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ABS'l'RAC'l' 
' . 

present industrial practice of ac to dc conversi'on 

or 'thyristor bridges which are harmonic polluters 
r 

and poor power factor sources. 
~ 

Thi.s thesis exploi ts PWM 

. techniques to deveIqp a new genera~ion of rectifiers with near 

sinusoidal current waveforms, unit y and' even leading power 

factor and\ bilatera,l po~er transfer capability through 

,bidirectionëH clJrrent flow inl'fthe dc link. 
/ .. (~I 

'The Boost Type PWM Voltage Regulated Rectifier was 
~, 

originally conceived as being O\réct ~urrent Cont'rolled. The 

work of this thesis advance~ the control methodoLogy by using 
"'" 

Indirect Current Control and the standard Sinusoidal PWM 
., 

technique. Two high quaI i ty current· transducers are avoided 
-. 

and the harmonics become more predictable for elimin~tiol1 

purposes. ,.:,{ 
-' 

J 

,. 
." 

..1 
j 

The thesis addresses the problem of upscaliqg the power 
-, 
f !' 

ratings of the,rectifiers by connecting rectifier modules in 

sêries and in parallel. Different topoLogies are proposed and 

analyzed. 

The research was carried out by building two 2-kW size 
~ L 

laboratory models which were subj ected to deman~Hng tests. 

Experimentally justified mathematical. models and oomputer 

simulations have been developed and have been successfully 

usad-In predicting st~bility boundaries. 

i 

.. 

.. 
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Il est pratique courante dans l'industrie d'utiliser des 

po~ts de diodes ou de thyristors pour la conversion du courant 

alternatif en co:urant' continu. Ces méthodes. ont le 
/ , 

desavantage de creer beaucoup d 'harmoniques et .. d'offrir un 

facteur de puissance médiocre. 
\ Cette these exploite les 

l 
techniques d'impulsion de 

"'/ t .1, largeur variable pour developper- une nouvel e generation de 
" 

J 
pont de redresseur. Ces ponts ont l'avf!ntage de drainer un 

) 

courant quasi-sinusoidal et d'offrir ul1 facteur de puissance , 
unitaire et " capacitif. Ils offrent transfert de merne un 

;> 

puissance bidirectionnel puisque le courant continu est libre 

de circuler dans les deux directions. 

, ,,1 '" Un "redresseur de type elevateur de tension, reqularise 
/ / ,.. 

par. impulsion de largeur variable' a ete conçu pour etre 

contrôlé par le courant' corltinu. , Ce te these fait u'J, pas en 
" 

avant en utilisant le contrôle de ourant indirect et la. 
r 

... 
~eth~de standard d'impulsion de variable. cec~ permet 

d,',éviter ll'utilisation de deux capteurs de courant de haute 

qualité'. De plus, le contenu en harmonique"est prévisible, ce 
,Q 

qui aidera a leur è'limination. ..., 
. 

cette these s'attaque au problème de l'augmentation de 

la capacité des redresseurs en connectant plusieurs modules en 

série et en- -parallèle. Différentes t:opoloqies' sont proposées et 

/ 
analysee,s. 

ii 
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.. 

Ces ' recherches sont basées ~r la construction de 

prototypes de 2-kW qui ont ~t~ l'abject des tests. Des 
• 

modèles mathématiques et simulation par ordinateur ont été' 
,. , , .'. 

-~ ~ deyeloppes ~ et verifies exper1mentalement. Ceux-ci ont par la 

'" ,. "', .. ' '" suite ete utilises avec sucees pour predire les limites de 
,. 

stabilite des prototypes. 

, 
.J 

" 
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... 
CLAI~ TO ORIGlNALITY 

1 ... 
1 

l 

the following .,-, To the be~,t of 1 the. author 1 s knO~ge, 

contributions are original: -

" ~ 

The static compensator [Section 3.5.2] of Indirect 

Current'Control yields slugqish transient 'response and 

poor stability region by cpmparison with Direct'Current 

Control. 

2. The dynarnic cornpe~sator [Section 3.5.3] reinstates the ( 

lost stability r~gion sa that Indirect cùrre.nt .control 

is both statically and dynamically.equivalent to Direct '. -

Current Control. 
'\ 

3. The concept of series and paraI leI connections at the 

modular level sa as to side-step the difficul ties of 

voltage and current sharing ~t the sémiconductor switch 

level [Chapters IV and Vr. 
CI 

4. The invention of Type C configuration [Sections 4.4 and . 
5.4] which is ~ne of the most economical configurations 

in terms of components count. 

5. Proof that when th, Kaster is stable, the Slaves of 

series Types C, 0 and E configurations are also stable 

[Sections 4.4. l,' 4. 5. 1 and 4. 6 • 2 ] • 
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'. '0 o '_ '~_ince-(he 

beginning of this 

CHAPTBR 1 

INTRODUCTION 

the Mercury Are Rectifier at the 

[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 de voltage by varying the instant of firing of the 

valve [2]. Further ,development led to the first High roltage 

oc transmission lines in about 1940 [3]. Around 1960, with 

~he advent of power semieonduetors and the invention of the 
o 

Silicon Controlled Rectifier (SCR) (4], the era of the mereury 

arc deviees quickly came to an end. Aeeompanying the power 

valve development, many rectifier topologies Were proposed 
- , 

[5,6) , the most popular and widely used being ,the Graetz 

Bridge Rectifier [7]. Basieally, it is a li line eommutated' 

converter, Power reversaI is aehieved by voltage reversaI at 

the dç link. 

""'; Despite its popularity, .the Graetz Bridge Rectifier has 

proven ta be the l.argest harmonie pol;I.uter in the utility 
, 

system [8,9,10]. Furthermore, sinee 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 fil ters and VAR eompensators [12]. In addition, 
, 

many direct current power loads need current reversaI in the 

de link instead of the voltage reversaI offered by, the Graetz 

1 
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Bridge. Some examplés of this requirement are the de lines for 

eleetric traction (with standards set at 750, 1500 and 3000 

Vdc) as well as many kinds of machine drives. (choppers and 

vol tage source inv~:ï:ters) [ 13] • Presently, this problem la 
& 

solved by using dual converters or a "diode rectifier Along 
f 

with a line-commutated thyristor inverter, which roughly 

double the capital cost. 
.r---

Some authors have anticiPat~considerable improvements 

in the power converter area by iakinq advantage of the forqe 

commutated technique, using Mosfets, Power Darlinqtons or Gate 

turn-off _Thyristors (GTO's) [14,'15,16]. Theae new converters, 
, , 

implemented with qate turn-off semiconductors, are replacinq 
, 

the traditional power conversion topologies which make use of 

line commutation. Most of this research has been focused on 

the inverter mode (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 low order harmonies by usinq 

different kinds of Pulse Width Mod~lation (PWM) techniques to 

control the gates of the power switches (20,21,22,23J, or the 

use of resonant circuits to obtain "zero" switching losses 

(78,79,80]. 

The ,r::success in inverter applications has initiated the 

consideration of the same techniques for rectification 

purposes. In recent years, the PWM te~niques have begun te b • 

applied to the rectifier side, usinq force cdmmutated devic •• 

2 
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[24,25,26 J • ,However, these rectifiera lack the current 

raversaL capability. Few. papers have been-written about PWM 

rectitiers"with de eurrent reversaI, despite the fact that the 

technical tools already exist: The first attempts ~an be found 

in [27]. Brown Boveri has also been working on the topie, 

without disc'losing any details [28]. The company is running an 

exparimental train which should reach a top speed of 350 km/h . 

by 1991, using rectifiers of this type [291. McGill University 
) 

[30,~1,32,33] and some German researchers [34,35] have been 
~ ~. 

workinq on this problem using the Boost type modulators [36]. 

McGill University has foeused its work on the use of 
~ 

Controlled Current PWM converters with hysteresis band eontrol~ 

[37,38,39] and unidirectional dc voltage. When a de voltaq{ 

teedback loop is implemented in s~ch a, modulator, it can 

op.rate as a stand-al one , voltage requlated dc power supply 

with dc current reversaI cap~bility and a fast transient 

response [40,41]. The input ac eurrent is directly controlled 

(Direct Current control) by forcing it tO'fo~lo~a sinusoidal 

template with a small to~rance band (hysteresis). The 
," 

amplitude of th'ls template is control,led by the error signal 

qenerated between the dc link voltage and the desired 

reterance voltage. lBecause the phase-shi ft of the sinusoidëtl 

,template i8 a"èljustable, the rectifier can ope,.rate at unit y or 

.v\~ leadinq power factor for aIl load 9onditions (42]. 

3 
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The Controlled CUrrent PWM Reeti:fièr has innumerable 

applications in mating the .standard frequeney of the power 

utili ty to the variable frequencies, required in inverterj ac . . 
. motor drives or to chopper/de motor drives. -In the high power 

Pt' h' 1 i 'h lit range, one sees ~ ~n av~ng a ro e n H~g VO tage 0 ree 

CUrrent (HVDC) applications. Its ability to operate at a 

rt!gulated de link voltage suggests that multi-terminal HVDC ( 

connections can easily be realized. Presently, the Graetz 

Bridge Type of HVDC stations is not a pe~fect match in multi-

terminal connections. 

Unfortunately," some of these useful applications lare 

limited by the power ratings of the semiconductor switches. 

Despi te the eontinuing inerease in the ratings of the high 

power semiconductor switehes, the gate-turn-off devices, with 

the exception of the GTO's, fall short in cornparison with 

thyristors [43,44]. 

This thesis foeuses on developing methods of increasing 
"-

the Gverall power of t~~ectifier system, by connecting 

modules of eonverter units in series and in parallel, 

[45,46,47,48], while keeping the overall system simple, 

reliable and harmonie-free. , 

The designation "Boost Type" in the thesis title follows 

the terminology used by workers in swltch-Mode Power Supplies . 
. ~ 

In the Boost Type Rectifier, the ~ower trom the ac side i5 
. 

fii:st 'converted to magnetie energy in inductane~s during the 

turninq ON o~ the valves. When the valves are turned OFF, the 

• 
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Lcli/dt voltages of the inductanbes cause the anti-parallel 

diodes on the opposite side of the rectifier branetles to 

conduct, thus admitting the stored magnetie energy to the de . ~ 

side. The research on the Boost Type Rectifier began with the 

Controlled Current PWM Conver,ters with Hysteresis Band Control 

and was the subject of the au1ilhor's M. Eng. thesis. In 

retrospect, this mode of control is considered here as Direct .. 
CUrrent control. Because it has excellent characteristics, ,its 

performance has become a standard to which that of Indirect 
\ 

Current Control ie compared. For this reason, Direct Current 
. ..... 'f 

Control forms the subject matter in Chapter II as it shows the 

thought process which led to the successful implementation of 

Indirect Current Control • 
• \ 

The research on Indirect CUrrent Control is motivated by 

the tollowing considerations: i) How can the expensive high 

quality broad bandwidth current measuring de.vices [53,54] in 

hysteresis band ,control be eliminated? and ii) HQw can its 

harmonie frequencies be made more predictable as in Sinusoidal 

PUlse Width Modulation \.sPWM)? s i t turns out,' the inner . , 
'current control feedback loop an be mimicked mathematically 

and implfmented by hardware representing the transfer function 

blocks [55]. 
"-

The first attempt, based on' static compensation, 

(fulfilled aIl the expectations of steady~state behaviour. 

Hovaver , " /. it has a sluggish transient response and" a very 
, 

limited stabil!ty region compared ta Direct cUrrent Central. 

1 
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~ These difficulties led to intensive resear~h in mathematic~~ 

r 

modelling l'and stability' analysis •. The outcome is adynamie 

compensator by which the Indirect ~ent Controller can ~e 
made equivalent to the Direct Current Control in aIl respects. 

In addition, the dynamic compensator can secure a larger 

margin of stability than was thought to be poss~ble until _no~ 

8y cOhnecting multiple units in series and in parallel 

and by sUitabiy shifting the triangular carriers of each 

module, the effect of high frequency switching is achieved. 

This has the implication that the relatively slow GTO' sand 

even the force commutated thyristors can be used in PWM 

converters. The method aiso reduces switching losses. 

AlI the id~s in' the thesis. have been proven 

experimentally. Th~ experimenta~ w~rk was performed on a 2 kW 

size, 30 kHz, bipolar transistor PWM converter. The 

experimental research went hand-in-hand 'with mathematical 

mOdelling~igital simula~~n and analysis. 

The main body of the Thesis, has been divided into' four 

Chapters: 

CHAPTER II beqins by describing the operation of the P~ffl 

rectifiers usi~ Current Hysteresis Controllers 'which 
r 

followed by analyzi,?g mathemat1cally the method 

curren~ con~~. Because a compl~analysis 
" dev~loped in (3~,56], .only/a brief explanation sorne 

important results are repeated here. The stability limits, thé 

D Ô 
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influence of the parameters in the behaviour of the system, 

alonq with some simulations and experiments are included as 

weIL 

CBAPTBR III 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 wav~forms, without the ,inner current 

feedback 

verified 

model is 

. 
loop of the Direct Current Control. An experimentally 

mathematical ",odel is developed. The mathe~atical 

~sed in stabilit; analysis, which follows ~Nyquist 
approach and the state-space approach 1 The stability analysis 

revea1s the inadequacy. of the static compensator and the 

concept of pole cancellation leads the way to a dynamic 

cQmpensator. The expanded stability boundaries of th~ dynamic 

compensator have been verified experimentally. With confidence" ,. 
in the correctnes~ of the mathem~tical model, predictions are 

made of the sensitivity of performance· characteristics to 
, 

parameter variations, the-tra .. ient response and the stability 

limits. In additlon to experimental data j the predicted\ 

results are supported by digital simulations based on twoJ 

proqrams: the Mathematical and _.~he Val ve-by-Val ve Simulations 
- i ....... ' 

(se. Appendix A). The Mathemat'fêal simulations arl ba~ed on' 
r 

~. numerical inteqration of the system of differ~ntial 

equetions m~elling the rectifier, assuming, that only the 

FunclamentaC'l'our 1er Harmonie Component is important. The 

7 
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Valve-by-Valve Simulations use a kpeeial eiqht-state algorith_ 

and consider the entire Harmonie Spectrum. 

~ 

':; CBAPTER IV develops thé ideas concerninq the series 

connected PWM rectifiers. Three different topologies for 

Direct Current Control and two for' Indirect Current Control 

are analyzed: 

, " A. Direct Current control. 

i) Independent Local Control 

li) Common Current Reference Control 

iii) Common SWitchlng Control 

i) 

ii) 

B. Indirect Current control 

Indirect Common Switching Control 

Shifted Triangular Carrier Control 

Conditions ~f stability, power, curr,~nt, voltage s?aring 

as weIl as the parameter variation sensitivity are analyzed. 

Each topology is discussed independently and the results are 

co~ed to each other. ~o support the mathematical analysis, 

digital computer simulations and experiments are included. The 
• 

possibl1ity o~ implement_ing Seriès Back-to-Back Systems has 

also been considered in this Chapter. 

CBAPTBR V considers the case of parallel connected PWM 

rectifiers. The same topologies as Chapter IV are analyiZed • 

This Chapter follows the same format as chapter IV. 

