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Introduction

Power electronic converters constitute a large group etiits used for the conver-
sion of electrical energy.

Among all the existing power electronics converters, ttiegary of Voltage-Source
Inverters (VSIs) is the most widespread in the world of redeas well as in industry.
VSils are used for transforming a continuous input voltag€)(ito an alternating
output voltage (AC), possibly controllable in amplitudeldrequency. They have be-
come widely used in all those applications where an adjistal-AC conversion is
needed, such as motor drives, utility interfaces and poweplges. For home appli-
ances single-phase AC is generally standard, while in ingtisree-phase systems
are; higher phase orders are given much less diffusion,gpilynfor their greater
complexity and cost.

The aim of this work is to present the development of a novaetphase volt-
age-source inverter, therefore the discourse focusesttinatian onto the world of
three-phase VSils, whereas different families of power edsvs in this respect have
a marginal pertinence and are disregarded in this thesis.

Most VSls control the electrical parameters of the low-frexscy output voltage
using semiconductor-based switches and by means of hégjudncy pulses modu-
lated so that, after being low-pass lItered, they resolvm ithe desired waveform.
Over the years, following the evolution of solid-state tealogy, power electron-
ics has dramatically developed, giving birth to new and gbaetter semiconductor
devices, namely, in order of appearance: thyristors, gatedff thyristors (GTOSs),
bipolar power transistors (BJTs), power MOS eld effecrisastors (MOSFETS) and



2 Introduction

insulated gate bipolar transistors (IGBTs). Thanks to @ Iseries of technological
leaps, since the precursors of the 1950s, silicon-base@mpownverters have wit-
nessed a strong improvement in terms of performance, efagie exibility and re-
duction of size and cost. Further developments were madeitast ten years with
the introduction of wide band-gap semiconductors, likeeail carbide (SiC) and
gallium nitride (GaN), that opened the way to hew opporufor research in power
electronics.

In addition to the evolution of semiconductor technologgyesal topologies of
VSIs have been introduced over the last decades and a wigyvaf modulation
techniques have been developed too. Overall, each solptesents different pros
and cons, making dif cult to spot a single winner under evaspect of interest.

In former times, but still today in some applications, DC-A8@hverters adopted
an isolation transformer, either a low-frequency transfer at the AC side, or a
high-frequency transformer at the DC side. However, thesfamer produces addi-
tional losses and its adoption is not free from drawbackgesit is generally heavy
and bulky and it increases the overall cost of the systems.|ds$t trend is to take
out the insulation transformer, designing what is addiéssea transformerless con-
verter. Unfortunately this is not a perfect solution eitt@nce the lack of galvanic
insulation, together with the poor common-mode voltage {§haracteristics typ-
ical of these systems, allows for the ow of leakage commandmcurrents through
common-mode impedance paths that exist between the cenatl the load. In
photovoltaic applications this effects the ef ciency am fpower quality. In motor
drives, bearing failures, electro-magnetic interfersnitat cause inverter drive trip,
or interference with other electronic equipment in thenitgi can happen. Inconve-
niences related to the CMV in transformerless convertgnesent such a signi cant
aspect that a lot of research has been conducted over thetpgag to remedy them
both in the industry and in academia.

Also the modulation of the switching devices plays a relévaie in the con-
verter performance. Among the several existing poss#slitthe traditional Sinu-
soidal Pulse-Width Modulation (SPWM) is popularly acceptes a good trade-off
between simplicity and effectiveness, whereas the Spact&VPWM (SVPWM)
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technique is somewhat complex, but it has been proved tosgiperior performance
and it is expected to be increasingly diffused in future.

This work ts in this context, presenting an original topglocalled “H8” for a
three-phase VSI, along with a dedicated SV modulation. Thermurpose of the
project is the realization af a transformerless invertethwop-of-the-line perfor-
mance in terms of CMV reduction. For this reason most of then#bn is given
to CMV-related aspects.

The thesis is organized as follows:

» Chapter 1: introduces the theme of transformerless iexernd presents a
survey on solutions oriented to the CMV reduction.

e Chapter 2: explains the main aspects of transformerlessters employment
in PV applications and motor drives.

e Chapter 3: focuses on modulation, exposing the functgpminnciples of Si-
nusoidal and Space Vector PWM. It also provides a surveyeoifrthst relevant
techniques that reduce CMV.

» Chapter 4: exposes architecture and modulation of the #&ter and offers
comparisons to a classical VSI with the support of simutatiesults.

e Chapter 5: rst explains the experimental setup with foonghe realized pro-
totype, then it shows experimental results.

» Conclusions: delineate the contribution of this thesssinging the main achieve-
ments of the work and propose future works to address stlhagsues.

< Appendix A: presents full schematics and PCB layout of dadized prototype.






Chapter 1

Overview on transformerless
three-phase inverters

1.1 Introduction

In all practical applications, electrical systems are gamd for safety reasons. In the
case of an inverter where a connection to ground is presebbtnthe DC input
and the AC output, a classical approach was to provide gahisolation along the
conversion path by means of a transformer. It could be plaitbér in the DC-DC
converter in the form of a high-frequency transformer (Bi@), or on the AC output
side, in the form of a bulky low-frequency transformer (Fid3). Unfortunately these
solutions are far from ideal, the former decreasing theiefcy and making the sys-
tem more complex, the latter having a low-frequency tramsés which considerably
increases size and cost of the syst&in [

A higher ef ciency, smaller size and weight, and a lower prior the inverter are
possible by omitting the isolation transformer. The clealsiransformerless architec-
ture is depicted in Figl.1 Of course the lack of any transformer brings to the lack
of galvanic insulation between the DC source and the load an@ consequence,
to the lack of any sort of block for common-mode currents tigio common-mode
impedance pathsjJ.
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Figure 1.1: Transformerless inverter.

HF
transformer

Figure 1.2: Inverter with high-frequency transformer.
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Figure 1.3: Inverter with line-frequency transformer.
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Figure 1.4: Transformerless drive with stray capacitancegound.

1.2 Common-mode and differential-mode

This section describes a model for the common-mode andréliffi@l-mode of a
standard inverter based on the three-phase bridige [

Fig. 1.4shows a three-phase bridge drive powered by a DC sagc&he stray
capacitance€y, between the terminals of the DC link and ground, as well asegho
between the motor windings and the frafg are shown to better clarify the exis-
tence of a common-mode path involving the inverter, thosmehts and the ground.
For each output line, the impedangeg includes the inductive and resistive effects of
the cable, whild.,, andR, represent those of the motor windings.

Assuming the negative side of the DC libkas the reference potential and nam-
ing the output ports of the invertel, V andW, the output voltages of the three-phase
bridge can be addressedwasy, W andwyn. The output common-mode voltagegn
is de ned as their arithmetic average:

VUN+ W+ Wy
Vom =~ (1.1)

Three-phase inverters can be modeled with differential-cammon-mode equiv-
alent circuits fl]. In this thesis the recti er at the inverter input is not &akinto ac-
count; instead, a DC voltagéc is here considered at the input port.

Switching states for each leg and for the whole bridge areessed in1.2) and
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(1.3 respectively.

(
1 upper switch ON
;Sv;Sw = . 1.2
S S S 0 lower switch ON (12)
h i
Sw= S S Sw (1.3)

The common-mode (CM) contributioX: and the differential-mode (DM) com-
ponentsX;p, for each phase voltage or phase curd¢ntcan be expressed as h4)
and (L.5), where the subscrigt= u;v;w denotes each output phase.

o Xi
= a 3 (1.4)
j=uvw
Xijp=Xj X  where § Xjp=0 (1.5)
j=uvw

From (1.4) and (.5), the transformation matrix inl(6) gives a comprehensive
relationship between three-phase quantities and their @vDavl contributions.

2 3 2 32

Xy 2 1 1

VL= 2 9% (1.6)
Xupb 393 1 1 2 .

X 1 1 1 W

CM and DM equivalent circuits of the three-phase inverter sinown inl.5
where voltage sources and impedances are give.®1(9).

+s,+
Vo= BN S (1.7)

+s,+
ViD= Sj W Voc  forj=uvw (1.8)
Zs= WCLS Zm= Rp+ jwln (1.9)

ZsZm
Zst Zm

Zo;c = Zo+ Zs ZO;D = Zo + (1.10)
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Figure 1.5: Common-mode (a) and differential-mode eqaivatircuit (b).

1.3 Converter Architectures

This section reports a survey of the different solutiongopeed by researchers over
the last decades to address the problems of high-frequestaynon-mode voltage
and common-mode leakage current. The majority of them aietians of the tradi-
tional three-phase bridge like that of Fiy4, hereafter referred to as “H6” because
of the six switches it is composed of.

1.3.1 Neutral-Point-Clamped inverter

The Neutral-Point-Clamped (NPC) inverter was proposethierrst time in 1981 by
Nabae Takahashi and Akadi]| also, since the early 1980s, modulation techniques
for NPC have been well developed. Since its introductioneisd publications fo-
cused on this topology and a lot of variants with differenintner of voltage levels
have been proposed. The most common version is that ofLFdg.

The NPC converter offers bene ts over the conventional texe! inverter espe-
cially in terms of ef ciency, thanks to the series connegimf the devices in each
leg, which in turn reduce the voltage across each of themlzréfore losses. Actu-
ally, in this regards the DC link voltage must be consideaad for smaller voltage
levels, conduction losses are more relevant, whereas @tehivoltages switching
ones become predominant. NPCs are more ef cient when higthg® systems are
considered, because given the semiconductor technolugyeihibit less switching
losses. Cross-even point depends on the technology. Fudne, having more than



10 Chapter 1. Overview on transformerless three-phase inveers
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Figure 1.6: The Neutral Point Clamped inverter.

bl

=<c

Bl

two voltage levels, this type of converter generates a Idvaemonic distortion and
lower current ripple, making it suitable for smaller outgtgrs. In many works this
architecture was adopted, both for single-phase and fhtiase invertersg].

The main drawback of NPC consists in the complexity: mordaagsvand more
driver circuitry are necessary compared to other architestand the control turns
out to be more complex as well. Also, unbalance voltage dae ar the DC link ca-
pacitors. If any current is injected into the neutral pdnga capacitor will be charged
and the other will be discharged, with the consequence lieatdltage applied to the
output can become asymmetric. In order to cope with thislprobsome counter-
measures must be taken designing the modulation and thetsystem 6].

1.3.2 Impedance-source inverter

The impedance-source, or impedance-fed inverter, oftbreatated as Z-source in-
verter (ZSl), is derived from the full-bridge structure wihe addition of an impedance
network on the source side. This two-port network is made fupvo inductive el-
ements, which can either be a split inductor or two separatecitors, and a couple
of capacitors connected in X shape, as shown in Eig.The key feature of ZSl is
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Figure 1.7: The Z-source inverter.
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Figure 1.8: The Quasi-Z-source architecture.

that AC output can theoretically assume any value from zeio hity regardless of
the DC source voltage because the ZSI ultimately repredantkboost inverter. It is
also worth to be mentioned that this concept is suitablelf@oanbinations of power
conversions (DC/AC, AC/DC, AC/AC, and DC/DC), especiatiyapplications where
the input voltage changes widely. In addition, when comgdoecascaded DC/DC
plus DC/AC traditional converters, cost is reduced andiehcy increased since two
conversion stages get incorporated into one same convirtexality, it is suitable
for boost ratio range up to 2, while for higher ratios the DC/Boosted PWM in-
verter is the best con guration. Furthermore, the presari@right-hand-plane zero
limits the dynamic response and it cannot be eliminated lystidg the Z-source
parameters#10].

