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Abstract

The energy trading among prosumers (producer and consumer) is a new trend where
people can generate their own energy from Renewable Energy Sources (RESs) and share
it with each other locally. This forms a local micro grid that can work without connection
from traditional grid. A microgrid is helpful in cutting cost in various aspects including
transmission and distribution. It also serves as a backup in case of emergencies. And also
give opportunity to such power resources that are unreliable or too small for traditional

grid use.

A design a strategy is proposed in which DC to AC power sources are operated in parallel
in a way that power is shared between them maintaining regulation and stability of
voltage and frequency. This could help in energy trading in which every home that is
connect to the micro grid with DC to AC converters will be able to share the amount

of power according to their capacity.

Thesis begin with the investigation of switching gate drive algorithms that are tra-
ditionally used with three phase inverters, and introduces a method of space-vector

pulse-width-modulation (SVPWM) in order to get reduced total harmonic distortion.

In the second step synchronous rotating frame model of single phase inverter is discussed.
Link between the voltage and phase components of phase signal is reviewed and a new
transformation is discussed that used voltage and current values as a reference in the
park transformation stages. The line frequency components that are time variant are
transformed into time invariant signals that helped in the reduction of computational

cost in the controller and eradicating the ripples.

In the end, approach for active and reactive power sharing is discussed which demon-
strated the droop control properties are inherited in the control that is designed for

inverter. MATLAB (Simulink) environment was used to demonstrate the efficacy of

iv



proposed techniques in the thesis.

Keywords: DC-AC Inverter, Single Phase, SVPWM, Park Transform, Load Sharing,
MATLAB
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CHAPTER 1

Introduction

1.1 Motivation

Demand in energy is increasing gradually, to overcome the demand and supply gap a lot
of alternative solution are under researcher’s consideration around the globe. The major
sources of energy are fossil fuel in form of crude oil, nuclear energy that uses nuclear
reacotrs, and renewable energy resources. Fossil fuels are the most often used source
of power generation till date, but the drawback is the release of harmful gases in the
burning process of fuel in order to generate electricity [1]. The harmful gasses are main
contributor in the in problem of global warming. To save the environment from the
hazard use of renewable energy resources increased to share the energy requirements.
Renewable energy resources including biofuels, wind, biomass, solar, hydropower, and
geothermal started to be deployed and investigated. Since renewable energy resources
being the better substitute of traditional energy sources the increasing trends the usage

of signify the need of research in the domain.

Convenient installation of solar powers systems has influenced general public to use such
systems. The installation of such systems not only benefits the consumer itself but also
to energy system as it reduces the demand form the main grid. Locally installed power
systems can supply the surplus power to the grid and alongside consumers. A local
power system using solar panels or a wind turbine provides having high reliability and

low running cost are a great solution to power needs.

For grid-tied inverter systems performance limits allowable for grid-tied applications

must be defined. The most important points are [2]
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e Quality of the power injected into the grid.
e Inverter output should be fully synchronized with the utility grid.

e Anti-islanding protection.

Each of these points poses significant challenges in development. Therefore, the inverter
systems and the controller task have become more and more complex while optimum
solutions are sought. It is evident that simulation and simulation models can support
systems development in several ways. Furthermore, simulation offers a safety factor in

evaluating techniques as well as reducing the necessary development-cycle time.

It is worth stating that three-phase inverters thet provide high performance are often
implemented using synchronous rotating reference frame (d-q) controllers. In many
cases, developments in single-phase systems have followed the developments in three-
phase systems. Therefore, this thesis proposes a method that harnesses the benefits of
synchronous rotating frame control but that can also be employed effectively with the

single-phase inverter.

1.2 Problem Statement and Proposed Solution on the In-

verter Side

Along with the environmental problems discussed earlier conventional power systems in-
clude other problems like dependency on one source, Long distance transmission, Power
outages, Load shedding, Maintenance (due to aging and faults in lines). This gave rise to
the inevitable penetration of Distributed Energy Resources (DERs), wastage of surplus
energy, compromise on critical operational load due to low power backup. Solution is
to come up with a system changing flow of energy from one way to multi-directions in
form of decentralized energy transmission, introduce energy sharing among communi-
ties. DC-AC inverters are the core of majority of distributed energy systems. Unlike
the conventional energy sources, power sharing and current control in inverters partic-
ularly in single phase are not straightforward. However, literature has suggested a few
approaches (see Chapter 2). Therefore, the research in this thesis will concentrate on

the following points:
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1. Developing an efficient converter with low value of Total Harmonic Distortion
(THD). A new single-phase inverter switching gate-drive algorithm will be devel-

oped, which will improve efficiency while maintaining low THD.

2. Satisfying the international standards [3] on power quality by the developed con-

troller stage.

3. According to the selected method for current control, a control for its operation in
grid connected mode will be developed. The role of the controller will be to inject
active power and reactive power (where appropriate) with high power quality into
the load or the grid. A stand-alone control will also be considered to meet the

demand of locally connected load.

4. As the final part of the study, a small-scale individual (decentralized distributed)
generator will be developed, with the design of controller so as not to require

extensive communications between itself and the electricity supply network.

The objective of this to build a system working in different modes of operation, by means

of:

1. Investigating single-phase inverter gate-drive algorithms based on SVPWM (hith-

erto commonly used with three-phase inverters).

2. Introducing a new control method for a single-phase inverter by utilizing rotating-
frame analysis and control design (until recently only used for three-phase convert-
ers), i.e. the well-known vector controller or rotating reference frame controller [4].
This research focuses on introducing an additional control method for single-phase

full-bridge inverters to give superior dynamic response and system performance

3. Investigating the effects of incorporating such systems into the utility network as

decentralized distributed generators.

Decentralized distributed generators allow generation of smaller amounts of power in a
lot of places, rather than a lot of power in one place. This leads to electrical power being
generated nearer to the point at which it is consumed. Consequently, this allows more
power to travel with lower losses to customers in cities, towns, as well as rural areas.

This can make optimal use of small-scale energy generation, as well as allowing the use
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of the renewable energy sources. Such converters can operate in autonomous mode, can

be connected together, or can be used in grid-tied mode.

The single-phase inverter circuit analysis and controller design is described in this thesis.

The proposed controller is developed and verified with the use of MATLAB/SIMULINK.

1.3 Thesis structure

The organisation of thesis is arranged as follows

Chapter No.2 Literature Review and Design Considerations: This chapter dis-
cusses some part of literature review including the inverter, filter and previously used
current control strategies. Considering the literature design scheme of LCL filter is

discussed.

Chapter No.3 Space Vector Pulse Width Modulation: In this chapter SVPWM

approach of Single Phase inverter is discussed.

Chapter No.4 Theoretical Aspects of Stationary and Synchronous Rotat-
ing Frame: this chapter shows the theory of two types of reference frames and their

contribution in grid tied inverter control.

Chapter No.5 Single Phase Inverter Modeling Based on Synchronous Ro-
tating Frame: Derivation of mathematical model in synchronous rotating frame is
performed in this chapter. Single phase inverter is assumed to be connected with grid

and load. Model is tested with different types of load.

Chapter No.6 Droop Control in Synchronous Solid-State Converter: In this
chapter the droop control method of inverter is discussed with simulation of active power

and reactive power being transferred to the grid and load.

Chapter No. 7 Conclusion and Future Work: The summary of work that is

presented in this thesis and future work is discussed.



CHAPTER 2

Literature Review and Design

Considerations

2.1 Introduction

This chapter includes the literature overview of the proposed research area. The be-
ginning of this section describes the international standards required in the design of
a small-scale renewable electrical system. Then, the inverter unit and its operations is
discussed. Inverter control methods are reviewed, and a new control approach is sug-
gested for small-scale inverter systems in the grid-tied mode under a decentralized power
supply strategy. Consequently, the design considerations such as inverter output filter

design calculations are also considered in this chapter.

2.2 Standard Permits for Grid Connected Inverter System

Standards and regulations specifically for power system exist, such as the IEEE Std.
519T™.2014 [3]. Tt contains relevant requirements for small-scale inverter systems of
69kV or less. According to these standards the THD that is calculated at the the output

voltage should be lesser than 5%.

There are other standards in the world, some with fewer and some more stringent
restrictions. The work in this study focuses on meeting the most stringent standards
and their requirements. National electric power regulatory authority provides standards

for nominal voltage and frequency in Pakistan following IEEE Standard 519.
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2.3 Voltage Source Inverter: Structure and Operation

Considering the inverter unit as the core unit in the systems for the AC power interfacing
purposes. This study will focus on single-phase inverter development particularly in the
inverter gate-drive and the controller side. Therefore, it is worthwhile looking at the

components and the functioning of the inverter before starting the development process.

2.3.1 Single Phase Inverter

In single-phase applications, the full-bridge and half-bridge inverters represent the basic
circuit topologies, while multilevel inverters and Z-inverters represent a further develop-
ment approach retaining the fundamental inverter circuit methodology. Different circuit
design approaches are used to focus various issues. The design approach also depend

upon the intended use of inverter.

The basic circuit of a single-phase full-bridge inverter, which is used for converting a
DC voltage to an AC voltage, is shown in figure 2.1. This type of inverter operates from

a positive and a negative DC source and produces AC voltage.

The switching transistor S1, S2 is driven complementary to switching transistor S3, S4.
The transistor S1, S2 conducts during the first sub-interval 0 < ¢ < §Ts,, (where Ty, is
inverter switching period), while S3, S4 conducts during the complementary sub-interval

0Ty <t < Tgy. The volt-second balance across the inductor is given in Eq. 2.3.1

S1 4@ )

Mo | e

_—
VO

S3 —G& S4

Figure 2.1: Single Phase Full Bridge Inverter.

Vo =6Vpe — (1 — 5)VDC’ (2.3.1)

(=)
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Vo = (26 — 1)Vpe (2.3.2)

Where § is duty cycle (1 > 6 > 0) and Tsw = ton + torr. The relationships between

switching on/off time ton, torr intervals and the switching period T, are given by,

tON/TS’LU = 0

tOFF/Tsw = 1-9

With an output filter inductor, the inductor current positive slope occurs during 67,
and its negative slope during (1 — §)7. The load current (Vp/R) coincides with the
inductor current (ir) in the equilibrium state.
dif,

Since the load usually contains inductive components, the load current will lag the
fundamental voltage. Anti-parallel diodes are connected for the peak inductive load
current to flow through them when the switch in turned off state. Notice that parallel
transistor switches on the same leg cannot be in the on-state at that moment, else it

will short circuit the DC supply and consequently destroy the switching devices.

The Voltage are generated in a fashion that switching circuit receives gating signals
from the Pulse Width Modulator and the power electronic semiconductor switches are
switched on and off. This leads to an output voltage that has a desired fundamental
component, but also contains switching harmonics. These undesirable harmonics are
filtered out through a passive filter and the current transferred into the grid is a nearly

perfect sinusoid.

If the output current is measured or sensed and then it is compared with a reference, we
get an error signal. This is fed to an appropriately designed controller which produces
a control signal. This is transmitted to the Pulse Width Modulator which generates
the desired gating signals. If properly implemented the closed loop operation results
in steady state error to be zero steady state error and the output current tracks the

reference given to the control system.
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2.3.2 Modulation Strategy

In some cases, the development of the inverter involves changes to the switching gate-
drive algorithm e.g. pulse-width modulation (PWM), sinusoidal pulse-width modulation
(SPWM), and space-vector pulse-width modulation (SVPWM) in addition to develop-

ments of the inverter controller.

