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Auxiliary Module for Unbalanced
Three Phase Loads with a Neutral
Connection
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Abstract

The company Land Systems Hagglunds AB is aleading manufacturer of combat
vehicles and all terrain vehicles. One of Land systems Hégglunds projects for the
future is the multi purpose combat vehicle, SEP, using a hybrid diesel-electrical
drivetrain. Because of the diesel-electrical drivetrain, all the mechanical power
produced by the diesel enginesis transformed into e ectricity. The eectrical system
of the vehicleis by that dimensioned for high electrical power. This power could be
used, besides for traction of the vehicle, for numerous purposes. For example
external eectrical tools, motors, PC:s, radios, radar equipment etc.

To makethe electrical power useful for an arbitrary load, it needs to be transformed
into a four wire three-phase 230/400V 50Hz AC system, using the dc-link voltage
of the SEP asraw material. Ideally, the three phase system should act similar to an
ordinary connection to the main electric grid. The purpose of thethesisisto

examine the possibility to achieve this by using a 50 kVA DC/AC power electronic
converter with four half bridges, providing three phase terminals and one neutral
terminal. The converter is called ACM (Auxiliary Converter Module)

Thethesis deals in a structured way with the problems and issues concerning
design of the converter and especially its control. Effects of unbalanced three phase
loads, voltages and currents, in a four wire system, are highlighted. It covers theory
of three-phase systems and their representation in phasors, sequences and vectors.
The vectors are presented in stationary (a - b -g ) and rotating (d-g-0) coordinate

systems. It also covers the theory of pulse-width modulation as well as circuit
models and design methods for vector control in rotating d-g-O-coordinates.
Dimensioning aspects of main physical components and |oss calculations of the
semiconductors are covered but not highlighted. Finally some issues concerning the
implementation of a digital control are dealt with.

A modd of the designed converter, including control systems, is built in
Matlab/Simulink. The model contains the important aspects of a physical
converter. Specified load scenarios are simulated and the results are presented.
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1. Introduction

1.1 Background

The company Land Systems Hagglunds AB is aleading manufacturer of combat
vehicles and all terrain vehicles. Hagglunds has delivered military vehicles to more
than 40 countries worldwide. The company is situated in Ornskoldsvik, a town 550
km north of Stockholm. Land Systems Hagglunds employs around 1100 personnel
and had in 2004 aturnover of 3 billion Swedish kronor.

One of Land systems Hagglunds projects for the future is the multi purpose combat
vehicle SEP (Swedish abbreviation for “ Splitter skyddad Enhets Plattform’”,
Modular Armoured Tactical System). The interesting part of SEP from this thesis
point of view, is thefact that SEP utilizes a hybrid diesel-electrical drivetrain (see
fig. 1.1-1). From a vehicle point of view this gives advantages like: volume
efficiency, fud efficiency, reduced life cycle costs, reduced environmental impact
and increased stealth characteristics. Since the diesel engines are decoupled from
thefinal drives, an increased flexibility in placing of the systems in the vehicleis
achieved, as well as an easily installation of two smaller diesel enginesinstead of
one larger. With batteries integrated into the electric drive system, the vehicleis
also allowed to be driven silently, with the diesel engines shut down.

Thereis however afurther advantage with the hybrid diesel-electrical drivetrain.
All the mechanical power produced by the diesel engines is transformed into
electrical power by generators and rectified before it is transformed back to
mechanical power by eectrical machines. The central part of this electric
transmission is the dc-link and it is here the basic possibility for the purpose of this
thesisis provided. Since the generators and the dc-link are dimensioned for the full
traction power of the vehicle, they create a possibility of supplying external loads
with high power, to the cost of less traction power, at for example stand still of the
vehicle The structure of the drive train of the SEP may be simplified as a diesel-
electric UPS (Uninterruptible Power Supply) that feeds the electrical traction
motors. If only thefirst parts of the drive train are considered, the SEP isan UPS.



Diesel Generator Rectifier
engine

DC-link
converter converter converter | : ACM :
| [P — 1
| | | T
Traction Traction Traction 1 Auxiliary :
motor motor motor | load i
_________ 1

Figure 1.1-1. Principle diagram of the drivetrain of SEP.

1.2 Problem

Since the possibility of using the vehicle as an UPS is given, the extension of the
usefulness of the SEP it would provide is an advantage that not should be foreseen.
Possible loads for the SEP, partly working as an UPS, could be different kinds of
internal or external electrical systems and machines, for example electrical tools,
motors, PC:s, radios, radar equipment etc.

To makethe electrical power useful for an arbitrary load, it needs to be transformed
from DC level of the vehicleto athree-phase four-wire 230/400V 50 Hz AC
system. To get the most out of the three phase system it should be flexible and
stable enough to regulate the output voltage correctly during any load (single-phase
load, two-phase |oad, three-phase load or combinations) less than, or equal to
nominal load. Theideal case would beif the three-phase connection could be seen
as an ordinary connection to the main grid. This forms the need of three line output
terminals and one neutral output terminal, as well as atight control system for the
equipment performing the transformation.

1.3 Purpose

The purpose of this thesis is to examine the possibilities of transforming the dc-link
voltage in the vehicle to a four-wire three-phase 230/400V 50 Hz AC system by
utilization of a power electronic converter. The converter is from now on referred
to asthe ACM (Auxiliary Converter Module). Thisis done by studying existing
theory, examine different alternative solutions, building a model, performing



simulations on the model and examine the results. The dimensioning process of the
main physical components of the converter is also explained.

For this purpose, one need to investigate the effects of unbalanced three phase
loads, how the unbalance affects the voltage regulation, and what countermeasures
may be used to reduce their impacts. Understanding of the design process of power
electronic converters and their control methods, as well as the behavior and
representations of unbalanced three phase systems, are therefore needed.

The main objective of thethesisis to provide this understanding.

1.4 Delimitation

Due to the always present lack of time and resources, one has to put limitations to
the scope of awork. The theory needed for the understanding of the effects, design,
model building etc., mentioned in the section above, is covered. Some limiting
simplifications are however made in the model and the simulations:

In the modd of the converter the dc link voltage is assumed to beideal. The
voltageis not affected by the load connected to the converter or other loads or
sources connected to the dc link. Probably there will be a need for some kind of
step-up converter with voltage regulation between the dc link of the vehicle and the
dc-link used by the converter described in this thesis.

There are only simulations performed with balanced and unbalanced, resistive and
inductive loads connected to the converter.

The control systems of the converter are ssimulated in Matlab and Simulink. Little
is covered about the implementation of the control system in software for areal
converter (for example C-codefor a DSP).

The project is purely theoretical. The construction of a physical converter is not the
target of the project. The most obvious limitation is the lack of a prototype of a
physical converter for practical tests and verifications of the results obtained from

simulations.



1.5 Outline

Theambition of the thesisisto treat, in a structured way, the problems and issues
concerning the design of a power electronic converter, working as a provider of a
three phase voltage source. The structured outline involves passing through some
theory in thefirst sections of the thesis that the later sections are depending on. The
aim isto present the contents of the thesis in a pedagogical and logical order. The
content is now presented in short:

Chapter 1 is theintroduction.

Chapter 2 handles the theory and is the major part of the thesis. Section 2.1
concerns the basic theory of three-phase systems, unbalanced voltages and
currents, and how to represent them. In section 2.2 different load scenarios and
their impacts on the converter are presented. Section 2.3 deals with the basic theory
of ordinary three phase converters with three half-bridges and their limitations.
Section 2.4 expands the three half-bridge converter with a fourth half-bridge to
achieve afour legged converter with a neutral connection. In section 2.5 circuit
models of the whole converter, including filters and loads, are presented. Section
2.6 deals with dimensioning issues, for example dc-link voltage, switches,
switching frequencies and filters. Section 2.7 finally presents a structured method
for the design of the control systems for the converter.

Chapter 3 presents a simulation model of the converter. In section 3.1 the
construction of the model, built in Matlab and Simulink is thoroughly explained. In
section 3.2 the simulation scenarios, based on the load scenarios from section 2.2,
are presented.

Chapter 4 gives a presentation of the results from the simulations in chapter 3.
Chapter 5 concerns implementation of a physical converter. Section 5.1 covers
some issues concerning a digital control. Section 5.2 gives a suggestion of what

hardware to use.

Chapter 6 isan evaluation of the project, as well asa discussion for the future.



2. Theory

2.1 Three-phase systems

The project concerns the transformation of the available DC-link voltageto a three-
phase 400V AC voltage, including a neutral connection. Commonly used subjects
in the thesis are for example: phase representation, sequence representation, vector
representation, definition of power, Y- and D-connections and unbalanced
voltages and currents. To clarify the methods and concepts, the thesis is opened
with a section providing the theory of the above mentioned subjects in short.

2.1.1 Three-phase systemsin phasor representation

In a three phase system, the three phases are denoted a, b, and ¢. The frequency f is
thesame in all three phases. During ideal conditions, the phase components are

distributed by 120" and their amplitudes are equal. If phase ais taken as reference,

phase b lags 120" behind phase a. The phasors rotate counterclockwise.

In an idedl situation (like above), the three phase system has equal amplitudes in all

three phases and exactly 120" phase distribution. The system is then called
symmetric or balanced.

@) = Vacos2pf %)

_%_Vb(t) = \?bcos(pr>¢- 20/3) Equation 2.1.1
() = Veocos(2pf - 4p/3)

|

Figure 2.1-1. Phasor diagram of three-phase system.



2.1.2 Three-phase systems in sequense r epr esentation
When phase b lags 120° behind phase a, asin eg. 2.1.1, the system is said to have a
positive sequence. If therule of ordering the phasesin section 2.1.1 is not followed

and phase b is taken as the phase lagging 240" behind phase a:

) = Vacos2of %)

v, = Vocos(2of x- 4p/3 Equation 2.1.2
() = Vecos(2pf %t- 2p/3)

|

the system is said to have a negative sequence. Positive and negative sequence can
be visualized as rotating counterclockwise and clockwise, respectively.

Animportant property of athree phase system with only positive sequence,
negative sequence, or a sum of both, is that the instantaneous sum of the phase
components is zero.

v, () +v,(t)+v (t) =0 Equation 2.1.3

If eg. 2.1.3 not holds, the mean value:

Vv, = Va(®) * Vbét) %) Equation 2.1.4
is called the zero sequence component. The zero sequence component Vv, represents
a un-symmetry component which is the samein all three phases.

Aslong as thereis no neutral conductor in athree phase system (a three wire
system), no zero sequence current is possible. However, in afour wire system the
possibility of zero sequence currents exists.

Finally: An un-symmetric, or unbalanced, three phase system can be decomposed

into a positive sequence component, a negative sequence component and a zero
sequence component:

10



AU U N A U
&, (1) 3\6 cos(2pf X +7 )“ gU V p cos(2pf %) 3 gU V n coS(2pf X) 3 &, ()
&, (0= gvbcos(zpf>¢+rb)u—gv cos(2pf % - 2p/33 g\/ cos(2pf % - 4p/3)u+ev(t)
P P cU Sy
gv. (HH 8/ ¢ coS(2pf X +1 _ )u %/ cos(2pf % - 4p/35 g/ » cos(2pf % - 2p/3)5 @/o(t)l@l
Equation 2.1.5
Where:

U
Vo (t) =V o cos(2pf xt + 1 ) = Y2 Vb?ft) Ve®  Epation216

The decompositionin eq. 2.1.5isvisualized infig. 2.1-2.

ap Van / / /

VaO VbO (0]

pr \Vj

cn

Figure 2.1-2. Visualization of decomposition in sequences. Positive sequence (I eft), negative sequence
(center), zero sequence (right).

The transformation between a-b-c components and sequence components is
expressedineg. 2.1.7 and eg. 2.1.8. [2]

éxpu 4 a a’léX,u
6 Ué a ,
gL a® ay Ue u Equation 2.1.7
gl 1 1 H@ N
eX,u el 1 1eX,u
&, U_8&.. e, U ,
(?Xb@— (:aa e; 1@xn i Equation 2.1.8
eX.H ga a° 1geX.d
Where X may be voltages or currentsand a = e'?’? is a displacement with120".
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2.1.3Y-and D-connections

A tree phase load consisting of three impedances (Z,, Z,, Z3) can be connected in a
Y orina D, asshowninfig. 2.1-3. Assuming balanced load (Z,=Z,=Z23), the
voltages can beillustrated as the phasor diagramin fig. 2.1-3 (right).

. 7 o

iy + F
Vet — W oz

i z i .
veS— ¢ Vo o

i Z Vbc
vest ] | R

. ;C

Figure 2.1-3. Three phase loads. Y connection (left), D connection, (center),

Phasor diagramYand D (right).

From the geometry of fig. 2.1-3 (right) it is seen that, compared with the line to
neutral voltages (or currents), thelineto line voltages (or currents) have their peak
values afactor/3 hi gher and their arguments displaced by 30" . Because of this the
total power developed in athree phase load is decreased by a factor 3 when

changing the connection from D to Y. Inthefollowing equationsU, ., isthe

voltage over one of the impedances Z.

Conclusions Y-connection

U load = U line- neutral = U line- line xl/\/é

lioad = Diine Equation 2.1.9
U, )32

P, =33, X .,y XCOST = % xCosr

Conclusions D-connection

U load = U line- line

i = 1 ine X/A/3 Equation 2.1.10

(U line- Iine)2
Py, =32, g M paq XCOSI = SXT XCosr

12



Equivalent Y

During balanced loads, it is of no concern, from the standpoints of dynamics and
control, if theload is connectedinY or D. A Dconnected load can be treated as if
it were connected ina Y, but with all the impedances reduced tol/3 of the actual
values. Thisis called an equivalent Y. [1]

2.1.4 Three-phase systemsin vector representation in fixed coordinates

The system expressed as a vector in two dimensions
Assuming a balanced three phase three-wire system, following equation holds [2]:

X, () + X, (t)+ X_(t) =0. Equation 2.1.11
Where X may be voltages or currents.

This means that the system is over-determined and that one of the components
always can be expressed in the other two. Thereforeit’s possible to describe the
system as equival ent two phase system, with two perpendicular axes, denoted as a

andb . These axes are considered to be the real and imaginary axes in a complex

plane. The two components, @ andb formsavector Xas (t) . Thethree

phase/two phase transformation is given by eq. 2.1.12:

Xao (0= X, 0+ X, 0= 2[X, 0+ X, 0+ X, (0]

Equation 2.1.12

Fig. 2.1-4 shows the construction of the vector in a - b -coordinates graphically.

j2p/3
'
\ j4p /3
ve
i gvs
: > a
> AW,
’ j2p/3
v el
7/
/
j4p /13
eJ p

Figure 2.1-4. Construction of the vector in al pha-beta-coor dinates.
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The transformation between a-b-c coordinates and a -b coordinates is expressed

ineg. 2.1.13 and 2.1.14.

X (O
X, (00 42/3 -3 -3 ey |
= g Qéxb (t)l'J Equation 2.1.13

e u—
&% Mg 494%54414/1@@&@)@

eX,Mu ¢ 1 0
e u_e
Xog=g 12 3/

X8 § Y253

0
X ()i
o (€%

Equation 2.1.14
u
lilgx b (t)ﬂ

The system expressed as a vector in three dimensions.

When the three wire system above is extended with a forth neutral wire, the
possibility of a zero sequenceload current is given. Because of this eg. 1.1.11 does
not necessarily hold [2].

X )+ X, )+ X ()20 Equation 2.1.15

This means that the systems components are truly independent variables and could
not be mapped into a two dimensional vector. Instead a three dimensional vector,

in athree dimensional space with the orthogonal a - b -g -coordinates is used.
Xang (t) = X, (t) + jX,, (1) + KX, (t) Equation 2.1.16

Fig. 2.1-5 demonstrates how the three phasorsin a-b-c may relatetothe a -b -g -

coordinate system.

14



Figure 2.1-5. Relationship between the phasorsin a-b-c and the alpha- beta-gamma-coor dinate
system.

The transformations between a-b-c coordinates and a - b -g -coordinates are

expressed ineg. 2.1.17 and 2.1.18.

eX, (0 61 -1/2 -12 X, (U

2a ' .
gxb (t)gz 250 \3/2 - J3I2ueX, () Equation 2.1.17
IOL I P s Ol
T,
eX.(u é 1 0 1L€X, (U
X (Ou & : ‘ |
X, (09=§1/2 V3/2 18X,y Equation 2.1.18

X8 §Y 54;2@434@% (g

2.1.5 Vector representation in synchronous coor dinates

In a system, during steady state, the vector representations above would both be
rotating intheir a -b or a -b -g -coordinate systems. The controllers for such a

system would have constantly oscillating reference signals even at steady state,
which would lead to stationary errorsin the output signals [2].

