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ABSTRACT

This Master thesis presents a three phase gridectegoh DC/AC inverter with active and reactive
power (VAR) control for medium size renewable amgtributed DC energy sources. The inverter, based
on a voltage sourced inverter (VSI) configuratiatipws the local residential energy generation to
actively supply reactive power to the utility gridt the same time, this topology allows to works thi
installation in stand alone (grid disconnected) enaghintaining nominal and clean voltage at nominal
power. A low complexity grid synchronization methads introduced to generate direct and quadrature
components of the grid voltage in a simple and adatpnally efficient manner in order to generate a

synchronized current reference for the current loaptrol.

The main goal of this project is to study and t@liement the control system of a grid-tied with
LCL filter. The objectives of the project are digilin two parts: theoretical and experimental wanmk.
the theoretical part, harmonics, inverter topolegidter topologies, the design and the perforneaat
the system will be discussed. Simulations weregoeréd on Matlab/Simulink platform and a prototype
was also developed in the lab to prove the effentgs of the designed filter, controllers and grid
synchronization method. The dSPACE hardware indbp (HIL) was used, providing a good solution

for laboratory implementation.
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CHAPTER 1
INTRODUCTION

11 Objective

This thesis deals with the design, analysis andeémentation of a three-phase grid-connected
DC/AC inverter, where the input is a typical renéleaenergy source such as a photovoltaic arrays Thi
inverter has an advanced control that allows actwel reactive power (VAR) control, focusing
residential low power distributed applications. Thain contributions in this work are the developtaen
of harmonic filtering analysis plus the design aahtrol of the inverter with grid synchronization

techniques that may contribute for the state-oframterconnected grid inverter technology.

Initially the principles of three-phase grid conteetinverter are presented in order to understand
the basis for this work. A broad literature reviesmpresented in order to cover system configuration
voltage and current controls, active and reactowegy controls and grid synchronization methodsthét
end of this chapter, the motivation and novel abaotions derived in this work are presented, suppor

the goals and procedures taken in this research.

1.2 Background and Motivation

The penetration of renewable and distributed ensogyces is increasing exponentially all over
in developed and developing countries. More strimggid requirements imposed by utility operatars a
aimed in maintaining grid stability because of mmdnature of such non-dispatchable and dispersed
small power plants. Distributed energy sourcescarmected to the grid through power converters lwhic
besides transferring the generated dc power toathgrid should also be able to exhibit advanced
functions like: dynamic control of active and reaetpower, stationary operation within a range of
voltage and frequency, voltage ride-through, reactiurrent injection during faults, participationgrid

balancing act like primary frequency control, ands [1].

The application for higher power must be managedhaydistributed generation system; and
such, usually leads to the use of more voltageldewethe inverter, leading to more complex stroesu
based on a single-cell converter (like neutral poiamped multilevel converters) or a multicell erter
(like cascade H-bridge or interleaved converters)the design and control of the grid converter the
challenges and opportunities are related to thel wéeising a lower switching frequency to manage a

higher power level as well as to the availabilifyaomore powerful computational control hardward an



more distributed intelligence, e.g. sensors anthénPWM drivers, Interconnections with the protati
system, participation of multiple users and theicidion constrains [1]. In addition, applicatiorishigh-
power converter systems in electric power systemiewn the past limited to high-voltage DC (HVDC)
transmission systems and to some conventionat f&R compensator (SVC) and electronic excitation
systems of synchronous machines. However, sincelatee 1980s, the application of high power
electronic converters in electric power systemsgkneration, transmission, distribution, and delvof
electric power, have been continuously advanciryfarding further applications [2]. The main reason

are:

» Ongoing advancements in microelectronics technolwgye enabled realization of sophisticated
signal processing and control strategies and theegonding algorithms for a wide range of
applications;

* Restructuring trends in the electric utility seatequire power-electronic-based equipment to deal
with issues such as improved reliability under potr@nsmission and distribution congestion;

e Continuous growth in energy demand has resultezloige-to-the-limit utilization of the electric
power utility infrastructure, calling for the emploent of electronic power apparatus for stability
enhancement;

» Deeper utilization of green energy as a responsthaoglobal warming and environmental
concerns, associated with centralized power gapnarataused a momentum with economic and
technical viable solutions for renewable energyoueses interfaced with the electric power
system through power electronic converters;

» Development of new operational concepts and stiegedor microgrids, active networks, and
smart grids [3]. Such applications require extemsige of intelligent based control for power
electronic converters;

* Need of enhanced high efficiency and reliable caeve for the existing power generation,
transmission, distribution, and delivery infrasture;

» Integration of large-scale renewable energy resmuand storage systems in electric power grids;

» Integration of distributed energy resources, bdstriduted generation and distributed storage
units, primarily, at sub-transmission and distribatvoltage levels;

* Maximization of the depth penetration of renewab#gributed energy resources;

* Avoidance of approximately 825 million metric toofsCO, emissions in the electric sector.

Therefore, all the reasons detailed above are stipgahe motivation of the current work, where

a real-time control of a grid-connected power etedt converter will be analyzed, designed and



implemented in order to support further developmeft renewable energy integration with the utility

grid.
1.3 Literature Review

This section details the background and literaturedifferent approaches for VSI controls such
as controls implemented in synchronous referenamdt rotating and natural reference frames, grid

synchronization possibilities for these controhigiques and harmonic filtering.

1.3.1 HarmonicFiltering

When a power converter is in grid-tied mode, thiedred power quality must comply with
interconnection standards [4], [5], which becomeégsign concern with inverter - grid interface dasas
well as a controller design specification. The mostmmon power converter is the voltage-source-
inverter (VSI) which produced a modulated outputage that must be filtered in order to parallelize
voltage output with the utility voltage grid. Theost common type of filter is a pure inductance (L),
which serves as an impedance for absorbing thagelvariation. Although a LC filter could potenityal
be used with transformer based interconnectiorcésihe transformer has leakage inductance), thé mos
recommended filter has a LCL (inductor-capacitatictor) topology. LCL filters seem to be a good
solution for this problem, since they offer a highlearmonic attenuation with reduced power
consumption. even with smaller inductances whenpeaoed to simple L filters [6]. The grid presents an
unknown grid impedance which may cause instaliljtythe dramatic changes of the resonant frequency
in grid tie mode with an LC filter [7], [8]. Therare different approaches to design LCL filter. Some
authors propose iterative solution for parametemkutation and optimization using sophisticated
algorithms like Particle Swarm Optimization (PS@paGenetic Algorithm (GA) [9], [10]. However it
has been observed that there is a gap in the @alyd evaluation of the LCL filter for systemadiesign
methodology [11], [12]. So the comprehensive anthitbel design procedure for the LCL filter and

stability of the overall system will be provided.

1.3.2 VS Controls

The control strategy applied to the stand-alonegritticonnected inverter usually consists of two
cascaded loops, i.e. a fast internal current l@gpch regulates the grid active and reactive currand
an external voltage loop, which controls DC linktage [13], [14], [15]. The current loop is respitbes
for power quality issues and current protectiorysttharmonic compensation and dynamics are the
important properties of the current controller [18he DC link voltage controller is designed for

balancing the power flow in the system. Usually ttesign of this controller aims for system stapili



having slow dynamics. Some authors propose a giileontrol based on the fact that the dc-link agpét
loop can be cascaded with an inner power loop adisté a current loop, so the current is not cotadol
directly [17].

There are three ways to implement current and geltantrol for VSI as described next.

1.3.21 Synchronous Reference Frame control

Synchronous reference control is also known dag control, it uses reference frame
transformatiorabc — dq (see Appendix A), to transform the grid currentl aoltage waveforms into a
reference frame that rotates synchronously withgtt@ voltage instantaneous angular frequency.rAfte
such transformation, the control variables becomeatiables, thus control and filtering can be acéd
relatively simple. This control method has beenpaeld from the electric machinery theory [18], [19],
[21]. Thedgq control structure is usually associated with apprtonal-integral (PI) strategy since they
have a satisfactory performance when regulatingad@bles. The controlled current must be in phase
with the grid voltage, so the phase angle usedéyic — dq transformation module has to be extracted
from the grid or reference voltage model. Phaskdddoop (PLL) became a state of the art in eximgct
the grid voltage phase angle for grid synchronra{i21], [22]. Synchronous Reference Frame PLL
(SRF-PLL) is the most extensively utilized techmdor frequency-insensitive grid synchronization in
three-phase system. It has disadvantage in prgabesynchronization under unbalanced grid faulid a
low-voltage ride through [1]. Another more sopluated option is Decoupled Double Synchronous
Reference Frame PLL (DDSRF-PLL), for which two dyranous reference frames, rotating with positive
and negative synchronous speed respectively ard. ddee fundamental variable estimated by this
method is the grid phase angle. This techniquespete computation time, however presents smoother

response during the transient faults [1].

1322 Stationary Reference Frame Control

Another possible control implementation can be enmnted using the stationary reference
frame [2]. In this control structure, the grid @nmts are transformed to stationary reference frasieg
theabc — af transformation (see Appendix A for explanationgréithe control variables are sinusoidal
and because of known drawback of PI controller dilifg to remove the steady-state error when
controlling sinusoidal waveforms, other controli@pes are required. One of the most popular ane wid
spread controller is the proportional resonant (Bétjtroller for current regulation of grid-tied $ys1s
[23], [24]. The main advantage of this controllerthat it achieves a very high gain around thenaso

frequency, thus being able ideally to eliminate $teady-state error between the controlled signelis



reference [25]. The infinite gain that is possilsigheory for a PR controller is not possible imgtice.
There are other modification of this kind of cohtike model predictive resonant controller desedbn
[26]. The PR controller does not work well for \abie frequency operation such as in machine drive

systems or weak-grid utility systems.

1.3.2.3 Natural Reference Frame Control

The idea ofabc control is to have an individual controller forckagrid current. However, the
different types of three phase configuration, idelta, star with or without isolated neutral mubke
considered when designing the controller. In tteasion of isolated neutral systems, the phasesaot
between each other, hence, only two controllersnaeessary since the third current is given by the
Kirchhoff's current law. Most often, having threalépendent controllers is possible by incorporating
extra considerations in the controller design, sially is the case for hysteresis and dead-beadbas
control [16].

Normally, theabc based control is has nonlinear controllers (hgsisror dead beat) because of their
good dynamic performance. The hysteresis contrad been very popular because of its simple
implementation, fast transient response, direcitilign of device peak current, and practical insgvisy
of dc link voltage ripple that permits a lower diitcapacitor. However, there are a few drawbackbisf
method. It can be shown that the PWM frequencyotsconstant (varies within a band) and, as a result
non-optimum ripple is generated in the current [Afje dead-beat current control has some limitation
bandwidth limitation due to the inherent plant gedad sensitivity to plant uncertainties [28].

In natural frame control three current references generated using the phase angle of the grid
voltages provided by a PLL. Each of them is compaveh the corresponding measured current, and the
error feeds the controller. If hysteresis or deadtlzontrollers are employed in the current lobpré is
no need of a modulator scheme. The output of tleesgrollers gives the switching states for the
transistors in the power converter. On the otherdhavhen three Pl or PR controllers are used, the
modulator is necessary to create the duty cycleshin PWM pattern. In summary, the three contrsller

have the following characteristics:

1) PI Controller: PI controller is widely used in cangtion withdg control, but its implementation
in abc frame is also possible as described in [B8ik type of controllers due to the off-diagonal
terms representing the cross coupling between thesgs are very complex and hard to

implement in real application.



2)

3)

4)

PR Controller: The implementation of PR controlfeabc is straightforward since the controller
is already in stationary frame and implementatibrihoee controllers is possible. It should be
noticed that in this case, the influence of thdaisal neutral in the control has to be accounted.
However, it is worth emphasizing that the complexi considerably reduced compared to

previous case.

Deadbeat control is a predictive control which okltes the derivative of control variables to
predict the system action. This controller has vist theoretical response which makes it
suitable for high-band-width applications, suchaasve filter or motor drive. This method, is

prone to stability issues due to model and parantiete variation [30].

For the nonlinear control schemes, hysteresis abskould be the simplest one which changes
the switching state whenever the feedback signaisesl the preset bands [31]. This control has
the advantage of fast response, inherent curneit-icapability and no need of the plant
parameters. This control scheme, has a variablelswg frequency operation, which makes it
very hard to design filters, difficult to performmame transformation, not easy to perform
interleaving technique, and could introduce oveathend electromagnetic interference (EMI)
issues. In [32], [33], [34] different methods arldaaithms to obtain fixed switching frequency

are presented.

1.4 Thesis Scope and Contributions

The research conducted to support this thesis aastd on making improvements of the

behavior of grid converter connected to the utifityd through a LCL filter, where the following rée

attributes are fully developed and consideredrfgroving grid-connected inverters for renewablergye

applications:

1)

2)

Practical and clear directions for LCL filter mouiel and physical design for VSI output
harmonic mitigation. A comprehensive and detailedigh procedure for the LCL filter has been
provided and stability and dynamics of the ovesgitem have been studied. It is found that the

design meets the industry standards keeping the Witin the given range.

Robustness analysis and design of current andgeottantrollers when connected to the grid and
in standalone mode respectively. In order to corttie inverter there are two major control
strategies, current control and voltage control YMQurrent control is the most common way to
control grid connected VSI's. A current controlleas the advantage of being less susceptible to

voltage phase shifts and to distortion in the gotlage, thus it reduces the harmonic currents to a



minimum. If operated in standalone mode, voltagetrod would be a natural choice, but when

operated in grid connected mode, current contritiésmost robust control.

3) Physical prototype implementation and proof of thkoretical conclusions. The real physical
model of inverter with appropriate control systewas built for grid connected and stand-alone

mode operation also ride through the grid connadiad disconnection modes is performed.

15 Project Outline
This thesis is structured in 6 chapters:

Chapter 1 is an introduction to the project, cantey short background, the project motivation

and the goals of the project.

Chapter 2 contains the study and development @friaw control system, design of control loops,

PLL implementation, LCL filter design, its transfeinction derivation and parameters calculation.

Chapter 3 and Chapter 5 describes the resultsmoflaiions and the experimental work which
have been done. The tests have focus on verifyiagdeveloped control system models and results

verifications through experiments.

Chapter 4 describes the electronic circuits andpeaational hardware used for the experimental

evaluation of the inverter system.

Chapter 6 is the conclusion, which includes alsorauwork.



