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Abstract

This thesis presents new control approaches for improvingettiermancestability, and
efficiency of asinglephasegrid-connected voltage source inverter (VSI) with an LCL filter that
is used in renewable energy power conditioning applications. Theteva main controllers that
need to be designed: an external-B\ voltage controller to balance the power flow coming into
the VSI, and an internal currentrdooller to control the current injected by the VSI into the
utility grid. This thesis aims tdind well-tailored control approaches for the aforementioned
control loops.

First, the stability and behavioral characteristics of the 4pem VS| with an LCL filter
are explored using a Poinéanap, andhe openloop systemis found to have marginalatiility.

A current control method is proped, called composite nonlineareidback (CNF), whicbffers
significantly improved overall performance compared to the-sifatiee-art proportional resonant
(PR) controller with state feedback.

To reduce theoverall number of sensors in the systemo tdifferent observers are
implemented to estimate the VSI state variables: (1) the Luenberger observer (LO), and (2) the
sliding nodeobserver (SMO).

To balance the system power flow,naw DGbus voltage droop antrol method is
proposed, that provides fast performance during transi&his. control approach includes a
novel discrete DC-bus voltage sensing technique, which effectively removes the double
frequency ripple from the D®us voltage signal and preveittf'om propagating into the current
control loop. A variant on the Debus voltage droop control method, ealladaptive droop
controlis proposed, which adaptively changes the droop gains in order to regulate -thes DC
voltage to a constant value. Filyalanother variant on the DBus voltage droop control method
is proposedcalledoptimized adapte drog contro| which adaptively changes the gains of the

controller in order to minimize the overalfstem power losses
ii



A stability analysis is conduetl using thesingular perturbation controhéory, which
allows a nonlinear dynamical system to be broken down into subsystems with different time
scales. The results of the stability analysis confirm that the proposed-togegridconnected

VSI with an LCL filter is locally stable.
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Chapter 1

Introduction

Renewable energy is the key to future global sustainabilityreamd; endeavors are being made

to harvest renewable energy in an efficient and profitable manner. Environmental concerns and
diminishing fossil fuel reserves increase the urgency of transitioning towards clean renewable
energies [1][2]. This explains thexponential growth of wind turbine (WT) and photovoltaic
(PV) usage in the past few years-[3]. However, the variabland sometimes erratitature of

the power produced by WTs and PVs makes their controllability a challenge. Furthermore, when
connectingcenewable energies to the grid, increasingly stringent grid connection standards must
be met. These standards emphasize the importance of fast cymtaohics the quality of the
injected power into the grid, and robustness. Thus, two main issues nadstrbesed in order to

bring gridconnected renewable energies into the maastr cost and controllabilitys]-[8].

Conventional power generation stations, which are situated far from the load, use large
synchronous generators that operate with adfisgeed and frequency. These generators can be
connected directly to the grid, and the techniques used to control their voltage and power factor
are well established and understood by power system designers. Renewable energies, however,
are classified asistributed generation (DG), which are smaller scale sources of rene{@able
sometimesonrenewabl® power located at or near the load site. They require a different setup

when they are to be connected to the grid. Due to the variable nature of thepposvered by



renewable energies, a power conditioning system is required to shape the power produced by the

renewable energy source intéoam where it is acceptable for grabnnection.

1.1 Grid-Connected Power Converters

Power converters are used to pdevthe power conditioning when connecting DGs to the utility
grid. Findingan appropriateontrollerfor these power converteisthe most important challenge

to be solved before connecting the DG to the utility grid. To efficiently and reliably harness
renewable energy, the DG shouldvban appropriate controllef typical power converter for

this application has two stages, and requires two separate control sqBgni&6]. The first
stage is the inptdide converter, which is typically anCADC rectifier for WTs(Figure1-1) ora
DC-DC converter for PVs (Figur&-2). The second stage is the gside converter, which is

typically a DCGAC inverter for most systems.

AN

WIND TURBINE

UTILITY GRID

Figure 1-1: Conventional Structure of Two-Stage Power Converter for WT.

¥*

PHOTOVOLTAIC UTILITY GRID

Figure 1-2: Conventional Structure of Two-Stage Power Converter for PV.



The main tasks of the inpgide converter controller are to achieve maximum power point
tracking and to provide input cemt protection. The gridide converter controller has to perform

two maintasks. The first task of this controller is to ensure fast power tracking, so that all of the
power produced by the DG can be transferred to the grid quickly despite grid vofiatgsveils

and input power variations. To do this the voltage across the capacitor between Htageeo

also called the D@uscapacitor, must be regulated. The second task of the controller is to ensure
the quality of the current injected into the gridnally, sometimes this controller is required to
provide ancillary services, depending on the requirements of the grid operator. Ancillary services
include reactive power compensation, local voltage and frequency regulation, voltage harmonic

compensationand activdiltering [9].

There are some additional elements, which must work in conjunction with theidgidonverter
controller. One of these elements is a grid synchronization scheme, which is required to provide
grid voltage phase information tbe controller so that the injected current will be synchronized

to the grid. Another element is a griabnitoring scheme, which must continuously measure the
grid voltage amplitude and frequency. This allows the DG to disconnect from the grid should
there be any major grid disturbances. Finally, an islanding detection scheme is required to give
notice to the DG if there is an islanding situation (i.e., if the grid has failed). A block diagram of

the geneal structure of a DG is shown Figure 13.

The general structure of the controller for a gside converter consists of two cascaded loops, as
shown in Figure 4. The first is a fast internal current loop, which is responsible for regulating
the gridside converter output current. Thus, it deals wittwer quality issues and current

protection. The second is an external voltage loop, which is responsible for regtiiatiroltage



across the D@uscapacitor in order to extract all of the power from the energy source. Thus, it

balances power flow andsually has slower dynamics than the current loop.

®*
¥
\

-
=

Figure 1-3: Block Diagram of Distributed Generation (DG) Structure.

Singlephase grieside converters anesuallyusal for residentiarenewable energy applicatigns

for the power range ofip to a few kilowatts Most gridside converters are voltage source
inverters (VSIs), which produce double frequency ripple across théudCapacitor voltage
when operating in singlphase. Thus, the controller must either greatignuateor eliminate the
effects of the double frequency on the control loop for sipgkse VSIs. Typically, a
proportionalintegral PI) controller is used as the external voltage loop contraliex to its
simple and welknown structure The PI conbller must lower its bandwidth to deal with the
double frequency ripple, which will introduce sluggishness into the control loop. Balanced three

phase voltage source inverters do not produce a double frequency ripple. Thus, using a large

4



bandwidth Pl combller to regulate the D&ébuscapacitor voltage is acceptable and can be tuned

to provide fast dynamiasnly for balanced threphase VSis

L9 f’ S |
i
| |
1 1
| |
- I
bC — ! : | Grid
Link | i

1 i 1
|
! I YYY  YVY
| 'J |
I—EI} _El} _lq} ' | abo/dg | abodg ] PLL
T S S
L o | g q

Vdc id Vd

V, + _[DCLink g = V., Switching
Q’Controuer +Q > Controller 5 Signals
" -uk Vdre.—»
(. Modulator
) > uL
[
- q{ .
Q + Q i = Vo4
Q” Controller —ﬁ:@ ™ Controller : N
Q Va

Figure 1-4: Synchronous Reference Frame Control Structure.

Threephase grieside onverters are used for higher power applications, due to the fact that they
transfer power with fewer losses than three shpylase grieside converterdnlike the single
phase grieconnected VSI, the thrgehase grieconnected VSI can be implemented three
different reference frames. The first is the synchronousearfe frame (also called the-dq
reference frame), which is very commonly used, as illustrated in Figdrdrithis reference
frame, the control variables are DC values. This makes thgotand filtering simpler to
implement. The second reference frame is the stationary reference frame (also cadlbd the
reference frame), in which the control variables are transformed into sinusoidal ydiheagh,

5



the closedoop control system cabe designed to achieve faster dynamics in the stationary
reference frame, the controller design is more complex compared to the one in the synchronous
reference frame. Finallyhe third reference frame is the natural reference frame, which does not
modify the control variables. With this approach, each phase is controlled individually making it

ideal for handling unbalanced conditions in the tipkase system.

1.2 Control of Grid-Connected Voltage Source Inverters

An effective gridconnected VSI controllehas specific design requirements. The first design
requirement ishigh bandwidth which is emphasized by grid connectistandards [1]L High
bandwidth allows the controller to respond very quickly to transients. Another design requirement
is to have crital damping, such that there are no significant overshoots/undershoots during
transients. Also, the controller mystovide disturbance rejection of the grid voltage. The grid
voltage acts as a low frequency sinusoidal digtoce in the control loop. Rermore if the
controller being used is modeased, then the controller should be robust against parameter
variations and system uncertainties. Finally, since a growing amount of research is focused on
grid-side converters that are connected to the thriobugh an LClLfilter, active damping must be

provided by the controller to damp the resonance of this-tiatdr filter.

The bandwidth of the control loop determines how quickly the sys&sponds to transients.
Transients are caused by a ghahange in the system inputshich applies a wide range of
frequencies to the system. In order to achieve a good transient performance, thdoolmsed
control system should provide a high gain over a large bandwidth. The controller should also be
able toreject disturbances in the control loop in order to provide perfect tracking. The disturbance
that needs to be considered in this application is the grid voltage, which introduces a 60 Hz

6



disturbance into the control loop. Controllers must provide a vigty ¢in at the frequency of
the disturbance in order to reject the disturbance. By doing so, the sensitivity of the controller to

the disturbance becomes zero, resulting in a perfect disturbance rejection.

Many controllers are modélased, which meansahthey require information about the system
modelin orderto formulate the controller. However, in general the model is ideal and does not
incorporate the effects of structured and unstructured uncertainties. Unstructured uncertainties are
those that ase from unmodeled parasitic elements, such as stray capacitances and inductances.
Structured uncertainties arise from discrepancies between stated and actual component values,
which are caused by different operating conditions, such as temperaturengdesguency, and
etc.Thus, it is preferred that any mod®sed controller used in this application is robust against

parameter variations.

The current injected into ¢hgrid by the VSI containswitching harmonics. This is not acceptable
according tagrid connection standards, one of whisfj11]. Thus, a filtering scheme is required

to remove the switching harmonics from the current. Conventioralfiifters are used for this
purpose However, LCL filters are now being regarded as the better opftos circuit diagram

of the LCL filter is shown in Figure-&. LCL filters provide better attenuation than comparably
sized L filters (i.e.;60 dB/dedor LCL filters and-20 dB/dedor L filters). This is evident from

the bode plots of the L filter arte LCL filter, as depicted in Figure@l Although a much better
harmonic attenuation can be achieved by an LCL filter, it introduces a resonance into the closed
loop control system, which makes the design of the control system much more challenging. This
resonance needs to be damped in order to prevent it from introducing instability into the control

loop.
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Figure 1-5: LCL Filter.
There are two methods that may be used to provide damping: passivactive. Paive
damping is achieved by inseng a resistor into the capacitive branch of the LCL filter, and is a
simple approach used in maindustrial applications (Figuré-7). The disadvantage of the
passive damping is that it is too lossy tocdoasidered a preferable solution. Therefore, it cannot
be used in applications where efficiency is of importance. Active damping is achieved through
the controller, and is considered to be a much better option. Thus, when designing the controller
for a gid-connected VSI with an LCL filter, active damping must be incorporated into the

controller design.
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Figure 1-7: LCL Filter with Passive Damping.

1.3 Problem Definition

The existing control approaches for a gg@hnected VSWwith an LCL filter have one or more of

the following drawbacks:

1 Most of the stat®f-the-art control approaches for this system use a PR cdetravhich
has a poor transient response due to its linbisettiwidth

1 PRbased control techniques are incapable of handling the DC component in the closed
loop system

1 Many control approaches lack robustness against parameter variations

1 Highercost due tohte use of several sensotempared to the conventional L output filter

1 Sluggish DGbus voltage control loop, particularly for singlbase systems due to the
presence of a double frequency ripple in theliS voltage

1 Poor stability margindue to the owvedamping of thehird order filter



1 Poor steadytate performance due to the system power losses caused by high amount of

ripple across theutputfilter inductor

1.4 Thesis Contributions

The contributions of this thesis asemmarized as follows

1 A geometricalanalysisof the behavioral characteristics of a gewhnected voltage
source inverter with an LCL filter through the use of Poi@oaap

1 A composite nonlinearekdback controller for the current loop, which is able to provide
active damping,very fast transient performance, disturbance rejection, and accurate
steadystate performance

1 Two types of observers, the Luenberger observer and the sliding ntxsgever, which
are #le to quickly estimate the state variables when given measured atitelas in
order to eliminate current sensors and provide a cost effective solution for the control of a
grid-connected voltage source inverter

1 A new DGChbus voltage droop controller, which is eldo quickly control the D@us
voltage of a grieconnectedioltage source inverteand includes the following features:

1. A discrete DGbus voltage sensing technique, which effectively removes the DC
bus voltage ripple from the DBus voltage signalused for control loop
feedback.

2. An adaptive droop control methoghich is able to regulate the Bilis voltage
to a constant value by adaptively adijug the droop controller gains.

3. An optimized adaptive droop control method, which is able to minimize system
power losses by optimizing the droop controller gains suattiie current ripple

across filter inductor is minimized.
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1 A stability analysis of the closddop gridconnected voltage source inverter using

nonlinear technigues

1.5 Thesis Outline

In Chapter 2, a literature review of the research in the field of congrgrid-connected VSI is
presented. In Chapter 3, a Poircanalysis of a gridonnected VSI with an LCL filter is
presented. Chapter 4 presents a current control scheme for-eognieicted voltage source
inverter with an LCL filter, which is based @omposite Nonlinear Feedback. Chapter 5 presents
a voltage control scheme, which is used to coniw voltage across the Bifliscapacitor of the
grid-connectedvSl. In Chapter 6, a stability analysis of the clotmap system is conducted
through the usef singular perturbation control theorfyinally, a conclusion and future works are

presented in Chapter 7.
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Chapter 2

Literature Review

In this chapter, the statd-the-art developments related to the control and design of a
grid-connected VSI with an LCIilter are presented. However, first a description of the different
components in this system and their associated challenges must be given. This will simplify the
understanding of the contributions that have been made to date and the defidiesicsti exist
in the control and design of this particular systdime first component in the system is the-DC
buscapacitor, which is a storage capacitor responsible for providing curréna Y51, The main
challengeassociated with the DBuscapacitor ishe regulatiorof its voltage as this keeps the
power balanced on both sides of the capacitor (i.e., all power is transferred from the input side to
the VSI). Another challenge exists for singllease systems: the voltage across thebDE
capacitor has aouble frequency ripple, which must be removed from the control loop. The
second component in the system is the VSI, which shapes the input power so that it is suitable for
connection to the utility grid. The main challenges associated with the VSI itreltog the
guality of theoutput inverter current, and ensuring that this current controller recovers very
quickly from transients. The third component in the system is the LCL filter, which is responsible
for removing the switching harmonics from theitput of the VSI. The mai challenges
associated with this filter are designing the filsech that it sufficiently removes the switching
harmonics, providing active damping of the resulting resonance introduced into the control loop,

and implementing anbserver to remove some of the sensors required for the filter. Finally, the

12



fourth component of the system is the utility grid, which introduces a disturbance element into the
control loop. The main challenge associated with the utility grid is to réjectisturbance it
introduces into the control loop. The general structure of the system and its associated challenges
can be seen in Figure12 This chapter will be divided into the following subsections: System

Modeling, LCL Filter Design, Control andcéive Damping Strategies, and Observers.

Voltage Source
DC - Link Capacitor Inverter LCL Filter Utility Grid

(1¢or3¢)

I LT
L 1

Challenges: Challenges: Challenges: Challenges:
- Regulating voltage across - Current control - Attenuating switching - Rejecting grid disturbance
the capacitor harmonics to an acceptable
- Recovery from transients degree
- For 1 ¢ system, the double
frequency ripple must be - Active damping
removed
- Implementing observers
Figure 2-1: System Structure and Associated Challenges.
2.1 Modeling

Many controllers are modélased, which makes it essential to find an appropriate system model
for designing the controller. Models can be divided into two categories: analog and disgzete
Furthermorethere are some modelsat include the equivalent series resistance (ESR) of the
filter inductors, andsome thato not include the inductordRs in the model. One of the most
common models of the grcbnnected VSI with an LCL filter is shown in Figure22In this

model, the ESRs of the passive components are neglected. The worst case of the system is
13



represented by not including the ESRs loé fpassive components, as this kind of modeling
neglects the resonance damping resulting from the ESRs. This modeling approaeld is

many papers, such as [32)].

Lins L
Y Y Y LYY Y

View @ — v, @

Figure 2-2: System Model without ESR.

A more general model includes the ESRs of the inductors as shown in Fguiéid model is
adopted by several pagen the literature, such as [HZ1]. Both of the aforementioned models
can also be used for balancideephase systems, since a balanced tpreese system can be

modeled by its pephase equivalent.

an LinV Lg Rg
SN A— Y Y Y YTYTY L AAA

Viny @ ——cC Vq @

Figure 2-3: System Model with ESR.
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Some authors choose to include the VSkha model itself, by considering it to be a linear
amplifier with delays caused by the nioilar modulation process. In [[18he authors have a
threephase griecconnected VSI with an LCL filter. In this paper, the pulddth modulated

(PWM) VSl is modetd as a Pl controller, due to its system gain and phase properties.

