chapter also reviews the standard two-level inverter, which is commonly used as an
interface system between the renewable energy resource and the grid.

e Chapter 3 introduces the operating principle of the DG with its mathematical model,
and describes the mechanical part of the synchronous generator.

e Chapter 4 describes the control system of the conversion system including, the

mechanical part of the synchronous generator.



e Chapter 5 presents simulation results considering the system without the converter,
after the connection of the inverter to the system, and with increasing the nonlinear
load.

e The last chapter concludes the work presented in this thesis and draws up some

possible future works.



Chapter 2

Literature Review

This chapter reviews the main types of DGs system working as active power system and
reactive power converter and supplying the real power to the load. The chapter also reviews
the standard two-level inverter, which is commonly used as an interface system between the
renewable energy resource and the grid.

The electric power system may experience sustained low frequency oscillations in the
transmission line currents and voltages due to the lack of damping. Low frequency oscillation
may cause the overcurrent of transmission line and mal-operation of the protection system [8],
which affects reliability, dependability and stability of the electric power system operation.
Nowadays, with the development of RESs, such as photovoltaic and wind power, many
synchronous generators have been replaced by power electronic converters to generate a
voltage level suitable for the grid connection. Due to the difference in grid-connected
characteristics between power converters and synchronous machines, the RESs reduce the
equivalent inertia and damping of the power system, and have negative effects on the power

system stability [8] , [9].
2.1 Distribution Generator System

Distribution Generator (DG), with the inverter interface to the power system, is found in
many green power applications. Most of RESs are interfaced to the electrical grid or local load

by using DC to AC Pulse Width Modulation (PWM) current controlled Voltage Source Inverter



(VSI), because it’s easy to implement and it contains a closed loop control for the current to
reach the required operations [10].

Bapaiah [11], presents a discussion about the complete background of the device and power
electronics application in the compensation equipment and also the modelling of the
compensation using STATCOM is discussed. Wallace [12], presents an analysis of the
performance and dynamic characteristic of a three phase active power filter operating with
fixed switching frequency using a Pulse Width Modulation inverter .

Pouresmail [13], addresses a multi-objective control technique for integration of DGs to the
electrical grid, the proposed strategy provides a compensation for active, reactive, and
harmonic load currents components during connection of DG link to the grid. Naderi [14],
presents a frequency-independent control method suitable for DGs using abc/af and of/dg
transformations. Due the sensitivity of the PLL to noise and distortion, the elimination of PLL

function can bring benefit for robust control against distortion in DG application.

2.2 Virtual Synchronous Generator

The concept of virtual synchronous generator describes a new type of grid feeding inverter,
which operates with a storage system entirely as an electromechanical synchronous machine.
The basic idea of the VSG is to reproduce the static and dynamic properties of a real
synchronous machine on a power electronic interface between a distributed generator (DG)
unit and the grid, in order to inherit the advantages of a synchronous machine in consideration
of power system stability such as adjustable active and reactive power, dependence of the grid
frequency on the rotor speed and the effect of the rotating mass and damper windings as well

as stable operation with a high parallelism level.



In [15], a new approach for implementing the virtual inertia in a two area AC/DC
interconnected system is proposed. Derivative control technique is used to control the stored
energy of converter devices in AC/DC interconnected Automatic Generation Control (AGC)
to the power system. Reference [16], proved that the VSG has a better frequency stability
because it possess inertia larger than the droop control, and the amount of inertia depends on
virtual moment of inertia (J), whereas the damping ratio depends on damping factor (D) and
the output of reactance. However, the active power of VSG is more oscillatory than the droop
control[17]. This problem can be resolved by tuning the damping factor and/or the output
reactance. In [18], the alternating inertia structure was elaborated, the alternating inertia
scheme adopted the suitable value of the moment of inertia of the VSG considering, its virtual
angular velocity and acceleration/deceleration in each phase of oscillation is considered. In
[19], the synchronous generator emulation control strategy is proposed for the VSG station, the
control scheme is divided into two separated loops: an inner control loop and an outer control
loop. The inner controller is a conventional vector controller developed for the fast current
control and the point of common coupling (PCC) voltage regulator. In the outer controller, the
conventional droop control is modified by introducing a first-order inertia element, the vector
current controller included in the system is effective in preventing the VSC from over-current

blocking during system disturbances as shown in Fig. 2.1.

In [5], the concept of controlling an inverter to behave like a synchronous generator is
studied, a control system for VSG, which solves the output power oscillation, occurred due to
the characteristic of the simulated synchronous generator, is proposed. In [17], the authors

presented A review of the fundamental and main concept of VSGs and their role to support the

10
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Fig. 2.1: A Synchronous Generator Control Strategy

In [20], a detailed modelling of a configuration of a grid-connected Voltage Source
Inverter (VSI), controlled as Virtual Synchronous Machine (VSM), is presented. The VSM
inertia emulation is based on the swing equation of a traditional synchronous machine, which
provides a power balance, based synchronization of the converter control system with the grid.
In [21], an active power controller, which enables a grid-connected converter to interact
synchronously with the power system and at the same time controls the converter DC link
voltage is presented. A power converter equipped with this controller can be identified as a
conventional synchronous generator, which synchronizes itself with an existing power system
or is able to form it's own grid. The synchronization does not need an additional PLL, since the
phase angle of the currents produced by the converter determined by a power balance equation
analogous to the swing equation of a synchronous generator. In [22], an adaptive structure for
real time selection of a suitable value for the moment of inertia of a VSG considering its virtual
angular velocity and acceleration/deceleration in each phase oscillation, is proposed. In [23],

the island-mode of the VSM is investigated and validated by simulation and experiment results.
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Two cases for island mode of the VSM are considered; one of them is that, the VSM works
firstly parallel with the main grid and then the main grid is lost. Another case is that the VSM
makes a stand-alone grid by itself without being connected to any other grid. In [24], the
concept of controlling an inverter to behave like a synchronous generator is presented. The
VSG enhances grid stability because VSG has a virtual inertia and the VSG control scheme to
use the swing equation of a synchronous generator was presented where in article [25], the
dynamic properties of VSM system pointed out the effect of virtual mass and damping is
presented. Reference [26], introduces the VSM concept to upgrade grid-feeding inverter with
synchronous machine behavior to improve the power quality and stability of the grid. In [27],
the inertia emulation is achieved by a proper choice of control parameter of a PLL, and the
rotor speed transient excursions can be significantly damped without extensive VSG power
budget penalty. In [28], a Virtual Synchronous Machine (VSM) concept contains the virtual
machine algorithm, to let any DC feeding generators, preferable wind, solar, fuel cell or
Combined Heat and Power (CHP) system, appear and operate entirely as a synchronous
machine connected to the grid.

This thesis will address modelling and test of the multi-function current control strategy
using virtual synchronous generator-based grid-interface converters for renewable energy

systems integration. The importance of this topic is reflected in recently published articles [6].

12



Chapter 3

Conversion System

This chapter introduces the construction and the basic principle of operation of the main part
of the overall system including the grid, the inverter system, the filter, the nonlinear load and
the conversion system between three phase system and dq0 and aff systems. It also presents
the dynamic model of some modulation strategies used for driving the inverter. Finally, it
presents the model of the two level inverter and the electromechanical model of the

synchronous generator.

3.1 Inverter Structure and Operating Principle

3.1.1 Three Phase Voltage Source Inverter Topology

The three phase inverter is a power electronic circuit that converts the DC voltage or current
into three phase AC voltages or currents to supply a load that operates on AC voltages or
currents. The output of the inverter consists of a fundamental component and harmonics [29].
The topology of three-phase voltage source inverter is shown in Fig. 3.1.

The switches in a VSI have ability to conduct current in both direction (upwards and
downwards). Therefore, each switch has anti parallel diode either external fast recovery diode
or a body diode of the MOSFET. Furthermore, a dead time (underlap period) between switches
in the same leg must be considered, where both switches are off. This time must elapse before

turning on the off-switch. The range of the dead time is typically from 1ps to 5us, depending

13



on the switching speed of the switch, power level, and the circuit topology. The conventional

numbering sequence of the switches represents the operation sequences of switches [30].

) %G 46‘

' o A

Ve — o B

C
IGBq IGB'q IGBT%[ |

Fig. 3.1: Two level three Phase Inverter

3.1.2 Sinusoidal Pulse Width Modulation (SPWM) in a Three-Phase
Voltage Source Inverter

One of the most popular modulation technique of inverter for harmonics reduction is
Sinusoidal Pulse Width Modulation (SPWM). SPWM schemes relies on comparing a three
sinusoidal control signals which are 120 degree out of phase from each other, with a common
triangular voltage to produce the gate signals for switches (IGBT) in the respective leg [31].
SPWM can be generated either by microcontroller/ microprocessors or by using a chip like
MAZ828. The switching waveforms are shown in Fig. 3.2.

SPWM technique contains of strain of constant amplitude pulses with different duty cycle
for each switching period. The frequency of the sinusoidal control signal is chosen according
to the output voltage frequency of inverter, and the frequency of the triangular wave represents
the switching frequency of the semiconductor devices (IGBT’s), which is usually high
frequency (serval kHz., Moreover, the amplitude of the control signal is reflected on the

amplitude of the output voltage.