8 
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CBAPTIR 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 simulatifns and' experiments have played ",an. 

important part in su~orting this work. APPENDIX A lists the 

computational algori thms developed to simulate the behaviour • 
of the ~ifferent topologies for Direct and Indirect Current 

Control. 

Considerable time was spent iinplementing the hardware 
f 

tor the many COnfig~ra~ns. APPENDIXA B is devoted to 

recordinq the detailed circuit diagram ot the vital parts' of 

'the r9ctifiers. 
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CKAPTBR .. II 4 

, f 

D~RBCT CURRBMT ~ONTaOL 

\ 
Introduction. 

\-. 
. The subj ect of Direct current Control has fo;-med the 

topie of the author's ",Master Enqineerinq Thesis under the 

title liA DC Yoltaqe aequlated COGltrolled.. Current Pb 

Rectifier". A brief overview is given in one chapter of the 

Ph.D Thesis for two reasons: 

i) to introduce the structure of the Boast Type PWM 

Rectifier (Section 2!2) and ta summarize the findings 
~ 

concerning Current Hysteresis con1:ro1 (section' 2.3), "t. 

'" 

mathematic modellinq (Section 

analysis, (Section 2.5). This 

2.4) 

brief 

and stability 

repetition fls 

eS&èQtial to understand the thought process which Ieads . 
to the. Indirect Current Conttol in Chapter III and 

subsequenUy to, its use in seriep. and paraIIel . ..) 

connections in Chapters IV a~d V respectively. The il' 

background also allows one to make comparison as ta the ~ 

relative effectiveness of Indirect Curreht Control. 

ii) \ the second reason 18 that turther research has- baen 

... ~rsu~ on the subje;t of Direct Current cont;ol .inc. 

10 
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the M. Enq. ThEisis and thi's chapter serves as the 

rep~sitory for documenting some add'tional research 
v 

results. This consists of proporti nal-Integral Control 

in Section 2,6 and Valve-by-Valve igital Simulation in 

section 2.7. The Valve-by-Valve sim lat ion programs ha~e 

been de~eloped' ~a . 'toOlS in the 1 verific'ation of the 

mathematical modela and e~erimental results. 
~ , 

~ 

The reader is invited to omit Sections 2.2 and 2. J if 

the subj ect material ia already familiar. section· 2.2 is a 
1 

briet review of force commutation and PWM pri~iPles. 'Section 

2.3 describes the Current. Hysteresis· Control which is known 

here as Direct Current Control to contrast i~ ~ith the 

'" Indirect CUrrent Control of Chapter III. Sections 2.4 and 2.5 

_pr~sent the mathematical model and the stability analysis of 

':t- the voltage' regulated system under Proportional feedback. The 
,.." \ 

~proport(onal-Inte9ral feedback is described in Section 2.6. 

Fina~ly, the sectionJ 2.7 and 2.8 show the results based 

on valve-by-valve computer simulations and experimental 

oscillograma. The experiments were performed with two ~-kW, 

current hysteresis controlled rectifiers. The software 
. 

developed tor the computer simulations and practical 
, 

implementation of the rectifiera Ade described in Appendix A 

and Appendix B respecti vely • J 

11 
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2.2 ~orc. Commutation and PWH principl ••• 

Law harmonie pollution and high input power tactor are 

two of th~ most desirable requirements in a good rectifier. 

Most of the thyristor bridge rectifiers, su ch as the Graetz 

Bridge [7] mentioned in Chapter l, use the Line Commutation 

principle. It is employed in circuits excited by ac sources in 

which the current necessarily falls to zero at sorne point of 

the cycle. Negative' forward voltage will then extinguish the 

semicpnductor. The problem with line commutation is that 
t: 

neither the power factor nor the harmonics can be controlled. 

The above inconveniences can be removed by uslng Force 

commutation; which permits the choice of the "right switch-otf 

time" of' a device, without waitlnq until the'current talla to 

zero [13,57). ~ 

Force commutation allows a device te be swltched ON and 
, , 

OFF many times in one cycle of the supply frequency. This is 

the principle of operation used in the Pulse wldth Modulation 

(PWM) techniques. with PWM, the fundamen~al and the harmonie 

componènts, as well as the power factor, can be controlled 

throuqh the proper choice of the switching pattern [31,58]. 

Figure 2.1 a) shows a simplified circuit ot a PWM rectifier, 

in which the semiconductors have been replaced wi th ideal 

switches. Figure 2.1 b) shows a transistorized version of the 

, " ~\ Boost principle which 

experimental werk. 

has been implemented tor the 
~ 
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a) 

Upper Rail (+Vc) ~. 

icap~ 

C 

ti• fic 

Lower Rail (0) 

R R 

Inductances L \ L \ 

ea b) 
eb 

L: inductances required for enerqy storage 
R: dissipative element 
BD: Base Drive 

~iq.2.1 Simplified circuit. of a PWM Rectifier 
a) Idealized version 
b) Transistorized version (Boost Type) 
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By lIlakinq the ON-OFF action ot the 8witches (the qates 

of the semiconductors) f~llow a particular timing pattern, the 

input current of the rectifier can be controlled, as shown "in 

Figure 2.2. It can be observed that the modulation pattern of 

the voltage V (A"M) , gives complete control of the input 

-" current: magnitude, angle (00 to 360°) and harmonie content. 

For example, Figure 2.2 a) shows the rectifier operation at 

unit y power factor. Figuré 2.2 b) on the other hand, shows the 

inverter operation, again at unit y power factor. Figure 2.2 c) 

shows the rectifier operation at leading power factor and 

Figure 2.2 d) shows the operation of the rectifier near 90 0 

1agging. Note that in Fiqures 2.2 c) and d) the current 

ripples are coarse because a lower switching frequency is 

being used. 

The principles of operation of the Direct current . 
cf.ntrol, enable the amplitude of the input currents to be 

controlled, 

constant 

while keepincj( t~ower angle 

val ue. This ~is " achieved by 

at any desired 

measuring the 

instantaneous phase currents and forcing them ta follow a 

current reference template, by acti vating the gates of the 

semiconductors. 

Many different switching strateg~es 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 8trategy 18 shown in Figure 

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

some detail. ) 

1 

0..) b) 

v 

c) cl) 

Sa - v·sin w.st: phase "a" supply voltage 
ia - r"sin(w.t + G) : Phase "a" input current 
VeA-M) - modulated voltage for phase na" 
i - total output de current 

riq.2.2 
a) 
b) 
c) 
d) 

CUrrent and vo1taq. vav.forma in a PWH rectifier. 
rectifier operation at unit y power factor 
inverter operation at unit Y power factor 
rectifier operation at leading power factor 
operation near ninety deqrees lagging 
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2.3 CUrrent Ky_tere.i. control. 

The goal of the PWM techniques ia to achieve sinU80idtl 
\. 

input current in the rectifier, which ia controllabl:e in 

a'ilïpli tude and in Pha~ Harmonics should be in th,a high 

frequency range where they are cheaper ta filter. This can be 

acnieved by defining the desired magnitude and phase angle ot • 

~he sinusoidal input current waveform. A current template ot 
" 

such a kind can be generated from the input voltage. For 

example, the fil.tered output from the secondary of a voltage 
f 

transformer mal' be used. Magnitude and phase can then be 
1/1 

introduced through electronic me~hods. For example, amplitude 

control can he implemented through a multiplier and phase 

control through a phase shifter. The input current i8 mea8ured 

and compared w.ith this current template. By using neqative 
• 

fe~dback switching,of the power devices in the rectifier, the 

current is forced to follow the desired current template. 

usinq this technique, the input can be made ta form any 

'desired current wav~shape. ./'\ 

- Unfortunately, the current cannot exactly follow the 

current reference template, because the switchinq frequencl' 

cannot be infinite (39]. An allowable departure :trom thls 

template is necessary. CUrrent control 18 thus achleved bl' 

defining a "Hysteresis Band", with an upper and lower current 

reference bound between which the input current ls allowed to 
1 

vary, as shawn in Figure 2.4. If a phase current remains 

within this band then no switchinq action la required. ~t the 

16 



c pha •• current exceeda the upper current relerence bound" then 

that phase ia eonneeted to the positive terminal of the de 

load. The opposite aetio~ is required when the current exeeeds 

the lower bound. 

"il 

;1 i2 - -
Ic.p~ 

+ 
Vc 

-~iq.2.3 current ayater •• is Control circuit. 
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upper 

r-----~~~----------~~~---------.t 
l\! 

lower bound, 1. 

l'iq.2 ... - operatioD of the Current Bysteresis cODtroller_. 

- -... 2. 3 • 1 RegulatioD of the de Vol taqe. 

To make the PWM rectifier work properly, the de link 

voltage must be maintained high enough to keep the diodes ot 

the bridge (see Figure 2.3) reverse biased. Otherwise they 
• 

will eonduct and proper control of the bridge will not be 
1 

possible. A de battery eould be conneeted as shown in Figure 
, . 

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

voltage across a charged capacitor in the dc link. \ 

The dc link voltage across the capacitor can be 
.1 • 

requlated usinq a feedback control loop as shown in Figure 
r-

2.5. The feedSack voltage control loop allows the rectitier to 

have a self supporting dc voltage capability,. The de capacitor 

C la initially given a voltage Vc, which ia high enough 80 

that the previously mentioned free-wheeling diode. (acros8 the 

power transistors ot the converter Tl l T21 •.• T6) ara rever.e 

18 



bia.ad. Tbe voltaqa Vc is measured an~ compared to a reference 
, \ 

c 
vol taqe VRËF. An error, siqnal 18 obt.ained, and 18 used ta 

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

rectifier. 

a) 

• D C \ 

\ 

\ 

b) 

Waveform 

( 
\ 

Template 

r1q.2.5 .voltag •• equlated Rectirier. 
a) detailed circuit 

~ b) simplified circuit with in~'trans~orm~r 

~) / 
/' 
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As shawn in Figure 2.5, the current command lm (lm-l' 2) 

is multiplied with the sinusoidal waveform templates (taken 

from phase shift~d voltages of voltage transformers) to 
. 

produce the current reference template. Since the ternplate 

~aveshape and power angle are predetermined and 'the de link 

voltage error controls the ac current, the negative feedback 

loop determines the amoun~ of ae power to be rectified until 

the dc voltage error is redueed. The de link capacitor voltage 

will drop as long as its charge is depleted by the dc current 

consumed by the load. This de voltage error can be only 

reduced once the power rectified from the ac side is 

\ sufficient to feed, the dc load power and replenish the 

depleted charge across the capacitor. As is weIl known, in 

proportional feedback there is always a voltage error with 
V 

respect ta the voltage reference. 
\. 

The vOltage-regulated current-controlled PWM rectifier 

described up ta here has some intrinsic properties and 

operational constraints. These characteristics will be 
y .f 

analyzed with the help of mathematical taols. 

2.4 Mathematical Model. 
, " 

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

switching ripples can be lleglected and a "harmonie-frae" 

-mathematical model can be developed [30]. This approxi-h1ation 
"-

15 valld even with hysteresis bands as large as 25% of the 

total current. 
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The total, instantaneous rectifier input power,: in ...... 
accordan~e with Figure 2.5, can be expressed as: 

.. 

where the supply phase voltages are 
G 

ea(t) - VOV2" sin wst 

eb(t) - v·v'2°sin(wst - 120°) 

ec(t) - v·v'2·sin(ws t - 240°) 

and the phase currents are 

, 

ia (t) - l (t) o~. sin (awst + (1) 

ib (t)' - l (t) 0)2. sin (wst + (1) - 120°) 

- ie ct) - l (t) 0'Vi. 0 sih (wst '+ (1) - 24-0°) 

; 

By subati tucinq eqs. (2 0 2) and ( 2 • 3) into (2 0 1)-: 

.; 

_ Pinet) • 3:(V'I(t) ·cos (1) - RoI(t)2 - l L 5LI{t)2} 
2 dt 

'--... l 

21 
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The 1i;ptal output power (before the de capacitor) ie; 

(2.5) 

where il(t) is the local average de current and Vc(t) ls the . 
dc 1 ink vol -Cage. ' 

If the terms R -1 (t) 2 from are assumed to 

include the rectifier losses, then: 

or 

3·{V·I(t)·coS 0· - R'1(t)2 - ~ L.~I(t)2} - vc(t) -i1(t) 
2 dt 

~. 

(2.6) 

(2.7) . 

Equation (2.7) la the "pov.r BalaDce Bquation" of the 

pirect CUrrent ,Control- Rectifier and represants the main 

mathematical tool of the system. 

2.5 stability aDal~ls. 

As eq.(2.7), is non,linear, ~he problem of stability can 

be a,nalyzed by assuming small pertu bat ion around a specitic 
... 

operatinq point. From eqs_(~.5) and (2.7): , 

3·{V·X(t)·cos ql - R'I(t)2 -1 L.lLI(t)2) - PI(t) '\ 
2 dt -} 

(2.8) 

Assuming ~hat V, cos~, Rand L are aIl constante and 

applying sma11 perturbations to l (t) and P1 (t», __ ona h, 
let) .. 10 +61 

Pl(t) • Pl + AP1 , 
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Substituting (2.9) and (2.~O) into eq. (2.8): 

3 - {V" (~ + ~I) ·cos CZ) - R- (Io + ~I) 2 .l. L .!;;Lelo + ~I) 2 = 
2 dt 

(2.11) 

1 

subtractinq eg. (2.8) with I(t)=Io and Pl(t)=P~ from eq. (2.11), 

and neq1ecting second arder terms: 

3"V"cos <II".6.I - 6·R,"Io·.6.I - 3·L·lo.dM =6P~ (2.12) 
dt III 

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

the point- (la, Pl). Takinq the Laplace Transform of eg. (2.12) : 

6I(S)· p·V·cos <II - 6·R·lo - 3·L·lo·S) = .6.P1.(S) 

\1 

and writing 

G1 (S) - .ê.E1~ = 3· (V·cos <II - 2 ·R· Io - L· 10· S) 
AICS) 

(2 .. 13 ) 

(2 .14) 

Equation (2.14) represents the transter function of the 

rectifier around the operating point. 

The instantaneous dc load power, P2 (t) l' ls rel'i:lted with 

the output power P1(t) through the equatlon: 

(2.15) 

wh.ra 

(2.16) 
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i2 and ve ara the de load eurrant and voltage ra.pact! valy. 

- Equation (2.15) is also nonlinaar and so small perturbation 

linearization is also required. With Laplace Transforln on the 

linearized equation: 
.. 

(2.17) 

Vc is- the eapaei tor vol taqe at the same operatinq point as 

eq. (2.14). 6P2 repre,ents a small éhange in the load p~w.r ot 

the system. The transfer function of the de capaeitor ia then: 

" - _ ..... 1 __ (2. 18) 
Ve'C'S 

Equations (2.14) and (2.18) yield the repre8entatlon~ot 
~t. 

the open loop)rectifier trànsfer funetion around the operating 

point and is shown in Figure 2.6. 

