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Abstract

The increasing penetration of the distributed energy sources and the increasing
load on the AC griddemand for integration of DCgridsin AC distribution
network. This has resulted in trequiremenf power electronic converters such
as DC/AC converterd-ordifferent operating conditions of the DC/AC converter
it is not recommended for the converteroperate in open loop. Hence, while
designing the control for the converter there are challenges such as the presence of
unbalance on the grid leading to higher losses, offsetting of AC voltages at the
output and grounding of the converter leading tdvdigcommon mode voltage
and currents. This thesis explores the control strategy that can be implemented on
the converter to mitigate the unbalance in different operating conditions and
compares different modulation techniques to reduce the common moagevolt
and currents.

To begin with the islanded operation is considered for the converter and the
voltage control is implemented on this type of converter. Further a modification on
this type of control is proposed for the operation of converter under oeatcur
scenario. Subsequently the control strategy for grid connected operation is analyzed
such that the issue of unbalanced currents on the grid is mitighteddifferent
operating modes aoensidered under grid connected operation for validating the
control strategy proposeebllowing the controlled operation in islanded and grid
connected scenario, the active methods for reducing the common mode voltage are
reviewed by comparing different modulation techniques.

On the discussed control strategias different operating conditions of the
DC/AC converters, an optimized implementation of the control on the
microcontroller is presented. Other functionalities such as protection of the
converter against unwanted actions is investigated through impléoneritatate
machine. The results of the controlled DC/AC converter operating in islanded
operation is presented and modifications in the existing PCB are discussed to make
it compatible to operate under grid connected condition. The operation of control
strategies implemented is validated for the real time application of the converter
with unbalanced load conditions.
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Chapterl
Introduction

The global climate is now changing as a result of the human exploitation of
resources such as fossil fuels for generation of elediheityolution tcabatethe
degradation of the global climate is transitigtiire electricity generation from the
conventional fossil fuel based sources to renewable sdiumeegeneration of
electricity using renewables is sparse because thergypanaible soureailable
varies based on geographical locafitiese types of sources are classified under
ADi stributed Ene[ll]gy Resources (DEROG6s)

However, the current scenario is developing in terms of generating electricity
through renewablsourceskigure 11 shows the increase etectricity generation
based on renewable sourf®s The merging of thee nat ur al DEROG.
controllable loadwithin defined electrical boundasformsa flexible entityvhich
is calledait Mi c r {8gMicrodridls can be either AC or DC depending on the
source used. Based on the literature on different typegfgrids it has been
seen that the DC microgridse flourishing4], [5]. This thesis concerns such DC
microgrids formed based on Solar[BYV

5 «10° Renewable based electricity generation (non-combustible)
T T T T T T T T T

»
T

Geothermal
Hydro
Solar PV
Tide Wave Ocean
Wind

w

N
T

Electrical Energy (GWh)

|

0 — —

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020
Year

Figure 11 Electricity generation based on mambustible reneable sources

Simultaneousto the development of electricity generatitiee sustainable
transition is also taking over the automobile indukiigugh emobility. Although
this transition helps the motive of transitioning towards sustainaiilins been
seerthat there will be aincrease in the energy demand because of the EV industry.
TheEV6s act as active | oads which incr e



1.1Challenge# converter control design

network[7]. One such example is the analysis done by McKinsey on the German
gridwhichshows thathe local peak demand on the grid will irse approximately

by 30%[8]. Hence, the use of renewable energy can be done to compensate for the
additional energy demand.

The development of power electronic devices is the solution to reliably connect
renewable sourcas the low voltage distribution gridhese power electronic
device act as interface between sloerceand the low voltage gridhis thesis
focuses on the controf power electronic device whitts as aimterfacebetween
a bipolar DCgrid and theAC distribution grid. This would lead to an increased
flexibility of the grid and provide a sustainable solutiomeetthe higher peak
demand. The block diagram of the converter is shown Rigure 12. The
intermittency i n t he makesitehallergingtodntegratd o n
it in the existing distributio grid [9].