To avoid this problem and achieve a stationary DC operating point at steady state
(at least in a balanced system, which will be discussed later), the system is
transformed into the rotating d-g- or d-g-0-coordinate system. The d-g- or d-g-0-
transformation can be regarded as an observation of the rotating vector from a
coordinates system that rotates with the same frequency as the fundamental

frequency of the vector inthea - b -plane. Sincethe a -b to d-q transformation

15



justisasimplification of the a -b -g to d-g-o transformation, only the latter will
be dealt with here.

Fig. 2.1-6 demonstrates how the fixed coordinate systemin a -b -g relatesto the
rotating coordinate system in d-g-0. As can be seen, the d and q axes rotate on the

a -b plane, whilethe o axis essentially is the preserved g axis.

Figure 2.1-6. Relationship between the alpha-beta-gamma- and d-g-o-coor dinates.

Thetransformation from a - b - g -coordinates to d-g-0-coordinates is expressed in

eq. 2.1.19.

6X, (D0 écoswt)  sin(wt) OUEX, (1)
X (WU co : u |
gxq(t)gzg- sn(wt) cost) otgxb(t)l:J Equation 2.1.19
GO § 4% 440 4% 4 HESOH

T.

3

Physically, for a vector in the d-g-O-coordinates, the d-component is the
reactive component and the g-component is the active component (voltage

or current).

Direct transformation a-b-c to d-g-o

Later, in models and simulations, transformations will be made directly
from phasor representation in a-b-c to vector representation in d-g-0. Thisis
done by combining T, and T3, expressed in eq. 2.1.20 and eqg. 2.1.21.

16



é 2p 2p.u

acoswt) coswt- —)  coswt+—-) ;
X, g 5 3 x.0u
X OF=2& snw) - sin(wt - ?p) - sin(wt +?p)qub(t)g
~ P e Uux P
eXoMl & 1/2 1/2 172 &X.MHd

A

%.4444444—4244444444"..3EI

Ty

Equation 2.1.20

e u
ex,u § cosiwt) - sin(wt) 1, 1)
X, (0= gostrt- Ly - sntwt- ) 18x, 0
exX (g S Yax . (t)E
AAARAAD2AAAsN 43

Ty

Equation 2.1.21

2.1.6 Unbalanced system

In most cases a converter is designed under the assumption that the load is
balanced and an unbalanced load istrested as an abnormal condition.
However, in the real world, as well as in the proposed use for the converter
in this project, unbalanced loads are expected. Unbalanced loads will result
in unbalanced load currents, which in turn, with insufficient control, may

cause unbalanced output voltages[2].

Since the load conditions have impacts on the performance and design of the
converter, it will now be shown how unbalance appears and behave in

different representations, as well as how unbalance can be defined.

Unbalance in a-b-c phase representation

Compared to what was said in section 2.1.1, unbalance or asymmetry in
phase representation is characterized by phasors with different peak values
and/or phase distributions different from120°. An example of unbalanced
phase voltages and phasorsis shown in fig. 2.1-7. Compare with fig 2.1-1.

17



Phase voltages

)
v.<

Vo

Figure 2.1-7. Phase voltages (l&ft) and phasor diagram (right) of a three-phase unsymmetrical
system.

Unbalance in sequence representation

According to section 2.1.2, unbalance or asymmetry will in sequence
representation lead to the appearance of negative and/or zero sequences.

As an example the phase voltages in fig. 2.1-7 can be split up in a positive, a

negative and a zero sequence according to fig. 2.1-8.

Positive sequence Negative sequence Zero sequence

300 300f------- I
|
|

200 P 1010 ] P
|

-y | =

100 100 - - - Yar =V Vo - - - -

|

-100

-200

Figure 2.1-8. Visualization of decomposition in sequences.

Unbalancein a -b -g -coordinate vector representation
During balanced conditions, the vector described in section 2.1.4, will rotate
circularly onthe a -b plane. No movement will appear in the g -direction. Fig.

2.1-9a shows the vector trajectory during balanced conditions. Compareit with the
sequence representation, where only the positive sequence exists.

During unbalanced conditions however, if thereis a negative sequence, the
backwards rotating negative sequence component will be added to the vector as
well. The vector will then consist of two components: One part rotating with the
fundamental frequency in the positive direction and one superimposed part rotating

18



with the fundamental frequency in the negative direction. Thiswill result in an
ellipsoidal vector trajectory onthe a -b plane. If thereis a zero sequence
component, this will appear asa movement with the fundamental frequency in the
g -direction. Fig 2.1-9b shows the vector trajectory during unbalanced conditions,
assuming that positive, negative, and zero sequences exist. Compareit with the
sequence representation during unbalance.

gamma
gamma

alfa affa

Figure 2.1-9a. Vector trajectory in the Figure 2.1-9b. Vector trajectory inthe
stationary coordinate system during balanced stationary coordinate system during
conditions. unbalanced condition

Unbalance in d-g-o-coordinate vector representation

As mentioned in section 2.1.5, the d-g-O-transformation can be regarded as an
observation of therotating vector from a coordinate system that rotates with the
same frequency as the fundamental frequency of thevector inthe a -b plane.
Thed and q axis rotate onthe a -b plane, whilethe o axis essentially is the
preserved g axis. Thus, unbalance |eads to the following behavior of the d-,g- and
0-components of a vector in the d-g-O-coordinate system (see fig 2.1-10b).
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Figure 2.1-10a. Behavior of the d- g- and O- Figure 2.1-10b. Behavior of the d- g- and O-
components of a vector in the d-g-0- components of a vector in the d-g-0-
coordinate system during bal anced coordinate system during unbalanced
conditions. conditions.

Since the added negative sequence causes an dlipsoidal vector trajectory on the
a -b plane, both d and g will have a sinusoidal component, at twice the

fundamental frequency, added to their stationary DC components.

The zero sequence component will in the O-direction, as in theg -direction, appear

asasinusoidal component at the fundamental frequency.

Definition of unbalance
There are different ways to define unbalanced loads. One way is based on the
differences between the maximum per phase load and the minimum per phase load

[9]:

Max(per _ phase_load) - Min(per _ phase_load)
Total _three_ phase_load

%UnBal = X100

Equation 2.1.22

The drawback of this definition is that no concern is taken of the load power
factors. If different phases are connected to loads with different power factors,
conditions that very well may have impacts of the converters performance, will not
be distinguished [2].
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Another way is to base the definition on the sequence representation. According to
[2], IEC givesthe definition of unbalance in a three phase system as the ratio
between the rms values of the negative sequence, or the zero sequence, and the
positive sequence.

negative_ sequence_ component

%UnBal N = — 00 Equation2.1.23
positive__ sequence__ component

and

9%UnBal 0= 20— Sequence_ component 1 g Equation 2.1.24

positive__sequence __component

In the next chapter, where different load conditions are discussed, both definitions
will be used.

2.2 Loads to evaluate

The ultimate goal is to create a balanced three-phase voltage source that,
independent of the load condition, always provides the correct voltage. Now, thisis
more of atarget to take aim at, than an in practice achievable goal. The presented
simulations of the converter will be limited by a number of different load
conditions. To put alimit to the number of experiments, five different load
scenarios considered to be reasonabl e are chosen.

Only resistive and inductive |oads, with power factor between 0.2 and 1, are
evaluated. Capacitive loads, that are assumed to be rarer, are put on hold for the
time being.

Unbalanced |oads are assumed to be a common load for the converter and will
therefore be carefully examined. The unbalance may be caused by unevenly
distributed single-phase loads, or by a combination of single-phase loads and three-
phase |oads.

The converters possibility to regulate voltage during transients is of interest. This
will be simulated by sudden stepsin the load.
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Thefollowing scenarios of load conditions will be examined and simulated:

Scenario 1
Balanced |oad with power factor 1 and a step in the load. Starting at low power
(approximately no load) and by a step, reach nominal power (50 kVA).

The scenario simulates that the converter starts with no load connected and then is
subject to a purdly resistive load, corresponding to rated power of the converter.

N I I 0
Younbalance | %bneg.seq. %zero.seq. In
(current / (current / (current /
powerfactor) | powerfactor) | powerfactor) unbalance unbalance (current)
Before step: 0A/1 0A/1 0A/1 0% 0% 0% 0A
After step: 72.2A/1 722A/1 722A/1 0% 0% 0% 0A
Table 2.2-1. Load scenario 1.

Scenario 2

Balanced |oad with power factor 0.2 and a step in the load. Starting at low power

(approximately no load) and by a step, reach nominal power (50kVA).

The scenario simulates that the converter starts with no load connected and then is

subject to a heavily inductive load, corresponding to rated power of the converter.

Theinteresting part hereis to see how well the inverter copes under inductive load

conditions.

Ia Ib Ic 0
Younbalance |  %bneg.seq. %zero.seq. In
(current / (current / (current /
powerfactor) | powerfactor) | powerfactor) unbalance unbalance (current)
Before step: 0A/0.2 0A/0.2 0A/0.2 0% 0% 0% 0A
Afterstep: | 722A/02 | 722A/02 | 72.2A/0.2 0% 0% 0% 0A
Table 2.2-2. Load scenario 2.
Scenario 3

Unbalanced load with power factor 0.8. The phase currents I, and | are set equal to
0. The phase current |, is set equal to nominal current I,
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The scenario simulates that a partly inductive single-phase load is connected to
phase a. Phase b and c are not connected. Theinteresting part hereisto see how

well the converter copes under unbalanced load conditions.

la I le o
% neg.seq. % zero.seq. In
(current (A)/ | (current (A)/ | (current (A)/ | % unbalance
powerfactor) | powerfactor) | powerfactor) unbalance unbalance | (current (A))
No step 72.2A/0.8 0A 0A 100 % 100 % 100 % 72.2A
Table 2.2-3. Load scenario 3.
Scenario 4

A combination of one balanced three-phase |oad and one single-phase load with a
step in the three-phase load. Both loads have a power factor of 0.8. Initially the

phase currents |, and I areset to 0.5 . and the phase current I, is set to

Inomina- Then, thereis a sudden changein theload so that I, and I, areset to 0 and |,

isset t00.5x%|

nominal *

The scenario simulates that one partly inductive three-phase load as well as one
partly inductive single-phase load at phase a are connected to the converter. Then
the three-phase load is disconnected. The interesting part hereis to see how the
removal of a quite heavy three-phase load affects the voltage over a simultaneously

connected single-phase load.

la I le o
% neg.seq. % zero.seqg. In
(current (A)/ | (current (A)/ | (current (A)/ | % unbalance
powerfactor) | powerfactor) | powerfactor) unbalance unbalance | (current (A))
Beforestep: | 72.2A/08 | 36.1A/0.8 | 36.1A/08 25% 25% 25% 36.1A
After step: 36.1A/0.8 0A 0A 100 % 100 % 100 % 36.1A
Table 2.2-4. Load scenario 4.
Scenario 5

A combination of one heavily inductive single-phase load and oneresistive

single-phase load. The inductive phase c has a power factor of 0.2. 1,and I are both

set equal to nominal current lyomina.

The scenario simulates that one heavily inductive single-phase load, as well as one

purely resistive single-phase load are connected to the converter. The interesting
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where the neutral current exceeds the line currents.

part hereisto see how the converter behaves under this heavily unbalanced load

la Iy le o
% neg.seq. % zero.seq. In
(current (A)/ | (current (A)/ | (current (A)/ | % unbalance
powerfactor) | powerfactor) | powerfactor) unbalance unbalance | (current (A))
No step: 722A/1 0A 72.2A/0.2 50 % 20 % 120 % 134 A

Table 2.2-5. Load scenario 5.

2.3 Three leg converters

This section deals with the basic theory of three leg power electronic converters.
For this project, as will be shown later, the choice has fallen on the use of afour leg
converter. Though, for a start, the threeleg converter is examined to demonstrate
theory, function and properties of three phase converters.

2.3.1Thethreeleg bridge

The principles for the physical layout of three phase converters, also known as
voltage-source converters (VSC:s) are shown in fig. 2.3-1. The bridge is connected
to the DC-link, whose voltage is raw material in the creation of the three-phase
output voltage. Thelink voltage is from now on called dc-link. The mid potential of
thedc-link is defined as neutral.

LOAD

Figure 2.3-1.Three-phase converter network.

Between the two poles of the dc link, the three half-bridges are connected. Each
half-bridge has two power e ectronic switches. By switching them, between fully

conducting and fully blocking, the potentials of each half-bridge (Va, Vb, Vc), with
respect to the mid potential of the dc link, can attain+V,. /2.

The switch states are denoted (a, b, ). With, for examplethe state (a, b, ¢) = (+,-,-)
(likeinfig. 2.3-2@) va= V /2 and vp=ve=- V. /2.
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If the potentials (Va, Vb, Vo) =(Vpe /2, -V 12, -V 12), like in the example

above, are transformed to a vector in a - b -coordinates (according to eg. 2.1.13), it

\

will attain thevalue: v, = 2Voc ,V, =0 (asinfig. 2.3-2 b)
3

The switch state (a, b, ¢) can attain the states (+,-,-), (+,+,7), (-,+,-), (-,+,%), (-,-,1)
and (+,-,%), who are creating the six possible active values of the voltage vector,
and (+,+,+) and (-,-,-), who are creating the zero-vectors, inthe a - b -coordinates

according to fig. 2.3-2b.

According to eg. 2.1.13, the output voltage vector v inthe a - b -plane can

therefore only attain the following values:

v, = i 02 Yoe 4 2%Voc U
| 3 3 .
R ) Equation 2.3.1
l u

v, ={0,x-L&

SR RNET
The maximum modulus of the voltage vector is:
=2 ’\B’Dc Equation 2.3.2

v LOAD

(9 ()
Figure 2.3-2a. The three phase converter

o Figure 2.3-2b. The attainable voltage vectors.
switching network.
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By combining the eight possible switching states, including the zero vectors, using
pulse width modulation (described below), any voltage vector within the hexagon
infig. 2.3-2b can be generated in average. However, thereis an even tighter
limitation for the voltage vector to achieve alinear modulation, namely the circle

that touches the inner sides of the hexagon. The circle has a radius of \/:_%/ 2times

the maximum modulus of the voltage vector.
Circleradius = Ve = M _ %/3/2=V,.//3 Equation 2.3.3

Theradius of the circleis denoted Vo Which is further referred to in the section
below. v is the desired value of the mean voltage vector.

2.3.2 Pulse-width modulation

Pulse-width modulation is a way of choosing the sequence of the switch-states
above so that the mean value Viean, becomes the desired vi. Referring to fig. 2.3-3
the average value can be expressed as:

Vo = %[L A+t -V, )] Equation 2.3.4

Where T is the switch-period and t. and t. are the periods when the switches, in the
current half bridge, are connecting the phase to Vs OF -Viase respectively. For
example: If t. =T, then Vinean = Vhase; if t =t = T/2, then Viean = 0and if t. = 0, Vinean
= -Vhase: Theresulting voltage waveform is pulse-width modulated and this
operation of theinverter is called pulse-width modulation (PWM). Seefig. 2.3-3.

A
v
Y

Figure 2.3-3. Pulse-width modul ated waveformand mean value.

The classical method to generate appropriate switching signals from the reference
signal vi¢ , is thetriangle wave comparison method. The ideaisto compare v, to a
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triangular carrier signal of amplitude Viase. When v, is larger than the carrier, the
potential of the current half-bridgeis set t0 Viase, and otherwise to

-Vhase- Thisisillustrated in fig. 2.3-4. The only difference compared to fig. 2.3-3 is
that the switchings are made within the period 0 <t < T and not at the beginning
and end of the period.

A
Vbase
Vref
A "
T2 T
-Vbase
oot s
A
Vbase 2 2
| g
-Vbase_

Figure 2.3-4.Triangle comparison method.

As mentioned above, Viase Was originally setto V,,, = DC/\/§ to achieve a linear
modulation. It is proven to be an unreachabl e voltage with a sinusoidal reference
voltage, since only the potentials + V. / 2 are available for the potentials delivered

from each half-bridge, with respect to the dc-link defined neutral. But, if Viase
instead is selected to Vpo/2, it is not possible to utilize all of the available dc link
voltage, as shown below.

