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Abstract

Power electronic converters are commonly used to interface renewable energy
sources. There exist several topologies of these converters such as two level with
LCL filter, multilevel, matrix and interleaved. This thesis focuses on two level
LCL filter based topology which is commonly used in grid connected applications.
To meet national international standards, there is requirement of suitable control
strategy. It is an active area of research which has been investigated in this thesis.

Proportional Resonant Controller has been identified as a good candidate for
said application. Its performance has been tested under different conditions es-
pecially system bandwidth. Moreover comparison with classical controller has
been presented as well. The classical PI controller is found to be robust and able
to provide high stability margins under varying load impedance however at the
same time it has high harmonic content in the output current. Proportional Res-
onant controller is found to be adequate as it is able to provide low total harmonic
distortion in the output current as compared to PI controller. Simulation results
shows that proposed controller can provide better stability margins to the system,
ability to attenuate grid harmonics and good robustness by carefully selecting the
capacitor and inductor values in LCL filter as compared to PI controller.
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Chapter 1

Introduction

1.1 Motivation and Introduction

Increased cost of conventional energy, emission of greenhouse gasses to the envi-
ronment, the threats of depleting fossil fuel reserves and low efficiency of existing
centralized energy systems (CES) are forcing the world to adopt renewable en-
ergy resources (RES) to fulfill its energy demand. Renewable sources and other
distributed generators (DGs) can provide better efficiency, emission of harm-
ful gasses can be limited and variable nature of renewable sources can also be
managed within a microgrid. A microgrid is a mini grid within the main grid
in which many electrical loads and generation systems including wind turbines,
photovoltaic, fuel cell and many small thermal power plants combine/connect
together and are controlled [1]. The concept of distributed energy generators
(DEGs) and the microgrid (MG) concept are necessary for the understanding the
working of the smart grid functions [2-5]. Distributed energy generators, energy
consumers (or loads) and a main interface switch are the main constitutes of a
microgrid. The concept of MG leads to better quality of power and increased re-
liability through islanding mood. It can minimize the line losses by alleviating or
deferring the transmission system expansion. Greenhouse gasses can be limited
to a great extent by incorporating renewable energy resources. Power electronic
converters are used to interface the DEGs to the MG network and to facilitate the
controlled operation of those units [6,7]. A simple layout of microgrid is shown
in Fig. 1.1.

Conventional energy sources like oil, coal and natural gas are rapidly depleting due
to their increased demand. According to an estimate, energy demand throughout
the world increased by 1.8% in 2012 [8]. Due to climatic variation throughout
the world and limitation of fuel reserves, the world is moving towards renewable
energy [9,10]. To get maximum efficiency from these resources converters are
being used for integrating these resources to the grid [11-13]. Power electronic
converters are being used for exchanging and controlling power flow between the

utility and DGs. They are normally used to connect these resources to the utility
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Fig. 1.1: A schematic diagram of a microgrid

Odd harmonic order n | Percentage of fundamental(%)

n<I11 4.0

11 <n< 17 2.0

17 <n <23 1.5

23 <n <35 0.6

35 <n 0.3

Even Harmonics

2<n<8 1.0

10 <n <32 0.5

Table 1.1: Allowable current distortion

or to supply local loads. These electronic converters control and improve the
power quality by ensuring the total harmonic distortion (THD)in output current
within the international standards [14-16]. The output current of the system
designed in this thesis is tested against the harmonic limits of the IEEE standard
519-1992 (IEEE Standard 519, 1993) as shown in Table 1.1.

Today, several different types of power electronic converters are being used for in-
terfacing renewable energy resources (RES) with the utility. This thesis research
work is carried out by using the two-level bridge converter. It simple structure
encouraged many researchers to use its different topologies. When MG is con-
nected with the grid, each DEGs is supposed to maintain the synchronization

with the grid and follow the set-points to avoid by the limits for current distor-



tion [17,18]. Instead of two level converter, multilevel converters are also being
used by the researchers [19-21]. These converters can provide better output but
with complex control and increased cost of components. An interleaved converter

topology can be used as an alternative to multilevel converters [22].

Voltage source inverters (VSI) are mostly used for obtaining AC from DC sources
both in islanding and grid connected mode. A filter is essentially used between
the VSI and grid for the the sake of reducing harmonics in the output current.
An inductor in series can be used but it produces high voltage drop, very large
in size and also unable to attenuate harmonics up to required limits [23]. Instead
of using L filter now a days a lot of research is being done on high order filters
especially LCL filter as it smooths the output current from the inverter [23] and
meets the international standards of interconnection with grid at relatively small
size as compared to L filter. This filter is commonly used these days because it
gives higher attenuation of harmonics, cheap, small in size and have less weight

as compared to L filter. This thesis focuses on the control of two level converter.

The research in this thesis is motivated by the work of Mohsin Jamil [24]. His
research includes his novel idea of applying repetitive controller for two level con-
verter and interleaved converter. However, repetitive controller requires excessive
memory and increases computational burden on microprocessors. Therefore, PR
controller is applied to address this problem for two level converter. A circuit dia-
gram of the two-level three-phase pulse-width modulated (PWM) voltage source
converter for utility interface investigated in this thesis is shown in Fig. 1.2. The

parameters values are shown in Table 1.2.

In this circuit, the three-phase outputs of the converter are connected to the three
phase utility system through an LCL filter. LCL filter prevents the entering of
PWM switching frequency into the utility supply. When LCL filter is used, trans-
fer function of two level converter becomes third order which results in complex
control to deal with resonance produced by the filter. Due to low grid impedance
value, there are chances that current harmonics can travel towards the converter
which results can results in high THD value. This problem can be solved by
increasing feedback controller gain at the expense of steady state error. This will

be discussed further in the next chapters.

Zero steady stae error can be achieved if PI controller is used in synchronous (d-q)

frame. However, a synchronous frame regulator is more complex as it involves
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Fig. 1.2: Two-level power electronic converter interface with LCL filter

Table 1.2: System Parameters and Component Values for the Two-Level Utility
Connected Converter with LCL Filter.

‘ Parameters ‘ [ustration ‘ Rating values ‘
Vi, Utility phase voltage 230 V(rms)
Ve DC link voltage 750 V DC
Ly 1% inductor of filter 350 uH
L, 2" inductor of filter 50 uH
C Filter capacitance 160 puF
F Switching frequency 8 KHz
F, Grid frequency 50 Hz
fs Sampling frequency 16 KHz
N No. of samples per period 320
P, Rated power 80 KVA

transformation, which can introduce errors if the synchronous frame identification
is not accurate . The synchronous frame identification is normally based on a
phase locked loop system, which may not be able to provide accurate phase
information when the utility is non-ideal. An attractive approach to eliminate
errors could be Proportional Resonant (PR) controllers, also known as generalised
integrators. The PR controller works on the internal model principle, which

introduces the mathematical model of sinusoidal reference along the open loop



path to ensure almost zero steady state error. However, the PR can act only on
limited harmonics [25]. This will be discussed in detail in chapter 2. Zero steady
sate error can be gained by using repetitive controller (RC) which works on the

internal model principle.