The Quasi-Z-source inverter, depicted in FIg8, represent a slightly modi ed
topology of to the ZSI, exhibiting all the main advantageshef ZS| and even addi-
tional bene ts such as a constant input current and lesssstie components. More-
over, it is suitable for space vector modulation for minimgthe common-mode
voltage [L1].
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Po é}
Figure 1.9: The four-legs inverter.
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Figure 1.10: The two-levels three-phase PV inverter tagplaroposed in{].

1.3.3 Other topologies

The CMV-related problems were addressed also with otheoappes, here the most
relevant alternative topologies are reported.

A four-legs inverter like that of FiglL.9, where a fourth leg is added to the H6 for
controlling the CMV, adopting a speci ¢ modulation can reduhe average output
voltage and the differential mode distortiot?].

The topology proposed inl], represented in Figl.10 reduces the CMV and
the leakage current, but it has a great number of diodes amches which increase
switching and conduction losses with the immediate consecgl that ef ciency is
lower than in conventional three-phase inverters.

In [13], the authors propose a solution where seven switches asemir (shown
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Figure 1.11: The H7 architecture.
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Figure 1.12: The DCM-232 inverter.

in Fig. 1.11), allowing to break the leakage current conduction patlinduthe free-
wheeling period. Moreover, this converter utilizes a regtlitcommon-mode-voltage
modulation where the zero-voltage states are not used. Vanie only focuses on
leakage current elimination compromising issues such #age linearity, output
current ripple, dc-link current ripple and harmonic disiton.

Atopology called DCM-232 is depicted in Fifj.12 It makes use of ten switches,
six for the H6 and four for a DC multiplexer with two DC sourc@V panels).
Both of them are disconnected from the DC bus when the zetorgeare generated,
so that the stray capacitance of the panels remains at saobnvstiue and leakage
current does not arise. The solution performs well in teriB/@nd leakage current
reduction, however it needs separate DC sources and iaisesehe complexity both
of the hardware and of the control because of the presenen sititches14].






Chapter 2

Applications of transformerless
Inverters

Inverters nd application in all those elds where a DC-ACrorsion is needed.
Three-phase architectures are generally preferred téespitase for power ratings
greater then about 5kW. In this section a general-termsrigisn is given for the
two main inverter-based categories of electronics: ptataic (PV) systems, con-
trollable motor drives.

Also, the main features typical converters (control of theent and Itering) are
exposed in the followings.

2.1 Control of the current

In most of the applications, a controller is employed tokrétee current reference
from either a MPPT block in PV system or the torque control ioton drives: it
produces a value of duty cycle so to generate the desiredrtuiithe de nition of an
effective and reliable control scheme is of great imporeara this section, some of
the most popular schemes for current controllers are preden
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'Y

sin 0 CaR.
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Figure 2.1: Block scheme of the current controller for a¢hphase system adopting
PI1 controllers in the synchronous reference frame.

Proportional Integral (PI) controllers

PI1 controllers are a simple solution and are often adoptedalgeneric PI controller,
with kp andk; as respectively proportional and integral coef cient® transfer func-
tion is given in @.1).

Gpi(9) = ke + k_; (2.1)

Because the PI controller is not able to track a sinusoideteace without a steady-state
error, the control scheme of Fig.1is adopted. It is based on the fact that balanced
sinusoidal three-phase quantities turn in constant valles transformed in theq
synchronous frame. In normal working conditions referevedees from the MPPT
block can be considered constant, or varying with dynamiashrslower then the
converter output fundamental frequency. Therefore, witdl #or each of the two

dg components, it is possible to perform the control of threage currents with
zero steady-state error. In additiatg feed-forward voltages are added in the control
loops, counterbalancing the presence of the grid voltaggsadnverter output.
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Proportional Resonant (PR)

The Proportional Resonant (PR) controller is a second aat@roller with an in nite
gain at a speci c frequency. Its gain is given b8.23), wherewy is the resonance
frequency, whileKp andK, are the proportional and integral coef cients.

Gpr(S) = Kp+ K|

S
F+ (2.2)
However, because of the in nite gain at the resonance fregyean ideal PR con-
troller can suffer from instability. In an actual implemation, this must of course
be avoided: some damping behavior must be introduced, mdkia PR controller
non-ideal. The gain of a non-ideal PR controller is given 2y)( wherew; sets the
bandwidth, thus the controller sensitivity towards vaoias of the grid frequency
around the nominahg, where the gain in now nite but still high enough for provid-
ing a relatively small steady-state error.

2W:S

Gpr(s) = Kp+ Klm
0

(2.3)
Since the PR controller works in the stationary frame, wititbe need of any Park’s
transformation, it is also suitable for harmonic compepsaby cascading several
of them, each one tuned to the speci c harmonic to be compedsas shown in
Fig. 2.2, where the ideal PR controller of equatichd) works in parallel with other
resonant terms that compensate the 3rd, 5th and 7th harsnonic

Deadbeat controller

The deadbeat controller is a predictive controller, thugedaon the model of the sys-
tem where it is adopted. The model is used to foresee the lmehafvthe system,

that is the evolution of the controlled quantities. In othenms, the equations that
describe the relationships between the physical quastitie the switching states
of the converter are used to determine the most effectivecking events that will

null the error in the shortest number of sampling periodsvided a precise knowl-
edge of the system parameters, theoretically the deadbetablier has a very high
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Figure 2.2: Block representation of the ideal PR controllére bottom branch is for
harmonic compensation of 3rd, 5th and 7th harmonics.

bandwidth, hence a sinusoidal signal can be tracked witmalitte error. However,
being a model-based controller, it is easily effected byapeaters mismatches that
may lead to considerable tracking errors or, in the worstsa® stability problems.

2.2 Filtering

As already mentioned, voltage-source inverters synthébiz output voltage by some
sort of modulation of high frequency pulses. In order to redthe switching har-
monics, an output low-pass lter must be employed. Outptérs for grid-connected
inverters and considerations related to their design haea ldeeply explored in lit-
erature 15]. In brief words, a grid Iter made by a simple inductor is teanplest
solution, but usually it does not give satisfying performain term of harmonic re-
duction, even employing a large inductance value. For #a@son, in most cases a LC
or LCL lter are instead employed. Usually, a damping remify is also employed,
keeping in mind the trade-off between damping and powerkskoth increasing
functions ofRy. In Fg.2.3the typical Iter con gurations (, LC, LCL, LCL+ Ry)
are depicted. Filter parameters should be chosen so totlmibverall size of the
reactive elements and the power losses connected to thiggodssnping elements
(usually required to avoid resonance). First, inductogrsnust ensure a current rip-
ple under the required one. CapacitGrsare limited by the absorbed reactive power
and they play a role in further limiting the current ripplehél LC resonance peak
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Figure 2.3: Typical Iter con gurations.

must be checked to end up in the range between ten times thdrgguency and
half the switching frequency. More accurate design comatos can be found in
many publications]6-18]. For the three-phase applications, the two mainly adopted
topologies employ thre€Cs + Ry) series in a wye or delta connection, as those de-
picted in Fig.2.4.

L L Lt Ls
L — o
5 f S o O_IYYV\T
g oY iy 8 o
o9 B T Ci
> © o Ao = ? ] R, ] 2
8 o oo (§ Q f S K7
1 IR
=T = CTFTC &
O

Cs
Rd%%% Ly R Ri |

(a) (C¢ + Ry) in wye connection (b) (Ct + Ry) in delta connection

Figure 2.4: Con gurations of the three-phase LCL Iter widlamping resistors.

2.3 Photovoltaic systems

In the last decades, the demand for electrical power hasdsed, whilst the tradi-
tional non-renewable energy sources have diminished aksiohus causing a grow-
ing interest towards the generation from renewable powerces. Photovoltaic en-
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ergy falls into this trend and PV systems have more and mdegrated into the
existing distribution grid 19].

The main classi cation of PV systems is between stand-atorgrid-connected.
The former are suited for remote installations where the 8¥fs power a local load,
while the latter work tied to the electrical grid. In a sta@mdne system, the highly
irregularity in the output of a PV eld during a day requiresnse suitable electric
energy storage, which however can only ensure limited aatation and autonomy,
in dependence with their size and operation conditionss @hawbacks do not arise
in grid-connected systems, since the connection to theadjridys allows to inject or
consume power. The majority of PV systems are of this kindraadarch was mainly
focused on this eld. For these reasons, this chapter onhsiclers grid-connected
converters.

2.3.1 Control of a grid-connected photovoltaic converter

In Fig. 2.5the general layout of a PV system is depicted. The PV panetsepts
a DC non linear supply feeding a DC-DC stage. This has two rhaiotions: to
step-up the DC voltage and to perform the Maximum Power Poaxtking (MPPT).
The third and main stage consists of a three-phase volagess inverter (VSI),
where the DC-AC conversion takes place. Because of thefhégfuency contents of
the voltages at the inverter output, they are then Iterexjally with a LCL lter,
where ultimately takes place the connection to the grid.ddmrol system performs
the MPPT, the synchronization with the grid, the currentta@rand the modulation
of the inverter. The variables used to control the systemaks®@ shown. PV current
ipv and voltagevpy and the DC-link voltage/pc are necessary for MPPT. At the
inverter output, current; and voltagevy are used to perform the current control and
the synchronization with the grid.

2.3.2 Synchronization to the grid

In the control of power converters connected to the eledtgdd, the proper synchro-
nization to the three-phase utility voltages is of fundataEmportance. As usual, the
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Figure 2.6: Block diagram of the PLL based on the synchromefesence frame.

three-phase voltages should be though as the componentstafiag vector. For bal-
anced systems, its module and rotational speed do not cloarga single period and
the voltage vector describes a circular trajectory oratheplane. The most extended
technique used for frequency-insensitive grid synchmation in three-phase systems
is the Phase-Locked Loop (PLL) based on the synchronouscrefe frame, where
the angular position of the voltage vector is tracked reindao zero, by a feedback
loop, the quadrature component on the synchronous frarge2 Bidepicts the basic
block diagram of this type of PLL. Here, three-phase gridages {y.q; V,g; Vivg) are
transformed into thelg components through the Clarke's and Park's transformation
in cascade, then the Pl controller acts for keepigg 0. Moreover, a feed-forward
contribution to the frequencyy ¢) is added to the Pl output, helping the PLL to con-
verge onto the grid frequenay. Finally, the angle is obtained as integration of the
frequency.
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Figure 2.7: Voltage-Current characteristic and voltage+& characteristics of a PV
eld.

