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ABSTRACT

»

.

Th; present industrial practice of ac to dc conversion

uses diode or ‘thyristor bridges which are harmonic polluters
. 3 . .
and poor |power factor sources. This thesis exploits PWM

“'te'chniques to develop a new generation of rectifiers with near
sinusoidal |current waveforms, unity and even 1leading power

factor and\ bilateral power transfer capability through
5 -

,bidix;ectional current# flow in{{/‘the Idc link.

TThe Boost Type PWM VolEage Reéulated Rectifier was
origin&ll‘y conceived as being D\\iréct Current Controlled. The
work of this thesis advances the Sépi:rol methodology by using
Indirect Current Control aﬁd the standard Sinusoidal PWM
-’technique. Two high quality current' transducers are avoided

and the harmonics become more predictable for elimination

purposes. - e S
- - +

The thesis addresses the problem of upscaling the power

2
By

ratings of the rectifiers by connecting rectifier modules in

series and in parallel. Different topol:ogie'S are proposed and
analyzed. '

| The research was carried out by building two 2-kW size
laboratory models which were subjected to demanding tests.
Experimentally Jjustified mathematical . models and computer

simulations have been developed and have been sﬁccessfully

used in predicting stability boundaries.
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Il est pratique courante dans l’industrie d‘utiliser des
ponts de diodes ou de thyristors pour la conversion du courant
alternatif en courant ' continu. Ces méthodes. ont le

désavantage de&cre'er beaucoup d’harmoniques et d’offrir un

+ facteur de puissance médiocre. J

Cette these egploite les techniques d’impulsion de
largeur variahle pour dgvelopper» une nouvelle Jge'nération de
poﬁt de redresseur. Ces pont:.s ont 1l’avantage de drainer un
courant quasi-sinusoidal et d‘offrir un >facteur de puiséance
unitaire et méme cap;acitif. Ils offrent un transfertl de
puissance pidirectionnel puisque le courant continu est libre
de circuler dans les deux directions.

'Un *redresseur de type élevateur de tension, réqularise
par impulsio‘n de largeur variable a été congu pour etre
contrdlé par le courant cofitinu. . Cette these fait un pas en
avant en utilisant leA con[tx"Sle de d¢ourant indirect et la.
g\éthode standard d’impulsion de largeuk variable. Cec;’ permet
d’éviter llj'utilisation de deux capteurs de courént de haute

qualité. De plus, le contenu en harmonique est prévisible, ce
&

~ qui aidera a leur élimination. *

- W

Cette these s’ attaque au probleme de l’augmentation de
la capacité des redresseurs en connectant plusieurs modules en
série et en parallele, Différentes topologies sont propose’es et

l 7
analysées.
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e deyeloppe’s cet vérifids eXpérimentalement.

Ces ' recherches sont basées (u'r la construqtion cle

1

ont été 1’ object des tests. Des

prototypesd de 2-kW qui

modeles mathématiques et simulation par ordinateur ont ét€’

Ceux-ci ont par 1la

suite eté utilisés avec succes pour bre’di're les limites de

3
1)

stabilité des prototypes.
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To the best of ,}the‘author's knoga;pﬁge, the following .

contributions are original: .Y

1.

The static compensator [Section 3.5.2]’ of Indirect
Current ' Control yielﬁds sluggish transient response and

poor‘stability region by comparison with Direct ‘Current
o 'S '

Ed

Control.

The dynamic compensator [Section 3.5.3] reinstates the*
lost stability rggion so that Indirect Current Cabntrol
is both statically and dynamically equivalent to Direct

Current Controi .
k)

The concept of series and parallel connections at the
modular level so as to side-step the difficulties of
voltage and c;urrent sharing at the semiconductor switch

level [Chapters IV and V7.

P

! . °
The invention of Type C configuration [Sections 4.4 and

5.4] which is pne of the most economical configurations

t

in terms of components count.

Proof that when the Master is stable, the Slaves of
series ITypes C, D and E configurations are also stable

[Sections 4.4.1, 4.5.1 and 4.6.2].
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CHAPTER I

INTRODUCTION

nvention of the Mercury Arc Rectifier at the

. Sincegthe
peginniﬁng of this tury /[1], power rectifiers have played an
important role in the (development of power conversion. The
introduction of the control grid in 1926 made it possible to
control the dc voltage by varying the instant of firing of the
valve [2]. Further development led to the first High Voltage
DC transmission lines in about 1940 [3]. Around 1960, with
the advent of power semiconductors and the invention of the
Silicoon Controlled Rectifier (SCR) [4], the era of the mercury
arc deviges gquickly came to an end. Accompanying the power
valve development, many rectifier topologies w;re proposed
[5,6], the most popular and widely used being the Graetz
Bridge Rectifier [7]. Basically, it 1is a fline commutated"

converter, Power revérsal is achieved by voltage reversal at

the d¢ link.

1

Despite its popularity, ,the Graetz Bridge ReCtifier has

’

proven to be the largest harmonic polluter in the utility -«

system [8,9,10]. Furthermore, since it adjusts power demands

. by 'delaying the power angle, the power factor is very poor at

lower loads [11]). These problems are presently solved by high
cost power filters and VAR compensators [12]. In addition,
many direct current power loads need current reversal in the

dc link instead of the voltage reversal offered by the Graetz
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Bridge. Some examples of this requirement are the dc lines for

electric tracti?n (with standards set atx759, 1500 and 3000
Vdc) as well as many kinds of machine drives (choppers and
voltage source inverters) (13). Presently, this problem is
solved by using dual co:werbters or a diode rectifier along

with a line-commutated thyristor inverter, which roughly

double the capital cost.

L

Some authors have anticipated considerable improvements
in the power converter area by Yaking advantage of the force
commutated technique, using Mosfets, Poyer Darlingtons or Gate
turn-off Thyristors (GTO’s) [14,15,16]. These new converters,
implemented with gate turn-off éemiconductors, aré rep{acinq
the traditional power conversion topologies which make use of
line commutation. Most of this research has been focused on
the inverter hmode (dc to ac conversion) for variable speed
drives [17,18,19] or for Uninterruptible Power Supplies (UPS)
(75,76,77)]. The research has led to significant improvements,
such as the elimination of 1low order harmonics by using
different kinds of Pulse Width Modulation (PWM) techniques to
control the gates of the power switches (20,21,22,23], or the
use of resonant circuits to obtai; "zero" sw}pching losses
(78,79,80]. ‘ \

The success in inverter applications has initiateq the
consideration of the same techniques for rectification

purposes. In recent years, the PWM t;%ﬁniques have begun to be

applied to the rectifier side, using force cdmmutated devices




[24,25,26). However, these rectifiers lack the current
reversal. capability. Few papers!have been-written about PWM
rectifier;’with dc current reversal, despite the fact that the
technical tools already exist. The first attempts qén be found
in [27]. Brown Boveri has also been working on the topic,
without disclosing any details [28]. The company is running an
egparimental train which should reach a top speed of 350 km/h ,
by i991, using rectifiers of th;s type [299. McGill University
[30;11,32,33] and some German researchers [34,35] have been
working on thfg problem using the Boost type modulators [36].
Mcl?ill University has focused its work on the use of
Controlled Current PWM converters with hysteresis band control
(37,38,39] and unidirecéional dc voltage. When a dec voltag£9
feedback loop is implemented in such a modulator, it can
operate as a stand-alonej,voltage requlated dc power supply
with dc current reversal capability and a fast transient
response f40,41]. The input ac current is directly controlled
(Direct Current Control) by forcing it to‘fo%l?ﬁmf sinusoidal
template with a small tof;rdnce band (hysteresis). The
amplitude of this template is contro;ledtgy the error signal
generated between the dc link voltage and the desired
reference voltage. Because the phase-shift of the sinusoidal
. template is &ajustable, the rectifier can operate at unity or

oq{p leading power factor for all load conditions (42].

ﬂ\a
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The Controlled Current PWM Rectifier has innunmerable
applications in mating the standard frequency of the power
utility to the variable frequencies, required in inverter/ac
" motor drives or to chopper/dc’motor drives. In the high power
range, one sees f& in having a role in High Voltage Direct
Current (HVDC) applications. 1Its ability to operate at a
regulated dc link voltage suggests that multi-terminal HVDC
connections can easily be realized. Presently, the Graetz
Bridge Type of HVDC stations is not a pegfect‘match in multi-
terminal connections.

Uﬁfortunately,n some of these useful applications ‘are
limited by the power ratings of the semiconductor switches.
Despite the continuing increase in the ratings of the high'
power semiconductor switches, the gate-turn-off devices, with
the exception of the GTO’s, fall short in comparison with
thyristors [43,44].

This thesis focuses @ developing methods ofﬂincreasing
the overall power of t§f‘:§ectifier system, by connecting
modules of converter dhits in series gnd in parallel,
[45,46,47,48], while keeping the overall system simple,
reliable and harmonic-free. 4

Thg designation "Boost Type" in the thesis title follows
the terminology used by workers in Switch-Mode Power Supplies.
In the Boost Tyf;ie Rectifier, the power from the ac side is
fiiét converted to magne%ic energy in inductances during the

turning ON of the valves. When the valves are turned OFF, the

v~
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1di/4at voltages of the inductantes cause the anti-parallel
d_iodes on the opposite side of the rectifier branches to
conéuct, thus admitting the stored magnetic#energy to the dc
side. The research on the Boost Type Rectifier began with the
Controlled Current PWM Converters Qith Hysteresis Band Control
and was the subject of the author’s M. Eng. thesis. 1In
retrospect, this mode of control is considered here asvD“irect
Current Control. ’Because it has excellent characteristics,  its
performance has become a standard to which that of Indirect
Current Control_ié compfred. For this reason, Direct Current
Control forms the subject {Jmatter in Chapter II as it shows the
thought process which led to the successful implementation of
Indirect Cux:rent—Control. 7
The research on Indirect Current Control isomoti;/at:d by
the following considerations: i) How can the expensive high
. quality broad bandwidth current measuring devices [53,54] inw
hysteresis band control be eliminated? and ii) Hew can its
_harmonic frequencies be made more )predictable as in Sinusoidal
Pulse Width Modulation PWM)?. S it turns out,  the inner
‘current control feedback loop can be mimicked mathematically
and implemented by hardware representing the transfer function
blkocks (55].
. The first attempt, based on static compensation,
fulfilled all the expectations of steady=-state behaviour.

However, it has a sluggiéh transient response and. a very‘

limited stability region compared ‘to Direct Current Control.
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These d‘ifficﬁlties led to intensive researc'h in mathematicél\’\
modelling andps»ability'analysis. The outcome is a dynamic
compensator by whlch the Indirect C/_/ent Centroller can be
made equivalent to the Direct Current Control in all respects.
In addition, the dynamic compensator can secure a larger
margin of stability than was thought to be possjble until now:

By connecting multiple units in series and in parallel
and by suitably shifting the <triangular carriers of each
module, the effect of high frequency switching is achieved.
This has the implication that the relatively slow GTO’s and
even the force commutated thyfistors can be used in PWM
converters. The method also reduces switching losses.

All the 1idegs 1in' the thesis . have been proven
experimentally. The experimentale work was performed on a 2 kW
size, 30 kHz, bipolar transistor PWM converter. The
experin;ental research went hand-in-hand ‘with matl}ematical
modelling}éligital simulasipn and analysis.

J The main body of the Thesis has been dividecli into "four

Chapters:

CHAPTER II begins by describing the operation of the PWM
rectifiers usi‘§ Current Hysteresis Controllers ‘which 1is
followed by analyzmg mathematically the method of Dirgct
Current Cont',rg% Because a comp]lec/

devqloped in ([31,56], onlyja b}:ief explanation

\
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influence of the parameters in the behaviour of the system,

along with some simulations and experiments are included as

well.

CHAPTER IIXI describes the Indirect Current Control. It
consists of applying the switched voltages of Sinusoidal PWM
(SPWM) strategy to achieve a constant power factor output with
near sinusoidal current waveforms, without the inner current
feedback loop of the Direct Current Control. An experimentally
verified pathematical‘hpgel is developed. The mathematical
model is used in stability analysis, which follows t Nyquist
approach and the state-space approach, The stability analysis
reveals the inadequacy. of the static ceompensator and the
concept of pole cancellation leads the way to a dynamic
campensator. The expanded stability boundaries of the dynamic
compensator have q§en verified experimentally. With confidence-
in the correctnesL of the mathematical model, predictions are
made of the sensitivit& of performance - characteristics to
parameter variations, the- tragsient résponse and the stability
li;its.' In addition to experimental data, the predicted\
results are supported by digital simulations based on 'tqu
programs: the Mathematical aqq_ghe Valve-by-Valve Simulations
(see Appendix A). The Mathemat?éal Simulations ar¥/ba§9d on
the numerical integration of the system of differential

equations 'mg&elling the rectifier, .assuming .that only the

Fundamental “Fourier Harmonic Component is important. The
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Valve-by-Valve Simulations use a Spacial eight-state algorithm

and consider the entire Harmonic Spectrum. -

.~ CHAPTER IV develops the ideas concerning the series
connected PWM rectifiers. Three different topologies for

Direct Current Control and two for Indirect Current Control

are analyzed: \gx

A. Direct Current Control.
i) Independent Local Control
ii) Common Current Reference Control

s

iii) Common Switchﬁng Control {i:

B. Indirect Current Control

i)  Indirect Common Switching Control

ii) Shifted Triangulér Carrier Control

Conditions of stability, povwer, cur;ént, voltage sharing
as well as the parameter variation sensitivity are analyzed.
Each topology is discussed independently and the results are
cojtg;ed to each other. To support the mathematical analysis,
digital computer simulations and experiments‘are included. The
possibility of implementing Serieés Back-to-Back Systems has

also been considered in this Chapter.

CHAPTER V considers the case of parallel connected PWM
rectifiers. The same topologies as Chapter IV are analyzed.

This Chapter follows the same format as chapter IV.

\y A




’ CHAPTER VI' summarizes the work developed in the previous

chapters and discusses -the results obtained in each one of

¢

them. Future lines of research are also proposed.

Digital simula;jns and experiments have played "an .

important part in supporting this work. APPENDIX A lists the

computational algorithms developed to sgmulate the behaviour

'of the different topologies for Direct and Indirect Current

Control.

(
Considerable time was spent implementing the hardware

for the many configuratﬁbns. APPENDIX- B is devoted to
recording the detailed circuit diagram of the vital parts of

L)

‘the rectifiers.




CHAPTER-II |
DIRECT CURRENT CONTROL

\

2.1 Introduction. . ! \j

*The supject of 'Diroci‘: Current Control has formed the
topic of the author’s  Master Engineefinq Thesis under the
title ®"A DC Voltage Regulated Comntrolled Current PWM
Rectifier"®. A brief overview is given in éne chapter of the

Ph.D Thesis for two reasons: .

2 B L.

i)N to introduce t;.he structure of tr;e Boost Type PWM
Rectifier (Section 2.2) and to summarize the findings
concerning Cu;Eent Hysteresis Control (Section- 2.3),
mathematic modelling (Section' 2.4) and stability
analysis. (Section 2.5). This brief repetition (s "/

esgs@ptial to understand the thought process which leads

f\ to the . Indirect Current Contfol in Chapter III and
subsequently to its use in seriem and parallel
- ) 3
\ connections in Chapters IV and V respectively. The !
O\ - .

4
background also allows one to make comparison as to the \)
relative effectiveness of Indirect Curreht Control.

ii) ‘fhe second reason is that further research has  been

. -

su'sued on the subject of Direct Current Control since
- | 10 \ o

£
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the M. Eng. Thesis and this chapter serves as the
reppsitory for éocumenting some addPtional research

results. This consists of Proportional-Integral Control
in Section 2.6 and Valve-by-Valve Digital Simulation in

Section 2.7. The Valve-by-Valve simulation programs haue

-

been developed- as tools in the |verification of the

r

: mathematical models and experimental results.
- . . .

The reader is invited to omit Sections 2.2 and 2.3 if
the subject material is already familiar. Section-z.z is a
brief review of force commutation and PWM pru{:lples. ‘Section
2. 3 describes the Current Hysteresis' Control which is known
here as Direct Current Control to contrast it 3with the
Indirect Current Control of Chapter LIII. Sections 2.4 and 2.5
Fpresent the mathematical model and the stability analysis of

* the vcltage regulated system under Proportional feedback. The

S

V«Proport onal~-Integral feedback is described in Sectijion 2.6.

Finally, the Sect'jioné, 2.7 and 2.8 show the results based
on valve-by-valve computer simulataions and experimental
oscillograms. The experiments were performed with two 2-kW,
current hysteresis controlled rectifiers. The software
developed for the computer simulations and practical
imfalementation of the rectifiers a?e described in Appendix A

and Appendix B respectively. '
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2.2 Force Commutation and PWM Principles.

Low harmonic pollution and high input power factor are
two of the most desirable requirements in a good rectifier.
Most of the thyristor bridge rectifiers, such as the Graet:
Bridge [7] mentioned in Chapter I, use the Line Commutation
principle. It is employed in circuits excited by ac sources in
which the current necessarily falls tc zero at some point of
the‘cycle. Negative forward voltagé will then extinguish the
seniconductor. The problem with 1line commutation |is tpat
neithef the power factor nor the harmonics can be’controllea.

The above inconveniences can be removed by using Force
Commutation, which permits the choice of the "right switch-off
time" of a device, without waiting until the‘currenf falls to
zero [13,57]. X /

Force commutation allows a device to be switched ON and
OFF many times in one cycle of the supply frequency. This is
the pfinciple of operation used 1n the Pulse Width Modulation
(PWM) techniques. With PWM, the fﬁndamental and the harmonic
components, as well as the power factor, can be controlled
through the proper choice of the sv;ritching p;ttern [31,58&.
Figure 2.1 a) shows a simplified circuit of a PWM rectifier,
in which the semiconductors have been replaced with ideal
switches. Figure 2.1 b) shows a transistorized version of the
Boost principle which has been implemented for the

experimental work.

12 .
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Fig.2.1 B8implified Circuit of a PWM Rectifier
a) Idealized version
b) Transistorized version (Boost Type)
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By\ taking the ON-OFF action of the switches (the gates
of the semiconductors) fgllow a particular timing pattern, the
input current of tﬁe rectifier can be controlled, as shown“in
Figure 22 It can be observed that the modulation pattern of
the voltage V(a.y), gives complete control of the input
-current: magnitude, angle (0° to 360°) and harmonic content.
For example, Figure 2.2 a) shows the rectifier operation at
unity power factor. Figure 2.2 b) on the other hand, shows the
inverter operation,_ again at unity power factor. Figure 2.2 ¢)
shows the rectifier operation at leading power factor and
Figure 2.2 d) shows the operation of the rectifier near 90°
lagging. Note that in Figures 2.2 c¢) and d) the c)u;:rent
ripples are coarse because a lower switching frequency is
being used. ‘

The principles of operati‘on of the Direct Current
Centrol, enable the aﬁtplitude of the input currents to be
controlled, while keeping{ the\,._gower angle at any desired
constant value. This ‘is -achieved by measuring the
instantaneous phase currents and forcing them to follow a
current reference tenplate, by activating the gates of the
semiconductors.

Many different switching strategies can 'be applied to
obtain direct control of the current. The so called "Current
Hysteresis Control" [37,38,59] is the most popular. A circuit

implementation of this switching strategy is shown in Figure

14
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) 2.3. This method has been used here and will be discussed in

some detail. !

N

"n b

il

', we ™ W
|

T Pl

s W | ‘\“ ” " |
LLLNTTHILET B TSR
ﬁuwﬂlWJ M”WU? i“”:’ Nh%h&T*MW%Q%ﬂHﬁ‘MW1

c) d)

@a = V'sin wst : phase "a" supply voltage

1, = I"sin(w¢ + @) : Phase "a" input current

\'4 (A-M) ™ modulated voltage for phase "a" )
11 = 2:otal output dc current ~

g

“‘#“‘

rig.2.2 Current and voltage waveforms in a PWM rectifier.
a) rectifier operation at unity power factor
b) inverter operation at unity power factor
c) rectifier operation at leading power factor
‘ d) operation near ninety degrees lagging
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2.3 Currenmt !;ystorosia Control. \

The goal of the PWM techniques is to achieve sinusoidal
input currené in the rectifier, which is controllable in
akplitude and in phas&. Harmonics should be in the high
frequency range where they are cheaper to filter. This can be
achieved by defining the desired magnitude and phase angle of
t:‘he sinusoidél input current waveform. A cu%rent template of
such a kind can be generated from the input voltage. For
example, the fi}tered output from the secondary of a voltage
tr"gnsformer may be used. Magnitude and phase can then be

introduced through electronic methods. For example, amplitude

control can be implemented through a multiplier and phase

‘control through a phase shifter. The input current is measured

and compared with this current template. By using negative

feedback switch.ing .0f the power devices in the rectifier, the
current is forced to follow the desired current template.

Using this technique, the input can be made to form any

‘desired current waveshape. /_/\

- Unfortunately, the current cannot exactly follow the
current reference template, because the switching frequeﬁcy
cannot be infinite [39]. An allowable departure from this
template is necessary. Current control is thus achieved by
defining a "Hysteresis Band", with an upper and lower current
reference bound between which "che input current is allowed to
vary, as shown yin Figure 2.4. If a phase current remains
within this band then no switching action is required. If the

16
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phase current exceeds the upper current reference bound,, then
that phase is connected to the i:»ositive terminal of the dc
load. The opposite action is required when the current exceeds

the lower bound.

Y

q .
h, 2
T‘ Ta Ts 'Clpl
> BD1 —1BD3 -1BDS
+
. - vV,
T, |t T, Hib T, na
»BD4 —BD6 —BD2 -
R
Current
Measurements
inductances
/ )
3¢ Voltage T
Sources
Base Drive -
Control Logic. ; : 3
| I
Current ly=
1,
® ~ TEMPLATE
H

rig.2.3 cCurrent nyst;rolis Control Circuit.

¢ |
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lower bound, ’l\:’

Fig.2.4 - Operation of the Current Hysteresis Controller.

-+ 2.3.1 Regulation of the dc Voltage.

To make the PWM rectifier work properly, the dcf link
voltage must be maintained high enough to keep the diodes of
the lzridge (see Figure 2.3) reverse biased. Otherwise they
will conduct and proper control of the bridge will not be
possible. A dc battery could ‘be ‘cgnnected as shown in Figure

.2.1 a). However, a more cost-efficient solution is to use the

voltage across a charged capacitor in the dc link. \
" The dc 1link voltage across the capacitor can be
L] J ‘
regulated using a feedback control loop as shown in Figure
P

2.5. The feedback voltage éontrol loop allows the rectifier to
have a self supporting dc voltage capability. The dc capacitor
C is initially given a voltage Vc, which is high enough so
that the previogsly mentioned gree-wheeling diodes (across the
power transistors of the converter T, T3,...Tg) are reverse

18
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biased. The voltage Vc is measured,and\compared to a reference
voltage VRpp. An error; signal is obtained, and is used to

command the magnitude Im of the three \phase currents of the

-~

rectifier.
O
<+
=xVe VC
Sensor v“” -
e —0
Waveform ) a)
4 Tomplates
3¢ Voitage
L
Basa Brive
Control
togie
. Ge [~ ©
a8 b ¢ \
v _L 4:"’ \
Tl W§ C T}] Ve |
y .
’ s V“, b)
Control
Waveform °
' - ~. |
- ~ X * G,
Template GaKp +Ky
B S

7ig.2.5 Voltage Regulated Rectifier.
a) detailed circuit ( _
b) simplified circuit with inpht transformer
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| 2.4 Mathematical Model. -

k) g

As shown in Figure 2.5, the current command Im (Im=I‘ 2)
is multiplied with the sinusoidal waveform templates (taken
from phase shifted voltages of voltage transformets) to
produce the current reference template. Since the template
v‘zaveshape and power angle are predetermined and ‘the dc link
voltage error controls the ac current, the negative feedback
loop determines the amount of ac power to be rectified until
the dc voltage error is reduced. The dc link capacitor voltage
will drop as long as its charge is depleted by the .dc current
consumed by the 1locad. This dc voltagé err;:r can be only
reduced once the power rectified from the ac side is
sufficient to feed the dc 1load power and replenish the
depleted charge across the capacitor. As is well known, in
proportional feedback there is always a voltage error with
respect to the voltage reference.