In real system, THD could be any value and the output current will be more
distorted, when THD is high and vice versa. It is desired to have pure sinusoidal
current as much as possible without any distortions. The required low THD
output current from converters can be achieved by implementing an effective
control strategy. Conventional classical controllers have been widely used for
utility connected converters . Simulation studies of the classical PI controller
applied to the two-level system, have been carried out by the author to analyse
performance and robustness of the overall two-level utility bridge system against
different utility THD values. The classical PI controller was found not to provide
output current as per the required standards when the utility voltage harmonic
distortion is high. This happens because of low gain, higher steady state error and
poor disturbance rejection of the PI controller at the utility harmonic frequencies.

This will be further discussed in chapter 2.

There is a need of finding a controller which offers high gain at fundamental and
other desired harmonics. To get higher outer loop gain and better disturbance
rejection different controllers such as resonant control, optimal control can be

found in the literature [26-28].Pros and cons are associated with every controller.

Many researchers used repetitive controllers (RCs) for limiting periodic distur-
bance present in grid connected inverters. RCs have the ability to provide better
quality of current with less THD and higher gain at given 50 Hz frequency [29-32].
RCs are very sensitive to variation in parameters. The system become unstable
if parameters or frequency is varied. Many researchers don’t prefer to use RCs

due to more memory requirement.

To ensure the maximum grid stability PI controller is used in this thesis to reduce
the overshoot and for achieving better settling time. However, PI controller found
not to follow a sinusoidal reference current and give poor disturbance rejection.
A proportional resonance (PR) controller is used to overcome this problem. PR
controller is selected due to its ability of offering infinite high gain at desired
frequencies and almost zero gain at other undesired frequencies [33-36]. The aim

of this study is to investigate the practical implementation and limits of two types



of controllers i.e. PI and PR controllers for current control of two level utility
connected converter. Detailed simulations and theoretical analysis are given in
this thesis by considering steady state error, transient response, utility impedance

variations and limited filter bandwidth.

1.2 Objectives of Research

The objective was to improve the system performance by using PI and PR con-
troller in terms of THD in output current and steady state error. Followings are

the main objectives of the research conducted in this thesis.

o Develop appropriate computer simulation models (PWM switching model
and linear transfer function model) for two-level converter using MAT-
LAB/SIMULINK.

o Investigate the two-level converter with LCL filter and access the perfor-
mance of the classical PI controller in terms of THD and steady state error

requirement with different utility THD levels.

e Design and analyse proportional resonant control PR for two level converter
by using inductor capacitor inductor (LCL) filter. Investigate the limits
of performance of PR for this converter, particularly concerning system

bandwidth by changing capacitance values of the LCL filter.

o Investigate stability limits, transient response and steady state error with

respect to different parameters of PR.

1.3 Contribution of Thesis

Followings are the contributions of thesis.

e Two level converter with LCL filter is used for this study. The converter
without any control technique exhibits enough gain margin (GM) and phase
margin (PM) but posses very low bandwidth, which means it is unable to

deal with higher order harmonics. So PI and PR controllers are used for

6



control purpose. The system’s performance varies by varying the capaci-
tance value of LCL filter and utility impedance (Lg). The effectiveness of
the PR controller has been tested in the presence of different utility voltage
harmonics and uncertainty in utility impedance. This issue has not been
discussed in detail in the literature. PR controller is found to be a better
candidate as it can provide better quality of output current by rejecting

harmonics, better reference tracking, and enough plant bandwidth.
Followings are the contributions of thesis in terms of research publications.

e Mohsin Jamil, Rizwan Arshad, Usman Rashid, Yasir Ayaz and Muham-
mad Nasir Khan. Design and Analysis of Repetitive Controllers for Grid
Connected Inverter Considering Plant Bandwidth for Interfacing Renewable

Energy Sources, in International Conference on Renewable Energy Research
and Application (ICRERA), 19-22 October 2014, Milwaukee, USA.

e Mohsin Jamil, Usman Rashid, Rizwan Arshad, Yasir Ayaz and Muham-
mad Nasir Khan. Robust Repetitive Current Control of Two Level Utility
Connected Converter using LCL Filter, In Arabian Journal for Science and

Engineering, 2015.

1.4 Thesis Organization

Chapter 2 presents a study of different current control methods such used for
utility connected converters. Different damping methods which include active
damping, passive damping and hybrid damping are presented to give a detailed
overview of these techniques being used in utility connected inverters. Criteria for
direct comparison and evaluation of current controllers (PI & PR) performance

are defined.

Chapter 3 presents the derivation of single-phase equivalent circuit. The con-
verter’s block diagram is presented which is used for designing and analysing of
the control system for two level converter. The design of classical controller and
PR controller is briefly explained. The PR is adopted because it can offer infinite
gain at desired harmonics simultaneously and can address the limitations of other

control techniques.



Chapter 4 discusses the analysis of a PI and PR controller. Simulation results
are shown in this chapter to explain the results in terms of stability, steady state

error and transient response of the given system.

The final chapter presents the conclusions of the research and recommendations

for further work.



Chapter 2

Review of Various Control
Techniques for Interconnecting

Renewable Energy Resources
with the Grid

2.1 Introduction

This section includes the review of research articles related to the different control
strategies employed for utility connected converters. There exist different struc-
tures (e.g. Fig. 2.2, Fig. 2.3, Fig. 2.4 and Fig. 2.7) of the two-level converter
with output LCL filters. In this section, the common structures of the two-level
converter based upon single and double feedback loops with output LCL filter

are reviewed.

2.1.1 Controller Objectives

The controller to be designed for grid has to control:

o Power delivered to the grid (Active or real power)
o Reactive power transfer

o DC voltage

o High quality of output current

o Synchronization with grid

o Local voltage

o Frequency regulation

e Total Harmonic Distortion



Conventional classical controllers (P/PI/PID) have been widely used. However,
the quality of output current from these controllers is poor due to low loop gain at
fundamental frequency and desired frequencies which results high THD in output.
The limitations of classical controllers are being overcome by alternative control
techniques such as proportional resonant (PR), deadbeat, repetitive control (RC)
and many others.. Moreover, modifications in existing control structures can also
help to address these limitations. This chapter discusses different current control

techniques and structures used for utility connected converters.

2.1.2 LCL filter: A better Choice

LCL filter when compared with L and LC filter gives better performance [37].
When converter is designed by using LC filter, resonance frequency of the filter
is determined by utility impedance. This makes life difficult and the filter res-
onance cannot be dampened. In case of high rating devices, the losses in the
inductors cannot be ignored. Moreover, larger inductors are more expensive than
the smaller ones. LCL filter has advantage because it ensures small inductor
size, less losses and reduced size of the whole system. Thus cost of whole system
decreases. In Fig. 1.2 switching frequency, max. current ripple and DC voltage
decide the size of inductor L;. The capacitance value is such that its impedance
value is lower than the value inductor Ly at switching frequency. The value of L,
in filter is actual value not utility impedance. The importance of the inductor Lo

is due to three reasons:

o It ensures filtration of current harmonics.

o It makes the controller performance less sensitive to utility impedance vari-

ations.

o It facilitates wireless paralleling of multiple systems.
This LCL filter based configuration, requires a suitable control technique to han-
dle the filter resonance problem. The purpose of the controller is to achieve

low output current THD with zero steady state error. In other words, a better

disturbance rejection and good tracking is desirable.