Sincethelineto line voltage is equal to the line to neutral voltageti m&s\/é ,

(U, =U_, x/3), the maximum line to line voltage from the converter will be (see

fig. 6a, b, ¢):

V
U max_ phase- phase = ZC X\/:_% :VDC X\/:—%/Z » 0.87 NDC Equation 2.35

Since the converter, aslater will be seen, will need to deliver as much voltage as
possible, thisis a drawback.
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Phase reference potential Phase reference potential

Y Dclz 500 500
0 0
V2
DC/ -500 -500
Ve
500 500
0 0
-500 -500
Ve
Figure 2.3-5a. Phase reference potential and Figure 2.3-5b. Phase reference potential and
lineto line reference voltage, compared to lineto line reference voltage, compared to
available dc link voltage when available dc link voltage when
Vbase: VDC S]/Sq r OOt(3) Vbase: VDC /2.
Vp A

Figure 2.3-5C. Vpase =Vbc / 2 and Vigase =Vpe / S0.root(3)
A way to achieve full utilization of the dc link voltage, and still have alinear

modulation, is to allow some movements of the neutral point. This method is called
the Symmetrized triangle wave comparison method.
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2.3.3 Symmetrized modulation

If the same deviation is added or subtracted from all reference signals (Va, Vi, Vo), @
zero-sequence D isadded. The voltage vector v inthe a - b -planeis by that not
altered.

By studying the three sinusoidal phase potential waves as a group, one can see that
they are moving in an “unsymmetrical way” compared to the center of the
triangular wave. For example, when v, reaches its maximum value, v, and v are at
half of their minimum values (Seefig. 2.3-6a).

The key to extend the modulation rangeisto select D so that:

max(v,",v,",Vv.") =- min(v,',v,",v,"). Equation 2.3.6

Thisimplies selecting:

_ max(v,,V,,Vv.) +min(v,,Vv,,V.)

D > Equation 2.3.7
and
(v, %"\ Vv.") =(v,,v,Vv,)- D Equation 2.3.8

where (v,',v,',V,") arethe symmetrized phase voltage references (seefig. 2.3-6b)
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Sinusoidal modulation Symmetrized modul

5001 - TR T —— 1 500~ e
Vodl2 P S ~-
RN
0 | | i 0F-x-
/N
-V /2 : : \\L/ ‘
o/ -500(----- Lo R e -500F-----
0 0.005 0.01 0.015 0.02 0 0.
Figure 2.3-6a.Snusoidal modulation. Phase Figure 2.3-6b. Symmetrized modulation.
and neutral reference potentials. Phase reference potential s and zero sequence

deviation (delta).

By doing this, one can see that the amplitude of the symmetrized phase potential
references (fig. 2.3-6b), compared to the center of the triangular wave, is less than
in the sinusoidal case (2.3-6a). This makes it possible to increase the amplitude of

the line to neutral reference voltage by a factor 2/ \/§ and to select

V.o =Vie/~/3, still using the maximum phase potentials +V, /2 .

Se

Sincethelineto line voltageis U, = V3>U,, , the maximum lineto line voltage

will by this method reach /3, /+/3 =V, and all of the dc link voltage may
be utilized:

U Ve Equation 2.3.9

max_ phase- phase =

The line to line voltages will not be affected by the movementsin the
neutral point. Only the phase potentials and the potential of the neutral, with
respect to the dc link defined neutral point, is altered.

2.3.4 Over modulation
Using the symmetrized modulation method it is possible, under linear modulation,
to reach Vpc as the maximum line to line voltage amplitude and VDC/\/L_% asthe

maximum line to neutral voltage amplitude. The limit for reachable output voltages

30



is thereby set by the dc link. If the reference voltage vector v, reaches outside the
limit set by the circle radius =V / \/3insidethe hexagon in fig. 2.3-7a, the PWM

goes into overmodul ation. Then the output voltage vector will follow the reference
vector when the reference vector is inside the hexagon and the hexagon when the
reference vector is outside the hexagon (fig. 8b).

In the following simulations, this will be avoided by limiting the reference signal

to thelinear modulation area:

Vg | £ Ve = —= Equation 2.3.10
3
Vb Vb
A A
A : : aAA
Figure 2.3-7a. Limit for overmodulation. Figure 2.3-7b Qutput voltage during

overmodul ation.

2.3.5 Unbalanced conditions

According to the assumption that the load connected to the converter is balanced,
the reference voltage vector will follow acircular trajectory inthe a - b -plane.
The definition in eg. 2.3.10 for the dc link voltage may then be sufficient for
control (seefig. 2.3-8a).

During balanced load conditions, the reference voltage vector will only consist of
the positive sequence component (mentioned earlier in section 2.1.6). During
unbalanced load however, a negative sequence component will be added to the
reference voltage vector as well. This combination of positive and negative
sequence voltages will give thetrajectory of the reference voltage vector the shape
of an dlipse (seefig. 2.3-8b). To be able to control the negative sequence reference
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voltage as well as the positive, the major radius of the ellipse must be confined
within the inscribed circle of the hexagon, with the radius V pee.

VDC

/3

V,

£V = Equation 2.3.11

ref _ pos.seq| + Vref _neg.seq

The minimum dc link voltage in the unbalanced case depends on the degree of
unbalance of the load. However, a higher dc link voltage will lead to a higher
ability of the converter to control the output voltage. This may be even more
important if theload is unbalanced.

b b

gVDC j ;\ gVDC :)
\\z / a \ -

Figure 2.3-8a.Voltage reference vector Figure 2.3-8b.Voltage reference vector

trajectory under balanced conditions. trajectory under unbal anced conditions.

2.3.6 Thecreation of a neutral connection

For a three-phase three-wire system, due to the topology, the sum of the three phase
currents are zero and the voltage in the neutral point is floating. During balanced
load condition thisis not a problem. Since the potential in the neutral point during
balance always will be zero, the load voltages can be correctly controlled. During
unbalanced |oad conditions however, the line to neutral output voltages will
unavoidable become unbalanced as wdl since the voltage in the neutral point
cannot be controlled separatdy. The control target of balanced three-phase
voltages contradicts with the fact that the zer o-sequence current cannot exist [2].
Only the positive and negative sequence current exists in the system.

In order to make the control target possible, a neutral conductor must be provided
so that the zero sequence current can flow through. For a three-phase four-wire

system thereis a neutral connection that provides current to flow from the neutral
point of theload. Here the sum of the three phase currents and the neutral current
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are zero and the voltage in the neutral point may be defined. In this system both
positive, negative and zero sequence exists.

Passive methods
There are passive methods to provide the neutral connection for unbalanced loads

[2]:

Transformer
The D/U transformer is a zero sequence trap. Connecting the Dwindings to the

inverter and the Y windings to the load, the zero sequence current caused by the
load is trapped into the Dwindings. Circulating within the transformer winding, it is
prevented from traveling back to the inverter and the dc link. Another passive way
to provide the neutral connection is to use a zig-zag transformer, which also
balances the load to some extent. The zero sequence currents from each phase are
shifted at different phase angles, and thus can be canceled with each other.

The problem with the approaches mentioned above, is that they add the transformer
to the converter. Transformers for high power are very bulky components.

Split dc link capacitor

Another passive approach to provide a neutral connection is to use two capacitors
to split the dc link and connect the neutral point to the mid-point of the two
capacitors (seefig. 2.3-9).

Voe
2

T+

f N
Ay

Figure 2.3-9. Split dc link capacitor to provide the neutral point.

There are two praoblems with this approach. Firstly, the neutral point will be fixed
to the middle of the dc link, which will cause poor utilization of the dc link voltage.
(The motivation for thisisin section 2.3.2, eqg. 2.3.5.) Secondly, a huge increase of
the capacitanceis needed to maintain the dc link voltage ripple at a reasonable level

[2].
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The ripple will consist of two frequencies, 2nv andw . The 2w rippleis caused by
the negative sequence load current and the w rippleis caused by the zero sequence
load current. The ripple caused by the negative sequence current will occur under
unbalanced conditions in any case. Theripple caused by the zero sequence current
on the other hand, is directly caused by the connection of the neutral conductor to
the split dc link capacitor. See Appendix A for calculations of capacitor size.

A fourth leg

By replacing the three leg switching network in fig. 2.3-1 with a four leg switching
network, as shown in fig. X10, afour half-bridge power eectronic converter is
obtained. By tying the neutral connection of the load to the mid point of the fourth
half-bridge, the four-legged PWM converter can handle the neutral current caused
by an unbalanced load. A balanced output voltage can be achieved with a tightly
regulated neutral point.

The method should, compared to the above mentioned approaches, have the
advantages of :

1. Possibility for high utilization of the dc link voltage.

2. No bulky transformers/ much smaller dc link capacitors.

Disadvantages are that one more switch pair and one more output filter inductor are
added to the design.

This approach seems to be the most preferable and is the one chosen for the project.
From now on, when a converter is mentioned, it refers to a four leg converter if

nothing else is mentioned.

2.4 The four legged converter

The choiceis made to use a converter with a fourth half-bridge to abtain the neutral
connection. This converter has much in common with the regular three-phase
converter. With the fourth half-bridge, the possibility to connect the neutral is
achieved as well. By this a third degree of freedom is added. Instead of using the

a - b coordinates, one haveto add yet another dimension and work inthe a - b -

g -coordinate system.



2.4.1 Thefour leg bridge
Thelayout of afour legged three phase converter is showninfig. 2.4-1.

Vo

2 3 KZ

.k “

Figure 2.4-1. Four-legged converter network.

Each half-bridge has two power eectronic switches. By switching them between

fully conducting and fully blocking, the potentials of each half-bridge (Va, Vb, Ve,
V) can all attain+V,. /2, with respect to the neutral point defined as the mid

potential of the dc link. This means that the voltages (Van, Von, Vcn), Can

atain+V .

The switch states are now denoted (a, b, ¢, n), (seefig. 2.4-2). Compared to the 8
switch states in the three half-bridge case, the converter with four half-bridges can
attain 16 switch states. Since a third degree of freedom is added with the neutral
half-bridge and its possibility of a neutral current, the a - b -coordinate system

needs an extension to the a - b - g -coordinate system.

If the output voltage components (Van, Von, Ven), @ccording to the 16 possible switch
states of (a, b, ¢, n), aretransformed (using eg. 2.1.17) into a output voltage vector

vinthe a -b -g-coordinates, it can attain the following values:

V. :\%OiVDC izx\/DleI
a T ’ 3 ’ 3

1. V.,.0 .

v, =02y Equation 2.4.1
TRNEY
iV 2%/

Vg=10,i oC 4 poc U
] 3 3
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Theresulting vector diagram containing all attainable vectorsis shownin
fig. 2.4-3.

B il

Figure 2.4-2.The four legged converter switching network.

gamma
1

alfa

Figure 2.4-3. The output voltage vectors in alfa-beta-gamma coor dinates.

By combining the 16 possible switching states, using pulse width modulation,
any voltage vector within the polygon in fig. 2.4-4 can be generated in average.
Compare this with the hexagon in the three half-bridge converter case.
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QammaE

Figure 2.4-4. The polygon limiting the output voltage vector (reference voltage vector) in the
four leg converter case.

2.4.2 Over modulation

The phenomenon is similar to the case with a three leg converter. If the
reference voltage vector v, reaches outside the limit set by the polygonin fig.
2.4-4, the PWM goes into overmodulation. The output voltage vector will then
follow the reference vector when the reference vector is inside the polygon and
the surface of the polygon when the reference vector is outside the sphere.

2.4.3 Unbalanced conditions

During balanced load conditions, the reference voltage will only consist of the
positive sequence component (mentioned earlier in 2.1.6). It will therefore

follow acircular trajectory inthe a - b -plane (seefig. 2.4-5a).

During unbalanced load however, the reference voltage will not only consist of
the positive sequence component, but both negative and zero sequence
components may be added as well. The combination of positive, negative and
zero sequence voltages will givethetrgjectory of the reference voltage vector
the shape of a skewed ellipse (seefig. 2.4-5b).
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Figure 2.4-5a. Thereference voltage vector Figure 2.4-5b.The reference voltage vector
trajectory during balance and the polygon trajectory during unbalance and the
limiting the reference voltage vector in the polygon limiting the reference voltage
four leg converter case. vector in thefour leg converter case.

To be ableto create both the positive, negative and zero sequences of the
reference voltage vector, the mgjor radius of the ellipse must be confined
within the polygon, according to fig. 2.4-5b. Obvious, ahigher dc link voltage
will lead to a higher ability of the converter to control the output voltage. This
may be especially important during unbalanced load conditions.

2.5 Circuit model of the system

Thefollowing section deals with the system in overall. The system consists of
thefilter inductors, the filter capacitors, the load, and the control voltage
sources, which are the voltages from the converter. The model assumes that the
switching frequency is very high compared to the fundamental frequency, so
that voltage and current ripple are negligible. In this way the switching model
can be approximated as an average circuit model. The system is first modeled
asthe“real” systemin a-b-c—coordinates. Then the model is transformed, for
control-purposes, to the corresponding system in d-g-0-coordinates.
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2.5.1 The system in abc-coor dinates

The average circuit model of the system is modeled according to fig. 2.5-1.

L Ia_loa\d

i
b_load
Vb_load

\
c'< %<
-

-
uh

Vi <3 N:Ea%"%%

iC’/
. |_ c_load
_ +Vcn A'Ic paValara) Vc_load N
Ci a CL
. . LT T
Ul /WQ/\

Figure 2.5-1. The average circuit model in a-b-c-coor dinates.

Assuming the dc link voltage to be an ideal voltage source Vpc, the control

voltage sources (V

an’

V,,,V,,) can be expressed as:

é/a”l;l é/a ) Vﬂl;l éjanlzl
u_ u_ ey u _
gvbﬂ a- gvb "V =Vnc édbn a Equation 2.5.1
ACHH AC-VHH gjan
(d,,.,d, ,d_) arethephaseto neutral duty ratios of the converter.

Thedifferential equations describing the system are expressed as:

éaﬂ énu éjanltI é/E;l |0¢’:\1dltI
dea_L, déa, Voc g, 0 16 u -
— A, =— ;> + A ;- — A 2
dt%bl,J : XE%”Q 2 X L‘?Vb—'c’a"z Equation 2.5.2
@c H @n H gjcn H c_load
i, +i, +i +i =0 Equation 2.5.3
d g/a_loadg_iﬁa a_load 89

— &V 10ad (] Equation 2.5.4
dt s Y C

¢
¢
glc_load H g -
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Where (i,,i,,i.) aretheinductor currents (the converter currents),

(Va_10ad+Vo_1oad » Ve _10aa) &€ theoutput capacitor voltages (the load

voltages) and (i I toad +lc_10aa ) @€ the load currents.

a_load
It can be seen that the system is a second order system with

Ve Xd,,,d, ,d_ )" astheinput signals, theinductor currents(i_,i,,i.) , as

states and the capacitor voltages (v, Vo 10ad 1 Ve _loag) @S States aswell as

_load 1

output signals.

The phase load currents will in turn depend on the output capacitor voltages
and the load impedances as:

Q\

~ a_load a_load

D D

&b _load

A,

gc_load

A

:gvb_load ><{Za Z, ZC] Equation 2.5.5

el Y eny ey enid
el Y en Y enly enid

c_load

There are problems controlling such a system. The steady state solutions for all
the variables are sinusoidal. Due to the time varying nature of the model in a-b-
c-coordinates, thereis no DC operation point for the system. The controllers
for a system like this would have sinusoidal reference signals even at steady
state, which would lead to constantly stationary errors in the output signals.
The control methods for a system like this would also suffer from poor
performance due to conflicts among the three phase controllers [2].

To avoid the problems above and achieve a DC operating point at steady state,
the system is transformed into the rotating d-g-0-coordinate system

2.5.2 The system in d-g-0O-coor dinates

In section 2.1.5 its shown how variables, represented in the a-b-c-coordinates,
are transformed into representation in d-g-0-coordinates. Thisis what will be
done next to the whole system described in section 2.5.1. [2]
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The systems average circuit modd in d-g-0-coordinates can be obtained by
applying the coordinate transformation matrix T4 (from section 2.1.5) to both
sides of eg. 2.5.2 and eg. 2.5.4. To make the transformations easier, the
following expressions may be used:

¢,u ¢ 0 d
T@,ﬁz% 0 3 Equation 2.5.6
g.0 & 3%,4
dX dTt dX .
T, —a =T —4 X+ Equation 2.5.7
ot Yt M ot d
and
é0 -w Oy
d T,* a
—4 - %v o o Equation 2.5.8
dt u
go 0 0§

By using them on equation 2.5.2, and 2.5.4, the resulting circuit modd in
d-g-0-coordinates is expressed according to:

S8 gL o 0 o &L o0 0 n
U_,, € e, G_é a

a%q@_vm(:eo YL 0 fdei- 80 YL 0 @quw
B0 80 0 Y(L+3d,)pedoH €0 O I(L+3x,)Eev.H

Equation 2.5.9

and

d éle:I aédu ad Ioaduo (?Vq U
e u .
—tg\/ 3qu daq ,Oadu +Wg Vi Equation 2.5.10

A

@/Oé g@OH 80 load Uﬂ é O é

Where (iy,i,,i,) istheinductor current (the converter current), (dg,d,,d,)

is the duty ratios of the converter, (v4,V,,V,) isthe output capacitor voltage
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(theload voltage) and (iy joaq+iq r0ad+lo_10ad) 1S theload current, now

expressed as vectors in the d-g-0-coordinates.