The quality of the output voltage of inverter depends on the number of harmonics and
the magnitude of each harmonic that exists in the output voltage. The inverter output
quality can be measured by many parameters; the most important ones are the mag-
nitude of individual (nth) harmonics (HFn), and the total harmonic distortion (THD).
Various modulation techniques such as PWM, SPWM and SVPWM are proposed in the
literature to increase the quality of inverter output. These techniques are now commonly
used for controlling inverter output voltage and current. Some of these techniques are
further modified so as to increase the inverter performance and reduce the THD. All
these techniques share the same principle of operation, i.e. switching the supply on and
off and power up the load at a high pace (to perform PWM), the frequency of which is
referred to as the carrier frequency. Another important term that is linked with PWM
and the most impoerant factor is the duty cycle (¢) that shows the relation between the
duration for how long the switch is turned on (ton) with respect to the total switch

period (Tsw ) in from of percentage ratio.

2.3.3 Filetrs

The output of the inverter is in form of switched voltage pulses that are at a constant
switching frequency and contain a wide range of harmonics. Inductors and Capacitors
are used to attenuate the high frequency harmonics and switching noise, they can be
combined in different ways to construct passive filters. Generally, low-pass passive filters
should be designed to allow the fundamental waveform component to be passed while
reducing the contribution of harmonic components in output. Commonly used passive

filters for power applications are

1. L Filter

2. LC Filter
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3. LCL Filter

Figure 2.2: Filter Configuration Circuits.

1 - L Filter: This represents a first order filter giving -20 dB/decade roll-off into the
stop-band. This type of filter achieves only a low level of attenuation of the inverter
switching frequency components. Therefore, if onewants to achieve satisfactory attenu-
ation of the output harmonics, the inverter switching frequency has to be much higher

than the fundamental frequency [5].

2 - LC Filter: This represents a second order filter that are used to get -40 dB/ decade
attenuation in the output. In this type of filter, capacitor is connected in the shunt
to facilitate attenuation in the switching frequency, but the value of capacitor must be
chosen carefully so that it maintains low reactance at switching frequency while posing
higher impedance within the control frequency range. In the cases where the system uses
an isolating transformer at the low-frequency side, the LC filter can fulfil the harmonic

limit requirements [6].

3 - LCL Filter: This type of filter is a third order filter that gives god attenuation of
-60 dB/ decade. This type of filter can reduce the harmonic distortion levels at lower
switching frequencies. LCL-filters are also suitable where Even the low values of L. and C
can demonstrate exceptional attenuation ratio. Nonetheless, one must be careful while
designing the third order LCL filter and consider several design constraints, such as the
current ripple that is flowing through inductors, the resonance frequency, the output
impedence of the filter, the attenuation of the harmonics induced in current due to the

switching frequency, and the amount of reactive power that the capacitor absorbs etc.

[7]-
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2.4 Methods for Inverter Current Control

Applications were sinusoidal AC output is desired from an AC-DC inveretr with the
control of output magnitude and frequency, control of current becomes an important
factor, particularly in grid connected modes. Tracking of the reference current and
provide corresponding output is main activity of current signal, with acceptable transient

performance without poor dynamic response, undesirable overshoot or undershoot.

Total harmonic distortion should be less than the threshold values defined as the stan-
dard. Competitive cost and size of the converter are the deliverable objectives of the
current control. Following section discuss the methods for current control of single-phase

inverters.

2.4.1 Linear Regulator Based Method

The current at the output of inverter is controlled with carrier-based PWM (the so-
called carrier-based method). This method has been modified in several studies to
decrease the THD that is induced in the output current of inverter. The methods used,
in which the PWM is modified to revamp the quality of the current waveform are: the
SPWM methods, centroid based switching, hybrid PWM and random hybrid PWM.
Figure 2.3 represents a simplified diagram to describe the carrier-based control method.
Proportional Integral control (PI) has poor performance when tracking a sinusoidal
reference due to the steady-state error at frequencies other than DC. Moreover, this
controller is not capable of reducing noise in the current signal. The system tends to be
slower to reach the set point and slower to respond to perturbations. As a result, it can
generate an overshoot in the present value while trying to achieve the set point value.
In the of linear regulators, the main advantage control method based on carrier is its

constant switching frequency.

10
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> Kp
| refrence /...-—-..\.I y % .To the
—+ ) > Kis >+ j s pwm [ inverter
A 4 A - » switch
T o gate drive
| feedback

Figure 2.3: Carrier-based current control method.

[8] Proposed another modification to the carrier-based method. This is by combining
the PI current control transfer function with a sinusoidal transfer function, as shown in
figure 2.4. The resonant frequency brought about by the additional term is equal to the
utility frequency. Consequently, the current controller which is proposed can fulfil the

provision of infinite gain at the line fundamental frequency.

> Kp
| refrence PN /I\ To the
—’{_+ »  Kils >::_+ > povm | |nv_erter
= 4 i > ——» switch
5 + gate drive
Ks
| feedback (s2 +wg2)

Figure 2.4: Carrier-based controls scheme with sine transfer function.

The disadvantages are that the compensator has a slow response, and it is very sensitive
to variations in the fundamental frequency, as well as having a high phase margin around
the line frequency [9], which can cause instability in the system. The general drawback
of the carrier-based method as compared to other direct current control methods is
the poor dynamic response of linear compensators, which causes poor overall transient

response.
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2.4.2 Hysteresis Control Method

The hysteresis current control method is implemented by dedicated hardware and can
have acceptable transient performance. In this method, the current reference is followed
by the inverter output current. The upper and lower band in a hysteresis loop limits
deviation between reference and output current, see figure 2.5. This also guarantees a

peak current limiting capability.

A 4
=
A

IEEE——
| refrence — : _'I'o the
i Y ' inverter
—H&+ (R EE ] ..... ‘ > switch
b T i A
> 3 gate drive
| feedback

Figure 2.5: Hysteresis current controller scheme.

At all the points of switching frequency, peak to peak ripple current is needed to be
controlled causes the change in PWM switching frequency, this is the disadvantage of
this technique. Due to the change in PWM switching frequency varies, this causes
to produce high THD. To overcome this variable switching frequency problem of the
hysteresis method, some modified hysteresis methods have been proposed, such as a
three-level hysteresis current control strategy [10], another approach that define both
the bands of hysteresis controller (i.e. upper and lower band) is introduced by the
name of random hysteresis method’ [11]. These methods deliver an output current
with narrow frequency spectrum content. Variations in system parameters may affect
the performance of the controller. Generally, with hysteresis controllers, there will be a

wide bandwidth of harmonics in the inverter output current.

2.4.3 Proportional-Resonant Current Controller

PI controllers are very common in DC-to-DC converters, but the performance is not
so good in inverter applications. This is because a sine wave signal is required to be

tracked, which is devious in comparison to the tracking of a DC signal. While tracking

12
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sinusoid reference signal, time invariant steady state error is produced. Furthermore, low
rejection of noise from the current signal is evident. [12] Introduced the Proportional-
Resonant (PR) current controller. In this approach an AC compensator is introduced in
contrast of classical PI DC-compensator that has the similar frequency response charac-
teristic in the concerned bandwidth. There are several advantage is using PR controllers,
authority over the controlling individual resonating peak in the grid frequency and pro-
vision of precise tracking, to some low-order harmonic frequencies for selective harmonic
compensation. another possibility is to create a reference generator for harmonics for
active filter of harmonics. To the variation in fundamental frequency their response is
highly sensitive. The response speed is low, large phase margin can cause very high sta-
bility problem around the main frequency. These disadvantages makes it a less suitable

choice.

2.4.4 Synchronous Rotating Frame Controller

The scheme design of compensation in current-error is critically important especially
within grid-tied single-phase inverter applications. Among the previous developments
of current controllers and making use of the experience with the three-phase inverter
are [13], which employs current control strategies based on a separate current controller
(current error compensation) and a PWM function that can exploit more advantages
in an independently designed overall controller structure [14]. Since the synchronous
rotating frame controller was proposed for this study, Chapters 4 and 5 will give more

details about this type of controller.

2.5 Decentralized Power Supply

Most power plants are built in a large scale due to a number of factors that include eco-
nomics, safety, logistic, environment and some of the geographical and geological factors.
This is because the major contribution in the energy from the large scale centralized
power plants is from the ones that use fossil fuel, nuclear power or hydropower. There

are number of drawbacks with such centralized systems, including:

e The high level of dependence on non-renewable fuels.

e Environmental impact.

13
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e Losses occur in the transmission and distribution.

e Higher cost of generation plants, transmission and distribution network.

It is known that the rate of growth of electricity demand is on the rise [14]. In addition,
requirement of the energy for services is estimated to increase considerably due to the
increasing level of services in modern economies. A system that include various type
of sources that produce energy is considered to be more secure and redundant. This
study encourages the idea of incorporating a small-scale renewable energy power supply
into domestic dwellings as part of the power network. With this idea, a huge quantity
of small-scale decentralized power supplies would be connected to the power network,
which may increase the complexity of the power supply control systems. The work in
this study simplifies the inverter-grid load sharing. The inverter side controller uses grid
parameters which can be measured at the inverter-grid common coupling point without
extensive communications. This is achieved by using the droop function method, this
method is considered to be efficient in usage of small scale renewable energy sources
[15-17]. In this method, the references for active and the reactive power determines
the reference for current, that result voltage and frequency droop control - controlling
the inverter output power by manipulating the voltage magnitude and shifting in the
phase (the changing of angle between the inverter output voltage and the grid voltages)
depending on locally-measured instantaneous information. The synchronous rotating
reference frame controller can be provided with the inverter active and reactive output
power control to support the suggested droop strategy. In this method, modulation
index controls the reactive power, whereas the phase shifting controls the active power.

Chapter 6 gives more details about this strategy.

2.6 LCL Filter Design Consideration

LCL filter is a third order filter, it can provide high attenuation of switching frequencies
even with the low values of capacitor and inductors. [18] Describes the procedure of
designing a LCL filter, various parameters must be kept under consideration during the
design such as desired current ripple, attenuation in the switching ripple and resonance in
the capacitor that connects with the grid. Both active and passive damping approaches

are consides while designing the LCL filter. In this design active damping technique is
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used. Figure 2.6 show the algorithm used in design of filter design.

The parameters of the filter should be decided before the filter design that include
inverter output RMS voltage, DC-link Voltage, rated active power, switching frequency
and resonance frequency. The step by step details of designing the filter is discussed as

follow.

The base values will be calculated first and then tha filter values will be referred to in
their percentage. to calcuate the base impedence and base capacitance nominal voltage,

power and grid frequency is required,
E,?
Ty = —— 2.6.1
b= p (2.6.1)

1

Oy =
b wg.Zb

(2.6.2)

Where, E,, is the nominal input voltage, P, is the nominal power that is decided for the

inverter and wy is the nominal frequency.
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Input Data
Pa, T, faw Ve, Vg
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Base Values
PN

v v
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C;=0.01/0.05%Cg L,. req. ripple %

v

Required
Attenuation Factor
ks

e

Grid Side Inductor
ks, Ly

Passive Damping
R;

v

Cores_, Windings,
Number of Turns

Figure 2.6: LCL filter design algorithm.

The maximum variation in the power factor is considered to be 5%, this is important
while calculating the value of filter capacitor, this indicates the adjustment of base

impedance as under

C'f = 0.05Ch (2.6.3)

If compensation in the reactive power that is occuring due to the inductor used in filter
is desired, a higher value of design factor that 5% can be used. The maximum value of

ripple current (AIrmaz) produced at the output of inverter can be calculated as,
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)(1 = m)(mTsw) (2.6.4)

In the above equation m is the modulation index (typically in SPWM inverter). from
teh above equation it can be deduced that at the value of m = 0.5 maximum value of
peak to peak current ripple are produced, considering this condition the equation can

be rewitten as,

Vpe
6fswLi

AlLmar = (2.6.5)

Where, L; is the inductor located at inverter side of filter. The rated output current for

the design with the ripple value of 10% can be given as,

0.1

Imax

AILmaa: =

(2.6.6)

Where, 1,4 is the maxmium current or inverter. The inverter side inductor is calculated

by,

Vbe

L; = v 2.6.
6fsw-AILmaz ( 0 7)

The current at the output of filter is desired with the reduction of ripple to 20%. This
result the ripple value at the output current is of 2%. Equations 2.6.8 and 2.6.9 shows
the relation between the current transferred to the grid with the harmonic current that

is created by the inverter.

ig(h) 1
= 2.6.8
Zz(h) ‘1 +r [1 — Liwast:rH ( )
== 2.6.9
g wasw2 ( )

Where, ka represents the desired attenuation, z = 0.05 - according to the design max-
imum power factor variation at the grid C'f = 0.01/0.05Cb, and the ratio of both the

inductors i.e. at the grid side and at the inverter side is given with the constant r is .