10



2.2 Active Damping

Active method uses a closed loop for controlling current of the converter [38-41] to
suppress resonance oscillation. Active damping uses current sensors and control
techniques to reduce DC current entering into the grid. Active damping provides
flexible control and lossless damping. Output of active control method contains
a mixture of DC and AC current and involves limitation i.e. current controller
bandwidth due to stability margins. By using current control it is quite possible

to reduce DC current component in the output if DC component can be measured.

2.2.1 Pole placement and PR controller Method

The constant errors at specific frequency values can be fully attenuated by the
use of PR controller as it offers infinite gain at certain values of frequency and
provide improved quality of current that can be fed to the grid [42,43]. For a
stable system, proportional resonant controller are often found difficult to design
as it is a multi-order system. If one is using an LCL third-order filter plus PR
controller then the design will becomes much complicated for such systems [44].
To deal with such systems a PR controller is presented in [42] with capacitor’s
current as feedback and based on root locus theory. In which one can select
parameters of PR controller from the root locus plot keeping in view the system’s
stability and its dynamic response. Based on the research by authors of [45] a
control design strategy using stationary frame method is proposed in [46]. To
measure the the system stability and robustness, parameters of controller and
parameters of LCL filter are analyzed in discrete domain. In this analysis a PR
controller was proposed by using pole placement method. This proposed design
was verified by a 10 kW prototype. PR controller is able to offer an infinite gain
at the frequency of W), and shift of 180° in phase. As it is multi proportional
resonant so infinite gain is not required for system stability. Hence ideal PR
controller is commonly changed into single PR which is used practically [44].

Equation (2.1) gives the transfer function of PR controller.

2K,w.s
Gpr(S) =K e 2.1
pa(S) p+s2+2wcs+w% (2.1)

Approximately there was zero static error of closed loop system by PR controller.
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Fig. 2.1: Schematic diagram for LCL filter for PR controller [44]

Different impacts including the impact by parameters of PR regulator, impact of
digital control delay and impact by LCL filter on root locus were discussed and
their results have been explained by diagrams in [44]. Experimental verification
was carried out by A 3 kW inverter with LCL filter, as shown in Fig.2.1.

Parameters were selected from the research of Marco et.al [47] and their values are
given as L,=1.8mH, Ly=2mH, C=4.7uF and R=2.2€). The poles of system were
placed in the left half plane and then enough damping of poles was maintained to
minimize the effect of resonance and to ensure the stability. Poles should be kept
away from the imaginary axis to ensure the better stability. For large systems,
gain at wy, and integral gain K; should also be large as long as the system remains

stable. The selected roots of closed loop transfer function are:

Ppo = —4922 + 26089
Py, = —3479 + 10059
Ps = —2556

Py = —0.0045

Another important result can be visualized from the graphs of [48] i.e. the pro-
posed PR controller exhibits more robustness than conventional PI controller if
voltage feed-forward method is adopted [49]. By using voltage feed-forward, the
controller can reject the grid disturbances better and can better adopt to power

range. When the grid was feeding by 3 kw power and PI controller was used,
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THD was approximately 8% however using feed-forward with PI controller THD
was improved to 4.3%. THD was further improved to 4% when grid fed power
was 5-10 kW. So PR controller can give the same results as PI+FF over a wide

range of power.

2.2.2 Full-feed-forward method

Research on feed-forward schemes for inverters with L filter has been widely
explored in the literature [50,51]. but research on feed-forward schemes for LCL
filter was less as compared to L filter. The authors in [52] extensively studied
full feed-forward method for LCL filter. Active damping with capacitor current
feedback proposed in [53] is used in [52] for its implementation. The experimental
results obtained from this scheme are appreciable. Simulation results showed that
total harmonic distortion (THD) was 4.6%. The results showed that the full feed-

forward scheme can minimize the grid current harmonics effectively.

2.2.3 Single Loop Feedback Strategy

Hussein [54] and others [55] proposed a single feedback loop structure for a voltage
source PWM converters shown in Fig. 2.2 by using L, and I; as the only feedback
control signal. This results in a stable and simple system, which requires only one
measurement of each phase current (I;). For this structure, equations (2.2), (2.3),

(2.4) give Gy(s) and D;(s) as plant transfer function and disturbance transfer

function. X
G = 2.2
1(8) (LlLQO)SS + (K(S)L20)82 + (Ll + LQ)S ( )
Di(s) = (L1Cs* + K(s)Os + 1) (2.3)
The input-output relation of this structure is given by equation (2.4)
K(s)Gy(s Gy (s
(5)G1(s) 1(s) Dy (s)Vi(s) (2.4)

= R ~ TE K (5)G1(s)

The disadvantage of this structure is that the plant (two-level converter and out-
put LCL filter) G;(s) and D;(s) are functions of controller K (s). If the controller

K (s) has to be designed to improve reference tracking and disturbance rejection,
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Fig. 2.2: Single loop feedback structure of I; [54]

this will result in a change in G1(s) and D;(s), which complicates the controller

design. Also, it is not able to track reference and gives poor disturbance rejection.

Utility voltage V, forms a source of disturbance to the system. Ideally, this
disturbance can be rejected by implementing a feed forward loop of exactly the
same shape as the utility disturbance transfer function D;(s). In reality, however,
it may be difficult to apply the first and second derivatives of the utility voltage
V., due to noise amplification problem. Derivatives are obtained by an offline
calculation using a well-known nominal value (230 Vrms) of the utility voltage
[54,56].

2.2.4 Two Loop Feedback Strategy

Abusara[56] used a two loops feedback system with the output current as the
outer loop and the capacitor current as the inner loop (Fig. 2.3). Use of only
output I of LCL filter makes the system unstable. To make the system stable I
or inductor current L; [37,56,57] should be used. Using output current I and
capacitor current I., equations (2.5), (2.6) give the plant transfer function G(s)

and disturbance transfer function D(s).

1
— 2.

G(S) (L1L20)83 + KCL2052 + (Ll + LQ)S ( 5)

D(s) = L,Cs* + K.Cs + 1 (2.6)
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Fig. 2.3: Double feedback loop structure of I, and 1. [56]

The input-output relation of this structure is given by equation (2.7)

K(s)G(s) G(s)

Iy = mbe}c — WD(S)VU(S) (2.7)

G(s) and D(s) are independent of the controller K (s) but dependent on inner
loop gain K. which makes the design of a controller easier. The voltage feed

forward is implemented by having fundamental voltage and its derivatives.

2.2.5 Split Capacitor

Another interesting structure is proposed by Guogiao et al. [58]. This study
focuses on dividing LCL filter into two halves connected in parallel (Fig. 2.4).
The current after first capacitor is feedback The authors used the sum of the
utility current and a part of the capacitor current as feedback. One can overcome
the resonance problem and also can reduce the transfer function to first order
by suitably selecting the capacitor values. It provide better output loop gain
which results in improved disturbance rejection. Practically it is difficult to find

capacitors with the desired values.
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Fig. 2.4: Block diagram of LCCL based control structure proposed by (Guoqiao
et al., [5§]

2.3 Passive damping

Passive methods are reliable and easy to implement. A resistor is added in series
with the capacitor to make passive damping [59]. Passive damping unable to re-
ject higher order harmonics with high power loss. For application in high power,
simple series resistor method is not sufficient enough. To make the system effi-
cient, more damping circuits for line-side filters are tested in [60]. Requirement
of high quality power and high attenuation leads to a multi-level inverter which
not only raises size of inverter and cost but also reduces system’s efficiency. Fur-
thermore, for such multi-stage inverter structure, optimization problem becomes
highly complex. So there is a need of much more improved and optimized solu-

tion.