In d-g-0-coordinates, the second order system has V. X(d,d,,d,)" asthe
input signals, the inductor currents(d, ,d,,d,) , as states and the capacitor

voltages (vy,V,,V,) as states aswell as output signals.

The equivalent circuit model, expressed by eq. 2.5.9 and eg. 2.5.10 isshownin
fig. 2.5-2. Note the cross coupling terms between d and g caused by the last
termsin eg. 2.5.9 and eg. 2.5.10.

IIoa\d_d

IIoa\d_q

L+3L,

i
| load _0
— Vo

Q|

Figure 2.5-2.The average circuit model in d-g-0-coordinates.

If concern is taken to the equivalent series resistances (ESR:s) in the inductors
and capacitors, they should be modeled likein fig. 2.5-3 [7].
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IIoa\d_q

i Rl Lsa,

' RC_H iIoa\d 0
0 d.V,. Vo -
-T C

Figure 2.5-3.The average circuit modd in d-g-0-coordinates, with ESR's.

Thisisthe modd later used in the control of the converter.

2.6 Dimensioning

This section deals with the choices concerning: Dc link voltage, switching
frequencies and parameters of the components in the system. For example how
different choices of components affect the properties of the converter, what
trade offs have to be made between different characteristics, and some definite
specifications and limitations.

2.6.1 Dc-link voltage

The selection of dc link voltage is a trade-off between power switch voltage
stress and control margin for transients and unbalanced load conditions. It is of
course also limited, unless the use of some step-up converter, by the available
dc voltage.

Assuming balanced load conditions and that the wanted line to neutral output
voltage is 230VAC, the voltage reference vector is needed to be at

least 230%/2 » 325V . The dc link voltage would then, according to eg.

2.3.10, need to be at least 230 /2 /3 » 564V . There will however be
voltage drops during heavy load in the ESR:s (parasitic resistances) in the
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output filters. Thereis also a need for some control margin. A reasonable dc
link voltage would therefore be something like 700-750 V.

Under unbalanced conditions however, according to eg. 2.3.11 and fig. 2.6-1,
the demand on the dc link voltage is higher than in the balanced case. If the

voltage reference vector reference extends outside the circle with Ve as
radius, the converter has no possibility to correct all of the control error.

b

A

Figure 2.6-1.Exampl e of voltage reference vector trajectory under unbalanced conditions.

N

2.6.2 Power €ectronic switches

The power electronic switches of the converter need to, under a specified
maximum operating temperature, withstand the voltages and current applied to
them. They must also, for control issues, be able to switch at a certain rate at
reasonable losses. The choice has fallen on using IGBT:s (Isolated Gate
Bipolar Transistors). The IGBT:s compromises the abilities of withstanding
high voltage and high current density, with the possibility of short switch
intervals and low on-state voltage drop [5].

The voltage the IGBT:s needs to withstand is the maximal dc link voltage. For
commercial IGBT:sthere are different standardized voltage levels. In this case
the voltage levels 600V, 1200V and 1700V may be of interest.

On the phase half bridges, the current the IGBT:s has to withstand is the
maximal line current during full load. Assuming a nominal 3-phase load for the

converter of S, thenominal linecurrent |, will be:

line

o = S S Equation 2.6.1

e 3 U line- neutral \/':_)) M line- line




On the neutral half bridge, the current the IGBT has to withstand depends on
both the maximal |oad and the assumed worst case of unbalanced load.
Assuming balanced condition, no current passes trough the neutral half bridge.
Assuming 33% zero sequence unbalance (see section 2.1.6), the current trough
the neutral half bridge will be equal to the rated per phase current.

2.6.3 Switching frequency and converter losses

The switching frequency is a trade-off between thermal losses and control
bandwidth.

From a control point of view, the switching frequency should be selected as
high as possible. The higher the frequency is, the more often the control signals
can be updated. The switching frequency thereby has a direct connection to the
possible control bandwidth of the converter.

The temperature normally sets the limitation for the switching frequency when
the heat, caused by the losses, no longer can be sufficiently removed by cooling
devises. Another limitation may be when the efficiency of the converter is
assumed to betoo low. In converters for high power, likein this case, most
probably cooling issues will be the limiting factor for the switching frequency.

Loss calculations

The calculations of the losses are made for one half bridge of the converter (see
fig. 2.6-2)

IGBT1 Qdiodel .

!
IGBT2 @ diode2 I
Ez

Figure 2.6-2 One half bridge of the converter.

Fig. 2.6-3 shows the fundamental components of the output voltage and output

current for the half bridge.
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= 4

Figure 2.6-3. Converter output voltage (blue) and current (red). The current is displaced by an
angle phi, relative the voltage.

Thelosses are of two types: First, the losses during the turn-on and turn-off
states of the semiconductors, when there for a short moment both is a high
voltage across the semiconductor and a high current through it. And second,
the losses during the conducting state of the semiconductors, due to the current
going through it and the forward voltage drop of the semiconductor.

Turn-on, turn-off losses

A method presented in [10] may be used to calculate the turn-on and turn-off
losses. For the IGBT :s of one half-bridge, i.e. oneleg of the converter, the turn-
on and turn-off |osses are estimated as:

_ 1 . fou
PSN,|GBT = T_ dpon + Poff )dt = T_ dEon + Eoff )dt =
nT,

n T,
Eonn * Earn) Vi fo . . :
_ (Eon, ff, )v de 'sw X(\ﬁi Sin(Wt - j )|dt = Equation 2.6.2
Vdc,nln Tﬂ Th
E +E
— 2\/5 y( on,n off,n) Ndcli fSN
p Vdc,nI n

Where T, isthe period time of the fundamental frequency, P, and P are
turn-on and turn-off power, E , and E turn-onand turn-off energy, E,, ,
and E , turn-on and turn-off energy at V. ,and |, given by the data sheet

for theIGBT. f_, istheswitching frequency, V,. thedc link voltage, and

I, the current through the IGBT.
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In datasheets, E_, and E; aregiven at specific values (V. , and | ). The

Vdcli

term compensates for that so the losses aregivenat V, and |, .

de,n' n

The turn-on and turn-off losses for the freewheeling diodes of one half bridge,
are calculated in a similar way. However, the losses for the freewheeling
diodes may be approximated as the turn-off losses only. The turn-on losses for
the diodes are small compared to the turn-off losses caused by the reverse

recovery current during turn off.

foy
SNdIOde d Poff )dt - T_ dEon + Eoff )dt -

n T,
Egtn V. f . : _
» AN Tdo xc‘bi sin(wt - )|dt = Equation 2.6.3
Vdc n I n Tn Ta
2\/_ offn NdclifSN_z\/— Drr,n x\/dclifs,\,
p Vdc,nI n p Vdc,n I n
Where E,, , isthereverserecovery energy at V., and | , given by the data
sheet for the diode.

Conduction losses

A method presented in [10] and [11] may be used to cal culate the conduction
losses for the half bridge. The calculations are made for one IGBT and one
freewheeling diode. To get the losses for the whole half bridge, theresult is
multiplied by two.

First the conduction losses of the IGBT are calculated. To do that the forward
voltage drop, Vgt (on » Of the IGBT is needed.

VIGBT(on) :VIGBT,O + RIGBT(on)ii Equation 2.6.4

Where Vg o isthethreshold voltage and Rggr (o) IS the on-state resistance.

The duty cyclefor IGBTL isgiven by:

47



1 dsin(wt +j _

igers =2+ M Equation 2.6.5
2 V.

The conduction loss for IGBT1 becomes:

Prond,icars = Viest(on) Xi *Jigars Equation 2.6.6

To calculate the average [0sSes P,y ar + Poondicsr iN €0 2.6.6 isintegrated

over a half period and divided by the whole period time. Thisis because
IGBT1 isonly conducting half of the period, i.e when the current is positive.

17 . |
Peonaicet = T Y iceron i *diger,alt Equation 2.6.7
0

cond,
n

Using eg. 2.6.4 and eg. 2.6.5 resultsin:

5

7

1 asin(wt +j )0
I:)cond,IGBT T_ VIGBTO RIGBT(on) >1 @n(\/\ft))(l Slﬂ(\l\ft)? —_dt

0 ﬂ

Equation 2.6.8

By solving eg. 2.6.8 , theresult is:

5 — iiVIGBT,O + ii2 ><RIGBT(On) + a ?iVIGBT,O + 2ii2RIGBT(0n) 9
cond,IGBT1 — ) \/_COSG ) 4 -
2p dc 8 33 [

Equation 2.6.9

The conduction losses for the freewheeling diode are calculated in a similar

way':

Theforward voltage for the diode is given by:

Vdiode(on) :Vdiode,O + Rdiode(on) >1i

The duty cyclefor diode2 differs from IGBT1 and is given by:
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ol dsin(wt+j )0
Qioger =1~ diggry = §§ - Wi Equation 2.6.10
dc 7]

The conduction loss for diode2 becomes:

Poond diode2 :Vdiode(on) s R P Equation 2.6.11

and the average | osses:

_ 17 . .
Poond diode2 = T d/ diode(on) Ji X giogeo it Equation 2.6.12
0

n

With the same calculations as for the IGBT thisresultsin:

=2
+ 2Ii Rdiode(on) 9

ol ."2 >
= _ Iiniode,O + Ii deiode(on) _ COS(' )§ivdiode,0

a
Pcond diode2 — N -
2 8V, Uy »

Equation 2.6.13

As mentioned before, the calculations of the conduction losses above only
concerns one of the IGBTs and one of the diodes in the half bridge. To get the
total conduction losses for the half bridge, the results must be multiplied by

two.

Simulated continues converter |osses

The methods described above for calculations of the losses are only usable
during steady state and with sinusoidal output voltages and currents. Therefore,
another method is used in the simulations of the converter. The methods above
were however used to verify the results from the method bel ow.

Thelosses are calculated in “real time” from voltages and currents achieved in
the simulations. To clarify the calculations in eg. 2.5.14 - 2.6.25, fig. 2.6-4
shows a short sequence of the output voltage and the currentsin IGBT1 and
diode2 during operation.
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A |
Output >
voltage | | }
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Output 1 1 : 1 : : > ¢
current i i N i ! !
o Te T v l
A : | i/‘ :
Current | o I >t
IGBT1 ! b Lo |
A
Current ﬁ '\‘ l\| : > t
diode2
t tn+1 tn+2

Figure 2.6-4. Output voltage and currentsin IGBT1 and diode2 during operation.

During a switching interval Ts,, following calculations are made:

At t,, turn-on loss energy of IGBT1 and turn-off loss energy of diode2:

Eon e =E x_—del Equation 2.6.14

i _
Eott diodez = Eoff.n_diode2 X Equation 2.6.15

Vi _
Eo _IGBTL — Eoff,n_IGBTl v = II Equation 2.6.16
de,n' n
Vi _
Eon_diodez = Eon,n_diodez vV = II Equatlon 2.6.17
de,n' n

At t,+1, conduction loss energy of IGBT1.:
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\_/IGBT(on) =Viesr0 * Raaroni Equation 2.6.18

i ii(tn)+ii(tn+l)

: > Equation 2.6.19

Econa icem1 = E A/ 1687 (on) Nty - 1) Equation 2.6.20

At t.2, conduction loss energy of diode2:

\_/diOde(OH) :Vdiode,O + Rdiode(on) ii EquaIIOFI 2.6.21

i_» - ii (tn+1) + ii (tn+2)

' 2

Equation 2.6.22

Econd,diodez = E x\_/diode(on) >(tn+2 - tn+1) Equation 2.6.23

At t., total loss during switching period:

The continuous power |oss.

on,|IGBT1 + Eon,diodez + Eoff JIGBT1 + Eoff ,diode2 + Econd,IGBTl + Econd,diodez

E
P f—

loss —

Sw

Equation 2.6.24

And the average power loss, during a specified time period T.

-
Ploss = Tl c\jD|0$ (t)dt EquaIion 2.6.25

Appendix D contains the m-file performing the loss calculations for the
simulated converter.
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2.6.4 Filter components
The switching causes harmonics. The harmonic content in the inductor currents
and the output voltages are of two types: Differential mode (DM) harmonics, in

(i,,1,,i.) and (u,,u,.,u,), and common mode harmonics (CM), in

u,, (i, )andi .

The DM harmonics in the line inductor currents (i, i,,i.) are attenuated by L.
The CM harmonicsin theline- and neutral inductor currents (i, i, ,i.) and

i,areattenuated by L +3L, .

L and C forms a 2™ order low pass filter that attenuates the DM harmonicsin

the output voltages (U, ,U,.,U_). L +3L, and C formsa2™ order low pass

filter that attenuates the CM harmonicsin u,,.

The total harmonic contentsin the inductor currents (i, i,,i.) and i, and the

line to neutral output voltages (u,,,U,,,U,,) arecalculated by adding the DM

and CM harmonic spectra. Thisis not trivial and for the following simulated
model of the converter thefilter components are dimensioned based of results
achieved in simulations.

2.6.5 Dclink capacitor

The design method is treated in Appendix A. The negative sequence load
current is the limiting design constraint of the dc link capacitor. Eq. A.5in
Appendix A may thereby be used in dimensioning the dc link capacitor.

2.6.6 Dimensioning main components of the converter in the project

Specifications
Output voltage: 3*230/400V
Output frequency: 50Hz
Nominal power: 50kVA
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Output maximum per phase power: 50/3kVA

Load power factor: 02-1
Max temperature cooling water (IGBT-modules): 70°C
Switching frequency: 5kHz
Max dc-link voltage: 750V.

Power electronic switches, phase half bridges

The switch modules needs to withstand the voltages and currents applied to
them. With water cooling of the modules and a maximal water temperature of
70°C, the junction temperature of the modules is assumed to always be below
100°C. Sincethe DC-link valtage is 750V, 1200V IGBT-modules are needed.

The maximal line current is given by eg. 2.6.1 (Or the load scenarios in section

2.2). With S, = 50kVA and U = 230V , the maximal current is

line- neutral

72.2A (102A pesk value).

IGBT-module, Semikron SKM 200GB123D, fulfills the requirements and is
proposed for the project.

Power electronic switches, neutral half bridge
Except from the current level, the conditions for the switches of the neutral half
bridge are the same as for the switches of the phase half bridges.

The maximal current however, is different. Load scenario 5, in section 2.2,
covers the“worst” scenario for the neutral half bridge (within the specification
above). The current through the neutral is then 134A (190A peak value).

IGBT-module, Semikron SKM 300GB124D, fulfills the requirements and is
proposed for the project.

L C-filter components
The dimensioning of the filter components are based on results achieved in
simulations. Following filter components provided a line-to-neutral load

voltage ripple of 0.6%, aline-inductor current rippleof 6 A, (3% at nominal

power), and a neutral-inductor current rippleof 9 A, .
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C=33.8nt
L=3mH
Ln=1.5mH

The capacitors needs to withstand the voltage applied to them. In this case,
230V at 50 Hz. According to Hagglunds, long lifetime is important.
Polypropylene film type capacitors are therefore to prefer before e ectrolytic
capacitors.

Capacitor, Epcos B323-C1356 35nt, fulfills the requirements and is proposed

for the project.

Theinductors need to withstand the current through them. The maximal current
through the lineinductors, L, are 72.2A at 50Hz. The maximal current through
the neutral inductor, Ln, is 134A at 50Hz.

Inductors, custom made by Tramo ETV AB, are proposed for the project.

DC-link capacitor

When designing the DC-link capacitor, concern has to be taken to the global
demands of the dc-link voltage of the vehicle as well as the dc-link capacitance
in the whole system. Hagglunds do not see this area as within the scope of this
thesis. However, the method described in Appendix A may be used for the
design.

The capacitor needs to withstand the applied voltage, in this case 750V DC.
According to Hagglunds, long lifetime isimportant. Thelifetimeislargey
depending of the currents (fundamental and harmonics) that will flow through
the capacitor bank. This aspect is however not evaluated.

2.7 Control of the system

This section deals with issues concerning the control of the converter. The
ultimate goal is to achieve a stable, balanced three-phase voltage, independent
of the load conditions specified in section 2.2. Brought up subjects are for



example: Pl-controllers, delays, feedback control in cascade, decoupling and
feed-forward control.

2.7.1 Modé of the system to control

The system which is the target of the contral, is the one described in section
2.5.2 and fig. 2.5-3. The system is represented in the rotating d-g-0-coordinate
system. From section 2.6, the values of the components are known as well.