14
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Fig. 3.2: Example of SPWM generation signal [32]
The resulting fundamental line-to-line voltage (V,5) leads the phase to neutral voltage
(V4n) by 30 degree, which is consistent with three-phase concept, and the peak value of the

fundamental component of phase voltage is given by :
7 Vac

where M is the modulation index, and V,.is the DC link voltage.

The amplitude modulation index or ratio (M) is defined as:

Ve

M == (3.2)
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where T.is the amplitude of the sinusoidal control signal, and V,,, is the maximum voltage level
of the triangular voltage

Thus, the amplitude of the fundamental component of the line-to-line voltage is:
Vi, = /3M 7% = 0.866MVp, (3.3)
Therefore, the output line-to line voltage between the phase A and B is:

V45(t) = 0.866M V) sin (wlt + %) + Harmonics (3.4)

3.1.3 Filter Design

The power quality of the grid connected inverter is dependent on the quality of injected
currents. The quality of the current is regulated by the utility company; for example the total

demand distortion (TDD) of the average injected current should not exceed 5% [32] .

TDD = \/Z?lozz 12 (h)/lrated (3-5)

The order of the harmonics depends on the switching frequency of the utility inverter, which
comes from the condition between the grid voltages and PWM switching pattern. The current
ripple caused by the switching frequency of the inverter can be attenuated by a passive filter.
The current ripple can be evaluated by a ripple factor as defined in (3.6) [33]. A low pass filter

is connected at the output of inverter. A simple L-type filter is shown in Fig. 3.3.

RF = 2% 4 100% (3.6)

rated
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In out

Fig. 3.3: L-type Filter circuit diagram

Filter Design Guideline for Full-Bridge Topology:
The fundamental component of the filter inductor current of the single phase full bridge grid

connected inverter can be calculated by (3.7) [32].

Mv MgTv
11 — dc _ Ma’Ydc (37)
\/EZbase ZﬁﬂLb

where T is the period of the injected current at fundamental frequency.
The switching ripple factor of the grid connected single phase full bridge inverter is calculated

by (3.8) [32].

b _ |r(r 3m2) 2 s Lp
RFSW_Il_\/3{4(1+4M) 3m}'T'L (3.8)
where I, is the rated current, Ty is the switching time and L, is the boundary inductance.

Therefore, when RE;,, gives the ripple factor of the injection current, the filter inductor must

be designed by eq.9 [32].

Ly 1 Jg{g(l Fim2) ~Em).E fpug (3.9)
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3.2 Phase Locked Loop

The Synchronous Reference Frame (SRF) Phase Locked Loop (PLL) is important and is
a sensitive part for control and synchronizing the three-phase grid connected inverter to the
power system. A typical digital system of the PLL is constructed from three components; phase
detector (PD), loop filter (LF) and digital control oscillator. Generally, the main difference
between the structure of various PLL is by the way of implementation of the PD [34].

The wildely used three-phase SRF PLL system is shown in Fig. 3.4; it is constructed from
an abc/dq transformation block as PD, to convert the positive sequence of the voltage that is
measured by eq.10 to the g-component. The positive sequence (PS) voltage can be found by
different PS detectors, so that the zero and negative sequence of the grid voltage will not affect

to the tracking of the phase [35].

) v, cos(6,)
ga
[“//gbl =| V,cos (Gg — %n) (3.10)
gc
V; cos (Hg + En)
Yga __, g vd |
abc 2150
vﬂh —
+ a
vH"-' — - ﬂq Ya = kp + ki/g -—:6— IXS --o—c-
[
0.

Fig. 3.4: The SRF. PLL
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250

LF

kpp B kp+ki/5 = ' 1fs

Fig. 3.5: The typical linearized PLL model
Fig. (3.5) represents a typical linearized PLL model [34]. The g-component of the voltage
signal v, is the phase error signal. The PD gain Kpp that shown in (3.11), is equal to the
amplitude of the input voltage. This model is very popular in the PLL design. However, it is
unable to explain the nonlinear behaviors under the islanding and weak grid condition [34].

v, =V, sin(6, — 6,), Kpp = (3.11)

3.3 Nonlinear Load and Harmonics in Power System

A nonlinear load in a power system is characterized by the introduction of a switching
action and consequently current interruptions. This behavior provides current with different
components that are multiples of the fundamental frequency of the system. These components
are called harmonics. The amplitude and phase angle of a harmonic is dependent on the circuit
and on the load it drives. For example, if the current draw from the source has a square wave
shape, then the current may be synthesized from a fundamental component, and other high
frequency components as illustrated in Fiq.3.6. For a fundamental power frequency of 50 Hz,
the 3™ harmonic is 150 Hz, the 5™ harmonic is 250 Hz, and so on. The harmonic currents flow

toward the power source through the path of least impedance.
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Fig. 3.6: Fundamental and harmonic components of the square wave signal

3.3.1 Power and Harmonics in The Power System

For a sinusoidal voltage, the current harmonics do not affect the average load power.
However, the current harmonics increase the RMS current, and thus the power factor decreases.
The average power is given in (3.12), and the RMS current, by considering the harmonics is

given in the (3.13) [36].

Pavg = %COS((pl —6,) (3.12)

[e3) Ii
IRMS = ,’Iavg + Zh=1?h (313)
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where V;and I, are the peak value, @,and 6, are the phase angle of fundamental voltage
and current respectively and I, is a peak current at the harmonics number h. power factor of

the system is given in the eq.14 [36].

Power Factor = /ZL\EZ cos(¢p, — 6;) (3.14)
Igyg+Xp=11p

= (Distortion Factor) (Displacement Power Factor)
where the distortion factor is defined as the ratio of fundamental RMS current to the total RMS
current. The total harmonic distortion (THD) which is the harmonic index is defined in (3. 15)

and the distortion factor in the term of THD is given in (3.16).

o2
THD = Y2 " (3.15)

1

Distortion Factor = ————— (3.16)

J1+(THD)?

The single-phase nonlinear load, as electronic ballast or a personal computer, generates
odd harmonics (3", 5™, 71, 9™ etc.). The triplen harmonics (3" order and its odd multiples)
make an overload to the neutral conductor in a 3-phase system, because they will add the
harmonics in every phase rather than cancel on the neutral conductor. Furthermore, the triplen
harmonics produce a circulating current in the delta winding of a delta-star transformer, that
causes a heating of the transformer similar that produced by unbalance 3-phase system [36].

On the other hand, 3-phase nonlinear loads like 3-phase DC-drives, rectifier, Adjustable
Speed Drives (ASD), etc. do not generate a triplen harmonics in the current, these type of loads
generate primarily 5™, 7™ current harmonics, and higher order based on the configuration of

the converter [37].
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3.3.2 Modelling of The Industrial Loads

The industrial nonlinear load produces a harmonic current flowing in the utility grid. This
may cause a malfunction of the sensitive loads that are connected at the Point of Common
Coupling (PCC). The most popular way to analyse the harmonics is the computer simulation
by modelling the system components and studying it either through measurement or
mathematically. In this way, the harmonic currents injected by an industrial at PCC can be
estimated.

The Florescent lamp has a negative resistance dynamics behaviour. The electronic ballast
contains a half bridge inverter and an LC filter used to acquire the nonlinear characteristic of
the lamb [37].

The Adjustable Speed Drive (ASD) consists of a variable AC voltage converter driving an
AC motor. The ASD consists of three main component; a 6 or 12 pulse rectifier, inverter stage
that converts the DC voltage to a controllable frequency AC voltage to control the speed of the
motor, and a DC link (shunt capacitor) that couples the two main stages and reduces the ripple
of the DC voltage. Therefore, three-phase bridge converter with DC link circuit can model the
ASD.

The most popular load in the modern life is the personal computer. It generates harmonic
currents especially when used in large concentration in a distribution system. It utilizes the
technology of the switch mode power electronics, which draws the nonlinear current that
contains a large amount of third and higher order harmonic currents.

A typical PC load model consists of a full wave rectifier, DC storage capacitor ”c”, diode

bridge resister and a series Radio Frequency Interference (RFI) chock, which is represented by
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inductance L. Fig. 3.7 shows the current waveform and FTT analysis of the three phase full

wave rectifier when modelled in the Matlab/Simulink program.

Selected signal: 5 cycles. FFT wmdow (in red): 1 cycles

I/ T ' \_/_\ T - ] T | ‘ T
o 10 ‘ —
ol L L
‘_E 0 r ‘ I_I —| ’J | [—
d=
@D 1ok ‘ { { ‘_
L~ J 1 [ /\_/ 1 1 k ~J | J 1 [
o 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time (s)

lalysis

Fundamental (50Hz)} = 20.92 , THD= 29.24%
T T T T

Mag (% of Fundamental)

0 100 200 300 400 500 600 700 80O 900 1000
Freauency (Hz)

Fig. 3.7: Simulated current waveform and harmonics spectrum for a 3-phase full wave
rectifier

3.4 Three Phase Representation
3.4.1 abc Sequence

The abc sequence is the usual method to express the three-phase voltage, current, and other

parameters. The phase sequence is shown in Fig.3.8.
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phase sequence

a—-b-c-a

a b £ d
\ _-'. \ A N
% ; x,/" LY :

Fig. 3.8: abc sequence in time domain

The phasor diagram of the three-phase system expressed in abc sequence is shown in Fig. 3.9.