2.3.1 Split resistor strategy

In grid connected converters power loss occurred in LCL filter due to passive
resistors adds up to considerable portion of total power loss. Based on the stored
energy some efforts have been made to optimize the design procedure in [61]
but however power loss in filter was large. A shunt hybrid damping scheme
Cy1 — Cq — Rp is adopted with both active and passive strategies in [62]. Tt
was supposed that design of LCL filter will not vary significantly whatever the
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damping type is used [63]. The per phase equivalent diagram is shown in Fig.2.5.
In grid connected mode, transfer function which effects the closed loop is given

as
1

SSLlLQO + S(Ll + Lg)

The frequency at which resonance will occur is given by the following equation

G(s) =

(2.8)

W = (2.9)

where Lp lumped capacitance is given as

- % (2.10)
It was supposed that L; and L, are related by following equation
Li=apls (2.11)
then w, is given as .
w? = CTJW (2.12)

The value of capacitance depends on the resonance frequency w, and the ratio of
Ly+L>. Active damping can be used to suppress the resonance peaks if the w,
is within the compliance of closed loop bandwidth. But if w, is not within the
range then passive method using resistors is the solution. Active damping offers
less power loss at full load. Passive methods must be used for applications in
which the inverter is switched off but the filters are still connected to the utility
grids. If harmonic occurs in voltage/current at resonance frequency it can cause
instability. From the Fig.2.5 it is obvious that total inductance is the sum of
L, and Ly and capacitance is the sum of C; and C,;. Now it was supposed that
Cy = a.C; where o, is a numerical value selected. To visualize the effect of a.

on the damping, transfer function is given given in following equation.

G(s) = (2.13)
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Fig. 2.5: Per phase model of split capacitor resistor strategy

where

P(S) = (SLQ + S2L20de)
L(S) = $4L1L2010de + SngLQ(Ol + Cg)
+ 82Cde(L1 + Lg) + S(Ll + Lg)

R4 was calculated by relation

=4/= 2.14
Ri=y/Z (214)

For evaluation of results from the experiment, values used for LCL filter were
L1=3.385mH, L,=3.439mH, C,=8uF C;=8uF, R;=25¢). Three phase inverter
was used for conducting open loop tests at switching frequency of 10 kHz and
DC bus voltage was 600 V. The experimental results shows that the ripples in the
short circuit output current in stand alone mood is within the distortion limits.
The drawback of this technique is that LCL filter was used only to attenuate
high order harmonics and adequate filtering range was kept above the resonance
frequency i.e. 1 kHz. The waveforms of output current contains lower order
harmonics as converter is operating in open loop conditions. So the total harmonic
distortion in output current exceeds the defined limitations. and to suppress these

low order additional control techniques are required.
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Fig. 2.6: SC-RL damped LCL filter
2.3.2 SC-RL damping for LCL filters

The control of passive damping is less complicated and is highly reliable [62,64,65].
Channegowda and John [62] did extensive research on (SC-R). They estimated
power loss in resistor yet there work was limited to a few kilowatts of power
level as losses due to passive resistor would be increased rapidly if power level is
increased further. Split capacitor resistive-inductive (SC-RL) strategy adopted
in [66] presents a substitute to resistive damping and to the strategy analyzed
in [62]. For a given level of power quality corresponding power loss in resistive
damping is analyzed in [66]. The authors in [62] made assumptions by computing
power loss in worst case of switching ripples but in [66] more accurate values were
used for calculating power loss happened due to switching ripples by developing
a model of LCL filter in state space and and verified the values by experimental
results. The configuration shown in Fig.2.6 is used. Middle point of DC bus
is connected to the middle point of filter capacitors. For the sake of simplicity,
ideal filters are shown only and damping components are omitted. The reason
of selecting this configuration is because it provides current ripples in worst case
and highest power losses in damping resistor as inter-connection switching ripples

can circulate through neutral point.

Iy, I;, V., Vi and I14 were chosen as state variables and based on these variables
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following system was obtained.

#(t) = Azx(t) + Bul(t) (2.15)
y(t) = Cx(t) + Du(t) (2.16)

Their corresponding matrices are given in [62] where V; and Vj are the inputs to
the model and Izp was chosen to be the output so that power loss in damping
circuit can be calculated. LCL filter exhibits both series and parallel resonance.
Series resonance should be considered for damping analysis as it can cause large
current to flow if left undamped. To study the series resonance damping, transfer

function used was

G(s) = (2.17)

where

Ve(s) = RgCyLoLgs® + LoLgs® 4+ RyLas
Vi(s) = RqgL1LyC1CyLygs® + Ly Ly(Cy + Cy) Lys®
+ Ry[L1Ly(Cy + Co) + LgCy(Ly + Ly)]s*+
(Ly + Ly)Las* + Ra(Ly + Ly)s

A higher order LCL filter with SC-RL damping method shown in Fig.2.6 needs
many complicated parameters to arrive at optimal values and it is possible that
this will provide an appropriate design. In [62] damping elements are added in
steps to LCL filter for achieving optimal solution. The aim of adding every new
element was to maintain quality factor and total power loss as low as possible.
C was divided into parts C'; and a series combination of Cy with Ly and Ry in
parallel was made to obtain SC-RL damping. While selecting all these values
of parameters effect of switching frequency, resonance frequency, inductance and
capacitance values was also under consideration. DC bus voltage for inverter
was 800V and switching frequency was 9.75 kHz. The parameters for LCL filter
can be selected from numbers of methods [67-70]. In [66] LCL parameters were
selected based on the study of John and Channegowda [62]. For low vales of L,
and L, loss due to ripple current prevailed and if values are selected larger than
power loss decreases. So a compromised value 0.02 pu was selected. Value of

C was decided on the basis of w, which is based on fundamental frequency and
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switching frequency. For best choice one should select w, well differentiated from

fundamental and switching frequency.

After the selection of LCL filter parameters, values of C;, Cy and R, were found
in similar way as Channegowda and John did in [62]. Quality factor QF and
total power loss Pr lead to the selection of Ly value. Using the expressions given
below a graph was plotted between total power loss damping impedance factor

Ky

FE

Py, = Cilty (2.18)
Y Ki —2C4R4Kp, + (14 CIR))

P,, = (ig,,rms)*Ry (2.19)

P, =P;, +P, (2.20)

Where Py, is power loss due to fundamental component of current, P,, is power
loss due to ripple component of current and all these values are in per unit
system. Curve of graph shows that for Pr, value of Ky, = 20 is best choice. It
was supposed that if ideal LCL filter is changed by introducing passive damping
component and K7, is equal to 20, resonance frequency w, will not vary. So one
should tune K, numerically. Bode plot obtained from transfer function V¢ /V;

(2.17) was used to tune K, numerically.

To study the effect of proposed scheme experimentally, an inverter was designed
in the laboratory. The curves showed that experimental damping curve is better

than theoretical prediction.