Fig. 2.7-1 shows the system, now represented as a block schematic and
expressed in Laplace.

1 Iy 1
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Figure 2.7-1.The systemto control represented as a block schematic.
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2.7.2 Delays

The control of the system will in areal converter be made digital. Due to the
digital implementation there will be delays introduced in the control-loops. The
transducer signals are low pass filtered and sampled and the digital signal
processor will need time to calculate the new control signals.

According to section 5.2, thefiltering, sampling, and calculation time will lead
to adeay in the control signals of 1,4 sample periods. The delay is modeled as
adead time in the block schematic of the circuit model infig. 2.7-2.

2.7.3Voltage control

As mentioned before, the ultimate goal is to achieve a stable, balanced three-
phase load voltage, independent of the load condition. Theload current will
however affect the system, as can be seen infig. 105, and is considered as a
disturbance in the control constraints.

The goal isto achieve the voltage in each channd (d, g and 0) to follows its
respectively reference value, where d represents the reactive component, g
represents the active component and O represents the zero component of the
total voltage vector.

Considering the behavior of the control voltage vector during unbalance
(described in section 2.1.6), different properties considering control bandwidth
are preferred in the different channels. During balanced conditions only
positive sequence exists. In d-g-0-coordinates a positive sequence will appear
asapure DC component in the d-, g and O-channels. During unbalance
however, negative- and zero sequence exist as well. See section 2.1.5 and 2.1.6.

The zero sequence causes, in the d-g-0-system, an addition of a sinusoidal
component, with the fundamental frequency, to the O-channel.

The negative sequence causes, in the d-g-0-system, an addition of a sinusoidal
component, with twice the fundamental frequency, to the d- and g-channels.

Since these sinusoidal components are caused by errors, who the control
voltage vector is supposed to suppress, the controllers must be able to respond
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to them. Because of this, it is appreciated to have a control bandwidth way
above 50 Hz in the o-channel and 100 Hz in the d- and g-channels.

2.7.4 Control methods

To simplify the explanations of the control methods, first only one of the
channels (channd d), is examined. With the cross coupling terms and load
disturbances foreseen at the moment (dotted lines), fig. 2.7-2 shows how a
single loop voltage control could be implemented in the system.

...................................

Y dVoe : . mk
v, * »O—» G(s) » g 5T —@—»@ T —bq)—b Rat s —

Figure 2.7-2.Channdl d of the system (black), including the controller (red).

Single loop control
[4],[6] The system is, as described in section 2.5, a second order system, with
the inductor current and the capacitor voltage as states. The converter output

voltage, (d, »/,.) which is the control signal for thetotal channel d system,
affects theinductor current (i, ) , which in turn affects the capacitor

voltage(V, ) , which is the output signal.

If, asinfig. 2.7-2, only the capacitor voltage state is measured and used for
control, the closed loop transfer function for the system (with the delay block
foreseen and the controller G(s) as a proportional controller with gain K) will
be:

v, (S) _ KA+s°C'R. )
Vi(s) SXC(R o +5X)+KL+SCHR, o)

He (S) =

Equation 2.7.1
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Since R; o and R are small, the poles of this system are both close to

L_esr
the imaginary axis and by that the system is close to unstable. If R. ., and

R« approaches zero, H (s)approaches:

v© _ K

He (5) =
a9 Vi(s) s*xCHL+K

Equation 2.7.2

Where the poles of the system both are on theimaginary axis.

With a purely proportional (P) or a proportional and integral controller (PI) this
system is hard to stabilize (the bandwidth will below). To achieve stability, the
controller needs a derivative part (D). A derivative controller however, is
sensitive to disturbances and noise. Since the capacitor voltage most certainly
contains noise and ripple, the derivation of thisis tricky.

Thereisaway around this problem. To derivate the capacitor voltage is
actually the same thing as measuring the current through the capacitor. If the
load current, which is seen as a disturbance and is dealt with by feed forward
control (explained below) is foreseen, the current trough the capacitor is the
same as the current trough the inductor. Therefore, as an alternative to the
derivative controller, the inductor current, which is the other state in the
system, may be measured and controlled as well as the capacitor voltage above.
By that a state feedback control from the two states inductor current and
capacitor voltageisachieved, and P or PI controllers will be adequate [4].

Cascade control

[6] A generdlization of the method mentioned above, often used when there are
different timescales in a system, is the cascade control. Cascade control means
that two control loops, with different bandwidth, are used to control the system.
The inner loop needs to be much faster than the slower outer loop. The inner
loop should, from an outer loop point of view, react instantly (Seefig. 2.7-3).
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Figure 2.7-3. Channel d of the system (black), including the feedback controllers (red) connected
in cascade.

Theinductor current controller, which provides the converter voltage reference
d, ®/, directly as control signal, can react quickly. Because of this, the
inductor current control loop should be the inner loop. The capacitor voltage
control, which uses the inductor current as control signal (and by that only

indirectly is controlled by d, /. ), should be the outer loop and must,

compared to the current loop, react slower.

In thisway, when the outer voltage control loop sensesan error in the output
voltage, the voltage loop changes the reference value for theinner current

loop, which with d %/, quickly setstheinductor current to a value that

corrects the output voltage.

By using different bandwidth in the two control loops, they can be treated as
two independent loops during design and by that simplify the control design
significantly. Ideally, the current loop sees the voltage loop as Stationary (very
slow reaction) and the voltage loop sees the current loop as perfect current
source (very fast reaction). The difference in bandwidth between the loops
should preferably be at least one decade.

Current loop
When designing the inductor current controller, following simplification of the
system, seen by the controller, can be made (Seefig. 2.7-4).

id* ....’;_/. > GC(S) iddVDC "e_STd_bé_’Q* HC(S) » id

Figure 2.7-4.Smplified current loop of channd d. The system as the current controller seesit
(black) and the controller (red).
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The system may then be described as [6]:

1 R e
H S :e'sqd xH S :e'sqd pa :e-Sﬂ-d ]/ L_
c_tot c R +SXL L
L_es 1+S
L_es

Equation 2.7.3

Wherethe ddlay T, is caused by the lowpass filter, the digital control and the
PWM.

By using a Pl controller:

1+ sXIc,
X
sXTc,

G, (s) = Kc, Equation 2.7.4

Where Kcp is the proportional part and Tg; isthe integral time of the P
controller, the open loop transfer function of the system including controller,

will be:

1+ SXTCi -sq. ]/Rl_ esr .
o€~ Equation275
sXTc,

1+s

Gc (S) XH c_tot (S) = KC.’P

L_esr
And the closed loop transfer function for the system will be:

Gc(s)°He i (9)

Equation 2.7.6
1+ G () Hc i (9)

H c c (s) =

By tuning the values of Kcp and Tc; until the phase margin for the open loop
transfer function is about 50 degrees and the step response for the closed loop
transfer function looks nice, the current controller can be considered tuned.

Thisis preferably done by simulating the system above with Matlab Control
Toolbox, until the result is satisfying.

60



Voltage loop

When designing the capacitor voltage controller, the following simplification
of the system, seen by the controller, is made (Seefig. 2.7-5). The current loop
is here modeled as the dynamic of the closed loop transfer function of the
current loop above.

% i :
vy * » ) > GV(S)' ) "HC_CL—dPé—P HV(S) ——®Vy

Figure 2.7-5 Smplified voltage loop of channd d. The system as the voltage controller seesit
(black) and the controller (red).

The system may then be described as:

1 1+s:R. 4 °C
H, o (s) = He o (s)H,(s) = He o (s) >(Rc_ey +§) =H¢ o (s) % < >(_)

Equation 2.7.7
By using a PI controller:

1+ sXTy,
X
sxTv,

G, (s) =Kv, Equation 2.7.8

Where Kvp is the proportional part and Tv; istheintegral time of the Pl
controller, the open loop transfer function of the system including controller,
will be:

1+ sXTv, 1+s:R. 4 C
o SXV _

G,(s) XH, o (s) =Kvp XHe (s) > o C

Equation 2.7.9
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And the closed loop transfer function for the system will be:

Gv (S) ’ Hv_tot (S)
1+ Gv (S) XH v_tot (S)

H, o (9) = Equation 2.7.10

By tuning the values of Kvp and Tv; until the phase margin for the open loop
transfer function is about 50 degrees and the step response for the closed loop
transfer function looks nice, the voltage controller can be considered tuned.

Aswith the current controller, thisis preferably done by simulating the system
above with Matlab Control Toolbox, until the result is satisfying.

Compensation of the disturbance signals.

Until now, no concern has been taken to the disturbance signals in the model
caused by the capacitor voltages (load voltages), the load currents and the cross
coupling terms (seefig. 2.7-6). During the design of the feedback controllers,
the disturbance signals were assumed to be neutralized by other methods.
These methods are now dealt with.

14 _10ad

= G.(s) ";e‘” Hc(s) H,(s) H—>V,

wLiq wCvq
Figure 2.7-6 .Channel d of the system (black), including the disturbance signals (highlighted)
and the feedback controllers connected in cascade (red).

Decoupling

The method of reducing the interconnection between the channelsd and q is
called decoupling. For simplicity, still only channel d is studied. The control
systeminfig. 2.7-6, isin fig. 2.7-7 extended with the decoupling control signal
paths.
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Figure 2.7-7.Channe d of the system (black), including the feedback controllers connected in
cascade (red) and the decoupling control signal paths (green).

Referring to fig. 2.7-7, the influence of the cross coupling signals

W xC xv

o_load @Nd WXL X, may be reduced by measuring and use the

capacitor voltage vy and the inductor current i from channel g. By multiply
them with the known w > C and w L and add the product (with opposite sign
compared to the cross coupling terms) to the control signals from the voltage

controller and the current controller respectively, the decoupling signals reduce
the cross coupling terms.

Feed forward control

The method of reducing the impacts from the load currents and the load
voltages (capacitor voltages) is called feed forward control. For simplicity, still
only channel d is studied. The control systemin fig. 2.7-7, isinfig. 2.7-8
extended with the feed forward control signal paths.

wlLiq wCvq

Figure 2.7-8.Channd d of the system (black), including the feedback controllers connected in
cascade (red), the decoupling control signal paths (green) and the feed forward control signal
paths (purple).

Referring to fig. 2.7-8, the influence of the load disturbancesin vy and iq jead
may be reduced by measuring and adding them (with opposite sign compared
to the load disturbance signals) to the control signals from the voltage
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controller and the current controller respectively. The feed forward signals will
then reduce the influence from the load disturbances.

Sensors

To be able to use the control methods mentioned above, some measurements of
voltages and currents in the converter are needed. How many sensorsto useis a
trade-off between control possibilities and costs. The methods used above will
require following signals to be measured:

The current control loops: Theinductor currents

The voltage control loops: The capacitor voltages

The decouplings: Theinductor currents and the capacitor voltages.

The feed forward controls: The capacitor voltages and the load currents.

For calculations of the duty-cycles, the dc-link voltage must be measured as
well.

Since the system is a four wire system, the measurements needs to be done on
all three phases. So, to be able to use all methods mentioned above, three
inductor currents, three capacitor voltages, threeload currents and the dc link
voltage need to be measured. In total ten sensors.

2.7.5Modd of the system, including controllers and delays

Now, when more is known of the total system, including all control methods
and delays, the earlier schematic of the systeminfig. 2.7-1 can be extended to
the schematicinfig. 2.7-9.



1 -uC
¥ ¥
Vy* "G, (S) H "
¥
v, * s » "__Gv,q (5) - . - :

L
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AN

19 icad

Figure 2.7-9.The total systemto be controlled (black), including the feedback controllers
connected in cascade (red), the decoupling control signal paths (green) and the feed forward
control signal paths (purple).

2.7.6 Parameters of the controllers

By using the methods described above and simulating the control oops one by
one, following suitable parameters for the Pl-controllers are obtained:

Channel d Channel q Channel 0
Kcp 12 12 40
Tc 0.022 0.022 0.089
Kvp 0.075 0.075 0.11
Tvi 0.00047 0.00047 0.00047

Table 2.7-1. Parameters PI_controllers.

From simulations, the best results (in response and stability) are

achieved with following feed forward- and decoupling terms:

A factor 1 of theload voltages (in d, g and 0) for the feed forward

control.
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A factor 1 of the converter currents (in d and q) for the calculations of
the decoupling terms.
A factor 0.8 of theload currents (in d, g and 0) for the feed forward

control.

A factor 0.8 of theload voltages (in d and q) for the calculations of the
decoupling terms.
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3. Method

The main object for the project is of cause to find out how the converter might
be expected to work. Until now, only basic theoretical issues have been dealt
with.

Section 2.1 covered the basics for three phase systems and different ways to
represent them. Section 2.2 covered expected |oad scenarios. Section 2.3 and
2.4 covered the principals for three and four legged converters. Section 2.5
described the three-phase circuit model of the converter, including filter and
load, as well as the transformation of the whole system from a-b-c- to d-g-0-
coordinates for control issues. Section 2.6 dealt with the dimensioning of dc-
link voltage, switches, switching frequencies and filters. Section 2.7 covered
the theory of suitable control methods for the converter.

Finally, it is timeto see what this theory might be used for in a simulation
model of the converter. This chapter deals with the structure of the model, what
the different blocks does and the theory that has been used building them.

3.1 The simulink model of the converter

Themode of the system (seefig 3.1-1) is built in Matlab and Simulink. These
tools are user friendly, give a nice graphical presentation of calculations and
signal routings and are very useful for the purpose.

This section only covers the basic function of each block and the signals
entering and leaving the block. There are also references to where in the thesis
the theory of the block is covered. The blue colored blocks are simulating
software implementations, while the orange colored blocks are simulating
physical hardware implementations. Detailed layouts of the model are
presented in appendix B.
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Figure 3.1-1. Layout of the simulink model.
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Block 1.
The phase-neutral reference voltages in channel d, g and O are created here. See
section 2.1.5 and 2.1.6 for information about d-g-O-representation.

Block 2.

This block contains the voltage controllers for channel d, g and O respectively.
Section 2.7, and especially section 2.7.4, gives information about the used
control methods.

The voltage controllers are the outer 1oop controllers in the cascade control.
The feedback controllers are of Pl-type (eqg. 2.7.8). They usethe differences
between the reference voltage signals from block 1 and the measured output
voltages from the converter, as input signals (error signals). The signals they
return works as the reference current signals for the inner loop current
controllersin the following block 4.

Theblock also contains the decoupling and load current feed-forward
functions, whose signals are added to the signals from the voltage PI-

controllers.

A function called anti-windup is integrated in the block as well. Windup occurs
when the control error remains for alonger time and the integral part of the PI-
controller becomes very large. Anti-windup puts alimit to the maximal value
of the signal contribution from the integral part of the PI-controller.

Block 3.

During tuning of the regulator parameters of the current controllers (the inner
loop controllers), isit useful to disconnect the outer voltage loop. Then the
reference values for the currentsin channel d, g and O are provided here.

Block 4.

This block contains the current controllers for channel d, g and O respectively.
Section 2.7, and especially section 2.7.4, gives information about the used
control methods.

The current controllers are theinner loop controllers in the cascade contral.
The feedback controllers are of Pl-type (eqg. 2.7.8). They usethe differences
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between the reference current signals from the voltage controllers in block 2
and the measured converter currents, as input signals (error signals). The
signals they return works, after some modifications, asthe reference voltagein
the pulse width modulation later in block 8.

Theblock also contains the decoupling and output voltage feed-forward
functions, whose signals are added to the signals from the current PI-

controllers.

The anti-windup function is integrated in this block aswell. (See Block 2
above).

Thefinal function of the block is alimitation of the output signals. Since the
dc-link voltage limits the attainable output voltages thereis no use in providing
the pulse width modulator with higher reference voltages.

Block 5.

This block transforms the reference voltage signals in channd d, g and O to
control voltage signals for phase a, b and ¢ (section 2.1.5, eg. 2.1.21). The
rotating reference angleis attained from block 17.

Block 6.

This block extracts the zero sequence component from the reference voltage
signals of phasea, b and ¢ (Seefig. 3.1-2). The zero sequence component is

also recalculated for symmetrized modulation (described in section 2.3.3, eg.
2.3.3-2.3.6).

70



signals in

400

200

-200

-400 L ‘
0.06 0062 0.064 0.

ol ___
[}
>
©
ol
[}
©
©
peg
3
©
ol
N
N
©
ol
N
N
©
ol__>
3
o
©
ol
3
©
©
o
©

400

200

-200

_400 ‘Y | | 1 1 1 L ‘Y .
0.06 0.062 0.064 0.066 0.068 0.07 0.072 0.074 0.076 0.078 0.08

Figure 3.1-2. Reference signalsinto (above) and out of (below) block 6, symmetrization.

Block 7.