-

--
.t.P2 

. --
AI APt - o'1(S) 

AVe 
01.(S) , + 

l 

~ 

1 
1 

~iq.2.' open LoCp Reotitier Tran.ter PuDctioD 
&round the eperatin; Point. 
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2.1.1 »roportioDal cODtrol. 

Upon introducing thft vol taqe feedback _and proportional 

control ~ith gain Kp, the system can .pe represented as shown 

in F 1qure 2 _ 7 . .. 

Ir , 

-
APa 

AV,.,p AE 
-- • AI APL 

, -
.~ 4-~ Kp 

_ .. G1(S) + G2 (S) -

J'ie;.2.7 Clo •• 4-Loop Rectifier Sl'st .... 

-

AVe. 

\ 

\ 

Stability criterion can pow -be applie& for the closed 

loop system of Figure 2.7: 

which finally yields: 

, - -3·Kp. Cv·cos cp - 2·R·ro) 
C·VC - 3-Kp·L·ro 

··<"1 
(2.20) 

From eq_ (2.-20) two conditions of stability are encountered: 

and 

lo < v-cos f' 
2-R 

Io < ç·VC 
3°Xp·L 

25 
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Relation (2.21) is' normally satisfied because cos ~ i5 

chosen close to, unit y and R is very small. Relation (2.22), on 

the 0jh hand, establishes an important relation between the 

de ca itor, its voltage, the proportional gain ~nd the input 

inductance of the rectifier. Relati~n (2.22~ predicts that Kp 

cannot be too big. otherwise Chas to be exeessively large. 

2.6 proportional-Inta~ral Control. 
\ 

Because Kp cannot be too big, the rectifier requlation 

can become peor due to the steady-state error introduced. The 

addition of an integral gain KI can solve the problem. 

The transfer function of a PI control can be represent~d 

GC{S) - Kp + EI 
5 

(2. 23) 

where Kp 

respeçtively. 

the proportional and integral gains 

Kp for Gc(S) into eq. (2.19) : 

(2.24) 

and replacing egs. (2_14), (2,.18) and (2.23) into (2.24), a 

second degree algebraic equation i5 obtained: 

where 

A-5 2 + B'S + Co ~O 

A - C'Vc - 3°Kp-L 

B - 3' (Kp·V·cos ~ - 2"Kp·RoXo - KI'Lolo) 

Co - 3·KI- (V~ ~ - 2°R"Io) 

26 
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c Th. solution ot eq. (2.25) yields . 

s - - lL ±J(lL)2 - ~\ 
2A 2A A 

(2.29) . 

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

oC > 0 
A 

lL > 0 
2A 

From rel. (2.30) one gets 

10 < C·Yc 
3'Kp'L 

10 < Y·cps , 
2 'R 

and trom rel. (2.31) 

1 

10 < C·ye 
3'Kp'L 

(2.30) 

(2.31) 

(2.32) 

(2.33) 

(2.34) 

(2.35) 

Relations (2.32) and (2.34) are exactly the same as (2.22) 1 

and rel.(2.33) is also the same as (2.21). However, rel.(2.35) 

•• tablish a new stability limit for the system with PI 

• control, which i8 more restrictive than the limit ~iven by 

rel.(2.33). It can be seen that rel.(2.35) becomes the same as 
\ 

·r.~.(2.33) when KI-O (only Proportional Control). Fortunately, 

) 
( 
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the new restriction set by rel. (2.35) has a gopd stability 

margine By choosing the right value of KIl it is-possible to 

get a good transient response in addition to having zero 

steady-state error. 

2.7 vaiv.-~y-valV. Diqital simulations. 

The behaviour of the experimental reçtitiers is most 

faithfully represented by the Valve-by-Valve Digita;l 

Simulation Program. This simulation program ia based bn 
1 

treating the rectifier bridge as a piece-wise circuit problem. 

The ON-OFF states of each of the power switches of the bridge 

give ;rise to eight possible circuit topologies, which are 

diacussed in Appendix A. The instants of switching ot the 

semiconductors are monitoreq by keeping 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 the topologies are solved numerically and they are joined 

together by the requirements that the flux linkages 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 

proqram is checked against experimental results at the 2-kW 

28 
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power levels ot the laboratory rectifier~, the program can be 

used to predict the behaviour of large rectifiers in the 100 

kW or MW range. 

2.7.1 Ixample. of valve-by-Valve simulations. 

Figure 2.8 shows. a power reversal sim~ation for a 

medium power rectifier. Figure 2.9 shows a power reversal for 

a Rectifierjlnverter link system. Abnormal conditions, such as 

the loss of o~e phase, can also be simulated using the Valve­

by-Valve program as is shown in Figure 2.10, where phase "a" 

has been opened. These simulations have also verified the 

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

t 

1 

ta : b,,, 'lH t. 1. • l :"".1811 1 : .1 0111 C : .m r 
"' •. : U" bd : "" • : ZII Pli : lit' ., : 3 

rig.2.a Valve-by-Valve Simulation for a Xedium pover 
Rectifier DUriDq Power Reversal. 

a) modulated rectifier voltage vmod 
b) input current, l 
c) output dc current before C, il 
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'1' : 228 lI-: .881 111':.2 hI': 28 'ml: 681 C: ,", K,: 3 

VI : mu: fl'OM ·181 to 118 U: ,Hl Ri:.l hl: 21 lm: 1 
," 

~ig.2.9 Valve-by-Valve simulation tor a Rectifier/IDv.rter 
LiDk During Power R.ver.~l. 

1 : 5.. L: ,115 RIlU'! " : 121 Volts 

VI. : 48 Uolts Pl!I : 8 hp. h : 1.,.", 1: 1 0l1li 

~i9.2.10 Valv.-by-Valv. simulation DUrinq Lo.~ ot ODe Ph •••• 
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ZXperi.~Dtal ae.ulta. 2.8 
, ,1 

Extensive experimental tests have been performed on the 
-' 

CUrrent Hysteresis Controlled Rectifier. Most of this work ean 

be tound in the author's M. Eng. Thesis [31]. Only two 

important results are shown here. 

"Figure 2.11 shows an oscillogram of the rectifier 

operatinq near the stability limit given by relation (2.21). 

The input current ''l'' begins to dist~rt dangerously and spikes 

appear in the de link voltage. If the 1 power demand is 

inoreased, the system collapses. 

a) 

b) 

c) 

~i9.2.11 Rectifier operation Haar the stability Li.it.~ 
a) input current (SA/div) 
b) input supply voltage (40 V) 
e) de voltage error (SV/div) .. 



• 

( 

J 

o 

, 

Figure 2.12 shows a reversal of power ra.pon.. from 

rectifier to inverter operàtion. The load dc current is torced 

to change from +6 to -6 A dc almost instantaneously. The power 

angle has. -been adjusted to --qperate at unit y power factor and 

remains as such even after th~ inversion. It' can be sean that 

the ac current during rectification is higher than during 

inversion; This is "-t.o the ohmic losses (they are always 

positive) • 

a) 

b) 

~i9.2.12 Oscilloqram o~ aev.rsal of po •• r. 
a) input current (+7 to -5 A AC) 
b) load current (+6 to -6 A dc)~ 

The parameters for this experiment were: C • 12 mF t 

.., 
wL - 2.5 Ohms, R - l Ohm, VREF - 120 V de, V· 45 V AC and. 

Kp-3A/V. 
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2.9 .---rr. 
A briet description of the Direct CUrrent Control Method 

ha. been presented. Because _ the' purpose of this chapter has 

only been ta introduce the concepts and operation of the 
--- -

Direct Current Controlled rectifiers, the ideas have not been 

developed ~n datail. More information cari be· found in 

,ref.[31]. The additional knowledge beyond those described in 

the M. Eng. Thesis [31) has b~n: i) the use of Proportional-
; 

, Integral Control in Section 2.6, and ,ii) the development of 

the Valve-by-Valve simulations in Section 2.7. 

The next chapter will' describe the lllethod c>f 'Indirect 

CUrrent control, in which the rectifier is controlled"without 

the necessity of measuring the input currents. 

t 

, , 

, . 
\ . 

L 
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INDIRBCT CURUft COftROL 

3.1 

chapter, thé method of Direct Current 

Control, using Current Hysteresis Controllers ,v..... was analyzed. 
?' 

Math"atical ~nalysis, d~ital. simulations and expertments , 
/ '-f 

hav~revealed t~e behaviour of that system. 

The present chapter develops the ideas concerninq to the 
1 

method of Indirect Current Control. This method introduces a 

simplification with respect to the previous system: the 

elimination of the high qua1i ty broad bandwid~h","., current 

measuring transdueers. The rest of the syste~ is ve~similar 
to the former: a dc voltage feedback loop is also required to 

keep the rectifier under controL. flowever, becaûse input 

currents are not being measured, dedicated hardware that ta~es 
o 

into aecount the rectifier parameters is introduced into the 

feedbae~. This basic dlfferenee brings a new degree of fteedom 
'1 

to the system: the appearance of de components in the input , 

• 

eurrents during transients. As a consequence, the system can ~ 

have' a very limited stable region of opet'ation if adequate 

compensations are not 'implemented: This problem in the Direct 

Control method is automatically eliminated through ~ 1nner 

hysteresis current control, which entorces current wa~orm 
c . ' 

and phase angle compliancies. 
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The ,reasons mentioned above have made'it necessary, to 
.. 

develop a different set of mathematical tools and to use power 

inva,riant transformations. 

This chapter explains the fundamentals of_ the Indirect 

Current Control an.d then analyzes the weIl known Sinusoidal 

Pulse width Modulation (SPWM) method, wnich has been 
• )L\ 

implemented in expe~imental work. Subsequently, the dc voltage 
. 

regulation is q.escribed and then the mathematical moclel is 

1 developed. The next step analyzes the stability of the system, 
1 

partic~làrly its operation at unit y power·~actor. The chapter 

follows with a brief dis,?ussion about parameter sensitivity 
\ 

a,nlilo.a li.. • cvmparlson with~ the Direct ~urrent Control method. 

FinallY, the m~thematical analyses are verified with computer 

simulations and exper~mental res~lts. 
1 • 

This chapter does not discuss hardware details as they 

" are explained in Appendix B. 

3.2 Indireot Current cpntrol: the Fundamentals. 

The problem of how to control the input rectifier 

current without measurinq it ·is solved by knowin9 the 

--impedance between the source· and the rectifier 'terminals'- A 

periodical 60 Hz modulation of the rectifier power· switches -produces a fundamental voltage Vmodl which'interacts with the 

. supply vol tage V, through the ~mpfciance R+j X 1 producing a 

very well defined phase current ~as shown in Figure 3.1. 

.' • 
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1 V mod '--~~-"'----o L ___________ ..J 

source rectifier 

Fiq.3.1 Indirect Current, control principl •• 

""" As the source voltage V can be known (and also Rand L), 

the current can be controlled by changing the modulating 
.-

signal which generates the fundamental Vrnod. Constant power 
v 

factor operation may be obtained by the preci$e control of 

this fundamental, as shawn in Figure 3.~. 

---
_ ..... 

..... 

d 

1'141.3.2 ' Con. tant po ... r ~J'.Cltor aperat:ioD 
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From Fiqure 3.~, the triqonometrical equations describin~ the 

rectitier maintained at a constant powex.: anqle CD are e,sily .' 
/ 

tound: / 

Vmod· cos e - V + (X·sin ~ ~R.ces CD)·I (3.1) 

Vmod· sin e =- (X· cos Q)' +" -R· n ~). I (3.2) 
"'-

Eqs. (3.1) and (3.2) represent the in-phase and the in-
1 

quadr~ture terms of Vmod respectively. Vmod ,and 9 are the 

magnitude and the phase angle o~ Vmod respectively. 

9 ~l, 
3.3 Sinu80idal PWM rectifier. 

The problem of controlling the curr~nt has been 

~ translated to a problem of controlling the fundamental v,oltage - ,-

Vmod. There are many differ~nt switchinq strategies which can 

ganerate ~he desired fundamental vmod. 

It is not the purpose of this Thesis to 

modulation method, because this matter has been t~rouqhly 
'il 

analyzed in many references [20,21,22,23,67]. The Sinusoidal 

Pulse Width ModUlation (SPWM) has been selected h~re for tqree 

ressens: i) it is relatively ~le te implement, H) it can 

qenerate good sinusoidal currents and iii) it is a very well 

Jcnown method, allowinq us to avoid explanations beyond· the 

purpose of this work. 
i 

The conventlonal technique 
.... . 

of generating tht'ee-phase 

SPWM waveforms in a converter uses a tr!angular. carrier wave 

and a three-phase sinusoidal modulating wave. 

- " , 
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, enod-a enod-b 

, 

Vnocra 

..... IIf"ft • ..."... ''''",H' ........... ........... "H'"'" .......... ...... tI" n, ..... " • • ....... , .H....... .. .... , .. " '""""M u ........ 'lM ...... , ... , .... " 

riq.3.3 Operation Principl. ot SPWM. 
a) modulating signaIs and trianqular carrier 
b) modulated voltage for phase "a" 

O.) 
y( 

1 

b) 

As it is shown in Figure 3.3 a), the carrier signal eT 

has an amplitude ET and ahqular frequency w~. The sinewaves 

emoda' emodb and emodc are called the ~odulating signaIs. They 

are balanced three-phase voltages which have the ampl i tude 
fi' 

Emod and the source angular frequency ws ' Figure 3.3 b) shows 

the modulated voltage of phase "ail, Vmoda' whieh has 0 fixed 

amplitude + VC/2 determined by the de voltage. The switching 

times are determined by the intersections of emoda and eT' 

'Sinee the ratio of the two frequencies wT/ws is qenerally 

incommensurable, the SPWM wave beeomes a non-periodic 

function. The-harmonie analysis ot such a wave can be made by 

38 
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ù.ing the double Fourier series [68]. The resultant modulated 

signal for phase "a", shown in Figs.3.3 b) and 3.4 ,a), vmoda' 

can be expressed by the Double Fourier Series in complex form 

as: 

(3.3) 

. 
wh. ra Kmn is the complex Fourier coefficient. 

,. 

UMod-a -
,.- 1 ,.,.. .. ! 

" " " "", .. , 'l" .. '" ", ", '~'" ~ .. .,01 ....... " .. • _ ............. _ ...... " .... _"''''''''''1l0.00i'' ~ 
UMod-ab 

! 

. "" "l.~~.WIo.l""'~IIP"I·"""'" " l '1 • • 

UMod-an 

, 
0..) 

... ,.. ,..:,.. ...... ..,...,.. 

• l ' .. "" n 'l'IIIL~ 

b) 

1 Il 1 .. L 
c) 

, ,--

1'1q. 3 • 4 sv1 tChinq .av.forms in SPWK for the phase "an. 