2.3.3 Two Loops Feedback Structure with Passive Damping

Another structure proposed by the same authors Guogiao et al. [71] suggested the
use of both feedback currents i.e. I; through the L; and I;. The feedback from
both the currents are feedback to control the converter. This method involves an
extra current sensor, compared to Hussain [54] and Guogiao et al. [58]. Moreover,
it also requires an additional resistor in series to the capacitor shown in Fig. 2.7.
However, in high power applications, a damping resistor will be subject to losses
and efficiency of the system would be affected [72]. Alternatively, active damping
could be used, which requires the same number of sensors as used by Abusara

[73] and discussed earlier. Active damping is obtained through the product of
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Fig. 2.7: Block diagram of two loops feedback structure with passive damping
proposed by (Guogiao et al.)[71]

the capacitor current (I. = I — I) and gain K. This structure can handle larger

utility harmonics very well compared to the earlier schemes.

The structure used by Mohsin in [24], as shown in Fig. 2.3, is selected for further
investigation. The two-level converter based on this structure is available in the
laboratory. This structure involves the use of the output current and inner loop

capacitor current as discussed earlier.

2.4 Hybrid Damping

An effort is made to combine benefits of both active and passive methods in [74] to
ensure stability margin, dynamic response and damping performance and named
it as hybrid damping. In the proposed approach a four-state filter structure is used
which had fewer system losses as compared to conventional passive method and
active algorithm. Existing active damping methods need feedback loop but hybrid
damping needs no additional sensor and feedback signal for damping performance.
A parallel combination of resistor and capacitor has been proved more adequate
and useful than series combination. Passive part of hybrid damping used RC
parallel method and for active damping used a four state RC-parallel passive
filter model. Furthermore, state space and proportional integral technique with
improved stability margin is used for current control [74]. There were two main

reasons of choosing RC parallel damping technique in this paper.
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Table 2.1: FFT’s of higher order harmonics
Filter name FFT(% of fundamental)

Frequencies fs  2fs 3fs Afs  5fs
LCL 0.08 0.01 0.00 0.00 0.00
Hybrid 0.09 0.04 0.01 0.00 0.00

o At lesser losses, required damping performance could be achieved at funda-

mental and switching frequency.

« In addition to damping resistance (Ry), using C's/C ration provides another

freedom of improving damping performance.

From the table 2.1 it is obvious that at switching and higher order frequencies
performance of LCL filter is superior than damped LCL filter. For observing sig-
nificant difference one must use higher values of R; or C this happens because
parallel damper offers a zero at higher frequencies. So higher values of Cy or Ry
affect distortion of desired harmonics. To show that proposed scheme is more ef-
fective than conventional LCL filter method, the transfer function (iz1(s))/i5,(s))
used is same for both methods. While deriving the transfer function K, has been
supposed to be in the inner current loop. The earlier studies shows that by in-
creasing the value of k,, stability decreases. To check the stability issues, same
experiment is done with hybrid system in [74] and the results showed that there
has been much improved phase margin as compared with existing LCL filter with
only active damping even for higher values of k,. It is also of worth noticing that
increasing the passive damping or higher the ratio C's/C' gives wider range of sta-
bility. R4’s value can be changed to obtain the similar results. It is obvious from
the graphs of [74] that hybrid damping tracks the reference current much faster
or it has better transient response as compared with response of active damping.
It is very difficult to achieve high system bandwidth with active damping because
system becomes unstable when K, exceeds 56 but contrary to that hybrid solu-
tion provides much wider bandwidth and using hybrid solution system degrades
only for K, > 100. A suitable value between system losses and dynamic per-
formance is required because increasing passive damping increases system losses
but on the other hand provides higher controller gain or bandwidth. To decide
trade-off between dynamic performance and power losses depends on practical

application. Practical application of LCL filter is increasing rapidly due to its
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Fig. 2.8: Hybrid Damping

smaller size and better performance of harmonics rejection which are injected

into the grid. However, at resonance frequency LCL filter offers zero impedance

so an oscillation will be produced in the control loop due to this resonance peak.

In order to minimize resonance caused by LCL filter active, passive and hybrid

methods are suggested so that performance of the grid connected system can be

enhanced both in high and low frequency ranges. System becomes more complex

in active damping whereas circuit losses dominate in passive damping so hybrid

damping can provide an optimal balance between them. While designing the

control strategy of LCL filter for grid connected inverters following rules must be

kept in mind:

o Circuit power losses should be minimum

o Lower system complexity

e Overall system cost should be minimum

« Reduced number of current sensors/AD sensors

o Higher stability and reliability
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2.5 Comparison criteria for evaluating the current

control techniques

The performance criterion for the current controllers is the quality of the current
waveforms they produced. For direct comparison of different current controllers a
criteria must be defined. The lowest distortion index indicates the highest quality
waveform. Two complement indices are defined as total harmonic distortion and
percentage RMS current error based on the steady state performance requirement.
Additionally, transient performance requirement is also important which is briefly
discussed here. Other than steady state and transient performance requirements,
losses also become important for utility connected converters especially while

performing power flow control.

2.5.1 Total Harmonic Distortion

The power supplied by distributed energy systems can severely affect the power
regulation and consumption. The amount of distortion in the line current wave-
form is quantified by means of an index called the total harmonic distortion.
Non-linear loads causes the distortion of waveform which leads to creation of
harmonics. These harmonics are the reason behind the interference problem in
communication and also deteriorate power distribution and transmission. They
are also responsible for insulation break up in motors and transformers. So its
crucial to know the THD in the system. The sum of all the harmonic present
the output waveform of a system is known as total harmonic distortion. It is the
sum of the Fourier (harmonic) components of the fundamental frequency current
as a percentage of the fundamental component as given in the equation 2.21. In
simple words, the extent to which a sine wave deviates from its pure sinusoidal
value is called total harmonic distortion. Zero harmonics are present in ideal sine
wave. By obtaining the THD in the current waveforms generated by different cur-
rent controllers, the performance of the current controllers can be compared with
cach other and with the current harmonic limit standards such as ANSI/IEEE
Standard 519-1992 mentioned in table 1.1 in chapter 1.

JVE+VE+VE.V?

THD = -
Vi

+100% (2.21)
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Fig. 2.9: Closed loop system

The THD in the line current is defined as:

I
THD = 100 X Zsh (2.22)

k#1 sl

Where, ;1 is the fundamental component (f1) and (Ish) is the component at the

'h/ harmonic frequency.

2.5.2 Steady State Error

It can be defined as the error in stable system between the command and the re-
sponse of a stable when time approaches to infinity. For measuring steady state er-
ror system must be stable. So stability of specific system must be checked /ensured
before checking the steady state error of that system. If the system is fed by
unity feedback then steady state error can be estimated from the open/closed
loop transfer as given in Fig. 2.5.2. The equations 2.23, 2.24 and 2.25 can be
used to calculate steady-state error.

Step Input(R(s) = 1,s):

1 1

= = K, = lim G(s) (2.23)

e(00) = 1+ 1limy 0o G(s) 14K, §—00
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Ramp Input (R(s) =1/s*

1 1
— — = — =K, = lim sG 2.24
¢(00) slimg oo G(s) K, o0 () ( )
Parabolic Input (R(s) = 1,/s%):
(00) = ! = L K, = lim £2G(s) (2.25)
A= Tm G K, e TRl :

2.5.3 Transient response

As the name is indicating that transient means change. This change occurs mainly
after two conditions which are given below.
Condition one : when a system is switched on.

Condition second : when sudden changes in a system.