This block simulates the effects of a digital control (see section 5.1). The
reference signals, which until here have been continuous, are sampled and
delayed one sample period (Seefig. 3.1-3). The delay is added becauseit is
assumed the digital signal processor needs one sample period to calculate the
new reference signals.

signals after sampling and delay
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Figure 3.1-3. Reference signals out of block 7, sampling and del ay.
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Block 8.

The pulse-width modulation (PWM) is performed here. The carrier wave (the
triangular wave) is created and compared to the reference voltages of phasea, b
and ¢. The output signals are the switch signals (duty cycles) for the power
electronic switches. The signals are represented as pulse trains (Seefig. 3.1-4).
Section 2.3.2 covers the theory of the PWM.
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Figure 3.1-4. Pulse width modul ation of phase a. Reference signal and carrier wave (above),

output signal to the power e ectronic switches (bel ow).

Block 9.
This block simulates the power eectronic switches. The input signals arethe

pulsetrains provided by block 8. The outputs (Va, Vb, Ve, Vi) are voltage pulses

of £V, /2 with the duty-cycles provided from the input signals (see section

2.3.2 and fig. 2.5.1).

Block 10.

This block simulates the 2:nd order L C-filters of the converter. The voltage
pulses provided from block 9 are filtrated to achieve output voltages and
currents at the fundamental frequency as well as with low ripple. Section 2.5.1
coversthe circuit schemes (fig. 2.5-1) and equations for thefilters. Thefilter
model is based on equations 2.5.1-2.5.4.
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Fig. 3.1-5 and 3.1-6 shows examples of voltages and currents in phase a of the
filter during a simulation. Compare them with the circuit schematic in
fig. 2.5-1.
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Figure 3.1-5. Voltages in the LC-filter of the converter.

rt-r--r o

From top to bottom Vy, Vi, Van, Ur, Uin,Va joad-
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Figure 3.1-6. Currentsin the LC-filter of the converter.

From top to bottom g, in, ia cap: ia lcad-

Block 11 and 12

Block 11 and 12 simulates |oads connected to the converter. Block 11 isa D-
connected load model and block 12 is a 'Y -connected load model. They
calculate the load currents corresponding to the voltage applied to the load
models. (See section 2.5.1 and eg. 2.5.5) The loads may be made resistive,
inductive, balanced or unbalanced, constant or variable in time as steps.
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Block 13.

These blocks low pass filter the signals measured for control purposes. The
reason for thefiltersin areal converter isto avoid aliasing (see section 5.1).
The reason for adding the filters to the model as well is that they, in areal
converter, add some delay to the measured signals, which may affect the
control. Thefilters are modeled as 2:nd order Bessdl filters with cut-off

frequencies at half the switching frequency.

Block 14.

This block transforms the measured and filtered converter currents (i, ip, icin
fig 2.5-1) for phase a, b and c to d-g-0-coordinates (see section 2.1.5, eg.
2.1.20). The converter currents are used for the feedback control of the inner
current loop (see section 2.7.4).

Block 15.

This block transforms the measured and filtered |oad voltages (Va joad, Vb joads
Ve 10ad N fig 2.5-1) for phase a, b and ¢ to d-g-0-coordinates (see section 2.1.5,
eg. 2.1.20). Theload voltages are used for the feedback control of the outer
voltage loop and the feed forward to the output of the current controllers (see
section 2.7.4).

Block 16.

This block transforms the measured and filtered load current (ia joad, Iv_ ioads ic 1oad
infig 2.5-1) for phase a, b and ¢ to d-g-0-coordinates (see section 2.1.5, eq.
2.1.20). Theload voltages are used for the feed forward to the output of the
voltage controllers (see section 2.7.4).

Block 17.
This block provides the rotating reference angle used in the coordinate
transformations between a-b-c- and d-g-O-coordinates (Seefig. 3.1-7).

reference angle

pi

Figure 3.1-7. Reference angle for the creation of the rotating d-g-0-coordinate system.
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3.2 Simulations and tests

The simulations of the Simulink model will be based on the five load scenarios

specified in section 2.2 and the dimensioning of the components madein

section 2.6.6.

3.2.1 Simulated load scenarios

Theloads are all connected lineto neutral (balanced or unbalanced Y-
connection).

Theload currents (i

a_load

I toad +1c_10aa) @€ShOWN in the circuit scheme of

the converter infig. 2.5-1. The load impedances (Z,,Z,,Z.) arecalculated

from eq. 2.5.5, where (v,

toad + Vo_1oad 1 Ve_1oad) ar€theideal lineto neutral load

voltages.
la joad I toad I 1oad  Za 4 L
(current (A)Y | (current (A) | (current (A)/ (imedance (imedance (imedance
powerfactor) | powerfactor) | powerfactor) (€2)/ pf) (€Q)/ pf) (€Q)/ pf)
;i Before step: 0A/1 0A/1 0A/1 0 Q 0 Q w0 Q
®
g After step: 722A/1 722A/1 722A/1 317Q/1 317Q/1 317Q/1
N Before step: 0A/0.2 0A/0.2 0A/0.2 o Q o Q o Q
(@]
i
&3 After step: 722A/02 | 722A/02 | 722A/0.2 | 3.17Q/0.2 | 3.17Q/0.2 | 3.17 Q/ 0.2
™
o Constant
5 et oon08|  0A 0A |317Q/08| =@ ©Q
S |oad:
0
<Or Beforestep: | 72.2A/0.8 | 36.1A/08 | 36.1A/0.8 | 3.17Q/0.8 | 6.34Q/0.8 | 6.34 Q/ 0.8
i
3 After step: 36.1A/0.8 OA OA 6.34 Q/ 0.8 o Q w0 Q
Lo
o Constant
: | T22A1 0A | 722A/02| 317Q/1 | ©Q |317Q/02
0

Table 3.2-1. Smulation scenarios based on the |oad scenarios specified in section 2.2,
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3.2.2 Settings of simulated converter model

To be able to repeat the simulations, one need to know the settings for the

model when the simulations are performed. They are presented below:

Misc. data:

Dc-link voltage 750V
Reference phase-neutral load voltage 230V
Switching frequency 5kHz
Sampling frequency 10 kHz
LCfilter:

Inductance line inductors 3mH
Parasitic resistance line inductors 01Q
Inductance neutral inductor 15mH
Parasitic resistance line inductors 01Q
Capacitance line to line capacitors 33.8 uF
Parasitic resistance (ESR) capacitors 01Q
Current controller (inner loop controller):

Kp feedback controller (d and q) 12

Ti feedback controller (d and q) 0.022
Kp feedback controller (0) 40

Ti feedback controller (0) 0.089
Max control signal 375V
Min control signal -375V

A factor 1 of theload voltages (in d, g and 0) is used for the feed forward
control.

A factor 1 of the converter currents (in d and q) is used in the calculations of
the decoupling terms.

Voltage controller (outer loop controller):
Kp feedback controller (d and q) 0.075

Ti feedback controller (d and q) 0.00047
Kp feedback controller (0) 0.11
Ti feedback controller (0) 0.00047



A factor 0.8 of theload currents (in d, g and 0) is used for the feed forward
control.

A factor 0.8 of theload voltages (in d and q) is used in the calculations of the
decoupling terms.

Software

The simulink mode! isincluded in appendix B and the initiation filein
appendix C. Theused initiation fileisinit_ver050726.m and the used
simulation model is converter_ver050726.mdl. Appendix D contains thefile
losscalc.m, performing the loss calculations for the converter.
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4. Results

This chapter presents the results from the simulations described in chapter 3.
From each of the five simulated scenarios following data are provided:

Lineto neutral load voltages (output voltage) of each phase.
Line currents in each phase.

Current in the neutral conductor.

Control voltagein d, g and O.

o O O O o©O

Control voltage and load voltage (output voltage) inthea -b -g -

coordinate system. (The data providing the plots are measured when
steady stateis achieved during t = 0.10-0.12s.)

More detailed presentations of the contral signals during the simulations are

provided in appendix E. Losses in the semiconductors are presented in
appendix F.
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Scenario 1
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Figure5.1-1.

The three plots on top (from top):
Lineto neutral load voltages (output voltage) of each phase, line currentsin each phase, and
current in the neutral conductor.

The three plots below |eft (fromtop):
Control voltagein d, control voltage in g, and control voltagein O.

The plot below right:
Control voltage (red) together with load voltage (output voltage) (blue) inthea - b - g-
coordinate system.
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0 Dueto oscillationsin the LC-filter, some transients occur in the output
voltage during start at t=0.01s (peaking at 560 V), but the output
voltageis stabilized when t = 0.02s.

0 Theloadisconnected at t = 0.06s. At t = 0.07s the output voltage is
again stabilized at 230V (325V peak value).

0 Theload currents are 72A (102A peak value).

0 Thereisno current flowing through the neutral.

The converter model copes well with this load scenario.
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Scenario 2
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Figure5.1-2.

The three plots on top (from top):
Lineto neutral load voltages (output voltage) of each phase, line currentsin each phase, and
current in the neutral conductor.

The three plots below |eft (fromtop):
Control voltagein d, control voltage in g, and control voltagein O.

The plot below right:
Control voltage (red) together with load voltage (output voltage) (blue) inthea - b - g-
coordinate system.
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0 Dueto oscillationsin the LC-filter, some transients occur in the output
voltage during start at t=0.01s (peaking at 560 V), but the output
voltageis stabilized when t = 0.02s.

0 Theloadisconnected at t = 0.06 s. There are once again transients
(peaking at 860 V). At t = 0.08 sthe output voltage is stabilized, but
not at the rated voltage of 230V. The output voltage only reaches 208V
(294V pesk value). The control voltage (of channel q) saturates
because the available dc-link voltageis to low.

0 Theload currents are 66A (93A peak value).

0 Thereisno current flowing through the neutral.

The converter model has some problems keeping the output voltage at rated
level.
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Scenario 3
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Figure5.1-3.

The three plots on top (from top):
Lineto neutral load voltages (output voltage) of each phase, line currentsin each phase, and
current in the neutral conductor.

The three plots below |eft (fromtop):
Control voltagein d, control voltage in g, and control voltagein O.

The plot below right:
Control voltage (red) together with load voltage (output voltage) (blue) inthea - b - g-
coordinate system.



0 Dueto oscillationsin the LC-filter, some transients occur in the output
voltage during start at t=0.01s (peaking at 560 V), but the output
voltageis stabilized when t = 0.02s.

0 Dueto the unbalance there are voltage oscillations in channel d, g and
0 of the control voltage (100 Hz ind and g and 50 Hz in 0) and the
control of the converter is put on test. It can bee seen that the converter
copes quite well in controlling the output voltages. However, there are
deviations. The output voltages vary between 223 — 251V (315 -355V
peak value).

0 Theload current of phaseais 70A (99A pesk value).

0 Since only phase a is connected to aload, the current in phase a
(70 A) flows back through the neutral connection.

The converter model controls the output voltages quite well. There are however
deviations between the voltages of the different phases. Due to the unbalanced
load, current is flowing through the neutral connection.
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Scenario 4
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Figure5.1-4.

The three plots on top (from top):
Lineto neutral load voltages (output voltage) of each phase, line currentsin each phase, and
current in the neutral conductor.

The three plots below |eft (fromtop):
Control voltagein d, control voltage in g, and control voltagein O.

The plot below right:
Control voltage (red) together with load voltage (output voltage) (blue) inthea - b - g-
coordinate system.
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0 Dueto oscillationsin the LC-filter, some transients occur in the output
voltage during start at t=0.01s (peaking at 470 V), but the output
voltageis stabilized when t = 0.02s. In this scenario a load is connected
from start.

0 Dueto the unbalance there are voltage oscillations in channel d, g and
0 of the control voltage (100 Hz in d and g and 50 Hz in 0). It can be
seen that the converter copes quite well in controlling the output
voltages. However, there are errors. The output voltages vary between
225 — 240V (318 -340V pesk value).

0 Theload currents are 36A, 38A and 71A (51A, 54A and 100A peak
value).

0 Thecurrent trough the neutral connection is 35A (49A peak value).

0 A t=0.06 sthechangeintheload occur. There are once again
transients (peaking at 680 V). At t = 0.07sthe output voltageis
stabilized, but there are till errors in the output voltages. They vary
between 226 — 240V (320 -340V peak value).

0 Theload current in phaseais now 36A (51A peak value).

0 Since now only phase ais connected to a load, the current in phase a
(36 A) flows back though the neutral connection.

Also in this case the output voltages ook nice. There are however deviations
between the voltages of the different phases during both of the load scenarios.
Dueto the unbalanced loads, current is flowing through the neutral connection.
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Scenario 5
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Figure5.1-5.

The three plots on top (from top):
Lineto neutral load voltages (output voltage) of each phase, line currentsin each phase, and
current in the neutral conductor.

The three plots below | eft (fromtop):
Control voltagein d, control voltage in g, and control voltagein O.

The plot below right:
Control voltage (red) together with load voltage (output voltage) (blue) inthea - b - g-
coordinate system.
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0 Dueto oscillationsin the LC-filter, some transients occur in the output
voltage during start at t=0.01s (peaking at 550 V), but the output
voltageis stabilized when t = 0.02s.

0 Dueto the unbalance there are voltage oscillations in channel d, g and
0 of the control voltage (100 Hz in d and g and 50 Hz in 0). It can be
seen that the converter copes quite well in controlling the output
voltages. However, there are errors. The output voltages vary between
219 — 240V (310 -340V pesk value).

0 Theload currents are 69A and 75A (97A and 106A peak value).

0 The current trough the neutral connection is 129A (182A pesak

value).

The converter model controls the output voltages quite well. There are
however deviations between the voltages of the different phases. Due to
the heavy unbalanced load, alarge current is flowing through the neutral

connection.

Effects of low dc link voltage

To seethe effects of atoo low dc link voltage two more simulations are
performed.

Thefirst scenario is the same as the later part of scenario 1, but with the
difference that the dc link voltage startsto decrease at t = 0,04 (seefig. 5.1-6).

At t = 0.072 the converter startsto lose the control of the output voltage and the
control voltage (of channel ) saturates. At this point the dc link voltageis
571V. Sincethe minimal dc link voltage is calculated to 564V (section 2.6.2)
and some voltage islost in thefilters, this seems reasonable.

The same simulation was performed on scenario 5, with similar result (seefig.
5.1-7).
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The plot on top:
Dc link voltage.

The three following plots (fromtop):
Lineto neutral load voltages (output voltage) of each phase, line currentsin each phase, and
current in the neutral conductor.

The three plots below (from top):
Control voltagein d, control voltage in g, and control voltagein O.
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The plot on top:
Dc link voltage.

The three following plots (fromtop):
Lineto neutral load voltages (output voltage) of each phase, line currentsin each phase, and

current in the neutral conductor.

The three plots below (from top):
Control voltagein d, control voltage in g, and control voltagein O.
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5. Implementation

This chapter concerns the implementation of a physical converter in short. For
example, some issues concerning an implementation of adigital controller are
covered. The chapter also includes suggestion of what hardware to use for the

main components in the design.

5.1 Digital control

All control methods in section 2.7 are made with continuous controllers. The
control algorithms for areal converter will however most probably be made
digital and calculated by a digital signal processor (DSP). Because of this some
phenomenon concerning the digitalization of the control needs to be
considered. This section will in short mention subjects like: sampling, anti-
dias, delays, digital Pl-controllers, digital algorithms and “dummy” software

code.

Sampling
The measured signals (for example the inductor currents or the output voltages)
will be sampled (Seefig. 5.1-1).

B —

S

r T
320 - oo Sl
310f-------------

300

290 ‘ ‘
25 5 55 6 6.5

Figure 5.1-1.Sampling of the measured signals.

The sampling will be at arate twice the switching frequency of the converter.
Thereason for thisrateis that the reference value in the PWM then can be
updated every time the triangular wave reaches its maximum and minimum
value (Seefig. 5.1-2). In thisway it is assured that only two switchings per

triangular wave period is possible.
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Figure 5.1-2.By sampling at a rate twice the switching frequency, the reference for the PWWM can
be updated every time the triangl e wave reaches its maximum and minimum.

Slow computer

It is assumed that the digital signal processor (DSP) is ableto perform the
calculations of the new output signals in less than one sample period and
update them at the end of the sample period. By this, the DSP always provides
acontrol signal that is based on the measurements made at the beginning of the
previous sampling interval. (Seefig. 5.1-3) This causes adday of one sample

period.
Applying Applying
control- control-
signal n signal n+1
Calculation |Calculation
of control- |of control-
signal n signal n+1
— —
| i | I | > ¢
tn tn+l tn+2 tn+3 tn+4
Sampling Sampling
of process of process
output output
signal n signal n+1
Figure 5.1-3.Control signal updates related to sampling time instants.
Anti-alias

When sampling an analogue signal, thereis always the risk of aliasing caused
by high frequency disturbances. Frequencies higher than half the sampling
frequency (the Nyqvist frequency) may in the sampled signal cause new
frequencies that didn’t exist in the original analogue signal. To avoid this, the
analogue signal is low-pass filtered before it is sampled. The cut-off frequency
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of thefilter should be half the sampling frequency. Thisfilter also adds some
delay to the control loop.