The voltage-requlated currem':—controlled PWM r\éctifier
described up to here has some intrinsic properties and
operational constraints. These characteristics will be

{

analyzéd with the help of mathematical tools. 7

4

a

o

When the hysteresis band "h" becomes small enough, the

switching ripples can be neglected and a "harmonic-free"

-mathematical model can be developed (30]. This approxﬁnation

is valid even with hyste;:esis bands as large as 25% of the

total curreni: .

20




The total, ingsantaneous rectifier input

; accordance with Figure 2.5, can be expressed as:

~

Pin(t) = ea(t) - 1a(6)S¢ ep(t) ip(t) + ec(t) ig(t)’
- Re(ia(t)2 + ip(t)2 + ig(t)2)

AL d {ia(t)2 + ip(t)2 + ig(t)?)
2 dt

where the supply phase voltages are
-]
ea(t) = V“v5°sin wgt
ep(t) = VV2-sin(ugt - 120°)

ec(t) = V2-sin(wgt - 240°)

}nd the phase currents are

ig(t) = I(t)'vezsincwst + 9)
N v ip(t) = I(t)/2'sin(wgt + @ - 120°)
~io(t) = I(t)V2-sin(wgt + @ - 2400°)

BY subspitu&ing egs. (2.2) aﬁd (2.3) into (2.1)=
¥

Pin(t) = 3 (V'I(t)'cos ° - R°I(t)2 -1 L d1I(t)?
S . 2 adt

~

.
— .

21
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The fotal outpuﬁ power (before the dc capacitor) is:

P1(t) = ij(t) -v(t) (2.5)

where ij(t) is the local average dc current and vg(t) is the
dc link voltage.’
If the terms R-I(t)2 from 'eqkz.ll) are assumed to

include the rectifier losses, then:

Pin(t) = py(%t) (2.6)

or

3-(V-I(t)'cos o - RI(t)2 -1 L.dI(t)2) = vo(t)-ij(t) (2.7) .
2 dt N

Equation (2.7) is the "Power Balance Equation" of the

Direct Current .Control- Rectifier and represents the main

mathematical tool of the system.

2.5 Stability analysis.
As eq. (2.7), is nonlinear, theyproblem of stability can

be analyzed by assuming small pertuybation around a specific

LN

operating point. From egs. (2.5) a’nd (2.7) ¢ N
3°(V'I(t):cos @ - R'I(t)2 = L L.d I(t)2) = pl(t)\ - (2.8)
2 dt

Assuming that V, cos o, R and L are all constants and

~ . o

I(t) = Io + OI ( : (2.3?

pi1(t) =Py + APy ‘ - (2.10)
1 22

applying small perturbations to I(t) and p;(t), one h17
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Substituting (2.9) and (2.10) into eg. (2.8):

3°(V:(Bo +AI)-cos & - R (Io +AI)2 - ;i L _g_t(zo + A2 =

= Py +AP; (2.11)

Subtracting eqg.(2.8) with I(t)=Io and pj(t)=P; from eq.(2.11),

and neglecting second order terms:

3:V'cos @Al ~ 6°*R*Io'AT - 3°L°Jo.dAL = AP (2.12)
dt 6

Equation (2.12) is a linearization of eq.(2.8) around

the point (Io,P;). Taking the Laplace Transform of eq.(2.12):

AI(S)*(3*V'cos ¢ -~ 6'R*Io ~ 3°L*Io*S) = APq(S) (2.13)

@
and writing

G1(S) =APj(S) = 3°(V'cos ¢ - 2°R*Io - L°'Io"S) o (2.14)
ATI(S) :
Equation (2.14) represents the transfer function of the
rectifier around the operating point.

The instantaneous dc load power, pj(t), is related with

the output power p;(t) through the equation:

C'vo.dve = py(t) - pa(t) ‘ (2.15)
dt )
where
pa(t) = veoig (2.16)

23
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T ié and v, are the dc load current and voltage respectively.

" Equation (2.15) is also nonlinear and so small perturbation

linearization is also required. With Laplace Transform on the

L 4

linearized equation: -

i

Ve C-S*AVC(S) = APy(S) - AP (s) {2.17)

Vc is the capacitor voltage at the same operating point as
eq.(2.14). AP, represents a small change in the load power of

the system. The transfer function of the dc capacitor is then:

-

-

#

: Ga(S) = & =1 (2.18)
. AP, (S) 3/.;?2(5) Verc s,

§
!

‘ Equations (2.14) and (2.18) yield the representation-of
the open loop)rectifier transfer function around the operating

point and is shown in Fiqure 2.6.

al

AV,
———— G;(S) ‘ C

rig,z 6 Open Loop Rectifier Transfer Function
Arcund the Opcratinq Point.

24
¥




2.5.1 Proportional COntrol. .

Upon introducing the voltage feedback .and proportional

control #ith gain Kp, the system can be

represented as shown
in Figure 2.7.

S

G(S)

G,(S) -

¥ig.2.7 Closed-Loop Rectifier System.’

Stability criterion can now -be applied' for the closed
o loop system of Figure 2.7:

Kp*Gq1(S)*Ga(S) + 1 = 0

(2.19)
. which finally yields: ’
5 = -3'Kp.(V-cos ¢ - 2'R-IQ) i (2.20) |
C'Ve - 3*Kp*L'Io - |
. |
From eqg. (2.20) two conditions of stability are encountered: |
‘ Jo < ¥-cosg ¢ > (2.21)
, 2°'R
and %
‘ Io < _Q-Vg (2.22)
3'Kp°L
25 / -
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Relation (2.21) is normally satisfied because cos o is

chosen close to unity and R is very small. Relation (2.22), on
the o::jk hand, establishes an important relation between the
dc ca itor, its voltage, the proportional gain and the input
inductance of the rectifier. R;latiqn (2.22) predicts that Kp
cannot be too big. Otherwise C has to be exéessively large.

2.6 Proportional-Integral Control.
|

Because Kp cannot be too big, the rectifier regulation .

can become poor due to the steady-state error introduced. The
addition of an integral gain Ky can solve the problemn.

Thé transfer funétion of a PI control can be representad
by .

e -

Ge(S) = Kp + EI (2.23)

where Kp and /Ky are the proportional and integral gains

respectively. [Replacing Kp for Ggo(S) into eg. (2.19):

NGe(S) *G1(S) *Gy(S) +1 =0 (2.24)

and replacing egs.(2.14), (2.18) and (2.23) into (2.24), a

second degree algebraic equation is obtained:

A°S2 + B°S + Co =0 (2.25)
where ,
A= CVc - 3'Kp-L ] ~(2.26).
B = 3-(Kp-V-cos @ - 2°Kp*R*Io - Ky-L-Io) (2.27)
Co = 3+Ky* (V&S o - 2°R-To) ' (2.28)
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The solution of eq. (2.25) yields

S=-B_ % (L)Z-Q (2.29)
2A 2A A

To have a stable system, two conditions have to be satisfied:

> 0 ] (2.30)

[o]

A

B_>0 , o (2.31)
2A O

From rel. (2.30) one gets

3'Kp*'L
Io < V:cos o (2.33)
2°R
and from rel. (2.31) ) L'
Io < _C-Vo_ ' (2.34)
3'Kp*L :
[ .
Io < _Kp:V-cos o - (2.35)

2°R*Kp + L-Kg

Relations (2.32) and (2.34) are exactly the same as (2.22),
and rel.(2.33) is also the same as (2.21). However, rel. (2.35)
establish a new stability 1limit for the system with PI
+ control, which is more restrictive than the limit given by
rel.(2.33). It can be seen that rel.(2.35) becomes the same as

" ¢
ral.(2.33) vwhen Ky=0 (only Proportional Control). Fortunately,

, &
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the new restriction set by rel.(2.35) has a gapd atah;ility
margin. By choosing the right value of Ky, it is.possible to
get a good transient response in addition to having zero

steady-state error.

2.7 Valve-by-vValve Digital Simulations.

The behaviour of the experimerftal rectifiers is most
faithfully represented by the Valve-by-Valve Digital
Simulation Program. This sin}ulation program is based on
treating the rectifier bridge as a piece-wise circuit problem.
The ON-OFF states of each of the power switches of the bridge
éive rise to eight possible circuit topologies, which are
discussed in Appendix A. The instants of switching of the
semiconductors are monitoreq by Kkeeping track of the
intersections of the actual input current with the upper and
lower bound of the hysteresis band and so a time sequence of
eight «circuit topologies is generated. The differential
equations arising from the Kirchhoff Voltage and Current Laws
for thé topologies are solved numerically and they are joined
. together by the requirements that the flux 1linkages of
inductances and electric charges across capacitors must be
continuous.

The Valve-by-Valve Simulation Program is very simple and
powerful. It is flexible enough to simulate almost every
situation and circuit configuration. Once the simulation

progran is checked against experimental results at the 2-kW

28
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powver levels of the iaboratory rectifierg, the program can be
used to predict the behaviour of large rectifiers in the 100

@

kW or MW range.

2.7.1 Examples of Valve-by-valve Bimulations.

Figure 2.8 shows ,a power reversal simulation for a
medium power rectifier. Figure 2.9 shows a power reversal for
a Rectifier/Inverter link system. Abnormal conditions, such as
the loss of one phase, can also be simulated using the Valve-
by-Valve program as is shown in Figure 2.10, where phase "a"
hés been opened. These simulations have also verified the

stability limits given by rels.(2.21), (2.22) and (2.35).

1
lRzfran-lte 1000 L= BLE R:z.20m C:z 05F .
~

L2280 Wefz(08V M4 Mizidy B3

rig.2.8 Valve-by-Valve Simulation for a Medium Power
Rectifier During Power Reversal.

a) modulated rectifier voltage vpog

b) input current, I

c) output dc current before C, i,
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7ig.2.9 Valve-by-Valve Simulation for a Rectifier/Inverter

Link During Power Reversal.
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2.8 Experimbntal Results.

Extensive‘srperimental tests have been performed on the
Current Hysteresis Controlled Rectifier. Most of this work can
be found in the author’s M. Eng. Thesis [31]. Only two
important results are shown here.

‘'Figure 2.11 shows an oscillogram of the rectifjer
operating near the stability limit given by relation (2.21).
The input current "I" begins to distort dangerously and spikes
appear in the dc 1link voltage. If the  power demand is

increased, the system collapses.

£}
N —

a)

b)

c)

Fig.2.11 Rectifier Operation Near the Stability Limit. +
a) input current (5A/div)
b) input supply voltage (40 V)
c) dc voltage error (5V/div)

,
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Figure 2.12 shows a reversal of power response from
rectifier to inverter operation. The load‘dc current is forced
to change from +6 to -6 A dc aimost instantaneously. The power
angle has been adjusted to"qperate at unity power factor and
remai;ns as such even after th‘h inversion. It' can be seen that
the ac current durinﬁ rectification is higher than during
inversion: This is due\to the ohmic losses (they are'always

positive).

a)

b)

Pig.2.12 Oscillogram of Reversal of Powver. .
a) input current (+7 to -5 A ac)
b) load current (+6 to -6 A dc)
fhe parameters for this experiment were: C = 12 nP,
WL = 2.5 Ohms, R = 1 Ohm, Vggp = 120 V dc, V = 45 V ac and
Kp = 3 A/V.
32
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2.9 Summary.
| A brief descgiption of the Direct Current Control Method
has been presented. Because the purpose of this chapter has
;anly been to _introduce the concepts and operation of the
Dir;ct Current<c‘ontrolled rectifiers, the ideas have not been
developed .n detail. More information can be - found in
,réf.[31]. The additional knowledge beyond those described in .

the M. Eng. Thesis [31) has beén: i) the use of Proéortional-

' Ihteqral Control in Section 2.6, and ii) {:he development of

the Valve-by-Valve simulations in Section 2.7.
. The next chapter will' describe the method ®of Indirect
Current Control, in which the rectifier is controlled without

the necessity of measuring the input currents.
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" CHAPTER III’
INDIRECT CURRENT CONTROL

3.1 Introductioh.

In the preyious chapter, the method of Direct Current
Control using Current Hysteresis Controllers,. was analyzed.
Mathé%atlcal analysis, digital. simulations and expertments
) hav?/%evealed tae bghaviour of that system.

The present chapter develops the ideas conce;ning to the
method of Indirect Curreqt Control. This method introduces a
simplification with respect to the preYious system: the
elimination of the high qualityl broad bandwid;hwzcurrent
measuring transducers. The rest of the system is ve;;ﬁsimilar
to the former: a dc voltage feedbadk loop is also required to
keep the rectifier under control. However, becalse 1npdt
currents are not being measured, dedicated hardware that takes
into account the rectifier parameters is introduced inta the
feedback. This basic difference brings a new degree of f*eedom
to the system: theﬁappearaace of dc components in the input
currents during transients. As a cdngeqdence, the system can
have: a very limited stable region of operation if adequate
compensations are not'implemented: This problem in the Direct
Control method is automatically eliminated through thw inner

hysterésis current control, which enforces current waveform

and phase angle compliancies.

¢ 34 * . _
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The reasons mentioned above have made.’ it necessary, to
develop a differergt set of mathenlatical tools and to use power
invariant transformations. .

- This chapter explai‘nsﬂ the fundamentals of the Ipdirect
Current Control and then analyzes the well known Sinusoidal

Pulse Width Modulation (SPWM) method, which has been

. . LY
/ implemented in experimental work. Subsequently, the dc voltage

regulation is Qescribgd and then thé inathematical model is
developed. The next step énalyzes the stability of the systen,
particularly its operation at unity power "factor. The chapter
follows with a brief discussion about parameter sensitivity
a,;x“a cobmparison with: the Direct <Current Control method.
Finally, the mathematical analyses are verified with computer
¥ ) simulations and experimental results.

This chapter}: does not discuss hardware details as they

N

'+ are explained in Appendix B.

3.2' Indirgct Current Control: the Fundamen‘tals.
¥R The problem of how to control the input rectifier
cufrent without measuring it 'is solved by‘ knowing the
impedancB between the source -and the rectifier terminals. A
periodical 60 Hz modulation of the rectifier power switches
produces a fundamental voltage Vmodr which- interacts with the
\supply Yoltage V, througi'x the i};ﬁaance R+3X, producing a

'very well defined phase current f, as shown in Figure 3.1.

‘ ,




source

rT-——=7"7"77=7"7"7 et W.T I
1 ! AC-DC : °
e | Conversion 'I |
" ; 3 I' C '-1: C
. [ / -
Jx R L Viod / _1: 0
- rectifier

Fig.3.1 1Indirect Current Control Principle.

-

As the source voltage ’\; can be known (and also R and L),

the current can be controlled by changing the modulating

signal which generates the fundamental A‘;mod. Constant power

factor operation may be obtained by the precise control of

this fundamental, as shown in Figure 3.2.

rig.3.2 "’ Constanﬁ Power 'Factor Operat:ion Pr&:ciplo.
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From Figure 3.2, the trigonometrical equations describing the
fectifier maintained at a constant power angle ¢ are e%sily
found: ‘ ' -

Vmod°cos 8 =V + (X'sin o ;}R'cos ®)°I (3.1)

Vpod *Sin 8 = (X-cos @ + R-

Egs.(3.1) and (3.2) represent the in-phase and the in-
q\?adrqture terms of Vp,q respectively. vmlod and 6 are the

magnitude and the phase angle of Vi ,q respectively. '

3.3 sinusoidal PWM rectifier. *

v The problem of controlling the current has been
translated to a problem of controlling the fundamenta;/yoltage
Vmog: There are many different switching strategies which can
generate the desired fundamental Vpeq.

It is not the purpose of this Thesis to discu st

modulation method, because this matter has been thgroughly )
%

analyzed in many references [20,21,22,23,67). The Sinusocidal
Pulse Width Modulation (SPWM) has been selected here for three
reasons: i) it is relatively s gle to implement, ii) it can
generate good sinusoidal currents and iii) it is a very well
known method, allowing us to avoid explanations beyond the

purpose of this work.

W i ,
The conventional technique of generating three-phase

SPWM waveforms in a converter uses a triangular carrier wave

and a three-phase sinuseidal modulating wave.
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Fig.3.3 Operation Principle of BSPWM.
a) modulating signals and triangular carrier
b) modulated voltage for phase "a"

As it is shown in Figure 3.3 a), the carrier signal ey
has an amplitude Eg and ahgular frequency wr. Tpe sinewaves
emoda’ ©modb 3nd epp4c are called the modulating Qignals. They
are balanced three-phase voltages which have the amplitude
Emod ang thé'séurc;'aﬁgﬁlar frequency wg. Figure 3.3 b) shows
the modulated voltage of phase "a", Vpoda, which has a fixed
amplitude + Vc/2 determined by the dc voltage. The switching
times are determined by the intersections of epgga and erq.
'Since the ratio of the two frequencies wp/wg is generally

incommensurable, the SPWM wave becomes a non-periodic

function. The harmonic analysis of such a wave can be made by
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‘using the double Fourier series [68]. The resultant modulated
signal for phase "a", shown in Figs.3.3 b) and 3.4 a), Vpoda:

can be expressed by the Double Fourier Series in complex form

as:
Vmoda = =L Kpn'exp(j(m-wrt + n'wgt)] - (3.3)
. where Ky, is the complex Fouriér coefficient. ‘ - .
A N
Unod-a Q)

LNy RN IARE TN DNRRIR= 5

. _ . o |
h
I [
g IER: RN (RN RRR] |‘i[lll SRR IREE LANT 1AR]1 F RRRI BT B arfjnrfprdraranaprtapa s quii i »

Unod-ah b)

L 1111

Unod-an | c)

Fig.3.4 8witching Waveforms in 8PWM for the phase "a".
: - a) modulated voltage, Vpoda
‘ \ b) phase-to-phase rectifier voltage, vpogqa-b
', C) phase-to-neutral rectifier voltage, Vpoda-n
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@» . Further development of eq.(3.3) gives the SPWM phase-to-

phase voltage, Vpoda-bs, @S [69]:
(3.4)

Vmoda-b = \_f;__-%g_éﬁmod.sin(wst + 309) + Vc'§}n:(8essel Functions)
R
where Vc is the dc link voltage. The first term is the phase-
to-phase fundamental volta\ée. The second term containé the
unwanted frequency components. The desired fundamental Vpoq of
Figure 3.1 belongs to the phase-to-neutral voltage of Fiqure
v 3.4 c). It can be obtained from the fundamental of Vpoga-p in
eq. (3.4):
Fund[Vpoda—n(t)] = g4§£yg.2mod-sin wgt - (3.5)
' T

As Vc and Ep can be considered constants, the magnitude
f\“ 0f Vpoq is proportional to the a;nplitude of fhe modulating
signal, Epoq, and they are in phase. This result is very
important because the control of Vpoq becomes straightforward
and its implemexltation simple. The phase-to—neut{al voltage,

Vmoda-n(t) is shown in Figure 3.4 ¢). ’
- As shown in Figure 3.5, the "Sinusoidal PWM Control
Bl&ck" handles the function of éenerating‘ the ON-OFF logic
commands t;) the base drives of the Rectifier Bridge based on
the inputs epcda: ©modb and epodce The details in Appendix B
show the production of the triangular carrier ep and the

detection of its intersections with the three modulating

. - waveforns.

a

|
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3.3.1 Regulation of the dc Voltage.

The same ideas developed iﬁ. Sectior 2.2.1 are valid
here, except that the erro? signal will now control Vpgg
instead of the magnitude of the input cur;t'ent I. The 1link
between Vpoq and I is obtained from egs.(3.1) and (3.2). These
equations show that hardware containing these expressions has
to be built intc: the feedback ioop to transform the error
signal in the desired fundamental Vpoq. Figure 3.5 shows' the
‘block diagram for the implementation of the voltage-regulated
SPWM rectifier. Note that the parameters L and R have been
called Lc and Rc in the control block. This is because, in

general, one cannot be sure of the exact values of L and R,

and also because the system becomes more general for

" analytical purposes.

With the help of Figures 3.2 and 3.5, the mechanism of
the volta control can be understood. when the dc voltage is
perturbed by) the 1oad{ the error signal changes the magnitude
of the current command I which, through egs. (3.1) and (3.2),
modifiesfvmod in magnitude'and angle, making it follow a locus
of* éonstant power factor. As the selection of cos o is
arbitrary through the control blécks of Figure 3.5, unity or
even leading pgwer' factor can be selected, for all 1load
conditions.

- It can be noted that in Figure 3.5 the in-phase and the

in-quadrature references are formed from the filtered outputs

of voltage transformers whose primaries are connected to the
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source_voltages. The qurrent command I, which is still\élkcn
from the error e=Vppp-v. through the transfer function Gec, is
combined with b, Xc, Rc, sin ¢ and cos @ through elictronic
adders, multipliers and proportioners to implement_ eqgs.(3.1)
and (3.2).‘

Oonly the a-phase implementation is shown. The b and
c-phases are identical except that the in-phase and the in-

quadrature references are generated with -120, and -240, phase

shifts.
) ° J
3.4 Mathematical Model. N

To develop the mathematical tools, the harmonics will
be neglected. They do not affect the results whec\fﬁey_are
small enough, as is the case for most of the practical PWM
systens. . ' b

The mathematical expression for the instantaneous input

power is the same as eq.(2.1):

Pin(t) = ea(t) ia(t) + ep(t)'ib(t) + ec(t)is(t)

- Re{ia(t)2 + ip(t)®+ ig(t)?
- 1Ld (ia(8)2 + ip(t)2 + ig(t)2) N (3.6)
2 at
where ej,(t), ep(t) and e (t) are the same as eqgs. (2.2).
However, :ia(t), ip(t) and i, (t) cannot be represented by

egs. (2.3), because the currents are not measured directly and

hence they might have dc components during transients.
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( 7ig.3.5 Block Diagram of the SPWN Voltage-Regulated Rectifier.
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3.4.1' Unity Power Factor Operation.
For simplicity, the analysis will be. based on a unity

power factor controller. For a supply phase voltage:
ea(t) =\/3'V'sin wgt ~ (3.7)

From egs.(3.1) and (3.2), for the case cos ¢ = 1, it is

required that in the control blocks:

Vmoda*Sin & = Xc°I - .. (3.9)
The time function vpoga(t) then becomes:

Vmoda (t) = +/2°((V = Rc'I) *sin wgt - Xc'I-cos wgt) (3.10)
h ‘ (

! ‘
Eg. (3.10) represents the voltage Vp,4 generated through the

action of the control blocks of Figure 3.5. The voltage

difference ea(t)-vpoga(t), will produce a rectifier current i, p

which is a solution to the differential equation:

For a constant value of I, in eq. (3.10“) , the solution of

eq; (3.11) is:

ia(t) =a/2*Io'sin wgt + A-exp(-t/T) (3.12)
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where A is the constant of integration with T=L/R and Io=I
wvhen Rc=R and Xc=X. Inh general, I is not constant but:' a
function of time I(t) determine‘d from the variations of the
error signal.

A set of equivalent egs.(3.7) to (3.12) for the b-phase
and the c-phasé can be’'written with time delay angles of 120°
and 240° respectgively. !

AsS Vmodar Vmodb a8nd Vpodce ©an be evaluated through a set

of equations represented by eq.(3.10), a more tractable power

équation can be used, this time right at the ac terminals of

the rectifier: ' .4
, (3.13)
Pfn(t) = Vpoda(t) *ia(t) + Vpodap(t) “ip(t) + Vpodc(t) “ic(t)
< %

If i, is the local average of the output current of the

rectifier, the dc power output is:
P1(t) = 1i1(t) ve(t) (3.14)
Assuming negligible losses in the rectifier

p1(t) = pin(t) . ' (3.15)

The output current i; is" related to the load current i,,

through the dc link capacitor C. -

C.dve = i, - i, (3.16)
dt

Multiplying (3.16) by vo, and using egs.(3,14) and (3.15)
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where P, is the dc load power. Substituting eq.(3.13) into

4 eq.(3.17) &
; .
N C'Vc-g%c = Vmoda‘ia * Vmodb'ib * Vmodc'ic - P, (3.18)
' . There are four /ordinary differential equations
describing the dynamics of the Indirect Current c«:mtrolled‘
Rectifier. Three of these consist of the a, b, and ¢ phases of/\
eq. (3.11). The fourth differential .equation is eq.(3.18).
In the case where the 3-phase power supply is without
neutral return (as is assum'edg/in this study), the algebraic

equation , .

ia + ip + ig =0 (3.19)

[]

allows the system equations to be raduéd from 4th order to

3r& order.