CHAPTER 2
MATHEMATICAL AND ENGINEERING ANALYSIS

2.1 Introduction

This chapter presents thverter control design, with optimized LCL output filtering and @
synchronization through a PLL. Initia, the PLL is describednd feeds the signals for current loop,
which is implemented based on a proporti-integral (PI) controller, capable of running in atan:-
alone and grid-connected mod@&sie lastsection of this chapter shows the degigacedure for {.CL
filter, emphasizing their performance analysis d on rigorousmathematical modelir. The block

diagram of the inverter control considered in firigject is shown oFigure 2.1.
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Figure 2.1 MBock diagram of the three phase invecontrol system

The current is oriented along the active voltagamanent ), this is why this strategy is calls
voltage oriented control. A PLalgorithm detects the phase angle of the gridgtigefrequency and tk
grid voltage. The frequen@nd voltage are needed for monitoring the grid dmmws and for dynami
stability of the system. The phase angle of thd grirequired for reference frame transformal (see
Appendix A). If a Pl current control is implementethen the currents areansformed into th

synchronous reference frapand the algorith also implementthe decoupling between the two a

For stand alone mode, a standard PI controllersedd o maintain constant voltage at ou
terminals of inverterThe algorithm fornverter output voltage control in staatbne mode is versimilar

to PLL algorithm both will be discussed in following sectit.



The modulation block calculates the proper stafabeinverter switches in order to obtain the

reference input voltage.

2.2 PLL for Inverter Synchronization with the Utility Grid

A PLL system is commonly used for various signapleations such as in radio and
telecommunications, electrical motor control andhe last few years for power electronic appliaagio
PLL techniques can be adapted to work in a widguieacy spectrum from a few hertz to orders of

gigahertz.

There are mainly three types of phase locked lddfd ) systems for phase tracking: (i) zero
crossing, (ii) stationary reference frame and iipchronous rotating reference frame (SRF) baséd P
[1]. The SRF PLL is the one with good performanndar distorted and non-ideal grid conditions, aiso
is applicable for single-phase and three-phaseicgigins [35]. The reason of superior performante o

SRF PLL in synchronization will be discussed later.

221 PLL Theory

A basic PLL configuration is depicted in Figure .2The phase voltagessg,, vgp, vgc are
obtained from sampled phase voltages. These stayioaference frame voltages are then transforimed t
voltagesV,, V, (in a frame of reference synchronized to the tytifrequency) usingaff and dq

transformation.

The angled*used in these transformations is calculated bygmteng a frequency signal* and
the initial angle must be carefully setup as ihiti@ndition in this integrator. If the frequencynsmand
w”is identical to the utility frequency, the voltagésandV;, appear as DC values depending on the angle

6" [21].

The af transformation (Clarke transformation, see Apperi, allows to represent three phase
Systemuvg,, vgp, Vgc @S two phasé,and V. The control inaf frame has the feature of reducing the
number of required control loops from three to tiowever, the reference and feedback signals are in
general sinusoidal functions of time. Thereforeathieve a satisfactory performance and small gtead
state errors in magnitude and phase, the compertsgign is not straight forward task [2]. Td frame
based control offers a solution to this problemdénframe (Park transformation, see Appendix A), the
signals assume DC waveform under steady-state tommsli This, in turn, permits the utilization of
compensators with simpler structures and lower ahyoarders. Thelg and af transformations and

control indq frame are discussed in the following subsections.
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Figure 2.2 PLL block diagram.
A feed-forward referencew;; = 2rf,) is included to improve the initial dynamic perfwance,
wheref, - is the grid nominal frequency [35]. Addiag; helps to decrease the starting time of the PLL
[36].

2.2.2 PhaseDeviation

The utility grid is typically a very stiff systensaegards to the supply frequency. A deviation in
the supply frequency will cause the phase angler ¢ increase. The Pl regulator naturally works to
bring this error to zero. The reaction to frequefitgtuations is thus completely predictable by the
closed-loop response of the PLL system. The feedda termwss applied through the gaify;
facilitates the function of the regulator to a krgxtent. If the supply frequency is inclined taaiche
(e.g., stand-alone power systems as diesel generalich are not very stiff), there will be tracgierror
in the phase angl@ as long as the frequency is changing. If the changfrequency is known, the
tracking error can be eliminated by the feed-fodvarm. If the change in frequency is not predigtab

an additional integral term may be used in theeBulator to achieve the same result [21].
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2.2.3 Postive Sequence Detector

Almost as old as the AC power systems utilizatias, the issue of positive sequence
identification. Most approaches and algorithms Hasen based on the Symmetrical Components method
presented by Fortescue in 1918, which is basicallfrequency domain approach. Nevertheless,
considering modern power conditioning controllensd areal time power quality evaluation, the
instantaneous (time domain) calculation of the tpasisequence components is becoming an interesting
application. Different algorithms have been propose achieve such objective and the most frequent
techniques are based on some time domain adaptdtitve Fortescue’'s decomposition or on some kind
of voltage peak detector. However, most of them dagved assuming purely sinusoidal voltages or
currents and do not work properly if facing distortwaveforms. Some techniques also propose fitferin
the measured voltages in order to identify the &mental component and then, calculate the positive

sequence [37].

Figure 2.3 shows the positive sequence detect@epted in [37]. This paper presents full and
informative analysis of proposed algorithm, itsfpenance and advantages, proved by simulation and
experimental data. The need of this positive secpieletector was discovered during the experimental
work. Unfortunately power distribution system inrdouilding represents a weak with distorted and

unbalanced three phase system, which will be @etdil Chapter 5.
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¢ 0 v "
PLL S cos@-12¢F) S| fxy > Vi
cos@+120M) > V;c
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Figure 2.3 Algorithm of the positive sequence dite

Here positive sequence detector talephase angle (phase A synchronization) and geserate

unitary signalsv = [v,vgvc], Which are in phase with fundamental of the inpoltages v, =

11



[VgavgpVgc]- The dot product of the measured voltages andhase with unitary signalg, - v yields an

instantaneous variable represented by the conghrex and oscillatory park:
Vg 'V ="Vgy Vg+Vyp Vp+Vyc Vc=%X+%, (2.1)

where the constant valug if multiplied by 2/3 results the instantaneous magnitude of the pesitiv

sequence, as defined be Fortescue for steadycstadions [37].

2.24 Transfer Function

Since this system will be working with sampled datee has to consider the delay due to
sampling. The transfer function for the plant ogufe 2.2 is just a time lag and an integrating elem

such as the following equation:

G = (75757 5) 22
plant — 1+STS S ( . )
whereTy is the sampling period. The open loop transfection for the system is described as follows:
1+ sTpy; 1 Vi
6o = (K (o) 23
ol PLL STPLL 1+ STS ( S ) ( )

When going from the open loop system to the cldseg system the relation between the

transfer function is

GCl = (24)

2.25 Designingthe Pl Controllers Gains

There are several different methods for desigrtiregRlI-regulator gains [38], [39]. In this work it
is considered an approximation by a second orddesyand it is used the symmetrical optimum method
(SO). The SO method has been investigated andfasstilar PLL grid connecting applications before
[21].

2251 Symmetrical Optimum Method

The SO method optimizes the phase margin to havaakimum at a given crossover frequency
w.. The phase margin is defined as the number ofegsgihe frequency response may be phase shifted

without losing stability; this corresponds to thstance from the point1 in a plot of frequency response
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on the complex plane. The amplitude and phasewilbtalso be symmetric arounad,. [21], see the

Figure 2.4.

jim

Cross-over frequency 8

|
|
|
| @
I
|
I

Phase margin

Figure 2.4 The characteristics of a system andcaroller designed with the SO method: a) Thel®o
plot with its symmetrical shape at the crossoveqdiency. b) The frequency response locus with phase

marginy,.

The transfer function

_ wh(ks + w,)

= 52(s + kwg) (25)

where k is the constant, will be symmetric around crossdreguencyw = w,.. Rewriting the transfer

function for the PLL system:

T4+sTo N/ 1\ (Vi
Go = (K )75 3)
ol PLL $TpLL 1+sT,/\s

i Gl o BB o Gt )
s2 (s+Tls) s%(s +Tls)

wherea is a normalization factor. Comparing two previeggiations gives the following identifications:

( 1
— =qaw
T c
o (2.7)
—=w .
Tprr ¢
|KPLLVm _
\ aTy ¢
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After simplifying:

(o =L
We aTy
TPLL = aZTS (28)
K =
\pLL aVi, T,

which is the result for the regulator gains usihg SO method. For a given sample perfgdthe
crossover frequency can be chosen by adjustingdh®alization factor. Finally the regulator gains is
calculated with the resulting normalization factof21]. For a second order system the quotient bertwe

crossover frequenay,. and the bandwidtlv; for the closed loop system is approximately cartsaad:

wC
06<—<0.8 (2.9)
Wp
for different values oKp;;.When designing the gains the following constrainsie considered for the

step response:

» Higher phase margin gives less oscillatory response
* Lower value ofr decreases settling time

* Value ofKp,; effects both phase margin and bandwidth

This implies that a good value for a crossoverdesgyw,. would be around the utility frequency
of 60Hz that gives maximal margin &0Hz. The closed loop system will also have the chargstics of

a low pass filter with bandwidthy; = % ~ 85.71Hz. The PLL system will then be able to reduce

harmonics from the output without the need of aemmal filter, which is a very desirable property.

In practice the designing process is an iteratioegss. First calculate the gains with SO method
and from bode plots or simulations determine pmaaegin, bandwidth, settling time, etc. Charigg, or

Ty, and plot again and so on until the system islfinl§j the specifications.

Choice of sampling frequency is a trade-off betweesolution and losses. Higher sampling
frequency will give better representation of thédgroltages but on the other hand it will cost more

computational capacities and greater power losst®eiswitchers.

Any utility instantaneous over-voltage or undertage will generate harmonics which will enter
the PLL loop through the sampled phase voltaggsv,g, v4c. While the notches normally will not
affect the locking capability of the PLL, they wdause harmonics in the PLL output, propagatintné¢o
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associated control utilizing*. The obvious method would be to eliminate the lwaios with filters;
either applied for the sampled voltages or fordtrer term of the control loop. However, it mustrimted
that the PLL system inherently has strong filterprgperties due to the two integrators in seriethe
forward path [1]. The factox provides a simple handle to modify the inhereltéring properties of the

system without the use of any additional filters.

Because the amplitude of the utility voltage shaws gain term in the forward path, any dip or
unbalance in the line voltage will cause a losgah V,,, for the control system. This effect can be
eliminated by normalizing the feedback te¥pfor the utility magnitudé/,. Calculation of an accurate
value ofV poses interesting problems if the utility is dittd. As a first approximation: if; = 0, the
feedback ternmi;, could be substituted fdr,. Alternatively, the gains of the PI regulator skiobe

changed to accommodate variationgjn[21].

2.25.2 Parameters Calculation and System Characteristics

The parameters which are used to design PLL céetrate the following:

Vinax = V2 120 = 170V-peak value of the phase grid voltage
fg = 60Hz - grid frequency
fs = 10kHz - sampling frequency

fc = 60Hz - crossover frequency
Using these parameters:

1 10000

- _ = 25.54
&= o T, 2160
@ _ 2554 0704 (2.10)
< = —= = U. .
' w, 2m60
v __ L1 __ 10000 _
UPEE T v Ty T 2554 % 12002

Using the values of Equation (2.10) in Equatior8)8jives the transfer function for the open loop
system, and a Bode plot of the transfer functiomprissented in Figure 2.5. From the Bode plot the
symmetrical shape is confirmed and the phase mapgin87.8 degrees at the crossover frequency

w. = 377 rad/s, see Figure 2.5.

The transfer function of the closed loop system lsarcalculated using Equation (2.4). A Bode

plot on Figure 2.6 of closed loop system confirtveslow pass filter behavior of the system.
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Bade Diagram
Gm = -nf dB (&t O radfzec) | Pmo=87.6 deg (at 377 radfzec)
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Figure 2.5 Open loop frequency response.

Bode Diagram
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o
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Figure 2.6 Closed loop system frequency response.

The bandwidth can be calculated with the Matlabtimicommand BANDWITH and is equal
62.135 Hz.
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2.3 PulseWidth Modulation(PWM)

The PWM modulators are open-loop voltage contrsjlend the most common methods for
PWM modulation is carrier based PWM, space vectadutation and random PWM. The main
differences between these methods are describd@7in Here only sinusoidal carrier based PWM
technique will be described, since only this PWMtitized in the project.

23.1 Sinusoidal PWM (SPWM)

The sinusoidal PWM techniques is easy for impleago and very popular for industrial
converters. The PWM principle to control the outpoitage is explained in Figure 2.7.

carrier

| | | |
04 0.00k 0.005 0.o1 0.012 0.014

jmu

|
a 0.002 0.

Vdc
1F T T T T T T T]
Yao
0af .
ok .
0.5
-t 1 1 1 1 1 1 17
0 0.002 0.004 0.00& 0.00s 0.m 0.0z 0.014

Frinciple of sinusoidal PYWh generation

Figure 2.7 Principle of sinusoidal PWM for thrdeape VSI.

Figure 2.8 explains the general principle of SPWihere isosceles triangle carrier wave is
compared with fundamental frequency sinusoidal rfaithg wave, and the points of intersection
determine the switching points of power devicesisTmethod is also known as triangulation,
subharmonic or suboscillation method. The notch punde widths ofv,, wave vary in a sinusoidal

manner so that the average of fundamental compoinegtiency is the same as the frequency of
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modulating signal and its amplitude is proportiottathe command modulating voltage. The same carrie
wave can be used for all three phases, as showigare 2.7

Vdc -1 | | T T T

0.5

| | | 1 | | |
o 0.00z2 0.004 0.006 0.003 0.01 0.012 0.014
(a) Line valtage

1F T T T T T T

| | | 1 | |
o 0.00z2 0.004 0.006 0.003 0.01 0.012 0.014
(b} Phase vaoltage

Figure 2.8 Line and phase voltage waves of PWNagel source inverter [27].

The maximum output voltage in the linear region wheodulation indexn is between 0 and 1
for SPWM is:

V3
Vi =——==0.612V, (2.11)
LL 2\/7 DC
and
v,
m=-2 (2.12)
Ve

whereV, peak value of the modulating wave dfydpeak value of the carrier wave.
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24 Inverter Control Approaches

In a voltage source inverter (VSI) system the &ctipowerP and reactive powe@ can be
controlled based on two distinct methods. The @gtroach is schematically illustrated in Figur@ &id
is commonly referred to as voltage-mode controk Vhltage-control mode has been mainly utilized in
high voltage/power applications such as in Flexidlernating Current Transmission System (FACTS)
controllers, although industrial applications hal& been reported. In this work, as an approxonatie
consider an infinite bus or a stiff voltage AC gyst Thus, the AC system is modeled by an ideakthre
phase voltage source. It is also assumed thatvgitdges are sinusoidal and balanced (sometimes not
really true in industrial and commercial instaltes) and of a relatively constant frequency. Thd VS
system of Figure 2.9 exchanges the real and reaptwer component#y andQs with AC system, at the

point of common coupling (PCC).