2.3.3 Maximum Power Point Tracking

Maximum Power Point Tracking (MPPT) is a well known techmdor optimally
harvest energy from PV panels. The current-voltage cheniatit of a silicon PV
cell is given by R.4), wherelp, is the photon-generated curreitg, represent the
cell reverse saturation currel=q = 25:7mV at 25 C. Moreover,l,, depends on
the solar irradiance as stated I8:5), whereG is the light intensity in V#m? and
Go = 1000\W=m?2. The I-V curve for a typical 3.8 kW PV eld is shown in Fig.
2.7(a)

I=lp lo eV 1 (2.4)

Ipv =1 pV(GO) GEO (2.5)

PV systems are of course in uenced by external factors, @iy irradiation and
temperature. Anyhow, given a certain combination of iratidn and temperature,
the power delivered by a PV eld versus the voltage followalave like that of Fig.
2.7(b)

For the best performance of the PV system, it is of fundanhémgaortance to
force the PV panels to work at their maximum power, i.e. atwbiégage where the
maximum of the power-voltage curve occurs. Since this cotiisly varies with irra-
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diation and temperature changes, it becomes mandatociottie maximum power
point in real time. This is done by controlling the DC Link tae (directly connected
to the PV panel or eld, depending on the installation) adoog to some algorithm
that tries to track the maximum power point (MPP). In pragtithe MPPT block
is what determines the set-point of the current for the eurcentrol loop. Several
MPPT algorithm can be found in literature. They can be mainbuped into off-line
and on-line methods. The rst rely on the knowledge of thetexysparameters and
on the off-line calculation of the optimum control law. O ttontrary, off-line meth-
ods continuously try to track the MPP by perturbing the wiogkpoint and observing
the effects of the perturbation. In literature, severalargs of this basic idea were
investigated in order to obtain good MPPT performance, @ido little steady-state
oscillations, basically adapting the magnitude of theyrbgtion depending on the
working condition itself.
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Figure 2.9: Block scheme of a drive system.

2.4 Motor Drives

A high-level scheme of a motion control system is depicte&igq 2.9. The energy
ow between source and mechanical output is normally cdietioby the combina-
tion of a power electronic converter, where the control @& #mergy ow actually
occurs, and an electromechanical converter, i.e. an @alctmachine, that acts as
drive mechanism.

Electrical machines exhibit some general features, valiolighout all the variety
of types and sizes.

» They have a mainly inductive behavior

» Depending on the rotating speed, they act as both loadsmamdes of induced
electromotive force (EMF).

< Both power direction, from the converter to the load andewersa, can, in
most cases, occur.

On the other hand, modern motor drives usually are designedtisfy the fol-
lowing requirements:

« Ability to adjust the frequency according to the desiretpotispeed

« Ability to adjust the output voltage so as to maintain a ¢ansair gap ux in
the constant-torque region.

« Ability to supply a rated current on a continuous basis gtfeequency.
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Figure 2.10: Frequency-variable motor drive: three-pluigée recti er, DC-link ca-
pacitor, breaking circuit, three-phase inverter and motor

Basically, the utility input is recti ed by means of eithercantrolled or an un-
controlled recti er and then converted again into AC to slypihe motor with a
three-phase voltage adjusted in magnitude and frequeigcy2.EOshows the schematic
of such a system. As already mentioned, the control of bahfrequency and the
magnitude of the voltage output is up to the inverter. Motilolatechniques are fur-
ther mentioned in chapter 3, here it is enough to say thatiealygwitching frequency
(around 10 20 kHz) on the inductive load results in a sinusoidal outputent, only
effected by a small ripple (if not, some output Iter mighsalbe adopted).

When the motor is controlled in braking mode, the currerdgation gets reversed.
If a simple diode recti er is employed, a breaking resistoigenerally adopted for
dissipating the excess of energy that otherwise could ctes®C-link voltage to
reach destructive levels. Generally a dedicated switctiévice opens and closes the
breaking resistor path in dependence to the DC-link voltage

2.4.1 Control of speed and position

Controlling the speed and/or position of the motor shaftstaith the basic scheme
of Fig. 2.9 Depending on the speci ¢ application and on the type of nrazkem-
ployed, many different more detailed solution exist. Fa@r lurpose of this chapter,
only a quick general-terms description is here provided.

Generally, the majority of the control schemes employ aritogue loop and an
outer speed loop, usually adopting Pls or PIDs as contgplincks. In those applica-
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tions where the position must be controlled too, a furthéeoloop for its control is
introduced. Regarding the type of transducer adopted atsquoand/or speed sensor,
the most common choices in modern systems are incremertadlers or resolvers.
Only for very accurate servo drives, more re ned absoluisiion sensors are em-
ployed.

A special category of control strategies is that where aiphlfansducer is not
even present, replaced by some algorithm able to estimaedspnd position (the
latter comes easily as integration of the former) of thembtsing on the electrical
guantities feeding the motor and/or on its equivalent madétourse, this approach
reduces the complexity of the physical system, but inciettss of the control algo-
rithm.

In certain applications, some re ned gures can be requireach as ef ciency
maximization, maximization of the torque versus the cutrenthe minimization of
the torque ripple. Generally, torque vs ampere maximiratjoes along with ef -
ciency maximization; on the contrary, torque ripple mirgation turns out to detri-
ments ef ciency to a certain extent.



Chapter 3

Modulation techniques

3.1 Pulse-Width Modulation

Pulse-width modulation implies to operate the two switghievices of each inverter
leg in a complementary fashion, so to x output voltage (ilee leg center) either
to OV or to the full DC input voltage, resulting in OVpc pulses. The actual mod-
ulation occurs by varying the duty-cycle of these high-frecy pulses by means
of a low-frequency signal, determined by the control loopd¥s of pulses are de-
termined by the comparison of the low-frequency modulatiiage and the high-fre-
quency carrier (typically triangular or sawtooth shapedpgranslate the modulation

triangular modulating signal

LAEAAAT R A A A AN
WAV VVVVRLALOEF

puised oﬁtput voltage modulated fuhdaﬁénml
i M A

FATTT AL L

Figure 3.1: Pulse-width modulation.
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amplitude into the duration of the positive pulses. In Bid.a general example of this
strategy is given. A triangular carrier of peridgis compared with a low-frequency
modulating signal: when this signal results above the eathie output voltage takes
the positive value; vice versa, when the modulating signékilow the carrier, it be-
comes zero. Following this principle, output pulses are ntetteéd in with according
to the value of the modulating signal and, as result, theutdtmmdamental assumes
its same evolution.

3.1.1 Sinusoidal PWM

The sinusoidal PWM (SPWM) is a well known technique that ukespulse-width
modulation described before, adopting three sinusoidalulaing signals, one for
each of the three inverter legs. For a three-phase systaarfiuentals of the output
voltages referred to the negative termimlof the DC link are given in equations
(3.1), whereVpc is the input DC voltagem is the modulation index andy is the
fundamental output frequency. In these expressions, thecapt 1 denotes that they
are for the fundamentals and not for the actual pulsed vedtag

W)= Y2 [1+ m sin(uet)] (3.18)
Wia() = 22 [L+ m sin(wet  2p=3)] (3.1b)
Wona() = 2 [1+m sin(ugt+ 20=3)] (3.1¢)
The fundamental line-to-line output voltages are given by:
P3
vovia(t) = ? m Vpc sin(wet + p=6) (3.2a)
3 :
Wwa(t) = ? m Vpc sin(wet  p=2) (3.2b)
Woua() = —> ™ Voo sin(wet + 5p=6) (3.20)

The operating principle of the sinusoidal PWM modulatiothvd triangular car-
rier of periodTs, for a three-phase full-bridge inverter, is given in F&g2 Here a
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Figure 3.2: Sinusoidal PWM.

-Vbcer

small frequency-modulation ratidfd=wp = 16) is chosen for clarity of representa-
tion. With reference to the inverter of Fi§.3 wyn results to be modulated by the
couple of switched;-T,, or better by the duty-cycle of their on-time. The same is for
the other legs and the couples of switcAgsT, and Ts-Tg. The output voltage lin-
early depends on the modulation index up to the limitof 1, while, for highem,

the modulation introduces distortion and the fundamenigbleude does not grow
linearly with m. This behavior is summarized B4, which shows the relationship
betweerm and the fundamental of the line-to-line voltage normaliz®¥pc.
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Figure 3.3: Three-phase bridge.
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Figure 3.4: Line-to-line voltage, normalized to the DC linéitageVpc as function
of the modulation indexn. The over-modulation limitro = 3:24) is for
fSZWo = 15.

3.1.2 Third Harmonic Injection

In order to increase the output voltage without introdu@rgr-modulation, the mod-
ulation signal can be modi ed with the addition of a new cdmition having three
times the fundamental frequency and amplitude equal toiatteaf the original am-
plitude. In Fig.3.5an example of this method is showed, the following signats ar
plotted: the sinusoidal modulation signal having ampktedjual to 1 (the maximum
in the linear region); the third harmonic having an amplited 1/6; the total signal re-
sulting by the sum of the previous two. Note that in the lindite voltages the third
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Figure 3.5: Injection of third harmonic. Line-to-line vafie reaches a peak value
equal tovpc  3=2.

harmonic components cancel each other out, resulting | ginusoid both with and
without the third harmonic injection. Here the peak of tielito-line voltage results
equal to\/Dcp 3=2. Fig.3.6shows the case where this strategy makes more sense: the
total modulation signal (fundamental plus third harmorties been increased by a
factor 2= 3, so to fully exploit the linearity range. The line-to-limeltage can reach

a peak value equal tépc, then exhibiting an increase of about 15 % over the case

without injection.

3.1.3 Space-Vector PWM

Space Vector pulse width modulation (SV-PWM or simply SVQ imodulation strat-
egy that synthesizes the output reference voltageby a linear combination of the
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Figure 3.6: Injection of third harmonic increased bypz_a. Line-to-line voltage
reaches a peak value equaMgsr.

so called space vectors, which are the vectorial represemiaf the three-phase out-
put voltage for all the possible switching states of thelitere For a three-legs bridge,
eight switching states are possible, six active statesvandero states. Under the no-
tation of equationsl(.2) and (L.3), active states ar® =[ 100, S =[ 110, S =[ 010,

S =[01]], S =[00] andS; =[101]; zero states arg§; =[00( are =[111]. The
eight basic vectorgj, representing the voltages at inverter output for eachesgiate,
lie on the stationary reference frara® as shown in Fig3.7: active vectors have a
unitary length and are equally spaced 120° apart, zero rgeate instead represented
as dots in the origin. The rst way of synthesizing the averagference voltage over
a sample time, is by means of the two closest basic activergeand both the zero
voltage vectors. In this way, voltage excursion and currigpie are minimized and
it is also possible to perform only single-leg transitioRigy. 3.8 offers an example of
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Figure 3.7: Space vector diagram on the stationary referéame.
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Figure 3.8: Generation &fzer in sector 1 as linear combination &, V1, V> andVs.

this approach, applied for a gene¥ig; in sector 1, i.e. between 0° and 60°. Active
vectors are modulated so to add up to the reference voltage vectors then ful ll
the remaining portion of the sampling period.
Decomposing space vectors into thelr coordinates, they can be expressed as:
1
%VJ @COS(qJ)A forj=1,2;:::;6

sm(qJ
(3.3)

EVJ forj= 7,8
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The reference voltage vectdr s is built from the weighted sum of the adjoining
active vectord/ andV, other then the zero vectovs andVg, as given in 8.4), where
X, y andz are the weighting coef cients. Note that, from now on, sulpgs i andk
always denote a couple of adjacent space vectors, i.e. 1,&nd2l 3, 3 and 4, 4 and
5,5and 6 or 6 and 1.