Three Phase

DC Grid —| Four Leg LC Filrer, AC Grid
Converter Choke

— | Unbalanced
Loads

Figure 12 DC/AC converter block diagram

Also, with the increasing flexibility and increasing load demand, there is also
unbalance introducedMore specifically, in thredhase fouwire systems the
unequal distribution of loads give rise to large neutral cuffiEit$11] As seen
the increasing loads are connected on the distribution side rather than the

transmission gridf he DERG6s when AGdisttoagriccatso wi t h

intercanect the ever increasing loads such asmdlitioning, EV chargers eton
the grid[5].

The problem of phase unbalance is existing in many countries. For example, the
analysis of a UK based consultancy firm on 89 LV substations showed that 165 out
of 233 feeders in these substations had phase unbflahcthe causes of the
phase unbalance are ciéised as follow[d 2}[13}

1. The nonuniform load allocation on the grid creates an accumulation of
unbalance over time based on the addition of new users of the network.

2. The asymmetry existing in tiped.

3. Real time load behavior by the customers is unpredictable at the finest level
thereby causing the phase unbalance.

t



Chapterl Introduction

4. Faults occurring on individual phases or ppasse (except three phase
fault) creating an unbalance on the other phases.

The challenges in controlling the power electronic device are explained in the
following subsection.

1.1. Challenges in convert@ontrol design

It is important to note that the output voltagbtained from the photovoltaic
panels (PV panels) is DC, and the low voltage distribution grid operates on AC.
Power electronic devices such as inverters are used to interfacédse P\
microgridsand thelow voltage (LV) distributiogrid. Power electronic interface
devices such as thyg®ase foulegDC/AC converter can be controlled to integrate
with the distribution grid[9],[14]} Addressing this issue, DC Opportunities has
designed a bidirection8IC/AC converter.The existingDC/AC converter is a
fourdeg split capacitoropology and the schematic is showrFigure 13.

L Sﬂgﬁs Sk Sﬂgﬁs Sﬂ%

SYY Y L L/ A (g W———

rlnwx_. B YT TY Y

T| EE “BE URE 24 _T:f ["_“

Figure 13 ThreePhase Fodeg Converter Schematic

DC Grid —» Converter j f AC Grid DC Grid <+ Converter AC Grid
AC Loads AC Loads

(a) (b)
DC Grid — Converter —l L_ AC Grid

AC Loads

(c)
Figure 14 (a) Grid connected DC grid and AC grid providing power to AC loau
(b) Grid connected AC grid providing power to DC grid as well as AC loads
Islanded Operation



1.1Challenges in converter control design

Theexisting convertas operating as an uncontrolled interface and the purpose
of this thesis is tdesign thecontrol of the invertersuch that it can interface with
the grid and can also fulfil the energy requiremehtheoload.There are two
different operations of the converfe}

1 Islanded operation
1 Grid connected operation

The different operating modes of the converter are showigume 14. The
challenges which form tleeiteria for the control structure are briefly introduced
the following subsections.

1.1.1. Islanded operation

The islanded operation refers to the absence éf@hdistribution grid. Hence,
under islanded condition there is no reference for the voltage and the converter has
to operate ingrid forming modeAs he AC loads (single/three phase) are still
connected at the output of the converter it is important thatotitput of the
converter should have balanced three phase voltages under healthy operating
conditions.

Also, as seen from the above literature there is presence of unbalance in the AC
loads connected at the outptience, under varying unbalanced loadb\ariable
DC voltageon the DC grid, the converter will not be able to maintain balanced
voltageswhile operating in open loof-or unbalanced AC loads, the converter
should be able to control operations for overcurrent in one, two or three phases.
Thesechallenges exist while designing the control for the three phase converter
operating in islanded mode.

1.1.2. Grid Integration

The primary challenge in interfacing D€ microgridwith the LV gridis the
synchronization ofour parameterswoltagemagnitude frequencyphase phase
*quenceWhen the converter is operating in grid connected mode, the solar panel
is a grid supporting source. Hence, the converter is connected with the LV grid as
well as the loads simultaneously.

The challenges segnislanded operation are similar in this type of operation.
However, there are some additional challenges in grid connectedAsquis.
IEEEStd5191992, the grid connected converter must teagethan 5% harmonic
injection in voltage and currefit5] In distribution grids, the unbalance impacts
the grid. Hence, the challenge is to control the currents such that the grid remains
balancedvhile the converter mitigates the unbalance.