3.5 Stability Analysis.
« AS eq.(3.18) is nonlinear, the standard technique used
is ‘Eéon perturb about the equilibrium point Xo, i. e. apply

X=Xo+AX to obtain:
" dAX = [A]*AX ~ (3.20)
dt .

If [(A] is a constant matrix, then the system is stable
if none of its eigenvalues appear on the right-hand-side of
. the S-plane. The immediate difficulty is that since the phase

voltages \




e, sin wgt
€abc = | e | =+2°V' | sin(wgt + 120°)

ec sin(wit + 2409)

(3.21)

are tim;:hependént, the equilibrium operating point Xo is also

time dependent and so is [A] in eq. (3.20).

-

This problem is overcome by using the Park-Blondel power

invariant transformation [70,71]:

»

Yodq = [Bl'¥abe

iodq = [Bl'labe
where

V2,2 Va2 V2/2

<”‘\ [B] -V/E cos wgt  cos(wgt=-120°) cos (Wgt=-240°)
3

-sin wgt -sin(wgt-1209) -sin(wgt~2409)

(3.22)

(3.23)

(3.24)

Applying this transformation to the a, b, and c phases

of eq.(3.11) and assuming no neutral connection so that the

zero-sequence does not exist, one obtains:

L dig + Rig = wg'Lrig = V3-Xc I
dat

L dig + R'ig + wg'L-ig =.-/3'Rc-I
dt f «

- On the other hand, eq.(3.18) becomes: n

C've.Qve = =/3-((V - Rc'I)*ig + Xc+I*ig) = Py
dt .

-
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3.5.1 Equilibrium Operating Point.

From eqgs.(3.25) and (3.26) the steady state solutions

N

I =\/5-Io-(g-x§ - X:Rg) (3.28)
RS + X

. Iq = ~V3'To-(R:Rg + X:Xc) (3.29)
R + X )

TIo represents the steady-state current command,
generated by the error signal in the control block. %he real

rectifier steady-state current Igg, -is given by:

Igs = 1. [Ig°% + Ig? (3.30)
Vel o

Replacing egs.(3.28) and (3.29) into eq.(3.30)

’ Igg = Io- /Rg?_+ xgz (3.31)
s R? + X ‘

The current command and the real current become equal
(Igg=Io) when R=Rc and X=Xc. The input power factor may not be

unitary if this condition is not satisfied. In general:

cos ¢ = : + X- (3.32)
T uRZ+x§)-(Rc2+xc2ni
. 7 .

The current rectifier Igg is obtained from the Steady-

e

P, = 3 (V'Igg'cos @ - R*Igg?) (3.33)

State Power Balance:
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3.5.2 Boundaries of Stability. .

Let us assume simple proportional control to get the
boundaries of stability and let us also assume that R=Rc and
X=Xc. With) proportional control gain of constant Kp, the

current command will be:
I = Kp*(VRgF -~ Ve) . (3.34) ,

' 2
Defining the vector of pertyrbations as

AVe Ve = Ve
; » Ax\, = Aid == id - Id . (3.35)

"knowing from eq. (3.34) that

fsx = - Kp*AVc (3.36)

i
[

and applying small perturbatic;n linearization on egs.(3.25) to

(3.27), one obtains: : -

L g Aig + Rbig - X*Oig = =\/3-X*Kp-av (3.37)
e ; °

L d08ig + RAig + X-Aig =V3'R"Kp-ave (3.38§
at :

4
r

VerC.dAve = -\/3 Io-X-aigq - V3" (V-R'Io) -Big +
dt '

+ 3*Kp'Io R AVe ! (3.39)

4

1

The characteristic [A)-matrix of eq.(3.20) is then obtained .,

~
G
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( 3.Kp:-Io:R A:le:-X Vi (V=R:Io) ) |
P Cc*Ve Cc'vVe C-Ve
(2] = -\/;fp_-z R W (3,40
JRgen S 5 - |
YA Y L ® L 7
¢ “
\

The eigenvalues of the [A]-mat.rix are evaluated
numerically by the IMSL subroutine [72]. Figure 3.6 sh?ws the
stability boundaries obtained for a rectifier with Kp=3 A/V,
Vc=120 Vdc, V=40 Vac and 1=.005 H. "The Direct Current Control

Kas superior stability characteristics as shown in figure 3.6.
3

I[A]
stable

10 unstable | stable

15 20

A:Dlrocl Control (Hyst)
b, c,d: ‘
Indirect Control (SPWM)
b:%=.78,Re1N r
* c:4m.875,Rx.5.0
d:?l 925,Ra 30 ¢

unstable

stable

rig.3.6 Stability Bcundaziu of Direct and Indireot Control
with R as a Parameter. Input Curront vs DC Link’ Capacitor.
) . &
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Itt can be seen that the stability region decreases as ‘
thq ac phase resistance R\i’s reduced. There is good reason to
believe that this is related to the increased time constant
T=L/R in the circuit. The.Direct Control, on the other hand,

has a stabiljty region which is independent of R.

3.5.2.1 Verification of stability Theory. .

The stability boundaries predicted from eigenvalue

analysis are shown in Figure 3.6. These predictions have been

- verified using the Valve-by-Valve Simulations which ‘will be
d\described in section 3.6 and anaiyze’d in Appendix A. The

circled points of Figure 3.6 are the points at the margin of

stability based on the Valve-by-Valve simulations.
“ D

3.5.3 Dynamic Compensation.

~ The poor stability region for small values of R, as
shown in Fi 3.6, is a serious issue, unless a so;.ution,
other than mcting big dc capacitors, is found. As the
problem seems to be caused be the dc component of the input
current, ‘one should be able to reanali(ze the problem starting

from the desired solution of eq.(3.11):

. ‘ -
The desired solution is z 0 ' ¢
ia(t) = I(t)* 2-sin(vgt + @) . (3. 42)
. . ,
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In contrast to eq.(3.12), there should be no dc offset term in
this solution. Replacing eq.(3.42) into (3.41), one gets the
desired time function vpoga(t): | -

Vmo&a(t) =\/2(V + X*I*sin @ - (R*I + L*Q]) cos @) sin wgt -’
. dat v

-ﬁ-{X°I’cos o + (R'I + L°d]) *sin o) -cos wgt (3.43) '
dt

and for unity power factor:

Vmoda (t) =\/5‘-{(v - R'I - L'IQI) *sin wgt - X*I*cos wgt) (3.44)
dt

- v
¢

cOmparix:\g eq.(3.44) term for term with eq.(3.10), it is Slear
that they cannot be ident:.)ical' even with Rc=R and Xc=X, becaﬁse
there is a missing L*dI/dt term which was not considered in
the first equation. Let us then analyze a system with L-dI/dt

"in the control block as shown in Figure 3.7.

. To allow for generalization, the representative

inductance of this new block will be called L. The time
function vypoga(t) then generated by the control block will be:
(3.45)

Vmoda (t) =\/2°((V - Re"I - Lb'ﬂ)'sin wgt -« Xc° I-cos wgt})
' ‘ at :

1
>

— RS

Using eq.(3.45) instead of ;q.(3.10) for the a, b, and c¢

| .
phases to obtain the d~q frame equations, one gets:

t
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Lodig + Reig - wiliig'=y/3 Xe'I. _ (3.46)
. dt
L-digy + R-ig + w'lrig = V3" (Re*I + Lb~§15 J (3.47)
dt v dat .
; )
CVe Qe = =/3°(V - Re*I - Lydl) *ig + Xc'I'ig - P, (3.48)
dt dt

This new set of equations gives the same equilibrium ocperating

points for Ig, Iq and cos @ as egs. (3.28), (3.29f-and (3.32),

as should be.expected. ‘

" Applying small perturbation linearization on egs.(3.46)

to (3.48), and subsequently taking'the Laplace Transform:

L-S-Aig(s)

L*S*Aig(s)

= -R-8ig(S) + X-aig(s) +V3 XcAL(S) . (3.49)

= -R-Aig(8) - XAig(S) =\V3* (RcHly S) AI(S) (3.50)

T Ve-Crs'ave(s) =\/3'(RcrIg - Xc'lg + Ly Iq'S)AI(S) -

-V3+Xc Toaig(s) -v/3'(V-RerIo)aig(s)  (3.51)

¥ -

From eqs.(3.49} to (3.51), the open loop transfer function of

the systen, GS(S),‘is found

Gg(s =A__sm = Ko.a 453.:_; ;5_2_:_:5_&_3-' + ’ (3.52)
s(8) s?(s2 ¥ 2°5-d 4 a2 + Wg ?

where

AI(S)

&




Ko = V3 . (3.53)
l; VC'C s - R
a3 = Iy Iy - ’ (3.54)
az = (Rc + 2-Ly'R)"Ig - XcrIq + (V-Re+Io) V3 Ly (3.55)

L L -

k|

a3 = 2°B° (Re*Ig-Xc'Ig) + Lyl -1331531,(
L

v§3xg (Xc-Lb'ws) Io +\/3: (V= 3 Io)° (Rc+Lb R) (3.56)

ag -\/S-v- (R Bg+§42{g)

N
-2 !5 1o’ {(R*Rc+X°Xc) *Rec + (R*Xc-X* Rc) XC) (3.57)

e

d =R . B . (3.58)

Let us analyze the case where Rc=R, Xc=X and Ly=L. In
-

- such a situation egs. (3.28) and (3.29) become

o

Ig = 0 (3.59)
Ig=-V3'Io ~ . (3.60)

| *

Replacing the values of Iy and Ig into the coefficients a3'to
: . !

/ ag results in

a3 = -/3-Io-L . (3.61)
az =\/3+(V - 4-R*I0) (3.62)
) a3 =\/3:(2'V'R - 5'R2:10 - X2:Io)/L (3.63)
ag =\/3°(V - 2°R*Io) (R? + X2),/L2 ‘ (3.64)
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Replacing these new coefficients into Gg(S) of eq.(3.52), and
manipulating some algebra yields:

Gg(S) = AVe(S) = 3.(V- 2R Io-1L Io§) - (3.65)

AT (S) C*Vc*S

This new transfer function is exactly the same as of the
Direct Control Method, Gj(S)G,(S), obtained in Chapter II.
The addition of the L-dI/dt block, makes the Indirect Current
Control Method dynamically equivalent to the Direct method.
This means that the stability boundariy is now the sam;
straight line shown in Fiqure 3.6 a) for each system. Note
that this equivalence makes it unnecessary to repeat the
analysis already done in Chapter II, concerning P and PI
control.

It has been shown that it is possible to make the
Indirect Current Control as stable as ‘the Direct method. The
question now is to see whether or not the stability region of
the Indirect Curr°e§1:\ Control can be improved even more by
changing the value of L, in the control block. Let us go back
to the general transfer function represented by eq.(3.52) and
analyze it using the Nyquist br;;erion. Through the Nyquist
plot it will be possible to see how the changes in L, can

affect the stability region.

3.5.4 Nyquist Criterion.
Adding the controller to the system, which in general is of

the form:
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Go(8) = S°Kp + Kp + Kp
S

where
° Kp : Derivative control gain ’
Kp : Proportional con?{g{\galn ~
_ Ky : Integral control gain
T~— -
yields

G(S) = Gg(P) Gg(S) =
»

= Ko.Az°S> + A '§4 + A"
5 Q + 2°S- d + é + Wg“°)

o

Ag = a3°Kp

Ay = a3 Kp + az'Kp -
Az = a3°Ky + ax°*Kp + a;°Kp
Ay = ajx°Ky + aj°Kp + ap°Kp
Aq = a3°Ky + ag'Kp /

Ag = ag9°Kg

(3.66)

(3.67)

(3.68)
(3.69)
(3.70)
(3.71)
(3.72)

(3.73)

Making S=jw to plot the Nyquist diagrams, eq.(3.67) becomes:

(3.74)

G(jw) = Ko. mm.‘___azmi‘,:_(_gg__j_&s_x.__h_ﬁ_t_al.xl

- 2°jw-d)

where B2 &« w2 - wg2 - g2
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The real and imaginary part of G(jw) are obtained from

eq.(3.74) ~

L4

Re[G(jw) ] = Ko.Bm!'ﬂz - 2'1(3)'§-d > (3.76)
- wes (B* + 4°we+-d«) .

In[G(jw)] = Ko.2:R{w):y:d + I(w). B2 x (3.77)
wee(B% + 4-we-d4) ‘

where

~

R(W) = Ag-wd — ny'w2 + Ag . (3.78)

I(w) = Ag-w3 < A3'w3 + Ay-w : (3.79)°

Wi,th a small computer program, eqs.(3,76) and (3.77) can

be solvéd gi'aphi'cally for different values of L, as shown in

N
_ figures 3.8 to 3.11.

The simulations assume a rectifier witmhe following
values: V=220 Vac, V¢=660 Vdc, Kp=3 A/V, KI=KD=6, R=Rc=,1 Chn,
I=Lc=.001 H and C=2000 uF. The Figure 3.8 a) shows a rectifier
without the L-dI/dt block (Lp=0). It begins to be stable with
currents more negative than -340 A ac, and hence, can only
work in the inverter region. Such a system has no_practical
application. To make this rectifier able to operate with a
stable region close to +100 A a¢, a 14000 uF capacitor would

be required, as shown in the Nyquist 'plot of Figure 3.8 b).
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' IM RlC(ge0] / ' Rel Gt

lo=-340, stable To: 108 ,Unstable (-[,089 )

R=l Lr 09t C:.00 R:.l L8 C: .4
Ree 0 Lec .00l Lizd Re ol Lo 081 L@
V=208 Ve 660 Kped 020 W= 660 Kpz3
=0 k=0 M=0K-=-0

a) b)

Fig. 3.8 Nyquist Plot without L-dI/dt Block (Lp=0).

a) C=2000 uF: stable when I<-340 A.
b) C=14000 uF: stable for 1I<100 A.

o

The Figure 3.9 shows the improvement reached when the
L*dI/dt block is connected to the system. With the sanme
2000 uF capacitor of Figure 3.8 a), the rectifier can operate
with more than 145 A ac. In this case, Lj is equal to L and
the system is equivalent to the Direct Current Control. ’

When L, is increased, taking values bigger than L, the
stability region begins to deterio}ate. A different situation
is ®bserved wheh Ly is reduced. At some point in this case,
when L is around 50% of 1:’.., the rectifier remains stable with
a:s much as 290 A ac as shown in Figure 3.10. This is twice the

current that the Direct Control can carry with the same dc

capacitor. .
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ReCCn]

Toz 145 ,Stable (~.989)

| Rzt vz .00 ¢ om
Res .l Loz .60 L .00
U=200 Ve =668 fp=
Kd =0 Kiz0

Fig.3.9 -Nyquist Plot for Lp=L: the Indirect Control

Becomes BEquivalent to.the Direct Control.

Ry
/ ‘& RelGijw)]
- lo= 2% , stable
“ Rel L0l C:.00

Rc; 4 les 600 lhe ,00¢5
$2229 Vo668 Pp=3
Kdz8 Kiz®

Pig. 3.10 DNyquist Diagram for Lp=0.5°L: the Stability

.

Region Is Twice as Good.
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‘ Smaller rectifiers show the same behaviour, as shown in
Figure 3.11. The converter,h with 4000 uF dc capacitor, can
carry up to 12 A, but only when L, is around 80% of L.

Otherwise, it is unstable.

0.002 - IREG(JH) ]

Rell(,jw)]

Lb= 002 ,Unstable (-2.442)

Lb= 045 ,Unstable (~1.763)

lb= .04 ,Stable (=9)

Lb= . 066 ,Unstable (-1,125)

R=.5 L=.,045 C:-.0M

fe= .5 Le= 065 o= 12
"Uzd49 Ye=120 Kp=3

i
2

Fig.3.11 Nyquist plots for a small rectifier, -
shoving stability when Lyp=0.8°L.
A better idea of what is going on with the stability
boundaries of Figure 3.6 when Iy changes is shown in Figure

(’ 3.12, where R=0.5 has been chosen arbitrarily. These curves

)

61




clearly show that improvements can be reached with TLy<L, by
paying careful attention to the size of the capacitor and the

rating current of the rectifier.

-164

i

—_ Input Current vs DC Link Capacitor.

Pl

. Fig.3.12 8tability Boundaries with Ly as a Parameter.

+ 62 “




176

(\w\

-~

A : :
With the .results shown in Figures 3.8 :to 3.12, it

7 Q

?ppears\¢hat the Indirect Current Control can be made more
stable than the direct one. Experiments with Lj, different from
L have not been performed and for thi4 reason no conclusive

proof about this has been obtained. Further investigation and
L]

research on it will have to be done. Nonetheless, experiments
show that Lp=L produces an effective equivalence between the

two methods.

3.6 Parameter Sensitivity.

In the Direct Current(Control,'analyzed in chapter II,

the input current is inSensitive to the variations of L and R,

n

because it is measured directly and the hysteresis current

control ensures that the power factor remains unas.r?:gered.,‘ﬂ
L ;

For the Indirect Controly the situation is different. L
and R variations do have effect on the input currents, because

1Lc and Rg in the control block are kept constant. The question

e

is to see whether or not these variations .can produce

¥

significant changes in the current.

P

i ©ne important property of the converter ié,that under

steady Etata conditions, the Power Balance Equation, eq. (3.33)

; o

P, = 3-(V'Igg cos @ - R*Igg?) . (3.80)

* 4

- v .
must be satisfied. This .important fact points out that the

4

system avoids big variations in the current. As V and P, can

be assumed constants, "I" can change only through cos o

[

variations as'R is usually small.

(
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In a simple form, for a gonverter designed for unity
- power factor operation, variatibns in the @ angle can be
expected when the real values R and X are not exactly the same
as the control block values Rc and Xc. .In such a case,
according to egs.(3.28) and (3.29), the angle ¢ will be
e - "
® = tg~1 RiXc - X‘Rec (3.81)
R°Rc + X-Xc oo
which is equal to 0° when R=Rc and X=Xc. In éhe pafticular
- case R=Rc=0, ¢ is also eéqal to 0° and the égrrenp will be
constant no matter the size of X of the véfi; o£\¥c assigned
in the control block. . ) -
Let now assume that X chénges and R=Rc>0. This means

that X=A-Xc. Keeping R=Rc eq.(3.él) becomes

: o = tgt (17N EE ” (3.82)
" 7 1+ NMXc
| . R02 a
Fd - 8 "
Eq. (3.82) shows that the @ * variations will depend on the
ratio Xc/Rc. The bigger this ratio is, the smaller the
r i )
variation of the angle o. Note that | (1-\)| is likely to be
less than 0.1 since 3ariations of Xc from X 1is due to
component tolérance deviation«?
Let us develop an example, in which the reactance
decreaqgs\\The system initially has the foilowing Géjues in
pef unit: V=1 [pu], P,/ 3=1 tpul, R-\o 05 [pu] and ¥=0.25 [puj.

R
Rc an%ch had previously  been adjusted at _Re=R and xc-x. The
]

64 *

A v P




3

systém was tﬁeq operating at unity power factor and the

[

" current is obtained from eq.(3.80) -

Iggo = 1_-0__1____9,_2 \/1- = 1.056 [pu]

Let us now assume that X decreases by 50%. The angle ¢ will be

¢ = tg~! R-Xc - X-Rc = tg~1(0.185) = 10.49°
R*Re + X°Xc ‘

{

anq

cos 9o = 0,983

¢

Fromleq.(3.80) the new current will be

Igs = 0.983 =V.(0.983)2 - 0.2 = 1.073 [pu]
0.1

\

cémﬁaring the magnitudes Igg/Igge it can be coﬁcluded that a
50{ decrease in vhe value of the reactance Xlresults in an
increase of the c¢urrent magnitude of“‘only 1.6%. Sigilar
results ha&e bggn obtained for an increase in the reactance or
variations in the input’resistancerﬁ.

The R and X variations in a real system can be assumed
to be a lot smaller than 50%, in fact of the order of 5 or

10%. Hence, the variations in the current magnitude cannot be

expected to be bigger than 1%. On the other hand the angle

~ variations should not be greater than 5 degrees. In accordance

with these results and from a practical point of view, it can
s :

be concluded than the Indirect Current Control 'is insensitive

'Y

to the parameter deviation. . ‘-




s intersections of the triangular carrier and the modulatip%

°

3.7 8imulations and ixporimontal Results.

o

Experimental work has been pursued tggether with digital

é{iulation studies. The very close agreement of experiment and

th )ory prove the mathematical models of Sectionﬁ3..4 nto be
correct.

Mathematical and Valve-by-Valve simulations have been
realized. The Mathematical Simulations consist of numerically
integrating egs.(3.25) to (3.27). These equations neglect the
ripple h@rmonics and only embody the fundamental Fourier
component. The Valve-gy-Valve Digital Simulation Progrém is
based on treating the rectifier bridge as a piece-wise circuit
problem. The ON-OFF states of each of the six power switches
give rise to eight possible circuit topologies, which are
discussed in Appendix A. The instants of switching of the

transistors are monitored by {eeping track of the

t‘
k

signal of each phase. Thus a time sequence of %®ight circuit
topologies is generated. The differential equations arising
from the Kirchhoff ?oltage and Current Laws for the topologies

are solved numerically andﬂ are joined together by the
=

&4

requirements that the flux 1linkages of inductances and

electric charges across capacitors must be continuous.

3.7.1 Unity power factor.
Figure 3.13 shows the operation of the rectifier under

steady-state at unity po&er factor. It can be seen that the
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input current of the rectifier "I" is in phase with the supply
voltage V. The delay aﬁgle 6 of the modulating signal Vpgg,
with respect to V is also visible. For the valve-by-valve
simulation of Figure 3.13, the same triangular carrier
frequency has been considered. The frequency of the carrier is
1600 Hz. The dc load current i, is 6 A and the dc voltage was
adjusted to 120 V. The ac supply voltage V=40°V. The values of

X and R are 2.5 snd 1 Ohm respectively.

4

riq.s 13 Steady-State at Unity Power Factor Operation.
Valve-by-Valve and Experimental o:cillograms.
a) modulating signal and triangular carrier.
b} supply voltage V.
c) rectifier input current I. N
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The system behaves very well under transient conditions.
Figure 3.14 shows the experimental oscillogram of the
rectifier response when the filtered dc current i, changes

instantaneously from 0 to 7 A dc. It cah be seen that the

magnitude and phase of the modulating signal Vpoq changes to

u

satisfy the unity power factor requirement. The parameters

are the same as in Figure 3.13.

d) |

Fig.3.14 8tep Response. Experimental Oscillogran.
a) output dc current i, from 0 to 7 A dc
b) modulating signal Vpoq
c) supply voltage V ' -
d) Input current I
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power from either, rectifief to inverter or inverter to

A more critical transiezt situation is the reéversal of
rectifier operation. The simulation of Figure 3.15 and the
experimental oscillogram of Figure 3.16 &show the results
obtained when power is reversed from inverter to rectifier.
Here the filtered dc current i, is forced to change from -7 to

+5 A dc. In these oscillograms, the change in magnitude and

phase of the modulating signal Vpoq is much clearer.