Ly =rL; (2.6.10)
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Depending on the nominal grid impedence, results can be plotted for various values of
R. For a particular resonant frequency these plots will be helpful in figuring out the
transfer function. Resistor (Ry¢) is connected with the capacitor in series to attenuate the
ripples in the output, hence reducing the harmonics. First the impedence of capacitor
is calculated at the resonant frequency, then the value of resistor (Ry) is calculated as

the one third of the impedence value of capacitor. The formula for calculating the value

is given in 2.6.11.

1

Rp=——
/ 3wrescf

(2.6.11)

Where, w5 is the resonant frequency ans its rage is satisfied by Eq. 2.6.12 and 2.6.13

L; + Lg
=/ 2.6.12
Wres LngCf ( )

10fy < fres < 0.5fsw (2.6.13)

10,000 Hz switching frequency was selected for 4.5kW, 230V inverter. As a result, L; and
L, were calculated as 2.93mH and 0.92mH respectively and Cy and Ry were calculated

as 16.5uF" and 0.78(2 respectively. Bode Plot of the designed LCL filter presented in
figure 2.7

Bode Diagram

Magnitude (dB)
T
f
|

Phase (deg)
T

108 10°
Frequency (rad/s)

Figure 2.7: LCL filter bode plot.
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CHAPTER 3

Space Vector Pulse Width
Modulation

3.1 Introduction

Modulation techniques that are used to generate gate drive signals are discussed in this
chapter. The purpose of modulation is to minimize the switching losses and harmonics
while obtaining a variable output. Inverter output can be fairly improved by moving
the harmonic component to higher frequencies.[19, 20] To enhance the inverter output
spectrum, correct choice of PWM scheme should be used done. In three phase inverters
Space Vector PWM (SVPWM) approach is considered to be a favorable choice among the
other PWM approaches It enhances the utilization of inverter hardware, this approach
intrinsically limit the effect of an inherent third harmonic injection [21] and simplifies

the control organization

FEach PWM techniques has its own benefits. Almost all of the techniques are tested on
both single phase as well as the three phase inverters. SVPWM in particular has been
applied over three phase inverters and proven to be quite worthy. This technique has
not been extensively tested n single phase inverters. In this chapter, SVPWM approach
is designed for execution on single phase inverters. MATLAB (Simulink) environment
was used for testing and simulation of design. Outcome showed commendable response
in terms reduction in THD and provided high modulation index in comparison to the

conventional Sinusoidal PWM (SPWM) technique.
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3.2 General Description of Pulse Width Modulation Tech-

niques

Several techniques based on pulse width modulation (PWM) strategies are commonly
used today as part of the control of solid-state power supplies. Switching frequency,
duty cycles and properties of the load are the contributor to the ripples in voltage in
current. To get better results from traditional PWM techniques compromise are made

in form of high switching frequency ad increasing the size of passive filter.

Power can be eaily controlled with the help of PWM in semiconductor switched. They
provide low power loss, but it’sobserved that there during the switching cycles over the
fundamental frequency voltage and current become non-zero. This causes high power
dissipation on the switched. However the power loss is still low in comparison to the

delivered output power even when high switching frequencies are used.

During the switching period the power drop over the semi conductor switches is quite low
either switch is in the on state or in the off state. However, when the switches are in the
transition from on to off or off to on state, considerable amount of power is dissipated
since the voltage and current both are non zero. Insulated gate bipolar transistors
(IGBT) and MOSFET are suitable switching for power circuit implementations as they

provide high efficiency and fast response.

Pulse width modulation produces a rectangular periodic pulse train whose duty cycle
varies depending on the average value required at the output side, as shown in figure

3.1

The objective of PWM is that for a given switching period, obtain an output signal
which is equivalent to the provided reference signal. Following the pattern provide a
train of pulses in which the fundamental component of the frequency is reflected, and
meet the requirement of volt second average of the target wave at any instant of time.
Several techniques are applied using different arrangement of switching schemes in order

to minimize the distortion, unwanted harmonics and switching losses.
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\'.

Time

Figure 3.1: Unipolar PWM and Bipolar PWM.

3.3 General PWM Classification

Several modulation strategies have been developed. There are many possible PWM
techniques proposed in the literature; these differing in concept and/or performance.

The important techniques are:

Hysteresis-band current control PWM.

Synchronized carrier modulation.

Sinusoidal PWM (SPWM).

Space vector PWM (SVPWM).

Hysteresis-band PWM and synchronous carrier modulation techniques employ variable
switching frequency strategies in which carrier frequency varies with the output wave-
form. SPWM and SVPWM are fixed (constant) carrier frequency strategies. The fixed

frequency strategies share some common features:

e Switched pulse width determination.
e Switched pulse position within the carrier interval.

e Switched pulse sequence across and within the carrier interval.

3.4 Hysteresis Current Controllers

The basis of hysteresis current control is quite straightforward. A reference signal is

forced to be followed by the controller. The current is kept within the hysteresis band
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by regulating the switching action of inverter. Figure 3.2 shows the principle.

The lower limit of the hysteresis band indicates to low value of output current, whereas,
the upper limit indicates the high value of output current. The output voltage waveform

is analogous to the bipolar PWM output voltage.

Upper Hysteresisy Band

Output curvent

Figure 3.2: Hysteresis current controller PWM.

Hysteresis current controllers have the advantages of simplicity, provision of instanta-
neous current corrective response (subject to slew rate limitations), and unconditional
stability of the system. The drawbacks of this method are that the switching frequency
is variable and largely depends on the load parameters that may vary widely. Conse-
quently, the load current harmonic ripple is not optimal. This leads to a wide range of

variable switching frequency, causing a wider noise bandwidth.

3.5 Sinusoidal PWM

In this approach, a sinusoidal reference signal (i.e. the modulating signal) is compared
with a triangular carrier-wave signal to generate gate pulse signals at the points of
intersection between the carrier signal and the modulating signal. Figure 3.3 shows the

principle of switching gate signal generation with SPWM.
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Figure 3.3: Sinusoidal PWM generation.

The modulation index (m) is defined as:

Ve

v (3.5.1)

m =

Where V), is the peak of the modulating wave and V; is the peak of the carrier wave.
Ideally, the relation between the output wave magnitude and the modulating wave is
linearly regulated by setting the value of modulation index between 0 and 1. The
inverter fundamentally behaves as a linear amplifier with a specific gain between the

modulating /reference signal and the output voltage.

The magnitude of the higher harmonics is independent of the carrier frequency. At higher
carrier frequencies, the inverter output harmonics will be significantly attenuated by the
output filter, and the output voltage and current waveforms become closer to a sinusoid.
The selection of carrier frequency depends on the trade-off between the inverter loss
and the output waveform quality. Higher carrier frequencies increase inverter switching
loss but decrease the output filter cost and size while reducing the output waveform

distortion.
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3.6 SVPWM Technique

In recent years, the use of SVPWM has overwhelmed SPWM in three-phase inverter
control systems. The former provides for a more competent use of supply voltage in
comparison with other modulation techniques. It appears to be the best technique
for three-phase switching power inverters and has become commonplace in three-phase
voltage-source inverters. SVPWM can increase the available DC voltage link utilization
ratio (modulation index) significantly. SVPWM techniques have been the under the light
of intensive research for various different industrial applications in three-phase voltage-

source inverters, [22] The advantages of 3-phase SVPWM are summarized below:

e [ts output voltage is higher than regular SPWM for a given DC-link voltage
e Total harmonic distortion (THD) is minimized
e Excellent exploitation of DC supply voltade is achieved.

e The arrangement of vectors provide liberty to reduce the switching loss. Or even
to obtain a different kind of result, such as center-aligned PWM, edge-aligned
PWM, minimal switching [23].

e Gives a high control over the variation of space vectors during the PWM, could

be zero or non-zero.

e It is easily implemented digitally.

3.7 Space Vector Concept

The space vector fundamentally arise from the rotating field theory of three-phase in-
duction motors. It refers to a special switching scheme based on the representation
of three-phase voltage quantities as two equivalent orthogonal variables in the phasor
diagram. These two equivalent orthogonal components can then be represented either
in a stationary reference frame or a synchronously rotating frame (rotating at angular
speed w) by using the Clarke and/or Park transformation. The SVPWM technique was

developed as a vector approach to three-phase pulse width modulation [23].

SVPWM is a digital modulation technique typically implemented in software using a
microcontroller or digital signal processor [23]. The goal of SVPWM is to generate
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The appropriate PWM signals so that the vector quantities (such as voltages or currents)
can be represented by time weighting and averaging. This is done by approximating the
reference quantity (voltages or currents) instantaneously using a weighted arrangement
of the switching states corresponding to the basic space vectors in the time domain. For a
short period of sample time, the average inverter output voltage is the measured to have
the same value same as the average reference voltage during the sample time, i.e. the

length of the vector and amplitude of the fundamental voltage is directly proportional.

3.8 The Basic Principle of SVPWM

Three-phase SVPWM is implemented by using a transformation from three-phase time-
variant quantities to two orthogonal time-invariant quantities. This can be represented
as a voltage vector projected onto a two-dimensional vector plane. The elementary idea
of space vector modulation is to develop the required volt-second product across the
output inductor using discrete switching states. The SVPWM can be implemented by

the following steps:

1. Define the possible switching vectors. For a simplified representation, it is possible
to include a coordinate transformation in the output voltage space. The gate

signals for the inverter are generated by simple mapping scheme.

2. Define the sector planes and determine the location of desired sector for the voltage
vector used in the algorithm, where every sector plane is bounded by two or more

vectors.

3. Define the boundary planes. Determine whether the given voltage vector can be

implemented with the inverter topology.

4. Switching sates are defined in form of switching sequences. These are actually the
states that are applied over a switching period. These switching sequences are
stored in the memory. The arrangement of a switching sequence depends on the
trajectory of the vector projected onto the mapping unit. This is then used to
generate gating signals for the inverter. The switching sequence should minimize

switching losses and THD.
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5. Determine the time duration. On-time equations are generated by calculating
volt second balance these calculations are performed by using geometry mapping.
At any switching period with a given algorithm map as well as instantaneous
modulation parameters, the processing unit will determine the location of the
reference vector and identify the switching state. The switching states can be
directly applied to generate signals. This is because switching state represents a

exclusive arrangement of "ON" or "OFF" condition for the switches of the inverter

The three-phase SVPWM principle can conveniently provide an initial point for the
development of single-phase SVPWM.

3.9 Software Implementation of Single-Phase SVPWM

The single-phase full-bridge inverter contains four switching elements switched in a
complementary manner. Since this inverter can generate a single vector, the output
voltage vector space can be depicted in a one dimensional space, as shown by the vector

at the bottom of figure 3.4.

In order to provide an output voltage equal to the demanded voltage, the switching
strategy combines average adjacent vectors during each switching period (Tsy/). For

this purpose, the nearest possible switching vectors are used.

s1 s2
lo
Voc—— | 5 Y
A A
=
1
s3 s4 o
9]
A4 \

I« i >

“Vap=-8Vpe 0 Vab = 8Vpe

Figure 3.4: Output vector direction of single-phase inverter.
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3.9.1 Boundary and Separation Planes

Generally, the output voltage of the single-phase inverter (before the filter) at any instant
can be one of three quantities only (+Vpc,0,—Vpce). Therefore it can be identified by
tow vectors and indicating two complementary switching signals and a zero state. The

possible outcomes ate given below:
1. Sector 1, where Vg > 0.