" 

a) modulated voltage, vm da 
b) phase-to-ph~se rectifîer voltage, vmoda-b 

'.c) phase-to-neutral rectifier voltage, vmoda-n 
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. Further development of eq.(3.3) qives the SPWM phase-to-

phase voltaq~ vmoda-b' as [69]: 
(J. 4) 

Vmoda-b = ~'VC·imod.sin(wst + 300 ) + VC'EE(Bessel Functions) 
2'ET m n 

where Vc is t~e dc link vo~tage. The first- term is the phase­

to-phase fundamental vol talge. The second term conta ins the 

unwanted frequency components. The desired fundamental Vmod ot 

Figure 3.1 belonqs to the phase-to-neutral vol taqe of Figure 

3.4 c). It can be obtained from the fundamental of vmoda-b in 

eq. (3.4) : 

(3.5) 

As Vc and ET can be considered constants, the magnitude 

j'Of Vmod is proportional to the amplitude ot the modulatinq 

signal, Emod' and they are in phase. This result is very 

i~portant because the control of Vmod becomes straiqhtforward 

and its impleme~tation simple. The phase-to-neuttal voltag4, 

vmod;-n(t) is shown in Figure 3.4 c). 

As shown in Figure 3.5, the "Sinusoidal PWM Control 

Bl~k" handles the function of qenerating the ON-OFF logic 

commands to the base ~rives of the Rectifier Bridqe based on 

the inputs emoda' emodb and emodc' The detaila in Appendix B 

show the production of the trianqular carrier eT and the 

detection of its intersections with the three modula~ing 

- waveforms. 
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3.3.~ Regulation of the dc Voltage. 

The same ideas developed in section 2.2.1 are valid 

here, except that the error signal will now control Vmod 

ins'tead of the magnitude of the input current I. The link 

betNeen Vmod and l is obtained ,from eqs.(3.1) and (3.2). The5e 

equations show that hardware containing these expressions has 
. 

to be buil t into the feedback loop to transform the error 

signal in the desired fundamental Vmod' Figure 3.5 shows' the 

block diagram for the implementation of the voltage-regulated 

Sl?lo1M rectifier. Note that the parameters Land R have been 

called Lc and Rc in the control block. This i5 because, in 

general, one cannot be sure of the exact values of Land 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~contrOI can be understood. When the dc voltage is 

perturbed by the load, the error signal changes the magnitude 

ot the cur ent command l which, through egs. (3.1) and (3. 2) , 

modifies" vmod in magnitude and angle, making it follow a locus 

of ~ constant power factor. As the selection of cos 0 is 

arbi trary through the control blocks of Figl,Ire 3.5, uni ty or 

aven leading 

conditions. 

power 
" 

factor can be selected, for aIl load 

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

in-quadrature references are formed from the filtered outputs 
, 

of voltage transformers whQse primaries are connected to the 
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source voltages. ~e 9urrent eommand l, which is still 't~k.n 
from the erro~ e-VREF-ve through the transfer fun~tion Ge, ia , 
eombined with V, Xc, Re, sin 0 and cos 0 through el1ctronic 

adders, mUltipliers and proportioners to implement 0 eqs. (3.1) 

and (3.2). 

Only the a-phase implementation is shown. The band 

c~phas'es are identical except that the in-phase and the in-

quadrature referenees are generated with -1200 and -2400 phase 

shifts. 

3.4 Xathematical Xodel. 

/ 
{ 

. ~ 

'. To develop the math~matical tools, the harmonies will 

be neqlected. They do not affect the results whee \~hey .are 

small enough, as is the case for most of the practical PWM 

systems. 

The mathematical expression for the instantaneous input 

power is the same as eg. (2.1): 

1 L d.-t'ia{t) 2 + ibCt)2 + i c Ct)2} 
2 dt 

(3.6) 

where ea{t), eb{t) and ec~t.> are the same as eqs. (2.2.>. 

However, -ia (t) , ib (t) and ic Ct) cannot be represented by 

eqs.(2.3), because the eurrehts are not measured direetly and 

hence they might have de eomponents durinq transients. 
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3.4.1' Unit y Pover Factor operation. 

For simplicity, the analysis will be, based on a un1ty 

power factor controller, For a supply phase voltage: 

(3,7) 

From eqs. (3,1) and (3,2), for the case co. • - l, it 1. 

requ~red that in the control blocks: 

Vmoda'cos e - V - RC'l 

Vmoda"sin e - Xc'! 

The t~me function vmoda(t) then becomes: 

Vmoda(t) .~. (CV - Rc'I) 'sin wst - Xc'l'cos wst) 

(3.8) 

(3,9) 

(,3'.10) 

1 
1 

Eq. (3.10) represents the voltage Vmod' qenerated throuqh th. 

action of ,the control blocks of Figure 3.5, The vol taqe 

difference ea(t)-vmodaCt), will produce a reGtifier current ia 

which is a solution to the differential equation: 

(3.11) 

For a constant valué of. l, in eq.(3.10), the solution ot 

eq. (3.11) is: 

, 

iaCt) - v'2'Io'sin wst + A'exp(-tjT) (3.12 ) 
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whara A i. the constant o~ integration wi th T-L/R and Io=I 

when Rc-R and Xc-X. Ih general, l is not constant but, a 

function of time l Ct) determined from the variations of the 

error signal. 

A set of equivalent eqs. C3'. 7) to (3.12) for the b-phase 
1 

and the c-phase can be'written with time delay angles of 1200 , 
and 2400 respectively. 

As vmoda l vmodb and vmode can be evaluated through a set 

of equations represented by eq.C3.10), a ~ore tractable power 

equation can be used, this time rigzht at the ac terminaIs of 

the rectifier: . 
C 3.13) 

P:!n Ct)l - vmoda (t) • ia ct) + Vm~db (t) • ib ct) + vmodc Ct) • ic ct) 
~ , 

If il ia the local avez:age of the output current of the 

rectifier, the dc power output is: . -

(3.14 ) 

Assuming negligible losses in the rectifier 

(3.15 ) 

The output current il iS~J related to the load eurrent 
. 

throuqh the de link capaeitor C. 

(3.16) 

XUitiplyînq (3.16) by vel and usinq eqs~(3.l4) and (3.15) 
1 

1 
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(3.17) 

whe~ P2 is the de load power. Substi tuting eq. (3 • 13) into 

eq. (3.17) • 

(3.18) 

There are four /ordinary differential equations 

describing the dynamics of the Indirect Current controlled 

Rectifier. Three of these consist of the a, b, and e phases of~ 

eq.(3.l1). The fourth differential.equatlon is eq.(3.18). 
. 

In the case where the 3-phase power supp1y ls without 

neutral return Cas is assum'ed (iJil this study), the a1gebraic 

equation 
J 

(3.19 ) 

allows the systèm equ!,Uons to be rad~ tram 4th order te 

3rd arder. 

3.5 stability Analysi •• 

, As eq. (3 .18) !s non1 inear , the standard technique used 

18 ~oc perturb about the equl1ibrium point Xo, i. •• apply 

X-XO+âX to obtain: 

~AX - [A] ·~X 
dt 

(3.20) 

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 di~ticulty is that sinea the phase 

voltages , 
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~a sin_wst 

Jlabc .. eb .. .J2 ·V· sin(wst + 120°) (3.21) . 
ec sin(w'st + 240°) 

are tim~dependènt, the equilibrium operating point Xc is also 

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

This problem is overcome by using the Park-Blondel powe~ 

invariant transformation [70,71]: 
1" 

Yodq = [B] 'Yabc 

iodq = (B]' iabc 

where 

V2/2 

[B] - J1 cos wst 

12/2 V2/2 

cos (Wst-2400) 

-sin (wst-240o) 

(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: 

(3.25) 

(3.26) 

on the other hand, eg.{3.1B) becomes: 

(3.27) 

-
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3.5.1 Bquilibriua operating ,Point. 

From eqs.(3.25)' and (3.26) the ateady stat. solutions 

are: 

Id = v'3' 10' (R' x~ - X 'Re) 
R + x2 

Iq = -v3'lO'(R'R~ + X'xe) 
R + X2 

(3.28 ) 

(3.29) 

Io represents the steady-state current command, 

generated by the error signal in the control black. the real 

rectifier steady-state current lssi .is given by: 

(3.30) 

Replacing eqs.{3.28) and (3.29) into eq.(3.30) 

The cu!='rent command and the real current become 'equal 

(Iss=lo) when R=Rc and X=Xc. The input power factor may not be 

unitary if th!s condition is not satisfied. In general: 

(3.32) 

J 

The current rectifier rss ia obtained trom th. Steady­

state Power Balance: 

(3.33) 
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3.5.2 Boun4art •• of stability. 

Let us assume simple proportional control to qet 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: 

l ... Kp' (VREF ,- v c ) 

, " '! 
Detining the vector of pert~~bations as 

~Vc Vc - Vc 

- knowing from eq. (3.34) that 

~I - - Kp·~Vc 
( 

~ 

(3.34') :t 

(3 • 35) 

(3.36) 
, 

and applyinq small perturbation linearization on eqs.(3.25) to 

(3.27), one obtains: 

(3.37) 

(3.38r 

(3.39) 

. . 
The characteristic [A]-matrix of eq. (3.20) i8 then obtained ... 

" 
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/' 

.' 

3· Kp-IQ' R 
C'Vc 

[A] = -Vi· Kp-X 
L 

)V3 -Rp' R 
L' '> 

/ 

-Ji.Ig-X 
c've 

-R 
L 

-vi. <Y-R·lo) 
C·Vc 

-B 
L 

(' -y, 
, -

\ 

The eiqenvalues of the [A]-matrix are evaluated 

l)ilmer ically by the IMSL subroutine [72] _ Figure 3.6 shQWS the . ." 

stability bounàaries obtained for ~ re.Ç:tifier with Kp-3 A/V, 

Vc=120 Vdc, -V=40 Vac and t?005 H. The Direct Current Control 

~as ~uperiQr stability characteristics as shawn in figure 3.6. 

a -b c d 

10 

. 0~------~--------~~-----1~5~'--------2~O--+-~ 

-20 

1 
a: Dlr.et Control (Hyet), 
b-, c,d: 

Indlr.èt Control ~SPY'M) 
b: , •. 75 ,n-1 n J 
0:" •. 875 ,R •. 5A 
d:, •. 925,n •. a.ll 

l'.iq.3 _ 6 stabili ty BOUJl4ari ••. ot Direct and Ia4i1".at: Control "i th R •• a par ... ter. Input curr~1l.t: va De LiDk~ capaai tor. 
W 
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It can 1;)e se,en th~t the stability region decreases i!S 

the ac phase resistance R't reduced. There is good reason ta 

believe that this' is related to the increased time constant 
-

_T-L/R in the circuit. The Direct Control, on th..e other hand, 

has a Jstabilj.ty region which is independent of R. , 

-
3.5.2.1 Verification of stability 'l'heory. 

The stability boundaries predicted from eigenvalue 

analysis are shawn in Figure 3.6. These predictJ.ons have been 
\ 

verified using the Valve-by-Valve Simulations which will be 

,described in section 3.6 and analyzed in Appendix A. The 

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

stability based,on the valve-by-valv~ simulations. 

3.5.3 Dynamic compensation. 
" 

The poor stabili ty region for sm~ll values of R, as 

shawn in Fi~ 3.6, is a serious issue, unless a solution, 

other than eonn~cting big dc capaei tors, is found. As-the 

problem 8eems to be eaused by the de eomponent of the i~put 

current, 'one ~hould be able to reanalyze the probl~m starting 

trom the desired solution of eq. (3.11): . 

vmodaC t ) (3.41) .. 

'l'he deaire,d solution la 

ia(t) - l(t)- 2 t sin(wst +~) (3'.42) 
~ 
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In contrast to eq. (3.12), ~here should he no de: ott.et teJ!ll1l in 

this solution. Replacing eq. (3.42) into (3.41), one gat. th. 

desired time function vmoda(t) : 

Vmoda(t) -.j2·{V + X·I·sin CI) - (R·I + L·sU)·colfi CI)-)·si,!l w.t 
dt 

- J2 . (X· l • cos G) + (R • l + L· sU) • s in CI)}. e:os w st 
dt 

(3.43) 

and for unit y power factor: 

Vmoda(t) =v2·{(V - R·I - L·sU) ··sin wst - X"I·cos wst} (3.44) 
dt 

Comparing .eq. (3.44) term tor term with eq. (3.10), it la clear 

that they cannot be identical' aven with Rc-R and Xc-X, because 
" 

there 18 a missing L· dl/dt term which was not considered in 

the first equatfon. Let us then analyze a system with LodI/dt 

. in the control block as shown in Figure 3. 7 " 

-

'1 
To allow the representative for generalization, 

inductance of thls new block will be called Lbo The time 

function vmoda(t) th en qenerated by the control block wil~ be: 

(3.45) 

Vmoda~t) -y-:;.·{(V - Rc·r - ~·sU)osin wst - Xc·I"cos w.t} 
dt 

Usinq eq. (3.45) instead of eq. (3.10) tor the a, b, and c 
1 

phases ta; obtain the d-q frame equatlons, one qeta: 
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(3.46) 

(3.47) 

(3.48) 

This new set of equations gives the same equilibrium operatin9 
.. 

points for Id' Ig and cos Q) as eqs.{3.28), (3.29) and (3.32), 

as should be.expected. 

Applying small perturbation linearization on egs. (3.46) 

te (3.48), and subsequently taking the Laplace Transform: 

(3.49) 

- v'3 ·Xc· Io·6.id (S) - h· (V-Rc· IO)Aiq(S) (3.51) 

.-
From eqs.(3.49) ta (3.51), the open l~op transfer function ot 

the system, Gs(S), is found 

(3.52) 

where 
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c. Ka-a 
, Vc·c 

,r 

( 
&1 - 2'B· (Rè-l -XC"Id) + L},'I - (R2+~2) ~ 

f . q q L. \"'----

- viiJec' (XC-~'Ws) 'Io + './3. (Y-R"lo) ° (Re+ltboR) L \ L\ L 
,ao - V3 'v' lR' àc~~~xc) 

'- 2-v'3'Io' {(R'Rc+X'Xe) 'Re + (R"Xe-X'Re) "XC} 
L2 

$nd 

d • .B 
L 

( 

(3.53) 

(3 _ 54) 

-
(3.55) 

(3. '56) 

(3.57) 

(3.58 ) 

Let us analyze the caSe wnere Rc=R, Xc-X and Lb=L. In 

~ such a situation eqs.(3.28) and (3.29) become 

(3.59 ) 

(3" 60) 

Replacinq the values of ,Id and Iq into the coefficients a3 to 
1 

ao resul ts in 

a3 • -Ji-Io"L' (3_61) 

&2 .\/j,(V - 4"~"IO) (3.62 ) 

al • J3. (2"V"R - S'R2'Io - X2 "Io)/L (3.63) 

·0 - Vi, (V - 2 "R'Io) (R2 + X2)/L2 (3.64) 
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Replacing these new coefficients into Gs{S) ot eq.(3.52), and 

manipulating some algebra yields: 

Gs(S) = AVc(S) - J,Cv - 2 R 10 - L 10 S) '(3.65) 
AI(S) C'Vc'S 

This new transfer function is exactly the same as of the 
.,.-1 

Direct Control Method, Gl(S) ·G2(S), obtained in Chapter II. 

The addition of the L'dI/dt block, œakes the Indireot Current ... 

Control Method dynamically equivalent to the Direot method. 