LT T LT LT R R R T R R R I Y
©

4

7 5
rig.3.15 Reversal of Powei\ Valve-by-Valve Simulation.
a) load current i,, from -7 to 5 A dc
b) modulating signal Vmod
c) supply voltage V
d) input current I
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)
b)
c)

Fig.3.16 Experimental Oscillogram of Figure 3.15.
a) load current i,, from -7 to 5 A dc °
b) modulating signal Vyoq
c) supply voltage V
d) input current I

e

3.7.2 B8tability. L
° The problem of stability has been analyzed considering
the system with and without compehsatidﬁ. As was mentioned
previously, only the cases of Lbag and’ Lp=L have* been
implemented in the‘\faboratory model. The experiments were
performed with Vc=120 V, V=40 V, Kp=3, Ky=0, R=1 ohm and) X=2.5
ohms. The value of the dc capacitor C, is indicated for¥ each

case. The experiments were also realized with PI control.
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The following pages show the results obtained for a step
response without LdI/dt (Lp=0) and with LdI/dt (Lp=L). o

Figure 3.17 is a valve-by-valve simulation without
L°dI/dt block. Figure 3.18 is the experimental result for the

‘same conditions shown in Figure 3.17, with C=12000 uF.

v

ANVANVANYA
- \/\/\/\/\\/

/\ ANA
| ’; A AYAVAY,
. \\\\\ N h’

0z 48 Lz 007H Loz @K Rz10mm C=002F

Fig.3.17 valve-by-Valve Simulation for a S8tep Response.
No L+dI/dt. Current i; from 0 to 6 A dc.

V
- I
/
A
) ;
' / |}
‘ Fig.3.18 Experimental /Oscillogram for the same conditions.
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The improvement obtained when the LdI/dt block is used
can be seen in Figures 3.%9 and 3.20. The first shows the

simulation and the %econd the ex‘bperiment, using C=12000 uF.

/ Y
‘ Y, v v/\uA\/\
ANANANANWAW
—~ Y Yy
* LA

e R R s

02 A Lz.007H Lbz 0&7H R=10m Ox 82F

e

Fig.3.19 8Simulation for a Step Response with L-dI/dt.
Current i, from 0 to 6 A dc.

7

RVAVAVAVAYANE -
VAVAVAVAN

, «\\m\\\\\\\\\\\\\\\\\\\\\\ -

i s e o st g e s -

o Pig.3.20 BExperimental 5scilloqrnm for the Same Conditions.

\

~

72




‘ . In the compensated oscillograms of Figures 3.19 and 3.20
(Lp=L), it can be seen that both the dc component in the input
current and the ac component ini the output current shown in
Figures 3.17 and 3.18 have disappeared. o

As the control of the rectifieér is in Vpogq, it is )
interesting to see how it behaves during the transients in
both cases, Lp=0 and Lp=L. Figure 3.21 shows that Vpogq changes
slowly during the transient when L,=0, and is unable to avoid

the appearance of the unwanted components during the step

rig.3.21 Vp,gq Behaviour during the Transient Without LAI/dt.
a) supply voltage V
b) modulating signal Vpaq
P °c) input current I

d) output current ‘ij

~

¢

M\ In contrast, when Lp=L, the derivative action of the
I.Ei/dt block produces a fast char}g& on Vpod. elimipating the
(' { undesirable components. This is shown in Figure 3.22.
e _ Q X Co
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AT \\ d)

4 v ¢
7ig.3.22. Vpogq Behaviour during the Transient with L-AI/dt.
&) supply voltage V
b) modulating signal Vpeq
c) input current I .
™ d) output dc current i, T v

Mathematical “simulations, derived from the theoretical

o

anclysis of the ir;:"direct control, show the same behaviour as.

can be seen in Figure 3.23. ° s

“ .
A more gritical gx'periment,J the reversal of“power, is
shown in Figures 3.24 and 3.25 with ‘Lp=0  and Lp=L g
respectiveiy;.’ ‘The 'parameters are all the same as in Figures
3.19 and 3.20. The 'dc gurrent i, changes from.~5 to +5 A dc.
Mathematical. simulations for these two tigulfs are shown in

Figure 3.26.
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rig.3.23 Nathematical Simulation of Figures 3.21 and 3.22.
~ ) LAI/dt block ) ‘

.
/‘\ ,
L]
Py k)

b) LAI/dt block
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. * : . .
Fig.3.24 Reversal of Power without L4I/dt-Block,
a), supply voltage V . e e

b) modulating signal Vyoq- o
c) input current I : . )
d) output current i,

{) -

j -
4 -

¥igl3,25, Reversal of Power with LAI/dt Block. =
~ a) supply voltage V '
b) modulating signal Vpoq
c) input current I . .
d) output current i, ‘ S .

L] 3 .
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N .
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Pig.3.26 Mathematical Simulation of Figures 3. 24 snd 3.28,

f a) no LdI/dt block
o - ‘ b) LdI/dt block

¥ o 77



The né;t osc# lograms of Figures 3.27 and 3,28 show that
tﬁ;rﬁstabi}ity limit of the rectifier is greater when the
*\ﬁdI/dt quck is Qsed, supporting the cfhéory and the
simulations. The two cases (Lp=0 and Lp=L) are compared under
the same load conditions (iz=5 A dc, I=7 A ac and C=6000 uF).
}he IAf/dt bloék in Figure 3.28 keeps the system strongly
stable while in Figure 5?27, the removal of this block - (Ly=0)
. has made the §system dangerously unstable. The input current

has a low frequency oscillatory component,whi%h does not exist

in the compensated rectifier. {

-
.

B

Fig.3.27 8Stability without LAI/dt block:
a) supply voltage V
b) modulating signal Vpoq
c) input current I
d) output current i,

L . 78, '
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Fig.3.28 Btability with L4I/4t Block. -
) a) Vi b) Vpog: ¢) I: d4) i,

Figure 3.29 shows a simuiation of Figure 3.27.

WMAAAARARAAAY |
AAARVARRAMAA |

-

AMNANNNANNANNANNAANANMAA | d)

.

¥ig.3.29 Mathematical simulation of r&gur.‘§.27.
a) Vi b) Vpog?! ©) I: d) 4477~

79




.

3.7.2.3 Proportional-Integral Contrali ¢ )
Figures 3.30 and 3.31 show'a comparison between P and PI
control. These ?igures show: a; the dc voltage drop; b) the
modulating signal Vpog7 ;) the input rms current I and .d) tﬁe
output dc current i; (before the dc capacitor). The main‘
improvement in tﬁe PI cont;ol is the fact that the dc voltage
returns to its rqference’ value Vggp (null error) - after a
number of cycle : bf the supply’ source. This allows the
reduction of iLe proportional gain Kp and consequently, the
reguction -of the dc capacitor. The bigger the wvalue ‘of the
integral gain Ky, the faster the systenm retufn; to its zero
error condition. H;:fwever, there is a transient overcurrent
which becomes undesirable if.the integral gain Ky 'is too big.
For the particuiar system implemented in the experiments,
integral gains greater than 100 are not recommended because
the system can become unstable. Fiqure 3.31 shows the case
where Ky=50. It car be seén that with this value, the dc
voltage returns to its reference value Vgpgp after a couple of
cycles of the supply. The integfal gain permits the reduction
of the dc capacitor size two or ghree times with respect to

"the system with only proportional control.
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\ \
Fig.3.30 cCompensated System with P Control. Kp=1
a) Vei b) Vmod '’ c) I; 4) il

y a)
b)
c)

I

¥ig.3.31 Compensated System with PI Control. Kp=1, KXy=50.
’ a) Wi b) Vpoai ©) I; d) 1y
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‘ ‘ 3.8 Summary.
Y
- The principles, "mathematical analyses, computer
iimulations and experiments for SPWM rectifiers using the

Indirect Current Control Method have been presented.

. --It "was shown that with the proper compensations,
Indirect Control is as good as the direct method. The theory
also hupports the idea that :Indirect Control can be made even
bettler. Although the tin;é :restri‘ction in research has not
alloawed experimental\e\;idence to be obtained 'So support this
claim, there is little doubt in its possibility. This is
bec;ause the theory on which the claim is basea,‘ is s_trongly
supported by experiment“é‘l results.

The .next chapter analyzes the connection: of the PWM
reétitie%‘s in series. Different topologies are proposed using
"'aboth the pirect and the Inrdirect Current Control Methods.
‘ Mathematical tools to find the stability for these 'to‘pologies
are developed. chputei' si;ntziation/s»ar'xd experiments support

the-mathematical analyses.

—
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, CHAPTER IV

SERIES CONNECTED RECTIFIERS -

4.1 Introduction. .

The analyses of high quality, Boost type‘PWM rectifieréﬁ
w;th almost sipusoidal input currents, unity power factor
operation and instantaneous power reversal capability have
been presented in the preJious chapters. Chapter II analyzed
the Direct Current Control Method, in which the input current
of the rectifier is measured and forced to follow a current
reference template .to satisg§y tﬁe dc 1load requirem;nts;
Chapter III' examined the Indirect Current Control Method,
which simplifies the previous system lby eliminating the

current sensors. This 1is possible by estimating the input -

" current needed to satisfy the dc 1load reqﬁirements, thrgugh

tprevious knowledge of the parageters of the rectifier.

The present chapter intends to develop and describe some
new concepts about series-connected rectifiers, which‘use the
Difect and the Indirect Current Eontroi Methods. The series
connection, and later on the parallel connection in Chapter V;
are the- necessary éteps in reaching high levels of power
rectification, because the power ratings of the PWM rectifiers
aréslimited by the low voltage and low current ceilings of
commercially availagle péwer electronic switches (bipolar

transiétors,‘GTO’s, power, FET’s8).
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Three diftergnt series topologies for Direct Control and
two for the 1Indirect cControl are discussed. In terms of
hardware, they are organized from the most  complex to the

simplest.

7
&

A. Direct ‘Curreht Control.

3

1) Type A: Independent Local Control
ii) Type B: Common Current Reference Control

iii) Type C: Common Switching Control -
* B. Indirect Current Control

i) Type D: Indirect Common Switching Control

ii) Type E: shifted Triangular Carrier Control

Conditions of stability, input current and output
voltage sharing .and parameter sensitivity for each topology
are analyzed. The mathematical analysis, based on the
assumption that the fundamental harmonic predominates over the
high’er harmonics are verified by valve~by-valve simulations

and experiments, using two series-connected PWM rectifiers.

4.2 Type A: Independent Local COntrol./
The Independent Local Control is a consequence of the

self-supporting dc voltage capability of the voltage

"controlled PWM rectifiers discussed in the previous chapters.

In this configuration, each modular unit is autonomous in that

it has its current and its voltage control feedback loop.
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, : A
Each rectifier requires at least two current sensors and an

outer voltage regulator feedback: loop which needs one voltage

sensor. See Figure 4.1.

9

" Vi Ly By g

|
Vo Ly Ry g,

| "

VN Ly By 1y o
' K
|
. T Control
L} . «‘{10 z
g ~ X
Templates -
o rig.4.1 'l;ypo A: Independent Local Control Topology.
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As shown in Fiqure 4.1, the series connected topology
with‘ Independent Local Control consists of. conn ctimi 'Iche
autonomous modular units di.scussed in chapter II in series.
The floating tra‘nsfomer‘seéondaries allow the dc 1link

“voltages to be added to form the output vgut.

N b . ) .

Vout = gvcn | . ‘ (4.1)

The output current i;, is common through each unit:

) ”
- izn = iz (ngl’ZQQON) : (4’2)
and the butput dc power' is ‘ .
Pout = 12'}; Ven - | (4.3)

4.2.1 Mathematical Model.
Ih this CcChapter, it is -assumed that the dc volﬁtage

‘ roguladtoﬂ‘ loop is a proportional conﬁt':}dlfer. The control law

-
.

of the rms ac phase current is:
L
In = Ku* (VREF = Ven) (n=1,2...N) (4.4)

\

~

where

Kn = proportional gain

‘ VREF = referencedc voltage

Ven ™= dc link voltage

Based on the Power Balance Equation and assuming unity

power factor operation, the dc link output power is:

~
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Ne

Y
i1n°Ven = 3°(VpIn = RpIn? - %.gzz.nxnz) (n=1,2...N) (4.5)
whers -

.
Vn = rms phase voltage

i3y = local average dc 1link current output

Rn, = per phase resistance

3

14

- Lp = per phase inductance

)

a 12
Kirchhoff’s Current Law applied to the node of t% dc

link capacitance yields: L ’ h
| ¥ Eddar 0 4
. CneQ¥cp = i1n - i3 (n=1,2...N) " (4:6) -
-dt o

The dynamic equation of each module is obtained by combining
egs.(4.4), (4.5) and (4.6), ?d yielding:

dVen = 3VRKn(VREF-= VYenl = nKn.zJ yREF__"_!cn.Lz__T’_iz e¥cn
dt CnVen = 3Kp“Ln(VRgr - Ven
(n=1,2...N) (4.7)

‘0202 stJlitY Malysi’o .
Applying the standard technique of small)\ perturBation

linearization of eq.(4.7) about the equilibrium point and

.assuming that Ai,=0, one obtains:

3
‘f:

Q¥en = -1.OVcn (n=1,2...N) ‘ (4.8)
dt T -
where ” . ‘
Tn = ——Sn¥on = 3Kpinlne— \ (4.9)
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[ ’ ..
Ven and ij4 are the equilibrium operating values of v, and i

and

Ine = Kn' (VRer — Ven) R (4.10)

+To ensure stability, the time constant T, must be,
3

positii/e which requires both the numerator and the denominator

<{n ed.(4.9) to be positive. The positive‘numerator sets the
i

imit of stable operation to: . «
K Ine < _Qn'ygn_ (n=1,2. o'cN) (4.11)
3"¥n"In. > \y P

The positive denominator requires that:

3Ky
[ 4
To keep the overall series system stable, each rectifier must

klatisfy rels. (4.11) and (4'12)‘, Otherwi'se, the system voltage

collapses.

~

4.2.3 Voltage and Current Sharing.
Kn is always chosen to be as iarge ds possible and then,
under steady-state conditions, the error magnitude becomes

negligible. Because VREr is common to all the rectifiers,one

2 s
d

gets

Ve = VRer (n=1,2...N) (4.13)

IThorqfore, the voltage sharing is close to being balanced.
Q e

This result is almost independent of the values of the
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parameters Rp, Lp, and V,.\As the. output current, i, is the

same for all the modules, the modular dc power

.

N 7

'

is also almost the same for.all the converters and hence

£y

Pout = N°Pp Co (4.15)

P )
vy
s

The input currents may not be equal as they depend on N
the input voltages V, and the resistances R,. In particular, R
the current sharing Between the modules n=j and n=k can be

obtained from the steady}—-state‘ Power Balance Equation

t -

'34VyeI4 - 3°Kj-I42 = 3-VeIx - 3°Rg I = Py (4.16)
!
Where P,, according to eq.(4.14), is the same for all the .
N .

rectifiers. The Figure 4.2 shows the current sharing between . 1

the converters number j and k,- when Vj>Vk. Th? cases Rj"Rk‘o,

- t
.ané Ry=Ry>0 are displayegr It can be seen that the bigger is -~ ® _
-]
Vn, the smaller is the input current, because the system is
trying to keep the input power constant. On the other hand, - C‘

bigger resistances produce higher input currents.
) -l
As an example, let us assume that three rectifiers are- \\_
connected in series using the Independent Local Contro?

strategy, and with the following paéameters in [pu]:
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Fig.4.2 1Input Current Sharing

-

‘ 4

From eq. (4.16)

I = zn._-.lyn%;%_tlmn:z;b
n

[pu)
(pu]
[pu]
[pu]
(pu]

.

90

(n=1,2...N)

(4.17)




and from eq.(4.17) one gets: '

I, = 1.06 (pu]

) I, = 1.13 (pu] (Ry=2R;)

) \ Iy = 1.19 \“\\Lpul (V3=0.9V;)

-

5

These results show that Jurrent sharing is very
sensitive to the input voltage, which means that the voltages
from the input transforgers must be balanced. The variations
in resistance, on the other hand, show negligible change in
the input currents. It should be noted that R, was increased’

A

twice and V5 was only c‘lecrea‘sed 10 %.
N -
4.3 Type B: Common Curr;nt Reference COn;:rol.
The Common Current Reference Control topology in‘trodtices
A .thg first simplification in the series.system, by eliminating
N-1 voltage sensors. The voltage is controlled in just one
rectifier called "Mast;e;:", as shown in Figure 4.3. The rest of
the rectifiers, called "Slaves", are controlled by the same
current reference . generated -in the Master rectifier. As a

consequence, the input currents of all the rectifiers are

identical -

In=1Iy=1I © (nw1,2...N) (4.18)

-

H

Becauée only one current reference must be psoduccd , the
* - /

. L3
o '~ voltage control blocks are also reduced trom®@ to only one.
{
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riq.c.b Type B: Common Current Reference Control Topoloqy;
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4.3.1 Stability Analysis. , -
The first stability condition for the Common Current
Reference topology is that t(the Masger Rectifier (converter

number N) must satisfy rels.(4.11) and (4.12)

4

I < _CyrVey_ : ' (4.19)
3:Kp-Ly

I < (Vy + ia_)/2Ry (4.20)
3k

P
R )

Because the Slaves do rfot have voltage reference and use

the same current reference, the Power Balanéé Equation for the

jth Slave is:

v

3°(V4°I - R5°I2 = 1 L d I2) = vpoi°dg + C3°Vey® (4.21)
J p] T cj 2 37 Vel §§01

iy

Let us assume that the Master satisfies rels.(4.19) and
(4.20) and let us also assume that it is under steady-stata.
As the supply voltage Vj, the resistance Ry and the inductance

Lj are considered céﬁstants, eg.(4.21) can be reduced to
Vey iz + Cy°Vgy.dve4 = P4y = constant (4.22)
dt
This simple, non 1linear, first ojder differential
equation can be written as: ;

= _Ps__ - 4> (4.23)
dat Cy Ve C4 .

~N .
and solved through the phase plane as shown in Figure 4.4.

N
(e
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dt .
cho'.' _'zL r
:
ij
{
L U A —
Cj T

Fig.4.4 Phase Plane Portrait of Eq. (4.23)

From the phase portrait of Figure 4.4, it can be seen
that the equilibrium point Vcio is stable and gndependent of °
} the size of the dc ca\pacitdr. Therevfore,. the jth Slave is
stable, even with very small dc capacitors. T?:is means that
Type B connection overcome the pgeoblem of stability given by
'rel. (4.19) for all the Slaves. As a consequence, besides the
) "

already mentioned saving in components, the Type B topology

allows one to reduce the size of the dc¢ capacitors, which are

normally expensive. \ :
However, an important drawback of the Type B | is that it '

is unstable in the inverter quadrant and hence, it can only

operate in the rectifier mode. This can be seen by making i,

‘ ) and Pj negative in eq. (4.22)¢ from which a phase plane portrait
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with an unstable equilibrium point is obtained. As a result,"

this system does not have power reversal capability?

4.3.2 Voltage and Current. Sharing. .
Uhlike the Type A topology discussed in 4.2, the Type B

strategy keeﬁs the input currents identical, no matter what

-the values of the parameters are, because the Slaves use the

same current reference as the Master. This fact has already
been pointed out by eq. (4.18).
However, the dc voltages may not be identical. They are

defined by the equilibrium points Vcyo shown in Figure 4.4.

¢

cho =§j (4.24)
2

As Pj represents the steady-state power of the jth Slave,
Py = 3.V41 - 3-Rj-12 (4-25)
Neglecting the resistance as a first approximation one gets

Yoy = By = Y5 (4.26)
Vey Py Vi
Thus, the dc vsltage sharing directly depends on the balancing
of the voltage transformers from the supply: The‘ Type B
topéiogy can be made to operate in a perfectly balanced
condition by the proper adjustment of the input transformers.
This result has a dual relationship with the one obtained for
the Type A configuration, in which perfectly balanced trans-

formers were required to keep the input currents bq;anced.
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4.4 Type C: Common Switching Control.
The Type C or Common Switching Control topology allows a
second simplification in the series system, by eliminating all

L - , )
the current sensors from the Slaves, as shown in Figure 4.5.

Ay "L .
el D o ,
1 +
A2
i
' O =\ i < C2"’\ vc2
SO~ Wi ‘
[ I | | i
[ B { |
, . VN LN RN In I f'_u’_ y
Fb ' ? K: Ch :}1vEN__
, TP o o)
+
| , VREF .
~J
~ X G
Templates
J

¥ig.4.5 Type C: Common Switching Qontrol Topology.
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Only the Master rectifier keeps all the sensors, feedbacks and

control blocks. The a’ave units are in open loop. They receive
logic commandg from the Master so that the power electronic
switches in the bridge turn ON and OFF in unison with the

c,orresponding switches of the Master. Thus, the voltage at one

phase of each of the modules will have identical patterns such

' as shown in t/rpe sunulated oscillogram of Figure 4.6.

Vrr'iodn
Ve | N
3
, i | | N
fundamental
I\ 1Veqm ’
NI 3
~ -
/1 /)
1 , {
—==Ven | !
o 3 itt
-%.vcn_

A~

Fig.4.6 8imulated Waveform of the Phase Voltage of One
Rectifier Terminal and its Fundamental.
In a Fourier analysis, the fundamental component of the
voltage can be represented by a phasor vmo n=1,2...N). The
magnitude of the phasors are related to the MasW\er (converter

0 number N) by the relationship
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y
) i ¥
: : |Vmodn! = ¥en- | Vmoanl| (4.27)

VeN

- !
and they have the same phase angle as the Master é

v

8 = 8y = 6 (n=1,2.:.N) (4.28)

In the Master unit, it is the_phgse current magnitude Iy
which is being controlled by the hysteresis current feedback.
The voltage ‘phasor diagram of the fundamental harmonic as
depicted in Figure 4.7 a) shows how VmodN 1S related to QNriN

and the impedance iN=RN+jXN.

Fig.4.7 Phasor Diagram Relating Fundamental Harmonic Component
a) Mastef, unity power factor operation; b) Slave \
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The control of the Slave Units is éhrouqh thdg which is

| related to GmodN through eqs.(4.27i and (4.28).

One sees from the voltage phasor diagram of Fig.4.7 b)
that the Slave current in, which can change in magnitude and
angle, is determined by in'in which is the closing side of the
triangle. formed by Qn and Qmodn- Gn is assumed to be constant

and ﬁmodn*cén only vary in amplitude through eq. (4.27).

"4.4.1 8Stability Analysis.

Unlike the previous topologies, in which the power angle
¢ remains unaltered, the Type C configuration doves modify the
angle ¢ of the Slaves and then it becomes a variable in the
mathematical analysis. To overcome the problem of having
differential equdtions with trigonometrical functioné, the d-g
frame, using the power invariant transformation described in
Section 3.4 of Chapter III is used. This mathematical analysis
will also be valid for the Types D and E topélogies, which
will be discussed later.

4.4.1.1 Master Rectifier.

o

&
L]

To ensure the stability.of the Master rectifier, once
'

éqain the rela&ions (4.19) and (4.20) must be respected. As

the Master is assumed to operate at unity power factor

Iy < Cn-Veyn_ (4.29)
3-Kp+Ly
Iy < (Vy + 42.)/2Ry (4.30)
| 3kp ‘
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In controlling the time dependent magnitude of the input

-

‘ 4
current Iy, the voltage wvpoqn(t) at the Master Rectifier

terminals for phase Ma" is

(4.31)

«,
.