Fig. 3.9: The phasor diagram of abc sequence
3.4.2 Reference Frame Representation
The alpha-beta (o, P) transformation (Clark Transformation), is a mathematical
transformation used to simplify the analysis of a three-phase system. The quadrature-direct-
zero (dq0) transformation is a tensor that rotates the reference frame of the three element vector
or 3*3 matrix in an effort to simplify the analysis. The dg0 component can be calculated by the
product of Clark and Park transformation [38]. Fig 3.10 shows the three-reference frames of

the three phase currents.
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Fig. 3.10: Three phase current Reference Frame Representation.
The conversion of three-phase system from stationary to a synchronous frame, can be done

using the following procedure [39] , [40]:

e Convert the three phase system into two axis (a and ) by applying the Clark
transformation matrix in (3.17). In the other words, the three-phase system component

are projected onto two orthogonal axis system (Xq, Xg) as shown in Fig. (3.11).

[X“] B R C I [Zl (3.17)
X - .

B 0 \/§/2 _\/§/2 c

where a, b and c is the three phase stationary frame components, and X, and Xg are the

components projected onto the two stationary orthogonal axes.
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Fig. 3.11: Clark transformation vector [40]

e Transform the two-axis component (X, Xp) from stationary to synchronous rotating
frame (d and g axis) that rotates at the angular velocity (w). This make the synchronous
rotating frame represent a stationary frame with relative to the angular velocity of the
system. So that the AC variables (voltage and current) become time invariant at the
fundamental frequency. The Park transformation matrix in (3.18) performs the
transformation between the stationary and rotating reference axis (Xq and Xg), as shown
in Fig. (3.12).

[xd] B [ cos(wt)  sin(wt) [f(g] (3.18)

Xql  [=sin(wt) cos(wt)

This transformation make a new frame components which are time invariant in the rotating

reference frame, and rotating with angular velocity w.
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Xp4
Xq b

Fig. 3.12: Park transformation [40]

The transformation and reference frame theory is interesting in the control strategies of the

voltage source inverter, because of the following points [13], [40], [41].

This transformation makes the electrical quantity time invariant (at the fundamental
frequency). So that, the feedback control can be demonstrate by using the PI controller
in an efficient manner.

The transformation enable the use of solid-state inverter for the grid connected inverter
application, in which the transformation theory is already used for it control.

The demonstration of the digital control becomes powerful, practical and the cost of
implantation in this technique is dropped. They are also popular in industrial
applications.

Space Vector Modulation (SVM) is the most effective switching strategy of voltage

source inverter when implementing this transformation [42],[43].
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3.5 Modeling of The Inverter System

A schematic diagram of the proposed DG model is shown in Fig. 3.13. The system
contains a utility grid (infinite bus system), a conventional Voltage Source Inverter (VSI) and
a nonlinear load. The transmission line up to the point of common coupling is represented by
a series inductance and resistance (Rs, Ls). The transformer and the filter of the VSl is represent
by the coupling inductance and resistance (Rc, Lc). Sinusoidal Pules Width Modulation
(SPWM) is used to generate the appropriate gate pulses to the IGBTs. The VSI in the model

will be controlled in a manner emulating a Virtual Synchronous Generator (VSG).

|
L}
.
*

in ¥

LY

EIS X

Fig. 3.13: Schematic diagram of the DG proposed model
3.5.1 Mathematical Modelling of The Propose DG System
According to Fig. 3.14, the electrical grid includes the generation system, the
transmission line, distribution system, and the load. The DG unit is an additional component
in the electrical network and is represented by a DC voltage source connected to the proposed

converter.
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Fig. 3.14: : Equivalent circuit of the DG proposed system

To draw the appropriate plan to control the interface system of the VVSI connected to the power
plant, dynamic model analyses of the proposed system should be developed.
According to Fig. 3.14, and by applying the KVL for the load voltage at the Point of Common

Coupling (PCC), which leads to:

dicy

_V]._ch - Rcicl + Vlm - VNm =0

—V2=Le 52 = Reicy + Vi — Vm = 0 (3.19)
dics .
_V3_ch - RC"C3 + V3m - VNm = 0
Rearranging (3.19), yields:
dicy .
Vlm = LC dt + RCl(Jl + Vl + VNm
Vam = Le =2 + Relcy + Vs + Vim (3.20)

dics

V3m = LC ? + RCiC3 + V3 + VNm
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or it can be written as:

dig

Vim = L¢ dt

+ R.i.i +v; + vy, Where i=1,2,3. (3.21)
where v;,, is the voltage between the midpoint of each inverter leg and the negative
terminal of dc source, vy, is the voltage of the neutral point between negative DC terminal
and ground, v; is the load voltage or the voltage of the power grid, i.; is the inverter current,
L. and R.are the total inductance and resistance of the interface system and the
transformer.

Assuming zero value component of the neutral current with the absence of the neutral wire,
and with summing the equations in the eq.20, and assuming the system is also balance so
that, (V1+V2+V3=0), and (icl +ic2 +ic3 =0), the AC neutral point voltage

equation is given by.
1
Vm = EZizl Viem (3.22)

By rearranging the equations in (3.19), (3. 23) can be obtained as:

dlCl RC Vlm VNm Vi
dt Lc V7 L Lc Lc
di 2 RC . VZ VN V2
2 _Rey Yom_Vom V2 (3.23)
dt Lc Lc Lc Lc
dlc3 RC + V3m VNm V3
dt Lc 3" L Lc Lc

The switching function of the legs of the VSI is defined by (3.24) as:

1, if Ty is on and T is of f

i, 3.24
0, if Tyisof f and Tk is on (3:24)

Se= |
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By substituting Vkm = SkVdc Where k=1, 2 or 3) in (3. 24), (3.25) can be rewritten as:

dicq _ Rc

. S1 VNm Vi
- T lCl + _VdC - T
dt Lc Lc Lc Lc
di Rc . S %4 Vi
—Z =L, + 2V, - (3.25)
dt Lc Lc Lc Lc
dics _ Rc

. S3 Vam V1
lC3 +L_VdC____
C

ac _Z Lc Lc

In addition, by substituting the switching function in (3.21) and applying it in (3.25), the

following equation is obtained [44]:

dicy _ _ Rc; (g _1y3 ¢ _n
at Lol + Lc (51 3 ZJ:lSJ) Vac Lc
dicc _ Rc. 1 S 13 AYY V2 3.26
7——5%2"‘;(2—;2,&1 j) ac~ (3.26)
dics _ _ Rc; (s, —1y3 ¢ _
ac | 1c'es + L¢ (53 321:151) Vac Lc
In addition, (3.27) below, represents the general equation of the proposed system:
dick Rc . 1 1 Vk
= —L—Zlck + Z(Sk -3 21 Sj) Vac =1 wherek = 1,2 0r 3 (3.27)

Equation (3.27) represents the k™ dynamic equation of the proposed model.

To simplify the dynamic system, the switching state function (dnk), which describes all

possible switching states of the VSl is defined as given in the (3.28) below.

dni = (SK - §Z§=1Sj) (3.28)

Equation (3.28) shows that, the value of the switching state function, dnk, depends on the
switching state "n" (on or off) in each phase "k" , so it describes the switching state function of
the three leg VSI simultaneously, and describes the interaction between the three legs.

Based on (3.28) and for eight possibility of the switching function of the interfaced

converter, (3.29) describes the conversion between [Sk] and [dn], as shown below [13].
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In addition, by substituting the (3.28) in (3.26), (3.30) can be expressed as:

dick
dt

= —Rick+X dyV, -2 wherek=1,20r3 (3.30)
Lc Lc Lc

The term d,,, v, represent the output voltage of the inverter (v, ). By substituting it in the

(3.30) can be expressed as:

dick R . 1 vk
;Ct = —Zlck +Z Vek ~ 1o wherek = 1,2 0r 3 (3.31)
or
1 0 0][ia 1 Ver 4}
s lcz ——10 1 0 icz +L_ Vea| —— [V (3.32)
0 0 1 “lvesl " Lvs

Furthermore, for the three-phase balanced system, (i.; + i, + i3 =0)and (V; +V, + V5 =

0), and based on (3.10), (v¢; + vz + vez = 0), 0 (3.32) can be rewritten as follows:
d [Lea] _ _R[1 O Il 1 [Ve1] _
E iCZ] B L¢c [0 1] [icz] LC vcz] LC VZ] (333)

3.5.2 Transformation of The Dynamic Model Into d-g Orthogonal Frame

In order to simplify the control scheme, the general dynamic equation (3.31) can be

transferred to the synchronous orthogonal rotating frame at the angular frequency (®) of the

system, so the positive sequence component at the fundamental frequency becomes constant,

from which the fundamental frequency component and the harmonic components can be

extracted.

To transform the dynamic equation to the d-g orthogonal frame, (3.34) and (3.35) must

be apply to the dynamic equation of the system [13]:
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cos(wt) — sin(wt) 1
Vl I— 21 . 21 1} Va Va
V,| = |cos (a)t — ?) —sin (a)t - ?) Vel =K |7 (3.34)
V3 lcos (wt + z?n) —sin (wt + 2?”) 1J Vo Vo
Va V1
[vq - vzl (3.35)
Vo V3

where K represent the transformation matrix of (3.34).
From (3.32), the differential equation of the inverter, three phase injected currents can
be transformed to the d-g frame using the (3.34) and (3.35). As shown below.