Finally, there are disetetime models, such as in [2R3], where a model is derived in discrete
time for a twelevel threephase voltage source inverter with an LCL filter. The astlod these
papers present the classical disctetee control model (or zerorder hold model).The
following approximation is used to obtain the disciétge model:

Xy = AX +Byd Uy +CU g« (2-1)

whered, represents the duty ratiblpc « representshe DC voltage, antllyy represents the grid
voltage. This zer@rder hold model, although generally considered sufficient for designing the
controller, is not accurate for all duty ratios. Due to the nonlinear nature of the modulation, this

model is onlyaccurate when the duty ratio value is zero or one.

2.2 LCL Filter Design

The LCL filter removes the switching frequency harmonics from the output current of the VSI in
order to deliver a high quality current to the utility grid. There are diffeygtdria afiecting the
filter design. In [17, the LCL filter is designed based on the following constraints:
1. The capacitor value should be chosen such that the decrease in the power factor is
negligible (not more thad%).
2. The inductance should bess thar.1 p.u, so that the voltagerdp across the filter is

limited.
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3. The resonant frequency should be placed between the line frequency and the switching
frequency More specifically,it is usuallyplaced between ten times the line frequency

and h# of the switching frequency.

In [24], a stepby-step LCL filter design procedure is given for a gg@hnected VSI. The design
procedure for the filter capacitor is based on minimizing the amount of reactive amdeim
turn the VSI rating. The conxter-side inductor is designed in order to minimize the amount of
current ripple produced by the VSI. Finally, the egide inductor is designed such that the

current injected into the grid complies with the regulatory standards.

In [18], a new iteratie design procedure for L and LCL filters is proposed forloltage active
frontend PWM twelevel voltage source converterdsing Bessel functions, the converter
harmonic voltages are defined, and the filter parameters are designed according torhemaxi

grid current harmonics. Various designs are also derived for different resonant frequencies.
Finally, the final filter design is selected such that the energy stored in the passive components of

the filter is minimized.

In [12], a general design predure is followed for the LCL filter design of a thyglease shunt
active power filter. The procedure is based on current harmonic compensation, and the resonant
frequency of the filter is placed such that these harmonics are compensated while having

sufficient switching harmonic suppression.

In [14], the conclusion is reached that the resonant frequency should be placed between half and a
guarter of the switching frequency in order for the system to maintain reasonable stability

margins.
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In [26], it is shown that the filter capacitor value is minimized if the ggide inductor and the
inverterside inductor are equal. However, this criterion usually hurts the stability of the system
and the rule of thumb is to make the gside inductor as small as pidse in order to push the

resonant frequency to a higher frequency range.

2.3 Control and Active Damping Strategies

The control system for a gricbnnected VSI used in renewable energy system applications
usually consists of two loops: a fast internal current control loop and a slow external voltage

control loop.

The internal current controller is responsible for tating the current injected into the utility

grid. As such, it is also responsible for the power quality. Furthermore, since the LCL filter
introduces a resonance into the control loop, the controller is responsible for actively damping
this resonance tougrantee stability. The controller must also provide disturbance rejection, in
order to ensure perfect tracking. Finally, the current controller should be fast in order to comply
with grid connection standards, such as IEEE 1A4F. Keeping these critir in mind, various

approaches have been taken by different publications to deal with these challenges.

The DCbus voltage needs to be regulated in order to balance the power transfer of the power
conditioning system. By regulating the BxOs voltage, th power extracted from the inpside

will be equal to the power delivered to the load. The challenge for theus®@oltage controller

in singlephase systems is the double frequency ripple present at tHeu®CTherefore, the
control system should remeuthe double frequency ripple from the clo$eob control system.

This leads to a very low bandwidth controller for the-B3 voltage control. Unbalanced three
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phase systems also produce a similar ripple. Thus, this challenge must be dealt with for both

cases, as it is difficult to ensure that a thpease system stays balanced at all times.

Although the LCL filter provides better attenuation than the commonly used L filter, it has the
disadvantage of introducing a resonant peak into the system. $bisard peak causes instability

if it is not properly damped. Passive damping, achieved by placing a resistor in series with the
filter capacitor, is a simple but lossy strategy used to handle the LCL filter resonance. The
effectiveness of the damping isoportional to the value of the resistance, making passive
damping too lossy to be a preferred method. Therefore, an ideal solution is to have active
damping, which is provided by the controller. There are several different strategies used to
provide activedamping, most of which fall under the category of moltip control strategies

and filtering.

In [25], an active damping technique is introduced for a tipiegse active rectifier with an LCL
filter that eliminates the need for extra sensors (onlygtie voltage and the convertside
current are sensed). The LCL filter is tuned based on a genetic algorithm. The optimized

parameters are calculated offline in order to optimize the performance of the converter.

In [27], a direct power control (DPC) ategy for a thre@phase grieconnected VSI with an LCL

filter is proposed. In this control strategy, the reference values for the active and reactive power
are given to the controller and the controller determines the switching scheme. In this control
tecmique the filter capacitor current is used as feedback in order to provide active damping. The
controller is designed in the synchronous reference frame using the phase angle derived from the
PLL. Figure 24 illustrates the block diagram of the proposedCDédntrol system used for a

threephase griecconnected VSI with an LCL filter.
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Figure 2-4: Block diagram of the modified DPC control system [27].

In [28], a control system for a balanced thygease grieconnected VSI with an LCL filter is
proposed. In this control strategy, a conventional synchronous reference frame Pl controller is
used to control the injected output current. Additionally, active dagnfsn provided by
estimating the filter capacitor voltage and subtracting the capacitor voltages from the current loop

after passing through a lepass filter (LPF). Essentially, active damping is provided because the
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resonance is injected in aqinase ind the control system. The block diagram of the proposed

control system is shown in Figures2
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Figure 2-5: Block diagram of the proposed control system in [28].

In [21], the adhors proposed a different current control feedback method for a-pihgge grie
connected VSI with an LCL filter, which they name the LCCL method. The authors mention that
in conventional control strategies, either the inverter current or grid cusresed as feedback.

However, by splitting the filter capacitor into two capacitors and feeding back the current in
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between these capacitors, a weighted average of the inverter current and grid current is available
for the controller. Therefore, only oneroent sensor is required to have information about both
the invertercurrent andhegrid current. In [2] also, the same approach is adopted in the control

scheme. The block diagram of this approach is illustrated in Figére 2

het Ge » Gy —>

Figure 2-6: Block diagram of the control system proposed in [21].

An explicit model predictive current controller is proposeddg],[where the controller tries to
minimize a cost function defined fahe current tracking error. The minimization problem is
solved offline and the result is a function, which describes the duty ratio with respect to the
control states. The proposed controller is implemented in discrete form and the simulation and
experinental results seem to demonstrate satisfactory performance. However, in general the
control law depends on the system parameters and requires a precise knowledge of the passive

components.

In [19], a twocurrentloop controller is proposed to control thhed current while introducing
active damping into the control system. The proposed controller is actually a Pl controller
combined with partial statieedback in order to control the grid current. The first loop is a

proportional controller for the filtezapacitor current and the second loop is a PI controller for the
21



grid current. Also, the procedure used to design the coefficients of the controller is given in detail.
Authors show that the proportional feedback loop for the filter capacitor curreftleésta
effectively damp the resonance created by the-filfdr. Figure 27 shows the twa@urrentloop

approach proposed in this paper.

A robust partial statbeedback control system is proposed in [30] for a tiptesse VSI with an
LCL-filter. In the poposed approach the filter capacitor voltage and the inverter output current
are sensed as the feedback signals. The coefficients of the partidesthtack controller are
designed based on the linear matrix inequality (LMI) approach. The experimesi#is show

the satisfactory stable operation of the proposed control system. However, the transient response
does not appear to be very fast. Figur8 8hows the robust partial stdemdback controller

proposed in [30].
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Figure 2-7: Block diagram of the control technique proposed in [19].
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In [31], active damping for the LCfilter is introduced by using the rotatingqg-r reference

frame (instantaneous power theory [#9The control system is the same as the conventional Pl
controller in the synchronous reference frame with aaraat DGbusvoltagecontroller, which
calculates the reference value for thaxis current. In this paper, it is shown that the currents
include three components: the first component is the fundamental component (60Hz), the second
component is the switalig component, and the third component is the result of thefll@t
resonance. The reflection of the fundamental compaoaféat thep-g-r transformation is purely

DC values on the-dxis and the -@xis. Therefore, the resonance current can be sepasitepa
high-pass filter. Thus, active damping is introduced into the control loops for-&es cand ¢

axis current by appropriately injecting the resonant components of the currents into the control
loops. Simulation results in this paper show the atifeness of the proposed technique.
However, the control loop is highly sensitive to the resonant current feedback and if this feedback
is not adjusted properly, the loop may head towards instability. Fig@retbws the control

technique proposed i3]].
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In [32], a very comprehensive study is performed on different active damping techniques used to
handle the resonance introduced by the iier. This paper also explains some practical issues
related to the implementation of the active damping technique<ioffilters. In this paper, it is

shown that both the filter capacitor current and filter capacitor voltage can introduce damping into
the closedoop control system. In particular, the proportional feedback of the filter capacitor
current and the derivavfeedback of the filter capacitor voltage can yield active damping. The
authors show that the behavior of the damping highly depends on the ratio of the resonant
frequency and the switching frequency. It is shown that for high resonant frequencieseonly th
filter capacitor feedback can effectively introduce damping, whereas for medium resonant
frequencies, both techniques can be effective and demonstrate good performance. For lower

resonant frequencies both methods do not demonstrate very good perfoewamdbough the
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resonance with the voltage feedback is slightly lower. Therefore, generally speaking, the stability
gets worse for the lower resonance frequencies. Figd@ ghows the block diagram of the
proposed control approach in J3&ith filter capacitor current feedback and with filter capacitor

voltage feedback.
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Figure 2-10: Block diagram of the proposed control approach in [32], (a) with filter
capacitor current feedback, (b) with filter capacitor voltage feedback.

In [33] different filter-based active damping methods are investigated to alleviate the resonance
introduced by the LCL filter. Generally, a filter is placed in the codap to either attenuate the

resonance created by the Ldllter or to compensate for the phase angle and provide a stable
25



closedloop system. In particular, the performance of four types of filters is analyzeghdssy
filter, leadelement, notch filterand Biquad filter. It is shown that the notch filter is the most
flexible and effective active damping technique out of all other filteyed approaches. Figure 2

11 shows the general block diagram of the filiased active damping technique.
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Figure 2-11: General block diagram of filter-based active damping [33].

2.4 Observers

A standard singkphase grieconnected VSWith a conventional L filterequires a minimum of
three sensors (one dc voltage, one ac current, and one ac voltage). A standguiadeagrid
connected VSivith a conventional L filterequires a minimum of five sensors (one dc voltage,
two ac currents, and two ac voltages)uasisg that the system is completely balanced. Sensors
introduce phase delay and noise distortion into thesored signal, particularly Hadlffect
current sensors, which are algery costly. Thus, the application of sensorlessthods for the
purposes of removing some of the sensors from the system has many advantages eedds re
significant attention [34]43]. Sensorless methods, such as linear observers and the Kalman

filter, reduce costs while producing a cleaner estéd signal than those measured by sensors.
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In [22], a Kalman filter is used as an observer for a tipiegse grieconnected VSI to estimate
the state variables given the &sered grid currents and Bdlis voltage. Furthermore, an
observer is used to estite the grid voltages. This observer uses the error between the measured
grid current and the estimated grid current as a corrective term added to the grid voltage state

variable equation when calculating the estimated grid voltage.

In [28], the line andilter capacitor voltages are estimated for a tipkase grieconnected PWM
rectifier with an LCL filter. To estimate the filter capacitor voltage, instantaneous power theory is
used to calculate the estimated voltage drop acrosothwertersideinducior. This is then added

to the voltage reference of the PWM rectifier to find the estimated filter capacitor voltage. To
estimate the line voltages, the authors derive an equation that requires theeaesltage
across the D@us capacitor, the duty rais of the space vector modulator, and the estimated

voltage drop across tlinvertersideinductor.

In [40], the authors use a modified Kalman filter to estimate the state variables for-phhsee
grid-connected VSI by measuring the grid currente Thodification made to the Kalman filter
allows it to estimate the state variables for a disdigte system one sample in advance,
removing any delays from the estimation process. It does this by substituting the sampled output
at time instank, with the sampled output at time instdatl into the Kalman filter algorithm.

This output sample at time instdatl is generated through an intermediate variable, which does

not burden the processor.

Reference [44focuses on LClHiltered distributed generatimoinverters, and presents a sensorless
method for estimating the line voltage. The sensorless method is based on an adaptive observer in

discretetime, which estimates the internal model dynamics based on the gradient descent method.
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2.5 Chapter Summary

This chapter provided a literature review of the stt¢he-art developments related to the
control and design of a grtbnnected VSI with an LCL filter. First, the various types of system
models used in the literature were presented, and fell into twoocEgganalog and discrete

time. Both types of models could be further subdivided into those that contained the ESRs of the
filter inductors and those that did not. The system model that did not contain the ESRs of the
filter inductors, while less accurateepresented the worst case due to the lack of damping
provided by the resistors. The analog system model was more commonly seen in the literature, as

it was a simpler representation.

The next part of the chapter covered the various strategies usedliter#ture for designing the

LCL filter. Although there were many different types of design criteria covered in the literature,
the most commonly used criteria were oriented towards achieving the following: ensuring the
harmonics injected into the grideinthe regulatory standards, optimizing the placement of the
resonant frequency such that the controller could have a higher bandwidth, and designing the

filter capacitor such that the power factor is kept as close to unity as possible.

For gridconnectd converters with an LCL filter, active damping is essential in order to maintain
system stability. Therefore, active damping should be incorporated into the-ldopecbntrol
system. Several different control strategies with active damping were iratedtig this chapter.

Also, this chapter covered different sensorless techniques that are used in the literature to

minimize the number of sensors required for measuring vital signals Hoaritected converters.

In summary, the proposed control teclugg have one or more of the following drawbacks:

1 Limited bandwidth and poor transient performance for current control loop
28



Complex control algorithms that reduce system reliability

Higher cost due to the use of several sensors

Very slow voltage control lap for singlephase grieconnected converters, due to the low
bandwidth enforced by the presence of second harmonic ripple on the DC bus

Poor stability margins caused by the third order filter

Poor steadytate performance due to the system power losssgddy high amount of

ripple across the convertside filter inductor
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Chapter 3

System Analysis of Grid-Connected VSI with LCL Filter

In this chapter, first the system model of a grahnected VSI withan LCL filter is presented.
Then, the system is analyzed from a geometric viewpohis geometric analysis entails finding
the systenflow and extracting the Poinagamapin order to analyze the stabilignd behavioral

characteristics of the griconnectd VSI with an LCLfilter.

3.1 System Model

In orderto analyze and design the systeansystem model is requireBigure 31 shows the

schematic of a gridonnected voltage source inverf&€Sl) with an LCL filter. According to this

figure, the dynamical model of the system is given by:

% = i - iv (3_1)
dt L, L, °
D, _ Ly oLy (3-2)
dt L]_ inv Ll c
dv, 1. 1.
a Toi =

Finding the canonical forrof the state space equations of the system is a standard and simple
approach to take wheperforming different matrix calculations on tiséate space equations

Given that his system is a thirorder system, is described in canonical form as follows:
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% =1, (3-4)

X, =% (3-5)
X% =% (3-6)
a¥o a0 1 O0@x06 aoag
& 0 & e 0 & 0
6= 0 leeX06tel o (3-7)
B B -w 080 B2
where ug = - 1 , andd(t) is a periodic signal given by:
al.l, @
C 8
(o il P
a 1 o a1 ala
h(t): inv -
&.LTC? c L2C§/g c 2%
o+ Sy — Ss —
- T BT
] — L1 Lo i
vV A P\ >
BU;= + Viny linv VCTTC AC TVg
Csus - B ¢
S, p— S, —
‘BT ETS

Figure 3-1: Grid-connected VSI with LCL filter.

Eqgs. B3-4)-(3-7) repesent the dynamics of systemwith a periodic external excitatiomhe
system is naturally oscillatory due the presence of the LCL filter, and the natural frequency is
denoted byr,. Also, the system is forced by the external periodic sowggeand vy, which

represent the inverter voltage and grid voltage, respectivéky. parameteq ( representshe
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external periodic sourceThe interaction between the natural resonance of the system and the
external periodic souresecreates someubtle attributes in the system dynamics tbah be

analyzed geometricallyy using thdfirst recurrence maglso calledhePoincaré map

3.2 Poincaré Map

Parametric resonance israsonancephenomenorthat produces instability, which occurs in
systems with timevarying coefficients (parametrically excited systems) or externally excited
systems. Generally, in externallyaited systems, a small excitation cannot produce a response
unless the frequency of the excitation is close to one of the natural frequencies of the system
(primary resonance)Externally excited systemwith periodic external excitation are called
“Fod c®scil |l ati bhis ofspedal intenest td ekdore thoserced oscillation
systems thahave complex eigenvalueas they can produce parametric resonance when the
forcing frequency is close to the imaginargesivalues of the system. Ingiire 3-2, the resonant

peak of a forced oscillation system with complex eigenvalues is shown. It is seen that damping
can lower the amplitude of the resonant peak such that it does not produce instability when

excited.

According to (37), the gridconneced VSI with an LCL filter is a forced oscillation system with
complex eigenvalues. Since the LCL filter is a third order filter, it produces a resea&réych

as the one seen in Figude2, and this resonance may introduce instability into the cllussul
without the presence of damping. Thus, analyzing the stability of this system can give insight into
its behavior, and furthermore can aid in designing an appropriate contrlleell-known
technique used to study the behavior of forced oscillatistesys is théirst recurrence magmalso

called thePoincaré map46]-[53]. The idea, proposed by Henri Poincaré in 1899, is to study
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continuoustime systems through an associated disdigte system (map)This map is formed
by finding the trajectory ofnie state variables, which is called #stem flowand periodically
sampling this trajectory. Thoincaré majs particularly suited for analyzing forced oscillation
systems, because their state variable trajectory forms a closed orbit due to thie patioe of

the external excitation.