2. Sector 2, where Vi, < 0.

3. Consequently, the separation plane is given by V,, = 0.

3.9.2 Switching Sequences

As mentioned previously, the desired switching sequence can be achieved with the nearest
adjacent vectors; this will yield smaller output ripples. The operating states of the
switched in inverter can be defined by the binary numbers. The vectors V! and V3
shown in Table 3-1 are active vectors, while vectors V2 and V* are zero (or null) vectors.
In can be noted that in the V2 represents the zero vector while vector V4 is only possible

in full bridge inverter.

Table 3.1: Switching status.

Vector | S1 and S4 | S2 and S3 Vb
Vi 1 0 +Vpe
V2 0 0 0
V3 0 1 —Vbe
% 1 1 Undesired state

It is necessary to normalize the reference vector length to the base vector. The reference
vector magnitude can be limited to Vpco by multiplying the reference vector by the
coefficient (1/Vp¢) in order to normalize the length of the resultant vector. The reference
voltage vector is V.. in SVPWM and it is constructed from the adjacent vectors of the

located sector. In order to generate the switching pattern, the reference voltage vector
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is transformed into the time-weighted average of adjacent vectors. Therefore, the next

step is to compute the duration time of the switching state.

3.9.3 Time Duration

The switching time duration can be computed by applying each switching vector in each
switching period Tgw . The time duration in the single-phase inverter can be derived

through the two following approaches.

3.9.4 Bipolar SVPWM

Bipolar PWM can be achieved when the switching period Tgsy includes two active
vectors in addition to one zero vector. In this case, the vectors can take the following

sequence: V! — V2 = V3 | see figure 3.5.

V3 V2 \A
|( | ,l ,
I Vab
-Vpe 0 Vbc

Figure 3.5: Single-phase inverter vector sequence.

The above sequence is described mathematically below:

Tsw tl t2 t3
/ Vrefdt:/ Vldt+/ V2dt+/ V3dt (3.9.1)
0 0 t1l t2

Where t1, t1, and t3 are the switching transition instants. As the vectors V! and V3

are active vectors, while V2 is zero vector, the above equation can be rewritten below:

ViefTsw = V(t1 — 0) + V3(t3 — 12) (3.9.2)

Where (t1 — 0) = Ata is the time duration of vector V! and (t3 — 2) = Atb is the time

duration of vector V3.

[VY(Ata) + V3(Atb)] (3.9.3)
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Where Ata = T'a and Atb = Tbh, which are the respective time durations for which the
switching states corresponding to V! and V3 are applied. However, if we assume that
the change in reference voltage V,..r is small within T%,,, where T'a + Tb < T'sw, then
the residual switching period is reserved for zero vectors. The time duration (7},) of zero

vector is given by.

Ty = Tow — (Ta + Th) (3.9.4)

When the voltage at the output of the full-bridge single-phase inverter approaches zero
at 0 and nm phase-angles of the reference waveform, T'a = T'h, and T, reaches maximum
value. Inverter output voltage at its maximum positive value leads to T'a having a

maximum weighting, while Th and T, have minimum weighting.

Wt: TSW: Vref

No e B Yes

Sector2 [«—<_ Oswtsm >—» Sector1

No L \“‘m Yes No // = Yes
7 owt=23m2 < Wts3m/2 >“‘
Ta = Vi sin(m-wit) Ty, Ta = Vi sin(wi) Ty
Ta = Viesin(2m-wi)* T gy Ta = Vi sin(m+wi) *T gy,

Figure 3.6: Single-phase Bipolar SVPWM flowchart.

3.10 Simulation

Full bridge inverter was simulated and tested on MATLAB/SIMULINK environment.

Figure 3.7 - 3.12 are the schematic diagrams.
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Figure 3.7: Block diagram of single phase SVPWM generator.
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Figure 3.8: Sector selection.
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Figure 3.10: SVPWM Sector 2.
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Figure 3.11: SVPWM generating gate signal.
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4000W+500VAr load was connected with the full-bridge inverter. The generated SVPWM

gating signal is shown in figure 3.13 and output voltage and current are shown in and

3.14

0.002 0.004 0.006 0.008

Figure 3.14: Output Voltage and Current of SVPWM based full bridge inverter.

Figure 3.15 shows the THD requirement filled according to the IEEE 516-2014 standards
at full load.
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FFT analysis

Fundamental (50Hz) = 334 , THD= 0.575%
I | | ! !

Mag (% of Fundamental)

{:' 1 1 i | 1 i | | 1 i
0 100 200 00 400 200 600 700 800 200 1000

Freguency (Hz)

Figure 3.15: THD of SVPWM based full bridge inverter at Full Load.
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CHAPTER 4

Theoretical Aspects of Stationary

and Synchronous Rotating Frame

4.1 Introduction

This chapter started with an explanation of the stationary reference frame, the syn-
chronous rotating reference frame, and the transformations between these frames in a
system of three phases. The Clarke transform [19, 24] is used to convert parameters
within circuits to a two-dimensional stationary reference frame. The Clarke transfor-
mation is often used to translate balanced three-phase quantities into an orthogonal
two-dimensional reference space, and is thus sometimes known as a 3-2 transform in
that it transforms, for example three measured currents into two internal variables.
The Park transform [24] three-phase electric machine models are the common examples
of its application. It allows the elimination of time-variance of the parameter in the
two-dimensional static reference frame by introducing a rotating reference frame, and
referring the parameter to this. The Park transform is a 2-2 transform that also has a
reference angle input. If the reference angle is rotating at the same speed as a frequency
component of the two-dimensional input to the Park transform, the output of the latter

corresponding to this frequency component will be time invariant.

This chapter evaluate the principles of the application of these transforms within a
three-phase system, with a view to how they may be modified to apply to a single-
phase system. Currently the transformation theories applications require at least two

independent phases in the system. Therefore direct transformation from stationary to
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rotating reference frame (the Park transform) is not possible in single phase inverters.

The end of this chapter provides an overview of the relevant published work for single-
phase inverters. It discusses the single-phase inverters that currently employ the syn-
chronous rotating frame controller, drawing on studies and previous research. This is
aimed at understanding the limitations of such existing systems and identifying the

direction the proposed development should take.

4.2 Synchronous and Reference Frames in Literature

In the 1920’s, R. H. Park [24] restructured teh analysis of electrical machines. Different
types of variables were suggested in place of variables (currents, voltages, and flux) that
are conventionally use in analysis of the stator windings of a synchronous machine these
variables were similar to those concerning with the rotor. The unique property of Park’s
transformation emerge with eradicating all fundamental frequency components of time-
varying parameters from the voltage equations of the synchronous machine that occur

due to:

e Relative motion in the Electric circuits.

e The variation of magnetic reluctance in electric circuits.

Rotating induction electrical machines have the same basic principles in operation, but
they differ from synchronous machines in the winding arrangement and the excitation
method. Park’s idea was developed by G. Kron [19] to deal with other types of rotating
electrical machines. Consequently, each development in transformation was derived to
analyze a type of rotating machine. There are several different forms of transforma-
tion depending on the reference frame chosen, such as stationary reference frame, syn-
chronous reference frame, rotor reference frame, and arbitrary reference frame. However,
in each of them, time variance of a synchronous machine is eliminated at the fundamen-
tal frequency by using the Park transform in which the reference frame is fixed in the

rotor (or in the stator if this desired).

The process of transforming the three-phase system from the stationary frame to the

synchronous rotating frame can be easily done by the following procedure:
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1. Resolving the three-phases into two axes through the Clarke transformation as in
4.2.1. In other words, the three-phase stationary reference frame components are
projected onto two orthogonal axes (Xa and X 3) appropriately fixed in the same

stationary reference frame

Xa| |1 -1/2 -1/2 § (12.1)

XBl |0 V3/2 —V3/2

Where U,V and W represent three-phase stationary-frame components, and X«
and X[ represent the components projected onto the two stationary orthogonal

axes.

FeU (eje 4 edO+2m/3) | ej(0+47r/3>> (4.2.2)

2. Transforming the two phase quantities (Xa and X /) from the stationary refer-
ence frame to the synchronous rotating frame (with the corresponding d and q
axes) that rotates with the rotor at an angular velocity (w) in the synchronous
machine. This ensures that the synchronous rotating frame represents the station-
ary frame relative to the angular velocity of the system. In the case when these
transformations apply to synchronous electrical machines, the key AC variables
(voltage, current, and flux) become time-invariant at the fundamental frequency
in the synchronously rotating reference frame. Equation 4.2.3 is known as the
Park transformation, which performs the transformation from the stationary to

the rotating reference frame axes (Xd and Xq)

Xd coswt sinwt| | X«
= (4.2.3)

Xq —sinwt coswt| | Xp

Note that the Park transformation matrix is an orthogonal non-singular matrix
(T. T~ = 1). Tt represents the relationship between the stationary and rotating

frame components.

These transformations lead to the new frame components becoming time invariant in

the rotating reference frame rotating with angular velocity w.
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The transformations and reference frame theory topic has recently received renewed

interest in control strategies as a result of the following factors:

1. The time-invariant quantities (at the fundamental frequency) have advantages
over time-variant quantities in the feedback control when compensated by using
PI controllers. In other words, PI regulators gives considerably high steady state
error in calculating amplitude and phase error, that’s why they are considered

poor performers when it comes to the control of AC systems.

2. Use of solid-state inverters for AC machine drives applications, in which transfor-

mation theory is already used for their control.

3. Digital controllers have become powerful, practical, and their cost has dropped

rapidly. They are also popular in industry.

4. The design of voltage-source inverter switching strategies is most effectively done

by using space vector pulse width modulation (SVPWM) [25].

4.3 Synchronous Frame Transformation in Three-Phase

System

The rotating vector in the stationary reference frame becomes a constant vector in the
rotating reference frame due to the rotation of the reference plane itself. Figure 4.1 shows
stationary and rotating reference frame vector representations. The instantaneous angle

0 is defined as

- / w(7)dr + O (4.3.1)

Where w is the angular frequency in rad/sec, 0;,; is the initial angle of the system, and
7 is the time. In figure 4.1, X is an arbitrary phase state variable projected into the

stationary reference frame. It can be dissolved into two component vectors Xaand X B,
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! é,-‘x!f:\:% :\Im

o -axis

Xu

Figure 4.1: Clarke and Park transform in three phase system.

The rotating frame coordinate (f d, X q) rotates in the same angular frequency and
direction of X. This leads to the magnitude of the rotating reference frame components
being dependent on the magnitude of X only, and not being affected by its instantaneous

position in the stationary reference frame.

For more insight, let us consider X« and X 3 representing the stationary reference frame

components (of a voltage or current), and apply the Park transformation as in Eq 4.3.2,

Xd coswt sinwt| |Xo
_ (4.3.2)

Xq —sinwt coswt| | Xp
where, Xa = X cos (wt + ¢) and X = X sin (wt + ¢) and ¢ is the initial angle.

In AC electrical circuit the currents (the signal which is need to transformed) can lag
their corresponding voltage by ¢, while the transformation matrix is synchronous with

the voltage waveform.