1.1.3. DC Voltage Balancing

Figure 13 shows that the converter uses a split capacitor topology. Hence, one
of the main challenges is to avoid the DC offset in the AC phssése neutral
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point of the bipolar DC input is connexd to the AC side of the convertdre
absence of control on neutral point can inject unbalance on the AC output. If the
voltage on the capacitgssiot properly balanced, the neutral point will have a DC
offset voltage which will shift the AC outputtagkes bthe same offset.

1.1.4. Common modeVoltage and Common mode Current

The common mode current in the power electronic delg@esajor concern.
For a three phase D&C converter, the common mode voltageefined as the
potential difference between theutral point on the converter and the grouAd.
a result of this voltage, common mode current flows through the neutral to the
ground.

The common mode leakage currgnpacts the net losses, results in increased
grid harmonics and cacreate a strongadiated EMI[16] The magnitude of
common mode current depends on the parasiji@citance formed between the
converter and the groundl6] [17] Alsg, the method of grounding also determines
the impedance in the common mode path which determines the magnitude and
the frequency of the common modereat. Also, the common mode current can
cause false tripping of protective devices

1.1.5. Hardware Implementation

Apart from the control challenges the thesis also addresses the challenges to be
addressed while implementing the control on the controller astihgy of the
converterFor hardware implementation of the control, it is important to ensure
that the response of the converter is fast.

Another important challenge with the control on the microcontroller is that the
control frequency for the microcoalier isconsiderably low. Thiedds to reduced
resolution for the controkor testing theonverterijt is important to prevent the
converter from unwantegbltages and currents in case of incorrect operation

1.2. Research Questions

The objective dhis thesis is to iplement the contradtrategiesen theexisting
DC/AC converter forislanded operation aridtegrating DC bipolar grid with AC
distribution grid The research questions addressed in this thesis are stated as
follows:

1. What are thecontrol strategies that have to be implemented on islanded
converter and how to implement them?

2. What are the control strategies that have to be implemented on grid
connected converter and how to implement them?

3. What are the different modulation techniguisreduce common mode
voltage in grid connected DC/AC Converter?



1.30verview of Chapters

Apart from the major three research questions, the thesis also focuses on how to
implement the control on hardware

1.3.

Overviewof Chapters

The research questions are addressed irdiffierent chapters of thesiand
different solutions for the control design are providée structure of this thesis
consists of six chapters. dverview of each of the chapter is given below.

)l

Chapterl providesan introduction tathe projectmotivation for the detailed
study on this topicnformation on each of the challenges and methods to
address the challenges

Chapter2 focuses on theontrol of the converter when it is operating in
islanded mode i.e., without the grithe variouscontrol strategiethat are
necessary to be implemented on islandedconverter to mitigate the
discussed challengessubsectioril.1.1are explainedh detail Furtherto
this, thechapter provides the simulation results for the converter.

Chapter3 focuses on the control of the convewvtben it is operating igrid
connected conditionThe various control strategies that are necessary to be
implemented on the grid connected convetteraddress the challenges
discussed irsubsectionl.1.2 are explained. Further to this, the chapter
provides the simulation results for the converter.

Chapter 4 provides insight on the common mode voltage (CMV) and
common mode currents (CMC) in such type of converter, how it depends on
the connection of the neutral point and explains different types of
modulation techniques to reduce the common mode voltages and currents.
Finally, this chapter provides a comparison of the simulation of all
modulation techniqueand the resultant common moderrentsand the
criteria used in this thesis for adapting to a particular modulation technique

Chapters discusses the challenge in the hardware design of the converter.
The implementation of the conttp modulation technique on the
microcontroller is discussethe hardware test resulté converter at high
voltage for the islanded operati@mprovided. Further to this, the chapter
suggests some modifications on the PCB design for the grid connected
converterbased on the necessary control strategy.

Chapter6 provides a conclusion to thieesis, on the control strategies and
the hardware implementatiai the converter. This chapter then provides a
brief description of the future scofme implementingadditional control on
the converter.