Viet = X Vi+ty W+ z (V7+ \g) (3.4)

Given theab coordinates of the reference vector, the modulation fonchias
rst to calculate these coef cients. For doing that, equoatB.4 can be expressed in

the stationary coordinatesI as: | | |
Vieg= et Z cc_Js(q.) vy CQS(qk) +7 9 (3.5)
bref Sm(CIi) Sm(qk) 0

That can be rewritt%n as a system of two equations:

< arer = x codq)+ y cogqy)

| | . (3.6)
© brer = x sin(g)+ y sin(qx)
Solving the system fox andy leads to:
8 :
EX: Aref SIN(Qk)  bref COY k)
sin(g) co(qi)  sin(q) cog(qi)
(3.7)

2 bercodq) arrsin(g)
-7 sin(qk) cog(qr)  sin(ar) cos(ak)
Regarding coef cienk, modulating the zero vectors, from the fact that their usage
is aimed to ful Il the sampling period (see Fig.8(b)), it follows that the modulating
coef cients add up to one:

X+y+z=1 (3.8)
Hence, aftex andy have been calculated, it is trivial to obtams:
z=1 x v (3.9)

Sinceq; and gk can only assume six combinations of values, the expresgions
(3.7) and @.9) can be precalculated for all the six possible cases, as swized in
Tab. @.1).
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Table 3.1: Modulating coef cients as functions aggr andbrger.

Sector @, Gk X y z
1 0, 60 aret  bref=3 2bret=3 1 aref be=3
2 60,120 ares+ bref=3 Aref + bret=3 1 2be=3
3 120, 180 D=3 aret bret=3 1+ aret bret=3
4 180,240 ares+ bret=3 2be =3 1+ aref+ bres=3
5 240,300 aret bref=3 Aaref brer=3 1+ 2be=3
6 300, 0 2bret=3 Aref+ bet=3 1 arei+ bet=3

3.1.4 Linearity range

Considering vectors normalized to the input voltdge, the limit on the amplitude

of the reference vectdfes can reach the unity only in correspondence of the active
basic vectors. In between the basic vectors, the limit oratlegage voltage vector
amplitude is limited to the hexagon with vertices on the saasic vectors. Anyhow,
the reference voltage must be intended to rotate at the symohs speed with its
constant amplitude and therefore it must be limited to trelst circle of Fig3.7.
According to this, the maximum amplitude ¢t ¢ is:

"3
2

01

Viet yax = €08 = cos(309= —=' 0:866 (3.10)

For a balanced three-phase load, the phase voltage has egbeal2=3 times the
module of the reference vector (see B. The limit on the phase voltage is:
2 P3 ,
Hence, the limits on the line-to-line voltage and its RMSuealor SV PWM are:

N P_
JVLLJ MAX = 3 Vphase MAX =1 (312)
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Figure 3.9: Three-phase inverter performing state 1 (vaéfoon a balanced load.

. . 1. . 1
MLLrmdpmax = p_EJVLLJMAx = p_z ="' 0707 (3.13)

In Fig. 3.4 it was shown that the upper linearity limit for S-PWM resutisan
RMS value of the line-to-line fundamental equal t6 TR/pc. Comparing the limits
for S-PWM and SV-PWM highlights that SV better utilizes tmput DC voltage,
resulting in avi .1 higher for a factor 2 3 (about 15% increase). This is the same
achievable with third harmonic injection, as discussedh@previous paragraph.

3.2 Dead-Time Compensation

Pulse widths of the two switching devices in each inverterite practice are not
perfectly complementary. A short period of time must beddtrced between the
turn-off of one of the two devices and the turn-on of the ottve, in order to prevent
both devices to be simultaneously on, ultimately creatidgseuptive short circuit of
the DC link. This delay is usually referred to as dead timedlsymbolized byly),
dwell or blanking time.

When the width of modulated pulses becomes smaller thanethe time, they in
practice are not performed. Because of the presence of liesding diodes, during
dead times the output voltage depends on the current dire€if course, fast devices
need short dead times and so they limit this unwanted phemom® a small mod-
ulation range, but still it can not be eliminated completdéhyorder to compensate
the distortion introduced by dead times, several countasures have been proposed



3.2. Dead-Time Compensation 37

Sinusoidal modulation signal

SV equivalent modulation signal

o Sinusoidal PWM
Space Vector PWM

vrr1/Voe

T 5T 27

Figure 3.10: Space vector equivalent modulation signalliaedto-line fundamental
compared to S-PWM.

over the years. Despite the need for a separate dead-timgeosator can be elim-
inated in the case of a fast current control, that can congterfer the distortion
arising in the low-modulation regions, a dedicated comatms-or a compensating
function -is needed when such a high-bandwidth control ipresent in the system,
or when it must achieve very little harmonic distortion. @tfee years, both software
and hardware as well as feed-back and feed-forward appesdve been proposed.
Despite this wide range of possibilities, as introductiorhte work of this thesis, in
this chapter only software feed-forward compensation jgaemed.

Adopting a software feed-forward compensation only needsiow the sign of
each phase current, basing on which a different expressitreanodulation index
is adopted, as explained in the following.

Taking into account effects of dead tirigand storage time during turn-off of de-
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Figure 3.11: Trajectory of the distorted reference vecexduse of dead time. Plot
parameters aren= 0:12, Tg = 1us, T = 1ns,fs= 20kHz.

vicesTg;, the voltage vector (averaged over a sampling pefids actually effected
by an error Q[

Ty Ty 2D . . i
= sign(iy) + e?P=3sign(iv) + e4P=3sign(iv) (3.14)

DVas =
ref Ts 3

Hence, the resulting voltage vector is

Viet:oT = ViefipEAL  DVret (3.15)

Fig. 3.11shows how this phenomenon effect the trajectory of referamctors
on the stationary reference frame. The software compegshtnction has to know
signs of the currents and the storage tifgeor at least a good estimation of it, then
it is trivial to compensate the reference voltage vector thglireg to the computed
reference voltage a contribution equalDdge+.
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3.3 Modulations with reduced common-mode voltage

Despite the fact that two-level three-phase transforrasrieverters are widely used
in electronics, it is also well known that they exhibit pooM& characteristics.
The existence of several common-mode capacitive pathseketithe converter and
ground (see Figl.4), permits leakage currents to ow at every CMV variationjsh
high-frequency pulse-width modulation produce high commuode leakage cur-
rents R1]. In motor drive applications, this may lead to motor begrdailures, EMI
noise that causes inverter drive trip, or interference witier electronic equipment
in the vicinity [22]. In PV applications, leakage current detriments ef cigrand,
also, strict rules exist about the injection of common-mauigents into the grid. For
these reasons, a lot of research was focused onto this tegid¢he last two decades.
Considering the capacitive nature of the aforementionedncon-mode path, this
problem can be faced by reducing as much as possible the CMMeiamplitude
and/or in the frequency of its variations. Ultimately, a stamt CMV would not pro-
duce such leakage currents.

Space vector is the more suitable family of modulations &airfg this problem,
since it acts governing the actual state of all the switckiiegjces. In principle, a con-
stant CMV is not dif cult to obtain: it is enough to adopt ordyates having the same
CMYV, but, unfortunately, this approach is not free from dbasks which, in some
cases, turn out to be too severe. In the past, several autbaltswith the CMV-re-
lated problem adopting variations of the basic SV PWM pa#d23, 24]. Unfortu-
nately, all these ideas suffer from some drawbacks suchtasontplete elimination
of the CMV, high current ripple or distortion, or even beingt practically feasible.
In [25] a combined algorithm with satisfactory CMV reduction perance is pro-
posed, but it still exhibits CMV variations over the PWM petj although reduced
in amplitude and frequency compared to a traditional mdehraln this chapter, a
brief survey of these reduced common-mode voltage PWM (REMNVM) is given.

Differently from SVPWM, which make use of all active and itiae vectors,
RCMV-PWM methods only utilize some combination of the aetanes. Detailed
vector patterns for all of them (and in dependence to th@nsgile ned in Fig3.12
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are given in Tab3.2 Also, they are here listed and brie y described.

e Active Zero-State (AZSPWM): instead of the actual zerdtage vectors\{y
andVy), a pair of opposite active vectors are put in place for theesdura-
tion to effectively act -on average, over the sampling ferts a zero-voltage
vector. Three sub-variants of this idea were reported éndiure, addressed as
AZSPWM1-3, each one adopting a different combination ofasite vectors.

* Remote States (RSPWM): three active vectors 120° apart &ach other are
used. Either group¥:-Vs-Vs or V»-V4-Vg can be adopted and, also, various
sequences can be chosen within the same group. Four vanardsreported
for this class of modulation, named RSPWM1, RSPWM2A-B antPR#M3.

« Near States (NSPWM): the voltage vector closest to theerée and its two
right and left neighbors are used. Also, they are put in secgiso to obtain
the minimum number of switching occurrences. With this rodiidevices in
one of the three legs do not switch within each sampling cycle

* Discontinuous (DPWM): it is very similar to the classical/ WM, with the
only difference that one of the two inactive states is avbidad, as conse-
guence, CMV is subjected to one less variation step.

Frequency and polarity of CMV is different for each RCMV-PWkor RSPWM1
and RSPWM2, CMV frequency is theoretically zero, implyingg @MV variation,
which is the most attractive condition. Similarly, in RSP\ MCMYV is constant,
but only for a 60° interval. In AZSPWM2 and AZSPWM3, the CMVries at the
PWM frequency, however steps are smaller than with SVPWM.dHothe other
RCMV-PWM, CMV frequency and number of steps are higher, ttey are less
attractive. Actually, only SVPWM, DPWM1, AZSPWM1 and NSPWvake use of
one switching event at a time, instead all the other RCMV-P3\fivethods need si-
multaneous switching of two inverter legs. In practices thould cause big line-to-line
voltage reversals, resulting in signi cant - or even intalgle - output ripple.

In conclusion, only AZSPWM1 and NSPWM turn out to be feas#iternatives
for the reduction of the CMV in two-level three-phase transferless inverters.
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Figure 3.12: De nition of A- and B-regions on the SV diagram.
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Figure 3.13: Reference voltage formation for the RCMV-PWahaded areas indi-
cate the regions where the depicted sets of vectors are getplo
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Table 3.2: Vector patterns for various space-vector method

Al A2 A3 A4 A5 A6

SVPWM 8217128 8237328 8437348 8457548 8657568 8517168
AZSPWM1 3216123 5321234 5432345 6543456 1654561 2165612
AZSPWM2 6213126 1324231 2435342 3546453 4651564 5162615
AZSPWM3 12421 13532 34643 45154 56265 61316
RSPWM1 31513 31513 31513 31513 31513 31513
RSPWM2A 31513 13531 13531 15351 15351 31513
RSPWM2B 42624 42624 24642 24642 26462 26462

Bl B2 B3 B4 BS B6

RSPWM3 31513 42624 13531 24642 15351 26462
NSPWM 21612 32123 43234 54345 65456 16561

Bl A1l B2 A2 B3 A3 B4 A4 B5 A5 B6 A6 Bl

82128 23732 84348 45754 86568 61716
21712 82328 43734 84548 65756 86168

DPWM1

82128 23832 84348 45854 86568 61816
21812 82328 43834 84548 65856 86168

DPWM2




Chapter 4

H8 converter

4.1 Introduction

The core of this work of thesis is the development of a newitecture of three-phase
transformerless inverter. Key feature of the project isrftiction of the CMV. This
follows the trend of the recent years of introducing noesltihat deal with the CMV-
related problems in transformerless inverters. Despiefdht that good ideas were
already proposed, this work was motivated by the necestigxmoring the simple
idea of decoupling DC and AC sides of the inverter with swiighdevices, which is a
strategy that has already been demonstrated to be effatsusgle phase converters.
Alongside the novel architecture, also the modulation veskbped with the CMV
reduction in mind, exploiting the degrees of freedom givers' modulation.