Xd coswt sinwt| | Xcos(wt+ ¢) (4.3.3)

Xq —sinwt coswt| | X sin(wt + ¢)

Xd= g{[COS(wt —wt — @) + cos(wt + wt + ¢)] + [cos(wt — wt — ¢) — cos(wt + wt + ¢)]}

Xq= g{—[sin(wt —wt — ¢) + sin(wt + wt + ¢)] + [sin(wt — wt — ¢) — sin(wt + wt + ¢)|}

(4.3.4)
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Xd= %amm + cos(2wt + )] + [cos(—¢) — cos(2wt + )]}

2 (4.3.5)
Xq = 5{[32’71(—(]5) — sin(2wt + ¢)] + [sin(—¢) + sin(2wt + ¢)]}
Xd = §[2008(—¢)}
2 (4.3.6)
Xq = [2sin(~9)
Xd = Xcos(—o) (4.3.7)

Xq = Xsin(—¢)

It is clear from eq. 4.3.7 that when the AC quantity represented by (X«, X 3) is at sinu-
soidal steady-state, the rotating reference frame components Xd and X¢ are constants
(i.e. DC quantities). The rotating reference frame vector magnitude is dependent on
the value of ¢. When ¢ is equal to zero, Xd has a maximum value that is equal to X,

and Xgq is equal to zero.

4.4 Rotating Reference Frame Control Structure in Three-

Phase Systems

Another method of structuring the control loop is by using a rotating reference frame.
This method, also called d-q control, is extensively used in three-phase systems. Ro-
tating reference frame regulators have become industry standard in the field of high-
performance current-control methods. In this case, three-phase quantities (such as volt-
ages, currents, etc.) are represented in terms of DC equivalent values or in other words,
space vectors. Prompt variation of voltage and current in such model is valid, and this
helpd in sufficiently describing the system performance under both steady-state and
transient operation [24]. In addition, it can offer ease of linking to the SVPWM tech-
nique of generating inverter switching states. Vector control is performed completely in
the rotating d-q coordinate system to make the controller side elegant for a extremely

vast range of applications, owing to its:

e Suitability for motor drive applications,

e Compatibility with the inverter gate-drive SVPWM technique.
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e Flexibility to control grid-tied solid-state distributed generators.

Figure 4.2 represents the generic structure of the three-phase rotating reference frame

control strategy.

Modulation And
Inverter (9

Id €— ap [€ abc abc
€ PLL [«
lg €= dq <€ af af
Y Vv
vd € ap
Vg €1 dg

Figure 4.2: General structure of three-phase synchronous rotating reference frame control

strategy.

In this method (synchronous rotating frame), the measured three-phase stationary cur-
rent components are transformed to the two components (o — 3) by the Clarke trans-
formation, which outputs a two-coordinate time-variant system (stationary system)
through the mathematical representation shown in equation 4.2.1. In most cases, the
three-phase system is symmetrical or balanced, which deduce that when the phases are
summed their result is equal to zero. Thus, by transforming a — 5 from the stationary
frame to the synchronous rotating frame (d-q) via Park transformation matrices, the d-q
coordinates are arranged to rotate synchronously with the power line frequency (hence

the term ’synchronous’ rotating reference frame).

Some applications like in speed control of motor, variable voltage and frequency are
require. In this case the inverter frequency may be simply defined by a voltage-controlled
oscillator. The voltage value DC supply at the input of inverter is helpful in calculating

the amplitude of output signal, however it can also be changed by controlling the inverter
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switching circuit to provide a variable output voltage. In other cases, such as grid-tied
inverters for renewable energy applications, the input DC supply is not consistent, hence
the inverters are designed in a way that the provide desired output voltages regardless
to the variation in DC input voltage. In such cases, they must deliver a fixed output
voltage at a fixed frequency to the load since the application requires it and may depend
on it. In this case, the output frequency is locked to that of the grid and is not variable

by other means, e.g. by the user.

In the grid-tied inverter application, DC-to-DC converter regulates the value of DC-link
voltage. This value is compared to the reference value of voltage and error is fed into
the PI controller. The PI controller generates an out that is the required reference value
of current vector. this vector decides the amount of active power that is provided at the

output of inverter.

the other component of the current vector is the representative of reactive current. Its
value can be manipulated to control the reactive power at the output of inverter. in
the other words this component can used to adjust the power factor. If reactive power
is not desired to be injected set the value of reactive current component to zero. But
if the reactive power is required to be supplied (such as in power quality management),
a non-zero reactive power reference can be used. The transformed d-q currents are
sensed and then compared with their reference values, and the result is fed to the
compensators to generate the feedback voltage references in the synchronous reference
frame. The active and reactive power (or voltage) consists of a combination of feed-
forward signals and decoupling of the inductive cross-coupling. These cross-coupling
terms can be caused by the interaction between the inverter, filter circuit and PWM
modulation scheme. The decoupling eliminates this coupling in the feedback controller
between the d and q channels and yields two independent current controller channels.
The voltage references are added to the feedback reference signal to form the total d and
q axis voltage references. In the sinusoidal pulse width modulation (SPWM) technique,
it is then necessary to transform from the d-q rotating frame variables to the o — 3
stationary frame variables. By inverse transformation from rotating synchronous frame
to the stationary frame, the modulator can then generate the switching device gate
signals. The phase angle is calculate from the grid voltage in order to match it with the
phase of the controlled current. The synchronous reference frame regulator has many

advantages for the three-phase grid-tied inverter:
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The control become time invariant and it provides fast response.

e Steady state error is achieved easily since controller mimics the design of conven-

tional DC-DC converter.

e The attributes of the output voltage (i.e. Amplitude and phase) can be controlled
separately. This helps in individual control of the active power and the reactive

power
e Dynamic response is improved.

e Anti-islanding detection is improved [26-28]

The following matrix transfer functions shows the proportional-integral controller rep-

resented in the rotating synchronous reference frame.

Kp+ Ki/s 0
cla — |7 / (4.4.1)
0 Kp+ Ki/s
The synchronous rotating frame solves this problem by shifting fundamental power
frequency information back to DC, at which point a conventional DC regulator can

be used such as the PI controller. However, the synchronous-rotating-reference-frame

controller is more complex in application.

4.5 Literature Review For Single-Phase Inverters Employ-

ing The Synchronous Rotating Frame Controller

The Clarke Transformation in single-phase inverter controller has been attempted and
is discussed in [29-32]. The basic idea is to create an imaginary delayed signal, and use
both of the signals together to create an orthogonal system as is usual in three-phase

systems (Clarke Transformation).

Certain observations can be made from this, including some general observations relating

to the transformation stage as well as the controller structure.

1. [29] discussed the generation of an orthogonal system by adding an imaginary

signal delayed by a 1/4 cycle from original signal.
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2. [33] shows the single-phase system transformation theory is not directly applicable,
and additional complexity is needed for d-q transformations in the synchronous

rotating reference frame.

3. It is difficult to implement synchronous rotating reference frame PI control using

a digital signal processor (DSP)with fixed-point and low cost[34].

4. In the presence of an unbalanced load on a three-phase inverter, the quantities in
the rotating reference frame are no longer completely time-invariant and contain

a double line frequency component [32].

5. The harmonics associated with transformation stage come from using external sine
and cosine functions in the transformation matrix. These functions are usually

saved in a lookup table with limited precision [32].

6. The feedback signals are converted to the rotating frame and then transferred
to the Controller stage in [29, 32]. Then, adding a transformation back to the

stationary frame in order to apply PWM causes additional computational burden.

From the above reasons, use of the synchronous rotating reference frame lost its flavor

in the single-phase inverter controller.

Control in DC-DC converters provide high dynamic response, the object of vector control
is to obtain similar type of response. It is worth saying that it is too early to incorporate
the voltage and current phase difference in the transformation stage. The transformation
stages should be used for conditioning the feedback signal from time-variant to time-
invariant only. This thesis validates SVPWM in single-phase inverter. Use of this
method reduces additional computational burden caused by transformation back to the

stationary frame before applying conventional PWM.

In a single-phase system, the harmonic terms at a frequency of 2w an result from trans-

formation stage itself. The 2w harmonic term can be result for the following reasons:

e The created component is not orthogonal with the original component.
e The created and original components values are unequal.

e The coupling terms which are result in transformation stage should be decoupled

with opposite sign in controller stage.
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Therefore, the progress in thesis is to mathematically model the power stage of a single-
phase inverter that uses the theory of synchronous rotating reference frame mathe-
matically. Then, solve the 2w harmonic issue and reduce computational requirements

further.

4.6 Summary

Control in DC-DC converters provide high dynamic response, the objective of vector
control is to obtain similar type of response. Hence, this chapter started by demonstrat-
ing synchronous rotating frame theory. In the later headings this chapter provides an
overview of the published work that is relevent to single-phase inverters employing the
synchronous rotating frame controller. It discusses the single-phase inverter controller,
drawing on studies and previous research. Then, identifies the direction the proposed

developments will take.

45



CHAPTER 5

Single Phase Inverter Modeling
Based on Synchronous Rotating

Frame

5.1 Introduction

This begins starts with the state space modeling of inverter with LCL filter. later on
it discusses the strategies to overcome difficulties in single-phase systems. One method
that is suggested to create an orthogonal stationary component, similar to the one
formed in Clarke transformation in three-phase systems. The system will then be in
a position where the Park transformation can be applied in order to transition to a

rotating reference frame.

The power stage of a voltage-source inverter designed for single-phase based based on
the synchronous rotating reference frame is modelled mathematically. The principle of
possible solutions is considered in and presented detail, ths incorporate the construction
of the imaginary orthogonal circuit, stationary reference frame representation of the
single-phase real circuit, and transformation of the single-phase stationary reference

frame to the d-q rotating frame.

The aim is to build a single-phase inverter controller operating in the synchronous ro-
tating frame which can produce high dynamic performance while being able to minimize

error that is observed at the fundamental frequency, and thus to engance the quality of
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electrical power quality generated by a single-phase inverter.

5.2 Single Phase Inverter Model

Consider a inverter filtering the output through LC filter is connected to the grid is
given in 5.1. The inverter side Impedence is denoted as L; + R;, grid side impedence is

L, + Ry and filter capacitor with resistance is given as C'y + R.. Capasitor current is

given as,
L Ri Lg Rg
g Y
—4C
_-ﬁ Ve Vg
DC -
= Re
> 3

Inverter

Figure 5.1: Single Phase Inverter Model with LCL filter.

Capacitor current is given by,

I.=1;-1,
dVe
C =I—1
av. L -1,
= 2.1
dt Cf (5 )
Inverter side inductor voltage is given by,
Vi, =Vi—LiR; — Vo — IR,
dl;
Li% =Vi—LiRi —V.— (I, — Ij) R,
dl; 1
—_ = i_Ii i — Ve — IZ—I c 2.2
= Wi~ LR~ Vo~ (L= )R] (522)

Grid side inverter side inductor voltage is given by,

VL2 = V;:‘i‘Ich _IgRg - Vq
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dl,
Lgd—tg =Ve+ IRy —I,R, -V,
dl 1
d—tg = fg[VC + IRy — I,R, — V)] (5.2.3)
The state space model using equation 5.2.1, 5.2.2 and 5.2.3 can be written as,
di; (Ri+Ry) R 1] ] 1
dt L; ! f L I L; 0 Vi
dI R (Rg+Ry) 1 1 t
AR e AR I ET
dVe 1 1 g
0 o eon 0 _VC_ 0 0
I;
1 00
= 1, (5.2.5)
010
_‘/vc_

5.3

Systems

Use of the Imaginary Orthogonal Phase in Single-Phase

The d-q synchronous frame transformation method cannot be easily applied to single

phase inverter due to the limitation of only one available phase. A method is to create

a second orthogonal phase.

For introduction of additional imaginary phase in single phase inverter to constitute

an orthogonal system analogous to Clark transform these approaches are discussed in

literature.

1. A method is discussed in [35] to create orthogonal signal is by differentiating the

48

there are harmonics in the real phase of inverter.

output voltage of inverter and current of inductor. However this approach is highly

sensitive to noise. Along with the fundamental component in the output voltage

Differentiation process thus

does not yield a purely orthogonal component. The inverter feedback controller
is significantly affected by error in the stationary orthogonal phases. At the same

time, the differentiation calculations require significant micro-controller processing

. Another proposition is using an observer (-axis component[36]. This approach can

achieve a good result, but it is very complex in terms of software and processing
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requirements to design and implement. Hence, none of these approaches represents

a solution that is simple or cheap to implement.