PCC
- VS| System AC System
ps —»
Infinite Bus
Qs—~
via s vga| Lo
N LCL Filter Y
T Voltage vie s vgs| Lo
Voc Source - L Ls Y
) l Inverter |, . NE_—_I':_M' vec| Lo
YY"

Figure 2.9 Schematic diagram of a grid-imposeduUesmcy VSI system.

In voltage-controlled real/reactive power contmlihe real and reactive power are controlled,
respectively, by the phase angle and amplituddén@™MSI AC-side terminal voltage relative to thode o
the PCC voltage. If the amplitude and phase arfglg @ are close to those &f 45, the real and active
power are almost decoupled and two independent ensgors can be employed for their control. Thus
the voltage-mode control has the merit of beingpsimand having a low number of control loops.
However, since there is no control loop dedicatethé VSI line current, the VSI is not protecteciagt
overcurrents, and the current can undergo largarsixms if the commands are changed rapidly or the
AC system is subjected to a fault.

The second approach to control the real and reagpiwer in the VSI system of Figure 2.10 is
referred to as current-mode control. In this apphnoanitially the VSI AC-side current is controlldyy a

dedicated control scheme, through the VSI termirdlage. Then, both real and reactive power are
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controlled by the phase angle and the amplitudbe®/SI line current with respect to the PCC vadtag
Thus, due to current regulation scheme, the VSprastected against overload conditions. Other
advantages of the current-mode control includedbestness against variations in parameters o 8ie

and AC system, superior dynamic performance, aglaenicontrol precision [2].

Compared to theibc-frame, theaf-frame control of a grid-imposed frequency VSI syst
reduces the number of plants to be controlled ftbree to two. Moreover, instantaneous decoupled
control of the real and reactive power, exchanggd/éen the VSI system and the AC system, is p@ssibl
in af-frame. However, the control variables, that i®dieack signals, feed-forward signals, and control
signals are sinusoidal functions of time. It iswhdiere that thdqg-frame control of a grid-imposed VSI
system features all merits of thg-frame control, in addition to the advantage that ¢control variables
are DC quantities in steady state. This featurearkably facilitates the compensator design, especna
variable-frequency scenarios. Figure 2.10 showeharsatic diagram of a current-controlled real/react
power controller, illustrating that the controlpsrformed indq frame. ThuspP; andQ, are controlled by
the line current components; andiy,. The feedback and feedforward signals (voltagescamrents) are
first transformed to thdq frame. Finally, the control signals are transfadn@ theabc frame and fed to
the VSI (Figure 2.10). To protect the VSI, the refee commandg;,.; andig..; are limited by the

corresponding saturation blocks (not shown in tigeife 2.10).

PCC
-— V5| System AC System
"active/reactive power controller”
"voltage controller” for stand alone mode Ps ™ Infinite Bus
Qs—i1=
Via iia Litlz R Vga Lo Ry
F SN AM
T Voltage Vi is L+l R Vs Ly Ro
Voc Source S AAN I
_ l Inverter Vic Jic Li+ls R Vge Ly Ry
—r T i g S—y Y
PLL ]
abc abc
o dq dg [ abe L.
dg
Vaad
md My 1gd lgg Vag

fetref - Pref
Reference Signal[*———

faref Generator [, Qrf

Compensator in dg frame

Figure 2.10 Schematic diagram of a current-coletrichctive/reactive

power controller inlg frame.
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In order to achieve zero-steady-state erratfAaframe control, the bandwidth of the closed-loop
system must be adequately larger than the AC syfitequency; alternatively, the compensators can
include complex-conjugate pairs of poles at thes&€tem frequency and other frequencies of intetest,
increase the loop gain. kg - frame control, however zero steady state essoreadily achieved by
including integral terms in the compensators siheecontrol variables are DC quantities. Hgeframe
representation and control of a grid-imposed VSltay is also consistent with the approach usethéor
dynamic analysis of the large power system. Thellssigmal dynamics of the power system is

conventionally modeled and analyzediipframe.

24.1 Dynamic Model of Active/Reactive Power Controller

In a VSI system the activé®)] and reactivg Q) powers can be controlled based on two distinct
methods. The first approach is schematically itatstd in Figure 2.9. In order to design the control
system some simplifications can be done. For exampk filter term with the capacitor and damping
resistor can be neglected. The dynamics of thelLfoll circuit including the specification for a daeg

resonance will be discussed later.
Assume that the AC system voltage in the VSI systéFigure 2.9 is expressed as
Vga = Vzsin ()
) 2m
vgs = Vgsin (6 — =) (2.13)
) 21
Vgc = Vgsin (6 + ?)

where 1, is the peak value of the line-to-neutral voltages wyt, w, is the AC system (source)

frequency. Dynamics of the AC side of voltage seunverter system on Figure 2.9 are described &y th

following differential equations:
dig ,
(L, + LZ)E = —Rig +v; — v (2.14)
for our three phase system:
digg ,
vig = (L1 + LZ)T + Rigq + Vga

_ (2.15)
dlgb .
Vi = (Ll + LZ)T + ngb + UgB

21



dig,
d

Vic = (L1 + Ly) "

+ Rige + vy

or in matrix form

d iga 1 Via R iga Vga

— | =—|Vig| ——|i ——|VgB 2.16

i il A Dl A et A (2.19)
lge ic lgce gc

For simplicity, it is considered that= L, + L,, R = R; + R,, whereR; andR, resistances of

first and second inductor respectively.

A common and often adopted approach in analyzingetphase systems is to use a stationary or
rotating frame [1]. In the first case the framelveié denoted agf and in second agqg and it is also
called synchronous. In fact thig frame is synchronized with the angular spegd The space vectors
that express the inverter electrical quantitiespamected on ther axis andf axis or ond axis andg

axis.

The mathematical model in tlag® frame is

1

at L (2.17)
1
L

It should be noted that the particular featurehefdg frame is that if a space vector with constant
magnitude rotates at the same speed of the framas iconstard andg components while if it rotates at
a different speed it has a time-variable magnit(mgsating components). In tlky frame, differential

equations for the current are dependent due toctbss-coupling termsv,l,;, and wylyq, and the

equations also have feed forward teiiys andV, .

Thus adq frame rotating at the angular speggdbecomes

dl 1
gd _

——=—Vig = Vga — Rlya] + wylyq

d%t ﬁ (2.18)
gq _
dt Z[Viq — Vgq — ngq] — Wglgq

or in matrix form
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V: I d rl -1
el = R L]+ vl + b1,
Vig Igq dt Ugq Iga

g
Filter dynamics Decoupling
(2.19)
Vga
vy
949

feedforward term
242 Dynamic Model of Active/Reactive Power Controller

The power control of the grid inverter is based tbe dqg-frame power theory and as a
consequence on the definition of the power in &resfce frame, as discussed earlier. Typically the
voltage oriented control is based on the use df &ame rotating at, speed and oriented such that the
d axis is aligned on the grid voltage vector. Thacgpvector of the fundamental harmonic has constant
components in thdq frame while the other harmonics space vectors IpaNgating components. The
main purpose of the grid inverter is to generatetom@bsorb sinusoidal currents; thus the currents

reference components in tHg frame are DC quantities [2].

The reference current componéjtis controlled to manage the active power conindiile the
reference current componegtcontrols the reactive power exchange and it icaffy used to impress a

desired power factor:
3
Pyq = E(led +V,ly) (2.20)
3
Qaq = 5 (Vala = Valg) (2.21)

Assuming that the axis is perfectly aligned with the grid voltagg, = 0, the active power and

the reactive power will therefore be proportiomait andi, respectively [2].

3
qu - EVdId (222)
3
Qaq = _EVqu (2.23)

The control block diagram is shown in Figure 2.11.
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controller
v, i i — *
£l gbc & abe /P ool ] dg /P24
Vgd .
Vga i g8 m*s PWM
L— dq I dq fgq —I_] al I| abc m-c
ng:O l‘q

controller

Figure 2.11 Control block diagram.

24.3 Current Regulator with aPI Control

The block diagram of the PI regulator is shown ayufe 2.12 and the transfer function is given
by Equation (2.14)

Ke

7
e k-#/i—-

Figure 2.12 Block diagram of PI controller.

Thed andq control loops have the same dynamics (in idea cADC values), so the tuning of
the PI controller for the current is done only foed axis. For they axis the parameters are assumed to
be the same. As it can be seen from the currerttaidsiock diagram in Figure 2.13, the voltage feed

forward and the decoupling between theand g axes has been neglected as they are considered as
disturbances.

+ Vd Igd

o | Control ol Vst o Lo | 190
H P I Delay Inverter Filter
Idref

igd

Samplingleg————————————————————|

Figure 2.13 Block diagram of the current contomig.

This block diagram contents the following blocks:
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o Pl controller with transfer function:
K.
Gpi(s) = K, + ?‘ (2.24)

o Control time delay block with transfer function:

1

Geontrot(S) =7 T (2.25)
whereT, = %S - sampling time for the control system
o0 Inverter block with transfer function:
Ginverter(s) = _ (2.26)
1+ 0.55T,

whereTy,, = fi - switching period.

o Filter block is a simplified transfer function dfd filter, that takes into account only the

values of inductances and parasitic resistances:

1

Gfilter(s) = s+ R (2.27)
o Sampling block with transfer function:
1
Gsamping(s) = 1+ O.S_STS (2.28)
The transfer function of the current loop can beuated as:

Gcl = GPI * Gcontrol * Ginverter * Gfilter * Gsampling (2-29)

The transfer function of the current loop can bitem in a simplified manner as:

K,s + K; 1 K

o0 =—— . (2.30)

s 1+ sTsq (sT, + 1)
wherekK, = %, T, = % andTy, = Ty + 0.5T,, + 0.5T.

Using optimal modulus criterion [1], the followimglation can be written:
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Kys+kK 1 K. 1
s 1+sTs;sT,+1 25Ty (1+sTx;)

(2.31)
From Equations (2.32) and (2.38) andK; can be identified and their values calculated, as:

T
* _=-11 (2.32)
2KeTZl

K, =
KP

K, ==2=170 (2.33)
T,

These values are used to start the analysis usatatoolbox, SISOtool. The Bode plot of the
open-loop current control depicted in Figure 2The step response is plotted in Figure 2.14. Itlwan

seen that for continuous control system settlinggtof 0.00881s. is obtained.

24.4 VoltageLoop Control in Stand-Alone Mode

The previous section discussed the control andatiperof a grid-imposed frequency VSI system
in which the operating frequency can be predetezthend imposed by the AC system. In the absence of
the utility grid, renewable energy systems couldibed to provide energy to the local loads assuianing
adequate supply of energy for the inverter to duman. The control structure on the DC and AC sides

are changed to accommodate the needs of the taws .|

Step Response

Amplitude

1 1 1 1 1 1 1 1 1
o) 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

Time {sec)

Figure 2.14 Step response of the PI current cbiaop.
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Figure 2.15 Open-loop Bode plot of the PI curnitrol.

Unless there is battery backup in the system, ffstesn cannot work on the principle of
maximum power extraction from the source since thigild lead to a sustained power imbalance. In
stand-alone operation, the power transfer is deslicparimarily by the needs of the local loads. This
section will translate the control of the grid-ingeal frequency VSI system into the control of ineert

output voltage and frequency, the system is shawhigure 2.16.

VS| System AC Load

Via s Li+l2 R va 2
; - ~ AN/ 1
! Voltage | = . L+l R vie Zi
Voc Source > A AN — 3 fi
B l Inverter vie e Li+l2 R vie Zi
A AAA ——

Figure 2.16 VSI in stand alone mode.

Typical situations when a controlled-frequency ¢$stem is encountered include:
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» An electronically coupled distributed generationVARind/Fuel Cell) or distributed energy
storage unit that supplies a dedicated load, otuater of loads, under islanded (off-grid)
condition;

* An uninterruptible power supply (UPS) system ttdds a VSI system to regulate the frequency

and voltage of a sensitive load, for example urdeergency conditions.

The voltage and frequency of the AC side is setheyinverter. One of the attractive methods
used is presented in [40]. The inverter outputagstis controlled by a Pl compensator. The outptiie
compensator adjusts modulation index of 8eHz sine SPWM. This type of control provides stable
output in the steady state but transients perfocmanay not be adequate for aggressive load traasien
[41], such as starting compressor-drive loads. fei@ul7 shows the block diagram for the voltagerobn

of the stand alone inverters.

Vdref
+
Via abe Vid - Vd md da m*a
controller
vie ] m*s | pwm
*
Vic dq Vig Vq Mg abc m’c
controller

Figure 2.17 Inverter output voltage controller.

Figure 2.17 shows dq frame model for the controlled-frequency VSI systéhat does not

require prior knowledge of the load model. Thistegswas tuned using Matlab Simulink, SISO toolbox.

The Bode plot of the open-loop voltage control épidted in Figure 2.19. The step response is
plotted in Figure 2.18. It can be seen that fortibolwus control system settling time of 0.00244s. i

obtained.

The main principle of the operation for such systewery similar to the PLL system philosophy,
i.e. there are two different signal andV, responsible for the voltage magnitude and phagée sh
respectively. In this particular system, the voitélg will be regulated near magnitud€0 V andV, near

0.
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Figure 2.19 Open-loop Bode plot of the PI voltagatrol.
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25 Grid Interconnection Requirements

When studying the grid compatibility of a deviche tfollowing issues need to be addressed:
average and maximum power produced, reactive ptevel, grid short circuit current (weak or stiffigyr
conditions), voltage fluctuations, synchronizatieith the grid, and harmonics. The Table 2.1 shdwes t

required interconnection standards for distribwgedrgy resources.

Table 2.1 Interconnection standards.