The dynamic equation of the interface system in (3.32) can be rewritten as follows:
—Lc %% — Reige + duiVac = Vic, wherek =1,2 0r 3 (3.36)
In addition, eq. 34 can be expressed as follows:
Vi = vq4 cos(wt) — v, sin(wt) + vy
2 . 2
V, = v, cos (wt - ?n) — Vg sin (a)t - ?n) + vy (3.37)
2 . 2
V3 = v, cos (wt + ?”) — Vg Sin (wt + ?n) + vy
Substituting (3.36) in (3. 37) for each phase yield:

Phase 1:
_LC% [iq cos(wt) — iy sin(wt) + ig] — Re [ig cos(wt) — iy sin(wt) + i) +

[dyq cos(wt) — dyg sin(wt) + dpolvae = [vq cos(wt) — v, sin(wt) + Vo]

By differentiating and rearranging. The equations can be written as follows
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. di .
—L¢ [% cos(wt) — wiyz sin(wt) — ﬁsin(wt) — wig cos(wt) + %] — R¢[ig cos(wt) —
ig sin(wt) + ig] + [dpg cos(wt) — dyq sin(wt) + dpolvge = [v4 cos(wt) — v, sin(wt) +

vy ] (3.38)

Phase 2:

—L. % [id cos (wt - 2?”) — ig sin (wt - 2?”) +iy] — R¢ [i4 cOs (wt — z?n) — i4 sin (wt -
2?”) +ig] + [dpq COS (wt — Z?n) — dpq Sin (wt - 2?”) + d,o0]vae = [v4 cos (a)t - ZnT”) -
Vg Sin (wt - 2?”) + vo]

By differentiating and rearranging. The equations can be written as follows

di 27 .. 2T dig . 2T . 27
—Lc[=2cos (wt - —) — wig sin (wt - —) ——Zsin (wt - —) — wig cos (wt - —) +
dt 3 3 dt 3 3

%’ — R¢ig cos (wt - z?n) — igsin (wt - z?n) + ip] + [dypq cOS (wt - 2?”) — dpg sin (wt -
2?”) + dpolvae = [vg4 cos (a)t — Z?n) — v, Sin (wt — 2?”) + vy | (3.39)
Phase 3:

af. 2 . . 2m . . 21 ..
—L. = [ld cos (wt + ?) — ig sin (wt + ?) + iy] — R¢ [i4 cos (wt + ?) — i4 sin (wt +
2n . 2 . 2n 2T
?) +ig] + [dpg COS (wt + ?) — dpq Sin (wt + ?) + d,o0]vae = [v4 cos (a)t + T) —
. 21
Vg SIN (wt + ?) + vo]
By differentiating and rearranging. The equations can be written as follows

di 2 . 2 dig . 2 . 2
—L¢ [Z2 cos (wt + —”) — wig sin (wt + —”) —Zgin (wt + —n) — wig cos (a)t + —”) +
dt 3 3 dt 3 3

%’ — Re[iq cos (wt + z?n) —igsin (wt + z?n) + io] + [dpg cos (wt + 2?”) — dpgq sin (wt +
2?”) + d,0]vgae = [v4 cOs (a)t + Z?n) — Vg Sin (wt + 2?”) + vy | (3.40)
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In addition, by summing the equations (3.38, 3.39 and 3.40) and rearranging, (3.41) can be

written as follows:

[LC dciictd — Lewicg + Releg — dpgVac — vd] [ cos(wt) + cos( t— ?) + cos (wt + ) 1+

di
[L leq Lewicg + Reicg + dngVac — vq] [ sin(wt) + sin (wt —2?71) + sin (a)t +2?n)] +

3 [LC d:lco + RCI’CO + dnovdc - Uo] = 0 (341)
Therefore, from (3.41), the final dynamic equations of the proposed system in dq0 frame, and

can be rewritten as follows:

Lc dlc‘i + Reicg = wleicg — dpgVac + Vg
di .

Lo= 4 Reicg = —wliicqg — dpgVac + v, (3.42)
dlCO _

L¢ + Reico = —dpoVac + Vo

dt

or can be written as follows:

R
- e 0]
o [ted | L Re [[tca . dna . Va
= l_cq =[7® T 0 l_Cq +7 dng Vac — 7| Ya (3.43)
Leo 0 0 _? Leo an Vo
Cc

For a three-phase balanced system, the homopolar value component is zero, so that (i, =
0, vy = 0), and furthermore for a balanced three-phase system (v, + v, + v3 = 0) and (i, +
iz +ic3=20), and based on eq. 29 (dnq + dpq + dyo = 0), in addition by omitting the

homopolar value, eq. 43 can be rewritten follows:

_R¢

d |lca Lc lea 17d
dat [lcq] —w _ﬁ [lcq] [d ] Z vq] (3.44)
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3.6 Stationary Reference Frame Control in Three Phase Inverter System

The AC three phase inverter application and their controller have been studied with using
the stationary reference frame transformation in detail in [45], [46]. The proportional resonant
(PR) controller design is discussed a specific way in the recent published paper [47] , [48].

By using a current controller in the three-phase system, the three phase voltage source
inverter (VSI) controller provide independent PWM source signal (three individual single
phase sources). By implementation Clark transformation theory in the three phase system, the
number of variable is reduced from three separate phase components to two orthogonal
stationary reference frame. The two components are the primary key to implement the space
vector pulse width modulation (SVPWM) technique instead of SPWM.

According to Clark transformation matrix (3.17), the phase angle is not important in this
transformation. The control variable (voltage and current) in the stationary reference frame are
time variant. Therefore, it is difficult to eliminate the steady state error by using the PI
controller. Implementation of the proportional resonant controller (PR) has attracted
considerable attention during the last decade. Equation (3.45) represents the transfer function

of PR controller [46].

S
w Kt K 0
G = . (3.45)
0 Kp + K; ——

s24+w?
where w is the resonant frequency, Kp is the proportional gain, and K; is the controller integral
gain. The proportional resonant controller has a good performance, eliminating the steady state
error of the sinusoidal signals, and has the ability to compensate the low order harmonics

(harmonics compensator) as shown in (3.46) [48]:

s
s2+(w.h)?

(3.46)

Gue = Zh=3,5,7 K;
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where h represents the harmonics order. The general block diagram structure of a controller

using the proportional resonant controller with harmonics compensator is shown in Fig. 3.15.

Vdc

Va | i I_I
la-ref
—%\mntmller  —
: HC —_ /\/

1 Modulation
and ;
iB inverter Grid

HC
IB-ref
P-R controller —*C+)—-

Vp lr

ia — .
Y._ PLL _.y
af ap

' |

va  vB

Fig. 3.15: General block diagram of the three phase PR control strategy

3.7 Rotating Reference Frame Control in The Three Phase Inverter System

By using the rotating reference frame method, another strategy for inverter control
loop can be constructed. The rotating reference frame transformation theory (d-q
transformation) is widely used in the controller of a three-phase industrial system.
Rotating reference frame produces high performance in the current control of industrial
system. Figure 3.16 shows the general block diagram of the d-q control strategy in a three

phase inverter system [11], [49] and [50].
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Fig. 3.16: General block diagram of a three phase rotating reference frame control strategy

According to the block diagram, the three phase measured current are transformed
mathematically to two components (a, B) by applying the Clark transformation matrix in (3.
17), which are time variant system (stationary system). In the most industrial cases, three-
phase system is balanced; therefore, three-phase voltages and currents are symmetrical, which
means that the sum of the phase quantity becomes zero. By using the Park transformation
matrix in (3.18), the stationary frame (a, ) is transformed to the synchronous rotating frame
(d-q), the d-g quantity are rotating synchronously at the power line frequency.

The measured components of the currents in the stationary frame, transformed to the

synchronous reference frame (d-q component), are compared with their reference values to
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generate the feedback voltage in the synchronous reference frame that are fed to the
compensator.

The active and reactive power (or voltage) contains a cross coupling and decoupling of
the filter inductive term, caused by interaction between the inverter, filter circuit and PWM
modulation scheme. The decoupling eliminate the coupling in the controller feedback signal
between g and d channel to generate independent two current control loop. The reference
voltage is added to the feedback reference signal to generate the d and q components of the
reference voltage. To generate the switching signal to the gate of the semiconductor devices
by using Sinusoidal Pulse Width Modulation technique (SPWM), it is necessary to transfer the
d-q rotational frame to the stationary reference frame by using the inverse transformation of
the Park and Clark matrix. Equation (3.47) represents the transfer function of the proportional

integral controller in the rotating synchronous reference frame [31], [51], [41] and [49].

K;
Kp‘l‘? O

Gglq(s) = 0 K +KL'
P

(3.47)
The major difference between the stationary and synchronous rotating reference frame
current controller is that, most of stationary reference frame current controllers are inable to
eliminate the steady state error. The problem is solved by using the synchronous rotating frame
so it makes the fundamental power frequency represented as a DC quantity of the conventional

DC regulator, such as PI controller can be used [10].
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3.8 Virtual Synchronous Generator Structure

3.8.1 Overview

In this section, the theoretical concept and explanation of the synchronous generator in
mechanical and electrical part are presented, which aid in the designing the virtual synchronous
generator (VSG).