Chapter2
Control of Islanded Converter

As seen ilChapterl , one of themodes of operation tiie convertersislanded
mode. In islanded mode, the converter is directly connected tdpghaséioad,
orit can be connected to separate single phaseTbagshematiof theconverter
operating inislandedmode of operation is shown Figure 21. For islanded
operation, the current from the converter is provided based on the load demand.
As there is no presence of a grid reference voltage or frequency, éneerconv
operates in grid forming mode. The objective of the converter in this type of
operation is to output a balanced three phase voltage with 230V RMS per phase.

DC Grid 3-Phase 4-Leg Converter LC Filter, Y-capacitors and 3-phase Choke Unbalanced Load

VT% 7 SHAEE ﬂﬂg}sﬂ: o

A A N S
s s s

Figure 21 Block diagram of Islanded mode of converter.

2.1. Converter Topology

As seen from the schematic, the converter 4sha$e 4eg topology with split
capacitor on the DC sid&he three legs of the converter are utilized to convert to
AC output while the fourth leg is connected to the split capacitirthe AC
output of the converten,C filter is used tdilter the higher order harmonics
introduced due to switchin@.he neutral of the Xapacitors (i.e., capacitors for
each phase of LC filieis connected to the neutral of the bipolar grid on DC side
as well as it forms the neutral path for the unbalanced load neutral.

Each phase also hasapacitors which are connected from phasgound
These capacitors have low capacitenaeoid tle high frequency signals entering
the groundby providing high impedanc&he inductor on the load side of the
converter is a thrgghasefour winding common modehoke.The LC filter is
addedbyanother inductance introduced by feakage inductance &gt common
mode choke. As the common mode choke is intendptbiadehigh impedance
for the higher frequency component, the leakage inductance is very low. The
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modeling and the valador leakage inductance of the common mode choke are
discussed in thetkr subsection.

As the neutral point on the bipolar grid is connected to the AC side, it is also
important to control the neutral point such that the voltage across the DC split
capacitors is balanced. Hence, as the requirement is to establish a btalemced
phase output voltage, a voltage control is relevant for this type of operation.

2.2. Axes transformation

The first and the foremost step before designing the controller is the usage of
dgOreference frame or the synchronous reference frarhe. three phase
parameters havepariodic wave which is sinusoidal in nature. Hence, in such cases,
if the instantaneous values are used to control the contleeterror which is used
in a PI control will be fluctuating. Hendege error generated will benanzero
qguantity. Hence, by changing the reference axis of the parameters the sinusoidal
waves can be analyzed as DC quantities in a synchronous reference frame. The
conversion involves two steps:

1. Clarke Transformation: This transformation converts thsinusoidal
gquantities from a three phase to a fixed reference frame with two axis and the third
is considered as the zero axis. This is callgd fheeference frame.

2. Park Transformation This transformation converts ther quantities toa
synchronas reference frame i.e., the axis rotates at the same frequency as the
guantities. Due to the rotation of frame of referetieequantities can be analyzed
as DC guantities.

The coordinate axescorresponding to the thrghase, the 0 and the
synchronas reference frame (dg@)e shown inFigure 2. For converting the
thregphase quantities int@pace vector i.e., the [ reference frameClarke
transform is used as shown by equatiil) and to convert from space vector to
synchronouseference frame, Park transform is used given by eq(22jon

i B-axis B-axis
B- axis q-axis

d-axis

PP A-axis >
Q- axis Q- axis

C- axis

(a) (b)

Figure 22 (a) abg rreference frame (Ip) pdq reference frame
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It is important to note that in the space vector axes, the quantities are still
sinusoidal in nature but in the synchronous reference frame, the rotational
component i.e., th§ dis removed and hence the quantities caartadyseas DC
guantitiesln a similar way to convert from the synchronous reference frame to the
thregphase quantities Inverse Park Transform and Inverse Clarke Transform are
used given by equatiof3) and (2 4) respectively

There are two types of Clarke Transform: a.) Amplitude Invariant b.) Power
Invariant. The difference between these two transformation is #icent. For

amplitude invariant is used while for power invariant is usedEquation(2.1)
represents the amplitude invariant.