Requirements
Voltage regulation Maintain service voltage withiNSI C84 Range A (+/-5%)
Voltage control Not permitted (IEEE 1547)
Flicker Maximum Borderline of Irritation Curve (IEE1543)
Harmonics <5% THD; <4% below 11th; <2% for 11th5tH, <1.5% for 17th— 21st; 0.6%
for 23rd — 33rd; <0.3% for 33rd and up (IEEE 519)
Power factor Output power factor 0.85 lead/lag ighar(equipment typically designed fpr

unity power factor)

Direct current injection | <0.5% current of full rdt®MS output current (IEEE 1547)

Synchronization and Dedicated protection & synchronization equipmerguieed, except smallg

=

protection system with utility-interactive inverters

Safety NFPA NEC, IEEE NESC

251 Anti-lIslanding

Islanding can be defined as the continued operati@endistributed generation unit while the grid
are tripped due to fault conditions or for maintese purposes [42]. Unintentional islanding of the
inverter system is not desirable because it canadanequipment which remains connected to the
inverter, and it can lead to dangerous situatiamsesthe grid may be assumed de-energized. Ists al
problem if the supply system is reconnected, bexthen inverter system is likely to be out of phasd

large currents can be injected into inverter system

A non-islanding inverter is defined as an invettet ceases to operate a certain time after an
islanding situation has occurred. In order to detke islanding situation, different algorithms caa
implemented in the inverter control. In [43] thedgorithms are divided into two major groups: reeipt
controlled (communication based) and locally binltdetection schemes. In this project inverteotzally

controlled, so the communication based detectiberses are of no interest. The local detection sekem
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can be further divided into two groups, active aadsive. Table 2.2 shows the clearing time IEEE7154

standard for distributed generation less than 3q4W

Table 2.2 IEEE 1547 voltage and frequency requireme

Parameter Limit(% of pu) Clearing time
88 <V <110 | Operating range
V<50 0.16s
/4 50<V<88 2s
110 <V <120 1s
V=120 0.16s
59.3 < f < 60.5 | Operating range
f f <593 0.16s
f =605 0.16s

25.1.1 Passive Detection

The passive methods are based on local measureraedtsiost common methods are:

* Frequency limitations:

0 Magnitude change;

o Rate of change;
0 Phase shift;

» Voltage variations

e Power

o Change of active power

o Change of reactive power

o Power factor (P/Q) index

* Harmonic content changes

These methods are usually easy to implement arydwibek without affecting the stability of the
system and power quality, unless the limits are dowt and inverter trips without being on isladde
mode. One of main limitations with these methodshet each of the methods have operating region
where they are not able to detect an islandin@san within given limits. The region is called then-

detection zone (NDZ). The impact of these zonesheamery important, especially during the balanced
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load conditions, when the load matches the poweduwred by the inverter [44]. Combinations of these

methods sometime can reduce the NDZ.

25.1.2 Active Detection

In these methods disturbances are injected intcstipply system in order to detect islanding
conditions based on the system response. The maoshon methods are based on one of the following

principles:

* Impedance measurement
» Voltage variation
* Frequency variation

*  Output power variation

One of the advantages of these methods is theaisedeability to detect islanding even during
balanced load conditions, and thus decrease orreveove the NDZ completely. The main disadvantage
of active methods, is interference of the distudesnintroduced by multiple distributed resources
connected to the same grid. Moreover these metbaaseduce power quality of the operated inverter.

Active methods of islanding detection is area @iwgng research activity.

25.1.3 GE Anti-ldanding concept [44]

The proposed GE anti-islanding schemes are bastgooooncepts: one is positive feedback, the
other isdq implementation. Combining these two concepts leada family of new anti-islanding

schemes.

2514 Voltage Scheme

Figure 2.20 shows one of the voltage feedback sebemalledV, to I4..r. The scheme is
implemented with highlighted (red) patl¥; is passed by a band-pass filter (BPF), a gain,aaimditer,
and becomes a current variativhadding tolg,..r. There are other ways to implement voltage scheme:

from Vg 101 grer, fromV, t0 lgyer, Vg 10 Igrey-

There are two critical design criteria for the gdtirst, when inverter is grid connected, the gain
should be small enough so that system is stablenviflanded, the gain should be large enough g0 tha
the islanded system is unstable, otherwise, thiesymay run into another steady state that malybstil

within nominal ranges, thus resulting in a NDZthrs design project a gain of 2 is assumed.
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The reason for using band-pass filter (BPF) isvimichnoise injection (low-pass needed) and DC
offset (high-pass needed) caused by anti-islantting. The noise will cause power quality problems,
while DC offset will affect the steady state refare tracking. Because of these two conflicting
requirements, an appropriate band with both highffiency noise and low frequency offset performance
must be trade off. Given 2-second anti-islandingtgmtion requirement [4] a 500 to 1000 Hz band bass
filter is chosen for design. The limiter functiom to specify the maximum allowable current injectio
Two factors determine the limiter settings. Onéhis inverter over-current capability. The otheths

maximum allowable power factor, if injecting ther@nt to I,..;. Performance of proposed anti-

islanding detection scheme will be discussed iat&@hapter 3.
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S
DC Ve lc -
Powe: Y - v e T T
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(duty cycle) BQ-RLL
w 1]
r L. ]
& Iqref + X dd i
’/BPF - '@ i Da
l 3 Current
Av » Regulator d
_ idref + ) +rz-\ g i
Gain el 4 v
I + &
E Ai

Figure 2.20 Voltage scheme: frdig to I .-

2.6 LCL filter Modeling and Design

Some important constraints must be taken in coredide in the design of LCL filters, such as
current ripple, filter size, switching ripple atteation The reactive power variation seen by thel gri

because of the capacitor may gave a resonancectodd lead to unstable operation of the system.
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Therefore, passive or active damping is propose@ither adding a resistor in series with capaditor

changing the controller design [45].

A LCL filter is more efficient than a simple indwct(L) because the latter has only attenuation of
20 dB/decade for all the range of frequency [4@je Tswitching frequency of inverter must be high
enough for a correct attenuation of high curremtrtmmics. The higher the switching frequency theee a
more losses. LC filters suffer from variability mfsonance frequency over time like the grid inducta

Therefore, they are not appropriate for a weak |gTg.

2.6.1 Dynamic Analysisof theLCL filter

The following mathematical model can be used fer déimalysis of a LCL filter [48].The LCL
filter per-phase model is shown in Figure 2.21, relig is the inverter-side inductok, is the grid-side

inductor,(y is the capacitor of LCL filterk; is the damping resistaR, andR, are inductors resistances,

v; andy, are inverter input and grid voltages.

-".c i Cf >VC
Vi R Vg
f

Figure 2.21 LCL filter per phase model.

The currents;, i, i, are inverter output current, capacitor current, gnd current, respectively.

There are two possible configuration of LCL filtghich will be discussed in next sections.

2.6.1.1 Wye Connected Capacitors

The LCL filter state space model with wye connedaapgacitors is derived from per-phase model

as shown on Figure 2.21

( dUC _ ii — ig
dt G
di; 1 S ]
d_tl = L—l(vi — v, — Re(i; — ig) — Ryi;) (2.34)
di 1 o ]
d_tg = E(vc + Rf(li - lg) — Uy — Ryiy)
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There are no cross couplings between the phasgdhas the equations are equal for all phases.

If expressed in matrix form they become EquatiaB%2

_dii_ __R1+Rf & _l_
ar Ly Ly Li|
dt L, Ly Ly vg
dv, 1 1 0 ¢
Latl | ¢ Cr ] (2.35)

2.6.1.2 DeltaConnected Capacitors

A LCL filter with delta connected capacitors candmalyzed in thebc stationary frame with the

circuit of Figure 2.22. Voltages and currents carfdsmulated as in Equations (2.36) and (2.37):

VUaB + VUpc + Vea = 0 (236)

dVap _ 1 . 1. (2.37)
=37 liaB 5~ lgaB :
dt 3¢ 3¢, 9

Whel’e iiAB = iiA - iiB andigAB = igA - igB-

Equation (2.36) is the voltage balance around #pacitor bank, and the load side equations are
supported by Equations (2.38), (2.39) with corresjiag matrix form in Equation (2.40).

di; Y V; i:.pR
iaB _ _VaB iAB_ liaphy (2.39)

dt Ly Ly Ly

digap B R, 1 1

9 _L_ZigAB + L, V4B T Voas (2.39)
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Figure 222 LCL filter with delta connected capacitors.

)
di; 1
dt L,
di,

Ldt
wherev, =

ig = [igAB igBC igCA]T-

dv,

1 1

=iy~
dt ~ 3C; ' 3¢9

(i —ve — Re(i; — ig) — Ryiy)

1 . .
= E(UC + Rf(li - lg) — Vg — Ryig)

[UABUBCUCA]Tr i = [iiABiiBCiiCA]Tv U = [viABviBCviCA]Tr

Finally, the plant model as a continuous «space equation:

where
1 1
0343 ﬁ13X3 _ﬁ13X3
1 Ry + Ry R¢
A= _L_113x3 - L, L343 L_113x3
1 R
L_213x3 03x3 _El3x3 Joo
[ 103x3 1
B = L_113x3
[ 1 | I
-7 13x3
71,
1]
u=
Vg 9x1
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S
Il
Ko IANS

(2.44)

~

9lgx1

2.6.1.3 Frequency Response and Transfer Function

From the developed mathematical models, transfactions of LCL filter can be derived.
Transfer functions are derived based on the thhasedifferential equations derived earlier, buthigse

equations the inductors resistances are not caesid®ne of the extracted transfer function fromweel
state space equations i5; = :ﬁ The grid voltage is assumed to be an ideal veltsgurce and it

represents a short circuit for harmonic frequena@esd for the filter analysis is set to zevp:= 0. So, the

transfer function of LCL filter without damping is:

1
LiCsLys3 + (Ly + Ly)s

Hicn(s) = (2.45)

and for damped filter:

LyCrLys® + Cp(Ly + L)Rs? + (Ly + Ly)s

Hdyc,(s) = (2.46)

The Bode plots of LCL filter without and with dampgiare shown in Figure 2.23.

2.6.1 Design Procedure

In this study, the filter design approach has begiained step-by-step and if correctly damped,
it is possible to avoid resonance problems passi4él] or actively [46]. The procedure for choosithg
LCL filter parameters requires the power ratinglhed converter, the grid frequency, and the switghin
frequency as inputs. Algorithm of LCL filter desiggmshown in Figure 2.24, each step of which wdl b

described in following sections and will be suppdrby filter design example.

The following parameters are needed for the fdiesign:V,; - line to line RMS voltage (inverter
output), V,,-phase voltage (inverter output), - rated active power/,. - DC bus voltagef;-grid

frequency f;,,-switching frequencyf,..s-resonance frequency.
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Figure 2.24 LCL filter design algorithm.

Figure 2.23 Bode diagram for damped and undampedfilier.



The base impedance and base capacitance are defirteguations (2.47) and (2.48). Thus, the

filter values will be referred ifo of the base values:

Vi

7, = —= 2.47

b= (2.47)
1

Cp = (2.48)
wan

For the design of the filter capacitance, it issidared that the maximum power factor variation
seen by the grid is 5%, as it is multiplied by taéue of base impedance of the syst€pr= 0.05C,,. Itis
important to notice that factors higher than 5% banused, since they will compensate the inductive
reactance of the inductors on the filter and tleeethe influence at the power factor of the systdth

be lesser than expected. The maximum current rigdpiee output of DC/AC inverter is [50]:

2Vpe
AILmax = 3_Ll (1 - m)mTSW (2.49)

where,m - modulation factor.
It can be observed that maximum peak to peak curiggrie happens at = 0.5, then

VDC

AMlpmax = ofonls (2.50)
sw

where L, is inverter side inductor. A0% ripple of the rated current for the design paramsetis given

by:

Almax = 0.1 L0 (2.51)
where
P2
I _ 2.52
max 3Vph ( )
VDC
Li=——"— (2.53)
! 6f:9WAILmax

The main objective of the LCL filter design is iact to reduce the expected 10% current ripple

limit to 20% of its own value, resulting in a rigpvalue of 2% of the output current [49], [5]. Irder to
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calculate the ripple reduction, the LCL filter egalent circuit is firstly analyzed considering tineerter

as a current source for each harmonic frequeneyi-ggire 2.21.

Equations (2.54) and (2.55) give the relation betw¢he harmonic current generated by the

inverter and the once injected in the grid:

() _ ! =k, (2.54)
i(h) 11 +7[1 =L Cywéyx]|

/ 1
—+1
k2 (2.55)

CfWSZW

or

L2=

where,k, is desired attenuatiofiy = 0.01 + 0.05C,.

The constant is defined as the relation between the inductamdke inverter side and the one at

the grid side:
L2 = TLl (256)

Plotting for different values ofone can help to evaluate the transfer functiorheffilter at a
particular resonant frequency that depends on ohne@mal grid impedance [51]. A resistor in ser(@s)
with the capacitor attenuates part of the ripplehenswitching frequency in order to avoid the reswe.
The value of this resistor should be one thirdhef impedance of the filter capacitor at the resbnan

frequency [52] and the resistor in series withfther capacitance is given by Equation (2.59).

L+ L 257
Wres = LlLZCf .

10f, < fres < 0.5f3 (2.58)

It is necessary to check resonant frequency tcsfgattquation (2.58). If it does not, the

parameters should be re-chosen.

_ 1
3(1)7-35 Cf

Ry (2.59)
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2.6.1.1 Deltaand Wye Configurations

After defining all parameters for LCL filter two ofiguration are possible for implementation.
Parameters defined in Section A are valid for wgpacitors connection, however using simple and well
known wye delta transformation for balanced systgra configuration can be transformed to delta:

Za

P 2.60
4B = 3 (2.60)

It is evident from Equation (2.60), that for dettanfiguration size of capacitor should be three

times smaller than for wye configuration and vieesa for damping resistance:

R, = 3Ry, (2.61)
C
= Jr 2.62

It is a common practice to ground neutral, or @mipint of wye connection [53]. In most cases,
this grounding is required by the U.S. Nationaldiie Code (NFPA-70). By grounding a wye system,
the voltages to ground are stabilized and conttollEhis makes system much less susceptible to
impulses, and faults that cause high voltages twrgf. In case of delta configuration there are no
guestions and problems with grounding. That's with@r's propose delta connection as more convenient

and less questionable way to get same good penfmenaf LCL filter.

2.6.1.2 LCL Filter Design

A step-by-step procedure to obtain parametersedfilier with wye configuration considering the
following given data, needed for the filter desigfy; = 120v/3 V - line to line RMS voltagePs = P, =
5 kW- rated active powér,, = 400 V- DC bus voltagey,, = 2n60-grid frequency,ws,, = 15kHz -
switching frequencyx = 0.05 - maximum power factor variation seen by the gkig,= 0.2 (20%) -
attenuation factor is done. Therefore, the baseetfapce and the base capacitanceZgre= 8.64.2,

Cy = 307uF respectively (parameters are shown in Table 2.3).
1. Using 10% allowed ripple Equation (2.53) giveductancd.; = 2.23mH.