Figure 3.17 shows the cross section view of a single phase synchronous generator. The field
coil of the generator is wound on the rotor while and the armature coils are wound on the stator.
The rotor contains a damper coil, which has an effect on the transient operation of the generator.

The main features for producing a reliable and a stable operation of the electrical grid, are
the rotor inertia in the synchronous generator, damping effect due to the damper windings, and
speed droop characteristics of the synchronous generator [52].

Figure 3.18 shows the block diagram of the synchronous generator unit, which describe the
control and behaviour of the complete unit [53].

The main control parts of the synchronous generator are:

1. Governor:

The function of the governor is to control the speed of the rotor (frequency of the
generated voltage), or the output mechanical power according to the power-frequency

characteristic of the machine.
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Fig. 3.17: The schematic view of single phase synchronous generator[52]
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2. Automatic Voltage Regulator (AVR)

The function of the AVR is to control the voltage and reactive power supplied (or absorbed)

by the generator.

3.8.2 Rotor Inertia in the Synchronous Generator

When the rotor with a field and damper winding rotates, it will create a sinusoidal flux in

the air gap, which produces voltages in the stator windings.
The swing equation of the synchronous generator dynamics is given by [17]:

]6;—(: =Ty — Te — BAw ,where Aw = w — wsyn (3.48)
where:

J  : Moment of inertia of the rotor
: Mechanical torque
T, . Electromagnetic torque
B : Damping torque coefficient
o : Angular speed of the rotor shaft

Wsyn - Synchronous speed

Under steady state condition:
W = Wgyn = CONSt
“BAw =0&T1, =1,
The mechanical torque (z,,) has a higher time constant due to the slow torque response in the

prime mover. Hence, the changes are relatively slow, upon an imbalance in the electrical
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network. The electromagnetic torque (te) can be varied almost instantaneously. Therefore due
to some disturbances, if e < tm, the rotor will accelerate and if te > tm the rotor will be

deaccelerated.

3.8.3 Damper Windings Effect

The damper coil introduces the damping effect in the synchronous generators, which
maintains the synchronism of the generator when a deviation in the rotor’s speed occurs due to
disturbances.

From the swing equation, the power equation is given by [53]:

& —p —P, —Py, wher Py = BAw 3.49
dt

Jw
Fig. 3.19 shows the oscillation of the Rotor and power under the effect of damping when

a small disturbance occurred.

Fig. 3.19: The Rotor and power oscillations with damping effect included[53]
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If the rotor is deviated from the equilibrium point due to the disturbance, it will accelerate or
decelerate. According to the swing equation, if Aw >zero, damping power will be negative and
if the Aw<zero, damping power will be positive effect, and supporting the air gap power Pe.
Therefore, the rotor speed will change instantaneously and to reach the synchronous speed

without any vibration or infinite oscillation [53].

3.8.4 Droop Characteristics of Synchronous Generator

This section gives more explanation of the advantage of the inertia in SG due to its rotating
mass of the rotor. The advantage will be noticed in the active power or load-sharing
characteristic between two generators working in islanded system.

According to the swing equation, it is clear that when there is a mismatch between the
input mechanical power supplied by the prime mover and the output electrical power supplied
by the generator to the grid, the rotor speed will deviate from the synchronous speed.

The speed load dependence of two parallel synchronous generators can be characterized by the
housing diagram, which is shown in Fig. 3.20 [52],[54].

When two generator are adjusted to operate in parallel, they will work at the same
frequency. If the load increase, the additional load will be shared by the two generators
according to their drop characteristic. However, if the frequency decreases below the threshold

value, the reference speed of the governor for both SGs needs to be readjusted.
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The frequency of the terminal voltage of the synchronous generator is related to mechanical

speed and number of poles as [52]:

fo=(25)+ (3.50)

2 60
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Chapter 4

Control System of The Inverter

The control system of the inverter is responsible to control the current performance of
the Voltage Source Inverter (VSI) based on analyses of the voltage and current vector in the
stationary and rotating frames. The voltage and current vector are transferred from abc to aff
and from aoff to dq, by using park and clack transformation matrices. By using these
transformation matrices, it is easy to control of the current and voltage because the current and
voltage is converted to a constant value. In this way, it is easy to extract the harmonics and the
fundamental value of the current from the AC current signal. By using this technique, a flexible
distribution generator with the following characteristics can be achieved:

e Compensation of harmonic currents (active filter)
e Compensation of load reactive power (DSTATCOM)

e Control of active power with proper stability and damping during disturbances (VSG)

4.1 Voltage and Current in the a-f and d-q Reference Frame

The control technique used in the proposed system is based on analysing the voltage
and current vector component in the afy and dq reference frame, including the mathematical
equation, and transformation matrix. The Clark transformation transfers the instantaneous
three-phase current and voltage in abc system into instantaneous voltage and current in of}-
axes, and after that they are transferred from the aff components into the dq reference frame,

by using Park transformation, to transfer it to the rotating frame, which rotates at the angular
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velocity (o) of the grid frequency. In this frame, the voltage and current components represent
as constant value. Therefore, it is easy to filter it to extract the fundamental and the harmonic
components and it is easy to control of the current and voltage of the interface system. To
calculate the voltage and current component in the dq reference frame, the instantaneous angle
must be calculated. A Phase Locked Loop (PLL) is commonly used to obtain this angle in the
vector control loop.

Fig 4.1 shows the voltage and current components in the dq and off reference frame, by
considering the voltage vector in the d-axis vector direction. With this consideration, the g-
component of the voltage vector in the dq rotating reference frame will be equal to zero (v, =
0). By referring to Fig 4.1, the instantaneous angle of the grid voltage can be calculate as shown
in (4.1).

A(Im) t

— o

0] \\ V(Z cx(Re)

>

Fig. 4.1: The voltage and current component in the dq and o — 8 frames

6 = tan~! (”—B) (4.1)

Va
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where 0 is transformation angle.

Under balanced voltages of the main source, 0 increases as a function of time uniformly, and
the transformation angle 0 is sensitive to the voltage components including the harmonics and
unbalanced voltages, so that ® may be constant over the main period.

In addition, by considering the voltage in the direction of the d-axis, the reference voltage of
the system at the point of the common coupling will be the load voltage, which can be

expressed as:

Uref = |qu)| = |v_d)| = |Txﬁ)| = (4.2)

’vé + v

The dq load current components (i, i;4) are delivered for the synchronous frame based on the

Park transformation as shown in (4.3). They represent the active and reactive components of
the load current respectively, so from the geometric relationship in the eq.3 the reference load

current can be written as follows:

[lld [jga zﬁ [{za] (4.3)

Lig va+v Blllp

The instantaneous active and reactive load currents are constructed from the oscillatory
components (harmonic components) and the average term (fundamental component).

lig =lig+ liqg and ijg = {15 + 14 4.4
The first term in the both equations i;; & i;4 represents the high order harmonics current with
the first harmonic of negative sequence, which is a non-dc quantity, and has oscillatory
components, whilst the second term represents the first order harmonic frequency, which
represents the current at the fundamental frequency (average value), and has a constant value

(dc value).
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The main advantage of this method is that, 6 can be calculated directly from the main voltage
source at the PCC, which avoids direct using of the PLL in the control circuits, therefore the

large problem of synchronizing can be avoided.

4.2 Calculation of The Reference Current for DG Proposed System

4.2.1 Reference Current to Supply the Load Active Power
At the fundamental frequency the active power injected to the grid from the DG is given by (4.

5) as follow [13]:
P =2 (valeq + vqlceq) (4.5)
From (4.5), the capital letter related to the current injection by the DG at the fundamental
frequency, and by referring to the first assumption (v, = 0), and the reference voltage at the

PCC is calculated in (4.2). The d-component of the reference current providing the active

power at the fundamental frequency can be written as follows.

* 2 PTE
g =:"2 (4.6)

Vq
where p,..¢ is the maximum power that the VSI can deliver to the network at the fundamental
frequency, and I, represents the d-component of the DG reference current at fundamental
frequency.
From this method, the active current is limited and restricted to the rated power of the
VSlI, and can control the maximum active power injection by the converter to the grid.
The reference active power depends on the DG system capacity, ratings of the power electronic

converter, and the interface transformer.

49



4.2.2 Harmonic Components of the d-axis Reference Current.

In the dq reference frame, the fundamental component of the load current is seen, as a
dc component value, and the harmonic components are oscillatory components. To extract the
harmonic components from the load current in the d-axis, high pass filter (HPF) can be used.
With a digital implementation of the control system, and by using this method, a delay occurs
in the control system [8]. Thus, to avoid this problem, a minimal phase HPF can be obtained
(MPHPF), by using a low bass filter to extract the dc component and to subtract it from the
load current in the d-axis, which can be represented by:

Hypupr(s) = 1,(s) — Hypp(s) (4.7)

where I;(s) is the total load current.

The transfer function of this LPF is the same order and cut-off frequency of the HPF. A
first order LPF is used in this proposed system with a cut-off frequency (fc = /2, where f =
50Hz) to extract the dc component from the nonlinear load current.