00 PPy
o ] \C_ C\_I’I o
Clarke Transform 0 S'%[ Yo —MG':' 0 (21)
6 o1 ¢ ¢ 1o
p p p
K ¢ ¢U
0 Ao 01 0
Park Transform d OHT AIfO ) (22)
O Aijfo 0gi0
Inverse Park Transform d 6T Al[OO (23)
p T p.
6 p W .0
~ - pll ~
Inverse Clarke Transform O ¢ C n O (24)
O Lp Mo 1 O
ic ¢ U

2.3. Pl Controller and PR Controller

There are two widely used methods for implementing the voltage control of the
converter: PR controller and PI controller. For a three phase converter, the PR
controller can be used to track the sinusoidal wavef@8hsrhe PR controller
provides high gain at the resonant frequency i.e., the fundamental frequency in this
case and attenuates all the other frequefit®419] An added advantage of PR

controller is that the number of times axes transformation has to be done is
reduced.

The PI controller is more commonly implemented on converter and provides
very high gain at zero frequency. Hence, the PI controller are used mostly for DC
signals. Even the PR controller is efficient for controlling sinusoidal signals and
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minimizing the steady state errors, the PR controller is not very efficient while
dealing with unbalancedoltages During axes transformation of unbalanced
signals, oscillations are introduced which make the PR control less efficient to be
implemented18] However, for implementing Pl control the number of times axes
transformation is done is increased by one. As this thesis deals with controlling the
converter under unbalanced load operation, Pl controllers will be used for all the
control straggy discussed. The steps followed to design the control of the islanded
converter are discussed in this chapter.

2.4. ConverterControl strategy

The converter operat@s grid forming mode in case of islanded operation.
the islanded operation, the converter output has to be a balanced three phase
voltage with a frequency of 50Hience, voltage control is used for the converter
operating in islanded operatidn.casef islanded operation, there is no reference
for the converter to align itself to operate at 50Hz frequency. Headeresshis
issue, the reference of the angle is provided as a controHepug, the reference
of the angle is given as a parhef¢ontrol and the waveform of the angle is shown
in Figure 23. This fulfils the purpose of the p hdackeel oop (PLL) O i n ¢
grid connected operatid@0]

Angle 4
Reference

2w

0 >

time

Figure 23 Angle reference for the voltage controller.

Once the angle referenceség the three phase parameters are transformed into
the synchronous reference framg.the objective is to control the voltage instead
of the power, amplitude invariant form is used for transfoomafs mentioned
before, the output of the converter is rated similar as the LVeagriolalanced three
phase voltages with 230V rms voltage on one each phabte gudpose of the
controller & to provide the required outputo solve this purpose, a PI controller
IS use.

Figure 24 shows theontrol block diagram of a thrgdhase 3eg converterAs
seerfrom the blockdiagramthere are two Pl controllers used, one controls-the d
axis voltage and the other one controls thgig|voltagd.he PI controllers should
be tuned such that the voltage on tkexis is aligned to the pemlagnitude of the
AC voliage i.e230C2V and the voltage on theaxis is aligned to 0V

10
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The operation ofndividual Pl controllerswithin the voltage control bloak
shown inFigure 2. The output of the PI controller is a reference voltage which is
then used to modulate the duty ratios such that the converter maintains a stable
voltage at the outpuThe theoretical calculan for obtaining the balanced three
phase voltages is shown below.

®  QEi — 0t ol

O 0t eE T — o 29)
(i) Sa T or rs
: G oMtwe lw— 26)
w comci Q&w—
L L Py —
w P WO . colitdé io—
W 6 ¢ ngomgi Qiv— (27)
W up Wo n T
i ¢ Pu

o C OUMTHE i—
) COTICWE+ pC T (28)
d) R

COTMCWE+ T MW

As seen from equatio(a5) to (2 8), it canbe seen that if the voltages are aligned
at 23@2V and 0V for daxis andj-axis respectiveline final output obtained will
be a balanced thrphase system.