No Damping
6=0

N

o = input frequency
o = natural frequency
& =damping coefficient

Gain

IG(w)|

A
v

N —

0 1

Frequency Ratio
(OA/(,OO

Figure 3-2: Resonance of Forced Oscillation System with Complex Eigenvalues with and
without Damping.

The Poincarémap is used for two separate purposes in this chapter: (1) to determine the stability
of the gridconnected VSI with an LCL filter, and (2) to obtain a geometrical representation of the
aforementioned system that will show behavioral characteristicedfystem flow, such as the
harmonics resulting from the interaction between the forced input frequency and the natural

resonant frequency of the system.
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To find thePoincarémap, it is essential to first outline some related terminology. As previously
stated, the state variable trajectory is called the system flow, and is a closed orbit for forced
oscillation systems due to their periodic nature. Tret$, &e a period orbit of period T of some
systemflow, G,(x). Furthermore, the system flow is deténed by itsvector field, f, of the
following system [4%

#=f(x) (38)

where (38) can be representative of any autonomous system.

ThePoincarémap is created by defining a hypersurfatewhich is transverse to the system flow

at pointp ™ [ . Roughly speaking, transverse to the surface implies thay#temflow should go

throughthe hypersurface (shown in Figuré8p In other words, in(x)i s t he nxwmal t o
have
f (p)n(p), O (3-9)

which implies that the system flow can never be perpendicular to the normal of the hypersurface,

and therefore must pass through it.

The Poincaré or first return map is the first return of the system flow to the tfpess and
defined as follows:

P:U- S

P(a) =1, (a) (319

whereUis the time taken for the orbit startingframp o f i r st return to .
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n(p)

f(p)

Figure 3-3: Visualization of a Poincaré Map.

Although the concept of the Poincaré map is introduced for autonomous systems, it can be
extended to nocautonomous systems under certain conditions. In particular, -autonomous
forced oscillation system can be described as an autonosysetesm by introducing a dummy

variable. Therefore, in order to construct the Poincaré map for forced oscillation systems, first the
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system should be converted into the autonomous form. The forced oscillati@utooemous
system
#=1f(xt), flxt+T)="f(xt) (3-11)

can be rewritten as an autonomous system by introducing the varablellows:

%= f(x,

(x.q) o 312
#=1 (x,q)i A3 s
Then the hypersurface 2 is defined as:
s={(x.q)1 A3 s':g=0 (3-13)
This hypersurface guarantees that the flow i gav er s a | to X. Then, t he
determined by:
P:S- S

(3-14)

P(x)=0 f,(x0) O :projection ontox

Figure3-4 shows the construction of the Poincaré map for a forced oscillation system.

Figure 3-4: Construction of the Poincaré Map.
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In order to derive the Poincaré map of the VSI with an {fitér, first the system should be

rewritten in autonomous form as:

a¥o a0 1 09ax 6 ao0 g
ke 0 & Ok "0 e&e_ O
X=a 6= 0 16a,0+a0 6 315
B0 B -w 0980 P)O
#=1 (X,g)i A3 g
Then the system flow isalculated as follows:
t
X(t)=e*.X(t =0)+ pp"*").Bu(r )dz (3-16)
0
where
0 1 03  &0%
e (o} 0
A=z 0 15 B=g96 u(t)=n(t)
® -ug 02 &AL

Where/?(t) = eCos(wt).

By using @-16), the flow of the system is calculated as giver8ifhq).

% t.Coguyt) L-S"{'/Vot)g

axl)g = © %0
(o=  Codut) - Sirfugt)ow,(0)o+

(0] e 0 0 O
(1) 2 - n@.Sifwgt)  Cogwgt) 88%(3(0)7

g —
a e -1 . 1 . g 0
5 Sinmt S t)- t.C t)

R T e P Tt S (317
z 2w, g+ 1 .Sir(m)+;-5if(”/ot)' it.Cos(Wot)g 8
@& (wpruf (v + o+ W U
2w, EW/COS( ) g - WCOS(%)+%+WCOS( ) Wo+Wcos(% )ﬁ‘?
P (0]
® Egisir(m)ﬁu 1 Sir(wyt) + 1 Sir{ut) + 1 si(ugt)y O
o 2ewh-w wo- W wg W worw T g
- 0
P (0]
(; -
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Figure 35 llustrates the flow of the system i . According to the system flow, given b3-17),

and Figure &, the Poincaré map is given by18).

P:A%- A
% 2P codephl 2 gifep 8
é-x16 @® w o w = WWO Q W+95x16
20 @ A w, g 0" 0
Pax, = ab Cos2p—0 —Srw,o—o 0aX, 6
% 0 & ¢ W+ W ¢ W=+ie g
¢ & W, 0678+
% - WOSH‘er—O Cosp—0 §
c w = o - =+
a el +w .° & 60
8876( 2 )2 sirggp 0 8- ” eW2 Co&pﬁgg
aEwo(Wg - WZ) cC W+ U - ¢ w0
+: e - e Coéﬁpﬁa 8
e w-w wg-w g we g (3-18)
ew, LA, W, G ~
& Sinegp — Q
& wo-w gt W 9

Figure 3-5: Flow of the system in R®.
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3.3 Stability and Performance Analysis

In order to investigate the stability of the system, the Jacobian matrix of the Poincaré map should
be calculated around the fixed point. According 3el8), the Jacobian matrix of the Pciné

map is given by:

% P cosep 8 2P sigep 3
e W c W=+ ww, ¢ W=H
& 3 5 3 50
DP =259 Co&pﬁg i.Sir&pﬁg ) (3-19)
& ¢ W= W ¢ W=g
@ -%.Sir&pﬁg Co %8 8
C c w =+ (o w-+ =

W (3-20)

The eigenvalues are on the unit circle. Thus, the system is marginally gtablesedloop
stability analysis is conducted in Chapter 6, to show the effects of the proposed control methods

on the stability of the closddop system.

Figure 36 shows the Poincaré map of the VSI with an Eler. This figure shows how the
naturalresonance of the LCiilter affects the forced oscillation system. In order to fully clarify

the Poincaré map, the projections of the map ontouHig x;-xs, andxs-x, -planes are shown in

Figure 37, Figure 38, and Figure ®, respectively. Accordingo (3-20), the Poincaré map
includes three eigenvalues on the unit circle. The eigenvalues with nonzero imaginary parts create
an oval, which is shown in Figure® and the other eigenvalue skews thval, which is shown

in Figure 36. Figure 310illustrates the evolution of the periodic flow in the Poincaré map.
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Figure 3-8: Projection of Poincaré map of the system on x;-x3 plane.

¥3

Figure 3-9: Projection of Poincaré map of the system on x;-x3 plane.
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P(p,

=T = X1

Figure 3-10: Evolution of the Poincaré map of the system.

It is interesting to see the behavior of thex, plane dunmg the system evolution. Figurell

shows the projection of the orbit onto thex, plane att=0 and the rotation of the orbit through

2 ~ [seconds. Since the projection of the orbit ontoxthe plane is an oval, the rotation of the

orbit through2 “seconds i®n a torus, as shown indgtire 312 This torus is invariant in the

sense that the system orbits always remain on the torus. The interaction of the natural resonance
of the VSI with an LCLfilter and the forced oscillation imposed by the input results in some
subtleties in the sysin trajectories. These subtleties can be clarifieéXaminingthe Poincaré

map. An assumption is madeat the natural frequency is an integer multiplication of the forced

input frequency, i.en ¥ =pyn:integer. In this case the Poincaré map is rewridgsn
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(3-21)

Therefore, every single point is a fixed point of the Poincaré map. This implies that if the

trajectory starts from a 2p'seconds. ThetrajeEtory, actuallyw i | |
completes n cycles of natural resonances before reaching the same point on the Poincaré map.
This creates an ultraharmonic of order ntive system trajectories. Figurel3 shows an

ultraharmonic of order 10 on the fiahed torus.

Figure 3-11: Evolution of the projection of Poincaré map of the system on Xs-X, plane.
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d=vt

U=v ot

Figure 3-12: The orbit of x3-x, plane on a torus.

If the natural frequency is a rational multiplication of the forced input frequency, e=¥
r=n/m: rational, the trajectory containsgltrasubharmonics, which means the trajectory takes n
rotations as well as m revolutions tach back to the sameipbon the Poincaré map. Figure 3

14 shows the trajectory on the flattened torusnfeb andm=2. Finally, if the ratio of the natural
frequency and the forced input frequency is not rational, there are no periodic points on the
Poincaré map. Thus, none of the trajectories closen themselves and they wind around
indefinitely. Sincethetrajectories are not closing onthemselves, the limit set of each trajectory

is the whole torus. Therefore, trajectories wind densely on thacsuof the torus. Aese
trajectories arecaled irrational winding lines [45 Irrational winding lines are quaperiodic,

since an irrational number can be approximated by a rational number. The demsadytorus is

shown in Figure 45.
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Figure 3-13: An ultraharmonic of order 10 on the flattened torus.

&Yo.t

d=v.t

Figure 3-14: An ultrasubharmonic on the flattened torus.
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Figure 3-15: Densely wound torus.
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3.4 Chapter Summary

In this chapter, the system model of the grichnected VSI with an LCL filter was presented.
Then, an investigation into the behavioral characteristics of thecgndected VSI with an LCL

filter was conducted from a geometrical viewpoint in order toiglesan appropriate control
approach for the system. The system flow of the-goidnected VSI with an LCL filtewas
plotted, and illustrates the harmonics resulting from the interaction between the forced input
frequency and the natural resonant frequesfcthe system. Using the system flowPaincaré

map of the griccomected VSI with an LCL filterwas hen constructed to dete
stability. The Poincarmap is particularly useful for forced oscillation systems, and is a mapping
of the sytem flow onto a hypeurface. Through this map, it waetermined that the grd
connected VSI with an LCL filter has marginal stability due to the parametric resonance caused
by the thirdorder filter. A closedloop stability analysis is conducted in Chexp6, to show the
effects of the proposed control methods on the stability of the elospdsystem.Also, the
Poincaé analysis gives insight into the structure of the system flow and the design of an

appropriate controller for the system.
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Chapter 4

Current Control and Estimation of Grid-Connected VSI with LCL Filter

This chapter explores the salient features and drawbacks of the existingf-$tetart method
used for the current control of a gigdnnected VSI with an LCL filter. In order tivercome the
drawbacks of the statef-the-art current control approach, a new current control metkod i
introduced, which is called composite nonlineaedback (CNF). The CNF current controller
demonstrates significantly improved overall performance. Pheposed control method
combines linear and nonlinear feedback signals to improve the dtagedransient and steady

state response of the system.

The gridconnected VSI with an LCL filter requires two current sensors in order to provide a
stable conbl system. Current sensors, particularly Hdfect current sensors, are not only
costly, but they can also introduce phase delay and noise into the measured signals. Thus, an
observer is introduced, which is able to reduce the number of current sestpared for the
grid-connected VSI with an LCL filter. Two different observers are implemented: €l) th
Luenberger observer (LO), and (2) the sliding moldseover (SMO). The performance thie

observers are compared and analyzed in this chapter. Bathvelss provide fast and accurate
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estimations of the VSI state variablashile reducing the costs, noise, and phase delay introduced

by the use of current sensors.

4.1 Current Control of Grid-Connected VSI with LCL Filter

One of the main control challengesated to the grieconnected VSI is to find a suitable current
controller. The current controller is responsible for regulating the output current of the VSI, such
that a high quality sinusoidal current is injected into the utility grid. A block diagrahedfasic
current controller structure is given iRigure 4-1. After deriving the system model and
conducting a system analysis by finding the Poincare map in Chapiters3;oncludedthat
special consideration needs to be taken while designing thencametroller. The main current
control challenges for a grcbnnected VSI with an LCL filter are the following:

1 Transient performance,

9 Active damping for LCL filter resonance,

9 Performance during parameter uncertainties in the system model, and

9 Disturbance rejection.
Thus, the success of any proposed controller can be measured by the extent of its ability to deal

with these challenges.
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C> Controlleq y=CX

v

Figure 4-1: Block Diagram of General Current Controller.
The existing statef-the-art current control method fone gridconnected VSI is the proportional

resonant (PR) controller. The transfer function for the PR contishNeritten as follows:

cls)=22"2 (1)

The PR controller has a very high gain, theoretically infinite, at the resonant frequantiijs

allows the PR controller to offer perfect tracking of the reference current and disturbance
rejection of the grid voltage, given that the resonant frequentyned to the grid frequency.
However, this method does not address two other main control challenges, which are transient
performance and active damping for the LCL filter resonance. This method, while adequate for a
grid-connected VSI with an L filtemwould not be suitable for a gricbnnected VSI with an LCL

filter due to its lack of active damping.
In order to address the shortcoming of this method in terms of active damping, a modified

approach has been presented54]-[62], which can be seen iRigure 4-2. In this modified

approach, state feedback is added to the PR controller, which introduces active damping into the
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control loop. The system model is defined by a set of linear differential equations, which are

represented as,

éX¥ = AX +Bu+Hw

4-2
i y=cx e
where,
a- -14 .
%{i 0 'EB %13 800
o~ .. 0
e L X &0 8
X=ad, 6 A=20 —2 —5 B=algu=v,,H=8-0 w=y,
&R, 0 2 L, 2 4 &, 0 e, 0
e gl -1 ;5 =9 &o 9
&c C = ¢ -
y=i,, C=(0 1 0)
The state feedback is defined by the following equation:
u=v- KX (4-3)

where,v represents the current controller output En@presents the state feedback coefficients.

w

: +<:> + X=AX+Bu+Hw .
i S u
} + + k82+(ib)2 y=CX !

_‘k -

\ 4

Figure 4-2: Block Diagram of PR Current Controller with State Feedback.

Although there are several different methods that can be used to calculate the state feedback

coefficients, a common one for thispdipation is the linear quadratic regulation (LQR) method.
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The idea behind this method is to find the optimal state feedback coefficients that minimize the
energy of the LQR cost function. The cost function for the LQR method is defined as the

following:

Jior = |20 + ru| dt (4-)

where the termH‘Z(t )H2 represents the energy of the controlled outp;ﬁ’u(t )H2 represents the

energy of the control signal, apds a positive constant. LQR seeks to find the appropriate state
feedback coefficients that will minimize both of thesergpaerms by using the Ricattgeation

(RE) to solve the cost function. However, there is a tradeoff in the design of the statrkeed
coefficients. The tradeoff results from the fact that minimizing the energy of the controlled output
maximizes the energy of the control signal, and vice versa. The consarged to establish this
tradeoff by placing a lesser or greater emphasi®ne of these conflicting energy terms in the
LQR cost function. In practical termg,is used to adjust the damping ratio of the state feedback

controller.

By adding the state feedback, active damping is inherently provided through the feedback
coefficients, K. It also has good tracking performance and disturbance rejection. Thus, the PR
controller with state feedback is considered to be the existingddttttie-art control solution for

the gridconnected VSI with an LCL filter. There are, howevefea shortcomings with this

control method. The first drawback of this control method is its-ssambdard transient
performance. This is due to the fact that the PR controller has a very limited bandwidth. The PR
controller is essentially bandpassfilter. Thus, by increasing its bandwidth, its performance in
terms of tracking and disturbance rejection is compromised, because widening the band causes its
peak to be lowered. Furthermore, by widening the band, the controller may introduce a phase

delay to tle error signal, leading to a deteriorated performance and poorer stability margins.
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The second drawback of the PR controller with state feedback is that it fails to compensate for
any DC components that may be introduced into the control loop throughxdmple, Hal

effect current sensor3here is very strict regulation in terms of the amount of DC current that
can be injected into the grid [1IThis problem arises due to the fact that the DC component is
filtered out by the resonant controller, @it is basically a banpass filter. The final drawback

of this control method is that the gain of the PR controller, while theoretically infinite, is limited

in practice. Thus, the tracking performance and disturbance rejection of this control method are
limited by its actual gain at the resonant frequency.

In the following section, a current control method will be presented that has been developed as a
much better alternative for the gridnnected VSI with an LCL filterhe composite nonlinear
feedbak (CNF) control method. This method provides superior transient performance, active
damping, perfect tracking, great performance under parameter uncertainties, and disturbance

rejection for the griecconnected VSI with an LCL filter.

4.2 Composite Nonlinear Feedback

Normally, the linear state feedback controllsed in conjunction with the PR controllshould

havea high dampingatio characteristic, otherwise, the transient response will be oscillatory and
the steady state current will contain a ripdlaus, a small damping ratio is not acceptable for the
grid-connected VSI with an LCL filter and the control system is usually designed as a well
damped closetbop system. However, a high damping ratio results in a very sluggish transient
response. The ain problem is caused by the fact that the cldeegd system is forced to have a
fixed damping ratio. Therefore, either the transient response is compromised with a high damping

ratio, or the steadgtate response is affected with a low damping ratio.
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The control method proposed in this section provides the flexibility to have different damping
ratios during the transient and steadste. This flexibility is created by incorporating a nonlinear
feedback on top of the linear feedbatk.particular, thiscontrol method consists @& linear
feedback part with a small damping ratio to achieve a very fast respmmdea nonlinear
feedback part to increase the dampiatjo as the system approaches the reference valus. Th
control method is called theNF method, and itwas introduced by Liret al [63] and further

developedn [64]-[66].

The CNF controller can be represented by the following equation
Uene = UL +Uy (4-5)

whereu is the linear part andy is the nonlinear part.