This chapter exposes the details of the topology, but for nomponents are
treated in the most general way: switching devices are idiggrms mono-directional
switches with ideal anti-parallel diodes, also no precelees are given for resistors
and capacitors. This is for avoiding confusion mixing tdgetconsiderations about
topology and functioning with those regarding semicondutgtichnology and design.
The other subsections are dedicated to the adopted mauyldtie system control
and nally to simulation results.
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Figure 4.1: H8 inverter.

4.2 Architecture of the converter

The architecture of H8 inverter is shown in Fg1 Deriving from the H6 traditional
structure and having a total of eight active devices, it vaaned “H8". It differs from
a traditional H6 for the presence, at the DC side, of a networkposed by a three-
levels voltage divider, two active devices and two clampliagdes. Details on these
add-ons are discussed in the following subsections.

4.2.1 \Voltage divider

The capacitive divider placed on the DC side of the inveréex the purpose to obtain
from the DC-link the intermediate levels:

Vi
W = % (4.1)

2
Vxn = éVDC (4.2)

These two levels are useful to match the CMV values respagtiuring the odd
V1, V3, V5) and even\(,, V4, V) active states, as will be further explained in Sec.
4.3 In order to ensure a good partition of the voltage across#épacitors (i.e. not
determined by their ESRS), three resistors were added all@lato them and their
value was chosen high enough to ensure acceptably low DE€dolssorder to obtain
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Figure 4.2: DC-side of H8 inverter: voltage diver (a) andaigaing network (b).

an equal voltage divisiorR; = R, = Rz = Rpc. Consequently, power loss on the
resistive divider is given by:

_ VB Vi
- Ri+ R+ Ry 3Roc

Poc (4.3)

Given the maximum acceptable loss vaRig.max, it must be ensured that

V2
Poc = 3£§C Poc:max (4.4)
Hence,Rpc must be chosen so that:
Ve
45
Roc 3Poc;mMAX (4-3)

4.2.2 DC-decoupling and voltage clamping

As shown in Fig4.2(b) H8 includes two switching devices referred toTasand Tg
which act as DC-decoupling devices during the current fremling phases. On the
contrary, during active states they are kept on, so to erikaresual conduction path
from the DC source to the inverter legs. In this conditionytivevitably introduce
on-state losses that detriment the overall ef ciency ofd¢beverter. However, if they
are chosen accurately, this drawback can still be of acbkpiapact. As a matter of
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fact, the six “classical” devices in the bridge must witlhstéhe entire supply voltage,
whereas acros§; and Tg only one third of it appears, so they can be chosen with a
smaller breakdown voltage, which usually goes with smaltestate resistance. It is
also worth to be mentioned that, instead, their currentmaist be the same of the
other six devices.

Moving to the diodes nameDy andDy, the rst is placed between the inter-
mediate point of the divideX and the upper bridge rail, labeled &% reciprocally,
the latter is placed between the negative bridge N and the intermediate point
of the dividerY. The purpose of these diodes is to clamp the voltage at the-rog
low - side of the bridge during the upper - or bottom - curreatWheeling phases.
Actually, they happen to be off for most of the time, sinceythee only forced on
for a short period, when the inverter enters into a zero sidie actual duration of
this period depends on the time necessary for the chargsgtnibdiion to occur and
this, given a certain supply voltage, is ultimately up to gibgl parameters of the
components, such as stray capacitances and resistanéeprddess is more deeply
explained in the following section dedicated to the reductf the CMV.

4.3 Common-mode voltage reduction

As introduced in chapter 1, CMV is de ned as the average ofvtiitages between
the inverter outputs and the negative DC source (addresdgll a
Vo = Yot Vot Vo (4.6)

Table 4.1 summarizes the common mode voltage values at the invertputyu
both for a traditional three-phase inverter and for the psagl H8 topology. In the
case of a traditional H6, the CMV varies from O\gc, with aVpc=3 step at every
state commutation. Instead, the H8 topology only preseviisvaluesVpc=3 for all
the odd states and/gc=3 for all the even ones. This is possible for the presence of
the DC-decoupling device§{andTg) and of the voltage-clamping diodeldy{ and
D|_).
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When the inverter leaves an active state entering into astate, it goes through
the following ve steps, here referred to the transitionrfrgtate 1 to state 7 as case
of example:

1. Inverter is in state 1 (100J; andTg are both on.
2. While current is owing,Tg is switched off.

3. As Tg switches off, inductive load forces diod® to turn on (Fig.4.4(a).
Bottom bridge rail is brought t¥pc=3, meaningvyoy = Vpc=3.

4. T, switches off, dead time between state 1 and state 7 starts.

a1

. T, switches on, dead time ends. Inverter is in state 7 (000).

In more general terms, before the freewheeling phase (8tate8), one DC-de-
coupling device Tg or T7) is switched off and this causes the clamping diddge ¢r
Dp) to turn on, thus clamping the voltage on the upper or lowitiofdhe bridge to
the same value that CMV had during the previous active st@te=8 or 2/pc=3). On
state voltages across diodes are not taken into accountar@riplicity and because
they do not change qualitatively the behavior of the system.

Fig. 4.4 shows the con gurations of the inverter which are put in plat every
transitions from one active state to the following inactivee. As a matter of fact,
during these temporary phases the three legs still maititaiprevious con guration.
For example, during transition from state 1 to state 7 (Big(a), terminalsu and
w have potential equal topc=3, while terminalu maintains the previous potential
equal tovpc. Extending the same analysis to all the cases, it is possildee that:

e Odd states (Fig<l.4(a) 4.4(c)and4.4(e): one output port remains ¥pc and
the other two are xed t&/pc=3 by diodeD, .

e Even states (Figt.4(b) 4.4(d) and 4.4(f)): one output port remains at zero
and the other two are xed to\®c=3 by diodeDy.
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As consequencd/cy = V3, for the odd cases, wheredigy = V&) in the even
one, where;

=
+
+

5
V((:)M Vpe = §VDC = 0:55Vpc (4.7&)

+
WIN Wk

Wk Wik
WIN Wl

4
(VAN Voo = Ve = 0:44vic (4.7b)

o
+

Unfortunately, this implies that CMV does not remain constdaroughout a
PWM period, instead it varies froiipc=3 to 5/pc=9 (odd cases) or from\c=3
to &pc=9 (even cases) at every transition from an active to a zertovddespite
this means that a totally constant CMV can not be achievezhetivariations have
a relatively small excursions if compared to those typiddtaditional solutions. In
particular, for the two cases, they result to be:

5 1 2
D‘/C(:)M = §VDC §VDC =+ §VDC =+ 0:22/pc (4.8a)
00 _ 4 2 _ 2 _ )
DVEm= gVoc  zVoc = gVbc= 0:2Voc (4.8b)

It is worth to be noted that the described process imiiligsor D, turn on only
for few nanoseconds, charging or discharging the strayoit@mee of the switching
devices, therefore not causing a signi cant unbalanceenvtiitage divider. Anyhow,
they are passive devices, so they need a current owing irdhé inductances in
order to turn on. In case of zero current this does not ocamcé the decoupling
strategy does not help and the CMV deteriorates.

Moreover, as already mentioned, since the two clampingediahsure the volt-
age acros3; andTg to be only one third of the total DC bus, devices with a reduced
breakdown voltage can be adopted, reducing than the addalitiosses and cost that
these devices introduce.



4.3. Common-mode voltage reduction

49

Table 4.1: Common-mode voltagé-(,) values

Vin - W Vn Vem=Voc
Vector o— o— o—
Voc Vboc Voc He HS8
Vi 1 0 0 =8 13
Vo 1 1 0 23 23
V3 0 1 0 1B 13
Va 0 1 1 23 23
Vs 0 0 1 1= 13
Vs 1 0 1 23 23
V7 0 0 0 0
H6
Ve 1 1
H8 V7 1=3 1=3 13 1=3
Vs 2=3 23 233 2=3
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Figure 4.3: Switching con gurations of the H8 inverter fdreteight SV states. De-
vices are depicted in black if on, in gray if off.



4.3. Common-mode voltage reduction 51

M } S, Ss }

w 2 w
§VDC
Sy } Ss S5
‘ v T |

Ss
(a) Leading phase between states 1 and 7.  (b) Leading phase between states 2 and 8.

5]

S;

1 B

ik Jh s
" zVDC
| SGET N3 Tﬁﬁ&}

Ss
(c) Leading phase between states 3and 7.  (d) Leading phase between states 4 and 8.

=<

7

P
P °
T 53 1
Ss S
D )
1 , v Voc , 1
w
SVDC
S; } Sy } Sy }
N T

Ss
(e) Leading phase between states 5and 7. (f) Leading phase between states 6 and 8.

Figure 4.4: Switching con gurations of the H8 inverter chgitransitions from active
to inactive states. Devices are depicted in black if on, aygf off



52 Chapter 4. H8 converter

4.4 Space-Vector modulation

The modulation adopted for the control of the inverter is @eh&V strategy, specif-
ically developed with the H8 architecture in mind, with thenao achieve CMV
to vary as little as possible (as previously discusse®ypc=9 variations are un-
avoidable). Also, single-leg commutations were a mangafeature, this in order
to ensure feasibility in practice. In the following, thisategy will be addressed as
Constant Common-Mode Voltage SV (CCMV-SV), discussed efttlowing sub-
section. Unfortunately, this strategy suffers from themariawbacks of being appli-
cable only for modulation indexes lower than 0.5 (see theatharea in Figsl.5(c)
and4.5(d). In order to overcome to this limitation, a different catstrategy must
be putin place when a higher modulation index is needed.dn awase, a Near-State
SV (NS-SV) is adopted, which extends the modulation indexeaup top 3=2 (see
the shaded area in Fig.5(b). Compared to CCMV-SV, NS-SV performs worse in
terms of CMV, but in conjunction with the proposed topologgmsures advantages
over conventional three-phase inverters and traditionadutations. The following
two subsections discuss in further details the two developedulation strategies.

4.4.1 Constant Common-Mode Space Vector (CCMV-SV)

In order to maintain a constant CMV at the inverter outpuis 8V strategy only
makes use of those vectors exhibiting the s&xg. Table4.1 shows the ratios be-
tweenVey andVpc for all the eight SV states. As a matter of fact, odd activemec
(V1, V3 andVs) exhibit Vem = Vpe=3, while even active vectory/, V; andVg) have
Vem = 2Vpe=3. This is also true considering the H6 and, indeed, severdlihations
were proposed in literature attempting to keep common-madtage constant by
using only a set of vectors that exhibit the saviag [23]. Nevertheless, those mod-
ulations do not make use of inactive vectdys, /g), and this results in simultaneous
commutations of more than one bridge leg. On the contragptiny the H8 archi-
tecture Vcwm values of the inactive vectors, thanks to the DC decoupliag, match
them of the active states. In this context, it is possiblebiaion the same CMV values
with all the odd vectors\, Vs, Vs andV5), or with all the even ones/%, Vs, Vs and
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(a) SV vectors diagram. (b) The region where SVPWM is used
(05 m<  3=2).