The overall load current in the d-axis is given by (4.8). To make the DG work as an active
power filter all the harmonics component of the nonlinear load we must be supplied.
Alternative part component of the load current is extract using the MPHPF. The dc-part is
given by (4.6). Therefore, the reference current in the d-axis component is given by the
relationship:
lca = la *+1cq (4.8)

where:
i-q - 1S the reference current to supply the load reactive power
14 . 1s the harmonics component of the load reactive power

17, @ is the load reactive current at the fundamental frequency
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4.2.3 Reference Current to Supply The Load Reactive Power

In the d-q rotating reference frame, the quadrature component of the load current is
perpendicular to the direct component of the voltage (v, L i, ) [49]. The reactive power of
the load is represented by the g-component of the load current. To make the DG work as a
reactive power compensator, the DG must inject all the current in the g-axis with both dc and
alternating value.

For this purpose and to make the inverter work as a DG unit, it is sufficient to set the reference
current of the inverter to the g-component of the load current as shown in the equation below.

ieg = lig (4.9)

For this consideration, the load reactive power will be compensated by the DG link in

both components (harmonics and fundamental parts).

4.3 Steady State Analysis

By using the park transformation matrix, the dynamic model of the proposed system is
transferred into the dq reference frame. By neglecting the homoplar value component of the
voltage and current, all the Park Transformation variable of the DG become constant in the
steady state condition, and the reference current is generated from the instantaneous active and
reactive power of the nonlinear load.

By considering, the three-phase voltage to be balanced. The sum of the currents is zero.
Therefore, no homopolar component (i, = 0). The voltage at the neutral point does not effect,

any transformed current, and this voltage is given as follows:
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vNM S vO:/gOM (410)

where v, represents the homopolar component of the grid voltage, and v,,, represents the
homopolar component of the of the voltage of the converter. The voltage at the neutral point
depends on the homopolar component of the grid and the converter voltage. When the voltages
of the power grid are balanced, the average value of the v, is zero. Therefore, the voltage vy
depends on the homopolar value of the voltage of the interface converter.

By considering the original position of the load voltage on the d-axis, the voltage vector
in the g-axis is equal zero (v, = 0), so that the voltage vector is the d-component of the load
voltage vector, which is equal the line-to-line rms voltage of the grid voltage (v,;). Equations

(3.44) can be rewritten as follow.

lcd L lcd 1 Vcd 1 [Vg
lcq] l RC‘ [lcq Lc ch + Z[ 0 ] (411)

4.3.1 Current Control Technique for The Proposed Model

To eliminate the steady state error and to obtain low overshoot, and high accuracy, of the
load current, a Pl-controller is used to control the compensator current instead of the complex
controller, and to provide the active and the harmonic components of the current.

The control strategy of the current control loop is based on the dynamic equation in the dq
reference frame (4.11). As mentioned before, all the transformation variable in the dqg frame
become constant value in the steady state condition. The equation will be controlled in two
different ways. The differential equation that represents the dynamic response of the system is

shown in (4.12), and (4.13), as follow:
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dicg

LCW + Rcicd - (,L)Lcicq — Ved + Vg = 0 (412)
dic . .
L. dtq + Reicg + wleicg —Veqg =0 (4.13)

Based on (4.12) and (4.13), the equivalent circuit of the proposed model is drawn as shown in

Fig. 4.2.

Fig. 4.2: The Equivalent circuit of the proposed model in d and ¢ frame

In the figure, the V.4, represents the output voltage of the voltage source inverter (VSI) when

) dig, . .
+ R.i.q and L. % + R.i.q represents the output signal of

it's working as DG unit. LC%
dicq

the plant on the d-axis and g-axis respectively. By considering 1; = L, —

+ Rcigq and A, =

L. d;q + R.i.q, the switching state function (v.q , v.4), is calculated as follows:
Ved = /1d - (,L)Lciq + V4 (414)
Veqg = Ag + wlciy (4.15)

The two control loops consist of combination of a nonlinearity cancelation part and a linear
compensation part, and a block containing L. w, whose objective is to decouple the influence
between both current control loops in d-axis and g-axis.

Designing a PI controller for the two separate control loop can be derived from the 4,

and 4,4, as mentioned before. Taking the Laplace transform of the two equations yields.
Aq(s) = Lesleq(s) + Releq(s)
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Aq(s) = L¢sleq(s) + Reloq(s)

The transfer functions are given as:

Ica(s) _ 1
Aq(s)  Les+Re (4'16)
Ieq(s) 1
2q(s)  LcS+Rc (4.17)
The parameter of the PI controller can be obtained as follow:
Acd = kpAiCd + ki I(Alcd)dt (418)
Aeq = kplicg + ki [(Aigg)dt (4.19)

where k,, and k; are the proportional and integral gains. Ai.q = icg — icq and Aigg = igq —
icq, are the error signals that control the switching signals of the converter, according to the
objective of the interconnection of the DG to the power grid.

The transfer function of the PI controller is obtained by tacking the Laplace transform of (4.18)
and (4.19) yields:

Aq(s) _ lq(S) _ ﬁ _ kp5+kl'
Alg(s)  Alg(s) kep + s s

(4.20)

The block contains wL, is presented the both two current loops in the d and g axes. The original
control inputs D,,4; and Dy, consist of a non-linearity cancellation part and a linear decoupling
compensation part. To achieve a fast dynamic response and a zero steady state error especially,

when a nonlinear load or an unbalanced load is connected to the grid, a PI controller type is

required. The closed loop control system is shown in the Fig. 4.3.
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Fig. 4.3: The vector control loop in the d and q plane with PI regulator

To design the PI regulator of the current controller, it is necessary to decouple the
proposed model by adding the measured voltage of the d-axis and cross-coupling terms as
shown in Fig. 4.3. The block diagram of the current controller can be simplified as shown in

Fig. 4.4.

ﬂlm . !
N 1 cd
,}% —| PI-Regulator d+”)_"\,5_"?_‘( ) Les+ R,

I
wL*
Mg [ o °© g 1 I
. + q Ay N\ - + 1 cq
‘Icq _,i_\ PI-Regulator 1, \_j “?——) EC.%‘ n RC
- +

Fig. 4.4: The control block diagram of the current control loop in d and g axis
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Fig. 4.5: The Equivalent block diagram of the current control loop in dg-axis

The closed loop transfer function of the current controller is given by:

ki

Ieg(s) _ Icq(s) _ k_p S+E
174(8) - I%4(s) T L 52+(RC+kp)s+ﬁ (4.21)
Lc Lc

The transient response of the control system will be effected by the presence of zero at s =

—% The presence of the zero in the control system produces high overshoot in the transient;
P

when apply it on the Matlab program the theoretical overshoot is 20.79 % is noticed, which is
high value. To eliminate the zero in the control system a pre-filter is added to the control system

as shown in the Fig. 4.6, whose transfer function is [45]:

Gp(s) = —¢ (4.22)

kp

+ &iCd kps -+ ki 1 ICdS
s | Les + R, -

*
cdg ——» GP(S')

Prefilter Pl-Regulator

Fig. 4.6: The equivalent control block diagram in the d and q axis after adding pre-filter to

eliminate the presence of the zero in the system

In this case, the transfer function will be given by:
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ki

. ki
F(s) = —pzzci—ckpﬁ (4.23)

ki ¢24( €7D
is +< e )S+Lc

wi
2 2
s2+2{wpstwy,

F(s) = (4.24)

where ( is the damping factor and w, is natural undamped angular frequency, which is
dependent on the specific time response. Because of the physical limitation, m, must be lower
than the angular frequency o (o = 2xf, where f = 20 kHz) of the modulation carrier wave,
which represents the switching frequency of the semiconductor devices. The value of w, =

w /5 based on the theorem of Shannon-Nyquist [55],[56], and the optimal value of the damping
factor ¢ = \/% . Equating (4.23) and (4.24) yields:

kp = Zlqj{CUn _'I?C, 1(i:: Lc(U% (4.25)
4.3.2 DC-Bus Voltage Regulation

The differential equation of the inverter DC side is given by [55]:

dvgc 1

= —lac (4.26)

dt Cdc
where i . is equal to the AC output current of the inverter. By assuming an ideal condition, (4.

26) can be rewritten as follows:

dvdc
dt

1 .
= 7“213;1 Anklck (4-27)
where d,,, is the gate signal in the transistor number n in the phase number k.
By transforming the parameter into the dqg reference frame, the dynamic equation in the dc-

side bus is rewritten as:

dvge 1 . 1 .
e = — dnaica +——dnglcq (4.28)

dt Cdc Cdc
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The transfer function of the plant can be obtained by taking the Laplace transform of (4.26) as

follows.