2. Maximum capacitor value i6.63uF to be in limit of 5% of the base valdg. After round to closest

possible valu€; = 15uF for wye configuration obuF for delta connection.

3. Setting desired attenuatiép = 20% and using Equation (2.55) is calculated to b@8.045mH.
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4. Putting all calculated parameters from (1)-@[Equation (2.57) givef..s = 6450kHz which is meets
condition from Equation (2.58).

5. Equation (2.59) gives value of damping resistaRic= 0.55Q for wye configuration or.65Q for

delta connection.

Table 2.3 Summarized parameters

fg | Grid frequency 60Hz

fsw | PWM carrier frequency 15kHz

P, | Nominal Power 5kwW

V; | Phase grid voltage 120v

Vpe | DC link Voltage 400V

L, | Inverter side inductor 2.33mH

L, | Grid side inductor 0.045mH

Cr | Capacitor filtery /A 15uF I5uF
Ry | Damping ResistoY/A 0.550/1.65Q

2.7 Concluson

This chapter provided a full overview and theodtitescription of proposed system. It has also
provided descriptive controller design, LCL filtdesign procedure and islanding detection methogolog

which are used for practical implementation andwat#on in next chapter.
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CHAPTER 3
SIMULATION STUDIES

3.1 Objective

This chapter shows different scenarios that hawn Istudied in order to support a simulat
based design of an inverter system capable to @peratan-alone and in gridtconnected modes usil
Matlab/Simulink platform. It is composed of fourc§ens: the first and second ones contain caseest
that support the control design and the LCL fikenulation performance evaluations for the stanus
mode and gricconnected mode operation. The third part contamslation for ridethrough operation,
and the system response when the inverter tramsit¢éandalone from grid connected mode. The

section contains further results evaluation andudisions

3.2 Stand Alone Mode Operation

The block diagram of the simulated system is showFigure 3.1 The system was built usii
Power Systems Toolbox in Simulink. The total harraafstortion (THD) analysis was done with Pou
Systems Toolba Figure 3.2 shows a voltage closed loop contrdilleck diagram that was implement

for the inverter.

LLto LM

Discrete Woltage Controller

PWM Generator
I
ot Unit Drelay
Three-Phase

W-1 Measurernentl 3 phLCLFilter o oAb ace
V-1 Measurement Bl{ EI:-

< <
Breaker ,l

Discrete,
= Se-007

powergui

Lr

B—a
Inverter 1o

load 1 Load z

Figure 3.1 Simulink model of star-alone inverter with load.
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Figure 3.2 Simulink block diagram of implementexdtage controller.

3.21 Casel: ActivelLoad

A resistive load has been connected in order teigedc000 W active load. The phase voltage

and line current, (both in p.u.) are shown on Figure 3.3.
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Figure 3.3 Phase voltage and line current meaatriedd terminals.

The inverter output voltage,, (V) (just before the LCL filter) is depicted in Figuset (a); it has
THD of 43.85% as indicated in Figure 3.5. The fé phase voltage and line current can be seen on
Figure 3.3 and Figure 3.4. The harmonic analysinef current is shown on Figure 3.6 with THD of
0.88%.
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Figure 3.4 (a) Inverter output voltage; (b) Ineerdutput current; (c) Current through filter caparcCy;
(d) Active and reactive power output.
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Figure 3.5 THD of inverter output phase voltage.
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Figure 3.6 THD of line current at load terminals.

3.22 Case2: Load with Lagging Power Factor

The inverter is providing 3000 W (active power) &0 Var reactive power for the load. Phase
voltagev, and line current, (in p.u.) are shown on Figure 3.3.
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Figure 3.7 Phase voltage and line current meastrieéd terminals.

The inverter output voltage; , (V) just before the LCL filter is seen in Figure 34}, (where the
THD is 41.87% (Figure 3.9). The filtered phase ag#t and line current can be seen on Figure 3.7 and
Figure 3.8, with harmonic analysis of line currehbwn on Figure 3.10 with THD of 1.27%.
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Figure 3.8 (a) Inverter output voltage; (b) Ineerdutput current; (c) Current through filter caparcCy;

(d) Active and reactive power output.
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Figure 3.9 THD of inverter
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Figure 3.10 THD of line current at load terminals.

3.23 Case3: Step Changein Load

The inverter is imposed a load step change, whetially it has 2000 W and 500 Var, and at
time 0.15 sec. there is a step change to 4000 WL&60@ Var. The phase voltagg and line current,

(in p.u.) are shown on Figure 3.11.
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Figure 3.11 Phase voltage and line current medsirad terminals.
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The inverter output voltage;,(V), just before the LCL filter is seen in Figure 3.); the
filtered phase voltage and line current are degiote Figure 3.11 and Figure 3.12. Such load stepgd
made the system PI controllers to react as sedfigune 3.13, where the measukeé@ndg components

of voltage and errors are plotted. The figure shawsery good performance response with immediate

settling time.
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Figure 3.12 (a) Inverter output voltage; (b) Irteeioutput current; (c) Current through filter caipar C;
(d) Active and reactive power output.

3.24 Case4: Stand Alone Modein Fault Conditions

There different faults have been considered, orsglground fault, two-phases ground fault and
three-phases ground fault. The scenario is impot@asimulate in order to specify system protection
devices. The inverter is providing half of nomiative power 2500 W and during the operation those
different faults occur at time step 0.15s.: (i) @grd fault of phase A (Figure 3.14), (i) phase Ald
ground fault (Figure 3.15); (iii) three phase grddault (Figure 3.16).
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Figure 3.13 (aYy andVgyef; (b) V; andVy,..¢; (€) V4 andy;, error.
This simulation study allows the sizing of invertetay protection, as well as inverter built-in
protection (described in Chapter 4). The systenmamented in the experimental work is operatindiwit
the Semikron provided board protection. However, fiture deployment and retrofit, it might be

necessary additional over current and undervolpagection devices.
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'
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L

Line currents(pu)
[

'
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Figure 3.14 (a) Phase voltages at single phasectanditions; (b) Line currents during single p&as

fault.
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Figure 3.16 Phase voltages and line currents guhiree phase ground fault.

3.3 Grid Connected Mode

When the inverter is connected to the grid, capablproviding active and reactive power the
system must behave in current-controlled mode.
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The simulated system is shown Figure 3.17 The implemented current control systen
depicted on Figure 3.18.

Many case studies have been considerer active power injection to the grid, mixed pov
injection and also when the inverter takes powemfthe grid (for example in charging a batteryha

dcdink). All those cases have been thoroughly sinadain order to observe system behavior
performance.
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Figure 317 Simulink model of grid connected inverter.
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Figure 3.18Simulink block diagram of implemented current coliér
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3.3.1 Power Injection tothe Grid

The active power reference has been varied in 8teges and the reactive power reference in two

steps. In this simulation study inverter originaiby providing 1500 W and 0 Var to the utility grad

nominal voltage.

Figure 3.19 shows phase voltageand line current,, all values are in p.u..

“aand lain pu at PCC

1 T T T T LA o T !
! Sy A
f 1L : {!1] C li R )| —— —voltage (pu)
DE-[- RREERE e R R :.li”t}mf ........ fj ! current {pu) |1
: : | : : :

I
D.qu [ S I B
[ :

W and | (pu)

1 i i
0.1 011 012 013 014 045 046 017 0183 019 02
1(s)

Figure 3.19 Phase voltage and line current medsureCC.
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Figure 3.20 ay,(10*pu) and phase angiefrom PLL ; b) Inverter output line current; c) @ent

through filter capacito€r; d) Active and reactive power output.
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PLL operation, filter capacitor current and actipewer flow to the grid can be observed on
Figure 3.20.

— Signal to analyz — Available signals
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Figure 3.21 THD of line current injected to thédgr

Figure 3.21shows the THD analysis of line current. THD of therent, when inverter injecting
1500 W to the grid is 4.89%. At 0.2s time step reiee command of active power changes from 1500 W
to 2500 W and for reactive power becomes 1000 Var.

“Wa and la in puat PCC

N T T
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R I i
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Figure 3.22 Phase voltage and line current medsatreCcC.
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FLL aperation Inwerter output current
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Figure 3.23 (ay,(10*pu) and phase angtefrom PLL ; (b) Inverter output line current; (cu€ent

through filter capacito€y; (d) Active and reactive power output.

Figure 3.22 and Figure 3.23 shows the responsieetlrrent, active and reactive power during
the switch at 0.2 s. It can be noticed that theswmesl power tracks the reference very well. THD of
current injected to the grid is shown on Figuret3ad equal to 3.00 %. Also it can be noticed THéD

of current is less when the system is operating higher load.

At time step 0.3s. next command occurs and invertevides 4500 W and 1500 Var to the grid.
Figure 3.25 and Figure 3.26 show the responsenef durrent, active and reactive power during the
switch at 0.3s. THD of current injected to the gddshown on Figure 3.27 and equal to 1.65%. PLL

operation, filter capacitor current and active pofi@v to the grid can be observed on Figure 3.26.

3.3.2 Bidirectional Power Flow from the Grid to the DC-link

This simulation shows the ability of inverter tapide backward power flow from the grid to DC
link. Originally inverter provides 2500 W and 109@r to the grid, at time 0.3s. there is command for
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reference power to consume 1000 W and 3500 Var fiteengrid. The process of transition can be

observed from Figure 3.28. at time 0.3s.
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Figure 3.25 Phase voltage and line current medsireCC
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Figure 3.26 (ap,(10*pu) and phase angtefrom PLL ; (b) Inverter output line current; (cuent

through filter capacito€y; (d) Active and reactive power outpult.
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Figure 3.27 THD of line current injected to thédgr
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PLL operation “a and la in pu at PCC
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Figure 3.28 ay,(10*pu) and phase angiefrom PLL ; b) Inverter output line current; c) Cemnt

through filter capacito€r; d) Active and reactive power output.

Figure 3.29 shows the performance of PI controflersl andg components of current in current

control system, wherk;, is responsible for active power ahds responsible for reactive power.

Figure 3.30 shows the average current in dc sidevefter. When the inverter is providing active
power to the grid till 0.3s., DC link current isgative. After 0.3s. when inverter starts to provbever
to DC side of inverter, current changes to positiakie. For better observation DC current measuneme
was observed through first order low pass filtethvime constant 0.01s. That is why it has expaakent

rise after switch of power flow direction.

3.4 Idlanding Detection

In this section three different cases were simdlatden the grid has black out. The most
important case is when the power exchange betweeamnter and grid is equal to zero, e.g. local Imad
equal to the reference power for the inverterhia tase simple passive islanding detection in robtte
cases will not work (NDZ). Islanding detection aigfam was described in Chapter 3. Here simulatibn o
proposed algorithm is presented. The block diagrahssmulated system are shown on Figure 3.32 and
Figure 3.33.
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Figure 3.30 Average current in DC link.
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All three cases were simulated with assumption itinagrter has local load in amount 3000 W,

5000 W and 4000 W. Local load for three simulatesks assumed to be balanced.
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Figure 3.31 Simulink block diagram of the wholsteyn with islanding detection.
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Figure 3.32 Simulink block diagram of islandingeststion logic.

Figure 3.33 shows the modified current controll@hvadditionalV, to I; (in red color) loop for

successful islanding detection.
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Figure 3.33 Current control system with additidiato I; loop for islanding detection.

Figure 3.34 shows the pattern of phase voltagediaadurrent when the inverter providing to
the grid 5000 W, at 0.1s. grid goes away and imveafter small amount of time switches from current

control mode, which was active in grid connectediento voltage control mode, see the Figure 3.35.

Phase voltages(pu)

Line currents(pu)

Figure 3.34 Phase voltages and line currents gldin@ switch from current control to voltage

control mode.
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Figure 3.35 (a) Islanding detection; {fy) at PCC; (c) of the inverter.

Figure 3.35 and Figure 3.36 and show the succegdfnding detection and switch between

control system, when the power exchange betweedragd inverter is equal to zero.
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Figure 3.36 (a) Phase voltages and (b) line ctsréuring the switch from current control to vokag
control mode.
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Figure 3.37 (@) Islanding detection; {f)at PCC; (c) of the inverter.

Figure 3.38 and Figure 3.39 show the successfamdshg detection and switch between control

system, when the inverter is set up for providiBA W and local load is 4000 W.
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Figure 3.38 (a) Phase voltages and (b) line ctsréuring the switch from current control to vokag

control mode.
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Figure 3.39 a) Islanding detection;iy) at PCC; c) of the inverter.

It can be seen from three simulated cases thatemmahted islanding detection scheme
successfully detects black out and quickly switcmf one control system to another. As it was exqubct
islanding detection algorithm in all cases was waglbecause df,; disturbance and fluctuations outside

the limits presented in Chapter 3.

3.5 Conclusion

In this chapter the simulations of the three phiagerter system obtained using Matlab/Simulink
platform are presented. First the voltage contrdtie standalone mode was tested by implementieg st
change in load. Second the current controller fat gonnected mode was tested using different eefe
active power in both directions. The tests proveat both controllers are working in assumed coongi

and have good performance.

It should be mentioned that LCL filter originallyas designed for 15 kHz PWM switching
frequency, as it mentioned in previous chapter, évaw during the experimental work was discovered
that dSPACE hardware requires sampling time maltipf switching frequency. Because of that
switching frequency for PWM was accepted 10 kHz aadhpling time 10@s both for hardware and

simulations.

Next two chapters will give detailed description lordware setup and experimental data

analysis.
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CHAPTER 4
EXPERIMENTAL SETUP

4.1 Objective

This chapter describes the electronic circuits awmnputational hardware used for the
experimental evaluation of the inverter system. $jstem setup comprised of a hardware-in-the-loop
(HIL) based on a dSPACE rapid prototyping solutibat allowed all the Simulink based solution that
allowed a fair comparison of simulation and expemtal results. Figure 4.1 shows the schematic ef th
complete experimental setup. The components incdu8emikron inverter, a programmable DC power
supply capable to emulate a photovoltaic arraySBACE 1104 real-time hardware, a LCL filter, relay
circuits, current and voltage sensors to providinfage and current feedback, one computer (PQ) wit
the Control Desk software and the program Matlaining the real-time Simulink model developed in
Chapter 3.