VA— , Vap v » ’
———+ Clarke Transformation———— Park Transformation  Ydqmeasured Positive Sequence “da
8, — Positive Sequence Voltage control
el

\

Figure 24 Voltage control of the converter.

p P P
Vd,reference —_t @ — Kp ar 5 \/:1 \/1
3T S
pl Inverse Park ‘Vp | Switching
d,measured Tnverse Clarke — YD, GEE;:;DII Pulses
Transformation P — S1t0S6
i i \A —
Vq,reference — Kp + 5 Vl L VI —
T s
Ve !
q,measured T
0

Figure 2 PI control for voltages in dgference axis.
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2.4.1. Current limit control

The control strategy discussed above is to provide balanced three phase voltage
at the output of the converter. As mentioned previously the teneperates in
grid forming mode in islanded operation. Hence, with the variable output power,
the converter provides the current demanded by the |bdgever, with the
unbalanced phase loads under overcurrent condition, the current in single phase,
two phase or all three phases can increase beyond the limit that the converter can
provide. Especially for a single phase or two phase overcurrent the single phase
power of the converter exceeds the limit, but the three phase power does not exceed
the limit. This can cause damage to the components of the converter.

Thus, a modification of the control is necessary. Also, to preverurtherter
from gettingdamage the modifiedcontrol should have fast response. The control
of the current can be done by reithgcthe voltage thereby limiting the curremt
the maximum rated value of the convelitas.important to detect the overcurrent
per phase. Hence, the voltage corresponding to the phase in overcurrent should be
reduced and the other phases should miaittee same amplitude.

As seen from the previous subsection, the voltage control of the converter
operates in synchronous reference frameefdgence frame) hence the per phase
voltages have to be controlled iréfgrence frame. This can be achieved using the
concept of symatric components.The symmetric components have been
explained in detail ir3.1 For a three phase system the presence of negative
sequence along with positiveusstge indicates unbalanétence, in the modified
control strategy, the unbalance is injected into the system by injecting the negative
sequence along with the positive sequence control such that the output of the
controller would have reduced phase vettamly on the phase with overcurrent.

In this controlstrategynly positive andhegative sequence contralareused
and the zero sequence is given the reference off kexas because if the zero
sequence is not zero then the other phase wihal®oan impact on the magnitude
if one phase reduces. Hence, to act only on one phase the negative sequence will
set reference points in dgq accordingly and make the zero sequence voltage equal to
zero. The modified control block diagram is showkFignre 26 and the modified
controller structure is shown Figure 27.

As the negate sequence voltage control is activated only during overcurrent, the
instantaneous measurements of phase currentsoamgared to the maximum
current that the converter can provide. If the phase current/currents exceeds the
maximum current limit, a sigh#& provided to activate the negative sequence
controllerthrough Gscript in PLEC@&nd athree phase system with reduced voltage
amplitude is given as reference for the negative sequence coiitiellgignal is
also responsible for detecting the phasevercurrent and used to reduce the

12
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amplitude of the voltage of the corresponding phase. Boeept is given in the
Appendix for reference.

p
S f S ati dqg,measured
re Park Transformation J,meas
V V Positive Sequence
3ph, converter ) GBO n
Clarke Transformation
Park Transformation dg,measured
-8 . Negative Sequence
eret—* g 4
Figure 26 Modified voltagetransformation
n
n
Vd,reference —+ — Kp + 5 i L,
Vn T Inverse Park \/abc Pulse —— Svi.;ltThmg
d;measured [nverse Clarke Y + Generation uises
n Vn Transformation T S1toS6
R p
Vq,reterence —+  — K, + % ., \/abc —
n |
Vq,measured (5

Figure 27 Negativesequence voltage controller

2.4.2. Control of theFourth Leg

As seen from the schematic of the convertdfigure 21, the DC grid is
interfacing the converter with tweapacitors thereby forming a split capacitor
topologyln inverter systems which interface unbalanced loads or interface the grid,
a neutral wire is provided in order to regulate the neutral cyggéhGenerally,
there ae three types of topologies for AC/DC converters which use the neutral
point on DC side:a.) A split capacitor topology tka)fourth leg with DC link
capacitor and c.) fourth leg wisiplit capacitor topologyn the converter being
used, a fourth leg istroduced to regulate the voltage on the split capacitors.