Vdc(s) — L (429)

Igc(s)  scac
The overall control block diagram is shown in the Fig. 4.7, where the error signal of the dc-bus
voltage (Av,. = v}, — vg4.) IS passed through the Pl-controller to regulate the voltage across
the dc bus (v,,.) at a fixed value. Therefore, u,. will be obtained as follows:

Uge = kiAvge + ky [ Avg dt (4.30)
where ki and k» are the proportional and integral gains. The closed loop transfer function of

the overall control system is obtained as follows.

k2
Vac(s) _ ki STk,

Vic(s) B sz+k715+k72 (4.31)
By comparing the transfer function with the general formula of the second order transfer
function, which is given by:

“n
S+2{

F(s) = 2{w, (4.32)

2420 wns+w}h

The proportional and integral gains are obtained as follows.
ki, = 2{w,c k, = wic

By referring to the control loop, which is shown in Fig. 4.7, the control effort is obtained as:

i Uge—Dn UgcVdc—DngVdct
fgo = ———t = ——1—1 (4.33)
Dng Dnavdc
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Fig. 4.7: The control block diagram of the dc-bus voltage

Therefore, by referring to the normal operation of the VSI as a DG unit, and assuming the ideal
conditions for the current control loop, the following properties will be obtained:

DpaVac = vgq DypgVac = vy
By assuming a balanced three phase grid voltages:

V, = v cos(wt)

V, = vcos (a)t — 2?71) (4.34)

21
V3 = vcos (a)t + ?)

Transforming the voltages into the synchronous reference frame yields:
Vd _ V1 _ |3V
FAREAIARNEH

By referring to the first assumption, we get

3
Dpgvgc = vq = \/;V

DpgVac =14 =0

Hence, the control effort can be approximate by:
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. 2 Vg

laih+ = \/;%udc (4.35)
where i4,54 represents the first harmonics current of the positive sequence after converting it
to the dc-quantity, so it is added to the reference current of the loop of i;; to generate the current

at the fundamental frequency. Furthermore, the dc voltage loop is designed to be much slower

than the current one, to avoid any interaction between the two loops [13].

4.3.3 Virtual Inertia and Virtual Damping

A virtual Synchronous Generator (VSG) model has been developed using the swing
equation (3.49). Based on the swing equation ( B, — P, — Pp =]w°;—(:), the following

deduction can be expressed to elaborate how the phase angle of the VSG is calculated:
f%(Pm — P, = Pp)dt = [20°2
§f(Pm — P, — Py)dt = w? (4.36)
By further integration:

JVw?dt = 6y (4.37)

The active power droop control has also been executed in this model based on the following

relationship:
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fre -f
By = Prep + dfTo‘;SG ,droop >0 (4.38)

In addition, the virtual damping has been implemented based on the following relationship to
represent the round rotor synchronous generator behaviour [52]:

Pp = Kaamping * (0vsec — ®gria) (4.39)
By converting the model into the dq rotating frame, the reference and electrical power are given
by:

Pres =2 valj (4.40)

P =>v4leq (4.41)
Figure 4.8 shows the general block diagram for inertia and damping power emulation to

generate the angle and frequency of the DG unit.

Wysg
) Wyse
Ppe )R, —P.—Pp 2/ 1 N 1 :> 2]
wgridl:> f:)xn s ﬁxﬂ S vse
Whria ggrid

Fig. 4.8: The inertial structure with mechanical dynamic

The overall control system is shown in the Fig. 4.9, which is simulated using matlab/Simulink

environment, and the capability of the control system is explained in the simulation section.
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Fig. 4.9: The general schematic diagram of the control strategy for the DG system

4.4 Capability Curve of The DG Unit.
The dynamic state equations that represent the AC and the DC subsystem are presented using

(3.30) and (4.28), which can be transferred to the dg reference frame by using the park
transformation matrix. According to the general state space equation, the general proposed
model can be expressed using (3.44), and (4.28).

By referring to the first assumption, the direction of the reference vector of the grid voltage in
phase with the d-axis, and the g-component of the grid voltage is equal to zero (v, = 0), the

reference voltage is equal to the d-component of the grid voltage (v; = v,,). Assuming that,
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the reference value of the d-axis in the current control loop in the DG unit to inject the
appropriate reactive power is equal t0 L.rq (Icg = Lrera): Irepq represents the reference
current to provide the reactive power to the load, and v, is the desired value of the dc voltage
(Vac = vr).

By considering the stability criteria in the proposed model and substituting these assumptions
given in (3.44) and (4.28), and considering d,4 and d,, are the switching values during the
steady state operation condition, a set of equations can be obtained during the steady state

condition of the proposed model as follows:

dlye
L. de + Relperg — Whelrepq + dpgVr + v = 0 (4.42)
dlye
L. qu + Relpesq + Whelyesq + dpgvr = 0 (4.43)
dndlrefd + dnqlrefq + I =0 (4.44)

In order to meet the appropriate compensation during the change from the transient to the
steady state operation condition, the impact of the instantaneous variation in the value of the
reference current should be considered in the control loop of the DG unit so that:

dlrefd _ dlrefq _
dt Iavd' dt Iavq (4-45)

By substituting (4.45) in (4.42) and (4.43), the switching state value of the interface system

from the dynamic to the steady state condition can be expressed as:

dnd = —VUm—Rclrefat®Wlclrerq—Lclava (446)
Ur

__ —Relyepq—wLelyrerq—Lclavg
g = : (4.47)

By substituting the switching state function in (4.44), the following relationship is obtained:

2 2 2 2
Lelgya+vm Lelayg (Lclavatvm) +(Lclavq) +4Rcvrlgc
I reladtin )y (1 = 4.4
(refd += ok, t Urera T =5, 4RZ (4.48)
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where (4.48), represents the mathematical relationship of the circle with a centre at

<_ (=) - (cha,,q)> and a radius ofj (helavatom)*+(Lelang) +4Revrlae

2R, 2R, 4R?

which represents the maximum capacity of the DG to compensate the active and reactive
powers to the power grid in both a DC and AC conditions.

Figure 4.10 shows the comparison between the load and the DG current components, which
clarifies the region that the DG can cover when the non-linear load is connected to the grid.
Therefore, the interfaced DG system can cover the load current which lies inside the circuit,

and it equals the maximum capacity of the interface system for the power injection.

(L1, +v,) + (L1, )2 +ARV L, AL, (A)
. 4R

Radius

Fig. 4.10: The comparison between the load and DG current component
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By assuming icq = {14, icq Can be written as:

2

. _ —(Lcl gpa+vm) (Lclavd"'vm)z"'(l'clavq) +4RcVrlcq Lelayg 2
led = + > - llq +

2R¢ 4R? 2R¢
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Chapter 5

Simulation Results

In order to describe and test the performance of the proposed system, the overall control
system is simulated using Matlab/Simulink environment; the schematic diagram of the
proposed control system was shown in Fig. 4.9. The simulation parameters are given in the
Table 5.1; the values are approximated to real system values obtained from industry.

The test model consists of the power converter with the maximum power rating 20kW
connected to the grid that supplies a nonlinear load. A constant DC voltage source was
considered as the source of the DG system. The capability of the control system in tracking the
reference current with constant output active power are shown, and the ability of the system to
provide the active and reactive powers. The harmonic current components of different loads
are shown. The simulation result will be used to analyse the total harmonics distortion (THD)
of the grid current before and after the DG is connected to the grid. In addition, the active
power delivered from the DG to the power grid will be constant. By this assumption, it is
possible to evaluate how the control system is able to track the fast change in the active and
reactive power independently.

To simulate the real AC power grid, the nonlinear load is connected and disconnected
randomly, and the grid current waveforms are measured under different situations.

Table 5.1: Simulation Parameter.

Parameter Value
Grid voltage 400 VL
dc-link voltage (Vdc) 750 V
Fundamental frequency 50 Hz
Switching frequency 20 kHz
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Coupling inductance (Lc) 0.5mH
Coupling resistance (Rc) 0.1Q
Line inductance (Ls) 0.1 mH
Line resistance (Rs) 0.1Q
Nonlinear load resistance 20Q
Nonlinear load inductance 1 mH
Pref 20kwW
Virtual inertia (J) 50kg*m?
Damping coefficient (Kp) 7000

5.1 The Proposed VSG Test System

The system will be used to test the DG system consisting of the voltage source as the
main source of the grid. At a frequency of 50 Hz, the transmission line is modelled as series
inductance and resistance. The nonlinear load is represented by a full wave rectifier. The per
phase load voltage is shown in Fig. 5.1, the small disturbance in the load voltage signal is
caused by the nonlinear current drawn by the full wave rectifier. The phase current is shown in

Fig. 5.2, the three phase voltages and currents are shown in the Fig. 5.3.

Load phase voltage [V]

| | |

_300 | | | | | |
0 0.01 002 003 004 005 0.06 0.07 008 0.09 0.1

Time [s]

Fig. 5.1: The load voltage of the system
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Fig. 5.2: The load current of the system

500 T
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0 001 002 003 004 005 006 007 008 009
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-500

0.1
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Fig. 5.3: The three phase currents and voltages of the load

5.2 VSG Operating as Active Power Filter

Figure 5.4 represents the load current, source current and VSG when it work as Active
Power Filter (APF). The VSG is supply all the harmonic components of the load current, and

the source current represent as pure sinewave signal. Fig. 5.5 represents the source voltage
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and source current, the phase angle between the voltage and current show the power factor of
the grid is not unite, this problem will be treate whent the VSG work as reactive power

compensator(D-STATCOM).

Load current [A]
{ S
(=] (=}

[\=]
(=}

N
=3

[3%]
(=]

[\53
=]

Source current [A]
f==)

A
S

[3®)
(=}

{=]

APF current [A]

S~}
[=}

1 Il 1 1 Il 1 Il 1 Il
0 001 002 0.03 004 005 0.06 0.07 008 0.09 0.1
Time [s]

Fig. 5.4: The load current, source current and DG current after the DG work as Active

Power Filter
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Fig. 5.5: The grid voltage and current after the APF connect to the network
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5.3 VSG Operating as Active Filter and Reactive Power Compensator

The grid is connected to a load modelled by the full wave rectifier with per phase
resistance 20Q and inductance 10 mH. Fig. 5.6 shows the load voltage, load current, grid
current and the DG current. At t=0.1s the DG link is connected to the network which supplies
all the active and reactive power including the harmonic components to the load, at this
situation the active power of the load is equal to the maximum active power of the DG, and the
grid does not supply the current to the load (igriq = ii0aa — Ipc )- At t=0.2s, additional load is
added to the network, at this situation the active power of the load is higher than the maximum
active power rating of the DG. In this situation, the reactive power is injected by the DG and
the grid injects the remaining active power. The grid supplies a current with high quality so the
waveform is pure sinusoidal under the connection of the nonlinear load to the grid.