The linear part othe CNF is astate feedback controllewhich canstablize the control loop by
placing the closetbop poles to the open left half plane. The nonlinear paftthe CNFis
designed such that the damping ratio is being increased as the output convirgasference

value. Therefore, the controller aggressively steers the system at the start of transients, and it
becomes less aggressive as the output approaches to the referencehimleads to a very fast
transient response, while producing no oket and a welldamped system during the steady

state operatioriThus, both the transient response and the sisiaty performance are improved.

The controller is designed in the following steps:

(1) Reference Generator
In order to achieve perfect tlang and disturbance rejection for the grid voltage, the reference

generator should be added to the cldeeg control system according to the internal model
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principle [67}[69]. In addition, an integrator should be added to the control loop to elinthmate
DC disturbance as well as the uncertainties in the system parameters. The reference generator is

given by:

r-e (4—6)

A, should be determined such thg has two complex conjugate eigenvaluesy, (line
frequency)and one at zerdn order to remove DC components from the current.|@tpough a

simple calculationt . is given by:

& & 1 0§ &0 0 0@ed
i & 0o & e’ 0
s %= 0 1 oX+ad 0 Oaso (4-7)
1 B - e &g oR2
i r=(0 1 0)X,

wheree,, e,, ande; are the integral of the error, error and the derivative of the error respediively.

representsthedam n g t eyr any asaeprdsent the error coefficients.

(2) Linear Controller

The linear state feedbadkg, is designed sthat the matrixXA+KgB is stable and has eigenvalues
with a small damping ratio to achieve a quick response. The state fed¢ibacklerived such
that:

1. A+BK is asymptotically stable;

2. The transfer function af/r has a very small damping ratio.

(3) Nonlinear Controlle

The nonlinear controller is given by:

Uy =Ky (Ys,Y) (4-8)
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Ky is a nonlinear function of the output and the reference. Intuitively, this function should
increase the damping as the outpuipproaches the referengg The exponential function is

chosen as the nonlinear feedback, given by:

& & 8 0
KN(yd’y):_ 1_2_129 Yar elg (4-9)
c -

wherek; is a positive constant.

The block diagram of the whole control system is seéfigare4-3.

Reference w
Generator l

X =AX+Bu+Hw y

\4

Y — 5 -I- ei )Ze:ArXe'i'Brue

> | r=Cx Linear y=cx
y b . _Feedback | Y
| ; X
T b
K\ Oary)
i v fve |
__________ Nonlinear
Feedback

Figure 4-3: Block Diagram of CNF Controller.

4.3 Performance Analysis of CNF through Simulation

This section contains the simulation results for the CNF control method that have been obtained
using PowerSim V9.2.1 (PSIM) software. Foe thake of comparison, simulation results of the
PR controller with state feedback are presented first. Simulations have been performed for both

the closedoop with a high damping ratio and the clodedp with a low damping ratio using the
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PR controller vith state feedback. Figu4 shows thetransientresponse of the closédop

control system when the damping ratio is high. According to this figurérahsientresponse of

the control system is sluggish with respect to the step chartpe referene current. Figurd-5

shows the transient response when the damping ratio is small. This figure confirms that the
response is fast but very oscillatory. Therefore, the linear-fgathack controller either results

in a very sluggish transient responseaovery oscillatory response, depending on the damping

ratio.
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Figure 4-4: Transient response of the closed-loop control system with a high damping ratio.
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Figure 4-5: Transient response of the closed-loop control system with a small damping
ratio.

Figure4-6 shows the transient response of the @¥Bed controller. This figure shows a much

faster response ogaredo Figure4-4, and a weldamped steadgtate performance compared to

58



the oscillatory response of the Figurke5. Also, here are no overshoatsdershootdn the

transient response.
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Figure 4-6: Transient response of the CNF-based control system.
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Figure 4-7: Performance of the closed-loop CNF controller under parameter uncertainties
(40% increase in Ly, 35% increase in L, and 10% increase in C).

Figure 4-7 illustrates the performance of the clodedp controller under parameter variations.
This figure shows that the proposed controller is robust against parameter variations. The
robustness is the result of having a vieigh gain at the frequency of the reference signal, which
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is produced by the reference generator in the cHusma control. The reference generator creates
a very high gain through the complex conjugate poles tuned on the frequency of the reference
signd. This gain causes the sensitivity function (i.e., Error/Reference transfer function) to be zero

in the presence of any uncertainties in the system.

4.4 State Variable Estimation

Standard singkphasegrid-connected voltge source inverters with an outpufilter require three
sensors (one ac current, one ac voltage one dc voltageyinglephase grieconnected voltage
source inverters with an output LCL filter require four sensors (two ac currents, one ac voltage,
and one dc voltageypensorspartcularly Halleffect current sensorsjtroduce phase delay and

noise distortion into the measured sigfidley also significantly contribute to the overall cost of

the systemThus, the application of sensorless methods to thesgt&l controller has rendy
received significantattention B4]-[43]. Sensorlessmethods can avoid the disadvantages
introduced by sensors through effectively and rapidly estimatingebessary signals. Observers

are widely used to estimate state variables based on the symbelel. In this particular
application, there are certain requirements that need to be fulfilled in order to replace a sensor
with an observer. The first requirement is that the observer should estimate the signal very
quickly, with a speed that is much fas than that of the system controller. The second
requirement is that the observer should provide a very accurate and clean replication of the
estimated signal. Finally, the observer is required to be robust against any parameter variations.
Since the e@nhation is based on the system model, any discrepancy between the actual model and
the calculated model may result in a poor estimation of the state variables. Therefore, robustness

must be a key attribute of the observer for this particular applicatiothid section, first the
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observability of the system is investigated, and then different state observers suited for this

particular application are presented.

4.4.1 Observability of the Grid-Connected VSI with LCL Filter

In this section, the observability d¢iie singlephase grieconnected VSI is analyzed in detalil.
Generally, it is more beneficial to eliminate current sensors rather than voltage sensors. Voltage
sensors are usually cheaper and are easier to implement than current sensors. For th@mapplicati
specifically, low frequency current sensors are requifidtese sensors are either Hafiect

sensors or resistive current sensors. Resistive current sensors are lossy, and therefore are rarely
used in this application. Hadiffect current transduceese widely used in this application, but

they are costly and introduce noise and delay into the measured signal. They also introduce a DC
bias into the measured signal, which is variable based on the operating conditions. Therefore, an

initialization routne must be performed at the staptin order to remove the Diias.

The state observer is designed based on the dynamical equations of the system. The dynamical

equations of the singlghase grieconnected VSI are rewritten as follows:

é a- - 10 o 4~

T°#~ ;LRl 0 T§° ~ a18 Eolof)

n 1 1 L.

8 2 e Rl do 290

o 6= O — g, 6+ a0 oy, +E=Qy (4-10)
150 = 2 Lamgoeo Fel

fek= 21 -1 3T e 6 o2

T Es oo T

i Y =CX

Wherexl :iinv’xz = ig’xs :Vc-
The first endeavor is to check for system observability whés measured, and the two current

signals,ij,, andig, are estimated. If the system is observable under these conditions, thewtwo lo
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frequency current sensors can be eliminated from the elospdcontrol system. System

observability is determined by checking whether the following matrix is full rank:

O=2CA 6 (4-12)

i'nv(j
&0
y=v,=0 0 1)ad, 6 (412)
0
.9
Therefore, the observability matrix is calculated as follows
a Q
& 0]
xe0 0 1 0]
_el -1 o)
Oy, “e@ec Cc 0] (4-13)
2R -R -(L+L)d

c L C LC L,LC
This matrix is fultrank if R; and R, are not zero. However, sin€® andR, are very small, the
system is marginally observable. Therefore, this observer is not able to adequately comply with
the robustness requirements of this system. Therefore, at least one current sensor should be used
to make the system observable. Either ifnverter output current or grid current has to be
measured for observability to be achieved. The grid current is chosen to be measured for this
application for the following reasons: (1) the grid current signal has fewer harmonics than the
inverter currehsignal, and (2) the current controller in this application controls the grid current.

Consideringq as the measured signal, the output is given by:

O

nv

8.8
1-0: O: OO

y=i,=(0 1 0)d, (4-14)

B S

Thus, the observability matrix is calculated as follows,
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a o)
& 0
20 1 00

o, =0 R Lg (+15)
@ L, L, ¢
®l R 1 -RO
dqAc L LC 122

According to (415), the observability matrix is full rank whegis the measured signal and the
system is observable. Therefore, a pagtate observer is designed for the clekexgh control

system, which measurgsand estimatek,, and v..

4.4.2 Luenberger Observer for Grid-Connected VSI with LCL Filter

Based on (4.0), the gridconnected VSI system model is linear. The Luenberger observer can
provide a robust estimation of state variables based on the measurement of some state variables.
Therefore, a Luenberger observer is designed to estimate the state variables based on the system
model given in (410) and theiy measurement. The Luenberger observer for the spigise

grid-connected VSl is given by:

- - 16 o 1
. %—Rl 0 Eg . a18 8n G R
geg b hioate R 508 dhie-%)g
5= F R, -10% 0 - a1l o \a
,0=5 0 L L_ijae(zQ"':O 8/mV+6EL g/g +8l32(x2' Xz)Q (4-16)
%8 21 _21 0288?(39 a0 6 83029 (?3()(2' %,)2
B~ o~ 0 c -
¢ C C +

wherely, |5, andlsrepresent the Luenberger observer gains. The block diagram of theldoged

control system based on the Luenberger observer is shown in Fifure 4
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Figure 4-8: Closed-loop control system with Luenberger observer.

In this observer, the error between the measured and estimated viglneljp$ to compensate for

any parameter uncertainties in the system model. Therefore, this observer is fairly robust towards
parameter uncertainties. The gains of the observer determine the degree of robustness. Usually, a
high gain observer is designed in order to provide quick estimation and a high degree of
robustness. However, a high gain may result in an unstable obsereetp dbhe nonlinear
behavior of the inverter. Also, it can be challenging to dekign, andls in order to achieve a

satisfactory performance for the observer.

4.4.3 Sliding Mode Observer for Grid-Connected VSI

In order to increase the robustness, a sliding mode observer can be used. The sliding mode
observer provides a higher gain compared to the Luenberger observer, leading to a more robust
performance. The sliding mode observer determines the sign of thdezmoand multiplies it

with the gain terms. Thus, when the error converges towards zero, the speed of the sliding mode
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observer is much greater than that of the Luenberger observer. The sliding mode observer for the

singlephase grieconnected VSI is giveby:

Q;)o

Py
o

[y

ax 0 e 08%, 0 " 0 al, s - %,)0
282 g 508%g Ay =08 al, sonlx; - %,)a
0= 0 Tt a0t @0 O, + ol sl - %)o (@17)
Biz, 5 UmODY K At n)
£c ¢ Y0 ¢ -
g C C -

wherely, |, andl; represent the sliding mode observer gains. The block diagram of the-closed

loop control system based on the sliding mode observer is illustrated in Fi§ure 4
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Figure 4-9: Closed-loop control system with sliding mode observer.

Although, the sliding mode observer is able to provide a very robust performance against
parameter variations and unmodeled dynamics, the emiimperformance can suffer from

chattering. Chattering happens in a tight neighborhood of the sliding surface where the sliding
term changes the gain very fast. The chattering problem can be alleviated by reducing the

observer gaink, |, andls. This mg compromise the tracking performance of the observer.
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4.4.4 Simulation Results

This section presents the simulation results for the clmsga control system with different

partial state observers using Powerdy/9.2.1 (PSIM) software. Table dontains the pameters

used to conduct the simulation for the closmap gridconnected VSI with an LCL filter.

Table 1: SIMULATION PARAMETERS FOR CURRENT CONTROL.

Symbol

Parameter

Value

Po

Ve

Output Power
Input Voltage
Grid Voltage
Switching Frequency
Inverter Side Inductance

Inverter Side Resistance

Grid Side Inductance
Grid Side Resistance

LCL-Filter Capacitance
DC-BUS Capacitance

1KW
400-450VDC
85-264VAC
20 kHz
2.56mH

35mQ
0.307mH

15mQ

10pF
2*470uF

In Figure4-10, the estimation performance of the Luenberger observer is presented, where the

three state variableg,(, iy andv,) are estimatediven thatiy is measuredin this figure, there is a

transient at=0.08sin order to examine the transient performance of the Luenberger observer.

According to this figure, the Luenberger observer provides a quick and accurate estimiigon of

state variable signals. Figudell shows the estimation errors of the state végmlwhen using

the Luenberger observer.
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Figure 4-10: Simulation results with Luenberger Observer.
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Figure 4-11: Estimation Errors of the Luenberger Observer.

In order to examine the performance of the Luenberger observer under parameter uncertainties,

the three parameterk,( L,, andC) are increased by 20%. Figutel2 shows the performance of
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the Luenberger observer under these parameter changesednighat the good performance of
the observer is maintained despite the parameter variatindsthe closetbop control system

demonstratestable operation.

As mentioned in Section 4.4.2, the Luenbe@eserver is not able to maintain stability when the
observer gms are very high. Thus, in Figu#el3 and Figure 44, the performance of the
Luenberger observer is examined when the observer gains are high. According to these figures,

the Luenberger olesver loses its stable operation for very high observer gains.
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Figure 4-12: Simulation results with Luenberger Observer when there is a 20% uncertainty
in the converter parameters.
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Figure 4-13: Unstable Performance of the Luenberger Observer when the observer gain is
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Figure 4-14: Unstable Performance of the Luenberger Observer when the observer gain is
large (enlarged version).

In Figure4-15, the estimation performance of the sliding mode observer is examined. According

to this figure, the sliding mode observer is able to quickly and accurately estimate the state
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variables (jy, iy and \). Comparing this figure to that of the Luenberger observer, it is seen that
the performance of both observare more or less the same. Figd+#6 contains the estimation

errors of the state variables when using the sliding mode observer. Cdnpdhe estimation

errors of the Luenberger observer, it is seen that the Luenberger observer has marginally less
estimation error. This is due to the fact that the sliding mode observer produces chattering in its
estimated signals. Depending on the gafirthe sliding mode observer, this chattering may be
large. Therefore, the gain of the sliding mode observer cannot be too large in order to avoid

excessive amounts of chattering
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Figure 4-15: Simulation results with sliding mode observer.
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Figure 4-16: Estimation errors of the sliding mode observer.

Figure4-17 shows the performance of the sliding mode observer when there is a 20% uncertainty
in the paraneters of the system model. This figure shows that the sliding mode observer

demonstrates a robust performance against parameter variations.
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Figure 4-17: Simulation results with sliding mode observer when there is a 20% uncertainty
in the converter parameters.
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The main problem with the sliding mode observer is the chattering phenomenon it produces. In
particular, when the observer gains are very high, the chatisriregy pronounced. Figure ¥8
(a) and Figuret-18 (b) show the chattering that is produced by the sliding mode observer when

its gains are high.
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Figure 4-18: Performance with chattering of sliding mode observer with high gain.
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4.5 Experimental Results

In order to verify the performance of the proposed cldsed system a 1kW experimental
prototype of a singlphase grieconnected VSI has been prepared. The VSI specifications are
presented ifmable 2 Figure 419 shows the block diagram of the implemented-gadnected
singlephase VSI. According to this block diagram the power circuit includes-au3@apacitor,

a full-bridge inverter, and an LCfilter connected to the grid. The proposed tooinsystem is
implemented digitally using FielBrogrammable Gate Array (FPGA). In particuldre Altera
Cyclone IV FPGA has been used to realize the control system. This FPGA is able to provide a
very fastandreliable solution for this applicatioilso, different signal conditioning circuitry has

been used in order to provide appropriate feedback signals for the-gmdiggal converters.
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Figure 4-19: Block diagram of the implemented single-phase grid-connected VSI.
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Table 2: VSI SPECIFICATIONS FOR CURRENT CONTROL.

Symbol PARAMETER Value

Po Output Power 1KW

Ve Input Voltage 400-500vDC
Vg Grid Voltage 170-264VAC
fow Switching Frequency 20 kHz

lo.max Maximum output current 10A

L, Inverter Side Inductance 2.56mH
Ry Inverter Side Resistance 35mQ
L, Grid Side Inductance 0.307mH
R, Grid Side Resistance 15mQ
C LCL-Filter Capacitance 10uF

Csus DC-BUS Capacitance 2*470uF

The full-bridge inverter is implemented using a high density power module. The power module
includes the power MOSFETs as well as the drive/isolation circuitry. The parameters of the

power module are given ifable 3 Figure 420 shows the protope of the power module.

Table 3: POWER MODULE PARAMETERS.

Part Number/Value

Symbol PARAMETER
S Power MOSFETs SPW47N60CFD
DR MOSFET Drivers UCC27322D
- Optical Isolation HCPL 7723
Csnubber Snubber Capacitor 1.5nF
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Figure 4-20: Prototype of the power module.

The prototype is powered using a 12V DC power supply, and there is a programmable AC source
along with a resistive load used to simulate the grid voltage. Fightestavs the block diagram

of conducted experimental tests.

i
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DC Power Grid-Connected | % R AC Power
Supply VS| Supply
L Grid Sir_n_ulator___i
12V Power w2 s
Supply

Figure 4-21: Block diagram of the test set-up.
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Figure 422 (a) and Figure-22 (b) show the steadgtate behavior of the CNF controller along
with the sliding mode obsegv. In particular, Figure-22 (a)shows the waveforms in thené

cycle scale and Figure2R (b)depicts the waveforms in the switching period scale. These figures
demonstratethe superior steadgtate performance of the proposed clelemgp control system.