(c) Linearity region (m < 0:5) and (d) Linearity region (m < 0:5) and
modulation zones numbering for odd modulation zones numbering for even
CCMV-SV. CCMV-SV.

Figure 4.5: Space Vector diagrams in thie plane. Odd vectors are red colored, even
vectors are green colored.
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Table 4.2: Vectors usage in CCMV-SV modulation strategy

Angles Odd vectors  Even vectors

0° 60° V2, Ve; Vg
V1;V3; V7

60° 20° vy

120° 180° . S

180° 240° vy

240° 300° 476, T8
Vs Vi, V7

300° 360° Vs; Ve; Ve

V3). As already mentioned, at every transition from an actiaéeg0o an inactive one,
CMV becomes equal toVpc=9 or to 5/pc=9 (see Eq4.7), leading to a 2Vpc=9
variation of CMV.

The reference vector in theeb plane is synthesized by the use of the two nearest
odd or even vectors with the proper modulated duration, thleproper inactive state
ful lling the remaining time in the PWM period. Applying teischeme, the points
which can be synthesized are included in two equilaterahglies having vertexes
on the applied active vectors (see Hgh(c)and4.5(d). The maximum modulation
index which is possible to maintain throughout the entir@ational period is 0.5.
This is a rather limiting feature for an electric drive, tifare a different modulation
strategy has been adopted for modulation indexes greate0th (NS-SV), which is
exposed in subsectich4.2

In order to perform a single leg commutation for each staasition, theab
plane has been divided into different zones, each one fegtdiifferent state se-
guences. Considering the odd vectors case, shown idEigg) there are six 60°-wide
zones (nr. 1, 3, 4, 6, 7 and 9), plus 3 zones without a specigukar width, repre-
sented as very narrow slices (nr. 2, 5 and 8). Such narronszmedntended to repre-
sent SV sequences just applied for a single PWM period, Isecduey are necessary
for matching the state sequences performed in their tw@adjazones. An equivalent
subdivision exists for the dual case adopting even veclaisle4.2 summarizes the
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vectors usage for all the zones, both for odd and even CCM\ét&tegy. In order to
achieve symmetry during the switching period, in the 60dendones one of the two
active states is split into two separated slots of time anthegin of the sequences.
The pulse pattern during a switching period is shown in Bigfor all the zones in
theab plane, both in case of even and odd vectors. In case of no &¥ zenes (2,
5,8, 11, 14 and 17) the symmetry is hot maintained becausthd native purpose,
in those cases sequences must begin and nish with differetinte states. Moreover,
the location of these zones in tlad plane implies that the two modulation values
for the active states will be approximately equal. Featuonly three states instead
of ve, these intermediate slots must last half the time tttanothers, otherwise the
output current would have a bigger ripple.

4.4.2 Traditional Space-Vector

Whenever the control loop requires for the inverter a mdéhriaindex higher than
0.5, the control function automatically changes to theiti@hl space vector modu-
lation strategy (SVPWM) which provides an extension of tredoiation range up to

3=2. This strategy, already introduced in Chapter 3, make®ise two adjacent
active vectors and both the two zero vectors. States segsidrave been chosen in
order to ensure single leg commutations throughout 360finpweach PWM period
the time dedicated to inactive vectors is equally distedubetween both’z andVg;
sequences exhibit a central symmetry and active statesuaire place according to
the minimum difference (in terms of switching con guratjaiiey have with respect
to the previous or subsequent inactive state. The resyfiithge pattern is shown in
Fig. 4.7, along with the evolution of CMV. It is wort to be mentionedtihis modula-
tion applied to a traditional three-phase converter woulhikdt CMV varying from
zero toVpe within each PWM period, whereas adopting the H8 architectimits
theVcm excursion in the range froivbc=3 to 2/pc=3. In comparison to CCMV-SV,
more common-mode voltage is present, but still the H8 strechelps to keep its
excursion limited.
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4.5 Control

The control scheme adopted for H8 converter for a grid caiedePV) application

is depicted id.8 Current control is performed in the synchronous referdramme,
i.e. ondgrtransformed quantities. Balanced sinusoidal threeglaantities turn in
constant values when transformed in thg synchronous frame, therefore, with a
PI for each of the twalq components, it is possible to perform the control of the
three-phase currents with zero steady-state error.

It must be said that reference values are here consideratpasdignals from
some external MPPT block, not subject of this work.

In addition to the Pl-regulated components of the modutaitislex,dq feed-for-
ward contributesr{rr.g and mgg,q) are added in the control loops. For counterbal-
ancing the presence of the grid voltages at the inverterubutipe feed-forward con-
tribution must be

_é VLL;dq
2 Vpc

MEFdg = (4.9)
Wherev, |.qq is thedgrtransformed line-to-line voltage aMic is the DC supply
voltage. In Fig4.8 thekgr is not actually a constant, instead it is a functiorVeg,
de ned as:
_ MeRdg _ 3
- VLL;dq - 2\/DC

(4.10)

Synchronization to the three-phase grid is made by meansRifLabased on
the synchronous reference frame, where the angular posifithe voltage vector is
tracked regulating to zero, by a feedback loop, the quadratmmponent on the syn-
chronous frame. Its scheme is shown in H@. Line-to-line voltages\W; Vuw; Viw)
are transformed into théq components, then the Pl controller acts for keeping
ViLg ' 0, whilevy ;4 is not used. Moreover, a feed-forward contribution to tree fr
quency (eg) is added to the Pl output, helping the PLL to converge ongogtid
frequency (close, but not always exactly equal, to 50 Hz)aly, the angleg, is ob-
tained as integration of the frequency. This is in phase thi¢hdirect component of
line-to-line voltages\( | .q), thus withv,,. From the vectorial diagram of three-phase
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Figure 4.8: Control scheme, grid-connected output.

voltages, it can be observed that the argyia phase with thesi-line voltage is

q=qu % (4.11)

For this reason, a “shift” block is introduced in the consoheme of Fig4.8.

The modulator performs CCMV-SV or SVPWM modulation desedlin Sec4.4,
depending on the modulation magnitude. The change of gyraseexecuted across
the threshold of 0.5, with a hysteresis window of 0.05.

It is worth to be noted that there are eight gating signalsfitee modulator to the
inverter, not six like in traditional three-phase convestdecause of the presence of
the two additional DC-decoupling devices that need to bepeddently controlled.

4.6 Simulations

A model of the inverter has been designed with the toolbox ®EE allowing to
develop and test the H8 features in a MATLABimulink® control environment.
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Figure 4.9: Block scheme of the PLL.

Simulations were carried out to develop and verify the psgooarchitecture and
modulation; electro-thermal simulations were also cdrdat for evaluating the im-
pact of the DC-decoupling hardware on the ef ciency and thartonic content at
the inverter output. Simulation modalities and resultstemeinafter presented.

4.6.1 Electric simulations

As the purpose of this work is to present the novel invertehigecture along with
the proposed modulation strategies, it was introduced aoRd In wye connection
3 (Lf;j+ Rmj), wherej = 1;2;3 denotes each line. In this condition, the electrical
angleq was generated with a sawtooth source of frequefacyithout the necessity
of the PLL block (with a RL load there is no grid to synchroniwzih). In a real im-
plementation with a motor as load, the angle informationaane from a transducer,
like an encoder or a resolver, or it can be estimated with astss algorithm.

Performance of H8 architecture performing CCMV-SV or SVPWiklere com-
pared to those of a traditional H6 structure performing S\WP\Wor all the con g-
urations, the same simulation environment was used, withsmme minor changes
to the inverter or modulation blocks.

The main parameters used for the simulations are given indTab

In Fig. 4.11, Vicwm is shown for the three cases of comparison, normaliz&ho
H6 with SVPWM, H8 with SVPWM and H8 with CCMV-SV. H6 exhibits\&:
varying from 0 to 1 at the switching frequency, with six totidnsitions of ampli-
tude E3. H8 inverter with SVPWM halves the number of the transii@md limits
the excursion within the range fromdDC=3 to 2V DC=3. Last, H8 with CCMV-SV
performs an almost consta¥g)y that, depending to the odd or even vector usage,
can be equal to=3 or 2=3. Actually, for the last two cases adopting H8 architecture
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Table 4.3: Simulation parameters

Parameter Symbol Value
Supply voltage Vbc 600V
Switching frequency fow 10kHz
Electrical frequency fe 50Hz
Wye load 3 (Li+ Ry 3 (2mH+ 10 )
o
éL%
Vbe X > 5
_ , <
o
(@
(5] fo\
2 H8 V_ A VIV{YLG
8 Inverter W load
Y

signals

luvw

(b)

Figure 4.10: Simulated scheme. (a) Power network. (b) Qh&rstem con guration.
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Figure 4.11: CMV evolution over four PWM periods in case of Wish SVPWM,
H8 with SVPWM and H8 with CCMV-SV (even vectors).

Vem=Voe exhibits spikes atZb and 59, again depending on the odd or even vectors
usage. These spikes occur in the transitions from activesittive states, con rming
what discussed in Sed.3. For this comparison, a modulation index= 0:5 was
adopted for all the cases.

Figs. from4.12to 4.15show output currents for the same con gurations of the
system (H6 with SVPWM, H8 with SVPWM and H8 with odd and everMNDGSV).
It can be seen that both H6 and H8 modulated with SVPWM perfaubstantially
the same. Instead, H8 modulated with CCMV-SV exhibit an amgtnical current
ripple for the upper and bottom part of the sinusoid. Whemeweztors are used (Fig.
4.15 it is bigger on the bottom, while when odd vectors are, theosfie happens.
This is consequence of the fact that odd states are charactdry two legs to 0 and
one leg toVpc, while, on the contrary, even states have two legép©and one leg
to 0. It can be observed that ripple is comparable to thac&pf SVPWM only
in those portions where it is smaller. Unfortunately, thgnasetrical shape and the
increased amount of ripple (on average) over SVPWM, reptes¢éevant drawbacks
for CCMV-SV, con rming the premise that reducing CMV doestiwome free from
disadvantages.
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Figure 4.12: Current waveforms for H6 inverter with SVPWM dmntation. Refer-
ence amplitude is 20 A.
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Figure 4.13: Current waveforms for H8 inverter with SVPWM dmntation. Refer-
ence amplitude is 20 A.
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Figure 4.14: Current waveforms for H8 inverter with CCMV-3Vdulation using
odd vectors. Reference amplitude is 15 A.

20 | p—
— I
10| — Iy |
=< 0
—
10k
201 |

0 0.01 0.02 003 004 005 0.06 0.07 0.08
Time [s]

Figure 4.15: Current waveforms for H8 inverter with CCMV-$\bdulation using
even vectors. Reference amplitude is 15 A.
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The spectrum of the output voltage was also investigatedmbliaic content of
the common- and differential-mode voltages are depictdeddgnd.17and Fig.4.18
where the amplitudes of harmonics are normalized respdgtio Vpc and to the am-
plitude of the fundamental. It is possible to see how the loaimcontent of the CMV
is reduced for CCMV-SV over SVPWM of about four decades, @iiile spectrum
of the DMV is in essence the same for all the three examinegsc&®r this compar-
ison, all simulations were conducted with= 0:4 and for a simulation time of:B6s,
hence lasting 25 fundamental cyclds £ 50Hz).