DC Meas. Semikron Inverter LCL Filter AC Meas. AC Meas. Grid
A_m ~

JaR ]
g 1L

‘ |

o]

Magna Power
DC Power Supply
|
|
N

°)

e
<

__ SPWM1
SPWM2 Local Load
Semikron | SPWM3

HVSKAI Inverter SPWM4

Interface Board SPWMS

[ SPWME]

dSPACE 1104 vea
Connection Board Bkt

i

PC
Simulink with RTW &
dSPACE Control Desk

Vgab
Vgca

Figure 4.1 Complete experimental setup.
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Figure 4.2 shows a picture of the experimentalsethich has been assembled in a 19 inches
rack with stacked shelves that permit future exjgenef this system. A brief description of all the

components in this setup is explained in the failhgsections.

> B Three Phase
Inverter with
LCL Filter

dSPACE1104
Connection

PC with Simulink,
ControlDesk and
dSPACE board

Figure 4.2 Picture of experimental setup.
4.2  Circuits

This section describes the various circuits designecontrol the voltage source inverter (VSI) in
stand-alone and grid-connected modes. All the g d¢wave their signals traced from their origiretther
the inverter or the dSPACE input/output ports. $a&lveurrent and voltage sensors were necessary to
gather feedback signals for implementing the sclsgonesented in Chapter 3where a Simulink simulation
study has been designed. Data from these sensmBdsted by the DS1104 Connectors board, shown in
Figure 4.3.
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v e !

Figure 43 DS1104 Connectors board.

421 Current and Voltage Sensor s

Two current sensorand four voltage sensors are used in this projEue quantities that e
required for implementing the gricbnnected and stand-alone modes of operatiarvgkg, vgca, Viag,
Vica» Liai» Lig- ASsuming a balanceload with floating neutral, only tw@urrent measurements are
required (4 + i;p + i;c = 0). Also, only two line voltages are requiredthé point of common couplir
(PCQ, because the instantaneous sum of balanced dit@ges is zerov,,p andvyc4). The voltage at
load terminals ;.5 andv;.,) is measured for the purpose of voltage controindustan-alone mode
operation. Halleffect LEM sensol are used to measure these variabldse transducers provide
output voltage proportional teariablethat is being measured. LV-20Rg/sensors are used for volt:
measurements and LB&P type sensors are used for current measure [54]. The sensors are placec

various poits in the power circuit as shownFigure 4.1.

Figure 4.4shows the circuit cone of these twourrent sensors, where power supplies are ap
and the signal M is thieedback, the left side shows a connector in tleedysecFigure 46. Figure 4.5

shows the filtering circuit used for two currenhsers

SIGNA 161

B

Figure 44 LA-55P current sensor circuit.

[
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Figure 4.5Full circuit for LA-55P current sensors with filter.

Both current and voltage signals are filtered ussuch first-order o@mp low-pass filters, and a

gain are tuned to haverange of approximate +10V.
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Figure 4.6 Full circuit for LV-20P voltage sensor with filter.
These measurements are then sent through the DSIdfi#ectors Boarand are available fc
the running control software in tlkemputer. The sensors circuhave been assembled in prir-circuit-

boards (PCBs) shown in Figure 4.6

Figure 4.8shows the relay circuit which is used to contrat tfiree 120VAC thre-phase
contadors used for command the inverter to operatedanc-alone or gridnterconnected modes and -
critical load. This circuit comprises of integrateidcuits (ULN2803AG) that interface the output T
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signals of the Connectors Board to the voltagel$erequired to command the 5VDC relays (D-SL2-
DC5V).

8  Sensor

.55

i
G

Figure 4.7 Sensors board.
The commands for closing or opening the contaamisant from the computer using the Cor
Desk Interface and can also be manually imposeaig push-buttons in the rack.
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Figure 4.8 Relay circuit.
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The relay circuit is assembled in the circuit bopodtrayed in Figure 4.9.

Rz
Seniiga

f_',aaaaaaslmg — |
0DTDODTIID, 2

Figure 4.9 Relay circuit board.

43 dSPACE 1104 [55]

The DS1104 R&D Controller Board, shown in Figurd0}.is a DSP based hardware that

upgrades the PC into a powerful development sydt@nrapid control prototyping with real-time

capabilities made of a PowerPC technology withtaob&O interfaces. The dSPACE Prototyper system

provides full graphical configuration, with programmg developed in Matlab Simulink and experimental

control tools with state-of-the-art real-time sadtw. The board can be installed in any PCI slat BIC.

Analog signals inputs are shown in Table 4.1.

Table 4.2 represents the output of digital signaksd for PWM and relays control.

Table 4.1 Analog signal input.

Channel Signal

1 DC Link measuremen

v;4p Measurement

v;c4 Measurement

i; measurement

i;c measurement

vyap Measurement

N O g A WODN

Vgca Measurement
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Figure 410 DS1104 R&D Controller Board.

Table 42 Slave I/0 PWM Connector (CP18).

Pin Signal
7 SPWM1
8 SPWM3

SPWM5

26 SPWM2
27 SPWM4
28 SPWM6

34 Relay #1

34 Relay#2

Technical Details
Figure 4.11shows the structure of the dSPACE 1104 with theand peripheatls of this syste:
Main processor: MPC8240, PowerPC 603e core, 250,MPikByte internal cacl

Timers: 1 sample rate timer, -bit downcounter, 4x3Bit general purpose timers, -bit time

base for time measureme
Memory: 32 Mbyte synchronous DRAM (‘RAM), 8 MByte boot flash for applicatior

Interrupt control unit: Interrupts by timers, sériaterface, slave DSP, incremental encod

ADC, host PC and 4 external inputs, PWM synchronotesrupts

71



* Analog input: 4x1@it multiplexed, ADC inputs witl2us sampling time, 4x1-bit ADC channels
with 80ns sampling time+10V input voltage range.

» Analog output: 8x1@it channels, 1ius maximum settling timet+10V output voltage ranc
» Digital I/0O: 20bit digital /O (bi-selectable direction}t5mA output current.

e Slave DSP subsystem: Texas Instruments DSP TMS320B2kWord of du~port RAM, three-
phase PWM output plus 4 single PWM outputs, 14ddidigital I/O(TTL)

» Physical characteristics: Power supply 5V, 2.-12V, 0.2A/12 V, 0.3 A, requireone 32-bit PCI

slot.

o Y = [

I -

i
1
PAVIM !

FCl interface —— 1 & 3-Phase
4y 1-Phase !
1

Interrupt Control Unit
32 Mme TM5320F240 I 4 Capture
SDR. Timers DOspP Inputs

Memory Contollar

Dual Port sefial
8 MB Flash 2 e RAN — Peripherial
Memaory e Interface
24-bit YO Bus LA
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Fa———» e
ADC DAC e Senal Interface
4ch. 16-bit B channels o e Pera RS 232/R5485/
4ch. 12-it 16-bit RS422
_______ H\l?@ el OSREA U

Figure 411 dSPACE system structure diagram.

4.4  Semikron Inverter HV SKAI Module Family [56]

The SKAI module belorgyto a family of products primarily designed for drivithree-phase
loads from a DC sourceand it is typically used for implementing motaives, but in this project it he
been adapted to operate as an inverter that cdedbey a renewable energy source such as a P\
fuel-cell. Theuser manual describes the HV SKAI modexplaining theavailable configuratior and
how to incorporate the module ensystemFigure 4.12 shows the block diagramtloé HV SKAIwith a

6 pack module with a built-irDC-link capacitor, integrated current sensors, tentpegasenors,
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protection logic, gate drivers and an optional @8RAtroller all mounted on preimoldedheat sink. The
SKAI uses Semikronlatest pressure contact technology for compactgdesimproved therms

performance and high reliability.

CAN Comm.
i ﬁ External 10
I Gate Drivers / DSP
Foar ety controller L—l Protediion
DC+ ,,',

L - -

J_ KT KT K%
T i KT K3
DC-ink : I

DC- | e ]

[ Integrated Heat Sink |

Figure 412 HV SKAI block diagram.

DC POSITIVE, DC NEGATIVE,

FHASE 1 PHASE 2 PHASE

Figure 413 External Power Terminals.

Semikron integratethe DC-link capacitors in order to reduce stiagiuctance alloing higher
bus voltagesnd better EMC and EMI charadistics. Integrated the D@k capacitormakes the inverter
smaller, more reliable and robu3this compact construction technique is extremnefyged making ia
versatile design for applications mobile platforms. It can be configured with themest eneration of
600 volts, or 1200 volts IGBT3he heat sink can be liquid cooled for high powgsl@ations, but in ou
system forced air by fans in the rack is sufficicThe SKAI incorporates th&GBT gate drivers with
built-in current protection and ¢hinternal circuitry allows several outputs foreiriacing with the

73



computer control (APPENDIX C contains informatidniroverter module pin out). Figure 4.13 shows the

external power terminals for connections.

4.4.1 Module Components

This section describes module components such @siGBTs, heatsink, the driver board,

interlocking time specifications and the drivemrsits control logic.

4411 IGBTs

The IGBTs are mounted on 3 DBCs (Deadbeat contjodlach in a half bridge configuration.
The DBCs are populated in this module with 600 VGIBTs. The DBC material is ALN (Aluminum
Nitride) which provides better thermal conductiam & higher current capability. The DC Link bussbar
have a film capacitor incorporated in the modulijolv eliminates the need for high frequency device

snubber capacitors.

Table 4.3 Module parameters.

Module Ratings 600,  Unitg
Silicon Voltage 600| V
IGBT Breakdown Voltage 60Q V
Maximum DC Link Voltage 450 V
Maximum Continues AC Output Current400 | Arms
Peak Current Limit 1000 Apeak
DC-Link Trip Voltage 458 %
DC-Link Capacitance 1| mF

4412 Heatsnk

Standard air-cooled HV SKAI modules use an AlcanHHR400 heatsink. When used with three
(3x) 4* muffin fans (NMB 4715FS-12T-B50/ 115 VACha the appropriate plenum for a total airflow of
110 CFM, the heatsink performance was measured (82 K/W. Note the direction of the air flow for

this type of a heat sink.

The default dead-time between TOP and BOT turnsoset for 2us. The driver board can be

configured (at the factory), for 1, 2, 3, or 4 oterlock time or zero cross conduction protection.
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Figure 4.14 Short side fin air-flow direction.

TN

The interlock time is not simply added to the TG 8OT signals. If the TOP and BOT signals
have greater than the set minimum interlock timentthe TOP and BOT signal propagate through with
no timing change. The interlock protection only igudees a minimum interlock time.

4413 DriveSignals

BOT HB 1, TOP HB 1, BOT HB 2, TOP HB 2, BOT HB 3thTOP HB 3 are input signals that
generate the switch commands for the 6 switches,aam provided by the dSPACE, see the Table 4.2.
These are positive 5 or 15 V CMOS logic, and iis gystem it is set to 5 V. When the binary output
“High” the correspondent switch is on and whensit‘lLow” the correspondent switch is off. When
driven from 5 volt logic the input impedance is 68&hen driven from 15 volt logic the input impedanc
when driven to logic high is 7k, when driven tagit low the input impedance is 60k.

4.4.2 DC link Analog Output

The terminal # 19 of the interface connector presidhe DC link OUT measurement, i.e. an
analog signal proportional to the DC link voltag&e maximum voltage(9 V) indicates full scale anel t
scaling factor can be computed based on Table 4.4.
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Table 4.4 DC link out parameters.
Silicon Voltage 60Q
ScaleVyink /Vour 50
DC Link Max Voltage(@9V) 45(
DC Link fault Voltage (@9.18V) 459

443 Error Signals

Terminals #3, #14, and #17 of the interface cormemte the ERROR OUT pins. All those 3 pins
are open-collector and tied together so there lis bsignal pulled “High” by an external pull-upsistor.
When the signal is “Low” there is no error. Thigrel reports an error forlg,,;; on any switch, over-
current on any phase, over-voltage of the DC linkder-voltage of the +15 V supply, and over-
temperature of the heat sink. When an error isctladethe switching must be inhibited i.e. all shis
are turned off. In order to reset the control baand restart, all fault conditions must be remoaed all

upper and lower IGBT input signals must be lowdbleast %.

444 Driver Board Power Supply

The SKAI driver board requires a supply of DC inpalttage from 8 to 30VDC and 16W. This is
supplied to the PWR and GND pins. The integratedd@Cconverter supplies all necessary voltages for
the driver and controller, in this project the siyppoltage is 12 VDC volts, fed by a power supply,
indicated in Figure 4.15. The module has a highaga insulation (3,000 VAC) between the interface
connector pins and the DC-Link terminals.

Figure 4.15 DC power supply.

45 LCL filter Inductors Software and Magnetic Design

This section describes how the LCL filter was mdiga#ly designed and constructed using a

software called Inductor Design [57].
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451 LCL filter Inductors Software Design

The Inductor Design software assists practicingirexggs in selecting the optimum core for
inductor applications. Such software has been Bpalty made for switch-mode power supply (SMPS)
output filters (DC Inductors), but the procedurs baen adapted for designing the AC inductorsHisr t
inverter. This software uses a design algorithrerided to specify the smallest design package size f

the given input parameters: (such as current, irahee value, frequency and so on)

« Online Help to educate users with respect to ingmtrcore material characteristics, as well as a
comparison of powder core materials, including; MRRh Flux, Kool Mu®, and XFLUX®;

« A comprehensive reference list of further inforroatito help designers find answers to even
more involved design issues;

« A complete overview and definitions of input andpmu parameters;

- The software has a database for several magnetimajdes such as E cores, U cores and
toroidal cores with the consideration of stackifigares for increased magnetic volume;

« Hardware recommendations for core selections areiatluded,;

- And an option to save the inductor design for exfiee and comparative analysis.

The software user interface is depicted in the heatpictures: Figure 4.16 and Figure 4.17.

Two types of cores (Table 4.5) from Magnetics (wmag-inc.com) were used for the inductors.
The design software is available online (http://m8wwag-inc.com/calculators/inductor-design-calcutato
test). It has been used to define the core tymdsulate the required number of stacked coresdohe

inductor, to specify the wire gauge. The inducteese constructed by hand.

Table 4.5 Inductor parameters.