This means that the stabil i ty boundar iy is now the sarna 

straight line shown in Figure 3.6 a) for each system. Note 

" that this equivalence makes it unnecessary to repeat the 

analysfs 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 ta see whether or not the stability region of 

the Indirect Current éontrol can be improved even more by 
--........ 

changing the value of Lb in the control block. Let us go back 

to the general transfer function represented by eq.(J.52) and 
v 

analyze it using the, Nyquist Criterion. Through the Nyquist 

plot i twill be pos.:lible to see how the changes in L1J can 

affect the stabi~ity reglon. 

3.5.4 Nyquist Criterion. 

Adding the control 1er to the system, which in genera1 i8 of 

.....the form: 

56 



c 

c 

wh.ré 

~ 

yi. Ids 

Gc(S) - S,"KO + Kp + XI 
S 

Derivative control gain .. 
proportional cOn~gain 

Integral control gain 

G(S) - GsJP) '~c(S) = 
/' 

- Ke.As"55 + A4,s4 + A3,§3 + A2'S2 + ~l"S + AO 
52, (52 + 2'S'd + d 2 + Ws ) 

whara 

AS - a3 'KO 

A4 - a3 'Kp + '~2'KO 

A3 - a3' KI + 82 'Kp + al'KD 

A2 - a2' KI + al'Kp + aO'KD 
, 

Al - al 'Kr + aO'Kp 1 

AO - aO' KI 

(3.66) 

(3.67) 

(3.68 ) 

(3.69 ) 

(3.70) 

(3,71) 

(3,72 ) 

(3,7.3 ) 

Makinq s-jw ta plot the Ny~ist diaqrams, eq,{3,67) becomes: 
.' 

(3.74) 

G(jw) - Ke.A4"w4 - A2ew2 + Ao + j. CAS yS - A3'y3 + Al!...!il 
w2 , (S2 - 2'jw'd) 

(3.7S) 
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The real and imaginary part ot G(jw) are obtained trom 

eq. (3.74) 

(3.76) 

(3.77) 

where 

(3. 7~J 

w~th a small computer proqram, eqs.~(3 ... 76) and (3.77J can 

he SOlV~d graphlcally for ditferent values of Lb' as shown in 
"" figures 3).8 to 3.11. 

V 
The simulations assume a rectifier witllfhe following 

values: V=220 Vac, Vc=660 Vdc, Kp=3 A/V, KI=Ko=O, R-Rc-.l Ohm, 

L=Lc=.OOl H and C=2000 uF. The Figure 3.8 a) shows a rectifier 

without the L·dI/dt block tLb=O). It begins to'be stable with 

currents more negative th an -340 A ac, and hence, can only 

work in the inverter region. Such a system qas> no practical 

application. To make this rectifier able to operate with a 

stable region close to +100 A aC, a 14000 uF capacitor would 
, 

be required, as shown in the Nyquist plot of Figure 3.8 b) • 
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a) 

ReCC(Jw)) 

10:-34a, shble 

1 :.1 L: .9111 C:.111!2 

Re:.l Le:. 1181 U: 1 

V : 229 Vc : 669 Hp: 3 

Kd : 0 KI: 9 

b) 
c' 

IItIClju)) 

\ 

Ile 1 C(Jwll 

10: lOB ,UnshLle H.009) 

1: .1 L: .11111 C: .914 

Re: .1 Le: .aBl U: 9 _ 

V : 220 Vc = 669 Hp: 3 

Xd:BKI:B 

riq. 3.8 Nyquist Plot without L-dX/dt Block (Lb=O~. 
a) C-2000 uF: stable when I<-340 A. 
b) C=l4000 uF: stable ·for I<100 A. 

-J 
The Figure 3.9 shows the improvement reached when the 

L'dI/dt block i8 connected to the system. With the same 

2000 uF capacitor of Figure 3.8 a), the rectifier can operate 

with more than 145 A ac. In this case, Lb is equal ta Land 

the system ls equlvalent to the Direct Current Control. 

When Lb is increased, taking-valu~s bigger than L, the 

stability region begins ta deterio'kate. A different situation 

is ~bserved when Lb is reduced. At some point in this case, 

when Lb is around 50% of L, the rectifier remains stable with 
v 1 { ~ 

as much as 290 A ac as shawn in Figure 3.10. This is twice the 

current that the Direct Control can carry wi th the same dc 

capacitor_ 

59 

\ 



• 

\ 

\ 

• 

, 

lliC(JII)} .. 

-

-1 
RtEC(JII)] 

-, 

10: 1~5 IStahl~ <-'98' ) 
... 

R: ,1 L: ,eal C: ,QU 
, 

Re: ,1 Le: .991 th: ,901 

U : 220 ~e : 669 I(p: 3 
, -- , 

Kd : Q Hi : Q 

Fiq.3.9 ~~qui.t Plot for L~=L: the Indirect Control 
Deoo.e. Equivalent to,the Direct control. , 

.\ 

RtCC(JI/) ] 

R: ,1 L :.,98! C: ,_ 

Re: ,1 Le: ,1181 !JI: •• ' 

V:2%9 Uo:669 Kp:3 

1!4 : a Ki : a 

Fiq. 3.10 Jyqui.t Diaqr .. for ~O.5·L: th. 8tability 
aeqion la TVio. a. Qoo4. 
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• Smaller rectifiera show the same behaviour, as shown in 
.. 

Figure 3 .1l.. The eonverter, with 4000 uF de capaeitor 1 can 

carry up ta 12 A, but only wnen Lb is around 80% of L. 

Otherwise, it ia unstable. 

0.002. 

ReŒ<Jw)] 

Lb: .002 ,Unstable (-2,~42) 

Lb: .0tS ,Unstable (-1.7~) 

Lb: .004 ,Stable (-,9) 

Lb: .eE ,Unstable (-1. 125 ) 

R :.5 L: ,005 C: le.! 

Re: .5 Le: ,005 10: 12 

V : 40 Vc: 120 Kp: l 

ri;.3.11 Nyquiat plota for a .ma11 rectifier, 
ahoviDg atabi1ity vhen ~=o.a·u. 

. 
A bat ter idea of what is goinq on with the stability 

boundar~as o~ Fiqure 3.6 when Lb changes is shown in Figu:re 

3. 12, whera R-O. 5 has been chosen arbi trar'ily. These eU'rves 
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clearly show that ill\Provements can be reached with -Lb<L, .by 

paying careful attention to the size of the capacitor and the 

rati~g current of the rectifier. 

20 

16 

12 

8 

4 

-4 

-8 

-12 

-16 

[A] 

) 

1 
j 

J 

Kp=3 
V:40 
Vc=120 . 

R=.5 
L=.005 

_~iq.3.12 st&bility Boun4ari .. ~ith ~ •• a 'ar .. atar • 
Input CUrrent V. De Lint capaaitor. 
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With the .results shawn in Figures 

appears \that the Indire~t curr~nt Control 
a. ' 

3 . S 'ta 3 . 12 , i t 

can be made more 

stable than the direct one.~Experiments with Lb different from 

L hàve not been perfor.ned and for this reason no conclus'ive 

proof about this has been obtained. Further investigation and 
• 

research on it will have ta be done. Nonetheless, experiments 

show -'t:hat Lb=L produces an effectiv'e equivalence between the 

two methods. 

3.6 paràmeter 8ensitivity. 

In the Ditect current,Control,· analyzed in Chapter II, 
f 

the input current is insensitive ta the variations cif Land R, 

because it is measured directly' and the hysteresis current 
tI, 

control ~nsures that the power factor remains una!tered.~ 

"For the Indirect control r t~e situation is different. L 

and R variations do have effect on the input currents, because 

Le and R~ in the control block are kept cènstant. The question 

is to see whether or not these variations can produce 

s.ignificant chan<]es in the current. 

E>ne important property of the converter is, that under 
~ . ,. " 

t 

steady state conditions, the Power Balance Equation~ ~q.(3.33) 

(3.80 ) 

.. ', 
must be satisfied. 'l'h:~s .important fa ct points out that the 

, system avoids bOi.g variations in the current. As V and P2 can 

be assumed constants, "l'' can change only through 

varia~i~ns as'R ls usually small. 
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In a simple form, for a ponvertar designad for unit y 
/ 

'power factor operation, variati6ns in the CD angle can ba 

expected when the real values R and X are not exactly the same 

as the control black values Re and Xc. ,In such a case, 

according to eqs. (3.28) and (3.29), the angle CD will be 
... 

r '. 

CD = tg-: l B·X~ - X·B~ (3. S"l) 
R·Rc + X·Xc 

which is equal to 00 when R-Rc and X-Xc. In the particular 

ca'se R=Rc=O, CD is àlso e~al to 00 , , 

constant no matter the size of X or 

in the control block. 

and th/~:ren~ will be 

the vâÎu~ o~c assign~d 
" 

Let now assume that X changes and R-Rc>O. This D1.~ns 

that X=À·Xc. Keeping R=Rc eq.(3.S1) becomes 

, , 

Cl-X) .Xç 
Re (3.82) 

Eq". (3.82) shows that the CD' variations will depend on' the 
, , 

If 

ratio Xc/Re. The bigger this ratio is, the smaller the ,.. 
variation of the angle CD. Note that 1 (l-À) 1 is likely to be 

less than 0: 1 since ~ariations of Xc from X is due to 

component tol~rance deviation~ ~ , 

Let us develop an ~xample, in whieh the reaetance 

, decreas~' The' system ini tially has' the fol1~iJ.;l9' 1~,ue8 'in 

per unit: V=l [pu], P2J3-1 '[PUl, R-P. 05 (pu) and f.o. 25 (pu] • 
\Iî\ ' 

Re an~xc had previously, been adjusted at Rc-R and xc-x. The .. 
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.. 
ayste. waa th en , operating "at u~i ty power factor and the 

eurrent ia obtained "from eq.(3.80) 

,Isso = 1 - J 1 -0.2' = 1.056 [pu] 
0.1 

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

and 

~ • tq-l B'Xe - X'Rc = tg-l eO.1BS) = 10.~0 
R'Rc + X'XC 

cos ~ - 0.983 

From eq.(3.80) the new current will be 

1 

Iss • 0.983 -v'~(0.983}2 
0.1 

\ 

- Q.2 - 1..073 ['PU] 

• t 
Comparing the maqnitudes Iss/Isso it can be concluded that a 

sot decrease in' \'he value of the reactance X results in an 

increase of the ~urrent magnitude o~only 1.6%. Similar 

results have b~~ obtained for an increase in the reactanc~ or 
(' 

variations in the input" resistance R. 

The R and X variations in a real system can be assumed 
( , 

to be a lot smaller than 50%, in fact of the order o'f 5 or 

19'. Hence, the variations in the current magnitude oannot 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 
\1 • 

• t. " 

be concluded than the Indirect CUrrent Control rs insensitive 

to the parameter deviation. , . 

1 
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3.7 Simulations and Bzperi.ental Reaulta. 

Experimental work has been pursued tj?ether with digitâl 

_~mulation studies. The very close agreement of experiment and 

th~Ory prove the mathematical models of Section 3,.4 to be 
) ~ 

cbrrect. 

Mathematical and Val ve-by-Val ve simulations have been 

realized. The Mathematical simulations consist of numerically 

integrating eqs.(3.2S) to (3.27). These equations neglect the 

~ ripp,le harmonies and only embody the fundamental Fourier 

component. The. Valve-by-Valve Digital Simulation program ls 

based on treating the rectifier bridge as a piece-wise circuit 

fil> 

problem. The ON-OFF states of each of the six power switches 

give rise to eight possible circuit topologies, whioh are 

• discussed in Appendix A. The instants of swit,ching of the 

transistors are monitored by track of the 
t.! 

1.. ,t_. 

intersections of the triangular carrier and the modulati~ng 

signal of each phase. Thus a ti:ate sequence of· \aic;tht circuit 

topologies is generated. The differential equations arising 

from the Kirchhoff Voltage and Current Laws for the topologies 

are solved numerically and are 
R!" J 

joined together by the 

requirements that the flux linkages of inductances and 

electric charges across capacitors must be continuous. 

Figure 3.13 shows the operation ot the rectifier under 

~teady-stat~ at unit Y power factor. It can be seen that the 
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input current of the rectifier "1" is' in phase with the supply 

voltage V. The delay angle e of the modulating signal Vmodl 

with respect to V is also visible. For the valve-by-valve 

simulation of Figure 3.13, the same triangular carrier 

fr~queney has been eonsidered. The frequeney of the carrier is 
. 

1600 Hz. The de load current i 2 is 6 A and the de voltage was 

adjusted to 120 1/. The ae supply \"oltage V=40"V. The values of 

X and Rare 2.5 and 1 Ohm respeetively • 

c) 

steady-state at unit y Power Pactor operation. 
valve-by-valve and Bxperimental oscilloqrams. 
a) modulatinq signal and trianqular carrier. 
b) supply voltage Vi. ' 
c) rectifier input Icurrent 1. 
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The system bahaves very wall under transi.nt conditions. 
1 

Figure 3.14 shows the experimental oseillogram ot the 

rectifier ~sponse when the ,filtered dc current i 2 , changes 
, 

instantaneously from 0 to 7 A dc. It can be sean that the 

magnitude and phase of the modulating signal Vmod changes to 

satisfy the unit y power factor requirement. The parameters 
~ 

are the same as in Figure 3.13. 

.. 

6) 

c) 

step Re.pon.e. Experimental oaoilloqr ... 
a) output dc current i 21 from 0 to 7 A de 
b) modulatinq signal Vmod 
c) supply voltage V \ . 
d) Input current l 

'.) 
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A more critical transie?t situation is the réversal of 

power from either, rectifie~ to inverter or invert~r to 

rectifier operation. The simulation of Figure 3.15 and the 

experimental oscillogram of Figure 3.16' show the resul ts . . ~ 

obtained when power is reversed from inverter to rectifier .. 

Here the filtered dc current ii is forced to change from -7 te 

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

phase of the mOdulating signal Vmod is much clearer. 

\ 

i2 ............................................................... \ ................ ,- " ..... __ .............................................. a) 

~od ~ ~ 

~r --r \ r\ /~V' ... \ .... ·V \ l \ r-·\J· .. J· c) 
V 1 V 0 0 V 

tf~'V-\t~+t\fvi dl 

r 
riq.3.15 Rev:r •• l of pow.r\ Valv.-~y-valv. simulation. 

a) load current i 21 from -7 to 5 A dc 
b) modulatinq signal Vmod 
c) supply,voltage V 
d) input éurrent l 
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6') 

c) 

d) 

"'-"" 
t 

~iq.3.16 Experimental osoilloqram of ~iqur. 3.15. 
a) load current i 2 , ,from -7 to 5 A de '" 
b) modulating signal Vmod 
c) supply voltage V 
d) input current l 

3.7.2 stability. 

The problem of stability has been analyzed eonsidering 

the system with and without compensation. As was mentioned 

previously, 

implemented 

only the cases of ~-O 
, ... 
\ 

in the 'laboratory model. 
" 

and have been 
"" 

The experiments were 

performed with Ve=120 V, V=40 V, Kp-3, KI-O, R~l Ohm an~X-2.5 

ohms. The value of the de eapacitor C, is indicated fo~each 
l;'~ 
l 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 (Lb=O) and with LdI/dt (Lb=L). 