The inverter current and the grid current are effectively stabilized by the state feedbacks. Also,
the presence of the LCL filter significantly attenuates the kwigcharmonics in the grid current,

ig, to provide a clean and harmotfiee current to inject into the utility grid. In addition, the
sliding mode observer is able to accurately and quickly estimasndyv., as evidenced by the
measured grid currenthe estimated inverter curref, has a similar waveform tig except with

additional switching harmonics.
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Figure 4-22: Steady-state performance of CNF closed-loop control with sliding mode
observer.

In order to compare the transient response of the proposed CNF controller with the conventional
control sywtem, the software for bodltenarios have been prepared and tested. In théetsta

very high gain PR controller with state feedback is used taadhe converter. Figure-23 (a)

shows the transient response using the high gain PR withfetatieack controller. This figure
shows a very oscillatory response, which degradesotrerall performance even duritige
steadystate. The waveforms are well aligned with the simulation results presented in the previous
sections, in particuldfigure 45. Also, Figure 23 (b)shows the enlged version oFigure 423

(a)to illustrate he oscillatory behavior.
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Figure 4-23: Transient response of closed-loop control when using high gain PR controller
with state-feedback.
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In the next test, a low gain PR controller with stigedack is used to cortl the converter.
Figure 424 (a)shows the transient performance of this controller. According to this figure, the
transient performance is very sluggish and it takes more thaa tydfe to track the step change

in the reference etent. The sluggish behavior may result in an unstable operation of the-closed
loop cortrol system. Also, Figure-24 (b)illustrates the transient response of the low gain PR
controller with statdeedback whem step change is applied adifferent point. Figure 424 (a)

and Figure 24 (b)confirm thevery sluggish performance of the clodedp control system. The
experimental waveforms are well aligned with the simulation results given in the previous

sections (Figure-4).
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Figure 4-24: Transient response of closed-loop control when using low gain PR controller
with state feedback.

In the last case the proposed CNF controller is used to controtitheognected VSI. Figure-4

25 (a)shows the transient response of the CNF controller whesgativestep change is applied

in the referace current. This figure shows thery fast response of the proposed CNF closed

loop control approach. The results show a significant improvement itrghsient response
compared to the conventional PR controllethwstatefeedback. Figure -25 (b)illustrates the
enlarged version of Figure-25 (a)in order to show the very fast transient responsen,Agure

4-26 (a) shows the transient response @ a positive step is applied to theference current.

Figure 426 (b)is the alarged version of Figure-26 (a) Experimental waveforms presented in

this section demonstrate a substantial improvement in the transient response and superior
performance othe proposed CNF controller compared to the conventional PR controller with

statefeedback.
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Figure 4-25: Transient response of closed-loop control when using proposed CNF
controller.
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Figure 4-26: Transient response of closed-loop control when using proposed CNF

controller.
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4.6 Chapter Summary

In this chapter it wasletermined that a successful current controller must respond quickly to
transents, provide active damping for the LCL filter resonance, perform robustly despite
parameter uncertainties in the system model, and reject the grid disturbance. Foktetabet
control approach of a PR controller with state feedbaek shown to beinadequate during
transients, due to its limited bandwidth. Furthermore, it fails to compensate for any DC
components that may be introduced into the current control loop. Finally, its tracking
performance and disturbance rejection are limited by its laghia at the resonant frequency,

which is not infinite in practice.

A current control methodvas proposed, calledcomposite nonlinear feedback (CNF), which
produces significantly improved overall performance compared to theo$ttiteart current
control approach of a PRoatroller with state feedbacklhe CNF current control method
combines linear and nonlinear feedback signals to improve the dtagedransient and steady
state response of the system. The linear part of the CNF is a state feautitemlkec, which can
stabilize the current control loop by placing the clelegb poles into the open Idfialf plane.

The nonlinear part of the CNF is designed such that the damping ratio is being increased as the
output converges to the reference vallibis leads to a very fast transient response, while
producing no overshoot, and a wedmped system during the steadgte operation. Thus, both
the transient response and the stestdye performance are improved. In order to verify the
performance othe proposed closddop system, a 1 kW experimental prototype of the-grid
connected VSI is designed. The prototype includes dbCcapacitor, a VSI, and an LCL filter
connected to the grid. The proposed control system is implemented digitally usidg Fiel
Programmable Gate Array (FPGA). Different signal conditioning circuitry is used to provide

appropriate feedback signals for the andtmdigital converters.
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An observer wa proposed, which is able to reduce the number of current sensors required for th
grid-connected VSI with an LCL filter. The observability of the eg@hnected VSI with an LCL

filter was analyzed in order to determine which state variables are observable. Two different
observerswere implemented: (1) the Lueebger observer (LO), an¢R) the sliding mode
observer (SMO). The performea of the proposed observers were compared and analyzed. It wa
shown that both observers provide fast and accurate estimations of the VSI output current, while
reducing costs, noise, and phase delay dutted by the use of current sensors. The SMO
provides a marginally faster estimation than the LO, at the cost of adding some chattering to the

estimated signals.
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Chapter 5

DC-Bus Voltage Control of a Grid-Connected Voltage Source Inverter

In this chapter the design and implementatioha high performance DGus voltage controlles
explained in detailThe DCGbus voltage controller is responsible for balancing the power between
the inputside converter and the grannected VSI. A constant cagtor voltage ensures the

flow of the full amount of powefrom the inputside converter to the gri@asically, the external
voltage loop produces the reference value for the inner current loop such that all the power
generated by the energy source anacessed by the first stagenvertergets delivered to the

grid. Therefore, from the input side point of view, the dynamics of the power flow is determined
by the DCbus voltage loop. This chapter dealigh the challengevolved in controlling the
DC-bus voltage and proposes a noidI-bus voltage control technique that not only offexrs

very fast transient respondaut also improves the steadtate performance of the gridnnected

VSI.

5.1 Conventional DC-bus Voltage Control of a Single-Phase VSI with LCL Filter

Grid-connected VSiIs for renewable energy applications are usually the second stage -in a two
stage power conditiongn system. The first stage @n AGDC converter for wind power
conditioning systems, or a BOC converter folPV energy genation systems. Between the two
stages, there is a Diaus which is supported by a fairly large capacifdepending on the
specifications of the power conditioning sysjerfihis capacitor acts as an energy storage

capacitor and provides the flexibility talternate the instantaneous energy in the power
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conditioning systenj24]. For instance, the D8us capacitor can serve astype of energy
decoupling toobetween the two stages, giving it the ability to absorb sudden changes in power
coming fromthe inputside converter.The erratic behavior aknewable energy sources demand

a fairly robust control system in order to smoothen out the power flow bethetmo stages of

the power conditioning system. In particular, the voltage across thbuBCapacitomust be
controlled such that it remains constant. By keeping this voltage constant, it is guaranteed that the
power from the inpuside is completely transferred to the grmhnected VSI. To show this
mathematically, the equation for the energy balarfcth@ DCbus capacitor is analyzed. The
energy stored in the capacitor is given by:

1

E.= P CausVaus (5-1)

Power is the rate of change in energy and thus, the power contained in a capacitor is defined by

the following equation.
=— (5-2)

Since, the captured power should be transferred entirely from the input side to the utility grid; this
means that the peer contained in the DBuscapacitor should be zerdhis entails the following

equation to be satisfied:

d d dv.
P= :tc = dVEs oS = CBUSVBUS'\ﬁBUS =0 (5-3)

Since the valuef the capacitqrCgys is fixed, the voltageVeys, must bekeptconstant in ordeto
guarantee the capacitppwerbalance Thus,all of the power processed in the first stage of the

power conditioning sysm is delivered to the grid by keeping the-B& voltage constant.

Figure 51 shows a typical block diagram of tB€-busvoltage control system for a singbhase
grid-connected VSI. According to this block diagram, the external voltage loop reghates:t

87



bus voltage of the inverter. TH#C-busvoltage controller basically determines the amplitude of

the current to be injected to the grid such that the power balance between tbmdesand
secondstage is satisfiedr equivalently the Déus volage is maintained constant. Due to the
fact that the voltage controller deals with DC signals, Pl regulators are usually used to implement
this controller. The main issue with this control approach is the presence of a double frequency
ripple on the DGbus voltage stemming from the inevitable power ripple produdedingle

phase power conditioning systemsié ripple is also present in thrpbase unbalanced systems)
[70]-[73]. This double frequency ripple éausedy theinstantaneousutput power and reflected

back onto the D&éus voltage. The low frequency component is superimposed on top of the DC

voltage component.

Vref_-l; Voltage lres I Iref 4 5 Current | y | Grid-Connected >VBus
_ Controller 5a < > Controller [ "|Sngle-Phase VS > ig
Veus Sn(¥t) v,
KX - X l 9
K
PLL

Figure 5-1: Block diagram of a typical DC-bus voltage control system for a single-
phase grid-connected VSI.

The instantaneous power produced by the-goidhected VSI is given by:
p(t) =VCosut) ICos(ut +/ ) = %w [Codj )+Cod2ut +/ )] (5-4)

where V andl represent the amplitude of the grid voltage and grid current, respectively. Since the
power on both sides of the VSI is equivalent, this power ripple is reflected back to thesDC

Since the power ripple is imposed on the-B voltage, this causes dbkages for the Debus
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voltage controller. Namely, because the-B@ voltage carries the double frequency ripttiis,
ripple propagateinto the current loop if it is not removed by tB€-bus voltae controller This
is because the DBus voltage contiter produces the current reference for the current controller.
A double frequency ripple in the amplitude of the current reference gives rise to the injection of

third harmonic ito the grid current.

Removal of the double frequency ripple from the-B@3 voltage can have repercussions. The
conventional D@bus voltage controller is a Pl controller, because it is an effective, well known,
and easy to implement controller for DC applicatifd]s However, in order for the Pl controller

to remove the doublfrequency ripple, its bandwidth must be lowered significantly. This sesult
in very sluggish transient performance, andan inability to deal with sudden load changes or
changes in the input power. Thus, when there is a sudden transient, the \wltagele DE

bus capacitoransiderably fluctuat As a result, the D@uscapacitor and VSI switcheged to

be overrated so that they can perform reliably and do not burn outndthisnly causesn
increase in system costs, but alssuls in very por transient performance and marginal

stability.

In [74], a fast acting PI controller is proposed to improve the transient performance of-thesDC
voltage controloop. In this technigue, the error signal processed by the PI controller is between
the gjuares of the reference voltaged the Debus voltage. This way the Pl controller directly
controls the energy of the Dlaus capacitor. Also, theipple frequency increases and its
amplitude is effectively reduced. Therefore, a relatively faster respamsbeachieved. Also, a
systematic technique to adjust the gains of the erAmmggd Pl controller is proposed in this
paper in order to avoid tedious trial and error appoh to findthe appropriate gains Bj.

Although the energpasedP!| controller § able to improve the transient performance of the DC
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bus voltage loop, the bandwidth of the contamlp cannot be very high due to the presence of

low frequency ripfe in the control loop.

In [76], a hybrid controlletis proposed, which includes a Ros FeedForward (PFF) term as
well as a conventional negative feedback ternis firoventhat this controller can significantly
improve the stability of the D®us voltage control loop. The stabilipyoblem sterafrom the

fact that the inverter is coented to a DC source with finite Thevenin impedance ($it@ge).
Therefore the PFF term isddedto the control loop in order to have the impedance exhibit a
positive realpart. Therefore, the stability margin can be effectively increased. However, this
technique entails the feedback loogavinga slightly lower bandwidth. Therefore, the transient

response mayebcompromied

In [77]-[78], a control techique is proposedwhich directly controls the D®us capacitor
current in order to minimizehe rigple current flowing through the capacitor. This control
technique tries t@quatethe first stage current to the input current of the VSI. Therefore, the
current ripple through the DBus capacitois minimized. This technique can be effective for
threephase balanced systems. However, for sipylase systemghe low frequency ripple

currentinherently flows through the D8us capacitor.

A predictive direct power contralechniquefor a VSl is proposed in [9]. In this control
techniquea predictive skection of the voltage vectors c@mbined with the direct power control.
The reference value fdhe active power is generated by the dGs voltagecontroller. This
controlleris a conventional PI controller, which can have a high bandwidth only fondzala
threephasesysems. Therefore, this method can offer fast dynamics for singiphase or

unbalanced threphase system3here are other techniques proposed in the literature to improve
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the dynamic pdormance of the VSI closeldop control systemHowever, they are mostly
effective for balanced thrgghase system<r they can only improve the bandwidth thfe

internal currentontrol loop[80]-[88].

In this chaptera new voltage controller is proposed, which is able to improve the transient
response of the DBusvoltage loop significantly. The proposedntrol technique is based on a
droop algorithm in conjunctiowith a new sampling technique in order to control the mean value
of the DGbus voltage. The proposed contegproachimproves tle transient response of the
converter. The droop algorithm is modified to adaptively change the droop gains such that it can
either produce a constant EDis voltage for hybrid renewable energy applications, or produce a

variable DCGbus voltage where theserall system power losses are minimized.

5.2 DC-bus Voltage Controller

As explained in the previous secticthe main control challenge faced the DC-bus voltage
controller in thesinglephase grieconnected VSI is removing the double frequency ripple from
the voltage control loop so that it does not propaiptethe current control loop. In this section

a novel control technique is proposed, which is able to significantly imphevperformance of

the voltage control loop. The proposed technique includes a new sensing technique, which can
effectively remove the double figency ripple and eliminate it from enteritite closedloop
control system. This sensing techniquactionsby calculatingthe mean vale of the DGbus
voltage and feeding this back to the IbGs voltage controller in place te actual DC-bus
voltage.Therefore, theproposed control loop uses the mean value of the output volkag@ean
instead of the outg voltage,vgys Thus, the actual control parameter is the mean value of the
output voltage given by:
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_ VBUS,max +V

V. =
BUS,mean
2

BUS,min (5_5)

The mean value calculator effectively eliminates the double frequency piastt@ output
voltage and ensuretha the feedback signal to the couiter is the purely DC component tife

output voltage. This allows the voltage controller to have a very high bandwidth compared to the
conventional controllers. Figurg2 shows he block diagram of the voltage controbp with the
proposedsensing techniqud.he mean value calculator determines the maximum and minimum
of the DCGbus voltage and calculates threean value accordingly. Figure3sshows the block
diagram of the mean value calculator. According to this figtive discrete value of the output
voltage is used in this block. Then a discrete differentiator is used to extract the ripple of the DC
bus voltage. The signal at the output of the discrete differentiator is 90° out of phase with the
double frequency rigp of the DCGbus voltage. Thenthe zero crossings of this signal are
detected through a comparator. Based on the rising edge and falling edge of the comparator, two
monaostable multivibrators create the sampling instants of the-l€ voltagesample/holds.
These values correspond to the minimum and maximum of theud@oltage. Finally, the mean

value is calculated using the minimum and maximum values.

I i : >
+ Voltage | ' el + Current | | Grid-Connected >Veus
Vit —> R ,( )
. @_' Controller >A( % Controller [ |Single-Phase VS i
] .
K
PLL
Mean Value
Calculator
VBUs 1

Figure 5-2: Proposed sensing technique for the voltage loop.

92



Sampling/ Hold

)
5 g
P } 2
Z
VBUJ/(] K D | + %Q —> VBUSmean
|—'| £ e Sampling/ Hold| § N
Discrete y mpling/ Hol g
ji» Differentiator —Sa>'t| \?—» _,§
mpe BUSmin 4
Rt ]
1 Op

Sampl € VBusmax

Figure 5-3: Mean value calculator.

It is worthwhileto mentionthat the discrete differentiator produces a ndrise signal due to the

fact that the high frequem switching noise has been removed from the-ldD€ voltage by
sampling the signal every switching cycle. Therefore, the discrete differentiator does not amplify
thehigh frequency switching noise and prodsiaeoisefree double frequency ripplé&he dgital
implementation of this block is very simplehenusingan FPGA, andwill be described in the

experimental results.

The mean value calculator can resolve the issue related toub& deequency ripple present in

the DCbusvoltage. The othatifficulty presented byhis DC-busvoltage control system is that a

fast integratorcannot be a part of the contrabproach;otherwise it saturates every cycd
leadsto an unstable control loop. In addition, the control input and théXCvoltage d not

have a linear relationship. Intuitively, when the @ voltage is smaller than the reference
voltage (resulting in a positive error), the output current should decrease in order to allow more
current to be stored in the Biilis capacitor and raists ivoltage. Conversely, when the Bds

voltage is greater than the reference voltage (resulting in a negative error), the output current
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should increase in order to extract more current out of thédTapacitor and lower its voltage.
This fact is alsevidentfrom the mathematical model of the system when thebD€voltage is
taken as a system state variable. According to Figufe the average model of the grid

connected VSI when the Dlus capacitor is added to the state variables is given by:

di -R. 1 1
—W =2+ —Vgsl2d - 1)- —v, 5-6
dt L1 inv L1 BUS( ) L1 C ( )
di, -
B _-R i ivC - ivg (5-7)
dt L, L, )
dv. _ 1. 1.
—=— - —] 58
d c™ c° -8)
Nas _ 15 1 (o4-1) (5-9)
dt Coaus Cesus
e * S1 — S3 —
- TF _ETf
— ] L, Lo ig
vV A P, >
BU;= + Viny liny VCTT C AC TVg
Caus - B
TEFF YE T
— [—

S S S S
— |
- dTs |
I I ):
I 7; I I

Figure 5-4: VSI schematic.
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The system dynamics iscantrolaffine nonlinear system due to the coupling between the control

input, duty ratio, and the state variables.