As expected, another drawback of CCMV-SV consists in theessed distortion
of the output voltage. This was investigated evaluatingwibeghted total harmonic

distortion (WTHD), which is expressed &4]:
S
Vo 2

2 N

WTHD= — (4.12)

Vi

Figure4.16reports WTHD for the two investigated modulations agaihstrhodula-
tion index. As expected, CCMV-SV exhibits a bigger outpstaiition than SVPWM,
resulting in a WTHD from 30% to 80% higher, depending on thelufation index.

On the other hand, SVPWM exhibits the same WTHD both in cas¢oadnd HS.

T Qo

2.5
o H8, CCMV-SV
9l A HS, SVPWM
— x H6, SVPWM
X2
=150
o)
o
=1
=
0.5+
0 L L L L
0 0.2 0.4 0.6 0.8

Modulation index

Figure 4.16: WTHD evolution against the modulation indexddferent con gura-
tions of the system.
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Figure 4.17: FFT of the CMV normalized to the supply voltage.
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Figure 4.19: Switching losses in an IGBT.

4.6.2 Electro-thermal simulations

As already explained in Sectioh2 the proposed H8 has two additional devices
for the decoupling of the DC side, which are inevitably respble for additional
losses. It was important to investigate their impact on therall ef ciency, com-
paring H8 and H6 in this respect. Electro-thermal simufetiovere conducted in
the Simulink/PLECS environment, were it was possible to esinb model for the
switching and conduction losses of power devices (In neKMVBON65H5 IGBT).
Considering an IGBT with collector curreigt and collector-emitter voltage g, dur-
ing turn-off and turn-on they assume the evolution depidatelig. 4.19 Switching
losses arise because during turn-on voltage drops only thfs current has risen,
while, conversely, during turn-off current drops only afthat voltage has risen.
Also, during conduction some losses are also present, sintate voltage is not
zero. Instantaneous power loss and energy lost duringamiraad turn-off are given

by:

p(t) = vee(t)ic(t) (4.13)
Z tcon

Eon=  p(t)dt (4.14)

Errs o ptydt (4.15)
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Figure 4.20: Switching losses for In neon IKW50N65H5 Sdit IGBT.
(a) Turn-on. (b) Turn-off.

Switching losses were modeled through a couple of multidsianal look-up
tables, where value of switching energy are tabulated agiumof on-state current,
off-state voltage and junction temperature. Values wergezhout from the device
datasheet only for few combinations of current, voltage &@naperature. Basing on
those values, the simulation tool performs linear inteapjoh at every simulation
step. Figured.22illustrates the performance for three investigated conagions of
the system. In particular, comparing the cases involvin'8W¥1 modulation on H8
and H6 allows to evaluate the losses arising from the adhditidevices on the DC
side of the H8 topology. In accordance with expectations,det@iments ef ciency
a little. For example, ain= 0:4, it goes from 98.37% with H6 to 97.93% with H8.
The worsening is of 0.44% for that value mfand 045% on average over the entire
modulation range. Furthermore, comparing the cases watbdme H8 con guration
and the two proposed modulations, it is possible to obséate@CMV-SV performs
better than SVPWM, with an ef ciency improvement fron8@ to 175% depending
on the modulation index.
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Figure 4.21: Conduction voltage for In neon IKW50N65H5 i8dn IGBT.
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Figure 4.22: Ef ciency performance for different combiiats of the system.

Table 4.4: Comparison of H8 with different modulations ar@él H

Topology H6 H8 H8
Modulation SVPWM SVPWM CCMV-SV
DC clamping No Yes Yes
Maximum mod. index 1 B66 Q5
CMV High Medium Low
WTHD % 05 125 05 125 075 225

Ef ciency Medium Low High







Chapter 5

Converter prototype

5.1 System overview

In order to prove the effectiveness of the H8 architectucetha proposed modulation
strategies, a prototype of the converter was designed aittdrom the ground up.
In order to prevent EMI problems control and power circuitvgre separated on
two different boards, interleaved by an interface card. dwerall system setup is
schematically shown in Fidp.1, it is composed of three separate boards:

» Control board: hosts the microcontroller that perfornme #V modulation and
the current control.

» Power board: hosts the H8 inverter (gate drivers and simigcevices), re-
ceives optical gating signals and feeds-back measurernméoitsiation via cur-
rent signals.

« Interface board: hosts the conditioning circuitry for theasurements signals
and the optical transmitters for the gating signals.

Circuitries of the three boards are supplied by an AC/DC posupply con-
nected to the single phase utility. It is mounted on the Pdveard and provides a
triple voltage output (5V and 15V), distributed throughout the three boards. In the
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Figure 5.1: Scheme of the three-boards-based experinssita).

experimental setup, control and Interface boards are gethim a stack, as shown in
Fig. 5.2 while Power board is positioned separately, as showi4dn

Beside the boards, test bed included a commercial DC povpgiysand a wye
connected RL load.

Each portion of the system is more accurately describedeiridifowing.

5.1.1 Control board

The adopted control board is features a FreeScMIPC56431®, a 120 MHz, 32 bit
microcontroller unit. Four PWM channels are dedicated ®dbntrol of the eight
switching devices of the H8 inverter, 8 Analog to Digital @erter (ADC) channels
acquire the conditioned measurement signals.

Control board also embeds &33/ voltage regulator, the protection circuit for
the ADC, communication peripherals (CAN, UART) and othenamnielements (but-
tons, switches and LEDs). A 26-ways ribbon cable conne&dadgic to the Inter-
face board, carrying control, feed-back and supply sigiafgerspective view of the
board is given in Fig5.2(a)

It is worth to mention that this is a general-purpose bodretetfore some of its
functionalities and peripherals are not exploited for fingject.
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(a) Perspective view.

(b) Side view.

Figure 5.2: Control and Interface boards in the stackedhgement.

5.1.2 Interface board

The Interface board serves as a bridge between the ConttaharPower ones.
Gating signals from the microcontroller are converted ytical binary signals
(light = ON, dark = OFF) and transmitted to the Power board leans of 10 optical
bers (1 global enable, 8 for gates and 1 for output relays).
Each of the eight current-based signals coming from EEMnsducers (from the
Power board) are conditioned by means of a two-stages tircahown in Fig.5.3
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Figure 5.3: Signal conditioning circuit.

The rst conditioning stage converts the current sigradoming from the sensor into
a buffered voltageels0 by means of the resist®s. The second stage is an adder with
gain that output¥o which is in turn acquired and converted from the ADC integfac
on the Control board. For current sensdes? [ 50 mA; 50 mA], while for voltage
sensors (which also output current-based sigrgl8)[ 25mA; 25mA]. Resistance
Rswas chosen so to produse 2 [ 2:5V;2:5V], hence:

g i =50 for current sensors
Re= YsMAX _ 50 10 3~ (5.1)
Is > 2:5 '
SMAX = 100 for voltage sensors

25 10 3

Output voltageVp must be in the ADC interface range, from 0 V to 3.3 V, so
an offset voltage equal to 1.65 V is adopted as well as a Ggir Ri=R,. The
conditioned signal is given by:

Vo = VQ Gs+ 1:65 (5.2)

Hence, the gain must be:

Vo: 165 33 165
Gs= O’“Q/Ag = T = 0166 (5.3)
SMAX .

For resistordk; andR,, conservative values of 389 k and 62k were chosen,
leading to a gain of 0.5957, a bit smaller than the theorefi€6. In practiceR; was
made by the series of two resistors of 10 and 390 .
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As said, eight sensors are present on the Power board, seshgtad circuit is
replied eight times on the Interface board. In addition, w@tfeircuit is present and
makes use of a SR latch that is set in case of overcurrent.atiitesignal is acquired
in the MCU that disables the modulation when a logic 1 is detic

5.1.3 Power board

The Power board hosts the H8 inverters with their drivinguits and the DC link
divider. The numerousness of the sections on the board isnauwized in Tab5s.1,
where values in brackets represent additional elementfackn the board was de-
signed for implementing the H8 inverter as well as a fouslgwyerter. For this rea-
son, the layout embeds four switching legs, moreover somelements make pos-
sible to short-circuit the DC-decoupling network for implentations different from
the H8. However, in this version of the board, implementir®) the fourth leg is not
used at all. Fig5.4 depicts the Power board as it appears in the three-boarttgrsys
with the main portion of the circuitries highlighted for easf comprehension.

Table 5.1: Numerousness of the sections on the Power boalwk3/in brackets rep-
resent additional elements, available for implementingua-fegs inverter.

Description Count

AC/DC supply 1
Optical receivers 10 (+2)
Isolated supplies 6 (+1)

Gate drivers 10 (+2)

Power switches 10 (+2)
Current sensors 3
\Voltage sensors 5

Output relays 3(+1)
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Figure 5.4: System setup with the three boards.
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Supply

The Power board hosts a TRACO POWER TML 40515, an encapdubt=DC
power supply connected to the single phase utility, whiabvigles a triple voltage
output, that supply all the circuitries throughout the thb®ards. The output voltage
levels and their usage are:

« +5V (5 A): control and interface boards, insulated suppligdical receivers.
* +15V (05 A): LEM sensors, output relays.

e 15V (05 A): LEM sensors.

Insulated supplies

Each of the six insulated power supply is generated by the AXR56® that drives a
1:2.5 transformer followed by a voltage multiplier and ajuathble voltage regulator
(the LP2954 from Textas Instruments). Voltage multipleecomposed by two capac-
itors of 220 nF and 1 pF and two Schottky diodes. Regulatich@butput voltage is
made by tuning an external resis®¢g between the positive output and the FB pin.
On the datasheet of the components, the following expnedsiathe output voltage
is given:

Vour = Veer 1+ B 41 Re (5.4)

OUT = VREF = FB RFB

WhereR; is another external resistor between FB pin and the refergnmund
GND, Vrer is the 123V reference voltage andg is the FB pin bias current (typ-
ically 20nA). Also,R; is suggested to be 100 kfor reducing the output error to
minimum.

Feedback resistor must be chosen in accordance to thedlesifgut voltage as:

Ro

Ree = (Vo Vi - <
B ( uT REF) Vrer+ IFgRy

(5.5)
That, given the reported values, becomes:

Reg = Vout 81433A 1 10016k (5.6)
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For values of the output voltage between 15V to 2R values must be in the
range from 1M to15M

A simpli ed drawing of the circuit is illustrated in Figs.5. It must be noted that
the same circuit is replied six times in the Power board: taratie DC-decoupling
devices, one for all the low-side devices and three for tgh-side devices.

5V multiplier
. 12.5x2=25V
T 1:2.5 o Insulated
20F LP2954| s, 1920V
1uF FB
T | 1001‘0 Insulated
) GND

<

Figure 5.5: Simpli ed drawing of the insulated power supplycuit.