Figure 3.17 is a valve-by-valve simulation without 

L·dI/dt block. Figure 3.18 i5 the experimental result for the 

'same conditions shawn in Figure 3.17, with C=12000 uF. 

Il 

-- --- -- -" -7"- -- - -_of\:; 
" \~~~\\~)~)\\~)))~\\0\\\\~0)S 
. \ 

12: 'A L: 1 NU H lb:. H R: 1 he: 1112 F 

~i9.3.17 Valve-by-valve simulation for a step Response. 
No LodI/dt. Current i 2 from 0 to 6 A dc. -

v 

r 

1 
1 1 

'tg.3.18 
1 

Bzperimental/oscilloqr .. for the s ... conditions. 
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The improvement obtained when the LdI/dt block is used 

can be seen in Figures 3.19 and 3.20. The tirst shows the 

simulation and the ~econd the e~eriment, usinq C-12000 UF. 

i2: & AL: .00d7 H Lb:. 0067 H R: 1 lM e~. 812 F 

piq.3.19 simulation for a step RespoDse with L-dI/dt. 
Current i2 from 0 to 6 A de. 

r 

, 

1 

riq.3.20 Experi •• ntal oscilloqram for the s ... Conditions. 
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In the compensated oscillograms of Figures 3.19 and 3.20 

(~-L), it can be seen that both the dc component in t~e input 

current and the ac component Hi the output current shown in 
... 

Figures 3.17 and 3.18 have disappeared. 

As the control of the rectifier is in Vmodl it is 

interesting to see how it behaves during the transi~nts in 

both cases, Lb=O and ~~L. Figure 3.21 shows that Vmod changes 

slowly during the transient when Lb=O, and is unable to avoid 

the appearance of the unwanted components during the step 

b) 

. 
c) 

.. 1q.3.21 Behaviour ~urinq the Transient without LdI/dt. 
a) supply voltage V 
b) modulating signal Vmod 

'cl input current l 
d) output current 'il 

In contrast, when Lb=L, the derivative action of the --... , 
LeU/dt block produces a fast chal1~.~ on Vmod, elim~nating the 

. ) 
und.slrab~e components. This ls shown in Figure 3.22 . .. 
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,iq.3.22, Vmod Bahaviour durinq the Transi.nt with L·4I/4t. 
a) supply voltage V 
b) modulating signal Vmod 
e) input current l 

~ d) output de eurrent il Q 

Mathematieal simulations, derived from the theoretical , . 
" ;;, 

an~lysis of the indirect control, show the same behaviour as, 

ean b~ seen in Figure 3.23: . 
\~ , 

A more critical experiment, the reversaI of power, is ... -. , 
shown in Figuras 3.24 and 3.25 with -Lb-O' and ~-L 

~ / ~ 

respectiveiy: 'The 'parameters are illl the sani~ as in Figures 
v 
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Katb ... tical 
a) 
b) 

b) 

8imu~atioD of Fiqures 
no LaI/dt block 
LdI/dt block 
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J'iq. 3.24 

; -

aever_àl of Power without 
aL supply voltage V 
b) modu1atinq signal Vmod; 
c) input current l 
d) output current il 

c 

.1" 

. 
LèlI/dt·BloOk, 

~iq~3.25t aeversal of Power vith L4I/4t 

C>\ a) supply voltage V 
Bl~oJt. ,~ 

. b) modulating signal Vmod 
c) input eurrent 1 
d) output current il' S 

'j 
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Kath.matical 
a) 

b) 

'I""I ........... '" ........ _ ..... " ...... H ............................................... ...... 

0..) 

, ______ .,.,..... ••• .: ....................................... __ ..... 11_" ... . 
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b) 

siaulatioD o~ ~iqur •• 
no lAl/dt block 
LdI/dt block 
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"" The next oscjllograms of Figures 3.21 and 3,28 show that 

the stabiJity limit of the rectifier is greater when the 
, , 

, 
'- LelI/dt block ia llsed, supporting the theory 

.è 
and the 

simulation,. The two cases (Lb=O and Lb=L) are compared under 

thd same load conditions (i2=5 A dc, I=7 A ac and C=6000 uF). 
~ , 

The Leil/dt block in Figure 3.28 keeps the system ~trongly 
,. -'f!" 

stable wh'ile i.n Figure 3.27, the removal of this block - (Lb=O) 
~ 

has made the system dangerously unstabfe. The input current 

has a low frequency oscillatory component.whi~h does' not exist 

in the compens~ted rectifier. 
1 • 

) 

Cl) 

b) 

c) 

d) 

'. 

.i;.3.27 stability witbout Ldl/dt block~ 
a) supply voltage 'V 
b) modulating signal,Vmod 
c) input current l 
d) output current il 

'. 
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,Pig.3.28 ,stab1lity vitb Ldl/dt Bloot. 
a) V~ b) Vmod~ c) I~ d) il 

. 
Figure 3.29 shows a simulation of Figure 3.27. 

c) 

o.) 

6) 

c} 

d) 

1'19.3.2' Katb_tioal SiaulatioD of '~~r.-' ~. 27 • 
a) Vr b) Vmod: c) I: d) i l ·-::· -. 
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3.7.2.1 pr~portional-Int.qral control~ 

Figures 3.30 and ~.3i show'a comparison between P and PI 
. . 

contrO'I. These Figures show: a) the dc voltage drop; b) the 

modulating sign~l Vmod; c) the input rms current l apdo~) the 

output de current il (before the de capacitor). The main 

improvement in the PI control is the fact that the de voltage 

returns to ïts r~ference- value VREF (null èrror), after a, 

numper 0; CYCle.) ~t the supply' SOurce. This allows the 
r 

reduction of the proportional gain Kp and consequ~ntly, the 

;e~uction "of the de capacitor. The bigger the -value of the 
. -... 

integral gain KI' the !raster the system returns to i ts zero 

error condi tion. However, there is a transient overcurrent 

which becomes undesirable if.the integral gain KI'is too big. 

For the particular system implemented in the experiments, 

inteqral gains greate+ than 100 are not recommended because 

the system. céth b~come _unstable. Figure- 3.31 shows the case 

where KI-50. It ca'ri be se\n that with fuis value, 'the dc 

vbltaqe returns to its reference value VREF after a couple of 
. 

cycles of the supply. ,Th~ integral gain permits the reduction 

'" of. the de capacitor size two or three times with respect to 

the system with only propdrtional control. 

) 
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b) 

c) 

-d.)- , 

'-~i9.3.30 compens.tad system vith P control. Kp=l 
a) vc~ b) vmod; c) I; d) il 

o.) 

6) 

c) 

cl) 

~iq.3.31 compan~.ted sy.tam vith PI Control. Kp=l, KI-SO. ' 
a) \vc ; b) vmod: c) l ~ d) il 

\ ' 
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3.8 8~J:Y • . \ 
The princip les , 

,-

-mathemetical analyses, computer 

.imulations and experiments for SPWM rectifiers using the 

Indirect Current Control Method'have bee'n presented . 

. ·It 'was shown that with the proper compensations, 

Indirect Control ia as good as the direct method. The theory 

a1so supports 'the id~a ,that ,Indirect Control can be made eyen 
,1 

better. Al though thè timè J restriction in research has not 

a1lowed experimental ~vidence to be obtained to support this .. 
claim, there is little doubt in its possibility. This is 

o 

because the theory on which the claim is based, is strongly 
, . 

suppor~ed by experimental results. . , . . .. 
The, .,~ext chapter analyzes the ~ connection· of the PWM 
~~ 

": rectifiera in .series. Different topologies are proposed using 
Il' - 1 

".. bath ·the- pirect and the Indirect Current Control Methods. 

Mathematical tools to find the sta,bili ty for thesetopoJ.ogies 

,are develo~ed. Computer siiülatio~nd experiments support 

the"~thematical analyses. 

, 
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CHAPTIR IV 

SIRIBS CONNECTE!) UCTIPIIR8 ' 

4.1 Introduction. 

'1 The analyses of high quality, Boost type PWM rectitiers~ 

with almost si!lusoidal input cu~rents, unit y power factor 

opèration and instantaneous power reversaI capability have 

been presented in ~he previous cha~ters. Chapter II analy~ed 

the Direct Current Control Method, in which the input current 

of the rectifier is measured and forced to follow a cur~ent 
1 

reference template to satis~y the dc load requirements. 

Chapter III' examined the Indirect Current Control Method, 

which simplifies the previous system 'lby éliminating the 

current sensors. This is possible by estimating the input 

current needed to satisfy the dc load requirements, through 
~ 

'previous knowledge of the paraJeters of the rectifier. 

The present chapter intends to develop and describe sorne 

new concepts about series-connected rectifiers, which,uae the 

Direct and the Indirect Current Control Methods. The series 
-J 

connection, and later on the parallel connection in Chapter V, 

are the- necessary steps in rea~hing high levels or power 

rectification, becau'se the power ratings of the PWM rectifiera 
~ 

are limited by the low voltage and low current ceilingjl ~f 

commercially available power electronic switches (bipolar 
J 

transistors,'GTO's, powe 
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, 
1 

Three ditterent series topologies for Direct cohtrol and , , 

two ~or the Indirect Control are discussed. In" terms of 

hard~are, they are organized from the most, complex to the 

simplest. 

1 

A~ Direct,current control. 

i) 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 Conunon Switching Control . 
ii) Type E: Shifted Triahgular Carrier Control 

. ' 

Conditions of stability, input current and output 

voltage sharing and parameter sensitivity for each topology 

ara analyzed. The mathematical analysis, based on the 

assumption that the fundamental harmonie predominates over the 

higher harmonies are verified by val ve-by-val ve simulations 

and experiments, using two series-connected PWM rectifiers. 

".2 Type AI Independant Local Control .. , 

The Independent Local Control is a consequence of the 

•• lt-supporting de vol tage eapability of the voltage 

"controlled PWM rectifiers discussed in the previous chapters. 
" In this configuration, each modular unit is autonomous in that 

it has its eurrent and its voltage control feedback loop. 
<1 

'>- • 
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Each rectifier requires at least two curr,ent sens ors and an 

outer voltage regulator feedback;~' ];oop which needs one voltage . 
sensor. See Figure 4.1. 

1 
1 ,. 

r-....J 
L..----f r-....J !-----9( 

r-....J 

Templates 

+ 

\ 

riq.4.1 Type As lnd.pend.nt Local Control Topoloqy. .. 
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As shown in Figure 4.1, the series connected topology 

vith Independent Local Control consists of cOnn~ing the 

~utonomous modular units d~scussed in Chapter II in )Seri'es. 

The floating· transformer' seeondaries allow the de link , 
voltages to be added to form the output Vout· 

0: 

\ , 

Vout - EVcn (4.1) 
n 

The output eurrent i 2n is eommon through eaeh unit: 

(n=1,2 .•• N) (4.2) 

-
and the output de power' is 

[' 

(4.3) 

, 
4.2.a.., JI.thOl.tical Model. . '. 

. ~ thi. Chapter, i t ia ·assumed that the de vo1ta~e 
regulato~ loop is a proportional con~ller. The control law 

" . 
of the rms ae phase eurrent is: 

In .'Kn·(VREF - ven} (4.4) 

~ 
whera 

Kn - proportional gain 

Ven - dc ~ink voltage 

Bas,d on the. Power Balance Equation and assuminq unit Y 

power factor operation, the de link output power is: 
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'" 
l1n ·"·en - 3· CVnIn - Rn1n2 - 1.sLLn1n2 ) (n-l,2 ••• N) 

wher.a 
\. 

Vn 

i1n 

Rn 

Ln 

2 dt 

- rms phase voltage 
0 

- local av~rage dc link current output 
( 

- per phase resistance 

- per phase inductance 

(4.!5) 

Kirchhoff' s Current Law applied to the node ot 

link capac~tance yields: 
\ 

-l 

(n-1, 2 ••• N) 
"-'" 

The dynamic equation ~f each module is obtained by cOmbining 

eqs. (4.4), (4.5) and (4.6), jd yielding: 

(n-1,2 .•• N.) (4.7) 

8t~litY ADalYSi~. 
Applying the standard technique twl.'i)ation 
( . 

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

,assuming that 6i2=0, one obtains: 

(n-l,2 ••• N) (4.8) 

whe;re 

(4.9.) 



c 
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.. ~Cn and 128 are the equilibrium operating values of vcn and i 2 

and 

(4.10) 

,To ensure stability, the time constant Tn must be, 

positive which requires both the numerator 'and the denominator 

r!P aq. (4.9) to be positive. The positive numerator sets the 

'l,imi t ot stable operation to: ,J ... 

1 (n=1,2 •. -.N) (4.11) 

\~ 

The positive denominator requires that: 

(n= 1, 2 •• ' • N) 

TO keep the overall series system stable, each rectifier must 

.atisfy re1s.(4.11) and (4.12). Otherwise, the system voltage 
, 

collapses. 

4.2.3 Voltaq. and curr.~t sbarinq. 

Rn is always chosen to be as larg,e âs possible and then, 

l under steady·state conditions, the error magnitude becomes 

negliqible. Because VREF is common to aIl the rectifiers, one 

qeta 

(n-l, 2 ••. N) (4.13 ) 

Ther~fore, the voltage sharing is close to being balanced. . ~"_. 

Thi. result is almost independent of the values of the 
,'< 
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parameters As the.. output cU~l?ent\ 12 is the 

same for aIl the modules, modular de power, 

(4.14 ) 

/ 

as also almost~the same for .all the converters and:hence 

(4.15 ) 
. ' 

The input currents may not he equal as they depend on 

the input voltages Vn and the resistances Rn- In ~articular, 

the current sh,rinq between the modules n-j and n-'K can be 
o 

obtained from the steady-state' Power Balance Equation 
l '~J 

(4.16) 

Where Pn' according to eq. (4.14), is the same for }lll the 

'" 

.. 

rectifiers. The Figure 4.2 shows the current sharinq between l 

the converters number j and k, when Vj>Vk o Thr cases Rj-Rk-O, 

.an4 Rj=Rk>O are displayer- rt -can be seen that the higger is -
() 

Vn , tl;le smaller is the input current, because the system is 

trying to keep the input power constant. On the other hand, 

bigger resistances produce higher input currents. 

• 

• 

As an example, let us assume that tbree rectitiers ar.·-~ 

connected in series using the Independent Local Controi. 

strateqy, and with the followinq pa(ameters in (~u]: 
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·C 

P 
/'0/ module j 

.,,~ "/ ' 
module k ~> ~7 • 

/ / 
Po 
C 

VJ>Vk 
1 
1 
1 , 1 

1 ' 1 

1 .1 
1 1 

1 

" 1 1 
1 1 

\' 1 1 
1 1 
1 1 

1 ,-1 
1 

1 1 
1 1 
1 1 
1 1 

't I~ Ij Ik 1 

r19·4.2 Input Current Shar1n9 .. 
• 

~ 

V1 - V2 - 1.0 [pu] 

V3 CI 0.9 [pu] 

Rl - R3 :- 0.05 [pu] 

R2 - 0.1 [pU] , . 
Pn/3 - 1.0 [pU] 

From aq. (4.16) 

(n-1, 2 ••• N) (4.17) 

c 
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and trom eq. (4 • 17) one gets: 

Il = 1.06 [pu] 

I2 = 1.13 [pu] (R2-2Rl) 

~u] I) = 1.19 (V3-0 •9Vl) .. 
\ , 

These resul ts show that durrent sharing is very 

sensitive to the. input voltage, which means that the voltages 

from the input transfonvers must be balanced .. The variations 

in resistance, on the other hand, show negligible change i.n 

th~ input currents. It should be noted that R2 was increased 
l 

, 

twice and V3 was only decreased 10 %. 
'-

• 
4.3 Typa B: Common current Reterance Control. 