Vmodn(t) -\/5:((VN - LN.giN’- Ry°Iy) *sin‘wgt - Xy-In°cos wgt)

Transforming the a-b-c frame into a'd-q frame it yields

L}
Vmodnd = ~V3"Xy'Iy \ \ (4.32)

VmodNg = V3" (Vy - Ry-Iy - Iy 4In) ) (4.33)

o
w

4.4.1.2 S8Slaves. )
Because of the relations (4.27), (4.28), (4.32) and

(4.33), the modulating voltage vpogn in the d-q frame for the

Slaves (n=1,2..,N-1) is

- . XN In *
= V3.ven : (4.34)
VeN
Vmodng VN - Ry"Iy - LN-%%N

Vmodnd |-

-

p
The transformed dynamic equation in the d-q frame for

the Slaves is

In © ian] fRn -Xp ign Vna Vmodnd
. d,_ -+ . = - ( 4 . 3 5)
dt , ,
|
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The angle of each supply voltage V, (n=1,2...,N) is the
same and is the reference in the d~q frame. As a result, the

vector Y, is

Vna

0 h ‘ .
= - 4.36
| [ -VS-vn ] ( )

Réplacing egs. (4.34) and (4.36) into eq.(4.35) it yields

an

(4.37)
i Xy I / -W i

g{ dn "%E 3§§ N°IN i Eg s | dn
i (Vn=RyIN-IndIN) = V w R i

an %23 N-RNIN 1thN n 8 L: {tgn

There are three unknown values in the two~dimension

differential equation, eq.(4.37): ign, ign and vgn. A third
relation is required. The Power Balance Equation for the

Slaves, in the d-g frame, overcome the problem

?

where
: ] dt T

b

Replacing eq.(4.34) and (4.39) into (4.38), results

Cpn-d¥cn = -V3 (XyInian + (VN-RNIN-IndIn)ign) - i2 (4.40)
Because of eq.(4.4), the term dIy/dt in eqs.(4.37) and (4.40)
can be replaced by: -
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dIn = -Kp.dVen (4.41)
dat dt -

The standard small perturbation linearization on
egs. (4.7) for the Master and (4.37) and (4.40) for the Slaves,
about their equilibrium operating states, yields the following

linear state eguation for the N-1 Slaves and the Master

r A \
£ (11 0 R AN (X1 ]
X3 0 Az 0 AN X2
a | - | . . . -l . (4.42)
dt - . . . . .
AN-1 0 0 *** AN-1,N~1 AN-1,N| |XN-1
R L°“ 0 Tee Y Ay ) XN

The~ Master is characterized by the 1-tuple vector
IN=OVeN axblw is a 1x1 matrix in the last line of eq.(4.42),

based on perﬁurbations of eq.(4.7):

4

AgN = - 3Kp(Vy = 2RNIn) + i (4.43)
Cyvey - 3KpLyIy

= -

The dynamics of each of the N-1 Slaves is described by
equations involving the 3-tuple vector an=[Avcn,Aidn,Aiqn]

and the 3x3 matrix:

[ 0  =pplp =dply
{Apnl = ] PnCn n Sn (n=1,2..,N-1) (4.44)
l 9nn ~8n Tn
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where i
. Pn = Y3 ¥n:In (4.45)
. VenCpln ’
dn = Y3(Vy_= RyINL - (4.46)
e VenCnln
p; tn: A
Sp = Wg . (4.48)
X
Each Slave is coupled to the Avoy of the Master through
[2nN1T = [en,fn.9nl (n=1,2..,N-1) (4.49)
where
" ep = V3Kp . (XyIan - RyIgn + LnIgn'ANN - —d2_)  (4,50)
VCNCn 3Kp b
£q = Xnlqn-=Bnlan-= Y3XNVeyKp (4.51)
LnVey
&
. . 4
gn = Y3RpVen. (Ry - Ly'Any - [ﬂn:xﬁzdn:xnlqn) ‘_(4.52)
Venln 3IKpVcy .
Igns Ign and Vep are the steady—stat;a solutio of .
egs.(4.37) and (4.40).
As Avgy of the Master can ‘be regarded ag’ a forcing
fun;:tion if the equation
& .
» e .
' Xn = (Ann)°¥p,+ [Ann]'OVeN ¢ (4.33)
\ '~ the stability of each Slave is determined by the cigénvalues -
. of the ma%:rix (Apnl. As the objective is to prove global

o
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stability, the ‘clﬁsacteristgic equation is obtained in the 3rd

order polynomial form: >

determinant (S[I] - [Apnl) = agpS3 + a;nS2 + aypS + agpy = 0

(n=1,2..,N-1) (4.54)
where :

aop =1 . (4.55)
~ 21n = 2Ry/Ln (4.56)

. : . . :

- N
a2n ™ an—zx'*—' n2 + 3LIXNINLSH(Vys NIN).E_} (4.57)
In I-’ncnch.zB i
<~ agp = lL(XNINlﬁﬂnzgnlnﬁ}.-Bn (4.58)
LnCnVCN B Ln ’

The stability of the. Slaves can be ‘Ffound by Routh’s
Criterion. Routh’s Criterion assures stability when ajp>0 for
j=0,1,2,3 and (ayn‘azn+agn‘asn)>0. From egs.(4.55) %o (4.58)
it is clear that ajn)/oy is satisfied when Rp>0. The second

condition, (a1n°a2n-agfn'a3n)>0:

-

{mﬁ%{;nﬂ + MNL%L%NEBNLN&} '%ﬁ > 0 (4.59)
I n n

is satisfied again if Rp>0.

In conclusion, <he Slaves are always stgble, because the
ideal condition Rpj=0 for 100% éfficiency, is never reached.
The direction of the power does fnot come ‘intqQ the stabilityf
conditions and hence, the $1§ves are stable for both,

rectifier and inverter operation. Therefore, the overall
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system is stable when the Master does not viclate the

relations (4.29) and (4.30) and the Type C configuration, like
Type A, has power reversal capability: |

Let us 'trf to explain the stability’ of the Slaves
through the phasor diagram of Figure 4.8. When the Master is
under steady-state, the 8 angle is constant and\hence, any
perturbation in the Slave voltage v., only affects ,the
amplitude of Vp,3p, making the input current to move following
the "ac lo%us", shown in Figure 4.8, to satisfy the phasor
diagram. But, because of the power balance between the ac and
the dc side of thé rectifier, the load current i, tries to
force the input current I, to follow the "dc locus", also

shown in Figure 4.8.

n |l
‘dc’ Iocus/‘\./

/ li’ac‘ locus ‘_ Role

/

T

Fig.4.8 8lave Phasor Diagram and its BEquilibrium point
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* The 1nte;section\of these two locii represents a stable
equilibrium point, because when Vo, increases .(decreases),
less (more) power comes from the ac side, discharging
(charging) "the capacitor Cn and making the Slave to return to
thegééuiiibrium point. Similar reasoning can be used for the
inverter mode, in which a stable equilibrium point is also
reached.

It c;'m be seen from Figure 4.8 that the equilibrium
point is stable and only possible when Rp>0. When Rp=0, the
two locii are parallel and'hence cannot meet. On the other
hand, a hypothetical - Rn<0 would produce . an unstable

equilibrium point.

4.4.2 Voltage and Current sharing.

T The voltage (Vc,) and current (I,) sharing for the Type -
C configuration is found from the steady-state solutions of
egs.(4.37) and (4.40). Eq.(4.37) gives the in-phase€ and the
in-quadrature terms of In. The steady-state solution of

eq.(4.37) is:

N
Ian Vi ¥9n-(INXNRn+(VN‘Rnln)Xn)-Van /
-_71.__2 °N /
Rp“+Xp (4.60) A
Ign ¥en - (~IyXNXn+ (Vy=RyIN) Rn)-VnRn / e

Ve

and the steady-state solution for eq.(4.40) is
\ /
12eVen = -V3(InXyIgn + (VN-RyIN) Ign) ! (4.61)
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where, from the Master steady-state Power Balance Equation:
izeVep = 3 (Vy-RyIN) Iy (4.62)

Egs.(4.60) to (4.62) permit one to express the values of
Ian: Ign and Vo, in terms of the Mast;r current Iy, the
Master voltage Vcy, and the constants Ry, Rp, Xy, Xp, Vy and
Vn- .

Substituting eq.(4.62k into (4.61) and then this result

into eq. (4.60) yields:

Ven = VOy. (VnXn-XnIN_* (VN=RyIN){RnVn-IN(Rn2+Xn2)1}  (4.63)

Rp *Denom
Ian =\/5'IN.ilnzﬂnlxl;iynguz%uxn_i;INiBNXn:BnXNLl (4.64)
n ' Denom

Ign = =V3'Iy.(Bn(Vn=RyIN)2 + XNIn(VnXN-UnEntBNInEnll (4.68)
Rp*Denom

where
Denom = (Vy-RyIn)2 + (InXy)2 (4.66)

The magnitude and phase of the input Slave current, IA,

is found through egs.(4.64) and (4.65):

(4.67)

In = |In] / °n
where o
lInl = Ign?+Iqn® (4.68)
S
and )
op = tg"1(~Iqn/Igqn) ' (4.69)
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From eqs.(ﬂ. 63) to (4.69), it can be found that voltages
-and currents are perfectly balanced when the parameters of the
Slaves are identicél to the corresponding parameters of the
Master (Rp=Ry, Xp=Xy and Vp=Vy). Based on these equations,
Figures 4.9 and "4.10  show graphically the effect of the
parameter variations on I, and Vc, with respect to the Master
.steady-state 7condoitions, as a function of X, and Vp
respectively. The Master operates at its rated power and

Xy=0.25 [pu].

In V,
' Xy = 0.25 [pu]  Yen
1»3]“1 \/cn %ﬂ:s Vn =VN
l.zlu‘L ) )
Vcn=VCN
I oooooooooooooooooooooooooooooo 3 VCN
11 "
J : 0.9V,
'N B P : Ih:IN %’2-5
rO'B VCN
0,91
0.8Xx 0.9%x Xy T 1%y 1.2
Xn
N

" Pig.4.9 Parameter BSensitivity of Type C Connection to
X, Variations
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It can be seen from Figure 4.9 that the Slave current In
is very sensitive to X, variatiohs. The Slave output voltage
Ve, is also affected by X, variations. Note that in both
cases, the Xy/Ry ratio has an important influence in the
parameters variation. The bigger 1is this ratio, the more
#ensitive becomes the system. It is clear that the system
'should keep all the reactances with deviations not bigéer than

5 % with respect to the Master reactance.

In -
1.6 lu o Xn= Xy= 0.5 [pu)
Vew = V= 1.0 (pu]

1.5 Ly
LAl
131

.21, ' el

.1 T o

In g
091,
081y :
0.8 Vi 08 W e LV
Vi S

Fig.4.10 Parameter BSensitivity of Type C Connection
to.Vy Variations
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nThe values of R=0.05 [bu] (XN/Ry=5) a;md R=0.1 [pu]
(Xy/RN=2.5) represent modular efficiencies of about 95 and 90
percent respectively. The figure shows the I, and Vg
variations for Xy/Ry=5 and Xy/Ry=2.5. These ratios and the
value Xy=0.25 [pu]'are very representative of real systems.

The Figure 4.10 shows similar behaviour in the Slave
input current and output voltage when its supply voltage Vj
changes with respect to Vy. The voltage Ve, increases almost
linearly when V, increases. Once again, bigger Xy/Ry ratios
produce high current and voltage sensitivity to parameters
variation. The supply voltage V, should be kept as close to
the Master supply voltage Vy as possible.

" With these results it is easy to realize that it .is very
important to keep the Slave reactance Xn, and the supply
voltage V, of this configuration as close to the Master values
as possible. Any variation in these parameters exceeding 5 %
cannot be tolerated.

The resistance Rn, has been proven to produce a
negligible effect on I, and Vcn.‘For this reason, it is not
shown graphically. ’

The capacitors C, play neither a role in the sharing of
the power nor in the stability of the system. Hence; they can

be made small in the Slaves. However, the Master has to have a

sufficiently latge capacitance to satisfy rel. (4.29).

-
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’ 4.5 Type D: Indirect Common S8witching Control.
The Type D or Indirect Common Switching Contrcl is based
»
on the same operation principle as Type C. The difference is

that the Indirect Current Control Method, discussed in Chapter

\.a-.-.-a"

III replaces the Direct Method of control used in the{igpa C
configuration. This allows a third simplification the
series system: the elimination of the last two current sensors
from the Master. In the Type D configuration, the overall
feedback system is controlled by only measuring the Master dc
voltage.

wFigure 4.11 shows the diagrammatic representation of the
Master rectifier which wuses the Indirect Current Control
Method discussed in Section 3.2 of Chapter III: The Sinuscidal

PWM or SPWM strategy.

. : a b ¢ .
77 L, Ay
—O
| °Th *
- —0
| AN
Vier ‘
MW ] spwm
e
senwt T‘VMOD
~ | |
z coswt > RC’XCQLb " GC
’ Fig.4.11 Diagrammatic Representation of the Indirect Current
Control Method, Using SPWM Strategy
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The S8PWM strategy generates the voltage Vpoq through the

intersections of a trianqular carrier and the three-phase

~

moc*ulating signals produced }sn the hardware.

\
? 9 ‘ .
V' L| R1—£L An Lz
‘ —_— —> 0
, ol edy. t
, | NG| TS
‘ %
Vo Ly Ry 1 bz
( { | 1
1 1 | }
(I . ' _
VN Ly Ry _h, l <,
C | aghv
. Cn -
| T,
v +
] VRer
(W }{SPWM| e
~ I
o _RXLY e—Kp
( J’z rig.4.12 Type D: Indirect Common Switching Control Topology
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The Master, represented in Figure 4.11, is connected to
the Slaves driven by the Common Switching principle shown in
Figure 4.12. The word "Indirect" has been added to the
definition of Type D to differentiate it frc;m the Direct

Current Method (hysteresis) used in the Type C configuration.

4.5.1 stability Analysis.
As this system uses the same principle of operation as
'fype C, the stability analysis developeél, for the former in
~« Section 4.4.1 is also valid here and will not be repeatad.p
The Slaves are stable for Rp>0. The Master ha; conditional
sfability. Thus, the overall system stabili;:.y depends on the

Master. The stable conditions for the overall system (assuming

Lp=Ly in the Master rectifier) are:

\

Rn > 0 (n-1,200'N-1) (4070)
L - IN < _CN-VeN_ (4.71)
? ' 3kpoLN
) Iy < (VN + d2_)/2Ry (4.72)
3Kp !

]

4.5.2 Voltage and Current Sharing.

’ As the mathematical analysis of the Type D is the same
‘as of the Type C configura.tion, the voltage and current
sharing can be based on egs.(4.63) to (4.69) and Figures 4.9

o and 4.10. Therefore, it is not required to repeat it. .
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.4.6 Type B: S8hifted Triangular Carrier Control.
! The Type E or Shifted Triangular Carrier Control
;contiguration does not introduce any reduction in the
!har&ware. On the contrary, a slight increase in the number of
hardware components is required. However, the systenm
performance is greatly improwed in terms of operational costs.
The Type E configuration is able to produce excellent current
waveforms with low switching frequency and hence high’ overall
efficiency with respect to the other configurations.

The idea is based on generating independent triangular
carriers for each Slave, with the purpose of eliminating some

unwanted harmonics. The Type E configuration is shown in

Figure 4.13.

4.6.1 Harmonic Elimination.

It is shown here that by using the same modulating
signal as the Master but with the slight modification that
each Slave has its own triangular carrier which is suitably
phase-shifted, significant numbers of unwanted harmonics are
o%iminated.

| When wy and wg (see Chapter III) are the angular
frgquencies of the triangular carrier and the modulating
liﬂpsoida} signal respectively, the double Fourier Series
method of analysis [68], expresses the jkth harmonic voltage

component of SPWM as: ,
‘ vjk(‘ﬁ) - ij'sin(jw-rt + kwgt + °jk) (4.73)
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rig.4.13 Type E: Triangular Carrier Shifted Topology.
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Eq.(4.7§) is in the polar form, where Vix (Bessel
Function) is the magnitude andﬁéik is the phase angle.
| From - ref.(68] which gives the derivation, x=wpt and
y=wgt should be treated as orthogonal variables, although the
time t appears to be common. Thus, when the carrier phase is

shifted by an angle §, the Fourier Series component becomes:
vid(t) = Vyx-sin(j (wpt+d) + kwgt + o4y)] (4.74)

When there are N identical rectifier units whose

triangular carriers are each phase shifted by
On = 2In . (n=1,2..,N) (4.75)
N

then the composite Fourier Series component of the N U

ro;.tifiers is:

]

-~ 3
Syk = Vix° L sin(jwpt + kwgt + o4y + j2mn) (4.76)
n " N

From the trigonometric identity,

ansin(f + j27n) = O for j » NL (L=1,2,3...)
N
(4.77)
= Nesiné for j = NL. “(L=1,2,3...)
. € - -
When the ¢ term in eq.(4.77) is defined as

3

- €= Jupt + kwgt + o4k '  (4.78)

116




'
L
v

1
.
!

o

it can be concluded that all Fourier Series harmonics ara .

eliminated, except those associated with j=NL and k in

VNL,k = VNL,k'Sin(NLwpt + kwgt + @N‘L'k) T (4.79)

(I=1,2..) (k=xl,%2,..) .

4.6.2 Btability Analyslis.

The stability analysis developed in Section 4.4.1 1is
based on fundamental power and neglects harmonic pow;r. As a
result, it can be applied for the Typé E when the switching
frequency of this topology is high enough. Type E reduces
overall harmonics but those of individual modules can be largg
if we lower the ’switching frequency. We have not analyzed the
éffect of harmonics in the stability of Type E configuration.

v

4.7 BSubtopologies.

‘Types A, to E topologies, which have already been
discussed, ' can behave kdifferently by making slight changes in
their electrical structure. Only one ‘is' mentioned hera: Type
El, which is a meodification of the .Shifted Trianqular Carrier '
configuration. - b

The Type E1 or Total Voltage Control topology can be
cor;sidered vas a subtopology of the Type E configuration,
because they only differ in the dc voltage sensing pz"ocedure. -
The total dc voltage, instead of just the Master voltage, is
measured. The drawback' .°f this procedure is that a high
voltage sensor is requi:r:ecl.° However, the advantages of such a
topology are:
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'i) Master and Slaves disappear; all the converters havsﬁxne

-~
same hierarchy.

f
ii) Reliability increases, because it does not depend on the

LY

reliability of the Master. ' ~(

. -

iii) In the Type E, a failure in one Slave reduces the output
‘voltage to (N-1)/N. The Type El maintains the voltagé by
& -
increasing the modular voltages automatically.
iv) The modulating signal Vpoq is less distorted than the
~ one from the Type E, because it comes from the total dc

Voltage, <whose harmonics have been reduced by the

shifted triangular carrier.

ot

No attempt has ©been made to analyze Type El
mathematically. However, simulations have shown that it is
stable under both inverter snd rectifier operation.

Besides the possibility of implementing subtopologies,
there is also the alternative of combining topologies in order
to overcome stability problémsx Type BA configuration for
example, (B under rectigier mode” and p under inverter) avoids
the instability prob%ems of Type B under inversion and Type A

under rectification for the Slaves.

.

4.8. High Voltage Back-to-Back Bjstnns.»
The stability characteristics of Types ¢, D and E permit

- the implementation of -High Voltage Baq}-to-Back systems like

the one using Type C shown in Figure 4. 14.
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Fig.4.14 Back~to-Back System.

<

The Back-to-Back system allows either the inter-
connection of asynchronized power systems or with different
frequency of operation.‘The multiterminal configuration with a
common dc bus is als; realizable: one terminal controls the dc
voltage and the others control the power flow at constant
power factor. .

In the two-terminal system of Figure 4.14, the A&c
. voltage is controlled by the 1ef?—hand terminal. The right-
hand terminal controls the power flow by chahging the
magnigpde of the sinusoidal current template ‘Iingee’ shown in

»

the Figure 4.14.
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4.9 Digital simulations and Experimental / Results.

The mathematical analyses that haQe been.developed in
this chapter have shown excellent agreément with the digital
simulations and the experimental work.

As it was already explained in section 3.6, the Valve-
by-valve Digital Simg}ation Program is based on'treating each
rectifier bridge as a piece-wise circuit problem, in which the
ON-OFF states of each of the six power switches of each
rectifier éive rise to the ei;hé possible circuit states
discussed in the Appendix A.

In addition to Valve-by-Valve Simulation, ﬂathematical
Simulation has also been used and has proven to be a reliable
tool as well. The Mathematical Simulation solves numerically
the system of differential equatio expressed in the d-q
frame of Section 4.4.1 by the digital computer; The very close
agreement between the Mathematical Simulation and the Valve~-
_by-vValve Simulation is another good justification of the
correctness of the mathematical models and the assumption that
high harmonic power quantities can be neglected. To avéid
redundancy, only the fesults from Valve-by-Valve Simulations
are shown here.

The experimental work was realized with the following
ratings: supply voltage V=40 V; reference dc voltage Vppp=120
V:; proportional controller gain Kp=3 A/V; reactance per phase

Xn=2.5 Ohms and resistance per phase Rn~1 Ohm. Higher ratings

were obtained with the Valve-by-Valve Digital Simulations.
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4.9.1 Type A: Independent Local Control.

In the Type A configuration, there is no Master

' rectifier and hence, all the converters have the same

hierarchy. Each modular unit is autcnomous and so every one
has to satisfy rels.(4.11]) and (4.12). The simulation in
Fig}lre 4.15 shows what happens when two rectifiers connected
in series Type A feed a dc load whose current demand i,
changes from 0 to -100 and then to +100 A. In this example,
the first rectifier does not hav‘e enough dc capacitance %o
keep the module stable and it collapses when the dc current
becomes positive. The reétifier has violated rel.(4.11). It
can be noted that the system Iworics well in the inverter mode

\
because rel.(4.11) is applicable for rectifier operation only.

oy

i é."ZOOO/u.F

7ig.4.15 Type A Simulation: rectifier 1 collapses because its
dc capacitor is too Small.
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The ratings and parameters of this simulation are:
Vp=220 V ac; VRgp=660 V dc; Kp=2 A/V; X,=0.4 Ohm and Rp=0.1
Ohm. The dc capacitors are C;=300 uF and C»=2000 uF.

Experiments with Type A configuration were not

performed. .

4.9.2 Type B: Common Curgent Reference.

In the Type B configjuration, the Slaves are independent
of relation (4.11) and so they can use. small dc capacitors.
Figure 4.16 shows a simulation with the same parameters as
Figure 4.15, for three series connected Type B rectifiers. The
dc capacitors‘in this oscillogram are: C3=100 uF, C5=200 uF
and C3jMaster)=2060 uF. It can be seen that the slavas remain
stable evén witﬁ these small dc caéacitcrs as was predicted by
the mathematical anélysis. As this system is unstable under
inverter mode, the sipulation only shows the step response of
the rectifier operation from i;=0 to +100 A dc.

An experimental oscillogram for the Type B is shown in
Figure 4.17. The perturbation is a change in the load current
i from 0 to 7 A dc. The dc voltages and the input currents
are displayed. It can be noted that the Slave is stable and
that its dc voltage follows the Master dc voltaée variations.
The dc capacitors are C;=C,=12000 uF. The dc voltage drop is
VRer-Vc=3 V. The input currents I; and I, (Master Rectifier)
are nine amperes each. Because the theory predicts that the
inverter mode is unstable, experiments under inverter mode/

were not performed. R
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Fig.4.16 Type B Simulation. S8laves stability does not depend

on the size of the dc capacitor.

Pig.4.17 Type B: Bxperimental Oscillogram for a Step Response

a) Slave voltage Vv.;; b) Master voltage vgy;
d) Slave Current I,; d) Master current I,. b
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The ‘analysis developed for 't;he Type B configuration
showed that this topology is unstable under inversion. Figure
4.18 clearly demonstrates this fact. Th/e\ﬁaster, as well as
the Slaves use the same dc capacitor C=1006 uF, but despite
the 'increase in the Slaves dc capacitors with respect to
Figure 4.16, they do pot sustain the dc voltage. The Slave

voltages begin to increase asymptotically following a constant

slope m=i,/C.

ho (Al
0 T TN AL A AN S A

N
1001 i
0
4 |
Iy { \.l/
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tstop (-100 Adc) .

@

rig.4.18 Type B Inverter Simulation. The S8laves do not
sustain the dc voltage and the system collapses.
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4.9.5 Type C: Com%on Switching Control.

As it was shown in the analysis of Type C, this
configuration 1is stable in both rectifier and inverter
operation. Figgre 4.19 shows a simulated oscillogram under the
same conditions as Figure 4.15: C;=300 uF and C,(Master)=2000
uF. It can be seen that an oscillating transient perturbs the
behaviour of the Slave and then, more capacitance is required
to reduce this problem. In figure 4.20, the Slave capacitor C,

has been increased to 500 uF and the oscillations become less

severe.

_qi'.___/\,f‘\f\_f‘\fm.

Ci=300 uF

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

Fig.4.19 Type C S8imulation. Transient Response from a Change
in the Load Current i, from 0 to ~100 to +100 A dc.
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¥ig.4.20 Type C Simulation. The Slave dc capacitor has been
increased from 300 uF to 500 uF to reduce the oscillationms.