In addition to steady state performance requirements, in terms of better distur-
bance rejection and low steady state error, it is essential to have an accurate and
fast transient response as well. Reduced overshoot and settling time without any
oscillations in any controller design is always desired. It becomes more important
in converter control when operating into a distorted supply. Over currents and
overshoots are most likely to happen in presence of unbalance supply. Normally

suitable protection schemes are employed for this purpose.

2.5.4 Plant Bandwidth

The plant bandwidth plays a vital role in the design of any feedback controller. Its
importance is more for PR based systems because it is required to provide higher
gains at desired frequencies. One of the stability conditions for PR based system
is that the plant with a basic feedback controller without PR controller should be
stable. Switching frequency and resonant frequency are essential for determining
the bandwidth of the system. The capacitance values of the LCL filter determines
the resonant frequency of LCL filter. In this way, the designer could have an
idea about achievable harmonic compensation by the PR controller and required
component values [75]. As a rule of thumb, the switching frequency should be
at least two times the resonant frequency for effective harmonic compensation

around the switching frequencies.
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Chapter 3

Derivation and modeling of Two
level Converter

This chapter describes a brief modeling and derivation of two level converter.

3.1 Derivation of Transfer Function

Abusara in [56] used a two loops feedback system for two level converter with
the outer loop current I and inner loop capacitor current I, as shown in Fig.1.2.
The control of this structure is investigated here. Single phase circuit as shown in
Fig. 3.1 is used for analysis and designing of the system. The voltage difference

between neutral and DC link is represented by V,, in Fig. 3.1

Vgn can be represented by the following equation:

Vag + Vog + Ve
‘/gn: g 39 g (31)

where V,,, Vi, and V,, are phase voltages of phase a, b and ¢ w.r.t ground. By

considering the single-phase equivalent circuit for the utility connected voltage

Ll L2
MM MM

DC-AC
Converter

Ave
Pulse Width 6’9 T CVD

Modulation

Fig. 3.1: Single-phase equivalent circuit of the two level converter.
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source converter without phase interaction term, the following equations can be

developed.

dly
in — Ve — Ly — 2
Vi V. 1 (3.2)
I.=1—1 (3.3)

av,

I.=C 3.4

dl
V.-V, =Ly— 3.5
2t (3:5)

The expression of the output current, I, in s-domain is derived and shown below.

Substituting equation (3.4) in (3.3) and after differentiating, equation (3.6) is

obtained.
dly d|_dV, dly
- —= 3.6
dt dt dt dt (36)
By putting (3.6) in (3.2) and after rearranging,
d*V, dl,
Vin =L, |C — |+ 3.7
Wea T | T (3.7)
Substitute the value of V. from equation (3.5) into the above equation.
d2 d]g d]g d]2
Vin = L1 |C—(Vy + Lo— — | + Vu+ Ly— 3.8
! dt( +2dt)+dt el (3:8)
Applying Laplace transform and rearranging, we get
1 LCs* +1
]2 == ‘/zn - e ki V. (39)

(LlLQC)SS + (L1 + LQ)S (LlLQC)Sg + (Ll + L2)S b

Using equation (3.9), the two loops feedback structure can be developed. The
output current Iy can be used as the main feedback control signal The output

current is now given by:

K | 4 L,Cs2
L. V, (3.10)

] — Ire - u
2T (L LoO)s3 + (Ly + La)s + K ™Y (L1 LsC)s® + (L1 + Ly)s + K
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Fig. 3.2: Bode plot of open loop transfer function

3.1.1 Modified transfer function

The open loop bode plot of transfer function is given in 3.2. Bode plots shows
that system is not stable by having a negative gain margin of -90.5 dB. So the
system is made stable by adding /. current as feed back which adds the necessary
s? term in the transfer function as shown in Fig. 3.1. The I, is given in the

following equation.

K
ITE
(LyLyC)s? + bs® + (Ly + La)s + K
1+ L1082

_ V, (3.11
(L1L20)83 + b$2 + (Ll + LQ)S + K ( )

Iy =

However, this method may not be desirable due to the involvement of a double
derivative. But it is observed that expression of I, contains an s? term of I, such
that

I, = LyCs* I, + sV, (3.12)

Open loop transfer function G(s) is defined as:

_ _ L 1
Gals) = Cols) = o = L0V + KuLaCs? £ (I = La)s (3.13)
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Fig. 3.3: Simplified control system with minor feedback loop of I..

And disturbance due to utility is given as D(s):
D(s) = L,Cs* + K.Cs + 1 (3.14)

Now I, becomes:

KG(s) G(s)

] = T o~ ~dref T T o~ N
*T14+KG(s) T 1+ KG(s)

D(s)V.(s) (3.15)

The utility voltage V,, forms a source of disturbance to the system. Ideally, this
disturbance can be rejected by implementing a feed-forward loop [56] of exactly
the same shape as the utility disturbance transfer function D(s) = L,Cs* +
K.Cs+ 1. Figure 3.4 shows the converter response without using using any con-
troller. Bode plot of converter shows that system is stable by having Gain margin
(Gm) 19.1 dB and Phase margin (Pm) 81.2°. However, the plant bandwidth is
limited to 5th harmonic which means that converter without any control tech-
nique is unable to reject higher order harmonics. So for better quality of output

current converter must be designed with a suitable control system.

3.2 (Gain Vs Open Loop

The bode plots and root locus of a transfer function aids to make the system

stable. They also help to achieve maximum gain without compromising stability.
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Fig. 3.4: Bode plot of converter response without using any controller

Here in this thesis both the methods are applied to achieve maximum gain so
that system remains stable. So the values of Li, Ly and C are selected from the
table 1.2.
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Fig. 3.5: Bode plot of open loop transfer function with Ke=1 gives Gm=3.89
dB and Pm = 52.5 deg.
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Fig. 3.7: Bode plot of open loop transfer function with Kc=16 gives Gm = 9.88
dB and Pm = 41.9 deg.

We know that system exhibits no oscillatory response when the roots are real.
However in this system there are two imaginary roots and one real root as shown
in Fig. 3.6, Fig. 3.8, Fig. 3.10. The bode plot of the open loop transfer is
showing that the gain margin is very low at K.=1 and root locus is showing that
the poles are close to imaginary axis (Fig. 3.5, Fig. 3.6). So different values of K,
are tried to find a suitable value that can ensure enough gain margin and better
system stability. Fig. 3.7 and Fig. 3.8 are plotted by keeping the K.=16. The
gain margin is better and system is well stable by having poles away from the
imaginary axis. So by increasing the inner loop gain (K.) system is moving away

from the right half plane which is necessary for stability. Fig. 3.9 and Fig. 3.10
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Fig. 3.8: Root Locus of open loop transfer function with Kc=16.
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Fig. 3.9: Bode plot of open loop transfer function with Kc=20 Gm = 5.41 dB
and Pm = 24.3 deg.

are plotted by setting the value of K.=20. It is quite obvious that gain margin is
decreased and root locus is showing that system poles are again moving towards
right half plane which can cause instability. So it was found that the maximum
gain that can be achieved without moving poles into the instability region is 16.
By choosing the gain value of 16 the gain margin (Gm) is 9.88 dB and phase
margin (Pm) is 41.9 degree.
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Fig. 3.10: Root Locus of open loop transfer function with Kc=20.