Delays

A drawback of the digital implementation of the controllersis the delay it
causes in the control 1oop. As mentioned above, the cal culation and update of
the control signal takes 1 sample period. If using a second order Bessel filter as
the low passfilter, a delay of 0.4 more sample periodsis added as well [12].
Thetotal delay caused by the digital implementation will then be 1.4 sample
periods.

Digital PI controller
The continuous Pl controller has the equation:

& 1" 0 K"
u(t) = KSe(t) + = (p(s)ds== K xe(t) + — (p(s)ds = P(t) + | (t)
8 T; ] T

Equation 5.1.1

Where e(t) is theinput signal to the controller, u(t) isthe control signal, K isthe
proportional gain and T; is theintegral time.

The digital PI controller is similarly given by [12]:
u(kh) = P(kh) + I (kh) Equation 5.1.2

Wherek is the sample, h is the sample period and:

P(kh) = K >e(kh) Equation 5.1.3
and

Ksh .
| (kn-+ ) = 1 (kh) + == e(kh) Equation 5.1.4

The discreet input signal e(kh) at sample k, when the sample period is h, is
calculated as:
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e(kh) = ref (kh) - y(kh) Equation 5.1.5

Whereref(kh) is the value of the reference signal and y(kh) is the actual
measured value at time instant kh.

Computer algorithms
A simple code that calculates the algorithms above for digital Pl controller may
look likethis:

y =vyin.get(); //read the systems output signal
e=yref -y; /[calculate the error (eq. 5.1.5)
u=K*etl,; /[calculate the control signal (eg. 5.1.2)
I =1+ (K*WTi)*eg /lupdate the integral term (eq. 5.1.4)
waitUntil(t) /Iwait for right moment

uOut.put(u); /lupdate the control signal

To prevent integrator windup, which occur when the actuators gets saturated
and theintegral term of the controller increases to much, an anti windup
function may be implemented as well.

if (I>1_max) {
I=1_max;

}

if (I<1_min) {
I=1_min

}

This function limits the maximal value of the integral term and may be
implemented between cal culate the control signal and update the integral term
in the code above. When calculating |_max and |_min, respect should be taken
to the present proportional part of the control signal and the present maximum
available control voltage level.
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5.2 Proposed main components

In section 2.6.6, the main components of the converter are dimensioned, using
the methods covered in section 2.6.1-2.6.5. Table 5.2-1 presents these

components.
Component type Component Manufacturer Size (mm)/weight(kg)
IGBT, phases 200GB123D Semikron 106x61x30/
0.325
IGBT, neutral 300GB124D Semikron 106x61x30/
0.325
Output filter capacitors B323 35nt, 250V Epcos Diameter=35, height=71
* Qutput filter inductors, 3.0mH, 90A (one phase) TRAMO-ETV AB 200x160x310/
phases 27
* Qutput filter inducor, 3.0mH, 90A (three phase) TRAMO-ETV AB 420x180x420/
phases 70
Output filter inducor, 1.5mH, 140A TRAMO-ETV AB 240x160x360/
neutral 35

Table 5.2-1. Suggestions of main components for the converter. * Three one phase inductors, or

one three phaseinductor may be used.

With this choice of components, it is obvious that the filter components,

especially the inductors, will dominate the total size and weight of the

converter. Even without covers and cooling devices, the total mass of the

inductors are above 100kg and their total volume about 0.04n’.

Except from the components above, there are of cause a need for: DSP, DSP-

card, drivers, current sensors, voltage sensors, transient protection devices,

anti-alias filters, cooling devices and more. Since the physical design of the

converter not is thetarget of the project, these are not dealt with.
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6. Conclusions

Thethesis presents the bases for a future design of a DC/AC power eectronic
converter with four half bridges, providing a three-phase four-wire 230/400V
50Hz AC valtage source. The goal is a high power converter that is able to
deliver abalanced load voltage during specified load scenarios. Unbalanced
three-phase |oads and single-phase |oads are highlighted. The theory of the
power electronic converter and the control of the converter are the main
objectives of the thesis. The design of the main components are covered, but
not highlighted. Efforts are not made to reach a specified specification. The
focus is on understanding and evaluation of possibilities. A model of the
converter and the contral systemsis built and simulations based on the
specified load scenarios are performed on the model.

First, a summary of the work and obtained results is given. Second, some
suggestions of future work and research are provided.

6.1 Summary

In this section, the results from the project are summarized.

The control system

The control of the converter is performed in the rotating d-g-0 coordinate
system. A cascade control with an inner inductor current control loop and an
outer load voltage control loop for each channel (d, g and O) is proposed. To
increase the bandwidth, feed forward control of the load currents and load
voltages are used. The cross couplings between channel d and g, due to the
filter components, are reduced by decoupling.

This control gives the converter afast responsein all channels. Thisis
important because of the constant 100 Hz disturbance signals in channel d and
g, and the 50 Hz disturbance signals in channel 0, during control of unbalanced
loads. It also gives afast load voltage regulation during load changes. A
disadvantage of this control method is the large amount of sensors needed.

In this converter, where high power and high quality of the load voltage are
required, limitations of the control bandwidth are due the switching frequency
and the output filter.

97



The simulation model

By using the theory and equations provided in the thesis, the model madein
Matlab/Simulink simulates the important aspects of the converter. The main
aspects are: control systems, coordinate transformations, effects of the DSP,
pulse width modulation, power e ectronic switches, output filters and loads.

Themodel gives averification and understanding of the converter theory. It
also provides simulated results of what possibilities, limitations and behavior to
expect from a physical converter.

Results

The simulated converter is tested with specified load scenarios. The scenarios
are chosen to simulate possible loads for a converter working as a multi
purpose voltage source.

The converter copes well with the simulated scenarios. Deviations between the
load voltages of the phases are small, even under heavily unbalanced load. This
is dueto a high control bandwidth. A slower control leads unavoidableto a
lower quality of the load voltages, especially during unbalanced conditions. By
avoiding the most extreme scenarios of unbalance a high quality of the load
voltageis achievable.

The need of a high dc link voltage is apparent. Simulation shows the limit of
thedc link voltage to maintain a controlled |oad voltage. Especially heavily
inductive loads, and L C-filter, require a high dc link voltage.

During start of the converter, or sudden load changes, oscillations in the filter
cause high transient voltage peaks in the load voltages. These oscillations are to
fast to be controllable by the converter, but may be limited by devices for over
voltage protection (varistors).

Components and physical size

A dimensioning is performed of the main components of the simulated
converter. Since the physical size and weight of the converter is of importance
much is focused on the physical size and weight of the components. The
dominating components in size and weight are the filter inductors. The
semiconductors and filter capacitors weight will be reduced to a few kilos.
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To reduce the current ripple through the semiconductors and filter inductors to
areasonable level of afew percent, the phase filter inductances are set to 3mH
and the neutral inductanceto 1.5mH. With a nominal power of 50kVA of the
converter this leads to physically large inductor components (» 105 kg in
total). By reducing the filter inductances by 1/3 and increasing the filter
capacitances by 3, (and keep the output voltage ripple unchanged) the total
weight of the inductors was reduced to 57 kg. Allowing alarger current ripple
may however lead to increased losses in the inductors, which leads to the need
of inductors with higher rate and more weight. Due to the worst case scenario
of unbalance, the neutral inductor is dimensioned for almost twice the current
in a phase inductor. However, by limiting the maximal allowed case of
unbalance, the physical size of this inductor may belargely reduced.

6.2 Discussion for the future

The simulation model may be extended with a model of the dc link.
Simulations of the dc link voltage, during different |load scenarios of the
converter, would give a deeper understanding of the converters effects on the
total electric system and the design of dc link capacitors.

Simulations of nonlinear load scenarios are not performed on the model. An
extension of the load model to simulate nonlinear loads would be interesting
since nonlinear loads are common and plausible loads for this converter.

The effects of the delay in the control, due to the calculation time of the DSP,
may be reduced by implementing a smith predictor in the control [4].

This solution demands a certain leve of dc-link voltage. The definitive limit is

400%/2 (the peak value of the line-line voltage), but a more reasonable level
is 700-750V. If this voltage is not available other solutions must be considered.
One solution may be a step-up converter between the dc-link of the SEP and
the ACM. Another solution may be a three half-bridge inverter and D- U -
connected transformer to achieve the neutral connection.
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The main improvement of the understanding of the converter would of cause
be abtained by specify, design and build a prototype of the converter. Then the
results achieved from the simulations could be verified. Thisthesis, and the

model of the converter, would provide a base for the design process.
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Appendix A — Dimensioning the dc link

capacitance

Following text concerns the dimensioning of the dc link capacitor, with and
without the use of a split dc link capacitor asthe neutral connection to highlight
the differences. The method is received from [2].

Without split dc-link capacitance as neutral connection

The ripple power delivered to theload is caused by the negative sequence
power due to the unbalanced load and can be expressed as:

Pn = [Van » Vn ’Vcn] >{ia_n J ib_n!ic_n]T Equation A.1

Where [i J are the negative sequence load currents. The

a_n? Ib_n ' Ic_n

negative sequence power can from this be expressed as:

P =>x3%_ cos(2wt +j ) Equation A.2

N w

where V isthe peak AC output voltage and fn is the peak negative

sequence load current. The 2w frequency isvisible here. From eg. A.2, the
peak to peak energy ripple required by theload is:

DE_ = . Equation A.3

The peak to peak energy ripple across the dc link capacitor can also be
expressed as:

DE

pp

1
CoeVoc + DVDC)2 - ECdc Voc - DVDC)2 =2>XCy A XDV,

N

Equation A.4

103



By using eg. A.3 and eg. A .4, following expression for the minimum dc link

capacitance Cp¢_ i, , for avoltageripple DV, isgiven by:

XX
Cocmin.n = VA, Equation A.5
- AxN A/ . XDV

By this, eq. A.5 expresses the minimum size of the dc link capacitance, with
respect to only negative sequence ripple.

Coe. min n Can also be expressed as [13]:

c,. = Iq Nq = \/é all Nq
M2y A o DV 20 R XDV,

Equation A.6

where V, isthevalue of the rms scaled output voltage vector, | isthe value
of the rms scaled negative sequence line current vector and |, istherms

scaled negative sequence phase current vector.

With a split dc-link capacitance as neutral connection

If asplit dc link capacitance is used, the capacitors, that are then connected in
series, are each expressed as 2>C . . Sincethe neutral current, expressed in eq.
A.6, flows through the middle point of the two dc link capacitors, equivalently
these two dc link capacitors appear to bein paralld (4>C,_ ) from the neutral

current point of view.

A

I neutral I neutral

,cos(wt +r ) =3, cosiwt +r ) Equation A.7

where fneutral is the peak of the neutral current and fo isthe peak of the zero

sequence current. Therefore the peak voltage ripple across each of the dc link
capacitors, caused by the neutral current, is expressed as:

~

X
DV, = _ 1 XDV Equation A.8
© " 2w >Cy 2
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From eg. A.7, finally the minimum dc link capacitance with respect to the zero
sequence load current is expressed as.

3%,

c. . =__°70
dc_min_0 2>§NXDVDC

Equation A.9
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Appendix B —The Simulink model
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Block 2. Voltage controller
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Block 4. Current controller
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Block 6. Symmetrization
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Block 9. Power electronic switches
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Block 10. L C-filter model
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Block 12. L oad model Y -connected load
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Appendix C —init.m

%

%Misc data:

Udc=750; %dc link voltage
Uref=230*sgrt(2); %reference voltage
Fsw=5€3; %switching frequency
Tsw=1/Fsw; %switching interval
Ts=Tsw/2; %sampling interval

%

YoFilter:

L=0.003; %filter inductor phase
R esr L=0.1;

Ln=L/2; %filter inductor neutral
R_es_Ln=0.1;

C=33.8e-6; %filter capacitor phase
R _esr C=0.1,

%

%Current controller:

Umax=Udc/2;
Umin=-Udc/2;

Kpi=12;
Tii=0.022;

K pio=40;
Tiio=0.089;

%

%Limited control signal
%L imited control signal

%P-part controller (d och q)
%l-part controller (d och q)

%P-part controller(o)
%l-part controller(o)

%)V oltage controller:

Imax=200;
Imin=-200;

Kpv=0.075;
Tiv=0.00047;

Kpvo=0.11,
Tivo=0.00047;

%L imited control signa
%L imited control signa

%P-part controller (d och q)
%l-part controller (d och q)

%P-part controller (0)
%l-part controller (0)
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Appendix D —losscalc.m

%m-file cal culating total lossesin semoconductors of ACM (code includes phase aonly):

%data used in ca culations of |osses phase half bridges:

Eon_n=24e-3; %turn on energy for IGBT(phase) at Vdc=600V and 1=150
Eoff_n=17e-3; %turn off energy for IGBT(phase) (IGBT with diode
included) at Vdc=600V and I=150

Vdcn=600; %Vdc nomina

Inom=150; %l nominal

Vdc=750;

V_IGBT0=1.8; %treshold voltage drop of IGBT(phase)
R_1GBTon=12.66e-3; %o0n state red stance of IGBT(phase)

V_diode0=1.2; %treshold voltage drop of diode(phase)

R_diodeon=7e-3; %o0n state res stance of diode(phase)

%data from simulink model!:

%tid=time of simulink sample

%Va, Vb, Vc, Vn=output voltage switches
%Ia_conv,Ib_conv,Ic_conv,In_conv = current through switches
%Tsw=switch period time

pos=1;
k=1;

I_turnon=0;
I_turnoff=0;
t_turnon=0;
t_turnoff=0;

%00000000000000000000000000000000000000000000000000000000000000000000000000
%Phase a
for n=1:length(Va)

%
%positive current (1a>0)

if Va(n)>0.9*Vdc/2 && pos==0 && la_conv(n)>0 %switch has switched from -Vdcd/2 to
Vdc/2, current positive

E_turnon=Eon_n*(Vdc*I_turnon)/(Vdcn* Inom);  %turn on energy loss, IGBT1+diode2
E_turnoff=Eoff_n*(Vdc*I_turnoff)/(Vdcn*Inom); %turn off energy loss, IGBT1+diode2

I_avr=(I_turnon+I_turnoff)/2; %avrage current during on state, IGBT1

V_IGBTon=V_IGBTO+R_IGBTon*|_avr; %forward voltage drop of IGBT1

E_cond_IGBT=I_avr*V_IGBTon* (t_turnoff-t_turnon); %conduction energy loss,
IGBT1

I_avr=(I_turnoff+la_conv(n))/2; %avrage current during on state, diode2

V_diodeon=V_diode0+R_diodeon*|_avr; %forward voltage drop of diode2
E_cond_diode=Il_avr*V_diodeon* (tid(n)-t_turnoff); %conduction energy |oss, diode2
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P_loss_a(k)=(E_turnon+E_turnoff+E_cond_IGBT+E_cond_diode)/Tsw; % avrage
dissapated power during one switch period. Losses from

t_turnon=tid(n); %time at turn on for IGBT1 (turn off for diode2)
I_turnon=Ila_conv(n); %current at turn on for IGBT1 (turn off for diode2)
t_loss_a(k)=tid(n);

pos=1, %switch value high
k=k+1;

end

if Va(n)<0.9*-Vdd/2 && pos==1 && la_conv(n)>0 %switch has switched from Vdc/2to -
Vdc/2, current positive

t_turnoff=tid(n); %time at turn off for IGBT1 (turn on for diode2)
|_turnoff=la_conv(n); %current at turn off for IGBT1 (turn on for diode2)
pos=0;

end

%
%negative current (la_conv<0)

if Va(n)>0.9*Vdc/2 && pos==0 && la_conv(n)<0 %switch has switched from -Vdc/2 to
Vdc/2, current positive

E_turnon=Eon_n*(Vdc*|_turnon)/(Vdcn* Inom);  %turn on energy loss, IGBT2+diodel
E_turnoff=Eoff_n*(Vdc*|_turnoff)/(Vdcn* Inom); %turn off energy loss, IGBT2+diodel

I_avr=(l_turnon+l_turnoff)/2; %avrage current during on state, diode

V_diodeon=V_diode0+R_diodeon*|_avr; %forward voltage drop of diodel

E_cond_diodel=I_avr*V_diodeon* (t_turnoff-t_turnon); %conduction energy loss,
diodel

I_avr=(I_turnoff-la_conv(n))/2; %avrage current during on state, IGBT2

V_IGBTon=V_IGBTO+R_IGBTon*I_avr;  %forward voltage drop of IGBT2

E_cond_IGBT2=I_avr*V_IGBTon* (tid(n)-t_turnoff); %conduction energy loss, IGBT2

P_loss_a(k)=(E_turnon+E_turnoff+E_cond_IGBT2+E_cond_diodel)/Tsw; % avrage
dissapated power during one switch period. Losses from

t_turnon=tid(n); %time at turn off for IGBT2 (turn on for diodel)

I_turnon=-la_conv(n); %current at turn off for IGBT2 (turn on for diodel)

t_loss_a(k)=tid(n);

pos=1; %switch value high

k=k+1;

end

if Va(n)<0.9*-Vdd/2 && pos==1 && la_conv(n)<O %switch has switched from Vdc/2to -
Vdc/2, current positive

t_turnoff=tid(n); %time at turn off for IGBT2 (turn on for diodel)
|_turnoff=-la_conv(n); Y%current at turn off for IGBT2 (turn on for diodel)
pos=0;
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end

end
%00000000000000000000000000000000000000000000000000000000000000000000000000

%Average |osses phase a
%---1:st:

P_loss a tot=0;
i=0;
for n=1:length(t_loss a)
if tloss a(n)>0.04&& t_loss a(n)<0.06

P_loss a tot=P_loss a tot + P_loss_a(n);

i=i+1;

end
end
P_loss_a average=P_loss a tot/i;
%---2:nd:
P_loss a tot=0;
i=0;
for n=1:length(t_loss _a)

if tloss a(n)>0.10&& t_loss a(n)<0.12

P_loss a tot=P_loss a tot + P_loss_a(n);

i=i+1;

end
end
P_loss_a average?=P_loss_a tot/i;

%00000000000000000000000000000000000000000000000000000000000000000000000000

subplot(5,1,1),plot(t_loss_a, P_loss &)

hold on

subplot(5,1,1),plot(t_loss_a(200:300), P_loss a average,'red)
AXIS([00.12 0 1200])

subplot(5,1,1),plot(t_loss_a(500:590), P_loss a average?,'red)
YLABEL('a)

Grid minor
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Appendix E - Detailed representation control
signals

In chapter four, the results from the simulation of the load scenarios
were presented. To provide a simpler presentation, focus was put on the
output voltages and load currents in phase representation.