The approach adopted in this research is a technique to create an imaginary orthogo-
nal phase, this is done by picking up the originl signal and shifying its phase by 90°
[29-31]. Using 5.3.1, the original phase delay of 1/4 of the line phase of system can
create another component (f) orthogonal with the original signal («). The imaginary
orthogonal component is estimated by picking up the real component, after introducing

quarter cycle delay.

Xo = Xsin(wt) (5.3.1)
X3 = Xsin(wt — 90)

The orthogonal stationary component (V3) is created by a delay of 0.005 sec. Which
make a 1/4th of the time period of 50Hz wave.

This method is examined using MATLAB/SIMULINK with input voltage V,, = 311sin(50%
27t). Vg is valid after 0.005 sec which represents a quarter-cycle delay from V,,. The pro-
cess is to generate two stationary frames in a single-phase system in a way corresponding

to the Clarke transformation in a three-phase system.
5.4 Modelling of the Single-Phase Inverter in Stationary

and Rotating Reference Frames

A model for a single-phase inverter controller in the stationary and rotating reference

frames was developed.

5.4.1 Single-Phase Inverter Model in Stationary Reference Frame

Figure 5.2 represents a real single-phase inverter scheme. The mathematical description

is as follows,
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c
. Vab =8Vpc Ve | == z
Vbe
Inverter
Figure 5.2: Single Phase Inverter Scheme.
dl
LditL—i-TLIL =V =V, (5.4.1)
Where,
1 e = vpC
1 vay = —vpc
dv, Vo
I, =C — 5.4.3
L a "z (5.4.3)

Where 6 is the duty cycle, Z is the combined impedance of load and L4. A single-phase
inverter average circuit model was developed by splitting the inverter model into two
'virtual’ circuits as shown in figure 5.3. The imaginary circuit has a set of 'virtual’
components with the exact same values as those in the real circuit. As the imaginary
circuit does not exists practically, I« is assumed and it is considered equal to the DC-link

current (Ipc), this derivation is done from the real circuit for the purposes of modeling.
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Real Circuit

Vg

i e

L L T e

Figure 5.3: Single-phase inverter representation as real and imaginary parts of the circuit.

Rewriting the above equations using the real and imaginary circuits in Figure 5.3, the

capacitor voltage and inductor current can be written as below:

dl,
Ldi +7rr.lo = Vpcda — Va
dlt (5.4.4)
LTIEB + TLfﬁ = VD055 — Vg
I = Cdzac Vo
t - Z (5.4.5)
1,=c%c Vo
A at | Z

Where V,, is the real output voltage, Vj is the output voltage of imaginary circuit, I, is

the real inductor current, I is the imaginary inductor current.

The duty cycle (0) can be averaged over one switching period providing that the highest
frequency component in any change in It does not violate the Nyquist criterion, it should
be checked with respect to the switching frequency. Hence the dynamics of the system

are constant over one switching period. The average filter voltage is obtained in 5.4.6.
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1
TS w

t
0Vpe = UDC/ d(r)dT =u (5.4.6)
t—T

Where u is the inverter average sinusoidal duty ratio. Applying average state variables
to the switching model of the single-phase inverter based on the real and imaginary

circuits given in figure 5.3, equation 5.4.4 and 5.4.5 using equation 5.4.6.

dl,
Ldi‘i‘TLIoé —ua—V
dlt (5.4.7)
L dtﬁ —i—?“LIg —U5—V5
I, = CdvaC &
. Z (5.4.8)
Iy— Cdvgc n Vs
dt Z

Where v, is the real capacitor voltage, vgc is the imaginary capacitor voltage.

dvg
Vo = VaC + C Z < rc
dvt (5.4.9)
BC
Vg =vge +C 7 ro
Substituting equation 5.4.9 in equation 5.4.7 and 5.4.8,
dl, dve,
LE +rrly = ug — [vac + C Ztc ro)
(5.4.10)
Ldlﬁ—l—rl ug — [v +C’dv rol
dt Lis = 1B pC a ¢
dvg, 1 dv,
In=C UC Z[UQC+C UCTC]
d;“ ; ey (5.4.11)
BC BC
[ =
=C o Z[Ugc +C 7 ro|

As single-phase half-bridge inverter in real and imaginary stationary reference frames
was considered in real and imaginary frames, its state-space average model is given in

5.4.12 and 5.4.13 and the circuit model is shon in figure 5.4.

d Ia U 1 ZT’C Va 1 rc

— = o+ - R < 5.4.12

at (1| uy| £ <TL Z+rc) Vs (L L(Z+rc)> (54.12)
d |V« I, Z Va 1
Bl he) ) . R (5.4.13)
dt U,BC IBC’ C(Z+TC) VﬁC C(Z+Tc)
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> ¢

o
A . {J_ | ¥
i 1

f
i

Figure 5.4: Stationary reference frames model of single-phase inverter.

In figure 5.4, symbols have the following meanings: Round symbol with internal + /-

signs represents "constant voltage-source", diamond-shaped symbol with internal + /-

signs represents "dependent voltage-source" with the dependency expression shown inside

the symbol, diamond-shaped symbol with internal arrow represents "dependent current

source" with the dependency expression shown inside the symbol.

5.4.2 Single-Phase Inverter Model in Rotating Reference Frame

Once the average real and the average imaginary models are obtained (as given in the

equations 5.4.12 and 5.4.13, transformation matrix equation 5.4.14 and 5.4.15 can be

applied to equations 5.4.12 and 5.4.13 if one want to achieve the d-q model of the

inverter.

X X

O (5.4.14)
X, Xy
X X

e (5.4.15)
Xp Xq

Where (T') is transformation matrix.
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T cos(wt)  sin(wt) (5.4.16)
—sin(wt) cos(wt)

T = Césiwg _SW(L@? (5.4.17)

This results in 5.4.18 and 5.4.19:

d 1 Iy P LT I Iy (rL L _rc )-T—l Vi (1 B 1 )
dt Iq uq L Iq L 1+7“C/Z ‘/q L L(1+TC/Z
(5.4.18)
d Vde Iq 1 Ve 1
e — 7! () 7 () (5.4.19)
dt Vge I, C(l+r./7)) Ve ZC(1+r./2)
d Xd
By applying the chain rule to the E(T_l ) in equations 5.4.18 and 5.4.19, and
Xq

separating d and q components, the state space model is obtained as given in 5.4.20 and

5.4.21, as follows

iT—lz —wsin(wt) —wcos(wt)
dt

—wcos(wt) —wsin(wt)

T d 71 —cos(wt)sin(wt) + sin(wt)cos(wt) —(cos(wt))? — (sin(wt))?
el —w
dt (sin(wt))? + (cos(wt))? —cos(wt)sin(wt) + sin(wt)cos(wt)
0 -1 0 —w
di 1 0 w 0
d (laf _|ua| 1 |0 —wi il \ld (?"L+Tc>_ Va (1_7“c>
dt Iq Ug L W 0 Iq Iq L L(1+’I”C/Z) V'q L LZ(1+’I”C/Z)
(5.4.20)
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e ) (5.4.21)

d |Vde 14 ( 1 )+ 0 —w| Vg Vae (
C( w0 | |Vee| |Vie| \CZ(+T1c/2)

dt Yqc 1y L+ro/Z)
The d-q equations of inverter are simplified in 5.4.22 and 5.4.23 by neglecting r¢ and as
in practice they have very small values. D and q components of the system are presented.

the cross coupling of terms cam be observed in the equations mentioned below.

I 0 —wl| L] |1 v,
4 a1 |t Ol a (TL)_l ¢ (5.4.22)
it |;| "L

q

d _1 n . (5.4.23)

5.5 Double Feedback Loop Control Strategy

The control of inverter is adopts a double feedback loop control strategy. Out of the two
loops the outer feedback loop is applied to the voltage and in the inner loop feedback is
applied to the current [37]. Figure 5.5 shows a model of a single-phase voltage-source
inverter. The structure of a two-loop controller is illustrated. The control system block

diagram shows:

1 i . |
Hv(s) Hits) byl e I -]:r"r)-’c o
L5 +r Cs

Figure 5.5: Controller structure with inner current loop and outer voltage loop.

e The inner loop uses the filter inductor current as a feedback signal, and Hi(s) is

the transfer function the inner loop PI controller.
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e Load voltage is used in the outer loop as feedback signal, and Hv(s) is the outer

loop PI controller.

Where H(s) represents the PI controller H(s)=Kp+Ki/s.

In order to generate the reference current for the inner loop, feed-forward controller is
used, which is a PI controller acting on the DC supply voltage error, i.e. the difference
between the DC voltage reference Vpc ey and the measured DC voltage Vi, at the
input of the inverter. The feed-forward controller is evident in the following blocks

diagram of figure 5.6

VDC_ref

Pl Pl

- = mm wm o o o

Vbus

Figure 5.6: Feed-forward controller.

5.6 Grid-tied Inverter Mode

Alongside the stand-alone mode, renewable energy systems (RES) while powering house-
hold and business, can also operate in a grid connected mode. This allows the system
to provide surplus energy to the utility grid or receive the power from the grid if the
load is increased. Such energy systems are refered to as prosumers (producers and con-
sumers). A net metering system is used in such scenarios where the difference between
the produced and consumed power is calculated. The prosumer is charged if the energy
is consumed or the amount is reimbursed if the power is supplied to the grid. 5.7 shows
the grid-tied inverter circuit diagram in which the common coupling point is represented

by node A.
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Figure 5.7: Grid tied inverter circuit diagram.

The single-phase voltage-source inverter and the grid are modelled in the synchronous
rotating reference frame as two voltage-sources. The passive filter is placed between
them, as shown in figure 5.8. The continuous-time state equation for the grid-tied

inverter in the d-q coordinate system is,

diq(t)

ug(t) =L P wLiy(t) + Rig(t) + eq(t) (5.6.1)
uq(t) = Ldi((;it) +wLig(t) + Rig(t) + eq(t) (5.6.2)

Where ud (t) and uq (t) are the control signals components in the d-q frame respectively,
Ed (t) and eq (t) are grid voltage in the d-q frame respectively, R is equivalent line

resistance, L is equivalent line inductance.
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Figure 5.8: Grid tied inverter detailed circuit diagram.

5.7 Simulation and Results

The operation of single phase full bridge inverter connected with grid and variable load
is shown in figure 5.9. Step increase of load from 2000W+225VAr to 4000W+225VAr
at 0.1 sec and further increased to 5000Wa+225VAr at 0.2 sec is shown in figure 5.10.

iime
Conr T
S AN
WPA i[5 n e LA
: = 2 ERC
g % |eam\mEEJ|7 1GET/Diode
() AC Valtage Saurce = l ™ ;

e ZEJF |GETIDiode3

it

- DC Valtage Source1

.

Figure 5.9: Full bridge inverter connected with grid and variable load.
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Figure 5.10: Step increase of load.

Figure 5.11 shows the conversion approach of current parameters from stationary refer-
ence frame to rotating reference frame. Same approach was used in conversion of voltage

parameters.

D

" alpha alpha
ilnv

0 — g

Transport Delay da_ilnv

0 Alpha-Beta-Zero  ggjaciort
to dg1

Constant1

Figure 5.11: Alpha-Beta to DQO conversion.

Simulation diagram of current controller in synchronous rotating (DQ reference) frame

is shown in figure 5.12.
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Figure 5.12: Current controller in DQ reference frame.