3.3 Designing of Classical Controller

A closed loop feedback system based on a proportional controller was simulated
using the system parameters in Table 1.2,. Now capacitance value of the LCL
filter is selected C=22.5 uF. The controller gains need to be carefully selected
to ensure stability. If the inner loop gain K, = 16 is fixed and outer loop gain
is varied such that proportional gain K, from 1 — 3 and integral gain K; from
1 — 3, then it is observed that suitable values of proportional gain and integral
gain are 1.8 and 3 respectively. Fig. 3.11 shows the Bode diagram of output
current transfer function with different gains. When the proportional gain K,
is selected to be 1 and integral gain K; to be 2, the gain and phase margins
are higher. The low gains result in poor disturbance rejection. However, when
the proportional gain K, is increased, the system becomes unstable. and results
into distorted output current when utility THD is 5.8%. This does not meet the
required standards of the disturbance rejection. This issue is briefly described in
the next chapter. Moreover, it is interesting to mention here that almost the same
performance can be achieved with a simple proportional (P) controller with only
proportional controller gain K,. Therefore, there is not much difference between
P or PI control in this application. The transfer function of plant G(s) is given
by equation (3.16).

1

G(S) - (L1L20)83 + KCL2082 + (Ll + LQ)S

(3.16)
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Fig. 3.11: Bode diagram of output current transfer function with classical (PI)
controller
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Fig. 3.12: Bode diagram of output current transfer function with K,=3 and
K.=16

So K, is selected to be 13 that gives enough damping and K, to be 3 resulting
in GM of 15.7 dB and PM of 70.8° and Bode plot is shown in Fig. 3.12. The
loop gain can be easily adjusted to have enough stability as shown in Fig. 3.13.
From tuning, it is observed that if the gain is further increased, the system could

become either less stable or unstable.

To test the performance of classical controller different levels of harmonics have
been added to the utility voltage. Results shows that when the utility THD is
more than 5% the classical PI controller is unable to produce an output current

as per required standards.
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3.4 Proportional Resonant (PR) Controller

The possible solution to avoid complexity, obtain zero steady state error and
better disturbance rejection is the use of proportional resonant (PR) controllers,
which achieve the same transient and steady state performance as a synchronous
(d-q) PI regulators [76,77]. Proportional resonant (PR) controllers have been
widely used for utility connected converters due to their ability to get rid of the
steady state error and attenuation of individual harmonics [78-81]. It theoret-
ically introduces an infinite gain at a selected resonance frequency as shown in
Fig. 3.14. Fig. 3.15 shows the Bode plot of ideal proportional resonant controller
with infinite gains at fundamental frequency, 3rd, 5th and 7th harmonics. Trans-
fer function of ideal PR controller is given in equation (3.17). It can be regarded
as an AC regulator/integrator and is similar to an integrator whose infinite DC
gain, forces the error to be zero [81]. By having PR control in a stationary frame,
there is not much computational effort of transformation involved in synchronous
(d-q) regulators and there is the same performance as synchronous (d-q) PI reg-

ulators [79].
K,s

Gpro = K, + —"—

(3.17)

The basic PR controller derived by Zmood and Holmes [82], can be represented
by the transfer function given in equation (3.18). Where, K, is the proportional
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gain, K, is the gain of resonant term and w, is the resonant frequency. This
basic PR cannot be implemented in practice due to the demand of infinite gain
at resonant frequencies from either an analog or digital system. Normally, it is
modified by introducing a new term, quality factor QQ , as shown in equation

(3.19). Additional selective compensators can be added to equation (3.19) to
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Fig. 3.14: Bode plot of ideal proportional resonant controller
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Fig. 3.15: Bode plot of ideal proportional resonant controller with infinite gains
at fundamental frequency, 3rd, 5th and 7th harmonics.
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reject selective harmonics such as third, fifth and seventh order as represented by
equation (3.20).

K,w,s
Gpri(s) = K, + FER) (3.18)
K,w,s
GPRQ(S) = Kp + 25 (WO/Q>S n wg (319)
Krwos Kr hwo S
Gprs(s) = K, + D) 2, (3.20)

* $?+ (wo/Q)s +wi 575 7 8%+ (hwo/Q)s + (hw,)?

=
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Fig. 3.16: Bode plot of modified proportional resonant controller with infinite
gain by varying Q values at fundamental frequency, 3rd, 5th and 7th harmon-
ics.

Fig. 3.16 shows that by increasing the value Q factor, gain is increased but gives
a narrow bandpass region at resonant frequency. Whereas, when the value of Q
factor is decreased, lower gain value and higher steady state error is produced.
So, for better reference tracking and higher disturbance rejection, higher value of
Q factor is selected. The value of K, = 3 and K, = 2.

Fig. 3.17 shows the Bode plot of modified proportional resonant controller when
the value of K, changes from 1—1000. It is obvious from the figure that for all
the frequencies the gain increases when the value of K, increases but results in
lower bandwidth and decrease in amplitude of the phase. The value of () = 1000
and K, = 2.
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Chapter 4

Implementation

Performance of classical controller and proportional resonant controller is exam-
ined considering different parameters including plant’s bandwidth, total harmonic
distortion in the output current under varying utility THD, varying capacitance

value and varying Ly value of LCL filter, steady state error etc.

4.1 Analysis of Classical Controller

Classical controller is analysed by considering quality of output current THD,
steady state error, plant bandwidth and transient response. To increase utility
THD, different levels of harmonics shown in Table 4.1 have been added to the
utility voltage to evaluate the performance of the controller. Results from Table
4.2 shows that when the utility THD is more than 5% the classical PI controller
is unable to produce an output current as per required standards. This is due
to the low gain, higher steady state error and poor disturbance rejection of the
PI controller at the utility harmonic frequencies. The results given in Fig. 4.1,
Fig. 4.2 are for the values when utility harmonics are 2.7 % and 10.44 %. The
derivatives of utility voltage are obtained by offline calculation using a well-known
nominal value (230 V rms) of utility voltage. This method has been selected for
its simplicity and its ability to produce an output current quality as per required
standards. Moreover, it is interesting to mention here that almost the same
performance can be achieved with a simple proportional (P) controller with only
proportional controller gain K. Therefore, there is not much difference between

P or PI control in this application.

The research carried out by (mohsin) in [24] showed that by having K, = 1 and
K; = 1, the suitable transient response can be achieved without oscillations by
introducing step change t=0.0455 seconds. However, when K, = 2 and K; = 1,

the oscillations were observed [24].

In this study reference current is 100 A. It is obvious from the Fig. 4.1, Fig. 4.2,

there exists steady state error. So classical controller fails to follow the reference
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Table 4.1: Output Current THD Under Different Utility Voltage Harmonics

using RC.
Case 1 Case 11
Harmonic | Fundamental Fundamental
number | Component of | Component of
(n) Utility Voltage | Utility Voltage
V(rms) V(rms)
3rd 2.4 18.4
5th 4.22 11.5
7th 1.95 9.2
gth 2.37 4.6
11t 1.46 0.115
13t 1.95 0.057
15t 0.455 0.23
17t 065 0.23
19t 0.585 0.23
Utility
Voltage 2.74% 10.44%
THD

Table 4.2: Percentage THD of output current with PI controller

No. Controller Gains | Utility THD | Output Current THD
K, K () ()
1.8 2 6.3
Case 1 3 1 2.7 5.4
2.3 3 6.5
1.8 1 20.8
Case 2 3 1 10.44 20.6
2.3 3 20.4

current when utility THD increases.