For deeper studies of the signals in the control system, following plots
are provided. The results are from the same scenarios as in chapter four.
However, to give a more detailed presentation, interesting moments of
the simulations are highlighted and the time scales of these moments are
narrowed. All control signals are represented in d-g-0. The signalsin the
following plots are shown in fig. E-1.

Figure E-1.Layout of the control system and signal paths.
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Figure E-2. Sgnals scenario 1, channd d.

B: control signal PI controller d4 (green), load current feed forward signal d5 (red), decoupling

A: Reference output voltage d1 (green), output voltage d2 (blue), error signal d3 (red).
signal d6 (blue).

E: Control signal Pl controller d10 (green), output voltage feed forward signal d11 (red),

D: Reference current d7 (green), converter current d8 (blue), error signal d9 (red).
decoupling signal d12 (blue).

F: Reference voltage converter d13 (blue).

C: Reference current d7 (blue).
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Figure E-3. Sgnals scenario 1, channd q.
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B: control signal PI controller g4 (green), load current feed forward signal g5 (red), decoupling

signal g6 (blue).
E: Control signal Pl controller g10 (green), output voltage feed forward signal ql11 (red),

A: Reference output voltage gl (green), output voltage g2 (blue), error signal g3 (red).
decoupling signal q12 (blue).

F: Reference voltage converter g13 (blue).

C: Reference current g7 (blue).
D: Reference current g7 (green)
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Figure E-4. Sgnals scenario 1, channd 0.

E: Control signal Pl controller 0-10 (green), output voltage feed forward signal 0-11 (red).

A: Reference output voltage 0-1 (green), output voltage 0-2 (blue), error signal 0-3 (red).
F: Reference voltage converter 0-13 (blue).

B: control signal PI controller 0-4 (green), load current feed forward signal 0-5 (red).

C: Reference current 0-7 (blue).
D: Reference current 0-7 (green), converter current 0-8 (blue), error signal 0-9 (red).
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Figure E-5. Sgnals scenario 2, channd d.

converter current d8 (blue), error signal d9 (red).
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E: Control signal Pl controller d10 (green), output voltage feed forward signal d11 (red),

A: Reference output voltage d1 (green), output voltage d2 (blue), error signal d3 (red).
decoupling signal d12 (blue).

F: Reference voltage converter d13 (blue).

C: Reference current d7 (blue).
D: Reference current d7 (green),
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Figure E-6. Sgnals scenario 2, channd q.

, error signal g9 (red).

converter current g8 (blue)
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B: control signal PI controller g4 (green), load current feed forward signal g5 (red), decoupling

signal g6 (blue).
E: Control signal Pl controller g10 (green), output voltage feed forward signal ql11 (red),
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decoupling signal g12 (blue).

F: Reference voltage converter g13 (blue).

C: Reference current g7 (blue).
D: Reference current g7 (green),
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Figure E-7. Sgnals scenario 2, channd 0.

E: Control signal Pl controller 0-10 (green), output voltage feed forward signal 0-11 (red).

A: Reference output voltage 0-1 (green), output voltage 0-2 (blue), error signal 0-3 (red).
F: Reference voltage converter 0-13 (blue).

B: control signal PI controller 0-4 (green), load current feed forward signal 0-5 (red).

C: Reference current 0-7 (blue).
D: Reference current 0-7 (green), converter current 0-8 (blue), error signal 0-9 (red).
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Scenario 3:
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Figure E-8. Sgnals scenario 3, channd d.

B: control signal PI controller d4 (green), load current feed forward signal d5 (red), decoupling

A: Reference output voltage d1 (green), output voltage d2 (blue), error signal d3 (red).
signal d6 (blue).

E: Control signal Pl controller d10 (green), output voltage feed forward signal d11 (red),

D: Reference current d7 (green), converter current d8 (blue), error signal d9 (red).
decoupling signal d12 (blue).

F: Reference voltage converter d13 (blue).

C: Reference current d7 (blue).
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Figure E-9. Sgnals scenario 3, channd .

A: Reference output voltage gl (green), output voltage g2 (blue), error signal g3 (red).

B: control signal PI controller g4 (green), load current feed forward signal g5 (red), decoupling
signal g6 (blue).

C: Reference current g7 (blue).

D: Reference current g7 (green), converter current g8 (blue), error signal 9 (red).

E: Control signal Pl controller g10 (green), output voltage feed forward signal ql11 (red),
decoupling signal g12 (blue).

F: Reference voltage converter g13 (blue).
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Figure E-10. Sgnals scenario 3

E: Control signal Pl controller 0-10 (green), output voltage feed forward signal 0-11 (red).

A: Reference output voltage 0-1 (green), output voltage 0-2 (blue), error signal 0-3 (red).
F: Reference voltage converter 0-13 (blue).

B: control signal PI controller 0-4 (green), load current feed forward signal 0-5 (red).

C: Reference current 0-7 (blue).
D: Reference current 0-7 (green), converter current 0-8 (blue), error signal 0-9 (red).
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Scenario 4
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Figure E-11. Sgnals scenario 4, channe d.

B: control signal PI controller d4 (green), load current feed forward signal d5 (red), decoupling

A: Reference output voltage d1 (green), output voltage d2 (blue), error signal d3 (red).

converter current d8 (blue), error signal d9 (red).

E: Control signal Pl controller d10 (green), output voltage feed forward signal d11 (red),
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B: control signal PI controller g4 (green), load current feed forward signal g5 (red), decoupling

signal g6 (blue).
E: Control signal Pl controller g10 (green), output voltage feed forward signal ql11 (red),

A: Reference output voltage gl (green), output voltage g2 (blue), error signal g3 (red).
decoupling signal q12 (blue).

D: Reference current g7 (green), converter current g8 (blue), error signal g9 (red).

F: Reference voltage converter g13 (blue).

C: Reference current g7 (blue).
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13. Sgnals scenario 4, channd 0.

Figure E

E: Control signal Pl controller 0-10 (green), output voltage feed forward signal 0-11 (red).

A: Reference output voltage 0-1 (green), output voltage 0-2 (blue), error signal 0-3 (red).
F: Reference voltage converter 0-13 (blue).

B: control signal PI controller 0-4 (green), load current feed forward signal 0-5 (red).

C: Reference current 0-7 (blue).
D: Reference current 0-7 (green), converter current 0-8 (blue), error signal 0-9 (red).
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Scenario 5:
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Figure E-14. Sgnals scenario 5, channel d.

B: control signal PI controller d4 (green), load current feed forward signal d5 (red), decoupling

A: Reference output voltage d1 (green), output voltage d2 (blue), error signal d3 (red).
signal d6 (blue).

E: Control signal Pl controller d10 (green), output voltage feed forward signal d11 (red),

D: Reference current d7 (green), converter current d8 (blue), error signal d9 (red).
decoupling signal d12 (blue).

F: Reference voltage converter d13 (blue).

C: Reference current d7 (blue).
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Figure E-15. Sgnals scenario 5, channd q.
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0.01

0.005
B: control signal PI controller g4 (green), load current feed forward signal g5 (red), decoupling

signal g6 (blue).
E: Control signal Pl controller g10 (green), output voltage feed forward signal ql11 (red),

A: Reference output voltage gl (green), output voltage g2 (blue), error signal g3 (red).
decoupling signal q12 (blue).

D: Reference current g7 (green), converter current g8 (blue), error signal g9 (red).

F: Reference voltage converter g13 (blue).

C: Reference current g7 (blue).
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16. Sgnals scenario 5, channd 0.

Figure E

2 (blue), error signal 0-3 (red).

B: control signal PI controller 0-4 (green), load current feed forward signal 0-5 (red).

C: Reference current 0-7 (blue).
E: Control signal Pl controller 0-10 (green), output voltage feed forward signal 0-11 (red).

D: Reference current 0-7 (green), converter current 0-8 (blue), error signal 0-9 (red).
F: Reference voltage converter 0-13 (blue).

A: Reference output voltage 0-1 (green), output voltage O
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Data are taken from data sheets of IGBT-modules; Semikron 200GB123D (on
phase a, b and ¢ half bridges) and Semikron 300GB124D (on neutral half

during the simulated scenarios are calculated here. Both continues losses
bridge).

calculations are measured when steady state is achieved during t = 0.04-

and average losses are presented. (The data providing the average loss
0.06s and during t = 0.10-0.12s.)

The losses for each half bridge, as well astotal loss for the converter,

Appendix F - Losses semiconductors

Scenario 1
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and average | osses during steady state (red).
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Figure F-1.Losses for each half bridge and total loss of the converter. Continuous losses (blue)
Thelargest averageloss of a half bridgeis equal in al of the phase half bridges
and about 300 W. The largest total average loss of the converter is about 900



Scenario 2
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Figure F-2.Losses for each half bridge and total loss of the converter. Continuous losses (blue)

and average | osses during steady state (red).

Thelargest averageloss of a half bridgeis equal in al of the phase half bridges

and about 250 W. The largest total average loss of the converter is about 750

Scenario 3
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Figure F-3.Losses for each half bridge and total loss of the converter. Continuous losses (blue)

and average | osses during steady state (red).
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Thelargest averageloss of a half bridgeis equal in the half bridge of phase a

and the neutral half bridge and are about 275 W. The largest total averageloss

of the converter is about 550 W.

Scenario 4
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Thelargest averageloss of a half bridgeisin the half bridge of phaseaand is

about 275 W. Thelargest total average loss of the converter is about 650 W.
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Figure F-5.Losses for each half bridge and total loss of the converter. Continuous losses (blue)



Thelargest averageloss of a half bridgeisin the neutral half bridge and is
about 550 W. Thelargest total average loss of the converter is about 1100 W.
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Appendix G - Nomenclature

Abbreviations

ACM Auxiliary Converter Module

DSP Digital Signal Processor

ESR Equivalent Series Resistance

IGBT Isolated Gate Bipolar Transistors

PWM Pulse-Width Modulation

SEP Splitterskyddad Enhets Plattform

UPS Uninteruptable Power Supply

Symbols

C output filter capacitance

da, phase ato neutral duty ratio

G phase b to neutral duty ratio

den phase c to neutral duty ratio

dy duty ratio in d-direction in d-g-0 coordinates
Oiocez duty cyclefor diode2

Oicers duty cyclefor 1GBT1

dq duty ratio in g-direction in d-g-0 coordinates
d

o

duty ratio in O-direction in d-g-0 coordinates

Born reverserecovery energy of free wheeling diode
Eo turn off energy of IGBT given in data sheet
Eotr _diocez turn off energy of diode2

Eotr _1cer1 turn off energy of IGBT1

Eo, turn on energy of IGBT given in data sheet
Eon_diodez turn on energy of diode2

Eon_icar1 turn on energy of IGBT1

€ input signal to controller

f frequency

Friomie ripple frequency

Fau switch frequency
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i rms current through half bridge

line rms line current
lcag rms load current
Ly current through IGBT at which Eon and Eor aregiven
! op_ine peak-to-peak of the rated output current

Pp_ripple peak-to-peak current ripple

a converter current phase a
la_ioas load current, phase a
Iy converter current phaseb
lo_ioag load current, phase b
o converter current phase c
le_toat load current, phase c
Iy converter current in d-direction in d-g-0 coordinates
l4_toat load current in d-direction in d-g-0 coordinates

i instantaneous current through half bridge

i peak current through half bridge
' average current through half bridge

n converter current in neutral line
i . . .
q converter current in g-direction in d-g-0 coordinates
'a_load load current in g-direction in d-g-0 coordinates
o converter current in O-direction in d-g-0 coordinates
o toad load current in O-direction in d-g-0 coordinates
K proportional gain of Pl-controller
Kce proportional gain of current Pl-controller
Kvp proportional gain of voltage Pl-controller
L phase line inductance
L, neutral line inductance
M Modulation index

Foond,diode conduction loss power for diode2

cond,IGBTL - conduction loss power for IGBT1
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loss continuous power loss of one half bridge
Pos average power |oss of one half bridge

For turn-off power of IGBT

Fon turn-on power of IGBT

Fanciose average turn-off losses of diode

Foscar average turn-on and turn-off losses for one IGBT
R load power, Y-connected |oad

R load power, D-connected load

Re_es Equivalent Series Resistance of C
Ruoseton on-state resistance of diode

Riesr(on on-state resistance of IGBT

Re Equivalent Series Resistance of L
S, load power of the converter
Tc integral time of current Pl controller
Ty time delay
T, period time
Ti integral time of Pl controller
Tew switch period time
Tv integral time of voltage Pl controller
t time
Us lineto line voltage, phase a and phase b
Uan lineto neutral voltage, phase a and neutral
Use lineto line voltage, phase b and phase ¢
Up, lineto neutral voltage, phase b and neutral
U lineto line voltage, phase c and phase a
U lineto neutral voltage, phase ¢ and neutral
Uloag load voltage over one impedance Z
Uline-ine lineto line voltage
Ul neura lineto neutral voltage

v
Va

peak voltage, phase a
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Voc
Vaen
Vdiode(on)
\_/diode(on)
Viiode,0
Vier (on)

V IGBT (on)

VIGBT ,0

\

a

Vab

V

a_load

\

an

Vap

VaO

peak voltage, phase b

peak voltage, phase c

DC-link voltage

voltage over IGBT at which Eon and Eor are given
forward voltage drop of diode

average forward voltage drop of diode
threshold voltage of diode

forward voltage drop of IGBT

average forward voltage drop of IGBT
threshold voltage of IGBT

phase voltage, phase a

lineto linevoltage, phaseaand phaseb

load voltage of phase a

negative sequence voltage component, phase a
positive sequence voltage component, phase a

Zero sequence voltage component, phase a
maximum length of voltage vector in linear modulation

lineto linevoltage, phaseb and phasec

load voltage of phase b

negative sequence voltage component, phase b
positive sequence voltage component, phase b
zero sequence voltage component, phase b
lineto linevoltage, phasec and phasea

load voltage of phasec

negative sequence voltage component, phase ¢
positive sequence voltage component, phase ¢
Zero sequence voltage component, phase ¢
voltage in d-direction in d-g-0 coordinates

voltage in g-direction in d-g-0 coordinates
voltagereference

voltage in O-direction in d-g-0 coordinates

vector in @ - b -coordinates

vector in @ - b_g -coordinates
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load impedance, phase a
load impedance, phase b
load impedance, phase c

phase displacement

angular frequency
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