Figure 5.13 shows the behavior of inverter on different load demands. The conditions in
inverter were set to provide maximum power i.e. 4500W. Initially 2000W+225VAr load
was connected to the inverter. The inverter is providing current to the load and surplus
current is injected into the grid it can be verified through the grid current which is out
of phase from the inverter current. At 0.1sec the load was increased to 4000W+225VAr,
inverter kept behaving as a primary source. The amount of current being injected into
the grid decreased due to the increase in load demand. At 0.2sec the load demand
increased beyond the capacity of load. At that time the grid take care of the increased

demand and provide the excess current to the load.
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Figure 5.13: Current waveforms on increased load demand.

Figure 5.14 shows the common coupling point voltage and inverter current. It can be

observed that variation in load does not affect the coupling point voltage of the inverter.

B A o

Figure 5.14: Coupling point Voltage and inverter Current.

5.8 Summary

This chapter shows the possible solutions to the problems of transformation to the
synchronous rotating reference frame applied to a single-phase system. A single-phase

inverter is modeled in the synchronous rotating reference frame has been accomplished,
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including:

e Creating an imaginary circuit orthogonal to the real circuit.

e Converting the real circuit of single phase inverter into the stationary reference

using real and imaginary orthogonal circuits.

e Transformation of the model in the single-phase stationary reference frame to the

d-q rotating reference frame.

The transformation technique in the single-phase system is accomplished by the intro-
duction of a phase delay of a quarter-cycle to the original phase. This action is adopted
in order to generate two orthogonal components in the stationary reference frame in a
manner analogous to the Clarke transformation in a three-phase system. Park transfor-

mation is then applied to generate the signals in synchronous rotating reference frame.

In addition this chapter discusses the system performance and the control structure
within the stand-alone inverter as well as in grid connect mode. The proposed transfor-

mation and control strategy offers certain advantages such as:

e The new transformation strategy overcomes the computational burden by using
functions that are not computationally intensive. As a result, the system can be

implemented with a low-cost fixed-point DSP.

e In [31, 36], the feedback signals are returned to the stationary frame in order to
apply PWM. This creates additional computational burden. This study proposes
SVPWM to avoid this step.

The proposed control strategy is able to operate with a stand-alone and grid connected
inverter. It assumes the input DC-supply to inverter to be constant over one fundamental
period of the power line frequency. For testing, the controller was exposed to transient
conditions under a range of operational conditions, e.g. sudden load change, poor power
factor load, nonlinear loads, with the load changes occurring under a range of resistive
and inductive values. The dynamics of the system were examined at the instant of

sudden load change to determine the transient response.

Finally, the single-phase voltage-source inverter and the grid are modelled in the syn-

chronous rotating reference frame as two voltage-sources; the passive filter is placed
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between them. This mode has two useful properties to be analyzed in the context of a

grid-tied inverter:

1. Calculation or estimation of grid parameters at point of common coupling. these

parameters include the amplitude and frequency of the grid voltage

2. Using these parameters apply a scheme like droop control to supply power (i.e.
active and reactive, both independently) to the grid. This is to be discussed in

the chapter 6.
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CHAPTER 6

Droop Control in Synchronous

Solid-State Converter

6.1 Introduction

Small-scale individual power production from renewable energy is increasing day after
day, leading to the decentralization of power generation. The power utilities now permit
the placing of micro-generators on the customer side and the interfacing of them to
the utility grid. Hence, the future of power network systems may largely be composed
of a significant quantity of low-voltage renewable distributed generators interconnected

through the distribution and transmission systems.

To achieve efficient and safe operation of the mentioned systems, it is crucial to un-
derstand the interaction between the generator and the utility. Therefore, this chapter
offers a new technique to the implementation of decentralized embedded generators
using synchronous solid-state inverters. Solutions are proposed for certain problems re-
lating to the power management of single-phase solid-state power supplies as distributed

generators using synchronous reference frame inverter control systems.

To prevent a generator from overloading when connected to the network, it is essential to
ensure that the generator will share the load at a level proportional to its nominal power
rating. This is achieved by adding extra control functions into the controller stage on

the basis of voltage magnitude and frequency of each generator, known as droop control.

Accordingly, an appropriate load sharing function was derived in order to enable this
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new type of generator to contribute to the management of both active power and the
reactive power within the network. Since the controller in the last chapter was designed
in the rotating d-q reference frame and decouples active and the reactive power into
separate channels, the load sharing function is designed in a way consistent with this

approach.

6.2 Power Network Description

A traditional electrical power system is mainly composed of three separate parts [38, 39].

e Generation.
e Transmission.

e Distribution.

The generation stage is the first step in the power system, represented by a synchronous
generator, where the terminal voltage is normally kept constant by field current regula-
tion. The frequency is kept synchronous with the network frequency by regulating rotor
speed. The equivalent circuit is represented by a voltage-source that is connected in
series with a reactance. Larger power networks have smaller external impedances. Tra-
ditional power systems adopt centralized management concepts for distribution, demand
and supply in a conventional top-down manner. At the production side the electrical
energy is generated at a high voltage level and before reaching the consumer side, it
is transformed down and distributed through several layers [38, 39]. This results in a
rising cost associated with traditional centralized power systems in the production side

as well as in the distribution and consumer side.

Most of the overhead distribution networks are low-voltage three-phase 4 wire systems.
A distribution network has a number of low-voltage transformers with an output volt-
age (on the consumer side) of 230V or 400V that provide an acceptable level of losses.
To maintain quality of the low-voltage network, the voltage magnitude and frequency
must be compliant with the statutory limits. The statutory limits are recommended
within most national standards. For example, International Electrotechnical Commis-

sion (IEC60038) provides the standard for 3-phase 4-wire LV systems, it suggest the
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voltage variation within the limit +10% of nominal voltage (a margin of -5% allowable

voltage drops is included) [40].

In most cases, voltage and frequency controllers for solid-state power converters are
designed to follow the load behavior. Many industrial applications require control of the
instantaneous active and the reactive power values; in fact, they are used for managing
power quality within their system. The Clarke and Park transformations are useful in
three-phase solid-state inverter applications to study, analyze and control instantaneous
active and the reactive powers. Control of the instantaneous active and the reactive
power increases the stability margin, and improves the voltage regulation in three-phase
solid-state inverter applications. The effectiveness of the instantaneous active and the
reactive power control can be observed in the single-phase inverter application by using

rotating reference frame theory [25, 41, 42].

6.3 Decentralized Power Management Concept

In brief the decentralized power management concept is how to generate a given amount
of power distributed over smaller generators in a lot of places rather than a single
generator in one place. This leads to the generation of electricity near the area of
consumption. Consequently this allows more power to travel with less resistance to
reach customers in rural as well as urban areas. One of the most valuable options is the
theoretical capability to improve the continuity of power supply even with an upstream

supply outage.

Where decentralized power supplies are permitted, the utilities allow the placing of nu-
merous micro-sources interconnected with the distribution and transportation systems.
In this case, as the number of micro-sources grows the power network will contain an
increasing number of interdependent technologies and strategies, thus becoming more
complex. A complex network can also be sparse over a large area. Therefore, many
researchers have envisioned decentralized power supplies that do not require extensive

communication with the central power stations.

Implementation of small-scale individual power production by renewable energy is in-
creasing day after day. Thus, it is important to link these types of power production

with the national power network. The network can then make optimal use of small-scale
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energy generation, as well as allowing the use of renewable energy sources and facilitating
operation in an autonomous grid-tied mode. Hence, the future power network systems

could be composed of a large quantity of low-voltage renewable distributed generators.

On the other hand, there is a concern on the recent increase in the deployment of in-
dividual renewable energy generators within the national power network. This deploy-
ment represents a new type of distributed generation using power electronic inverters
connected with the radial distribution network. Static inverters (i.e. not based upon
rotating machines) have different properties when compared with conventional power
plants based on rotating electromagnetic generators. To achieve safe and efficient in-
tegration of such inverters, it is necessary to develop decentralized control techniques
at different levels for optimizing deployment of these new resources. Therefore, some
requirement for regulation is needed for such resources in order that power quality does

not worsen.

This research intends to explore the connection of single-phase inverters with a local
network, and the solid-state inverter will appear as a distributed generator in this net-
work. Hence, it is imperative to know the issues involved in controlling the inverter for

ensuring both quality of supply and adequate supervision of power management.

6.4 Impact of Decentralized Distributed Generation on

the Network

In hybrid applications, different types of energy sources (fuel, wind, solar, micro-turbine)
work together. Since electricity cannot be stored in real-time in any major quantity,
stability problems can be caused by mismatch between the supply and the demand.
Network power quality depends on factors such as the types of distributed generators,
capacity of distributed generators and the respective output power fluctuations, and
the percentage of distributed generator types connected in this grid. The load is to be

shared uniformly according to each generator’s capacity.

Consequently, penetration of small-scale renewable energy distributed generators could
have a significant impact on the power networks. To avoid large drops in the output
voltage amplitude and frequency caused by load variations (through the grid-tied oper-

ation of distributed generators), each distributed generatoraAZs voltage amplitude and
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phase need to be controlled so as to keep the network stable.

When such a distributed generator is grid-tied, the voltage and frequency of the common
coupling point are dictated by the grid. Therefore, the distributed generator unit usually

uses current control methods to deliver power to the network.

More questions are raised within the environment of decentralized solid-state distributed
generators. Within the national network, a significant number of grid-tied small-scale in-
dividual renewable energy generators exist as distributed generators working in parallel.
Synchronization is an issue that arises in this configuration. Synchronization is required
to avoid currents circulating among the power sources and contributing to losses. Net-
work estimators and phase lock loops allow the estimation of the grid frequency and

phase at the common coupling point as well as the voltage magnitude.

Recently, for the grid-tied mode, load sharing based on droop methodology has been
widely utilized for active and the reactive power control of electronically coupled three-
phase distributed generator units. Three-phase power supplies were equipped with var-

ious droop control methods to provide continuous output average power.

Single-phase systems suffer from a characteristic of fluctuating output power. Thus
far, little attention has been pushed to the dynamic properties and robustness of the

grid-tied single-phase power supplies as distributed generators.

In the approach proposed in this thesis, a method that is based on the synchronous
rotating frame within the controller stage (which is broadly similar to that used in three-
phase inverters) was chosen. Droop control can be effective when used with such a system
in grid-tied mode, subject to some means of communication between the converters being

available.

6.5 Droop Function Methodology in Literature

In the droop control method, the distributed generator uses only locally-measured quan-
tities at its common coupling point without extensive communications with other sources
within the network. It is important to avoid generator overload, so the distributed gen-
erator controller must make sure that the component of the load power that is shared

is within the normal power limit for the generator.

In this thesis, droop control has been chosen for controlling the inverter voltage mag-
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nitude and its fundamental frequency during grid-tied inverter mode. This method is

named differently in several papers depending on the approach applied [42-44].

New research uses the droop concept in different ways. Most work deals broadly with
the problem [16]. [43] shows specifically the technical difficulty of power control when
several subsystems work together such as energy sources, stored energy, power electronic
inverters, grid and the loads. Other research [41] modifies the droop controller based
on the line impedance parameters ratio (R/X), where R and X are the transmission
line resistance and reactance respectively. This modification is suitable to the situations
where the transmission line ratio (R/X) is high, such as in low-voltage rural applications.
The line ratio (R/X) differs in each application depending on the line type and length

used for connection with distributed generators.

The goal of all this work is to achieve a new decentralized distributed generator with
the capability of operating in both isolated mode and to seamlessly connect to the
utility (grid-tied mode). Important contributions concern the control of power electronic
inverters operating as part of the power distribution network, as well as about power

management.

It is a normal requirement to control output active and the reactive power of these types
of distributed generators through inverter control. The inverter can adjust its response

to the network and maintain voltage amplitude to meet the load demand.