To avoid the transient problem of Fiqures 4.19 and 4.20,
the .Slaves should use the same capacitor as the Master but
this increases the cost. Because the PI control permits one to
reduce the proportional gain, it offers a good solution to the
capacitér size. Figﬁre 4.21 shows‘a simulated oscillogram of a
Type C configuration with PI control. The proportional gain
has been reduced from Kp=2 to Kp=0.6, allowing (accordingly to
relation 4.29) the same proportional reduction in the Master
capacitor from 2000 uF to 600 uF. Using the same capacitor

value in the Slave, the unwanted oscillations of Figures 4.19

B
and 4.20 disappear. The integral gain is Ky=300.
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Fig.4.21 Type C Simulation with PI Control. C;=C,=600 uF.

A large- number of experiments were performed using the
Type C cgkf{:;ration. Figure 4.22 shows the Common Switghing
Control strategy driving each converter with the same pattern.
The Slave and Master currents are almost identical. as a
consequence, the total input current will have prop9rtiona11y
the same waveform, this being the drawback of this
configuration.

The experiment in Figure 4.23 demonstrates that the Type
"C configuration has power reversal cap;bility. The load

current changes from -5 to +5 A dc and the dc capacitors are

C1=C2=5000 ufF.
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¥ig.4.22 The Common Bwitching Control Strategy Gives Exactly
the Same Pattern to Each Rectifier Current.
a) Slave current; b) Master current.

rig.4.23 Experimental Verification of the Type C Power
Reversal Capability.
a) load current i;; b) supply Master voltage V,
c) Slave current I;; d) Master current I,
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The valve-by-valve simulations of Figures 4.19 and 4.20
showed thate Master and Slaves behave differently during
transients when Cp#Cy. The experimental oscillogram of Figure
4.24 shows this fact when (;=950 uF and C,=6000 uF.

Oscillations are not visible because they are damped for the

“big resistive element R;%1 Ohm of the rectifier. This

oscillogram shows a step response when i, goes from 0 to +7 A
)

dc.

Fig.4.24 Transient Behaviour of Typc{c when Cy¥Cz.
a) Slave current I;
b) Master current I,
c) Slave dc voltage v
d) Master dc voltage vos -
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The mathematical analysis also showed that the stability

of the Slaves does not depend on the size of the dc capacitor.
Figure 4.25 shows the input currents and ;utput dc voltages of
an experimental oscillogram, wﬁere the Slave capacltor is only
C1=250 uF and C,(Master)=6000 uF. It can be seen that the
ripple in the Slave voltage has become quite big and it begins

2

to distort its input current, but the system remains stable.

rig.4.2% Experimental Proof of slave stability with Small dc
Capacitor.
a) Slave current I,
b) Master current I,
c) Slave dc voltage vgj
d) Master dc voltage vgoa
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4.9.3.1 Pulsating Loads.

Until now all the simulations and experiments have been
performed with harmonic~free dc current loads. Practical
applications in Power Electronics sometimes reguire eguipment
which is able to feed pulsating loads, like a dc Chopper.
Figure 4.26 shows a simulation of four series Type C connected
rectifiers, with a tot‘fal dc voltage Vec=1500 V, feeding a
Chopper-driven electrical locomotive. The Chopper fregquency is

fo=840 Hz and the current starts increasing from O to 1200 A

dc.
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Pig.4.26 Four Type C Rectifiers Feeding a Pulsating Load.
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fhe ratings and éarémeters of this simulation are:
Vp=130 V ac, I,=1300 A ac, Vggp=375 V dc, Rp=0.01 Ohm, Xp=0.05
Ohm, Cp=10000 uF, Kp=3 and KI=i000. The size of the hysteresis
band is h=80 A_which gi;es a maximum switching frequency of of
7.5 kHz. With state-of-the-art power semiconductors, such a

/

rectifier is realizanle. , ¥

-

4.9.4 Type D: Indirect Common Switching COntro}.

- Figure 74.27 showé a séep response ;or a Type D
rectitier, with"two non-compensated (Lp=0) Indirect Current
Controlled rectifiers: The forcing function‘iz changes from 0
to -6 A dc. 3ecause Lp=0, the dc capacitor has to be biq to

keep the system stable: C,=18000 uF.

e
v

¥ig.4.27 Type D Configuration. Transient Response.
a) Slave voltage vgy; b) Master voltage v .
d) Slave current I;; d) Master cutrent I,

f
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4.9.5 Type BE: ghifted Triangular c;riisr Control.
) The Shifted Tria‘ngular Carrier topology offers the
additional advantage of harmonic elimination, as compared to
the other topologies. Figure 4.28 shows an experimental
oscillogram of this feature. The two converters are under
steady-state and the input current of each rectifier 1is

‘I3=I=7 A dc. The f,igﬁre shows that the resulting total

N
current is cleaner than its components.

—

-

'rig.4.28p Type E Configuration. Experimental Proof of the
. Harmonic Elimination.
a) Slave current I
b) Master current I,
c) total current Ij+I,

. *

2

The more the converters are used, the cleaner the total
current is. Figure 4.29 shows a simulation with seven conver-

. ters in series. The total current is virtually siiusoidal.
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- . rig.4.29 Current Waveforms from Digital Simulation of 7 SPWM

Rectifiers whose Triangular Carriers are Phase-shifted by
0=2%/7. The Carrier Frequency is 600 Hz.
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" The simulation of Figure 4.30 shows two diffaerent
aspects: the transient response under a negative current step
from 0 to -8 A dc and the quality of the total current for a
carrier freéuency as low as 300 Hz. The system only has 5
doriverters in series. Only the first Slave and the total
current are displayed in this oscillogram. The ratings of this

simulated' system are the same as that of the experimental

2 device.

Nusher of conventers = 3 Frequency carrier = J tines fs

s

CAYAYR

¥ig.4.30 Type E Oscillogram with Five Converters in Series
and Low Switching rr;qéucncy. Carrier Frequency fp=300 Hsz.
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4.9.6 Baék-to-gack Systems.

Figure 4.31 shows the simulation of a two terminal
Back-to-Back system like the one shown in Figure 4.14. Each
terminal has two series connected Type C rectifiers. The power
rating of the system is 260 kVA and it operates at unity power
faé:;;ﬁih the both terminals. The system is subject to a very
severe sitﬁatioq: a step in the reference current of the

right-hand terminal from O to 1000 A and then from 1000 to

-1000 A ac.
! \ii/ /’\VAV/\\/AV/\VAVAVA‘
I AN AN A NN AN N W
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rig.4.31 Back-to-Back system Simdilation.
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Thé oscillogram shows: the input currents of the voltage
regulator terminal, I; and I; the error in their dc voltages,
e; and ey; the output currents of the other terminal, Iypy; and
Itynyi their dc voltage errors, eyy; and eyyp; and the dc link
current i...

It ocan be seen that the system has to withstand
overvoltages in the dc link of up to 30%, but it overcomes the
severe transient. 5

Other parameters for this simulation are: Cp=Ciyp=15 nF,
Vn=ViNn=130 volts aé, Vrep=375 volts dc, Rp=RyNyn=0.01 ohnms,

Lp=Lyyn=0.15 mH, Kp=8 and Ky=4000.

4.10 Summary.
Different topologies for series connected PWM rectifiers

have been analyzed. Mathematical analyses and computer

simulations have been verified with experimental results.

- One of the most important findings in this chapter, the
quite simple Type C configquration, combined with the Indirect
Current Control Method, has made it possible to conceive the
optimal Type E configuration, which only needs one voltage
sensor to control the overall system and possesses the
property of harmonic elimination. This last feature allows one
to use very low switching: frequency, thus reducing the
switching losses gnd increasing the efficiency of the complete
rectifier.

Other fields of study opened up by this research, 1like
improved subtopologies, combined topologies, topologies with
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different control straéegies and high power back-to-back
systems are suggestions for further and detailed

-~

investigation. \&
The next chapter, Cﬁapter V, analyzes - the power
rectifiers connected in parallel. Similar development carried

out in this chapter is followed in the next one.
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CHAPTER V

" PARALLEL CONNECTED RECTIFIERS

-

5.1 Introduction.

In Chapter II, the principles of operation and analyses
of the Direct Current (ontrol Method | were described.
Chapter ITII developed the Indirect Current Control Method.
Finally, Chapter IV analyzed different topoldgies for series-
connected PWM rectifiérs, using the two |current control
methods discussed in Chapters II and III.

This chapter presents the analytical and experimental
work on parallel-connected PWM rectifiers, wusing both the
Direct and Indirect Current Control Methods. The parallel
connection becomes necessary when the required rated current
of the converters 1is beyond the ratings of commercially
available power electronic switches. The parallel-connected
modules also represent an alternative to the use of individual
components connected in parallel in a simple rectifier.

Because of the limited time set to the completion of the
Thesis, the énalyses, as well as the experiments, . are not as
detailed as in the previous chapter. Some topsiogies are
briefly mentioned but are not discussed in detail. There is a
scope for further investigation by future researchers.

The same number of topologies as in the previous chapter
are introduced: three for Direct Current Control and two for

Indirect Current Control.

-
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A. Direct Current Control.

i) Type A: Independent Local Control
ii) Type B: Common Current Reference Control

iii) Type C: Common Switching Control

i

B. Indirect Current Control.

i) Type D: Indirect Common Switching Control

ii) Type E: Shifted Triangular Carrier Control.

As in the previous chapter, conditions of stability,
current and voltage sharing, and the parameter sensitivity are
analyzed for each topology. The mathematical analyses are
verified experimentally, by using two parallel-connected PWM
rectifiers.

Unlike the series-connected rectifiers, the parallel
connection has a common dc bus for all the converters and so
requires only one voltage sensor for all the topolygies. A
common ijnput transformer may' also be wused 1in parallel
topologies l?ut in most of the cases this does not offer
important advantages. A single transformer reduces the
reliability of the system and requires 3N-1 current sensors
instead of 2N. The chapter assumes the parallel connection

with independent transformers.

5.2 Type A: Independent Local Control.
In this configuration, each modular unit is autonomous

in that each one has its inner hysteresis current control
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feedback loop requiring at least two current sensors.

Figure

5.1 shows the topology for the parallel-connected Type A
1}

rectifiers.
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rig.5.1 Type A: Independent Local Control Topology.
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$.2.1 Mathematical M¥odel and S8tability Analysis.
In the parallel configuration the dc link output voltage

Ven is common so that: =

Ven = Ve (n=1,2..,N) (5.1)
Because of eq.(5.1), the dynamic Power Balance Equation is:

Ve'C.dve + Py = 3°L(VuIp - RuIn? - 1.4 LpIn?) (5.2)
dt’t n 2 dt

where P, is the total dc power load. Assuming”that the voltage

regulator is a proportional controller whose transfer gain is

Kn, the control law of the rms ac phase current is:

where Vpprp 1s the reference voltage. Substituting eq.(5.3)
into (5.2) and applying small signal linearizZation about the
equilibrium voltage Vc, the system linearized dynamic equation

is obtained:

dove = -1 AV, - (5.4)
dt Te .

)

" where the time constant Tg is:

Te = VG = REF:YE]_'E.%nKnZ (5.5)
- 3‘if;'Van - 2(Vggp-Ve) & RpKp?]

For stable operation, Tg has to be positive which requires
both the expressions in the numerator and the denominator to

be positive.
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5.2.2 Input and Output Current Sharing.

7

The sharing of the input ac currents can be obtained

from eq. (5.3). In particular, for the modules n=j and nwk:

I4 = K ' (5.6)
-8 . ,,

-~ ¥

Thus, the input ac current s—haring depends oh the proportional
gains. Making Knp=Kp (n=1,2..,N), the input currents become
perfectly balanced.

The sharing of the output currents ij, in the dc 11\{{,

can be.obtained from the steady-state Power Balance Equation /

» -

i1p°Ve = 3+ (VpIn = RaIp?) (n=1,2..,N) (5.7)

Equation (5.7) gives the sharing of the output dc

currents between the converters number j and k as:

i14 = ¥4I4 = RyI4°2 . (5.8)
b - R |
Neglecting the value of the resistances and replacing eq. (5.6)
into (5.8) yielcﬂv.:
i19 = Y4K4 (5.9)
ik  VkKk :

1
Thus, the balanced condition in the both inpgt and

outpué currents requires that V4=Vx and K4=Kx for all j, k
into n. as X, does not appear in the eqsations,( the parallel.

Type A configuration is insensitive to X, variations.

N~
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5.3 Type B: Common Current Reference Control.

It caﬁ be concluded from eq.(5.6) that when K,=Kp in ‘the
Type A configuration, the current reference becomes the same
for all the converters. In such a case, the proportional gain
can be reduced to one. This allows the elimination of (N-1)
controllers and multipliers from the system. The configuration
becomes the Type B or Common Current Reference Control with
the following characteristic

In = I (n=1,2..,N) (5.10)
\

The Type B ccnfiguratioﬁ is shown in Figure 5.2.

5.3.1 Stability Analysis.

For Kn-Kp' n-l,z L ,N, eq- (5.5) becomes

Te = —C:VG = 3-Kp2(VRpp=Ve) *Saln (5.11)
3N'Kp° [E Vj = 2KP(VRgp-Vc) 'L Rp

with
I = Kp(VRgr - Vc) - (5.12)

ht4

One gets the first stability condition from the numerator of

eq.(5.11) with Tg>0:

I « _CV¢o (5.13)
3'Kp°t Lp
When Lp=L (n=1,2. .gN), it yields:

I ¢ __C YV (5.14)




+°
Ve
-0
“: 2%
- ¥
Control
—
U |
b !
I |
Control ’VRE
N/
= ) Kp
{ ' Templates
. F¥ig.5.2 Type B: Common Current Reference Control.
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This condition must be satisfied for every one of the N

rectifiers.

The second condition for stability is obtained from the

)

denominator of Tg

el

E ¢
%, Vn > 2I°% Ry (5.15)
or @% . ) ‘
I ¢ " EaVn ’ (5.16)
2°E Rp
n &

§

5.3.2 input and Output Current sharing.

Bec;:use Type B conf‘iguration uses a common current
reference, the input ac currents are identical ;oy definition.
The sharing of the output currénts on the dc s:@de can be
obtained froin eq.(5.8), yith the conditidn Ij=Ik=I for

all j, k into n.

i1 = M5 =Ry (5.17)
. i1k Vi - RkI , ,
_./( K] ’ \
Assuming Ry =Rk =0 it yields * —
. Y-
d14 = ¥y . (5.18)
- iy V%

Thuis, the ‘dc current sharing depends directly on the

balancing of the voltage transformers from the supply. If a

- )
common—transformer is used, the Type B configuration is always

balanced and independent of X, variations.

Q

[
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5.4 Type C: Common 8witching Control.
In the Type C confiiguration, shown in Figure 5.3, the
input current is measured only in the c;mverter Jnumber N,
called M;ster. The rest, called Slaves (n=1l,2..,N-1), receive
their 1logic commands from the Master so £hat theix power
electronic switches turn ON and OFF in unison with the

>

corresponding switches of the Master.

iy 42
— —
0
. vc ‘
—0
i
I | ] )
- I I | ( ! '
VN LN nN IN l :"Lm'
’ —% AN c }l -
"w W \ T__
‘ , | J ¥ Veer
Control
~) M
=~ Kp
Templates . e

- 7ig.5.3 Type C: Common Switching Control.
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Thus, like the Type C series connéction, the:
voltage at one phase of each of the modules will haﬁé .

“ ' N
identical patterns, as shown in Figure 5.4.

~

’
*Vmodn
’ £Ven—) [T
) : g ‘
fundamental I
‘ 1 Veh-
3. w
/
e
d t
! 4
. mgvhw_
’ *

rig.5.4 8imulated wWaveform of the Phase Voltage of One
Rectifier and its Fundamental Fourier Component for Type C.

Because the dc link voltage v, is common for all the
- rectifiers, the resultant fundamental Fourier component from
Figure 5.4, Vyoqn, Will be identical in amplitude and angle

for all converters.

L d ‘ —~— ~5
Vmodn ™ VmodN ™ Vmod ‘ (5.19)
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5.4.1 - Mathematical Analysis and stability.

The mathematical analysis for the Type C configuration,
i ’ba;ed on the fact that all the rectifiers are controlled
%?;h the same common voltage Vpoq: as was described by
eq.(5.19). In consequence, in general the Slave currents will
not have the same power angle @ as the Master, under
unbalanced conditions. To avoid ‘the trigonometrical functions
in the differential equations, the use of the d-q frame for
the analyses is recommended. h

In controlling the time dependent magnitude of its input

current Iy, the voltage vpoq(t) generated at the Master

'Rectifier terminals for phase "a" is

-~

(5.20)

Vmod (t) =V2+((Vy - LNg%g - Ry'Iy) "sin wgt - Xy°Iy'cos wgt)

)

where the Master is assumed to operate at unity power factor.

4

Transforming the a-b-c frame into a d-q frame yields

Vmodgq = -V3'(Vy - Ry*Iy - LN.g.B,) ' (5.22)

The dynaéic equation in the d~q frame describing the
Slaves is

Y i Rn =Xn| [idn Vnd Vmodnd
Im og_ dn + . - ...' (5.23)

ot Ly ign Xn Rp] (iqn Vng Vmodng
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v 0 :
nd ot ' (5.24)
Vnq =/3vy

Replacing egs. (5.21), (5.22) and (5.24) into (5.23), one has

where

ldan XN'IN, Bh -vs ign
=VY3 - | I .
at L, .
ign VN-RNIN-IndIy = Vn Vs Rn ‘gqn
at o
(5.25)

Pn the other hand, the dynamic power balance equation gives:

i) for the Master
: »
\ R

w Ve iy = 3° (VyIy - RyIN? - LNIN%%N) (5.26)

ii) for the jth Slave
4

Replacing egs. (5.21) and (5.22) into (5.27), it yields for the
jth Slave

verizg = = V3XyInigy - V3- (VN-RNIN-IN%%N) ig (5.28)

1

2

The overall system is formed by the Master and the N-1
Slaves. As a result, the dynamic power balance equation ¥or

the complete configuration is given by
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L Vg'E dgp = = V3 (XNIN'E igp + (vN-RNIN-LNg{N)-§ iqn) +

+ 3 (VN'RNIN-LN%%N) ‘In (5.29)

A

From Figure 5.3, the following expression is obtained

n dt :

Introducing eq.(5.29) into (5.30) and assuming i,°'v.=P, yields

C'vedVe = (Vy-RyIN-LydIn) (3IN-Z ign) - V3XyNIN‘Z ign - Pa -
dt dt n 4 n
(5.31)

The Slave currents (igp,ign) are solved by eq.(5.25).
The input Master current Iy, is related to v, through the

proportional feedback Kp and the reference dc link voltage

VREF'
Iy = Kp* (VReF - Ve) .S (5.32)
With egs. (5.25), (“5.31) and (5¢32), the system is
completely defined. However, its analytical solution is long
and tedious. Nevertheless, some conciusions can be obtained by

replacing the derivative of eq.(5.32), dIy/dt, into (5.31),

yielding: ' ' ,

= (Vn=RyINL:®(3IN-V3" - IN: - (5.33)
2o = LBl - Ol vd-Tedgn) o d3uly-Lalan = 2
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It can be pointed out from eq.(5.33) that the
denominator cannot be zero, otherwise this’' equation is
undefined. Thus, one can find a 1limit of stability of the

system making the denominator of (5.33) equal to zero

R PPN

C've - Iy'Kp* (3Iy -V3'E ign) = 0 (5.34)
from which .
f‘IN-v ‘v. +V3- n_ : , (5.35)
30LNoKp
/

A particular but important case is when the system is
perfectly balanced. In such a case, Rp=Ry, Xp=Xy and Vp=Vy
(n=1,2..,N-1). Because vVpoq 1s a common driver, the input

cﬁrrents become identical and so .

ig(t) = 0 (5.36)
- ig(t) = -/3Iy(t) | (5.37).

v

Replacing eq. (5.37) into (5.34) results

( C*Vg = 3N‘LyKp*Iy = 0 (5.38)

\

from which one /gets the limit of stability as




L4

&_

/

This is exactly the same stability limit as the one obtained

in eq.(5.14) for the Type B configuration, under balanced

conditions.

5.4.2 Input and Output Current Sharing.
The input currents of the Slaves can be obtained from

the steady-state solutions of eq.(5.25):

Ign = Muﬂn)-ﬁnz::‘-gblgnzﬂnxuunl (5.40)
n n
Iqn = V3- =Vn)Rn. = +XnXplInd (5.41)
, gn = V3L (VN=Vy Rgz-—:ﬂ}%ggbl in )Q-IN

|
)
and the sSlave output current 13, from the steady-state

solution of eq.(5.28)

ijn = ;@XNINIdn_"V[LﬂnzBNINﬂqn (5.42)
c

where Vc 1is obtained from eq.(5.32) under steady-state

condition - \

A L Ve = Vggp - Iy (5.43)
: Kp
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From egs.(5.40) to (5.42), it can be found that input
and output currents are perfectly balanced when the parameters
of the Slaves are identical to the corresponding parameters of
the Master. Based on these equations, the Figures 5.5 and 5.6
graphically show the effect of the parameter variétions on Ip
and i1 with respect to the Master steady-State conditions, as

a function of X, and V, respectively. The Master operates at

its rated power and Xy=0.25 [pu]. - ‘
|n j—m
XN=0'25 [pu] }
'.21“4 . + '.Q,LW
An ’\'-In
'.'Il "‘,".'lﬂ

IN Lln :A;M/ 1(.4
1 S e L AN
ln‘ln : .
0.9 ]N' o 4+ 0.9 A IV
0.8 I” - o: 4 0.9}-["
0.8 Xy 0.9 % Xu NES 1.2 Xn

1)
»

¥ig.5.5 Parameter BSensitivity of Type C Connection to
AC Line Reactance X, Variations
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It can be seen from Figure 5.5 that the Slave current I,
changes almost linearly and inversely with xni A 20% increase
iﬁ Xn implies ‘about a 20% decrease in In and viceversa. The
output current iy, follows almost exactly the same curve in
thé graphs (ij;p=Ih) . Therefore, these plots are also valid for
iin. It can be noted that the Xy/Ry ratio does not play an
ximportant role in the deviations of I, and ij;,. In the graphs,

the cases for Xy/Ry=2.5 and Xy/Ry=5 are dispiayed.

b L 4Aw
1314 L 1.3 4y
1.2 4y
|,2.Iu* 3 ’-'d'am
41N
)-l INo ,O;SLIN
0.8 Ly
lN EXRED Lo.;lw

0.6 4y

0.8 Vn 4.9 Vw 11 Vi f42 Vi

rig.5. 6 Parameter Sensitivity of Type C connection to
AC Source Voltage V, Variations.
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Figure 5.6 shows the behaviour of the input and output
Slave currents under V, variations. It can be seen that the
Slave currents are very sensitive to V, variations and hence,
input voltage transformers must be very” well balanced.
Variations in V, beyond 10% are undesirable because they can
produce more than 20% variations in the currents. Furthermore,
unbalances in the input transformers increase the sensitivity
of the currents to Xy and Ry variations, as can be seen from
egs. (5.40) to (5.42). All these reasons makes it recommendable
to use a common iﬁbut transformer for ©parallel Type C
configuration instead of independent units. As & result, the
number of current sensors will increase from two to three
units.

The resistance Rj has been shown to produce very small

changes on the currents. For this reason, it is not shown

graphically.

5.5 Type D: Indirect Common Switching Contreol.

The Type D or Indirect Common Switching Control is based
on the same operation principleﬂas Type C. The difference is
that here, the Indirect Current Control Method discussed in
Chapter III‘replaces the Direct Method of control used in the
Type C configuration. This allows a third simplification in
the parallel system: the elimination of all current sensors.
In/az;;\rype D configuration, the overall feedback systenm is

controlled by just sensing the dc voltage.
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The method of control used here has been discussed in
Chapter III and is based on the application of the well known

Sinusoidal Pulse Width Modulation technique (SIWM)'.
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rig.5.7 Type D: Indirect Common Switching Control Topolcdy
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$.5.1 Stability und Parameter 8.ns:l.t:lv1ty.