The proposedDC-bus voltagecontrol system is based on the droop control approach. The
identifying characteristic of droop control isvegse proportional gain. Thus, intuitively the
controller output decreases as positive error increases, and the controller output increases as the
negative error increases. The block diagram of the proposed control approach is shown in Figure
5-5. Accordirg to this figure, the amplitude of the reference value for the grid current is

calculated based on the droop controller as follows:

et = Kl = Karoos (5-10)

wherek is usedto scalél max Karoop iS the droop gain ang is given by:

& :Vmax = VBUsmean (5-11)

The operation of the proposed control technique is rather different than the conventional control
loops. In the proposed droop control approach, the controller does not try to track a reference
signal applied to the ctnol loop. Instead, the maximumalue of the DC-bus voltagds applied

as the external signal to thmltage controlloop and the equilibrium point of the system is

determined based on the intersection of the droop controller profile and the load profile.

I i . S
+ ref ref + Current | | Grid-Connected >VBus
max > k' "2 >‘< (Z> Controller _’SngIePhaseVSI > ig
- A - A

Sn(¥t) v,

+ e KX X g

Vinax—> kdroop PlLL

VBUSmea_n
Mean Value
Calculator
VBUS 1

Figure 5-5: Proposed droop control technique for DC-bus controller.
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This droop controller provideimstant action during transientwhich considerably increases the
speed of the control systerAlso, it improves the steaeltate behavior of the gricbnnected

VSI, which will be elaborated on shortly.

5.2.1 Steady-State Analysis

In this section, the behavior of the propog¥cibus voltage droop controlleluring steadystate

is presented. Duringteadystate the profile of the droop controller is given by:
droop profile: Lt =K e = Kool (5-12)

The load profile during steaestateis determined by the DC power balance between the input

and the output ahe gridconnected VSIThe input and outpytowess are given by:

I:?n,avg = meanI dc (5—13)
1 ss
F)0 = E l refvg (5'14)

wherelg is theDC component ofy, andVy is the amplitude of the grid voltagehds, the load

profile is derivedas:

Load profile : o =2l V..-e) (5-15)

ref max
Vg

Figure 56 shows the intersection of the load profile and the droop profile for a typical load.
According to this figure, one line represents the load profile and the other shows the droop
profile. The intersection of these lines determines the stetadyoperating point of the closed

loop control system. This figure is very informative in terms of designing the gain of the droop
controller. The closetbop system potentially has a stable equilitm if the two lines intersect;
otherwise there is no eqiitium point for the closetbop control system. If there is an

intersection pointt is derived as follows:
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ss _ 2| chmax - kl I mang

5-16
= 2|dc_ kdrooé/g ( )
This point corresponds to the steadgite DCbus voltage given by:

kil V.- KooV .V,
rﬁ:an: i'max" g droop* max ¥ g (5_17)
2| dc kdroo;}/g

According to (517), the final value of the steadyate DCbus voltage depends on different
parameterssuch as the droop controller characterisktnf, andkgoon) as well as the input

current and output voltage.

Operating
Point

r'd

................ load
profile

ev$

Ki | max Virex

kdroop

Figure 5-6: Steady-state operating point of the droop controller.
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The coefficients of the droop controller should be designed such that the two linearhave
intersection. Therefore, two conditions are considered:
1- If (Kilmax™> 2lacVimadVg), the droop controller must satistiye following conditionin order

to guarantee an intersection:

Kl > 20T > o (5-18)
g max

2- If (Kilmax< 2lgcVmad V), the droop controller must satisfy the following conditiororder

to guarantean intersetion:

Kl oy < —ZI ‘i;v”‘ax D Kiroop< —k\'/l max (5-19)
[¢] max

Either of the aforementioned conditions can guarantee an intersection to create a potentially
stable equilibrium. However, the first condition is selected to design the droop profile. This is due
to the fact that the input power and in tigncan be zero. Therefore, the assumption pointed out

in the second condition may not be satisfied. The droop gains should be designed such that all

operating conditions are taken into consideration. Therdfbygis designed as follows:

21 2V

Kl ax >% (5-20)
9

Eq. (520) ensures that the assumption of the first condition is satisfied for the entire range of

operation. Thus, the droop controller gain is found as:

max
A

droop V min
[¢]

k

(5-21)

Egs. (520)(5-21) guarantee an equilibm point for the closetbop system with the droop

controller.
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5.2.2 Dynamic Analysis

In this section, the dynamic behavior of the propd3€ebus voltagedroop controller is analyzed
during transients. The transient behavior of the-W& voltage droop controller can be
characterized by the dynamical equation for the mean voltage. The dynamical equation for the
mean voltage can be derived from the dynamical equatiothé voltage across the Elis
capacitor, seen earlier as EG:9p In order to deve the dynamical equation for the mean voltage
across the Déuscapacitor, it is necessary to find the average of E§) @Gver a period o2 ¥ t

(¥ is the line frequency)since the mean voltage is calculated over the same period. Thus, it can

bewritten tentatively as,

d
dt C:BUS ¢ BUS

dVBUS,mean=< 1 i, - 1 iinv(Zd_1)> (5-22)

T=2mt
In order to compute the average, the duty ratioand the inverter curreniy,, need to be
rewritten such that their average can be computed. To express the duty ratio in other terms, an

expresion for the inverter voltage is found as a product of the duty ratio in 23)(5

Vinv = (2d - 1)VBUS (5-23)
The inverter voltage can also be expressed in other terms, as irZJ. (5

i di
= H%+L2_g+v

Vinv dt dt g (5'24)

Ti k honov' stateqd89] ¢that this system can be divided into two parts: the fast internal
current control loop, called the fast boundary layer, and the slow external voltage loop, called the
slow quasisteady state. From the vantage point of the slow epteady ste, the grid current

can be seen to have reached the reference current because it is in the fast boundary layer and

significantly faster in comparison. Thus, it can be rewritteibasl ref Sin(Wt). The grid voltage,

Vg, can be rewritten as a product of its amplitude and a sinusoidal signal, such that
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Vv, =V, Sin(wt) (it is assumed that the inverter only injects active power to the grid, therefore,

the grid voltage and the grid current are considered to-phde). The inverter voltage can be

rewritten as follows,

|d|o di ()

c+—2a+l, —9+V sin(mt 5-25
Hé?ﬁ dt 8 (5-25)

. dy, di
Given thati, =C dtc and given thatv, = de—fs+vg, the expression for the inverter voltage

can be rewritten again as follows,

Vi =Ly V,CW?sin(ut) - 1 ,CLw? codut) + 1, weogut)|

ref

5-26
+ Ll Wcos(wt)+vg sm( ) (>20)
Using Eq. (523) and Eq. (&6), the duty ratio is found as follows,
e L, ( V,CwWsin(ut)- |, CLw* cout) +1 WCOS(Wt))S
=1 eVB“S u 5-27
26 L, 4 (5-27)
&+ —2- | weodut) + —sin(ut) +1 d
€ Vaus VBus U

After substituting Eq. (7) into Eq. (522), the dynamical equation of the mean voltage can be

found as follows,

dv, 1. e1 1 Vy @
BUS,mean — |dc -1y e_ (5—28)
dt CBUS 82 CBUS sus U
Given Eq. (510) and Eg. (811), Eq. (528) can be rewritten as follows,
dVBUS 1.
dimean = C Idc - ki | maxa + kdroopvmaxa kdroop BUS, meaﬁ (5'29)
BUS
11V, _ . :
where a = — . The eigenvalue can then be found from the dynamical equation for
BUS VBUS

the mean voltage, as follows,

/[ =- kdroo;ﬁ (5-30)
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5.3 DC-Bus Voltage Adaptive Droop Controller

The DC-bus voltagedroop controller proposed in the previous section changes thbuBC
voltage according to the input power. Howeversome applications it is preébleto have a
constant DGbus voltage. This is particularly the case when thebD€ feeds other converters,

such as in hybrid renewable energy power conditioning systems. Thus, in this section an adaptive
droop control approach is proposed to regulate théoxCvoltage to a constant value. Changing

the droop gain provides the control approach with the capalaofityegulatingthe DCbus

voltage. The idea behind the adaptive drooptoller is illustrated in Figurg-7.

SS
e droop
Kl o profile
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2l gcVima] g\}}/maxf I Point
g
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Figure 5-7: Operating point with fixed voltage error of the adaptive droop
controller.
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According to this figure, the intersection point between the load profile and droop profile
determines the error between the mean voltage anddkeanum voltage. Furthermore, since the
maximum voltage is a fixed value, the error actually determines the mean voltage. JFhes DC
voltage can be made constant by placing the intersection point between the load profile and droop
profile at a fixed ewr value, which is shown in Figuie7 as a vertical line. In order to place the
intersection points along the vertical line, the droop gain must be varied adaptively. This is
achieved by equating the load profile and droop profile equations with a fixedy@atror. This

determines the droop gawvhich is nowgiven by:

kdroop: k1 I max _ 2 I DCVmax +2 IDC (5_31)
& eV VY

where Ipc and Vy represent the D®us current(DC value) and grid voltageamplitude
respectively Eq. (531) describes the droop controller gain as a functidpccdindV,. Figure5-8

shows the block diagram of the propo&@-bus voltageadaptive droop controller.
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Figure 5-8: Block diagram of proposed DC-bus voltage adaptive droop controller.
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5.4 Optimized DC-bus Voltage Adaptive Droop Controller

The adaptive droop controller proposed in the previous section regulates ines¥Gltage to a
constant value by adaptively changing theop gain, which is advantageous for certain hybrid
renewable energy power conditioning system applications. However, many renewable energy
power conditioning systems do not require that theldD€ voltage be regulated to a specific
value. For these apphtions, it can be more beneficial to generate a variableudGroltage that
reduces the overall power losses of the sysfdmms, an optimized adaptive droop controller can
achieve a very high efficiency by varying the IGs voltage to decrease overlstem power

losses.

The source of the most substantial power losses should be deteiiminatkerto design the
optimized adaptive droop controller. For the gr@@hnected VSI, the majority of the power losses
stem from the inductor(s) in the outputtdi. These losses arasually higher than
switching/conduction losses. Therefore, the optimized adaptive droop controller needs to be
designed such that it identifies the operating point for a particular droop and load profile that is

most able to reduceopver losses across the output filter inductor.

Power losses that occur across the output filter inductor can be divided into two main categories:
ohmic losses and core losses. Both types of losses are proportional to the output inductor current

ripple. The overall losses related to the output inductor current ripple are given by:

Fl)osses: I:3)hmic+ I?:ore )f ' ﬁﬁ(hf &fjss A% (5'32)
Losees Lé’éies

where R; I represents low frequency ohmic loss& | represents high frequency ohmic

losses, K (. is a constant of proportionality that depends on the operating frequBRyis the
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peak ac flux densitybr e pr esent s an exponent determined by

data, A, represents the core cressctional area, anlj, represents the core mean magnetic path

length. The low frequency ohmic losses cannot be reduced due to the fact that the low frequency
current is determined by the load. However, bothhigh frequency ohmic losses and core losses
canbe greatlyreduced by decreasing the output inductor current ripple. Both the high frequency
ohmic losses and the core losses are functions of the output inductor current ripple, where the
current ripple cabe defined as follows:

_ (Vaus - Vg)dT
L (5-33)

Dl

wherevgys represents the DBus voltagey, represents the grid voltage,represents the duty
ratio, T represents the switching period, dndepresents the output filter inductance. The duty
ratio, d, is determined by the controller, the grid voltagg,is determined by the users of the
utility grid, while the switching period@ and the output filter inductandeare constant. Thus, the
only variable that can be used to decrease the output inductor current ripple is -thes DC
voltage, vsys Since the output current ripple is a function of the difference between the grid
voltage and the D®us voltage, reducing ithdifference through the control of the mean-D&

voltage would result in reducing the output inductor current ripple and its resulting power losses.

The output inductor current ripple can be reduced by minimizing the voltage across the output
inducta, according to (83). This voltage is directly determined by the difference between the
DC-bus voltage and the grid voltage. Since the grid voltage cannot be controlled, the mean DC
bus voltage should be controlled such that it is as close to the dfagevas possible. However,

it is important to consider that the mean -BD@ voltage must always be greater than the grid
voltage so that the direction of power flow is from the VSI into the utility grid. To minimize the

difference between the DRus voltge and the grid voltage while preserving the direction of
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power flow, the optimized adaptive droop controller sets the mearbXvoltageas close as
possibleto the peak value of the grid voltagethout preventing the flow of power from the VSI
into the grid,as seen in Figure-9. It can be seen in FiguBe9 that the output current ripple is

reduced by bringing the mean EXDs voltage as close as possible to the grid voltage.

The idea behind the optimized adaptive droamtwller is illustrated inFigure 5-10. By
adaptively changing the droop gain, the operating point can be placed where it will decrease the
mean DCbus voltage as the grid voltage decreases. By decreasing the mdars D@ltage, the

error between the mean Elis voltage and maximumC-bus voltage increases. Thus, the
operating profile of the optimized adaptive droop controller is to increase the error when the grid
voltage decreases such that the meanbD€ voltage is set very close to the peak of the grid

voltage. The result islawer output inductor current ripple and reduced power losses.

VBus VBusmean

i/

A R,
S

Vg

4 Qe
VBUS,mean a g,}{eak

Figure 5-9: Reducing current ripple by bringing the mean DC-bus voltage closer to
the peak grid voltage.
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Figure 5-10: Operating point with optimized adaptive droop controller.

To calculate the optimized adaptive law, the rms value of the output current ripple must be found.

The rms value of the output current ripple is found to bedhewing:

DI
== 5-34
rms \/§ ( )

Using (534), the high frequency ohmic losses can be found to be the following:

Dl

R,DI’
Pohmit;highfreq = Rhf I ﬁf = Rhf Dl r2ms = 3 (5_35)

By substituting (833) into (535), the high frequency ohmic losses can be rewritten lasvil

& E(VBUS - Vg,max)zdr’naxz-l—2

%]
I:)ohmit;highfreqz Rhf I r?f = I:."thI r2ms = 2 l:“' -
3 g L i (5-36)
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where the maximum duty ratio is given by:

_Vaus +V,

g,max

d == @S9
b Npys (5-37)

Therefore, the high frequency ohmic losses are given by:

qu é,(VBZUS - V2, )Zg
I::’ohmichighfreqz I:\>hf I I?f = Rhf D r2ms = ?? 2 g mzx l;l (5_38)
e 4VBUSL fsw ¥
The core losses are defined as follows:
&(Vays - Vo o )d T
BUS ~ ,
I:zzoreszeQ ngAr:aX — l;l A:Im
€ u (5-39)
Thus, the core lossean be rewrittems:
&V2,. - V2 Vo
2\ Y BUS s N
F)corez Kfe?Tgmaxl;l A\:Im
e Ml g (5-40)

The power losses are minimized by finding their partial derivative with respect to thriDC

voltage and setting it to zero. This result$hie following optimal operating point:

*

Vaus =V,

g,max

(5-41)
However, this operating point is practically if there is no voltage drop across the output filter,
the inverter gain is unity and the low frequency ripple on thebD€voltage is negligible.
Therefore, for this gristonnected VSI with an output filter, these factors should be taken into
account. Thus, the voltage drop across the output filter, the SPWM gain and the low frequency
ripple are added to the Dis voltage irorder to find the closest point to the optimal operating
point. The SPWM inverter has a gainwfity (for linear modulation regiorgnd the voltage drop

across the inductor is given by:
\ 4 - O ;
V=X 1, = jwlLly, (5-42)

wherelL=L +L, and~, is the Ine frequency.
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Also, the low frequency ripple of tHeC-busvoltage is given by:

DVaus = i = Yol
WCqusVeus 2 CausVaus

(5-43)

whereVgysis the DC value ofgys
Thus, to counteract these voltage drops, the mearbudCvoltage is determined to be the

following:

V, |
VBUS,mean: \/ng + LZM/IZIS + 2 (5'44)

4VVICBUSVBUS,mean

Solving this equation fo¥gys mean results in the following equation, which represents the optimal

DC-bus voltage:

e 2122 2
* 17 CBUSI g L | +1 gvg,max + CBUSVg,maxM/I [ 2y 2 2
VBUS,mean: e + I g L VVIZ +Vg,max

28 Co ol
é BUSYY

Q

(5-45)

u
u
u

Figure 511 shows the trajectory of the optimal operating point along with the droop profile.
According to this figure, the DBus voltage is at its maximum (aggis at its minimum) at full

load, where the inductor voltage drop and the low frequencierame at their maximum values.
As the load decreases, the IbGs voltage reduces (aedincreases) in order to keep the inductor

ripple and in turn the losses as small possible.

The adaptive law for the droop gain is derived usinggpand (531) asfollows:

K* - Ki I n:ax -2 I DCVmax +2 I DC (5—46)

droop *
V - VBUS,mean Wmax - VBUS,mean)‘/g Vg

max
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Figure 5-11: Operating point with optimized adaptive droop controller.

Figure 512 illustrates different optimal trajectories for different grid vadsgrhe intersection of
these trajectories and the droop profile determines the optimal operating point of desDC
voltage. Also, Figure 83 shows the optimal value of the Bx@s voltage for different load

conditions and different grid voltages.
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Figure 5-12: Optimal curves of the DC-bus voltage control loop (14 Vs. &).
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Figure 5-13: Optimal curves of the DC-bus voltage control loop (14 Vs. Vsus,mean-
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In Figure 5-14, theblock diagramof the proposedC-bus voltageoptimized adaptive droop
controller isshown As seen in the figure, the adaptive lawesto minimize current ripple by

adaptivelychanging the droop gain according to the droop and load @rofile

| Ik + 5 Ires % Iref 4 5 Current | y | Grid-Connected >VBus
mex ” f' _ A - Controller | "|Sngle-Phase VS > ig
Sn(¥t) \V
+ e KX X 9
Vinax—> kolroop PlLL
VBUSmea-n I
Mean Value Adfap\j\llve
Calculator
A
VBUS

Figure 5-14: Block diagram of proposed DC-bus voltage optimized adaptive droop
controller.