The Common Current Reference Control topology inrroduc8& 

~ the first simplification in the series. system, by eliminating. . ., 

N-l voltage sensors. The voltage is controlled in just one 

rectifier called !lMaster", as shown' in Figure 4.3. The rest of 

the rectifiers, called "Slaves", are controlled by the same 

current reference generated o·in the Master rectifier. As a 
1 

consequence, the input currents' of aIl the rectifier. are 

identical 

_ (n-~, 2 ••• N) (4.18) 

Because onlY,one current reterance must be produce4, th. 
,. .f ; 

voltage control blocks are also reduced trom~ to only ona. 
(. 
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Templates 

.19.4.~ Type Ba Co .. on CUrrent Reter.noe control TopOloqy~ 
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4.3.1 Stab~11ty analysia. 

The first stability condition tor the Common Current 

Reference topology is' that Lthe Mas{er Rectifier (converter , 
number N) must satisfy rels. (4.11) and (4.12) 

l < ~N.:.YçN-
3'Kp'~ 

l < (VN + i2_)/2RN 
3Kp 

(4.19) 

(4.20) 

Because the Slaves do rlot have voltage reterence and ua • 
/l the same current reference, the Power Balanc~ Equation for the 

jth Slave is: 

(4.21) 

Let us assume that the Master satisties rel •• (4.19) and 

(4.20) and let us also assume that it is under steady-atata. 

As the su~ply voltage Vjl the resistance ~j and the inductance 
• Lj are considered constants, eq.(4.21) can be reduced to 

(4.22) 

-

This simple, non linear, 

equation can be written as: 

tiret- tder <litter.ntial 

~j - --Ei-- - i2 
dt C··V j Cj . ) c 

(4.23) 

""-
and solved through the phas. plane a. shown in Figure 4.4 • 
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l 

~J 
dt 

Vcj 

, -----------------------------

~iq.4.4 Phase Plane Portrait of Bq.(4.23) 

From the phase portrait of Figure 4.4, it ean be seen 

that the equilibrium point VCjo is stable and~dependent of ' 

th. size of the de capacitor. Therefore" the jth Slave is 
v 

• ~ l, • 
atable, even with very small dc capac1tors. Th1S means that 

Type B connection over~ome the p~oblem of stability given by 
f 

'rel.(4.19) for all the Slaves. As a consequence, besides the 
• IÂ 

already mentioned saving in components, the Type B topology 

allows one to reduce the size of the de capaeitors, whieh 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 

op.rate in the rectifier mode. This can be seen by making i 2 

and Pj neqative in eq.(4.22) trom wnich a phase plane portrait 
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with an unstable equilibrium point ls obtained. As ~ result,' 

this system does not have power reversaI capability? 

4.3.2 Voltage and Curren~ Sharing. 

U~li~e the Type A topology discussed in 4.2, the Type B 

strategy keeps the input eurrents identical, no matter what 

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

same current reference as the Master. This fa ct has aiready 

been pointed out by eq.(4.18). 

However, the de voltages may not be identical. They are 

, defined by thé equilibrium points VCjo shown in Figure 4.4. 

(4.24) 

As Pj represents t~ steady-state power of the jth Slave, 

(4'.25) 

Neglecting the resistance as ~ first approximation one gets 

(4.26) 

Thus, the de voltage sharing directly depends on the balancing 

of the voltage transformers from the supplyi The Type B 

topology can ,be made to operate in a perfect~ balanced 

condition by the proper adjustment of the input transtormers. 

This result has a dual relationship with the one obtained for 

the Type A configuration, in which perfectIy balanced trans­

formers were required to keep the input currents balaneed. 
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c 4.4 Type CI COmmOD 8witchinq Control. 

The Type' C or Common swltching Control topology allows a 

second simplification in the series system, by elimlnating a~l 
o 

the current sensors from the slavès, as shown in Figure 4.5. 

V, l, Rt I, A" /.z. - - ----~. + 
C1 VC1 

V2 l2 R2 I 2 ""'2--
K C2 VC2 

., 

Templates 

~1q.4.5 Type Cz Comaon 8vitchinq Control Topoloqy. 
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Only the Master rectifier keeps all the sensors, teadbacka and 

control blocks. The aJave units are in open loop. They reoeive 
, 

logic commanQ:t from the Master so that the power electronic 

s~itches in the bridge turn ON and OFF in unison with the 

~Qrresponding switches of the Master. Thus, the voltage at one 

phase of each of the modules will have identical patterns such 

as shown in ~ simulated oscillogram of Figure 4.6. 

Al V~odn 
, 

iVen-
. 

. 1 ( 
, 

)undamental 

,,"" " " , '" J 
~Vcq-

~ , . • ... ~" " H'"',, 'H '" H" • 

~ 

... 
... .... t. .. ~ ........... t ... 

t 

.. e-

l'ig. 4. «5 

~ 

1 
1 1/ 

---Ven 3 i\ Il 

\~ 
2 --Vcn-
3 

simulat.d Wavetorm ot the Pha •• voltage ot One 
Rectitier Terminal 'and its l'undamebtal. 

In a Fourier analysis, the fundamental component of the 

volt~qe can be represented by a phasor ~mO~-l'2 ..• N). The 

maqn!tude of the phasors are related ta ~he Mas r (converter 

number H) by the relationship 
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/ 1 Vmodn 1 - Ycn·IVmOdNl 
veN 

(4.27) 

tJ 
and they have the sàme phase angle as the Master , 

(n= 1,2.:.N) (4.28 ) 

In the Master unit, it is the phase eurrent magnitude IN 
- ! 

which 18 be1ng controlled by the hysteresis eurrent feedback. 
-
The voltage Jphasor diagram of the fundamental harmonie as 

- - -
... depicted in Figure 4.7 a) shows how VmodN is related to VN' IN .. 

... 

~iq.4.7 Ph •• or iaqr .. Relatinq Fun4amental Harmonie Component 
a) Maste , unit y power factor operation; b) Slave 
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, -• The control of the Slave Units ia throuqh Vmodn which i8 
, 

rela:ed to vmodN through eqs.(4.27) and (4.28). 

One sees from the voltage phasor diagram of Fig.4,7 b) 

that the Slave cu~rent In' which can change in magnitude and 

angle, is determined by In-Zn which is the closing side of the 

triangle. formed by Vn and Vmodn' Vn is assumed t~ be constant 

and Vmodn'can only vary in amplitude through eq. (4.27). 

4.4.1 stability ADalysia. 

Unlike the previous topologies, in which the power angle 

~ remains unaltered, the Type C ~~nfiguration does modify the, 

angle ~ of the Slaves and then it becomes a variable in the 

mathematical analysis. To overcome t~e problem of having 

differential equ~tions with trigonometrical functions, the d-q 

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 topologies, which , 

will be discussed later. 

4.4.1.1 H~ster Rectifier. 

To ensure the stability. of the Master rectitier, once 

again the relations (4.19) and (4.20) must be respected. As .... , 
the Kaster ia assumed to operate at unit y power factor 

{4. 29} 

(4.30) 

99 



c 

,', 

c 

In eontro~linq the time dependent magnitude of the input 
, 
current .IN' the voltage vmodN(t) 

terminals for phase '1' a Il is 

~ 
at the Kaster Rec:;~~~iel; 

(4.31) 

Tranatorming the a-b-e frame into a-d-q frame it yields 

(4.32) 

(4.33) 

...... 1.2 Slav ••• 

Beeause of the relations (4.27), (4.28), (4.32) and 

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

Slaves (n-1,2 •• ,N-1) i8 

th. 

[~ 

[ 

vmodnd 

Vmodnq 

---.- -V3·~n 
veN 

( ~ --" 
The transformed dynamic equation in 

Slaves is 

o J0 9tf
1

dn] + 'fR~ -Xn 

o [::J rnd -
Ln iqn Xn Rn Vnq 

100 

(4.34) 

the d-q frame for 

rmodnd 
(4.35) 

Vmodnq 
\ 



• The angle of each supply voltàq8 Vn (n-l,2 ••• N) ia th. 
, 

same and is the reterenee in the d-q frame. As a result, the 

vector ~n ls 

V
n 

- [ ::: 1 - [ -~'Vn 1 (4.36) 

, 

Replaeinq eqs.(4.34) and (4.36) into eq.(4.35) it yielda 

,(4.37) 

sL[ idn • \fi 
YcnoXN°IN Rn -WS f® veN Ln 

dt Ln . 
iqn Ycn(VN-RNIN-~~N) - Vn Ws Bn . i qn 

VeN dt Ln 

There are three unknown values in the two-dimenaion 

ditferential equation, eq. (4 ° 37): idn' i qn and ven' A third 

relation is required. The Power Balance Equati~n' for. the 

Slaves, in the d-q frame, overeome the problem 
" 

(n-1,2. ° ,N-l) (4.38) 

where 

(n-l, 2 •• , N-l) (4.39) 

Replacinq eq. (4.34) and (4<.39) into (4.38), resulta 

(4.40) 

Beeause ot eq.(4.4), the term dIN/dt in eqs.(4.37) and, (4.40) 

can be replaeed by: 
.. 
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• sUN· -KP·~n 
dt dt 

(4.41) 

The standard small perturbation linearization on 

eqs.(4.7) ~or the Master and (4.37) and (4.40} for the Slaves, 

about their equilibrium operati~q states, yields the followinq 
,1 

linear state equation for the N-l Slaves-and the Master 

~h AIl 0 · .. - 0 AIN Xl 
---X--2 0 A22 · .. 0 A2N X2 

d- - (4.42) 
dt 

XN-l 0 0 · .. AN-l,N-l AN-l N XN-l , 
XN O· 0 · .. 0 ANN XN 

The~Mp.ter ia characterized by the I-tupYe vector 

X~AvcN and ~ ia a lxl matrix in the last line of eq. (4.42), 
.. 

ba .. d on perturbations of eq. (4.7); 

ANN 
. . - (4.43) 

The dynamics of ~ach of the N-l Slaves ~~ described by 

equations involvinq the 3-tuple vector XnT.[6Vcn,~idn,Aiqn] 

and the 3x3 matrix: 

• 

f 
0 -PnLn -qnLn 

[Ann] • PnCn rn sn (n-l,2 •• ,N-l) (4.44 ) 

t qnCn -sn r n 
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. 

.!t. 

.. 

• 

;-

where 

. Pn -= Ji. ~N;.lN 
VCNCnLn 

qn - V;JCVN-=-BNINl 
~ 

VCNCnLn 

rn -= - En 
) Ln' 

sn - Ws 

Eacf Slave is co~pled to t:he AVeN of the Master 

(n-l,2 •• ,N-l) 

where 

-, en - v3Kp . (XN1dn - RNlqn + Ltflqn· ANN - ...i2-) 
veNCn 3Kp' 

1 

Idn l Iqn and VCn are the steady-state 

eqs.(4.37) and (4.40). 

As 6 veN of the Master can .... be reqarded a 

funetion ih the equation 

• 

of , -

-, 
,(4.45) 

(4.46) 

(4.47) 

(4.48-} 

t)lrough 

(4.4-9) 

(4,50) 

the stability of eaeh Slave ia determined by the eigenvalu •• ' ~_ 

of the matrix 
D 

[Ann] • 
"-As the objective ia to prove global 
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atability, the .c~acteristic equat10n is obtained ,in the 3rd 

order polynomial form: ~ 

(n=1,2 •. ,N-1) (4.54 ) 
where 

AOn .. 1 1> (4.55) 

~~1n .. 2Rn/Ln 
.. .. (4.56) 

~ 

A2n .. B2~X2+ 111XNIN)2+(VNzBN~N~ n n-
Ln~ LnCnVcN 

(4.57) 

.. 
/' • 11iXNIN)2+(YN~NIN~.Bn a3n •• 

LnCnVcN Ln 
(4.58 ) 

The stabil i ty of the. Slaves can be found by Routh's 
-t' 

. 
criterion. Routh's Criterion assures stability when ~jn>O for 

../ .-, . 
j-O',1,2,3 and (aln·a2nl~on·a3n»O. From

e 
eqs. (4.55) ~o (4.58) 

it i8 clear that ajnrO is satisfied when Rn>O. The second 

condition, (aln : a2n-aJn· a3n) >0, 
.. 

In conclusion, ·the Slaves are always stable, beca\,lse the 

ideal cond~1on Rfl-O for ·100% efficiel"lcy, is never reached. 

The direction of the power does not come 'int~ the stability 

conditions and hence, the ~laves are stable for bath, 

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

relations (4.29) and (4.30) and the Type C configuration, like 

Type A, has power reversaI eapability: 

Let us try to explain the stability' of the Slaves 

through the phasor diagram of Figure 4.8. When the Master is 

under 'steady-state, the e ang*e is constant and hence, any 

perturbation in the Slave voltage ven only affects .the 

amplitude of Vmodn' making the input current to move following 

the "ae lO~US'" shown in Figure 4.8, te satisfy the phasor 

diagram. But, because of the power balance between the ac and 

the de side of thc:t rectifier, the Ioad current i 2 tries te 

force the input current In to folloYf the Itdc locus", also 

shown in Figure 4.8. 

Il 
Il 

, 1 
1 1 
1/ 

1 equilibrium point 

/ : VnL9.° 

1 ~ 1 
1 ~ 1 

1 11 1 
t de' locus/~ 

/ (ae' locus 
1 1 

Piq.4.8 Slave Pbasqr Diaqram and it~ Bquilibrium point 
" 
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OThe intersaction\ot these two locii represents a stable 
\ 

equilibrium point, because when ven increases ,Cdecreases), 

le.8 (more) power comes from the ac side, diseharging 

(charginq) ~'the capacitor en and making the Slave to return to 
-

the equilibrium point. similar reasoning can be used 'for the 

inverter mode, in which a stable equilibrium poi!1t is also 

reached. 

It can be seen from Figure 4.8 that the equilibrium 
~ 

point is stable and only possible when Rn>O. When Rn=O, the 

t.wo locii are parallel and hence cannot meet. On the other 

hand, a hypothetical· Rn<O would produce an unstable 

equilibrium point. 