Figure 5.7 shows the circuit configuration.of the Type D
topology. Its stability and parameter sehsitivity are based on
the same equations developed for )zhe Type C configuration and

hence will not be repeated again.

$.6 Type E: S8hifted Triangular Carrier Comntrol.

'The Type E or Shifted Triangular Carrier Control

_'conf.iguration does not introduce any reduction in the

hardware. On the contrary, a slight increase in hardware

components is required. However, the system performance is

greatly improved in terms of operational costs. The Type E

&
configuration is able to produce excellent ¢turrent waveforms

with low switching frequency and hence high o[:erall efficiency

with respect to the other configurations. In Type E

configuration, as we\ll as in Type D, there is no Master

Fd

Rectifier, All the converters have the same hierarchy. ]

$.6.1 Harmonic slimination. &

I’r
.

The harmonic elimination proceﬁss is based on the idea

of using the same modulating signal for aJ:l‘ the converters,

with the slight modification that each- \me has its own

triangular carrier suitably phase-shifted. In {:his,form, a

significant number of unwanted harmonics are eliminated. The
:

mathe;natical analysis of harmonic elimination has already been

developed in Section 4.6.1 and so will not be repeated again.
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The Type E or shifted 'i‘rianguliar Carrier topology is shown in

-

Figure 5.8. .

vl Ly Ry I, Ay 42
s | —

o rig.\s.c Type E: Triangular Carrier shifted Topology.
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5.7 B8ubtopologies. : ’ 4
Types A to E topologies, which have already beén

~

discussed, can be made to have different properties by maki‘ng
slight changes in thgir electrical structure. For example, in,
Type C tgpélogy, it i“s«i:mssible to measure the total current
at the primary of the input transformers iﬁstead of measuring
the p’artial' o\\\irrent at the sec(oncsiary of the Master
transformer. This chahge can have some adva{ntages like the
@limination of the Master unit and the reduction of the

current sensors from three to two when a common transformer is

used. Subtopologies have not been analgzed in this work.

+

5.8 éxporimcnta], Results. L.
The mathematicgl analyses that have been developed in
this chapter closely agree with experimental work. Valve-by-
valve digital simulations were also obtained “to support the
ahalyses. The agreements have also been excellent bu;: they are
not shown here.
" The experimental wofk was realized with ‘two 2-kW
parallel connected rectifiers, each with the follc;wing
. \

ratings: supply voltage V,=40 V; reference dc voltage Vgpp=120

V: proportional controller gain Kp=3 A/V;<reactance per phase

Xp=2.5 Ohms anc} resistance per phase Rp*1 Ohm. Higher ratings.

were obtained with the valve-by-valve digital simulations.

[

{
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The Figure 5.9 shows ;he step' response of the parallel
Type B topology. The load current i, changes from 0 to 15 Adc.
It‘can be seen that the input currents react identically with
the perturbation. The oscillogram also allows one to see the
close in-phase relationsﬁip of the currents with respect to
one of the sﬁpply voltages. The upper beam of the oscillégram

shows the forcing function i,.

et P Qa )

.. T -

| AT | ©

v

Fig.5.9 Type B: Step Response.
a) load dc current i,
) b) input supply voltage Vi
c) input current I, ’ _
d) input current I  ~ :

N . R \ @ | - 7 ‘ v “ ,
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Piguresns.lo to 5.12 show the Type é configuration under
unbalanced reactances. Figure 5.10 sths the step- response,
where X;=2.5 Ohms and Xy;=5 Ohms. It can be seen that the
current3 remain unaltered. Only small distortions appear. The

insensitivity to X, variations was predicted in the analytical
n

~work developed:. for Type B connection in Section 5.3.2. Power

reversal and a detail of the input currents for this

configuration are shown in Figures 5.11 and 5.12 respectively.

‘?ig.5.10 “&ypo B: Step Response with Unbalanced Reactances.
’ a) load dc current ij
b) input supply -voltage V;
¢) input current I with X;=2.5 Ohms
d) input current I, with X,=5 Ohms
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b)
c)

d)

Fig.s.11

a) load dc gurrent i,

b) input supply voltage \'A1

c) input current I; with xl-z 5 Ohms
d) input current i, with X;=5 Ohms

Type B: Reversal of Power with Unbalanced Reactances.

250N

L]

rig.5.12 A Detail of the Input Currents I; and I, for Type B
Configuration with X;=2.5 Ohms and X,=5 Ohms

A
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Figures 5.13 and 5.14 show tpe step response and power
reversal response for the Type C crnfiguration respectively.

In Figure 5.13, the dc current i, changes from 0 to +15 Adc
2

and in Figure 5.14 from -10 to 10 Adc.

Fig.5.13 B8tep Response for Type C Configurationm.
a) load dc current ij; b) supply voltage V;
¢) input current Iy; d) input current i,

¢ s

 Pig.5.14 Type C Configuration: Reversal of Power.
a) load dc'curfﬁht i,: b) supply voltage V;
¢) input current I;; d) lnput current i,
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Figure 5.15 shows the step response for a Type D

configuration. The output dc, current also changes from

0 to 15 Adc.

Fig.5.15 B8tep Response for Type D COntiguration.
a) load current i,

b) supply voltage V;

c) input current Iy

d) input current I;

L]

Finally, Figure 5.16 shows a, detail of the input
currents of the Type E‘qpnfiguration, in which 'it can be
observed that the rippAIe of the total current is smaller than

-

that of the ~urrents of each onJ of the s‘inglﬁ units.

-~ /

m - /

o$ \
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Fig.5.16 Type E Configuration: Harmonics are Eliminatead
by Using the S8hifted -Triangular Carrier.

5.9 | summary.

This chapter has presented the results of a brief
investigation of parallel connected rectifiers using different
control strategies. Although this chapter is not as complete

&
as the previous one, it presents the relevant mathematical

tools for stability and sensitivity analyses for all the f;;e
topologies that have been analyzed.

The experimental Qork showed that all the topologies are
stable in both, rectifier and inverter mode.

The next chapter will summarize all the work pursued in
this thesis and will discuss possible future work related with

[ ,

this research.
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. CHAPTER VI

CONCLUSION

t

6.1 A Summary of the Work.
The main topic of this Thesis has been to study the

utilization of Boost type PWM rectifiers in the field of high

.

power, applications. Research in this field has been f?cused on
'

finding”ways to produce high quality rectifiers, capable of
generating almost sinusoidal current waveforms at unity power

factor with power reversal capability. To obtain these

features, two different methods of control, based on keeping
the dc voltage regulated, have been analyzed: the Direct
Current Control Method and the 1Indirect Current Control

IT and III respectively. A

Method, discussed in Chapters

“complete analytical study has been carried out for each one of

these two methods and dic_;itél simulations along with

exper'imental work have verifie

The use of rectifiers
limited by _ the voltage an
electronic switches available
this proBlem is to connect m

series and/or in parallel.

i the results.
in high power applications is

d ‘current ceilings of power
on the market. One solution to
any modular rectifier units in

Chapter IV studied different

topologies and arrangements using series connected Boost type

rectifiers. Chapter V analyzed

167
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the parallel configurations.
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Complete mathematical anhalyses have been developed for

all series and parallel connections. The stability, parameter

sensitivity and power sharing capability of the converters
(\

have been analyzed. Digital valve-by-valve simulations and
experiments have made it possible to verify the mathematical
equations.

Of the different topologies that have been analyzed in
this work, one is particularly stablefand economical. This is
the series Type E configuration discussed 1in Section 4.6,
which uses a combination of features that makes this tépology
very promising: a) it is controlled by measuring only one
converter voltage; b) it is very stable and c) ié permits the
elimination of low order harmonics.

Possible high power .applications for series and/or
parallel connected rectifiers have also been mentioned in this
work.” Among them are rectifiers for electric traction

applications discussed in Section 4.9.3.1 and Back-to-Back

systems in Section 4.9.6.
/ a

1
\
’

6.2 Conclusion. .
S
Investigatia% of this thesis allow the following

conclusions to be made: -

1) The Boost Type PWM Rectifier has a very promising future
in industrial applications. Its commercial importance

will be appreciated when stringent harmonic standards

(
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2)

3)

4)

will be enforced to reduce harmonic pollution in the

utility network.

In the near future, since the Boost Type PWM Rectifier
is more expensive than the Thyristor Graetz Bridge, it
will find a market niche in applications where its fast
dc current reversal capability is a valuable asset.

The Volt-Ampere capability of the Boost Type PWM
Rectifier can be increased by connecting modular units
in series and in parallel. It should be mentioned that
this approach is different from connecting switch
devices (GTO’s, Power Transistors, Power MOSFET’s) in
series and in parallel. In Power MOSFET’s, for example,
there is no difficulty in connecting multiple units in
parallel, but théir connection in series has proved to
be problematic. The multiple modular connection has
proven to be a met?xod of overcoming such difficulties.
The study of multiple modular unit connections paves the
road to applications in High Voltage Direct Current
(HVDC) .

Thé Boost Type PWM Rectifier was originally conceived in
the context of Hystefesis Current Control. The study of
this thesis' has bréughtb’it one step further into the
mainstream of PWM techniques, in this particular case
SPWM. There are two advantages in this improvement: i)
the savings in cost from doing without the need of high
quality current transducers and 1ii) simpler filter

|
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5)
|

6)

.parallel,

design due to the predictability of the characteristic
harmonics. .
combined with the

When the of SPWM are

principles
operation of multiple modular units in series ahd/or in
a further advantage appears: one can use the
phase delays between the individual modular units to
This has the

cancel the characteristic

harmonics.
implication that the switching rates lof each modular
unit need not be very high. The effect of fast switching
can be achieved by staggering the switching times of
many modular units. This means that fairly slow devices

such as GTO’s or even forced commutated thyristors can

~
current waveforms.

I3

be used to attain high quality

Furthermore, the switching losses can be reduced. This

characteristic cannot be accomplished by using multiple

electronic switches in the branches of a single
raectifier, because they must all be switched
simultaneously.

By configuring the control of9 the: Boost Type PWM
Rectifier as that of a DC Voltage Regulator, one has a
:ast response, stand-alone, operating system. The power
demand is automatically matched b§ any voltage deviation
\from the preset DC Voltage Reference. For comparison
ﬁurposes, a p;dportional feedback control is used as a

standard. ‘Thus SPWM (Indirect Current"eﬁrol) can be

implemented in such a way as to have better stability

A
\

R
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region than 'the Hysteresis Current Control (Direct
Current) implementation. At the back of one’s mind, one

is @aware that a proportional-integral control can
N 1

achiéve better control characteristics.

7) Although. unstable conditions exist, the stable operating
Qregigns are extensive so tha;, from a practical
view;oint, stability is not a serious concern.

_ 8) As the Boost Type PWM Rectifiers haée such remarkable
characteristics as:
i) near sinusoidal current waveforms
ii) controllable power factor (unjity, leadiﬁg or-
lagging)
* ¢ iii) fast, simple controls

P o
iv) unidirectional re%ulated dc voltage
V) power reversal by reversal of d¢ link current

o

and have operated in recyifier/knverter‘ and

rectifier/chopper links in variable speed drives

invdlving induction motors, synchronous ﬁotors and dc

l‘motors in'3 years of testing, there is good rezson to

. believe that it will play an important f7;e in the world
>

' of power electronics.

6.3 suggestéyﬁs for Future Work.

igh power applications would require a com?ination
of series \and péxdllel configurations in a single rectifier
. station. Future study to analyze the compatibility of

/
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N

13

combining different types of topologies to find the optimal in
terms of economy, stability and reli ity is vthe way for

future research.

o

Other methods of modulation . instead of Current
Hysteresis Control or SPWM are another posibility of
research. There are to many switching strategies that can be

~ o :
investigated which could improve the rectifier performance.

A3

Fhe digitalization of all the hardware configuration for

practical systems seems to be mandatory. High accuracy, easy

adjustment, " drift elimination, noise reduction and

microprocéssor]control are some of the obvious advantages of a

. §

" digital system.

Finally, the~ podgsibility of |using some of the’
configurations analyzed in this 'rh.esis for‘High Voltage Direct
Current Transmission (HVDC) is proposed for future analysis.
One foreseen problem is the line inductance of the dc 1link.
simulations  in t:e Back-t'o—’Back system with high dc 1link
in;iuctance have shown that resonance problems between‘ this
induc;tanca and the dc 1link capacitors may appear during
t‘ransients.'; This and other )possible problens have to be
analyzed to determine the feasibility of implementing HVDC
systems with Boos-i: type PWM rectifiers cc;unected in series and

. .

in parallel.

.
.
¢ ' ! -
o
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° . APPENDIX A

' : COMPUTER SIMULATIONS

A1 Valve-by-valve Digital Simulation. .
The Valve-by-Valve Digital Simulation Program is based

on treating the rectifier bridge as a piece-wise 1linear

“circuit problem. The ON-OFF states of each of the six power

switches give rise to eight possible circuit topologies, which

will be discussed here. The instants of switchings of the
]
power ¢evices, depend on the method of control. " Some

application examples are given here.

L4

Each one of the 8 possible circuit topologies, give rise

*

to a: different\ set of differential equations, which can be
solved numerically wusing one of the many methods‘ of
integration available in literature. The polygonal meth'od (74)
was used in the simulation work because of its simplicity.
Some simulations were also r'ealized with the' very well known

4th order ‘Runge—Kutta method.

< 4
A.l.1 The Algorithm. o . A . R ; 8 N
& ."
The Figure A.1 shows a rectifier circuit configuration
with the essential components: the 3-phase power, supply,

. inductances and resistances per phase, a dc 1link voltage

source and six ideal svzitches which model the power

semiconductor devices.

(i
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o , '/sz /84 T/Ss |

Fig.A.1 Rscﬁifier cﬁcuit Configuration.

[

~
The ON-OFF operation of the switches of Figure A.1

(81/S3,...S¢g) 1is . restricted for one constraint:  the two
,switches of one phase (i.e. S;,S;) can neither be ON (closed)
nor OFF (open) 'simultaneously. Their simultaneous ON gpperation

. means a dc shortcircuit and their simultaneous OFF operation

results in an overvoltage in either of the two switches. This
restriction allows the existence of only 8 possible ON-OFF

. switching combinations or states, which are shown in Table
(‘ ’ A'll
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L -

" TABLE A.1 Rectitfier Switching Btates.

- 3 4 2 6 7 8 ¢ -
p _Phasea 4+ + o+ o+ - - - - ‘
‘ Phagse b =~ .+ + - - + + = -
Phase ¢, + = + = + = + =

‘
)

fhe "+" sign indicates thét the cofresponding upper switch
(S1, S3 or Sg) ié ON (phase connected to the p:sitiva‘rail of
the dc supply) and vice versa. . 7

Each one of the 8 states has its proper set of
differeqtial and algebraical equations. For example, Figure

A.2 shows the resultant circuit topology when the rectifier is

in the state number 6 of Table A.1l.

4

9

Pig.A.2 Rectifier Circuit in the 6th State.
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The set of e@uatioﬁs which describe the 6th state

operation is: ) o {
- dia = @3 ~ Rig + 1.¥¢ (A.1)
dt L L 3L .
dip = ep - Bip - 2.¥c © , (a.2)
dt L L 3L
S ig = - iy - ip : (A.3)
i, = ip ' (A.4)

£

This set of equations is solved numerically, with the
initial conditions of the system given by the previous state.
The efuations given for. the séh state can be generalized

for all the 8 states as follows:

-

= 83 - Riz - ;.VC°{KE - 0:5(Kb+Kc)} (A.5)
dt L™ L 3 L N
. \, '

) b =8 - Rip - 1.Vc-{Kb -~ 0.5(Ka+Kc)} (A.6)
gt L /L 3 L

ic = - ia /‘ ib (A-?)

~ .
iy = 0.5'(Ka'ia'+ Kb- iy + Kc~ic)(J . (A.8)

~where the corresponding-switching functions Ka, Kb or Kc are

equal to +1 when®the- phase is connected to the positive -rail

3

of the dc 1link and equal to -1 otherwise. For the 6th state
I;he switéhing tuncti;ns are. Ka=Kc=-1 and Kb=1 |

Fach time that a switching\aéfion occurs, one of the
switching: functions reverses its sign and change ‘the state’
equations given by ;qs.AA.S)-fo (A.8). The switching attion

depends on the control strategy being used in the rectifier.

177 - W
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For éxample, in the case of current control with hysteresis
band, the éwitching* times are generated by intersections
points detined by the interaction of the actual input current
wiﬁh the upper and fbwgr sides of the hysteresis band. In the
case of SPWM, the intersection po%nts are‘ defined. when a
sinusoi@al reference 1is compared with a high ofrequancy
carrier, like a triangular\or sawtooth wave.

A.1.2 The DC Voltage Feedback.

The dc voltage feedback is added to the rectifier system

" by replacing the dc supply with a dc capacitor. The dc

capacitor voltage is measured and compareé with a reference,
from wﬁere-an error signal—is obtained. This error signal is
used to command the input currents of the rectifier in either
the Direct Control Method or the Indirect Control Method. The
resultant set of algebraical and differentia equations
(already developed in Chapters II and III) is introduced in
the software program and 1is combined with th ‘switéhing
algorithm given by eqgs.(A.5) to (A.8). The Figure A.3 shows a
simplified flowchart for the computer program. The question
block aBout intersection points in Figure A.3 contains the

information about the method of control that is being used:

. SPWM, Hysteresis or any other.

A.l1.3 Program Examples.

E

Figure A.4 shows a program example for the SPWM control,

)

and .Figure A.5 for the series Type E topology.
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. START
B INPUT DATA: -
, Veep/V.R,L,Kp,K1
Wg,®,1;,No. of cycles / -

13

INITIAL CONDITIONS:
’ ia(o)rib(o)lictc)rvc(o)

: y
INITIAL STATE:
* Ka,Kb,KC

SWITCHING ALGORITHM:
find the solutions of
the algebraical and
differential equations

" - /PLOT THE SBOLUTION POINTS/ -

any

intersection NO

T=T+DT

point reached
a

YES

revert the sign of
‘the corresponding
switching function ‘

Ka, Kb or Kc

No of NO

cycles completed

v

rig.A.3 Rectifier P;ograﬁ Flowchart.
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Ay .
SPWMDIDT !
REM rectifier with l.ldi/dt control blook and triangular -ynnhroauod
PHIDEG, W, DT, VR, KP.KI 1CC,1CCP, M0
DATA 0,377, 20—5 110,2,0,0,93,0 ¢
2 L
PI=3.1415926535
READ VLC,RC,LC,LB
DATA 40,1, 0087, 0087
=6QR(2)sVLC
LIM=VR/2

XC=WsLC .
DTI=1/DT \
PERS=202W .

- PERT=P1/PERS .
=2%LIM/PERT
READ VL,R,L,C B . -
DATA_30,1,.0067,.012 ..
RL=R/L : B .
VM=VL%*1.41421358 : . N
vDC=VR ‘ v [
L3=3=
CI=1/C - v
ML="™/L &)
VL13=VDC/L3
TRIANG=LIMsSIN(2sPI) - ;
VL23=22VL13
FOR K=0 TO 220:PSKT(3%=K,§0): Pﬁn(StK 130) :NRXT K
KA=1:KB=-1:KC=-1
CYCLES=12 :
ABI=ABS(ICCF) >
IF ABI=0 THEN ABI=\1 { R
X6=7/ABI1 -
XV=35/"M - u
PHI=.0174532928*PHIDKG
20=381241 /CYCLRS . .
LINR (Q,0)-(0,200)
PSRET(0,90)
T=0 '
110 IA—IA+(VHL‘SIN("T) -RLxIA-VL13% (KA~ 563(KB+KC)) )=DT
IB=IB+(VML*SIN(WsT-2.0944)~RL*1B~ VLIS'(“' 5‘(““3)))'“
1C=~IA-~IR
IDC=. 5% (KAsIA+KB*IB+KC*IC) Y
REF=SIN(PERS3T+2sP[) M
IF (BEF-RKF1)>0 THEN M=MM ELSE M=-MM -~ .
I¥ REF1sREF<0 THER TRIANG=0
TRIANG=TRIANG+M=DT .
REF1=REF.
R IF VTA>TRIANG THEN KA=1 ELSK/KA=-1{
y I¥ VYTB>TRIANG THEN KB:=1 ELSY¥ KB=-1
IF VIC>TRIANG THEN KC=1 KL KC=-1
ITGB=-IAsX5+60 »
LINK(TGP, ITGBP)- (TG, ITGB)
ITGBP=1TGB
DV=(IDC-1CC)=DT»CI
VDC=YDC+DV * N
VL13=VDC/L3
IF TG>0 AND J=0 THEN J=J+1:1CC=1CCP -
* IF TG>320 AND X=0 THEN X=X+1:ICC=-ICC¥
ITGA=-IDCsX5+130
I =~-VReXV+130
LIME(TGP, ITGAP)~-(TG, ITGA)
’ LIME (TGP, 1TGCP)~ (TG, ITCC)
ITGAP=1TGA
ITGCP=1TGC
TGP=TG .
1T6=T*20
IM=2IM+1.41421356%(KIs(VR-VDC)sDT-KPeDY)
VTA=(VMC-RCSIM-LBs(IM-IP)s0TI)eG IN(WeT)-XCo IMsCOD(WeT) ' |
VIB=(VMC-RCe 1M-LBs(IH~-1P)sDTI)sSIN(WsT-2, 09‘4)‘“‘1”‘“(“‘7 2.0044)
VIC=~VTA-VTB
IP=IM
T=T+DT
1P TUG<B840 THKN COTO 110
160 GOTO 150

3

rig.n.} Program Example for SPWM Control.

180




’ .

'

@0rATA 40,1, 0087, 0087 ,

110

REM SSPWNTR2 .

REM Ser: connection PWM rectifiers with triangular carriers shifted -
READ PHIDRG,W,DT,VR,KP,KI, ICC,N, ICCY, MO ,

DATA 0,377,2e-5,120,2,0,0,7,-8,0 .

DIM TRIANG(M),M(N),IA(N), IB(N),IC(N),KA(N), KB(M), IDC(N (L)) .,
DIM DV(M),VM(N),VDC(N),VLIS(N),VL23(M),L3(N),CI(N), VML(WN), BL(N) .
DIM YL(M),R(N),L(N),C(N), ITGA(N) .ITGB(N), ITGAP(N), ITGBP(N),REV1(N)

SCREEN 2 N r '

N80z120/N’ . 3
P1=3.1415028535 < |
LIM=VR/2 5 K .

READ VLC,RC,LC,LB

YMC=EQR(2)sVLC B .
XC=wsLC
DTI=1/DT |
PERS=z10s¥ ; 1 ~
PERT=Pl/PKRS oo &
194=25L1M/PRRT .
@ VOR Izi TON \
READ VL(I),R(I),L(1),C(I) N
DATA 40,1, 0087, 012 - o
DATA 40,1, 0087, 012
DATA 40,1, 0087,.012
DATA 40,1,.0087, 012 L _
DATA 40,1,.0067, 012 4
DATA 40,1, 0087,.012 Lo
DATA 40,1, 0087,.012 §
RE(I)=B(1)/L(I) . L
VM(I)=VL(I)*]l 41421358 3 -
vyDC(I)=VR B . .
L3(I)=3sL(1) ,
Cr(1)=1/c(1) ~
VHL(I1)=VM(I)/L(I)
VL13(1)=VDC(I)/L3(1) -
TRIANG{ I)zLIM*SIN(2*PIsI/N) . .
YL2S(I)=2%VL13(1) i
FOR K=0 TO 220°PSET(3sK,NBOsI):PSET(3sK, 165): NEXT K
KA(I)=2:KB(I)=-1 RC(I)=-1
NEXT 1 -

CYCLRS=5
ABI=ABS(ICCr) ”
1¥ ABI=0 THEN ABI=1 ' n ;

=TQ0/N/ABI !
X6:=2. 88X5/N 1
PAI=.017453202£sPHIDRG e
20=3681241/CYCLRS
LINE (0,0)-(0,200) .
PSET(C,90)
T=0

POR I=1 TO N
IACT)=EA(I)4(VML(I)*SIN(WST)~RL(I)SIA(I)-VL13(I)o(KA(I)- 58(KB(1)+KC(1))))®

IB(I)=IB(1)+(VML(I)*SIN(WsT-2.0944)-RL(I)sIB(I)~-VL13(1 )l(KB(I)‘—. 58(KA(I)+KC

< .