5.5 Performance Analysis through Simulation

This section contains the simulation results for theldd€ voltage control methods proposed in
this chapterandhave been obtained using PowerSim V9.2.1 (PSIM) softWaigle 4 contains

the parameters used to conduct the simulation for the elospdgridconnected VSI with an
LCL filter. In Figure5-15, the DGbus voltage and mean voltage prodilibg the proposed DC

bus voltage droop controllés illustrated The mean voltage is seen to take the average of the

DC-bus voltage, producing a clean |@s voltage signal.
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Table 4: SIMULATION PARAMETERS FOR DC-BUS VOLTAGE CONTROL.

Symbol Parameter Value
Po Output Power 1.8kW
Ve Input Voltage 400-450vVDC
Vg Grid Voltage 85-264VAC
fow Switching Frequency 20 kHz
L, Inverter Side Inductance 2.56mH
R; Inverter Side Resistance 35mQ
L, Grid Side Inductance 0.307mH
R, Grid Side Resistance 15mQ
C LCL-Filter Capacitance 10pF

Csus DC-BUS Capacitance 470uF
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Figure 5-15: DC-bus voltage and mean voltage produced by proposed DC-bus
voltage droop controller.
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Figure 5-16 displays the grid current and reference current alongside tHeu®®oltage and
mean voltage produced by the proposed droop controller. It is seen that the pibgeses
voltagedroop controller produces a sinusoidal reference current, and tlemtccontroller tracks

the reference current perfectly.
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Figure 5-16: Grid current and reference current with proposed DC-bus voltage
droop controller.

Figure5-17 displays the output power of the gddnnected VSI alongside the Eilis voltage

and mean voltage produced by the propd3€dbus voltagedroop controller. It is seen that the
output power tracks the changes in the-@G voltage Furthermore, the obedloop system

shows a very good transient response due to the immediate action of the droop controller as well

as sampling of the D®us voltage through the proposed sensing technique
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Figure 5-17: Output power of VSI with proposed DC-bus voltage droop controller.

In Figure5-18, the DCGhus voltage and mean voltage produced by the profd8dous voltage
adaptive droop controlleare shownThe mean voltage is seen to take the average of tHeuSC
voltage, producing a clean DC voltage signal. Furthermore, it can be seen that the adaptive droop

controller is successful at keeping the mean voltage constant.
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Figure 5-18: DC-bus voltage and mean voltage produced by proposed DC-bus
voltage adaptive droop controller.
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Figure 5-19 displays the grid current and reference current alongside tHeu®®oltage and
mean voltage produced by the propoB¥tibus voltageadaptive droop controller. It is seen that
the proposedC-bus voltageadaptive droop controller produces a sinusoidal reference current,

and the current controller tracks the reference current perfectly.
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Figure 5-19: Grid current and reference current with proposed DC-bus voltage
adaptive droop controller.

Figure5-20 illustratesthe output power of the gricdonnected VSI alongside the Ebs voltage

and mean voltage produced by the propoBé€ibus voltageadaptive droop antroller. The
changes in the output power result from the changing grid current rather than-thes@@ltage,

which is seen to be constant. Furthermore, the output power does not contain any ripple, due to
the fact that the mean voltage is being usgdhe proposedC-bus voltageadaptive droop

controller.
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Figure 5-20: Output power of VSI with proposed DC-bus voltage adaptive droop
controller.

Figure5-21 shows the D@us voltage and mean voltage, grid current and output power of the
grid-connected VSI with the propos&C-bus voltageoptimized adaptive droop controller. This
figure shows how the D®us voltage changes in order to minimize the ripplerent of the

inductor and in turn minimize the losses of the output filter.

Simulation resultspresented in this sectipronfirm the feasibility of the proposed Dils

voltage control approach and demiateits superior performance compared to taventional

Pl regulators.
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Figure 5-21: DC-bus voltage, mean voltage, grid current, reference current, and
output power of VSI with proposed DC-bus optimized adaptive droop controller.

5.6 Experimental Results

In order to examine the feasibility of the propo$2@-bus voltagecontrollers and evaluate the
performance of the closddop control systenthe contollers have been implemented usihg
1kW experimental prototypd he VSI speciftations are presented in Table 5. The power module
specifications are the same as those presented in Table JiroposedC-bus voltagecontrol
algorithms have been implemented using VHDL order to investigate the performance of the
DC-bus voltage camoller, a DC/DC converter is used as the first stage of astage power

conditioning system.
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Table 5: VSI SPECIFICATIONS FOR DC-BUS VOLTAGE CONTROL.

Symbol PARAMETER Value

Po Output Power 1KW

Vic Input Voltage 400-450VDC
Vg Grid Voltage 85-264VAC
fow Switching Frequency 20 kHz

l o,max Maximum Output @rrent 10A

Ly Inverter Side Inductance 2.56mH
Ry Inverter Side Resistance 35mQ
L, Grid Side Inductance 0.307mH
R, Grid Side Resistance 15mQ
C LCL-Filter Capacitance 10pF

Csus DC-BUS Capacitance 270uF

In Figure5-22, the transient response of the conventionalobD€ voltage PI controller is shown.
According to this figure, the transient response is very sluggish, lasting several line cycles. This is
due to the lovbandwidth of the PI controller, which is necessary to remove the double frequency
ripple. This also affects the quality of the current injected to the grid during transients, which can

be seen in the figure.
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Figure 5-22: Transient response of conventional DC-bus voltage PI controller.
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Figure 5-23 shows the transient response of the proposeebu3Cvoltage adaptive droop
controller, which produces a constant s voltage under a positive stefaoge of 50%. This
figure shows that the controller responds irdiately to the step change and also maintains the

DC-bus voltage constant.
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Figure 5-23: Transient response of proposed DC-bus voltage adaptive droop controller with
positive step change.
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Figure 5-24 shows the transient response of the proposeebu3Cvoltage adaptive droop
controller, which produces a constant{@s voltage under a negative step change of 50%. This

figure also shows a very fast transient response.
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Figure 5-24: Transient response of proposed DC-bus voltage adaptive droop controller with
negative step change.

Figure 5-25 shows the transient response of the proposeebu3Cvoltage adaptive droop
controller, including thénverter current, under a positive step chaafjg0%. And Figures-26,
shows the transient response of the proposedbi¥Ovoltage adaptive droop controller, including
the inverter current, under &gative step changd 50%. These figures confirm thahé¢ injected
grid current is of very high quality and proves that the cldsed system remains stable under

severdransients.
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Figure 5-25: Transient response of proposed DC-bus voltage adaptive droop controller with
positive step change, showing inverter current.

I T S o SN

DGBUS Voltage

7y
Grid-Current -
o N Vo P N\
ey N A FANAY NN P ™, P UEED oo I
Y 4 Xo B ¢ N oA e et e et . e

F 5
b o " N N

B
0.0 ms] (Trigger
50.0 Vidiv 165 Vidiv 2.50 Addiv 250 Afdiv 20.0 msidiv | Stop oma
-265 ¥ offset 0.00 V offset 0.00 A offset 0.00 A offset 500 kS/s JEdge Positive

Figure 5-26: Transient response of proposed DC-bus voltage adaptive droop controller with
negative step change, showing inverter current.
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The experimental results presented for the proposed adaptive droop controller demonstrate a very
fast and stable transient performance. However, the controller does not reduce the current ripple
as it is only respotisle for keeping the Déus voltage constant. The current ripple for the DC

bus voltage adaptiveraop controller is shown in FigureZ (a) and Figur&-27 (b). These

figures depict the high amouwf ripple across the invertaide inductor. This rippl@reatly

contributes to the system power losses.
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Figure 5-27: (a) Current ripple of proposed DC-bus voltage adaptive droop controller, (b)
enlarged.

The poposed DGbus voltage optimized adaptive droop controller is able to reduce the ripple and
in turn decrease the power losses of thd-gonnected VSI. Figur&é-28 shows the transient
response of the proposed B0s voltage optimized adaptive droop conénolinder a positive
stepchange of 50%. According to this figure, the optimized adaptive droop controller determines
the optimal value of the DBus voltage, such that the current ripple of the invesith filter
inductor is minimized. Also, it showsvary fast transient response due to the immediate action of
the controller.Figure 5-29 also shows the transients response of the proposdal®@oltage

optimized adaptive controller under a negative step chaing@%.
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Figure 5-28: Transient response of proposed DC-bus voltage optimized adaptive droop
controller with positive step change.
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Figure 5-29: Transient response of proposed DC-bus voltage optimized adaptive droop
controller with negative step change.
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Figure 5-30 shows the transient response of the proposedhu3Croltage optimized adaptive
droop controller, including the inverter current, under a positive stemehat 50% And Figure
5-31, shows the transient response of the proposedu3dCroltage optimized adaptive droop
controller, including the inverter current, under a negative step chan5@%. These figures
confirm that the injected grid current is of very high lgyaand proves that the closéabop

system remains stable under severe transients.
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Figure 5-30: Transient response of proposed DC-bus voltage optimized adaptive droop
controller with positive step change, showing inverter current.
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Figure 5-31: Transient response of proposed DC-bus voltage optimized adaptive droop
controller with negative step change, showing inverter current.

Figure 5-32 shows the current ripple of the inversédle inductor.Comparing this figure with
Figure 5-27(b), it is concluded that the optimized adaptive droop controller resulis
significantlylower current ripple across the inversde inductorTherefae, the losses resulting

from this current ripple are greatly reduced.
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Figure 5-32: Current ripple of proposed DC-bus voltage optimized adaptive droop
controller.

Figure 5-33 presents the efficiency cuneé the proposed D®us voltage optimized adaptive
droop controller, and also presents the efficiency curve of the propostdiIitage adaptive
droop controlleiwith a constant DEbus voltagelt is shown that the ppmsed DGbus voltage
optimized adaptive droop controller is able to increase efficiency by minimizing the power losses

in the systenparticularly for light loads
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Figure 5-33: Efficiency curves of proposed DC-bus voltage optimized adaptive droop
controller and proposed DC-bus voltage adaptive droop controller.
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5.7 Chapter Summary

In this chapter, a novel DBus voltage sensing technique swproposed, which effectively
removes thelouble frequency ripple from the Bialis voltage signal and prevents the ripple from
propagating into the current control loop. This sensing technique calculates the mean value of the
DC-bus voltage and feeds it back into the -D@ voltage controller rathghan the DEbus
voltage. The mean value of the BM0s voltage does not contain any low frequency AC
components, thereby eliminating the double frequency ripple from the now purely DC feedback
signal. This allows the D®us voltage controller to have aryénigh bandwidth compared to the

conventional controllers.

A novel DC-bus voltage control method waroposed, that provides fast performance during
transients. The proposed controller is based on a droop controller, which uses reverse
proportional gaino decrease the controller output as positive error increases (and vice versa).
This controller offers instant action during transients, which considerably increases the speed of
the control system. A steadyate analysis of the system with the proposedtroller is
conducted, which is used to design the gains of the controller. Dynamic analysis of the proposed

droop controller is also provided, which investigates its behavior during transients.

A new DC-bus voltage control method wg@roposed, which ia variant on the droop controlier

based method. It is called an adaptive droop controller, due to the fact that the droop gains are
adaptively changed in order to regulate theliS voltage to a constant value. This controller is
well-suited towards cerlita hybrid renewable energy applications, where a constanbu3C

voltage is required.
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A novel DC-bus voltage control method weproposed, which is a variant on the proposed
adaptive droop controller. For many applications, a constarbi@Groltage is natequired, and

for these cases it is more beneficial to generate a variableuB®oltage that reduces the power
losses of the system. The proposed controller is called an optimized adaptive droop controller,
due to the fact that it adaptively changes gfains of the controller in order to minimize the
overall power losses of the systemd improve its efficiencyOne of the main sources of the
system’'s power |l osses is the output filter
inductor(s) areproportional to the inductor current ripple. Thus, the optimized adaptive droop
controller minimizes the inductor current ripple by adaptively changing the droop gain such that

the operating point is set at a point that will keep the inductoercuripgde as low as possible.
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Chapter 6

Stability Analysis of a Closed-Loop Grid-Connected VSI with LCL Filter

Every control systermust be able to demonstrate stable performance bieferseen as a viable

option for industrial applicationg hus, in this chapter the stability of the proposed clésed

control system is explored. For linear systems, the mathematical manifestation of stability occurs
when all eigenvalues of the linear dynamical system, or poles of its characteristic palynomi

have a negative real value. For nonlinear systems, the proof of stability is not as straightforward

as it is for |inear systems. The wuse of Lyapun
taken when analyzing the stability of a nonlinear systélowever, finding the appropriate

Lyapunov function can be very challenging for some systems, and there is no systematic way of
finding a Lyapunov function. This igne ofthe main factas that prevents the use of nonlinear

closedloop control systemsdm becoming more prevalent.

There is a solution which eases the challenge of proving stability for nonlinear -ldoped
control systems. Ais solution is defined by the singular perturbation contr@bty, which allows

a nonlinear dynamical system te broken down into subsystems with different time sd&@gls

[93]. This approach is particularly suited towards systems with state variables that have different
rates of change. The application of this theory towards-agithected VSIs is advantageous,

since certain state variables of this system have very different rates of change. For example, the
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rate of change of the DBus voltage is much slower than the other state variables. Therefore, the

grid-connected VSI system model can be divided into twindtssubsystems.

The proposed closddop control system of the grcbnnected VSI is composed of a slow
external voltage loop and a fast internal current loop. The two loops can be divided into two parts
with different rates of change (also referredatodifferent vector fields), as the current control
loop has much faster dynamics than the comparatively slow voltage control loop. The current
control loop has fast dynamics, and is duly namedakeboundary layefThe voltage loop has

slow dynamicsand is named th&low quasisteady state

In this chapter, first the mathematical model of the -gddnected 8l with an LCL filter is
given and analyzed using singular perturbation contr@bry. Then, the system is divided into
two subsystems withifferent dynamics and the stability of the entire system is analyzed

accordingly.

6.1 Mathematical Model Analysis

In order to find the rate of change of state variables in the mathematical model of the grid
connected VSivith an LCL filter, normalized stat&ariables are used in the model equations.

Therefore, the normalized dynamics are given by:

I,L diim,,pu _ . Iy

Vbl dt - R’llinv,pu\Tb +VBUS,pu(2d - 1)_ VC,pu (6'1)
I,L dig,pu _ . [,

Vbz dt - R2|g,pu\7b +VC,pu - Vg,pu (6'2)
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Vi€ Ve pu _ i

| dt ~linv,pu~ 'g,pu
b

VbCBUS dVBUS, pu _

=i 2d-1
Ib dt depu |nv pu( )
where V, =V, o, =500/, R =1kW, and I, :\% =2A.
b
. | A V)
— 9 BUS, pu
IQ,DU - I_’ Vc,pu \7 andvBUS pu — Vb .

Egs. (61)-(6-4) can be rewritten in the form given below:

Furthermore, i

el—"l— f,(X,u)
dx,
e —=="f,(X,u
dxg
e —=f,(X,u
dx, _
e,—="1,(X,u
ot (X, u)
where g = by .8, = L, .6 =\£, e = YeCoaus Furthermore,
V, V., I
b b b b
X1:iinv,pu7
X, = |gpu,
X3 cpu’
X4:VBUS,pu’

fl(xlu):-Riinv,pulb BUSpu(Zd 1) Ve pus

fz(X,U) Rzlg pu b Cpu -V,

g,pu’
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(6-3)

(6-4)

inv,pu |

(6-5)

(6-6)

(6-7)

(6-8)



f,(X,u) =i [ and

inv,pu - g,pu’

f,(X,u) 2d - 1).

= idc,pu - iinv,pu(
According to (65)-(6-8), the rate of change of,is muchslower than the rate of change of the

other state variables sineg> > , wherei =1,2,3.

6.2 Stability Analysis

According to (61)-(6-4), the system has nonlinear dynamics due to the coupling between the
control input and thetate variables. Thus, the stability analysis of this nonlinear system is
challenging. However, since this system can be expressea istahdard form set out by the
singular perturbation contrahé¢ory, as seen in {B)-(6-8), this theory can be used toadyze the

stability of the slow dynamics and fast dynamics of the system separately.

Due to the fact thag, > >, this confirms that the dynamics of the dDGs voltage are much

slower than the dynamics of the rest of the state varidbtegively, this is correct as it is known
that the external voltage loop is much slower than the internal current loop. In order to separate
the dynamics of the system some conditions should be satisfied. These conditions are laid out by

Ti k h on orem [BF]. Thidtkeorem states that for the system defined below,

% = f(x, z,t)
dt (6-9)
md—Z =g(x,zt)
dt ) )
the singular limit,/77= 0, is used to obtain the following system,
dx
—=f(x,zt
dt ( ) (6-10)
z=7(xt)
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where the second of these eqmas is the solution ofg(x, z,t) =0. Eq. (610) is called a
degenerate system. Whem converges to zero, the solution of syster®)Bends to the solution

of the degenerate system given byl(® if z=7(x,t) is a stable root of the adjoined system

dz
—=g(x,z1t).
p a(x, zt)

In this systemx represents the DBus voltage and represents the other state variablgs (g,

andv,). Thus, according to singular perturbation theory, the current control lodpeda@ated as
separate from the voltage control loop. The current control loop has fast dynamics and is called
the fast boundary layer, while the BiDs voltage control loop has slow dynamics and is called

the slow quassteady state. From the perspectdfethe DCGbus voltage control loop, the grid
current has almost immediately reached its final value, since it has much faster dynamics than the
DC-bus voltage control loop. From the perspective of the current control loop, tHau$C

voltage is almost cotent since its dynamics are so slow.