Gate drivers

For a exible and independent control of power devices, e#¢hem has its own gate
driver fed by the insulated power supply described above.clittuit adopts an opto-
coupler (Allegro ACPL-3180) plus an additional network the Miller clamp. Each
PWM signal generated by the MCU is gated through a logic ANEhvain Enable
signal. The logic gate is in open drain con guration, so d-pil resistor connected
to 5V supply is necessary to feed the photodiode of the opfmea Moreover, for
avoiding it to turn-on in case of malfunctioning of the ANDigathe conduction path
is controlled by a BJT connected to the Enable too.

On the insulated side of the gate driver, beside the gatstoesa network com-
posed by complementary N/P mosfet inverts the gate-drisiggal and drives a fur-
ther N-MOSFETs with very low on-resistance dedicated toatt@/e Miller Clamp
function. This addition to the gate drive prevents the padestice to turn-on because
of the Miller capacitor when the complementary device inldtgturns on.

For ease of comprehension, F&6 shows the gate-driver circuit in a simpli ed
fashion, while full schematic is reported in App. A.
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Figure 5.6: Gate driver circuit and power device section.

Power section

The power section embeds the H8 structure, realized wittretis TO-247 power
devices. Both IGBTs and MOSFETSs can be adopted, providédnsaated supplies
are tuned for the appropriate gate voltage, as explaineceaboparticular, two types
of devices were mounted and tested on the board:

e 650V, 50 A Silicon IGBTs (In neon IKW50N65H5)

» 1200V, 80 A SiC MOSFETSs (Cree C2M0080120D)

Additional anti-parallel discrete diodes in TO-247 package also mounted in
parallel to each device, assisting internal diodes of pewéiches. The chosen model
is the CVFD20065A, a SiC Schottky diode from Cree. In Eigaa power MOSFET
is depicted as case of example.

In order to reduce ringing after commutations, a RC snulberesent for each
device. The snubber was designed following the practicatenture described in
[27]. Total parasitic inductanckparassdue to tracks and package can be estimated
from the ringing arising without the snubber.

2
L parass= &ﬁs (5.7)

WhereTring is the period of the observed ringing aBgarassrepresents a good
estimation of the stray capacitance that rings Wighrass derived from the sum of
the PCB capacitance and the output capacitance of the pavieed
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Considering that the optimum value of the snubber resiRtq( g must equal the
characteristic impedance of the LC circuit, it can be defias:
S

L
Renug= (5.8)

Cparass

The snubber capacit@syyg comes from a trade off between overdamping (for
larger values) and little power losses (for smaller valu@s)a rule of thumb, a good
practice is to set the snubber time constafius= RsnueCsnusequal to three times
the ringing period. It follows that:

tsnu= RsnueCsnus= 3 TrinG (5.9)

Which leads to the optimal value of the snubber capacitor:

TrING
Rsnus

Csnus= 3 (5.10)

Ultimately, resistor package must be chosen so to handleativer exchanged by
the capacitor that, considering the supply volt&e and the switching frequency
fow, IS:

Psnus= %CSNUBVDCfSW (5.11)

From the described process applied to the realized powedbte following
values were derivedring= 92NSCparass 150pF Lparass 1:4nH,Rsnug= 98
Csnus= 2:8nF. Actually, for reducing the power dissipation, a snrati@pacitance
was adopted. Finally, the snubber was chosen @4t g= 1nF andRsyyg= 100

DC-link divider and DC-decoupling

Resistive divider was designed splitting each of the theséstance into three 0.125
W resistors in series, for a total of nine resistors. The pdosas for the total divider
is Poc:vax = 978 = 1:125 W. Considerind/pc:max = 900V, resistive value must
satisfy:

Vounx . 90 _ 40 (5.12)
3Pocmax 3 1:125

Roc
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Hence, each resistor must be greater than one third of thka8d k . The value
of 91k was chosen, which produces in a dissipated power equal to:
\/2

e 501 10

In the worst case dfpc = 900 V, Poc results equal to 0.989 W.

Regarding the capacitors in parallel to the resistive @ithey are 400 V elec-
trolytic capacitors with a value of 1 uF each, as common pradéh converter of this
size.

Clamping diodeDy andD, are SiC Schottky diodes CVFD20065A from Cree
in TO-220 package. Forward voltage is in the range from 1.356 ¥.8 V, depending
on the working conditions.

(5.13)

T,
P
P ,—e/vo—l
) 1, &
=—InF D,
X
: P L
Voe > — 1 nF H6 —o
6(\ Y =<DL L 5
:l: I nF Dy
N
o Lo/o—" N
Ts

Figure 5.7: DC-link divider and DC-decoupling circuit.

Output stage

The AC output stage of the system includes, for each phaseltéh inductor L¢, a
current sensor, a blocking relay and nally a fuse, as depliéh Fig.5.8.

Relays of the three phases are controlled by one same epalgimal, generated
from the MCU and transferred by the Interface card on a désticaptic ber. The
driving circuit for the relay is composed by a pull-up resigb 5 V, a BJT to ground
and a freewheeling diode.
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Current sensors are LEM LA 55-P, 50 A closed loop (comped$at&rent trans-
ducers using the Hall effect. They output a current signgpertional to the measured
current, with a 1:1000 transformation ratio.

Regarding the lters, a LC Iters with damping resistors idapted. Another pos-
sibility would be a LCL lIter: for more versatility, the protype board has contacts
for oating inductors that must be placed next to the boasélft so it is suitable for
the addition of another triple of inductors between thead&C and the current sen-
sors. As said, the realized system employs the LC con gomnatinductord_¢ have a
value of 2 mH, but they are actually composed by the seriegoflt mH 12 Arms
inductors. TheC; + Ry lter is composed by three 5 uF Im capacitors in series with
2.7 damping resistors. They are connected to the oating inahgcin delta, as
shown in Fig.5.9.

Finally, three external power resistdRs, are connected at the output connectors.
The RL load is indeed composed hy andR,.

Relays enable 5V

Vbc

Floating
inductor L,

RC delta LEM
filter sensor

Output
relay fuse  connector

Figure 5.8: Output stage of one phase.

5.2 Experimental results

In order to prove simulation results, the same three oeratticon gurations of
simulations (also summarized in Téh2) were stressed in experimental tests. Fig.
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Sensors,
relays and fuses R
m

Figure 5.9: Overall output stage with the delta RC lter.

5.10presents current waveforms both in for H8 performing SVPWlh a xed
modulation index of 0.6, and in case of H8 with CCMV-SV withxxd modulation
index of 0.25. In the latter, the change in the current rigg@avior at every zero-
crossing of the rotational angle is caused by the CCMV-SV utaitbn changing
from odd to even vectors and vice versa. Moreover, in the CE&WAtase the current
ripple results to be higher than the SVPWM case. This is chbisetwo factors:
CCMV-SV performs worse than SVPWM regarding this aspect,d0@rce voltage
in the second testbed was twice that in the rst one.

Fig. 5.11 shows the reduction iy for H8 over H6 and for CCMV-SV over
SVPWM. Plots present the voltage probed with an isolatefrdiftial probe be-
tween the neutral point of the load and the negative ternohsihe DC supply. In
the lower part of each gure, electrical angle is depicteal Blobally,Vcy evolution
results coherent with theory and simulations. For H6 withPS¥M, Vo varies in
the range from 0 t&pc at the PWM frequency (Fig.11(a). For H8 with SVPWM,
the excursion is reduced to the range frogr=3 to 2/pc=3 (Fig. 5.11(b); nally
H8 with CCMV-SV produces &cy varying between/pc=3 and 2/pc=3 only once
every rotational period, when the system changes betwedaratieven vectors (Fig.
5.11(c), and exhibiting only small spikes around those main levels
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@)

(b)

Figure 5.10: Current waveforms for the H8 prototype (blueeg and red) and evo-
lution of the rotational angle (magenta) for two test cagg@sSVPWM,
Vpc = 250V, m= 0:6; (b) CCMV-SV,Vpc = 500V, m= 0:25.
Time scale is 5ms/div.
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@)

(b)

(©

Figure 5.11: Evolution of CMV and electrical angle for (a) pforming SVPWM,
Vpc = 250V; (b) H8 performing SVPWMYpc = 250V, (c) H8 per-
forming CCMV-SV,Vpc = 500V. Time scale is 5 ms/div.
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Chapter 5. Converter prototype

Table 5.2: Experimental test cases

1 2 3
Topology H6 H8 H8
DC decoupling No Yes Yes
Modulation SVPWM SVPWM CCMV-SV
Mod. indexm 0.6 0.6 0.25
Vbe 250V 250V 500V
fsw 10kHz
fe 50Hz

Wye load 3 (10W+ 2mH)




Chapter 6

Conclusions

In this work of thesis, a transformerless three-phase gefsource inverter with re-
duced CMV was developed. The project was aimed by the impogttaken on by the
reduction of the CMV in grounded applications employinghsfarmerless convert-
ers. Indeed, inconveniences related to the CMV represatt asigni cant aspect
that a lot of research was conducted over the years tryingnb@dy them both in the
industry and in academia. A survey of the major transforessrithree-phase solu-
tions is reported in the thesis with considerations abdettfeness and complexity
of each one.

Other than for the hardware architecture, also modulatssummes great impor-
tance in the mitigation of CMV. The most effective solutionsthis respect were
investigated and the most attractive ones were reportdukithiesis. Considerations
on advantages and drawbacks of each one were also given.

Since this work was not oriented to one particular applicatrom the beginning,
photovoltaic generation and controllable motor driveseverentioned as the main
eld of applicability and the main aspects related to botest elds were exposed.

The developed architecture, addressed as “H8", is basdtkadda of decoupling
DC and AC sides of the inverter during freewheeling states witching devices
are added to the classical three-phase bridge, for a toteigbt, and a couple of
clamping diodes is responsible for xing the CMV during tlegseriods.
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A space-vector modulation was developed too, with the aikkeeping CMV as
constant as possible. State sequences were thought oatifiyieg multiple goals,
like constant CMV, single-leg commutations and practiealsibility, also consider-
ing the presence of two additional decoupling devices. tadtiins and advantages
introduced by the H8 topology in this respect were analyzed reported. Given
the strict limitation in the linearity range, a second, mtaglitional, space-vector
modulation was also adopted as extension of the rst one wieeessary.

Simulations were conducted to verify the functioning of Hi@inverter together
with the developed double space-vector modulation. Resah rmed the capability
of the system reducing the CMV excursions. Performance eoisgns among three
main con gurations were conducted and reported in the thesivealing the bene-
ts that come with the H8 architecture and with the developsadulation. Electro-
thermal simulations were conducted too, for investigatimg losses introduced by
the two additional devices. Switching and conduction lsssfea commercial power
device were modeled via multi-dimensional LUTs. Comparssput in evidence that
the additional devices do detriment ef ciency, but with @l sblerable impact.

A prototype of the converter was designed and realized. fixeatal results
con rmed simulations regarding synthesization of curresaveforms, reduction of
CMV and ef ciency deterioration over traditional threegs®e converters.

Future works, following the work of this thesis, may regard:

A real-time control of the DC-link divider able to adapt theading time of
DC-decoupling devices for balancing the three-level g#tdivider on the DC
side.

« A cost evaluation of a commercial product based on the H&rtav,

» A study on the impact of different semiconductor techn@egn the perfor-
mance of this architecture, also considering wide-bandgaterials like sili-
con carbide and gallium nitride.
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Figure A.1: Top Level.
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