Parameter Ly L,
InductancefiH) 2.33nH 0.045nH
Core Type 77102-A7 77258-A7
Number in Stack 5 1
Wire AWG # 12 AWG # 12
Number of Turns 116 43

Table 4.5 sums up all calculated parameters redjdgewire length calculation, which can be

found in Appendix B.
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Design Inputs

Material

 MPP (Malypermalloy Powder)
€ High Flux

@ Kool My

Kool Mp E-Cores

Kool Mp U-Cores

Kool Mp Segments

0 HFlux

¥ Full Load L Maximum

™ Single Layer Choke

CALCULATE

Stack Cores

% One
" Two
" Thrae
 Four

 Five

Parameters
DC Current (&) 10

Ripple Current (Amps peak-peak) |2

Frequency (kHZ 100
Current Density (Asg crm) BO0
Full Load L {uH) 100
Mo Load L (pH) 1680
Temperature Rise ("Ch K]
Ambient Temperature 20

fvalue between -50 and 150, in degrees C)

Figure 4.16 Screen showing the design of the itwtsc

Design Output

Core Information

Part Number

1D iin, nominal)

QD {in, nominal)
Height {in, nominal)
Fermeahility

Care Area {sg om)

Fath Length {zm)

AL (mHM 000 turns)
Fecommended Header
Select Core from List

& English  Metric

PRINT SAVE DESIGN

Select

]

Inductor Information
Inductance at Full Load {pH)
Inductance at Mo Load {pH)
Effective Permeahility at Full DC
Wiound Core Dimensiaons {in)
Mumber of Turns

Wire Size (AWG)

Winding Factor

DC Resistance of YWinding {Ohms)
Caore Loss {mW)

Copper Loss {mi)

Total Losses {mi)

Temperature Rize {degrees C)

BROWSE LOAD DESIGN

Figure 4.17 Design outputs for inductor.

Figure 4.18 shows the delta circuit of filter capars with sandstone damping resistors in series.

Implemented LCL filter is presented on Figure 4.19.
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Figure 4.19 Implemented LCL filter.
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46 Control Desk User Interface

A simple graphical user interface can be implen@meControl Desk for this inverter control, as
shown in Figure 4.20. It displays relevant data @adious options to control the inverter. The dageld
values on the screen are either three-phase dearititreference-frame or dc quantities. Data aacthe
reference voltage, active and reactive power ferittverter can be observed and the controller @an b
stopped for debugging if the values seem to beobrainge. The values are refreshed evemd@hen
running without storing data and are refreshedyetesec when storing data. Reference values and PI

gains can be changed on the fly and it is posslebserve the response of the inverter to newtinpu

& grid_01 % =10 x|
FELOCKEYAAPRIABLETH  MBLOCKERARRIABLERY Pref(pu)NaIue Qref(pu)f\/a\ue iPPE-gnd-HnstSerw:e j S
2 15 2 03 " Start Sel
o a0 A U Star | ellings. |
5 e : r % Y o 0.02
12 4 104 50 e R P A [u-nq 100% Length
D'-, _-'5 i e - 5 : 2! 1 ¥ AutoRepeat Downsampling 13:
or 35 = - " Trigger Signal
: S I G/t E
Kp/Gain Ki/Gain O Do [0
5 Pl STOP Walue Comeisgen stpnane
Sl 04, 08 3 [« Drop tigger vatiable here »>
237‘ g e \ s Sttt Disable L —Refarencs Caphue— —Capture Variables
" B 5 - D Teke | See & oo
10 L Stop Enable
KpIGaln Ki/Gain Grid Breaker/Value | msewcksmernaes | -
4 58 250 GO0
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2~ i kS
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Figure 4.20 Control Desk user interface.

4.7 Conclusion

The prototype construction and testing has beefopeed stage by stage in the following
sequence, in order to prepare the system to ba@ble the experiments:

» Building of the interface circuits and testing;

» Building of the main components of the invertertegs cabinet and testing;
» Software development, testing and interaction Wwialhdaware;

* Procurement of the cabinet, components, matenmlg@ols;

* Wiring and marking;

80



This work on the prototype construction, involvedagiical experience and required

manufacturing and engineering skills such as magntassembling, wiring, programming and testing.

Testing of the prototype was done in a systematnmar. Each section and component was
tested individually before putting them togetheebDgging of certain problems was time consuming but

was adopted in a modular fashion to achieve goals.

Next chapter will present experimental results Whi the logical end of all work and analysis

presented in first four chapter.
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CHAPTER 5
EXPERIMENTAL RESULTS

51 Objective

This chapter shows different experiments that Heeen done in order to support the a simulation
results presented earlier and test overall systeronsists of four sections: the first and seconés
contain case studies that support the control desigl the LCL filter performance for the standalone
mode and grid connected mode operation. The ttartlgontains experiment of ride-through operation,
and the system response when the inverter tratwsis¢éandalone from grid connected mode. The last

section contains further results evaluation andudisions.

5.2 Stand Alone Mode Operation

The stand-alone mode test were done with maximuailadle resistive load in the laboratory,
which is around 1.2 kW. Unfortunately inductive azapacitive load was not available in the laborator
In order to test inverter operation with nonlinézad three phase diode rectifier with approximagdy

W DC load was connected.

Figure 5.1 shows the data captured from the FIlB& Bower Quality Analyzer. It can be seen
that the inverter operating under nominal voltageditions with nominal frequency 60Hz and providing
1.2 kW with PF=1 (power quality analyzer measuraglse phase power). THD of current is 0.3%, so the

inverter providing clean sinusoidal voltage.

All other data, which shows the controller perfono@ and three phase values are captured with
Control Desk dSPACE software.

It can be seen from Figure 5.5 and Figure 5.6, thatomponent which is extracted from the
three phase grid voltage is followed very good amdr fluctuates around zero, howevgrcomponent
has constant error and PI controller of voltagetrabisystem can't reach zero error due to unbathaoe
distorted grid voltage. For the purpose of succgsektraction ofV; and V, and minimize grid

disturbance influence positive sequence detecterimmplemented as discussed in Chapter 3.

521 Voltage Step Response

During this experiment reference phase voltage eveged with step command from 100 V
peak value to 170 V peak and back. It can be desncontroller has good performance and follows the

reference command.
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Figure 5.1 Power quality analyzer data: (a) pl#aseltage, current waveforms and single phase ppwer
(b) THD of load current.
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Figure 5.3 Line currents measured at load terrsinal
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Figure 5.7 Phase voltages measured at load tdenina
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Figure 5.12 - Figure 5.16how theinverter operation when the reference phase voltegs

changed with step command from 170 V peak valu®@V

500 200 2007 T - qrreeee e RERPERD RRRREEE IRERERE SRREREEE R PSR SEERERS .
1007 100 1007
= ' & &
g 0 g 0 g 0 <k o A A A A R o e e N A
5 5 5 :
o o o -
1001 -100 100 - el Ve WU U UL VU Ve
-200- -200- 200 —t —t —rt } —t i —t i —t i

-0.02  0.00 0.02 0.04 0.06 0.08 0.10 012 0.14 0.16

W#1:1 Outi[1,1] (Medel Rootpu 1/0ut1[1,1])
#2:1 Out[1,2] {Medel Root/pu 1/0ut1 [1,2])
W#3:1 Out[1,3] (Medel Root/pu 1/0ut1[1,3])

Figure 512 Phase voltages measured at load terminals.
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5.22 Load Step Change Response

During this experiment inverter at the beginningem@ping with 500 W load, then there is a
command and additional 700 W load is connectedr afime time this load is disconnected.

50 507

Sumi Qut1
<

Sum?2 Out1
o

-50 -507

-0.02 0.00 0.02 0.04 0.06 0.08 0.10 012 0.14 0.16

W #1:1 Out1 {Model RootVoltage Contraller1/Sum1/0ut1)
#2:1 Out1 {Model Root/Voltage Contraller1/Sum2/Cutt)

Figure 5.16V,; andV; error.
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Figure 5.17 Phase voltages measured at load taisnin
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Figure 5.19V; andVgy.f.

Figure 5.20 and Figure 5.21 show that with posigeguence detector Pl controller of voltage

control system works much better and able to réglflacomponent around zero.
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Figure 5.22 Phase voltages measured at load talsnin

Also it can be seen from Figure 5.22 that generatdtiges in stand alone mode are completely

balanced because of referefgeandl, used from positive sequence detector.
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Figure 5.23 Line currents measured at load terisiina
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Figure 5.26V,; andV, error.

523 Stand Alone Mode Operation with Nonlinear L oad

This test was done with maximum available resiskbaal in the laboratory, which is around 1.2
kW and around 300 W of load which was connectealutin three phase diode rectifier.

It can be seen from this experiment that invertgpat voltage doesn't have pure sinusoidal form.

Figure 5.27 shows that the voltage distortion issed by highly distorted load current, which hagda
5th and 7th harmonic content.
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5.3 Grid-Connected Mode

For all grid-connected mode experimental resultiiter was connected straight to three phase
receptacle available in the Power Electronics Latuoy of the Department of Electrical Engineerimgl a

Computer Science on the third floor.

POWER 16 POWER 18
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Figure 5.27 Power Quality Analyzer data: (a) phas@ltage and current and single phase power for
nonlinear load; (b) phase A voltage and currentsangle phase power for total load; (c) THD fortagle
output; (d) THD for nonlinear load current.
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Figure 5.28 Phase voltages measured at load talsnin
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Figure 5.29 Line currents measured at load terisina
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Figure 5.30V; andV,. .

Grid conditions and power quality of grid voltagasivanalyzed before connecting inverter to the

grid with available tools and meters in the labomatIt's clearly seen from Figure 5.33 that gradtage
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before connecting the inverter has high distortidgth 5th and 7th harmonics, this was observed durin
the long and extensive experimental work.
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Also the three phase voltage was affected by thexadipn of HVAC system in the building.
When LCL filter is under grid voltage and invertemot operating THD of grid voltage is lower. Tl
be explained by Figure 5.34 where it can be seanhliBL filter circuit is consuming highly distorted
current with fundamental around 0.7 A RMS, so tk [filter works as a grid filter.

5.3.1 ActivePower Injection to the Grid

In this section results of active power injectian the grid are presented. During the first

experiment 3000 W was injected to the grid FiguB53hrough Figure 5.41 present the data of supglyi
3000 W to the grid.
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Figure 5.33 Power quality analyzer data: Powesuored by LCL filter.
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Figure 5.34 THD of current consumed by LCL filercuit.
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Figure 5.35 Power quality analyzer data: (a)THRwient injected to the grid (b) phase A voltage,

current waveforms and single phase power.
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Figure 5.36 Phase voltages measured at load talsnin
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Figure 5.37

Line currents injected to the grid.
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Figure 5.42 through Figure 5.46 shows the contydtesn performance when the inverter
injecting 2000 W to the grid.
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Figure 5.42 Power quality analyzer data: (a)THRwfent injected to the grid (b) phase A voltage,
current waveforms and single phase power.
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Figure 5.43 Line currents injected to the grid.
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5.3.2 Mixed Power Injection to the Grid

In this section experimental results are presemtbdn inverter injecting mixed power with

lagging and leading power.

Figure 5.47 through Figure 5.51 shows the systerfopmeance when inverter injecting 3000 W
and 1200 Var to the grid.
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Figure 5.47 Power quality analyzer data: (a)THRwient injected to the grid (b) phase A voltage,
current waveforms and single phase power.
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Figure 5.48 Line currents injected to the grid
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Figure 5.491; andl gy

= 20 207 T ......... RREEREE CREEETERRY SEERETIEE EEEEEERTS SRR CEEETEERTE R RETERT EEETEREE RREEEEER .
4 = #1 #21 L : : : : : . : : .
£ FEEE R
é 10 :(;: 101 M T E........M."'“| .............. T e e e T T LTI i
23 s :
= a
© O ]
o 2 . . . . . . . . . -

| 3] . . . . . . . . . -
g -10 g A0 prer e SERRRERRE , ......... e , ......... RERERREEE , ......... EERRLRREE , ......... R :
5] B . . . . . . B . . B
= o 1 . . B . . B
= b - - . . - - - - - -
© -20 207 t t t t t t t t t t t t t t t t t t t

.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

W#1:1 Outi{SubArray1} (Model Root/Current Contraller/Controller/Currents_Ret/Out1 {SubArrayl})
W#2:1 Cut1{SubArray1} (Model Root/Current Controller/Controllerfeedback/Cut1{SubArray1})

Figure 5.501; andl. -

c-“; 10

= g

=L i

5 5 ¢

@ 5

= @

= —

o 0] 3 :

B O :

o 2 :

o g :

£ 5 -

5 T : :

= o 1 . . . . . .

= ha - - . . - - - - - -

© -10 104 t t t t t t t t t t t t t t t t t t t
1.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

W#1:1 Cuti{SubArray2} (Model RootCurrent Contraller/Controller/Currents_Ref/Out1 {SubArray2})

W#2:1 Cuti{SubArray2} (Model Root/Current Contraller/Controllerfeedback/Out1{SubAray2})

4
— 2 =
3., ¢
E E
7 =]
w @

-2

4

4 t t t t t t t t t t t t t

1.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

W#1:1 Outl {(Model Root/Current Controller/Controller/Sum/Out1)
W#2:1 Outl {(Model Rool/Current Controller/Contraller/Sum1/0ut1)

Figure 5.511; andI, error.

100




Figure 5.47 through Figure 5.51 shows the systerfopmeance when inverter injecting 3000 W

and consumes 1200 Var form the grid.
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Figure 5.52 Power quality analyzer data: (a)THRuwient injected to the grid (b) phase A voltage,
current waveforms and single phase power.
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Figure 5.53 Line currents injected to the grid.
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Figure 5.57 through Figure 5.61 show the systerfopaance when inverter injecting 2000 W
and 1200 Var to the grid.
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Figure 5.57 Power quality analyzer data: (a)THRuwient injected to the grid (b) phase A voltage,
current waveforms and single phase power;
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Figure 5.58 Line currents injected to the grid.
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5.3.3 PureReactive Power Injection to the Grid

Figure 5.62 represents the Power Quality Analyzkemthere is the command to provide pure
reactive power in amount 2000 Var to the grid.his tondition inverter operates with almost zerwgo

factor, can be seen on Figure 5.62 (b).
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Figure 5.62 Power quality analyzer data: (a)THRwient injected to the grid (b) phase A

voltage, current waveforms and single phase power.
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Figure 5.63 Line currents injected to the grid.
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Figure 5.641; andl ;-

It can be seen from Figure 5.64; andl;..rFigure 5.64 that currerdf; responsible for active

power, successfully follows 0 reference.

c-u; 10 107 7#1:1.#2:1...5 ......... : ......... : ......... .. ......... : ......... : ......... : ......... : ......... : ......... :

= 3

q: = L R R ) bBms s s nma"enn s T o smms s ns s s Tomo s oo mes snnomesn 1

_% 5 g 5_ ..................

L S

= a

© O

o 2

o S &

J2] 5 [ S S N T T T T

5 |3

E ]

= ha - - . . - - - -

© -10 104 t t t t t t t t t t t t t t t t t t t
1.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

W#1:1 Cuti{SubArray2} (Model RootCurrent Contraller/Controller/Currents_Ref/Out1 {SubArray2})

W#2:1 Cul1{SubArray2} {Model Root/Current Contraller/ConirollerffeedbaciiOut1 {SubArray2})

Figure 5.651; andl,..