Now, it must be shown that the condiforithens | ai
particular system. Figuré1 shows the general block diagram of the cldseg control system

for the gridconnected VB . According to this figure, and
analysis of the system must begin with the current control loop as it is a part of the fast boundary
layer. Once the stability of the fast boundary layer is established, then it is cahthadehe

conditions for Tikhonov’'s theorem, and in par

solution, are satisfied. Therefore, the stability of the fast boundary layer must be proven.

The open loop fast boundary layer is given by:

#=AZ+Bu (6-11)
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where,

228 8.0
Z:gz(?:a:!go
o) o)
B0 B¢
0_ _1~
%_Ri O _8 aVBUS(NJ
b 0 el 8
A=Z0 R 105-20 6 u=(2d-1).
L, L, & 0
& 0 0
g & o & ¢
cCc C 2 ¢

ClosedLoop
Current Controller

Current | y | Grid-Connecte > VBus

Controller | | SinglePhase VS

A

Vier + Voltage |'rer+
_'@_' Controller

- A
VBus

\ 4
el

Figure 6-1: General block diagram for closed-loop control system.

According to Chapter 4, the clostabp fast boundary layer is derived by inserting the control
input as follows:

u=v- KZ (6-12)
Therefore, the inner current loop clodedp dynamics are given by:

#=(A- BK)Z+Bv (6-13)

where
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- R-K, -K, -1- Ky 8
z L L L 3
& - -1 6
A-BK=5 0 LR2 L o (6-14)
& 21 2.0
= - o @
£c < :

andK;, K,, andK; are the state feedback coefficients.

The stability of the solution is determined by the eigenvalue&-BK. In Chapter 4K was

designed such tha-BK has $able eigenvalues. This condition guarantees the assumptions of

Ti k honov ' Howdvdr,¢hs is baved on the assumption dindy thelinear feedbaclart

of the CNF controlleis considered for the closddop stability analysis. The nonlinear feedba

part of the CNF controller brings more complexity into the stability analysis and changes the
global stabity to local stability, afterl i neari zati on according to L
Intuitively, the nonlinear feedback serves to increase the idgngd the system, and in turn

makes it more stable. However, this stability analysis can only show the local stability of the
current control loop. Thus, different domains of attraction are considered in order to thesure
first assumpttheorem (that thdinitlallpain ie withis the domain of attraction)

The worstcase scenario is when the nonlinear feedback is zero, as there is the least amount of
damping at this point. As the control output approaches the reference value, the nonlinear
feedback pushes the closedp poles further into the operftidalf plane. Therefore, trebomain

of attraction is always approached, no matter where the initial value is, which ensures that the
first assumption of Ti k hon den’using the €MF @ment i s al
controller. Therefore, it is concluded that the stability of the cleleeg can be restricted to the

stability of the DGbus voltage considering that the fast boundary layer has reached its final

value. The final value d is given by:
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g g gnvg %ref Sin(Wt)+ ch/g Sin(Wt)+ LZVMref COth)]g
Z =26, 6= | o sinut) 6 (6-15)
22 &2 ge V, sin(ut) + Ll ., cogwt) 0

This final value is substituted into the BDs voltage dynamics, as given in4p Figure 62
shows the general block diagram of the clesegh voltage control system. Substituting1()
into the DCbus vdtage dynamics and averaging the system over half a cycle to derive the mean

value reveals the voltage loop dynamics to be the following:

dx _ 1 .
a = gldc - ki I max@ kdroo;}/maxa - kdroor)(a
(6-16)
11 VY, . . . .
wherea = — ——, and Vv, is considered to be constdrom the point of view of the fast
BUS VBUS

boundary layer, as it is a part of the slow gisisady state. The eigenvalue can then be found
from the dynamical equation for the mean voltage, as follows,

/ =- kdmO,ﬁ (6-17)

Since this eigenvaluis a negative value, the stability of the slow gtsisady state is proven.

Therefore, the overall stability of the system, considering that the fast boundary layer is also

stable, is proven.

Vref_t@_> Voltage e R ClosedLoop VB:S
Controller Current Control

Figure 6-2: General block diagram of outer closed-loop voltage control system.
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6.3 Chapter Summary

In this chapter, the stability of the propdsclosedoop control system waanalyzed. When
including the DGbus dynamics, the grdonnet¢ed VSI with an LCL filter is nonlinear, and it

can be difficult to determine its stability
stability theorem. However, since the internal current control loop and tieenal voltage

control loop hae signifcantly different rates of change, the Singular Perturbation Control Theory

is used instead to determine whether the system is stable, which is a simpler approach in this case.
This theory states that the whole system can be divided into two subsysténdsffeient rates

of change and analyzed accordingly. Thus, the internal current control loop is called the fast
boundary layer, and the external voltage control loop is called the slow-steady state.

Ti khonov’'s theor em s tyaayer has stdble roots, then the gabilftyaiss t bo
confined to determining the stability of the slow qusteiady state. In this chapter, the fast
boundary layer is shown to have stable roots and the stability of the slowstpeahy state is also
confirmedthrough discovering that its eigenvalues are in thehigft plane. Thus, it is shown that

the proposed closddop control system istable by way of the Singular Perturbation Control

Theory.
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Chapter 7

Conclusion

In this thesis, th analysis, control, and design of a gr@whnected VSI with an LCL filter for
renevable energy applications has bepresented. The main challenges of designing an
appropriate control scheme for the gcishnected VSI with an LCL filtehave beendentified

and addressed through the novel control approaches presented in this thesis.

7.1 Summary of Contributions

The main contributions of this thesis are summarized as follows:
1. Determining the behavioral characteristics of the-gadnected VSI with an LCHilter

gives insight into the process of designing an appropriate control approach for the system
In this thesis, the system has bamalyzed from a geometric point of view. In particular,
a Poincarémap of the grieccomected VSI with an LCL filter haseenconstructed. The
Poincarémap has beensed todetermamn t he sy st e m’ alsoleénasbditd i t vy,
obtain a geometrical representation of the system that shows the behavioral
characteristics of the system flow, such as the harmonics resulhimgtiie interaction
between the forced input frequency and the natural resonant frequency of the system.
Through this mapit has beenletermined that the grcbnnected VSI with an LCL filter

has marginal stability due to the natural resonance causetiebyhirdorder filter.
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Furthermore, it has beeshown that the ratio between the forced input frequency and the
natur al resonant frequency of the system af
A current control method has been proposed, called composite nonleegdvack

(CNF), which produces significantly improved overall performance compared to the
stateof-the-art current control approach of a PR controller with state feedback. The CNF
current control method combines linear and nonlinear feedback signalptroverthe
closedloop transient and steadyate response of the system. The linear part of the CNF

is a state feedback controller, which can stabilize the current control loop by placing the
closedloop poles into the open Idfialf plane. The nonlinearapt of the CNF is designed

such that the damping ratio is being increased as the output converges to the reference
value. This leads to a very fast transient response, while producing no overshoot, and a
well-damped system during the steadgte operatianThus, both the transient response

and the steadgtate performance are improved. In order to verify the performance of the
proposed closetbop system, a 1 kW experimental prgime of the grisconnected VSI

has beerlesigned. The prototype includes a-b@s capacitor, a VSI, and an LCL filter
connected to the gridhe proposed control system has bieeplemented digitally using
Field-Programmable Gate Array (FPGA). Differesignal conditioning circuitry has been

used to provide appropriate feedbackisig for the analotp-digital converters.

An observer has begiroposed, which is able to reduce the number of current sensors
required for the gristonnected VSI with an LCL filter. The observability of the grid
comected VSI with an LCL filter has beemalyzed in order to determine which state
variables are obserlle. Two different observers have beanplemented: (1) the
Luenberger observer (LO), and (2) the slidingd®observer (SMO). The performea

of the proposed observers have been comparedraiyzed. It has beesthown that both

observers provide fast and accurate estimations of the VSI output current, while reducing
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costs, noise, and phase delay introduced by the use of current sensors. The SMO provides
a marginally faster estimation than th®, at the cost of adding some chattering to the
estimated signals.

A discrete DC-bus voltage sensing technique has beesposed, which effectively
removes the double frequency ripple from the-R(S voltage signal and prevents the
ripple from propagatig into the current control loop. This sensing technique calculates
the mean value of the DRBus voltage and feeds it back into the -D@& voltage
controller rather than the DRBus voltage. The mean value of the -D@s voltage does

not contain any low fragency AC components, thereby eliminating the double frequency
ripple from the now purely DC feedback signal. This allows the-bDE voltage
controller to have a very high bandwidth compared to the conventional controllers.

A novel DC-bus voltage control nieod has beenproposed, that provides fast
performance during transients. The proposed controller is based on a droop controller,
which uses reverse proportional gain to decrease the controller output as positive error
increases (and vice versa). This cotér offers instant action during transients, which
considerably increases the speed of the control system. A stddyanalysis of the
systemwith the proposed controller has beemnducted, which is used to design the
gains of the controller. Dynamianalysis othe proposed droop controller halsobeen
provided, which investigates its behavior during transients.

A new DC-bus voltage control method has bgmoeposed, which is a variant on the
droop controllebased method. It is called an adaptireop controller, due to the fact

that the droop gains are adaptively changed in order to regulate thedDltage to a
constant value. This controller is wellited towards certain hybrid renewable energy

applications, where a constant i0s voltages required.
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7. A novel DC-bus voltage control method has bgaoposed, which is a variant on the
proposed adaptive droop controller. For many applications, a constanu®@ltage is
not required, and for these cases it is more beneficial to generatéablevddCbus
voltage that reduces the power losses of the system. The proposed controller is called an
optimized adaptive droop controller, due to the fact that it adaptively changes the gains of
the controller in order to minimize the overall power |lessé the system. One of the
main sources of the system s power | osses
incurred by the output filter inductor(s) are proportional to the inductor current ripple.
Thus, the optimized adaptive droop controller miizes the inductor current ripple by
adaptively changing the droop gain such that the operating point is set at a point that will
keep the inductor current ripple as low as possible.

8. A stability analysis has bearonducted using thergular perturbationcontrol theory,
which allows a nonlinear dynamical system to be broken down into subsystems with
different time scales. The application of this theory towards-gpithected VSIs is
advantageous, since certain state variables of this system have vergntiffiges of
change. Furthermore, this stability analysis approach is considerably simpler than the
Lyapunov stability theorem. The results of the stability analyaiseconfirmed that the
proposed closetbop gridconnected VSI with an LCL Ifer islocally stable. It has been
confirmed that the marginal stability of the system resulting from the natural resonance is

rectified through the proposed Eflis voltage and current control methods.

144



7.2 Future Work

A continuation of this research candmnducted in the following areas:

1. The proposed closddop control system can be applied to VSIs with unipolar
modulation. Unipolar VSIs have very different dynamic behavior than bipolar VSis.
Thus, the application of the proposed clekszp control syste using a unipolar VSI
can be advantageous due to the higher gains of the unipolar VSI. The proposed optimized
adaptive droop controller used in combination with a unipolar VSI could potentially
reduce system losses even further.

2. The proposed closddop mntrol system can be implemented using an Application
Specific Integrated Circuit (ASIC). The ASIC is a good solution when it comes to the
commercialization of gristonnected VSils, as it is compact and has a lower cost for
higher production volumes. The KSof the proposed closddop control system would
contain a microprocessor, memory blocks, an angdafigital converter block, and any
conditioning circuitry required for this application.

3. The gridconnected VSI with an LCL filter has been testem@giss DC/DC converter as
the input stage to simulate a PV power conditioning system. However, the performance
of the closedoop control system for the VSI can be further investigated by testing it with
a hybrid system, which includes a WT power conditigngystem in addition to a PV
power conditioning system.

4. The proposed current control loop can be extended to-pivese systems, which are
more common for higher power applications. Moreover, the proposed-deseg DC
bus voltage control loop can albe extended to thrgghase systems. Hower, the mean
value calculator @uld be eliminated in this application, as the balanced binase

system does not produce a double frequency ripple in theud®oltage.
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Appendix A: Phase-Locked Loop

The gridconnected voltage source inverter requires synchronization between the grid voltage and
the voltage or current synthesized by the converter. The grid synchronization algorithm is chiefly
responsible for detecting the phase angle of the grid voltage vector. The phase angle of the grid
voltage vector can then be used to synchronize the control variables of toergratted VSI.

One of the most important uses of the phase angle is to ctr@npbwer flow. The power flow is
controlled by adjusting the phase of the output current relative to the grid voltage. In this work,
the gridconnected VSI delivers active power to the grid, which means that it operates at unity

power factor.

Although rot covered by this work, accurate phase angle information is also essential in order for
the gridconnected VSI to provide reactive power compensation, harmonic current cancellation,
etc. Without grid synchronization, the gigdnnected VSI can suffer fropoor performance or

even instability. Preferably, the grid synchronization technique should be able to provide a clean
synchronization signal despite the presence of noise, harmonic distortions, voltage unbalance, and

frequency variations in the input sig.

The phasdocked loop (PLL) is the most commonly used approach to achieve grid
synchronization. The singlghase phaskcked loop consistof three main components (Figure
A-1): a phase detection scheme, loop filter (LF), and voltage controlleithtmsc{VVCO). The

phase detection scheme, generally implemented using a multiplier, is responsible for finding the
difference between the phase angle of the input signal and the output signal. The output of the
phase detection scheme consists of two camapts. The first component is a function of the

phase difference between the input signal and output signal and the second component is at a
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frequency of twice the signal frequency (this is called the double frequency ripple). Since the
second component diie phase detection scheme output is not useful, it can be partially removed
using the loop filter. The bandwidth of the loop filter should be small so that it can remove both
the double frequency ripple as well as any unwanted noise. However, if theiditinis too

small, then this will affect the dynamics of the system. Thus, choosing a proper filter bandwidth

is an important PLL design consideration.

input | Phase Detectior
Scheme

!

Figure A-1: Block diagram of a general single-phase phase-locked loop.

F

Loop Filter > VCO

The main drawback of the singtdase PLL is that the loop filter is not able to completely
eliminate the double frequency ripple without noticeably slowing its performance. However, the
method proposed in this previous Wwaf [94], called the enhanced synchronous reference frame
PLL, can be used to eliminate this problem by allowing for selective filtering of certain
frequenciegFigure A-2). This method uses an adaptive notch filter (ANF) to selectively remove
the doublefrequency ripple. The adaptive notch filter was propded@®5], and is able to filter

out a chosen sinusoidal component of a given signal. It is different from the notch filter in that the
notch frequency is adaptive (due to the addition of a frequestapagion loop), allowing it to
change the notch frequency based on the changing frequency of the input signal. This is a useful
improvement on the conventional notch filter, as it can become less efficient or even inadequate if

its bandwidth is very shaignd there is a change in the signal frequency.
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Figure A-2: Block diagram of the enhanced synchronous reference frame phase-locked loop
[94].

The block diagram of the digital control scheme tfoe gridconnected VSI with an LCL filter,

including the PLL, is presented in Figuke3.
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Figure A-3: Digital Control of Grid-Connected VSI with LCL Filter including enhanced

synchronous reference frame PLL.
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Appendix B: LCL Filter Design

To design the LCL filter, the following guidelines were used:
1. The resonant frequency of the filter must be between the line frequency and

switching frequency.

fI < fr < fsw
It is preferable to have the resonant frequency as close as possible to the switching
frequency. By setting one of the inductors to be much larger than the other, the
resonant frequency becomes much higher than if the two inductors were of similar

sizes.

2. At the switching frequency, the filter should be designed such that the capacitor
impedance is much lower than the gside inductor impedanc#.the impedance
of the capacitor is lower than the impedance of the-gidd inductor at the
switching frequacy, then the current through the capacitor must be higher than
the current through the output inductat that frequencyThis allows the
switching frequency current to be drained into the capacitor, instead of being

injected into the grid.

3. Thetotal harnonic distortion output should be limited to the values given in the

following table according to [11].

Table 6: MAXIMUM GRID HARMONIC CURRENT INJECTION [11].

Individual harmonics h<11 11 h<17 17 h<23 23 h<35 35 h
order h (odd harmonic)
Percent (%) 4.0 2.0 15 0.6 0.3
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4. The filter inductors must not be large enough to significantly impact the power
factor of the gridconnected VSI. Thus, the voltage drop acrbasswhere
L=L;+L,, must be minimized by choosing filter inductors tha¢ as small as

possible in size.

Based on thestmur design criteria, the design parameters forliBGé filter are given in

the following table.

Table 7: LCL FILTER COMPONENT DESIGN.

Parameters Value
Inverter output inductance {L 2.56mH
Grid-side inductance () 0.307mH
Filter Capacitance (C) 10uF
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Appendix C: Printed Circuit Board Schematics

Two printed circuit boards (PCBs) were designed for the experimental implementation of this
work using Altium Designer software. In Figuke-4, the PCB schematic for the power circuit of

the gridconnected VSI and the cotidning circuitry for sensors ashown.

!

Bl 1

!

Figure A-4: PCB Schematic for Grid-Connected VSI with LCL Filter.
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An auxiliary power supplyis required for the power circuit, which is necessary for providing
isolated sources of power to different components of the power circuit. The PCB schematic of the

auxiliary power supply is shown in Figure-5.
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Figure A-5: PCB Schematic for Auxiliary Power Supply of Grid-Connected VSI.
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Figure A6 and Figure A9 show the four different layers of the PCB layout.

§=:_:9:="'=F1I:I

Figure A-6: PCB Layout for Grid-Connected VSI (Top Layer).
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Figure A-7: PCB Layout for Grid-Connected VSI (Mid Layer 1).
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Figure A-8: PCB Layout for Grid-Connected VSI (Mid Layer 2).
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Figure A-9: PCB Layout for Grid-Connected VSI (Bottom Layer).
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