Fig. 5.7, shows the current and the voltage of the source after connecting the DG to the network.
The voltage and current are in phase so the grid does not need to supply the reactive power to
the load, and the reactive power is injected by the DG. The DG system makes the power factor
of the grid unity (pf=1).

The ability of the DG control system to track the reference current in the d and q axis during
the connection of the DG to the network and after adding the additional load to the grid is
shown in Fig. 5.8 and Fig. 5.9. The harmonic and the dc components of the current in d-axis
are shown in Fig. 5.10.

The ability of the DG control system to track the reference current in the d and q axis during
the connection of the DG to the network and after adding the additional load to the grid is
shown in Fig. 5.8 and Fig. 5.9. The harmonic and the dc components of the current in d-axis

are shown in Fig. 5.10.
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Fig. 5.6: The load voltage, load, grid, DG currents from top to bottom, respectively. The DG

unit is connected at t=0.1s,at 0.2s additional load is connected to the grid
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Fig. 5.7: The grid voltage and current before and after additional load connected to the grid

The ability of the DG control system to track the reference current in the d and q axis during

the connection of the DG to the network and after adding the additional load to the grid is
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shown in Fig. 5.8 and Fig. 5.9. The harmonic and the dc components of the current in d-axis

are shown in Fig. 5.10.
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Fig. 5.8: The d axis reference current tracking the load current after connection the DG to

the network and after additional load is connected to the grid
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Fig. 5.9: The g-axis reference current tracking the load current after connecting the DG to

the network and after additional load is connected to the grid
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Fig. 5.10: The direct and harmonic components of the load in the d-axis

Figure 5.11, shows a comparison between the grid angles generated by the PLL and the
angle generated from the virtual inertial implemented in the system. The result improve that

the capability of the VSG to track the angle at the PCC.
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Fig. 5.11: The angle generated by the virtual inertia and by PLL
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Figure 5.12, shows the active power of the load, source and DG link. Before the connection of
the DG link, the active power is supplied by the grid. After the DG link connected to the
network at t=0.1s, the active power generated by the grid is reduced to zero and it is injected
by the DG. When the additional load is added to the network at t=0.2s, the DG is injecting the

maximum active power and the remaining power is injected by the source.

5000

4000

T

3000 -

2000

Active power [W]

1000 - T

-1000 . ‘ ;
0 0.05 0.1 0.15 0.2 0.25 0.3

Time [s]

Fig. 5.12: The source, load and DG active power
Figure 5.13 shows the reactive power of the load, DG and grid. Before the connection of the
DG to the network, the reactive power is supplied by the grid and after the DG is connected to

the network, the reactive power of the grid is reduced to zero and it is supplied by the DG link.
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Fig. 5.13: The source, load and DG reactive power
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5.4 VSG Operation When It is subjected to The Three Phase Fault
Current

The load is subjected to the three phase fault currents within five cycles (0.1 sec) to
test the capability of the VSG to maintain the frequency in the save range, and return back to
the operation range after the faults is removed.

Fig. 5.14 represents the load current, source current and VSG current. At t=0.1s, the
load is subjected to the three phase fault currents, and the fault is removed at t=0.2s. The

capability of the VSG to return to the normal operation after the fault removed is shown.

) 0 0.05 0.1 0.15 0.2 0.25 0.3
Time [s]

Fig. 5.14: The load, grid, VSG current when the load is subjected to the three phase fault
currents

Fig. 5.15 represents the frequency of the current injected by the VSG before and after the
system is subjected to the three-phase short circuit fault within five cycles. The frequency is
slightly droped and returned to the steady state condition after the fault removed, the decrease

of the frequency in the system depends on the amount of virtual inertia and the droop
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coefficient of the swing equation. The response of the frequency does not change rapidly so

that gives the system more stability under the challenge in the real network.

Frequency [Hz]
s w
=} (=)
T
I

48 - 2
47 2

46 - .

45 | I | | |
0 0.05 0.1 0.15 0.2 0.25 0.3
Time [s]

Fig. 5.15: The VSG current frequency when it subjected to the three phase short circuit fault
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Chapter 6

Conclusion and Future Works

6.1 Conclusion

Multipurpose control algorithm for integration of the two level inverter based on the
DG interface is presented. The proposed control algorithm makes the system more stable and
produce high quality waveform supplied by the grid under the challenging of the real network.
The control algorithm is designed based on analysing the load current into aff and dq frame as
mentioned before, the sinusoidal pulse width modulation (SPWM) was used to produce the
gate signals of the semiconductor devices. The capability of the control system to produce the
active and reactive power in the fundamental and harmonics is demonstrated. The capability
curve of the interface signal to provide the active and reactive current in the d and g axis is
presented, and the overall control diagram of the proposed control algorithm is presented.
The basic concepts of the synchronous generator are presented. The concept and control
strategy of the VSG are introduced. Damping power and inertial emulation model are
presented. The system is modelled using Matlab/Simulink environment to verify and improve

the capability of the control system of the VSG.
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6.2 Future works

The following guidelines are suggested to be done in the future:

Coordination between VSGs and SGs, and revising the existing standard in the case of
supporting frequency system needs further study.

Implement all the components and features of the synchronous generator virtually in
the control system of the VSG, included virtual impedance.

Response of the frequency when the real power change and response of the voltage
with respect to the reactive power change will be further study in this thesis.

The effect of inertia on stability.

The power sharing between two VSGs.
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Appendix A Matlab/ Simulink Models
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Overall Control System
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Reference Current Calculation
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Inertia Emulation
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Gate signal generation

o Amd
(3 ) ¥
g
- Agdi
nd

» PiDg »
PID Comtrolk2 o " _
/ I
Famie
+
=
W »
From11 )
a L
28m —
» PiDg J L*
PID Conroles
FRmi7 PP Fomi3

91

Fomi2

P Genemir
[Heel

e ol I Be



	Acronyms and Abbreviations
	List of Figures
	Chapter 1  Introduction
	1.1 Overview
	1.2 Problem Statements
	1.3 Publications
	1.4 Research Goals
	1.5 Organization of The Thesis

	 Chapter 2 provides a review of main types of DGs system working as active power system and reactive power converter and supplying the real power to the load. The chapter also reviews the standard two-level inverter, which is commonly used as an inte...
	 Chapter 3 introduces the operating principle of the DG with its mathematical model, and describes the mechanical part of the synchronous generator.
	Chapter 2  Literature Review
	2.1 Distribution Generator System
	2.2 Virtual Synchronous Generator

	Chapter 3  Conversion System
	3.1 Inverter Structure and Operating Principle
	3.1.1 Three Phase Voltage Source Inverter Topology
	3.1.2 Sinusoidal Pulse Width Modulation (SPWM) in a Three-Phase Voltage Source Inverter
	3.1.3 Filter Design

	3.2 Phase Locked Loop
	3.3 Nonlinear Load and Harmonics in Power System
	3.3.1 Power and Harmonics in The Power System
	3.3.2 Modelling of The Industrial Loads

	3.4 Three Phase Representation
	3.4.1 abc Sequence
	3.4.2 Reference Frame Representation

	3.5 Modeling of The Inverter System
	3.5.1 Mathematical Modelling of The Propose DG System
	3.5.2 Transformation of The Dynamic Model Into d-q Orthogonal Frame

	3.6 Stationary Reference Frame Control in Three Phase Inverter System
	3.7 Rotating Reference Frame Control in The Three Phase Inverter System
	3.8 Virtual Synchronous Generator Structure
	3.8.1 Overview
	3.8.2 Rotor Inertia in the Synchronous Generator
	3.8.3 Damper Windings Effect
	3.8.4 Droop Characteristics of Synchronous Generator


	Chapter 4  Control System of The Inverter
	4.1 Voltage and Current in the α-β and d-q Reference Frame
	4.2 Calculation of The Reference Current for DG Proposed System
	4.2.1 Reference Current to Supply the Load Active Power
	4.2.2 Harmonic Components of the d-axis Reference Current.
	4.2.3 Reference Current to Supply The Load Reactive Power

	4.3 Steady State Analysis
	4.3.1 Current Control Technique for The Proposed Model
	4.3.2 DC-Bus Voltage Regulation
	4.3.3 Virtual Inertia and Virtual Damping

	4.4 Capability Curve of The DG Unit.

	Chapter 5  Simulation Results
	5.1 The Proposed VSG Test System
	5.2 VSG Operating as Active Power Filter
	5.3 VSG Operating as Active Filter and Reactive Power Compensator
	5.4 VSG Operation When It is subjected to The Three Phase Fault Current

	Chapter 6  Conclusion and Future Works
	6.1 Conclusion
	6.2 Future works

	References
	Appendix A Matlab/ Simulink Models