Currentl,, responsible for reactive shown on Figure 5.66ait be seen from Figure 5.@4 and

I4refFigure 5.64 that currery responsible for active power, successfully folldveference.
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Figure 5.661; andl, error.

5.34 Reactive Power Consumption from the Grid

Figure 5.67 represents the Power Quality AnalyZeemthere is the command to consume pure
reactive power (zero active power) in amount of®@®ar from the grid. In this regime inverter opesat
with almost zero power factor, can be seen on Eigus7(b).
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Figure 5.67 Power quality analyzer data: (a)THRuwient injected to the grid (b) phase A voltage,
current waveforms and single phase power.
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Figure 5.68 Line currents injected to the grid.
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Figure 5.701; andl ..

535 Reference Power Step Change Response

Two test were performed to show how the inverteerafes during the step change in reference
command. As it can be seen from Figure 5.72 - [Eiguv6 step change from 3000 W to 1500 W occurs

at time 0 s.
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Figure 5.72 Phase voltages measured at load talsnin
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Figure 5.73 Line currents injected to the grid.
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Figure 5.77 - Figure 5.81 show system operationrvthere is step change from 1500 W to 3000

W, which occurs at time 0 s.
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Figure 5.77 Phase voltages measured at load taisnin
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Figure 5.78 Line currents injected to the grid.
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5.3.6 Bidirectional Power Flow the Grid to the DC-link

During this experiment inverter provides 1.5 kWthe grid after some time there is a command
and inverter consumes around 1 kW power from tigeagrd provides it to the load connected at DC.link

Steady state operation can be observed on Fig&ee 5.

Step change in power command can be observed etOtids (Figure 5.83 through Figure 5.86).
After time 0.0s. inverter output current switchessgolarity and flows the grid to DC link (negatiP& at
Figure 5.82)

5.4 Evaluation of Results

This chapter presents two different modes of desigprototype operation, when it works in

stand-alone mode and providing nominal voltage mordinal frequency to the load and grid connected
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mode, when it operates synchronously with grid pravides or consumes active and reactive power to
the grid.

Voltage controller for stand-alone mode operatesatly when the load is linear and balanced,
however during operation with nonlinear load (thpbase diode rectifier with DC load) inverter paed

distorted voltage output with high content 8f&nd 7" harmonic.
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Figure 5.83 Line currents injected to the grid.
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Figure 5.861, andl, error.

To improve the stand alone control system thereeed in additional inner current control loop.

Control system with this additional control loofIvie able to provide pure sinusoidal voltage.

The inverter successfully operates in grid-conrteet®de. However, there are some problems

related to the intrinsic distorted and imbalandaee-phase voltage available in the building whbees
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laboratory is located (Brown Building). The invertan only provide sinusoidal current (with THDdes
than 5%) when the reference power is higher th&@®®@0 With the increase of injected power, THD of
current getting better. Same is valid for pure tigagpower injection, inverter provides reactiverremt
with THD less than 5% only after 2000 Var refererdeximum injected power to the grid was 3000 W
and 1200 Var (line current is around 9.3A RMS )jalihis the limit of DC link voltage of inverter and
DC Power Supply voltage/current limit. During thmpgle analysis of grid conditions, current consumed
by LCL filter from the grid were investigated, whiaffects the THD measurements done by Power
Quality Analyzer. Since the current probe meastessltant current on inverter output, then the yrreal

current is sum of LCL filter consumed current andent generated by inverter.

As it was mentioned before, unbalanced and distoged has big impact on inverter
performance. For this purpose positive sequenaxtbgtwas developed and implemented, however even
this effort is not enough and better decouplingheérter with the grid is required, which can béiaved
with more sophisticated control system and a mawepful hardware-in-the-loop (HIL) prototyping

system.

Regarding islanding detection, decision was madémperform this experiment, since switching
from one state to another might cause high inrugheats and inverter works synchronously with the
building three phase grid, but for this test widl bafer to have independent three phase system. Als
another problem with islanding detection was disted during the experimental work, which also
limited ability to test IEEE 1547. The frequencytmut of PLL system was giving fluctuations whicle ar
already outside the boundaries defined by IEEE 1547

Next chapter will discuss on all the work done tloe system implementation and will propose

some ideas and suggestions for future work in dimanprove the current system.
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CHAPTER 6
CONCLUSION AND FUTURE WORK

6.1 Conclusion

This thesis presents complete design and impletientaf an experimental prototype of three
phase grid connected inverter. The objectivesHim ¥Ms thesis have been successfully realized girou
analysis, simulation and experimental investigagioks a part of this research activity a 5 kW piyjte
of three-phase grid connected inverter has bedhand tested with all necessary interface circiso,

a three-phase grid connected inverter simulatiodehbas been analyzed in Matlab/Simulink which was
used to design the prototype and to develop praposatrol solutions. The completion of three-phase
grid connected inverter and effectiveness of tleppsed techniques has been proved through numerous
simulation and experimental results, even thoughetlare some limitations in hardware setup. Duitiieg
experimental work some disadvantages of proposettaisystem were discovered, possible suggestions

for improvements will be given in next section.

6.2 Futurework

Future extension of the project will need betted aophisticated real-time hardware from
dSPACE or Opal RT producers. The dSPACE 1104, tmethis experimental work, has only 8 analog
input and output channels and will be definitelyt Boough for that, also power of processor is very
limited. Each designed control system (for stammh@lmode and grid connected mode) needs at least 60
us to run successfully, however with additional cohystem of DC link voltage and MPPT it will be

impossible to run the model at required speed.
Future work of the present project includes:

» High efficiency interleaved boost DC/DC convertaddt's control system design;

* Maximum power point tracking algorithm implemensatifor solar panels;

» |EEE 1547 islanding detection experiment;

* Model discretization will provide smaller run tinfiar the proposed model,

» Design and implementation of other control straedor the grid side converter in order to do a
comparison between methods of control;

* Advanced relay protection of inverter, which wik ldone in hardware and independently from
computer with control system;

» Evaluation of virtual resonance damping technigquiGL filter for real implementation;

115



Grid connected control system optimization with lwegid operation(independent operation of
inverter from grid conditions);

Incorporating a storage system in order to propdeer for critical load under black out and no
sun condition;

Implementing an energy-management system to mieiinthe operation cost and enhance the
system stability;

Grid fault ride through;

Real time communication implementation betweenmbisystem and utility grid,;

An advanced voltage control system with nestedectifioop for stand-alone operation.
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APPENDIX A

MATHEMATICAL TRANSFORMATION

Stationary Reference Frame aff [58]

Transformations from a three-phase (Equation Ay$jesn to different two-phase systems can be
used in order to avoid controlling coupled ac amseand voltages. These are based on the facintlaat
balanced three-phase system there are only twopemdent current/voltages, thus the third
current/voltage can be expressed by the other Twese systems are often referred to as reference

frames, where the frame is the axis system ofrrestormed system.

When a three-phase system is transformed into goph@se system, this is often calledba to
af (or af0 when the zero vector is used) transform, or asfaam into the stationary reference frame.
Both the three phase and the two phase systendiscshe stationary, because the axes is lockenhén

position, but the term stationary reference frasgally refers to a two phase stationary refereram@é.

=T

]
F

e et D

Figure A-1 abc to af transformation.

The transformation is made by applying the Claremgformation in Equation A-2, where the
three phase quantities must be phase valuesotding values. By inverting the coefficient matrtke

three-phase quantities can be found as a functidtredwo phase quantities.
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Xy = Xgpesin (0)

2n
Xb = XabCSiTl (9 - ?)

(A-1)
] 2m
X, = XgpeSin (6 + ?)
_1 1 1_
2 2
Xo X
2 a
Xﬁ ==10 _E E X | Xy (A-2)
X,| 3 2 2 X,
1 1 1
2 2 2 4
Carrying out the matrix multiplication in Equatiéa2 yields to Equation A-3
[Va] _ VapeSin (6) (A-3)

Vﬁ _Vabccos (9)

The transformation can be thought of as a changeafdinate system, from a three axis(phase)
system to a two axis (phase) system as shown urd-i§-1. It can be seen from thbc system that the
only two phases is needed to express the v&gir and thus it can be expressed indiesystem as the
vectorX,g without any loss of information. Kis the grid voltage, the® represents the grid frequency,

ande is the instantaneous phase angle .

Synchronous Rotating Frame dq [18]

In this system the axis is no longer locked, artdtes following an arbitrary vector, hence the
term "synchronous reference frame". It is sometiales termed thdq system (ordqO if zero-vector is
used). This transformation is widely used in matoves, where the axis system follows for instatiee
rotor position or rotor flux. In grid connected érter it is most common to lock the axis systemags
or current (usually the grid voltage). In the Figuk-2 thed-axis is locked to the vectar,g, and
thereforeX,; = X,z andX, = 0. The axis system will the rotate with an angujeeedw, and have an

instantaneous angle 6f(referred to the stationary system).

The transformation is made using the Park transiton shown in Equation A-4, where the
stationary quantities can be found as a functiothefsynchronous quantities by inverting the cosdfit

matrix.
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o
Figure A-2 af to dq transformation.
Xa cos(8) sin(8) 01 |Xa
Xq| = [—sin (6) cos(8) Ofx|Xp (A-4)
XO 0 0 1 XO

Where# is instantaneous phase angle. If diqeaxis system is locked to the grid voltage, thesaxe

will rotate with the frequenc@nf,, and thelq values will become DC-values.

These equations assume that both the voltage @ndutihent is transformed into tldg system
using the same reference frame. When the referfease is oriented at the voltage vector, thendhe
axis current will represent current in phase whitd voltage, and thus it represents the active pawsre
circuit. Theg-axis current will then represent current whicloig of phase with the voltage, and thus it
represents the reactive power in the circuit. lousth be noted that other versions of the Park

transformation exist, and in these the orientatibthe dq-axis on theX,z vector might differ. This can

for instance lead to having the active power cdietdoy theg-axis.
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APPENDIX B

LCL FILTER WIRE LENGTH CALCULATION

Inductor L; - inverter side
Core:77102-A7

Quantity per phase: 5 (in stack)
ID=57.2 mm (inside diameter)
OD=102.9 mm (outside diameter)
Ht=17.7 mm (height )

Winding Factor = 0.177 (round to 20%)
Number of Turns: 116

Wire: AWG 12

Data from catalog:

For Winding Factor =20%

Length
Turn

Lyyrn = 96.8 4+ 2(5 — 1) *17.7 = 238.4 mm (turn length)
Liotar = 238.4 x 116 4+ 300(terminals) = 28 m

=96.8 mm

Inductor L,- grid side
Core:77258-A7

Quantity per phase: 1

ID=24.1 mm (inside diameter)
OD=40.77mm (outside diameter)
Ht=15.37 mm (height)

Winding Factor = 0.36 (say 40%)
Number of Turns: 43

Wire: AWG 12

Data from Catalog:

For winding factor =40%

L th
I -54 mm

Turn

Ltotar = 43 * 54 + 300(terminals) = 2.622 m
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APPENDIX C

SEMIKRON INVERTER CONTROL BOARD PINOUT

Table C-1 Interface Connector Pin Assignment Drdesub 25 pin.

D-sub

hen

25 pin Signal Remark
1 BOT HB 1IN | positive 5V - 15V CMOS logic
fault monitoring. LOW = NO ERROR, open collectortjout,
14 ERROR OUT external pull up resistor required. Max 30V/15mA
2 TOPHB 1IN positive 5V - 15V CMOS logic
15 BOT HB 2 IN | positive 5V - 15V CMOS logic
fault monitoring. LOW = NO ERROR, open collectortjut,
3 ERROR OUT external pull up resistor required. Max 30V/15mA
16 TOP HB 2 IN positive 5V - 15V CMOS logic
4 BOT HB 3 IN | positive 5V - 15V CMOS logic - seciila 4
fault monitoring. LOW = NO ERROR, open collectortjout,
7 ERROR OUT external pull up resistor required. Max 30V/15mA
5 TOP HB 3 IN positive 5V - 15V CMOS logic
Over templ ©Ver temperature monitoring. LOW = NO ERROR oj
18 Pl collector output, external pull up resistor reqdir®ax 30V/
ouT
15mA
6 GND may be used for analog signal reference
19 Voc analog| analog voltage proportional to the DC link voltafye,scaling,
ouT max output current 5SmA
7 PWR
0 PWR 24V IN (8V- 30V)
+ 15 VDC
8 ouT
- 40
1 T 15 VDG 15V OUT +/- 4% at 60mA
ouT
9 GND - .
52 GND GND for power supply and digital signals
10 Temp analog analog voltage proportional to the DBC temperatur@x
ouT output current 5SmA
23 REF 1 Reference for Phase 1 current. GND
1 analog OUT]| analog voltage proportional to Phase 1 currentTsdxe 6 for
11 )
HB 1 scaling, max output current 5mA
24 REF 2 Reference for Phase 2 current. GND
12 1 analog OLT| analog voltage proportional to Phase 2 currentTséxe 6 for
HB 2 scaling, max output current 5SmA
25 REF 3 Reference for Phase 3 current. GND
1 analog OUT| Analog voltage proportional to Phase 3 current, roaiput
13
HB 3 current 5SmA
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APPENDIX

SPWM REALIZATION

D

IN dSPACE

The sinusoidal PWM dSPACE block "DS1104SL_DSP_PWBhHdwn on Figure C-1.

(Ui Tpudy+1)2

{u2yuid)+1)2

uGuid)+1)2

Py STOP

Figure D- 1 dSPACE

This is a sinusoidal symmetric PWM. PWM

-
——

-

LS110450 DSP_Purhdd

Outy eycle a

Dty cycle b

Dty coycle o

Pihd Stop

SPWM block.

stop allotwsenable (PWM stop=0) or disable

(PWM stop=1) the PWM block. The signal needs dotyje.

The input range for "duty cycle abc" is [0;+1]. Hewer dSPACE used a little bit different
approach for sinusoidal PWM realization. This blaekjuires input of duty cycle but not modulation

wave form. Here only final formulas (Equation Cfaj) three phase duty cycle calculation are presente

Derivation can be found in [59] and [60].

D lea = (ZVA + 1) !
uty cycle a = Voc >
2vg 1

Duty cycle b = (— + 1) = (C-1)
Vbe 2
Dutycyclec = (217C + 1) !
utycyclec = Vo >

whereVp is DC link voltageyp,, vg, v, are the modulation signals, values are in Volts.
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