This neutral point on the DC side should be ideally at a potential such that the
voltage on the two capacitors must be bald@dédf the neutral point is not well
balanced, there will be neutral current injected ®AK stle which can induce
the unbalance in the curref22] The advantage of using the fourth leg to balance
the neutral point of the capacitizrthat the control of the fourth leg can be made
independent from the three phase control of theverter22]

The voltage of the neutral poicdén be calculated based on equaii®). The
primary objective of the fourth leg ismaintainr at zeroReferenc§21] presents
a double control loop consisting of neutral point voltage and the neutral wire
current control to mitigate thissueof fluctuating neutral point voltagelowever,
due to practical limitations such as measurement of the currents on the neutral
wire, the current control loop increases the complexity. Henceg ioutient
control strategy, only the voltage control loop is used.

13
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- W R W (29)

This can be achieved by using a control loop using a proportional controller.
Figure 28 shows the control block diagram of the fourth leg.

V ) Switching
dc,upper ) V ref ., g
* -, KP e 5 ™, Pulse Generation Pulses
? T S > S7,S8
vdc,lnwer Q)

Figure 28 Control block diagram of the fourth leg.

2.5. Simulationof Converter

The DC/AC converter is simulated in PLECS softwarartalyze the control
strategies discussed in this chapter. The methodology, analysis points and the results
of the simulation are discussed in this subsedti@mnanalyzing the implemented
cortrol strategy, the schematised in PLEC&re giverin Appendix

The measurements whicprovide the parameters to the controller are
highlightedn the schematic. These points indicate the same position which is being
measured on the PCHBror analyzinghe control, the simulation parameters
initialized in PLECS are set as givefahle 21.

Parameters Symbol in Schematic Values
DC Bus voltage W X TIOD
Converter side inductance 0 oT'10
Xi capacitance 6 M m p° O
Yi capacitance 6 M 8¢ O
Common mode inductance 0 X L'TO
di axis set point (peak) 0 ¢ ot ®
qi axis sepoint Wy {0

Table 21 Simulation parameters

The control strategy implemented in the simulation isnibdified control as
per the current limit control. The voltage controller structarghe three leg is
shown byFigure 218.

2.5.1. Modeling of choke

As mentioned in subsectighl, the leakage inductance of the common mode
choke is added at the output of the LC filtBrgure 2 shows the model of
common mode chokand thedotted line illustrates the path of the leakage flux.

14
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The common mode chok® using a ring core with nanocrystalline material which
has very low leakage inductafi@eobtainthe leakagaductance of the common
mode choke, a FEM simulation is done on FEMM 4.2 software.

%

Figure 22 Common mode choke and leakage flux path.

Ll

The simulationresuls in Figure 210 shows thdlux path when only one phase
is energized so that the leakage in one phase can be calthlmgeen shaded
area represents telume setion for the leakage regiovhen only one phase is
energizedBased on this region the magnetic field energy is calculated using the
software The magnetidield energy is given by equati(@il0). Based on the
magnetic field energy the leakage inductance can be calculated.

Figure 2L0 FEMM 4.2 simulation results of common mode choke (wh
only one phase is energized).

o gi‘)"Q O£ 6 aQi (210)
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Using this value of leakage inductatite,common mode choke is modeled in
PLECS.For magnetic modeling of common mode choke, the magnetic library is
used with saturation bloskThe saturation blocks in PLECS use the same data of
as mentioned in the datasheet of the common mode choke.

Figure 211 shows the PLECS schematic of the common mode choke modeled
in PLECS. As the magnetic library of PLE@Bresent the ideal core and
saturationthe leakagimductance can be modeled by addiatallel leakage path

Rnt

Figure 211 Schematic of common mode choke.

2.5.2. Simulation results

This subsection illustrates the various parameters obtained at the end of
simulation. The results correspond to the operating parameters mentidiaddein
2.1. For conventional operation i.e., operation under healthy conditiensiitage
output of the converter should result in three phase balanced voltages with 230V
as RMS valu&he voltage and currents are measured after LC filter.

While the current provided by the converter matches the load current demand.
The fourth leg camols the DC voltages on the split capacitor at equal values and
half of the DC bus voltag€he simulation results are showrFigure 212, Figure
2.13andFigure 214.
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Figure 212 Converter output voltages

Figure 213 Converter outputurrents

Figure 214 DC capacitor voltages.
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