The plant bandwidth can be defined as the frequency where Gain margin inter-

sects zero crossing. Fig. 4.3 shows the plant bandwidth with classical controller.
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Fig. 4.1: Output current of the two-level converter with PI control when utility
harmonics = 2.7 %
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Fig. 4.2: Output current of the two-level converter with PI control when utility
harmonics = 10.44 %

It can be seen that the plant has sufficient bandwidth which means that system
is able to reject higher order harmonics. However, two level converter using clas-
sical control fails to provide better quality of output current due to higher THD,
steady state error and also not able to follow the reference current under tran-
sient conditions. So there must be used some other control strategy to address

all these issue.
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Fig. 4.3: Converter response with classical controller

4.2 Proportional Resonant (PR) Controller

Classical controller fails to provide satisfactory performance as per ANSI/IEEE
Standard 519-1992 (IEEE Standard 519, 1993). Classical controller fails due to
two well known drawbacks: it is unable to follow a sinusoidal reference without
steady state error and also exhibits poor disturbance rejection capability. In order
to tackle all these problems, A proportional resonant (PR) controller is used in
this study. The PR controller offers an infinite gain at a given frequency and
almost no attenuation outside this frequency. Therefore, the PR controller is

better choice to eliminate the selective harmonics in a very suitable way:.

In order to test the performance of PR controller under varying different utility
voltage two cases are used as given in Table 4.1. PR controller is found to be
efficient in rejecting undesired harmonics. The Fig. 4.4 is showing the output
current quality when utility THD was 2.7 %. The resultant current waveform
contains 2.1 % THD which satisfies the ANSI/IEEE Standard 519-1992 (IEEE
Standard 519, 1993). There is almost zero steady state error in the output current
waveform.

PR controller is also tested under worst case scenario i.e. case 2 of Table 4.2
when utility THD is about 10.44 %. Fig. 4.5 is showing the output current under
worst case scenario. The output current waveform contains 3.7 % THD which
satisfies the ANSI/IEEE Standard 519-1992 (IEEE Standard 519, 1993). The

controller is also ensuring better reference tracking i.e. 100 A by minimizing the
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steady state error.

PR controller offers sufficient bandwidth which means converter using PR control
is able to reject higher order harmonics. Fig. 4.6 shows the converter response
when PR control is used. The gain margin (Gm) is 9.2 % and phase margin (Pm)
is 34.4 °.
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Fig. 4.4: Output current of the two-level converter with PR control when util-
ity harmonics = 2.7 %
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Fig. 4.5: Output current of the two-level converter with PR control when util-
ity harmonics = 10.44 %
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4.2.1 Performance of PR controller by varying capaci-
tance of LCL filter

Robustness of two level converter using PR controller is tested under varying the
capacitance value of LCL filter. The corresponding Bode plot is shown in the
Fig. 4.7. The value of capacitance in LCL filter is changed to ensure that the
converter is able to tackle these changes with enough stability margins. It can
be seen from the Bode plot that the system can handle the variations in the the

capacitance value of filter parameters without being unstable.

4.2.2 Robustness of PR controller by varying L, value

Testing the PR controller based system under varying utility impedance Lo is
significant because the grid inductor acts as a coupling point between the grid
and the converter. Furthermore, value of utility impedance changes depending
on the site where converter is installed. To keep the system stable under worst
conditions this uncertainty needs to be investigated. To study the behaviour of
the system under varying the Lo value a Bode plot is given in Fig. 4.8. It can be
seen that the system remains stable by having enough gain and phase margins
under varying impedance value of grid. So it can be concluded that the system
with PR control can tackle variation in utility impedance well enough as shown

in Fig. 4.8. Thus, the system is robust against uncertainties in utility impedance
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Fig. 4.6: Converter response with PR, control
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variations. A detailed performance comparison of classical controller and PR

controller is given in Table 4.3 and Table 4.4.
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Fig. 4.8: Bode plot of converter response by varying inductance value of LCL
filter
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Table 4.3: Performance Comparison of PI & PR Controller

Comparison of PI and PR controller based system

Parameters PI performance | PR performance
THD (case 1) 5.4 % 21 %

THD (case 2) 20.6 % 3.7 %

Steady state error | Yes No

Plant bandwidth | Sufficient Sufficient
Transient response | Poor Satisfactory
Control Easy Difficult

C variation Poor Satisfactory

L, Variation Poor Satisfactory

Table 4.4: Performance Comparison of Closed Loop System

Comparison of Closed Loop System

Parameters Gain Margin | Phase Margin | Close Loop | Output current quality
Without controller | 19.1 dB 81.2 deg Stable Poor

PI performance 9.61 dB 62.5 deg Stable Poor

PR performance 9.62 dB 34.6 deg Stable Better
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Chapter 5

Conclusion and Recommendation

This chapter summarises and analyses the research related to the application of
a classical and PR controller for a two-level LCL filter based converter, carried
out in this thesis. Particular attention has been focused on the contributions
made in the field by comparing different methods and approaches. The issues and
limitations raised during the research have been addressed by making suggestions

for future work.

5.1 Summary of the thesis

The overall aim of this research has been to investigate the limitation of classical
control and performance of PR control for utility connected two-level LCL filter
based converters. The work presented in this thesis consists of two parts, first,
an evaluation of the performance of classical control (PI) for LCL filter based
two-level converters (chapter 2), and second, the analysis of PR for the two level

converter (chapter 3).

Chapter 1 discussed the significance of the power electronic converters within
microgrids, which can address the limitations of current power systems by pro-
moting distributed generators including renewable energy sources. Among differ-
ent available topologies of these converters, two-level LCL filter based topology
has been adopted by describing its features for the purpose of current control in
the utility connected mode. This chapter described the main contributions and

presented a general outline of the thesis.

Chapter 2 selected the suitable structure of the two-level utility connected con-
verter by looking at the methods of dampening the resonance due to the LCL
filters. The problems attached with different controllers were critically reviewed.
Different parameters are described for evaluating the the suitable current control
for two level grid connected inverter in this thesis. The transfer function of PR

is given in chapter 3.
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Chapter 3 describes the brief modelling of two level converter. Different structures
are explained and finally a simplified structure is adopted for analysis. Designing
of classical control is briefly given in this chapter. PR control and its working

principal is given at the end of this chapter.

The performance of classical controller and PR controller is tested under vary-
ing utility THD in chapter 4. Fundamental investigations were carried out into
stability constraints, a trade-off between steady state error and system transient
response for the design of the PI and PR control. It was concluded that PR
controller can provided fast error convergence as compared to PI control. The
output current had low THD without almost zero steady state error when PR

control was used.

5.2 Conclusion

Two level converter with LCL filter was made stable by using conventional PI
controller. A stable conventional (PI) two loops feedback system was designed
for the two-level current control of grid connected inverter. Results obtained by
changing different parameters are presented. It is found that classical control is
not able to provide better quality of current. Classical control has steady state
state error and unable to suppress harmonics. PR control is adopted to address
the limitations of PI control. Results indicate that appropriate bandwidth can
be obtained if parameters are selected wisely. Quality of output current is better
than Pi control. There is almost zero steady state error. Simulation results
are given which confirm that by using PR controller, quality of output current
improves in terms of THD and steady state error. The output current meet the

international standards even under the influence of utility THD exceeds 5%.
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