(1))))=0? .
IC(I)=~IA(I)-IB(I)
IDC(I)=. 65 (KA(I)SIA(X)+KB(I)sIB(I)+KC(1)sIC(I))
REF(1)=8IN(PIRSST+2sPIsI/N)
IF (REF(X)-REF1(1))>0 THEN M(I)=MM RLSE M(I)=-MM
LV REFL(I)SREF(1)<O0 THEN TRIANG(I)=z
TRIANG{ I ) =TRIANG(T)+M(I)eDT “
REF1(L)=RKF(1)
I¥ VTA>TRIANG(I) THEN KA(1)=1 ELSE KA(I)=-1
IV VTIOTRIANG(I) THKN KB(I)-=1 ELSK KB(I)--1
IP VTCO>TRIANG(1) THEN KC(I)=1 ELGSR KC(I)z=-1
ITGB(I)=-1A(I)sXb+NBOs]
LINK(TGP, ITGHP(1))-(TG, ITGD(I)) .
ITGBP(I)=1TCB([)
DV(I)=a(IDC(I)~-1CC)sDT=CI(I)
VDG I)=VDC(I)4DY(])
VLIS(I)=VDC( 1) /ZL(I)
IRES=IRRO+IA(L)
IF TG>10 AND J=0 THEN J=J+1° ICC=ICCP
* 1F 70>320 AND X=0 THEN X=X¢1:1CC=-1CCY¥Y
NEXT I -
ITOAn~IRKG#X8+ 165
LINR(TUP, ITUAP)-(TO, ITGA)
ITGAP= I TGA
1RE8=0
TGP=T0
TqaTe20
IMaIMel 414213588 (KIs(VR-VDC(N))sDT-RI'®DV(N) )}
YTAZ(VMC-RCS IM-LHe(IM-IP)eDTI )sBIN(WOT) - XCs IMICINI(WOT)
VTH=(VMC-RUs [M- LB (IN-1P)sDTI)s0IN(WST-2,. 0044 ) - XCo [MsCOU(WST -2 0U44)
VTCa-VTA-VTR
IP=INM
T 0T
17 TA<«s40 THUEN QOTO 110
150 0OTO 150

-

<

Fig.A.5 Valverby-vValve Simulation for Series TYpe

a . —
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A.2 xathmatic;l 8imulations.

.The mathematical :simula,tiqns" consist of numerical
integration of the state equations of each particular syste:n
and co;xfiguration described in this Thesis. These equations
neglect the ripple harmonics and only embody the fundamental
Fourier component. For example, the Direct Current Control

. Method, u/sing’ a simple proportional control is Eescribed by

"the set of equatifons:
ia(t) = I(t)V2-sin(wt+o) (A.9)

where ia(t)l is the input current of the rectifier (phase a), o
is the desired power factor angle of operatioh and I(t) is

obtained from the dc voltage regulated, feedback control loop:
I(t) = Kp* (VRer - V¢! . (A.10)

The link between the input rms current I(t) and the
output dc current i, is obtained from the Power Balance
Equation:

Vetiy = 3°V-I(t) - 3°R-I(t)2 - 31d I(t)?- , (A,11)

2 gt
3 x

and the link between the output dc current i; and the load dc

current i,, from the dc capacitor equation:

dve = _ij. = o (A.12)
dat c
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#

Figure A.6 shows a program example of the mathematical

sixﬂ.nlation for the Direct Current Contrdl Method and Figure

o

A.7 shows the mathematical simulation developed for the series

‘Type C configuration. : -

' A
A.3 Other Simulation Programs. \>

-

Figure A.8 shows the program used to get the Nyquist

o

pléts of Chapter III. Many other simulations were developed-

but they will not be displayed here. .

' STEP
hd ' Direct Curront Control 6itep reversal of power
’ . CYCLKS=20
READ I2,VL,VR,L,C,KP,R
DATA 10,40,120, 005, 012,3, § '
{ABS=ABS(12) P g o
AMPLITUDE=1 ' .
SCREEN 2
IF IABS<1 THEN IABS:-1
LOCATE 23,15 PRINT "i12 =",12;"A L= "L;"H R =";R;"Ohma "
- X5=30/(1 8sIABS)sAMPLITUDE ..
LOCATE 25,15 PRINT "Vref =";VR;"V c C=ic 'y VL =";VL
¢ LOCATE 2,2 PRINT “I"
READ W,DT2,11,1,PHIDEG ‘ -
LINE{O,0)-(0,180) )
DATA 3%7.12-5,0,0,0
FOR &=Dx TO 220.PSET(3%K,80):PSET(3%K, 120):NEXT K
DT=DT2sCYC B
PHI=3 14159288=PHIDEG/180 .
YAO=3sVL2COS(PHI)
20=368124' /CYCLES
VDC:=VYR
L3=3sL v
R3=3sR
8Q=SQR(2)
KPL=JeKi s, .
Cl=1/C .
LTI:1/DT
T=0
500 ITA=IMSSIN(WaT+PHI)
TG:=TsZ0 -
1TGA=-ITA*X5+680
LINKE(TGP, ITGAP)-(TG, ITGA)
[TGB=-11%X5+120 .
LINE(TGP, ITGBP)- (TG, ITGB)
TGP=1G
['TGAP=ITGA
[ TGBP=ITUR
T:T+DT .
IP:=1 ;
I¥ TG>6850 THEN GUTO 2000
YDC=(11-12)sDTsCI+VDC
. 1 KPs(VR-VDC)
- [1=18(VAO-R3=1-[3«(I-IP)aDTI)/VDC
IM=5Qa 1 -
IF TG>284 AND N=0 THEN N=N+1‘[2=-12
GOTO 500
2000 GOTO 2000

.

Fig.A.6 Nathematical Simulation of the Direct Current Control
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*MATHEKRC : )
' anvhena.ical simulation for Series Case C
SCRUAN 2
CI(NS8=25
READ +'i,R¥,LN, LB, CN,KP, K}, VRKF
DATA 40,1.1,.0086, 0, 008,2,0,120
RERAD v ,5%4,1J,CJ
DAT. 40,1.1,.0088,10-3
'Initial conditions - -
VCN=VREF - VCJ =VREF -
11N=0: 11J=0 .
IN=0"1J=0 ..
READ W,DTZ2,12,12F,PHIDEG
DATA 377,1E-5,0,8,0
1ABS=ABS( [2F)
AMPLITUDE=1 i
X5215/(1.8%ABS)sAMPLITUDK
XV=20/VRKF
LINE(0,0)-(0,199)
FOR N=0 TO 220:PSET(3%K,71)'PSKT(3sK,105)" Pth(stK 183)" PhKT(SOK 100) :NRXT K
DT=DT2*CYCLES
L3z=3=LN; R3=3%RN B
XN=WxLN: XJ=W&iJ -
PHI=3.1415926sPHIDKEG/180
V3=3%VN=*COS({PHI)
20=38124/CYCLES j
£Q2=6QR(2) :5Q3=5QR(3) - 71?
CNI=1/CN:CJI=1/0J
© LNI=1/LN-LII=1/LJ .
DTI-I/DT
T=0
50 [AN= INH'SIN(H‘T*PHI)
IAJ=IJMeSIN(WsT+PHIJ)
TG=T=Z0 '
ITGA=z-TAJX5+71
ITGB= - [ANSX5+105
ITGC=-VCJI=XV+18I
1TGD=-YCHaXV+ 199
LINE(TGP, ITGAP)~(TG, ITGA) . -
LXNEI(}EP, ITGBP) - (TG, ITOR)
(

LINE(FGP, I'TGGP)- (TG, ITGC) . .
LINELRGP, ITGDP) - (TG, ITCD) °
I1TEAP=ITGA .
1TGBP=ITGR - >
ITGCP=1TGC . ,
ITGDP=1TGD \,\,
TGP=TG i

DVCN=(I1N-12)«DT=CNI L.

VCN=VCN+DVCN
IP=IN:
IN=IN{KI®(YREF-VCN) «DT -KPsDVCN
[1J=-SQA3% ( INAXNSIDJ ¢ (VN-RNSIN-LBS( IN-IP)$IVI[ ) #1Gd) ) /VEN
DVCIZ (L 1J-12)=DTsCJ L
VCJ~VC300VCJ

FIN-IN® (V3 R3IsIN LIf(IN 1P)SDT])/VON
1DJ 1DJ(SQIEVCISYNR NS /VEN Rl JIviing i WeiQu)sir
(Qd- IQJO:,QJXW.JH.JU((VN KNS INJeDT LBe(IN 7)) /VON ik ie s 0l Hw"h.)\iun Jietyd
) s OT
SR (QJ<>Q THEN PHIJ=ATN( -IDJ/IQJ) -
J=-SQROIDJSTIN +IQISICJ Y #EGN{ 1QJ ) /EQ3 +
lNH-augth .
1IM=8Q2]J ¢
T=T+DT
: IF TG>80 THKN CJ.CJ- 0183CJ-CJi-L/CI
{F YCI>3sVCJ THEN GOTO 80 ¢ 4

1¥ TG>T75 AND N=0 THEN N-:N+1 [2:-12F

IF TG>320 AND M=0 THEN MzM+1-J2=-]2F

IF TG<B840 THKEN GOTO 50
80 LOCATE 1, 3:PRINT ° Ij =',INT(IJ1100)/100;" In =“; INT(IN8100)/100;" Inetid}
=, [NT(IN®SQ32100)/100," Voj lNT(V(‘.JllOO)/lOO:“ Ven 7, INT(VCNSLOO) /140)

LOCATE 3, 3° PRINT 1d§ INT(IDJOIUOD/WU, qu “LINTOIQSe 100 ) /100, ° PHEY
- lNT(PHIJ‘l@OO/3 1415928)/100. Vref = VW Kep =" ,KP:" Ki =",KI %

LOCATE 5,3 PRINT ° vn < VY zTiVI% Bn zIRMGT RS 57 RJLC Ln S LM, L
Lt i2 s, 12 -
LOCATE 18,25 PRINT “ Cj . ,(Js1000000, * uF ° )
LUCATE 22,25.PRINT * Cn :°,CN$1000000; " uf"
100 GOTO 100 4
$ be \

Fig.A.7 Mathematical Simulation for Series TYpe
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* NYQUEN -
‘Nyquist plot for SPWM aystem . ~
SCREEN 2

- READ XD,KP,KI,HC,LC,LB
. DATA 0,3,0,.5,.005,.002
B8="8table”
. (s="fnstable”
READ R,L,C,V,YC '
DATA .5, 005, 004,40,12 9 A
w8=371 .
o X:=W8sL
AC=WEsLC .
10=12
Nz0Q '
* 71,ZR are scale factors for graphics. ZR may bo 15 or 150 \
o
D=r/L A . '
KO=6QR(3)/(VC=C) "
VOR K=0 TO 220-PSET(3%K,60):NEXT K
— 1.INE(2370,0)~(370,199)
LINE(220,58)-(220,84) -
LOCATE 7,27:1IF ZR=150 THEN PRINT "-1" ELSE PRINT '-10"
LOCATE 1,50:PRINT "Im[G(jw)]"
LOCATE 9,72-PRINT "Ra(G(jw)]"~
“ 5 ID=8QR(3)%10s(RsXC-X2RC)/(R*R+XsX)
1Q=-BQR(3) %108 (R*RC+X2XC)/(ReR+X2X)
A3:=LB#1Q
A2z (RC+25LHsR/L)*1Q-XC*ID+SQR(3) & (V-RCx10)*sLB/L
A1=2‘R‘(RCllQ"XC‘ID)/LOLB“IQ'(R‘R*X‘X'*/(L'L)-i‘:QR(3)IXCO(XC'WS‘LB)‘IO/L&SQR(
3)s(V-Re10)s(RCsL+LBsR) /(LsL)
R AO=BQR(3)/(LsL)S (Ve (R*RC+X*XC)-2% 0% ( RC*(RsRC+ X®XC)+ X o (R2XC X2KRC)))
AAS=AJsKD
AA4=AJIsKP+A2%KD
AA3zAJ%K1+A2%KP+A13KD
AAZ2=A23KI+A18KP+AO*KD o
AAL AL %K +AOSKY
AAO=AO=KI]
s W=-1E8
W2:=WeW-WBEWS-DsD
R RW=AALSWEWEWAW-AA2 W -AAD
! - IWzAAGsWaWAWSWEW-AAISWENSW+AAL XY
DENO=WaWs (W25W2+4xDxDeWsW)
- REJW=KO* (RWsW2-25 [ WeWsD) /DENO -
IMJW=KO® ( 2sRW*WxD+ IWsW2) /DENG .
REALP=REJW=ZR+370
IMAGP=-IMJWeZ]+60
W= 10000
10 W2:=WeW-WEsWS-DsD -
RW=-AA4 sWsWaWaW-AA2sWEWHAAD
IN-AASsWAWEWaWSW AAJSWEWEW+AALSW
POLL=SGN( IMJW) “
DENO:=WeWs (W22W2 +4x D Daven)
REJW:=KO® ( RWaw2 -2 [WaWeD)/DENO
IMJW=KO® ( 2¢RWsWaD+ [WsW2) /DENO
REAL=RKJWsZR+3170 -
IMAG= - IMJWRZ]1+60
LINK(REALP, IMAGP) - ( REAL, IMAG)
REALP=REAL
(MAGP= [MAG .
'PRINT ' Ral{G(jw)] = ',REJW,"Im{G(yw)] =", 1MJW, 'w = " W
WaW- 012W R o
POL2=8GN( IMJW)
. {¥ POL1+POL2:-0 THEN CRIT-REJW
~ IF IMAG<298 AND REAL>-5000 THEN GOTO 10
IF CRIT<-1 THEN R$=U$ ELSE R$=S$ K
LOCATE 11+2sN,50:PRINT ""Lbz";LB:",' .R$;” ("; INT(CRIT*1000)/1000;")"
CRIT:=0 J
N=N+}
IF -N=1 THEN LB-LB+ 001 GOTO 5
IF N=2 THEN LB:=LB+ 001'GOTO §

ECI

\ IF N=3 THEN LB=L.B+ 001.GOTD 5
LOCATE 19,50 PRINT "R =".R;" L =";L;" C =",C -
LOCATE 21,50 'PRINT ‘'Re=",RC;" Le=";LC; ' lo=";I0 ¢

LOCATE 23,50-PRINT "V =";V;" Ve ="iVC;" Kp =";KP
' LOCATE 23,50 PRINT "Kd =',KD;" Ki =";KI

' PRINT " w =" ,W,"Ra[G(0)] ="; -KP*{Bs(NSSWE+D*D)-2%D2C)/( (WSaW5+D2D) "2)
‘ 200 GOTO 200 -
rig.A.8 Nyquist Plot Computer Program.
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APPENDIX B

PRACTICAL IMPLEMENTATION.

B.1 Introduction
[
The experimental work has been the most relevant and

3\ Y
time consuming part of this research. For this reason, it is

important to show and briefly describe the implementation of

the hardware which made it possible. to werify the theory and

-

the digital simulations.

The Figure B.1] shows a photograph of the complete'

arrangement of two three-phase Boost Type PWM Rectifier Units,
implemented for the experimental work. Tpe hardware for each
Rectifier Unit is divided in two groups: the Power Unit and
the Control Unit. The Power unit is common to all the
topologies and methods of control. The Contreol Unit changes
with tHe control strategy and/or the ccufiguration to be used.
Eac? Power Unit has three Power Modu%es: one for each phase o{
the mains. The control unit has components that are common to

the three phases and others that are in triplicate.
%,

B.2 The Power Units.
The Power Unit of each rectifier has 3 Power Mgéhles.

For the implementation of each Power Module, printéd circuit

board technology was adopted. Emphasis was directed towards

modularity and interchangeabiiity of circuit boards.
N .
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LY

Fig.B.1 Two-Converter Arrangement for Experimental Work.

€

Each Power Module is formed by two Power Darlingtons,
the snubber’circuits and two Base Drives. Figures B.2 and B.3
show the snubber protection circuit and one of the Base Drives

respectively. Figure B.4 shows .a photograph of one of the
’ - )

Power Modules.
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-0 +Ve

BD2

Ty , Tz ¢ MJ 10015
D1 , Dz : 40-HFL-40-S02
D4y , D2z : IRD 3912
Ds , Dj : MR 854
Cs .047 u F

m .
s 90 9o o0 -

Core’ type T50-26
68 Ohms
3.3 Ohms

00

Fig.B.2 Snubber Protection Circuit for Phase "a".
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COUPLER ECG123

N

a7 uJ10018
—{ 11— POWEN
DARLINOTON

¢

D..
ECG123 180 MR O8O0 INJIIS
_L— on ___t' . ' [+ ] '
Resistances in Ohms m e arpr |
1 I
-12@ el
" FPig.B.3 Base Drive (BD) Unit. v

Fig.B.4 Power Module.
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B.3 The Control Units. .,

The;:'e is ‘a part common to all Control Units: the Yac
voltage feedback, which generates the amplitude of the input
current command "I" for both} the Direct and the Indirect
Curfent Control Methods. Figure B.5 shows this common part of

the Control Units, with PI control.

L

- n
DC LINK (120V)
4 /
7 7
10K
W 415
+ .
Ve==C | S
~ ,|HALL EFFECT|y 22"
VOLTAGE SENSOR Fo + \
-100
LV-10 % s os,r
VA / $ . - -:
/ / ~15
Y3
_/vb IOk Rp
~ 10k
ft g \
+ b ~ |
— +
A R VA & 1 N
L} B 4
10K
Ry .
)

rig.s.s Gcnorltion of the Current Command "“I" Through the DC
Voltage Feedback.

\
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The rest of the hardware is different for each type of control “

method and will be described separately.

B.3.1 Current Hysteresis Control.
The Current Hysteresis Control was the method used to
implement the Direct Control. The block diagram implementation

of the current hysteresis control for one phase is shown in

‘ Figure B.6. Each block will be explained separately.

B.3.1.1 Hysteresis Band Generator (HBG).

This c1rcu1t\\p£2§uces the upper and 1ower retorance

. bounds with hysteresis bandwidth "h" and offset adfﬁstments.

Figure B.7 shows the circuit for one phase The rms value of
the reference current signal ia, shown in this Figure and in
Figure B.6, isibrecisely the current command "I" generated in
the'! dc voltage feedback, which has been multiplied by sin wgt

(ia=Ijsin wgt) . The sinusoidal waveform template "sin wgt" has

been taken from the supply voltage. d

v . -

B.3.1.2 Current Measurement (CM).
The current measurehent block uses a 7commertially
available Hall Effect Current Transducer' ([53,54). Its

frequency response goes from dc to 100 kHz. The circuit is

shown in Figure B.S8.
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.

hysteresis band magnitude

u '
* BD1 - ]
fi, flb
L
=1BD2 - -
é
ﬁ '
-
g ~
BDL cM
+ _
e e.
‘ ——
Vliia) h
Au
la
CC Ap HBG [~—
a
HBG: Hysteresis Band Generator
CM: Current Measurement
CC: Current Comparison
BDL: Base Drive Logic
BDl, BD2: Base Drive units
ja: actual current
la: reference current signal { u: upper bound
L: lower bound
V(ia): voltage signal of actual current

Pig.B.6 Current Hysteresis Control for One Phase.
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R i‘“ I R |

R
—C;.}*
—{

+15 -15
offset

" +18
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+
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R=z10KOhms

Fig.B.7 Hysteresis Band Generator (HBG).

T-nsv , f

Hall Effect ]
Current Transducer 5.8K

- (o]
[ l‘r
i
' Lo.0.00A0

Pig.B.8 Current Measurement (CM) Circuit.
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5.3.1.3 cCurrent Comparison (CC).

The circuit of the Current Comparison is given in Figure
B.9. The input signals are: the upper and the lower bound
reference currents coming g;oQ the HBG circuit (Figure B.7)
and the actual current signal v(i,) coming from the CM circuit
(Figure B:8). Its output contains the modulated signals which

go to the Base Drive Logic (BDL) circuit.

1
Ta
o

=

Ha)::]

ﬁ

VU

Fig.B.9 Current Comparisom (CC) Circuit.

The output signals I, and I; in Figure B.9 are the
normal signals to the Base Drive Logic to raise and lower the

phase level current.
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However, these signals are inhibited at the gate unless
_enabling signals are sent by two supplementary ouﬁput signals,

<5

Tud and Tld. The purpose of the enabling signals is two-fold:

/ a) to reduce switching and consequently losses of the Base
Drive circuit.
b) to avoid thekdanger of shoot-through due to simultaneocus

firing of the upper and the lower transistor.

B.3.1.4 Base Drive Logic (BDL).
B This circuit ensures again that the upper and lower
transistors cannot be ON at the same time, and that the delay
between the turning OFF of one transistor to the turning ON of
the other transistor is controlled by the clock pericd. Th}s

circuit is shown in Figure B.10.

K _}—
| 100F 7405109
o-i——.—] g' prneeed )
: CLR r 3 Y
| 74LS100 K
- 558 b
A Q
CLOCK }—
(
¢:v--"—-———j :D_ 74,5109
34 J
Tud b4 \ 1N
o- 3 - L
% 9 ]
Ted K
O
1=
» ; 108pF

rig.B.10 Base Drive Logic (BDL) Circuit.
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™
B.3.2 8inusoidal PWM (8PWM) Control. -
The SPWM contrql was the method used for the Indirect

Current Control Method. The block diagram is shown in Figure

B.ll. I -
b
QO
801 BD3 —BDS
| tis Iz fie
+~1BD2 —1BD4 — BD6
-0
o o
BDL TG
- Sin st
lJ\/\/‘ l
|
. SC f—1 MSG [~—
g
MSG: Modulating Signal Generator )
TG: Triangular Generator . .
SC: Signal Comparator '
BDL: Base Drive Logic
I: Current COymand

Fig.B.11 SPWM Contreol for One Phase.
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B.3.2.1 MNodulating Signal Generator (NSG). : T
The Modulating Signal Generator is the most important
block in the SPWM control. Its input signals are the current
command nyn and the sinusoidal - references sin wgt,
sin(wgt-120°) and sin(wst-240°) from the voltage supply. The
outputs are the modulating signals for each one the three
phases: Vpodar Vmodb 8hd Vpode- For instance, the phase "a" of
this circuit obeys the‘relation given by eq.(3.10). The'Figure
B.12 shows the implementation of the MSG)circuit. This circuit
has been designed to match the values of the parameters of the

experimental rectifier: X=2.5 ohms and R=1 ohn.

- 4

B.3.2.2 Triangular Genere}or (TG).
The Triangular Generator circuit produces the triangular
carrier whose function is to define the switchingsintervals in

the modulating signal. The Figure B.13 shows this circuit.

Ed

B.3.2.3 8ignal Comparator (8G).

The Signal Comparator produées thg SPWM modulated
signals which go to the BDL (Base Drive Logic) -circuit. Its
inputs are the triangular carrier erp :and the modulating
signals vppdar Vmodbp aNd Vpodce- The circuit is quite similar
to the CC circuit of Figure B.9 and it is not shown here.

The Base Drive Logic (BDL) circuit of the SPWM control

is the same as of Figure B.10.
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rig.B.12 Nodulating Signal Generator (MsG).
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Fig.B.13 Triangular Generator (TG) circuit:

B.3.2.4 Dynamic Compensator. . . .
- -

The dynamic compensator circuit generates the LdI/dt
? 4

block and is shown in Figure B.14. ' =

_ .OG’[% CRCUIT FILTER
33k
AN lok
I 33 e2uf _;_—/V\/‘ +
+ " 2.3k
ANA—— -
—_— .l F
I e
. )
3 L . R
Pig.B.14 Dyhmic Compensator Circuit. .
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