The apparent power (S) flowing into network lines is described in figures 6.1 and 6.2 In
a steady-state network operation the current flowing from voltage source E(t) to Vy(t)

can be defines as,

1

0= mrx

(E(t) —Vg(t)) (6.5.1)

The active and the reactive power exported from the distributed generator to the grid

can be expressed as follows,

E(E-Vy)

S=P+jQ=E.TI"=
+jQ 7

(6.5.2)

Where S, P and @) are apparent, active and the reactive power, respectively, injected
into the grid, £/ and Vj are the distributed generator and grid voltage magnitudes

respectively, Z and 0 are impedance magnitude and impedance angle, ¢ is the voltage
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phase angle between the distributed generator and grid.

Z/8

VgL-CD

Figure 6.1: Network line power flow.

Figure 6.2: Line power flow phasor diagram.

The active and reactive is given as,

E? E
P= 70050 - ;QCOS(H +¢) (6.5.3)
E? E
Q= 73@'719 - %sin(@ + o) (6.5.4)
where,
Zel = R+ jX (6.5.5)

The equations 6.5.3 and 6.5.4 can be rewritten as:

P = (quLEXQ)[R(E — Vycosp) + XVysing) (6.5.6)
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E

Q:Giiyﬁm@hwpm@+xgww] (6.5.7)

The simple concept of the droop method can be based on two assumptions:

1. The impedance in the overhead transmission lines is purely inductive, in other
words X > R, and the resistance R can thus be neglected. Consequently Z = X
and 6 + 90°. For the generators with low output impedance this approximation is
valid. In the case when a solid-state distributed generator is used the instantaneous
real and reactive power is exported to the network through a low pass filter to
obtain the average active and reactive power. Consequently, the converter output

impedance plays an important role in power sharing.

XP
X
E — Vycosp = 762 (6.5.9)

g
2. The power angle ¢ is small, so sing = ¢ and cos¢p =~ 1. Thus, equations 6.5.8 and

6.5.9 can be approximated as in equations 6.5.10 and 6.5.11

XP
~— 6.5.10
6~ o (6.5.10)
E-v,~ 2% (6.5.11)
|7

Equations 6.5.10 and 6.5.11 show that the voltage difference is proportional to the
reactive power (), while the power angle is proportional to the active power (P)

as expressed in 6.5.12

AP x m(w, — w)

AQ xm(E, — E)

(6.5.12)

Where AP and AQ are the generator active power and reactive slope respectively;
w, and F, are the generator no-load frequency and voltage amplitude respectively;

IL and v are the generator output frequency and voltage amplitude respectively,
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thus, the active power is the function of frequency ans it can be controlled can
be controlled by manipulating the frequency, and reactive power is finction of
voltage and it can be manipulated by controlling voltage magnitude. The above
assumptions lead to two linear droop characteristics (P versus w) and (@ versus

E), the droop functions are expressed in 6.5.13.

w = w, — m(AP)
E=EFE,—n(AQ)

(6.5.13)

Where m and n are droop slope coefficients (gains) according to their generator

nominal power.

Aw
m =
Pma:z:
6.5.14
AE (6.5.14)
n =
Qmaa:

Aw is maximum permissible variation in frequency and AFE is maximum permis-

sible voltage variation.

The droop characteristics of active power to frequency (P - w) and reactive power to
voltage (@ - E) represent linear equations having fixed no-load values (w,) and (E,)
respectively with the negative slopes. The droop characteristics in equation 6.5.13 are

described in figure 6.3.

Wlh EJ\
LS -
T NG Ap s EE}"%
AW i AE i Qj
E = AQ
Po P -7 Q g

Figure 6.3: Droop curves for active and reactive power.

It is worth saying that the solid-state distributed generators will have a faster dynamic
droop response than the rotating generators. The response of rotating generators is
dependent on governor characteristics (e.g. inertia and torque). The distributed gener-

ators are synchronized to the network frequency at the point of common coupling. This
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can be achieved by using a PLL or similar technique. Consequently, above equations

6.5.13 can be modified to use phase angle (¢) instead of frequency, as follows:

¢ = d)o_m(AP)
E =FE, —n(AQ)

(6.5.15)

[45] provided the interpretation (P-¢) and (Q-E) droop in terms of I; and I,. The
voltage and current generated by the inverter can be transformed into D@Q components

resulting as,

E = [Ed Eq} (6.5.16)

I= [[d [q} (6.5.17)

Hence the power calculated in the DQ reference frame can be written as,

P E; E, | |I

= (6.5.18)
Q E, —Eq| |1
Since F is the reference putting value of £, = 0 we get,
P E4l
= | T (6.5.19)
Q _Ed-[q

I, tracks the active power of the distributed generator whereas (—1,) tracks the reactive
power of the distributed generator. Hence we can replace the conventionally used droop

with the following equation, [45],

¢ = Qso - m(AId)
E =FE,+n(Al)

(6.5.20)

6.6 Simulation and Results

The control structure in this chapter was developed further to include the droop function.

The control strategy of the grid voltage amplitude and the grid phase is based on
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independent adjustment of the reactive and active power. The proposed control strategy
was evaluated through MATLAB/SIMULINK in grid-tied mode. In order to test the
steady-state and dynamic response during a load change, simulations were carried out
with two types of possible operating conditions. The positive power value reveals the

power exported to the node A, and vice versa. The system was tested in steps as follows:

e (Case 1 - Constant power provided from inverter to variable load. Surplus power

was injected into the grid

e Case 2 - Controlled the active and the reactive power provided from the inverter.

A 4

Line
I-Inverter I-Grid  |mpedence
—_ Node A  «—

_-ﬁnc : |—
O
/\’0@

b4

Load

Infinite Bus Bar

A 4

Inverter

Figure 6.4: The inverter set to supply Active and Reactive Power (S=P+Q).

Case 1: The inverter was programmed to provide constant active and reactive power to
regardless to the change in the load. In the test case inverter provided 4500W+500VAr.
Figure 6.5 show the result of simulation. Initially load was 6000W-+750VAr, the load was
distributed between the grid and inverter. At 0.1sec the load decreased to 2500W+750VAr,
since the inverter provided the constant power, the surplus power from inverter was in-
jected into grid. At 0.2sec load further decrease to 2000W+750VAr. at 0.3sec the load
further decrease to 500W, all the reactive power from inverter was transferred into the

grid while the active power was transferred into the load as well as grid.
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Figure 6.5: Constant power from inverter.

Case 2: Constant load was connect with the inverter while inverter was programmed
to provide different values of active power and reactive power at particular instant,
the simulation results are presented in 6.6. For the test case 3000W+1000VAr load
was connected with the inverter. Initially inverter provided 4000W-+1000VAr, surplus
1000W were injected into the grid, at 0.1sec inverter real power dropped to 1000W and
no active or reactive power was transfered into the grid. At 0.2sec the power provided
prom inverter further dropped to 2000W+500VAr, at that moment the input from grid
came into action and provided the remaining 1000W-+500VAr to the load.

Figure 6.6: Variable power from inverter to constant load.
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CHAPTER 7

Conclusion and Future Work

7.1 Conclusion

This chapter summarizes and discusses the contributions made by this thesis and pro-
vides some suggestions for further research relating to the various topics considered.
Techniques to develop novel and useful solutions for better connection between the dis-
tributed power generation systems and the utility network are considered. At the end,

this chapter points out potential future work.

7.2 Summary

Inverters and their controllers are still undergoing development due to the fact that the
requirements for inverter applications increase year upon year. Previous studies present
many strategies of controller design that bring some advantages. With the advent of
readily available high-speed embedded microprocessors and digital signal processors, the
controller operating in the synchronous rotating reference frame has become the pre-
ferred solution for three-phase inverter applications in which high accuracy is required.
However, a single-phase inverter controller design based on rotating reference frame

theory has significant inherent complexity.

The transformation of AC waveforms to DC quantities through the use of a synchronous
rotating reference frame is found to be a very useful tool for evaluating and designing
controllers for three-phase inverters. The synchronous rotating reference frame controller

has been proposed previously for high performance three-phase inverter applications.

76



CHAPTER 7: CONCLUSION AND FUTURE WORK

This is due to the fact that time-invariant systems are easier to control than time-variant
systems. After the transformation using the synchronous rotating reference frame, the

internal representation of key signals becomes time-invariant. This:

e Provides a frequency transform such that the fundamental component of volt-
ages at the power frequency is ’seen’ as a time-invariant quantity, allowing the
use of integral-term compensators (for example PI controllers) that are helpful in

achieving steady-state errorto be zero.

e Segregates the control of the phase offset and the amplitude into two separate

channels.

In many cases, developments in single-phase systems have followed the developments in
three-phase systems. Accordingly, this thesis proposes a type of synchronous rotating
reference frame method for controlling single-phase inverters. Particular attention has

been paid to the issues below:

1. Inverter modelling: Single-phase inverter modelling that is based on the syn-
chronous rotating reference frame. As a result, the single-phase inverter model

is represented as two parallel channels (Phase and Amplitude channels).

2. Feedback signal transformation (Clarke and Park transformations): Special atten-
tion was paid to achieve a transformation stage requiring limited computational
complexity as well as resulting in harmonics sufficiently below 5%, it is satisfy the

IEEE standard.

3. Controller structure: After the transformation step, the current and voltage feed-
back signals become time-invariant components separated in the 'phase’ and the
‘amplitude’ channels. Each channel consists of two loops, a current loop that is
the inner loop and outer loop that is voltage loop. This allows for an alternative
implementation of a d-q controller. The proposed synchronous rotating frame con-
troller yields enhancements in the applications of low-cost and high-performance

single-phase inverters

4. Grid synchronization: This is based on a droop control technique. The inverter

system is powered through DC batteries and due to their discharging cycles it can
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supply power that is not constant with time. As a result, this static, solid-state
type of generator differs in its properties to conventional rotating generators. The
inclusion of this type of energy sources within the power distribution network will

also promote the following two interests:

e Power quality improvement: the potential improvement in achievable power
quality in terms of the total harmonic distortion, transient case at rapid load

change, and transient case at sudden frequency change.

e Network enhancement: The overall security of the power network is enhanced
by generating smaller amounts of power in a lot of places rather than a lot

of power in one single place.

The converter presented in this thesis can perform in a ’flexible’ grid-tied mode.
This flexibility is achieved by managing the active and the reactive power that
is injected to the grid from inverter at the common coupling point without re-
quiring extensive communications between converters or the use of a centralized
management service. The synchronous rotating frame technique for the single-
phase inverter controller was developed in such a manner as to mimic synchronous
rotating generators. Autonomous operation of inverters was achieved in form of
droop control. The proposed control strategy allows for achieving P (real power)
and Q (reactive power) regulation performance based on d-q rotating frame con-
troller. The results demonstrate acceptable steady-state regulation and transient

response.

5. Inverter switching gate-drive PWM technique: A part of the thesis has dealt
with inverter switching gate drives by investigating the SVPWM algorithm for
single-phase inverters. The newly developed SVPWM algorithm proposed herein
is applicable to both single-phase half- and full-bridge inverters.

7.3 Future Work

The power conditioning unit proposed in this study focused a small-scale inverter sys-
tem. Although a significant amount of research has been carried out in order to come
up with the above-mentioned achievements and solutions, there is still place for more

improvements.
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1. This thesis proposes a low-cost controller strategy based on using a synchronous
rotating reference frame that is capable of being implemented on platforms where
computation speed is limited. This opens the door to enhance much previous work
that is based on the synchronous rotating reference frame, for example multilevel

converters and controlled rectifiers.

2. Further work to explore control of parallel-connected inverters can make use of the
new transformation strategy. For instance, a peak current and/or average current
controller could conceivably achieve good results when applied together with the

new transformation strategy.

3. Paralleling of single-phase converters within a hybrid network is a good way to

improve the power rating and system reliability.

4. The droop function used by the proposed controller can handle different transmis-

sion line R/X ratios and this subject can be studied further.
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