4.4.2 Voltage and Currant Sharing • 
•• f' 

The voltage (Vcn) and current (In) shafing for the Type 

e contiguration is found from the steady-state solutions of 

aqs.(4.37) and (4.40). Eq.(4.37) gives the in-phaSft and the 

in-quadrature terms of In. The steady-state solution of 

eq.(4.37) is: 

\ 

1 

1 

~n·{INXNRn+(VN-RNIN)Xn}-VnXn 
VCN 

~n·{-INXNXn+(VN-RNIN)Rn}-VnRn 
VCN 

and the steady-state solution for eq. (4.40) is 
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/ 

where, fram the Master steady-state Power Balance Equation: 

(4.'62 ) 

Eqs.(4.60) ta (4.62) permit one to express the values of 

Iein' Iqn and Ven' in terms of the Master current IN' the 

Master voltage VCN, and the constants RN' Rn' XN' Xn , VN and 

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

intô eq.(4.60) yields: 

Iqn = -V3·IN.LBn!YN=BNIN~JLXNIN1YnXN-VNXn±BNINXnll 
Rn"Oenom 

where 

(4.63) 

(4.64) 

(4.65) 

(4.66) 

, 
The-magnitude and phase of the input Slave current, In t 

1s found through eqs •. ( 4 . 6~ ) and (4.65): 

(4.67 ) 

where 

(4.68) 

and > 

(4.69 ) 
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From eqs.(~.63) to (4.69), it can be found that voltages 

·and currents are perfectly balanced when the parameters of the 
• 

Slaves are identical ta the corresponding parameters of the 

Master (Rn-RN' Xn="N and Vn=VN)' Based on these equatians, 

Figu:r:es 4.9 and 4.10, show graphically the effect of the 
. 

) parameter variations on In and VCn with r~spect to the Kaster 

.' 

. .8teady-state conditions, 
o 

a function of Xn and Vn as 

r •• pectively. The Kaster operates at its rated power and 

XN-O.25 [pU]. 

ln 

1.31. 
) )(N = 0.25 [PIA] 

Vn=VN 

O.9~N 

IN .... , , , , ,', , . , ... , ... , ...•.... , 

o,axH 1.2XN 

. l'i9· .. ·' Parueter Sensi ti vi ty of Type C CODDe~tion t~' \ 
:In Variations ) 
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It can be seen trom Figure 4.9 that the Slave current In 

is very sensitive to Xn variatiohs. The Slave output voltage 

Vcn , is also affected by Xn variations. Note that in both 

cases, the XN/RN ratio has an important influence in the . 
parameters variation. The bigger ls this ratio, the more 

1 

~ensitive becomes the system. It ls cl.ear that the system 
. 

'should keep all the reactances with deviations not bigger than 

5 , with respect to the Master reactance. 

ln 
1.' 1" 

1.5 la, 

1.l4 1. 

.1.31~ 

1.2 III ln 

1.1 III 

IN 
0,9 III 

0,8 Lr 

O,8VN 

l'iq.4.10 

.. Ven 
X'n s XN :: O.S [10"] 1.4'4., 

VeN = Viol: 1.0 (p",) l''~V'N 

1.2V'1II 

I.IV'H 

'. VeN 
~:2S 0.3 VC'-J 

0.8 Vc~ 

03 VC.N 

O. Vcu 
", 

O.9V~ VN 1.1 V,,/ I.~V~ 

Vn 
)J> 

• «" 

Paraseter Sen8itivity of Type C Connection 
to.Vn variation. 
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The values of R-O.OS [-pu] (XN/RN-S) and R=O.l [pu] 

(XN/RN-2.5) represent modular efflciencies of about 95 and 90 

percent respectively. The figure shows the In and VCn 

variations for XN/RN=5 and XN/RN=2. 5. These ratios and the 
. 

value XN-0.~5 [pu] are very representative of real systems. 

The Figure 4.10 shows similar behaviour in the Slave 

input cucrent and output voltage when its supply voltage Vn 

changes with respect to VN. The voltage VCn increases almost 

linearly when Vn _ increases. Once again, bigger XN/RN ratios 

produce high current and voltage sensitivity to parameters 

variation. The supply voltage Vn should be kept as close to 

the Master supply voltage VN as possible. 

With these results it is easy to realize that it,is very 

important to keep the Slave reactance Xn and the supply 

.oltage Vn of this configuration as close to the Master values 

as possible. Any variation in these parameters exceeding 5 % 

cannot be tolerated. 

The resistance a has to produce . , been proven 

negligible effect on In and VCn. For this reason, it is not , 
shown graphically. 

The capacitors en play neither a role in the sharing of 

th. power n~r in the stability of the system. Hence, they can 

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

sufficiently'latqe capacitance to satisfy rel.(4.29). 
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4.5 Type D: Indirect Common svitchiD9 control. 

The Type D or Indirect Common Switching Contrdl i. ba.ad 
J-

on the same operation princip1e as Type C. The ditterence is 

that the Indirect Current Control Method, discussed in Chapter 

III replaces the Direct Method of control used in the! ;t~:~ C 

configuration. This a110ws 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 ~ontrolled by on1y rneasuring the Master dc 

voltage. 

Figure 4.11 shows the diagrammatic repre~entation of the 

Master rectifier which uses the Indirect Current Control 

Method discussed in section 3.2 of Chapter III: The Sinusoidal 

PWM or SPWM strategy. 

abc 

COlwt 

pig.4.11 Diagrammatio Repre.entation of the Indirect CUrrent 
CODtrol Xetbod, usinq SPIN strateqy 
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Th. SPWM strateqy generates the voltage Vmod throuqh the 

intersections of a triangular oarrier and the three-phase 

mO~ulating signaIs produced ~n the hardware. 

'----I~ 
'------1 ~ ...... --. 

----~_._~~~~ ~----~~~ 

+ 

'19_4.12 Typa DI Indirect ComaOD svitohinq Control Topoloqy 
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The Kaster, represented in Fi~ra 4.11, ia connactea to 

the Slaves dri ven by the Common Swi tching principle shown in 

-i'iqure 4 . 12. The word "Indirect" has baen added to the 

definition of Type 0 to differentiate it from the Direct 

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

4.5.1 stability Anaiyaia. 

As this system uses the same princ:ipla of operation as 

Type C, the stability analysia developed, for the former in 
, JI 

- section 4.4.1 ls also valid here and will not be repeated. 
, 

The Slaves are stable for Rn>O. The Master has condi tional 

stability. Thus , the overall system stability depends on the 

Kaster. The stable conditions for the overall .y~tam (a •• uming 

~-~ in the Kaster rectifier) are: 

Rn > 0 (n-l,2 •• ,N-l) (4.70) 

(4.71) 

(4.72) 

4.5.2 Voltage and current shariaq. 

As the mathematical analysis of the Type 0 is the sam. 

'as of the Type C configuration, the voltage and current 

sharing can be based on eqs. (4.63) to (4.69) and Figure. 4.9 
-

and 4.10. Theretore, it ia not requirad to repaat it •. 
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4.' Type BI Sbifted Trianqular carrier Control. 

The Type E or Sbifted. Triangular Carrier Control 

configuration does not introduee any reduction in the 

hardware. On the contrary, a slight increase in the number of 

hardware eomponents is required. However, the system 

pertormapce is greatly improved in terms of operational costs. 

The Type E configuration is able to produee excellent current 

waveforms with low switching frequeney and hence high'overall 

efficiency with respect to the other configurations. 

The idea is based on generatinq independent triangular 

carriers for eaen Slave, with the purpose of eliminating some 

unwanted harmonies. The Type E configuration is shown in 

Figure 4.13. 

4.'.1 Harmonie Blimination. 

It is shown here that by using the same modulating 

lignaI as the Master but with the slight modification that 

eaeh S,lave has its own trianqular carrier which is suitably 

phase-shifted, significant numbers of unwanted harmonies are 

el\iminated. 
1 

\ When and Ws (see Chapter III) are the angular 

fr.quencies of the triangular carrier and the modulati'ng 

.in~.oidal signal respectively, the double Fourier Series 

mathod of analysis (68J, expresses the jkth harmonie voltage 

component of SPWM as: 

(4.73 ) 
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'----I~ 
'--__ --1 ~ 1--0--.. 

~--------~~==~ ~--~~--~ 

• ri9.4.13 Type B' Trianqular carrier 8bifte4 Topo~o9l. 
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• Eq.(4.73) ia in tbe polar torm, where Vjk (Bessel 

Punction) is t~e magnitude and œjk is the phase angle. 
, 

Froltl 'raf. (68] which gives the derivation, x=WTt and 

y-w.t .hould be treated as orthogonal variabl~s,' although the 

tima t appears to be common. Thus, when the carrier phase is 

.hifted by an angle Ô, the Fourier Series component becomes: 

(4.74) 

- , 
When there are N identical rectifier units whose 

trianqula~ carriers are each phase shifted by 

then the 
<-

rectifiera 

Ôn - ~ 
N 

compoaite Fourier 

ia: 

~ 

Sjk -. Vjk O ~ sin (jwTt + kwst .. 

(n==1,2 •• ,N) . 

Series companent 

+ œjk + j~) 
N 

From the trigonometric identity, 

of 

t.in(~ + j.2lrn) • 0 for j " NL (L-l,2,3 ••• ) 
n N 

tor j - NL ~(L-l,2,3 ..• ) 

• , When the ~ term in aq. (4.77) is defined as 

fi 

(4.75) 

the N 

(4.76) 

(4.77) 

(4.78) 



it can be concluded that all Fourier Series harmonics are 

eliminated, except ~~ose associated with j-NL and k in 

\ 

vNL,k = VNL,k'sin(NLWTt + kwst + 0NL,k) (4 • 79) 

(L=1,2 •• ) (k=±1,±2, •• ) 

4.6.2 stability Analysis. 

The stability analysis developed in Section 4.4: 1 is 

" based on fundamenta1 power ançl neg1eets harmonie power. As a 

resu1t, it can be applied for the Typé E when the switchinq 

frequeney of this topo10gy is high enough. Type E reduces 

overall harmonies but those of individual modules can be large 

if we lower the switching frequency. We have not analyzed the 

effect of harmonies in the stability of Type E configuration. 

4.7 SUbtopoloqies. 

Types A\ to E topologies,· which have already been 
'; 

discussed, 'can behave differently by making slight changes in 
1 

>' 
their e1ectrical s~ructure. on1y one is mentioned here: Type 

El, which is a modification of the Shifted Triangular Carrier 

configuration. 

The ~ El. or Total Voltage C-ontro1 topology' can be 

considered as a subtopology of the Type E configuration, 
, 

because they on~y differ in the de voltage sensing procedure. 

The total. d~ voltage, instead of '. j ust the Master voltage, ~s 

measured. The drawback of this procedure is tnat a high 
1 

voltage sensor is required. However, the advantages of auch 5 

topology a~e: 
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1) 

" 

Master and Slaves,disappear: all the converters hav~~ae 
.t ~ , 

same hierarchy. - ' 

ii) Reliability increases, ~ecause it does not depend on the 
~ , 

( 

1 

j 

reliamility of the Master. 

1ii) In the Type E, a failure in one Slave reduces the outp~t 

voltage to (N-l)jN. The Type El maintains the voltagë by 
i6;. 

increasing the modular voltages automatically. 

iv) The modulating signal Vmod is less distorted than the 

one from the Type E, because i~ comes from the total de 

voltage, .hose harmonies have been reduced by the 

shifted triangular carrier. 

No attempt has been made to analyze Type El 

mathematically. However, simulatior:ts have shown that it is 

stable under both inverter and rectifier operation. 

t Besides the possibility of implementing subtopologies, 

there ls also the aleernative of combining topologies in order 

to overcome stabili ty problems--.., Type BA configuration for 

example, (B under rectifier moa~ and A under inverter) avoids 

the instability problems of Type B under inversion and Type A 

~ndar rectification for the Slaves. 
• -

, )~ 

4.80 Hi9b Voltage Back-to-Back systems. 

The stability characteristics of'Types ç, 0 and E permit 

"" - the implamantation of >High Vol taqe BaC;,Jt-to-Back systems like 
, r r 

the one usinq Type C shown i.n Figure 4~14. 
" 
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~iq.4.14 Back-to-Back Syatem. 
c 

The Back-to-Back system allows either the inter-

connection of asynehronized power systems or wl th ditterent 

frequency of operation. The multiterminal configuration with a 

common de bus is also realizable: one terminal controls the de 

voltage and the others control the power flow at constant 

power factor. 
\ 

In the two-terminal syst~m of Figure 4.14, the dc 

voltage ls cont.rolled by the left-hand terminal. The riqht­

hand terminal controls the power tlow by cha'ng!ng the 

magnitude of the sinusoldal current template 'I1nret' shown ln ... .. 
the Figure 4.14. 
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4.' Diqital 8iaulations u4 Bxperi.eDtal/ae.ulta. 

The mathematical analyses that have been developed in 

thi. ehapter have shown excellent agreement with the digital 

aimulations and the experimental work. 

As it was already explained in section 3.6, the Valve-

by-Valve Digital Simulation program is based on treating each , 

rectifier bridge as a pieee-wise circuit problem, in which the 

ON-OFF states of each of the six power switehes of each 

rectifier give rise to the eight possible circuit states 

discussed in the Appendix A. 

In addition to Valve-by-valve Simulation, Mathematical 

Simulation has also been used and has proven to be a reliable 

tool as wall. The Mathematical S~lation salves numerically 

the system of differential equat-i~ expressed in the d-q 

frame of Section 4.A.l by the digital computer. The very close 
t 

aqr8emen~ between the Mathematical Simulation and the Valve­

. by-Valve simulation is another good justification of the 

correctness of the mathematical models and the assumption that 

high harmonie power quantities can be neglected. To avoid 

redundaney, only the results from Valve-by-Valve simulations 

are shown here. 

The experimental work was realized with the following 

ratinqs: supply voltage Vn-40 V: reference dc voltage VREF=120 

V; proportional controller gain Kp=3 A/V; reactanee per phase 

Xn-2.5 Ohms and resistance par phase Rn~l Ohm. Higher ratings 

vere obtained with tOe Valve-by-Valve Digital Simulations. 
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4.'.1 Type Az xn4epen4.nt Loaal control. 

In the Type A configuration, thera is no Mast.r 

rectifier and hence, a1l the converters have the same 

hierarchy. Each modular unit is autc. nomous and so every one 

has to satisfy reIs. (4.11) and (4.12). The simulation in 

Figure 4.15 shows what happens when two rectifiers connected . 
in series Type A feed a dc Ioad whose current demand i 2 

changes from 0 to -100 and then to +100 A. In this examp1e, 

the first rectifier does not have enough dc capacitance to 
1 

keep the module stable and it collapses when the dc current 

becomes positive. The red'tifier has violated rel. (4.11). It 

can be noted that the system works well,in the inverter mode 

because rel.(4.11) is applicable for rectifier operation on1y. 

11 

,... .... _--.. --L\.-..... 6 .... · ... · ... · .. ·· .... ···--.····· .. -··.--..... · ........ ···r 
\,rI. \~I 

C =300 pF 
. _____ ..... _.H .. _. ___ .. __ .... _ ...... _ .... _ ........... . _t __ .. ...-_ .... _ .. q._ .... HH_ •• ....-.. ...... _.......-.... .. 

c. = 2000)"'F 
...... II .. __ ......... __ .... ".~--_ ..... _--•• _· __ ·_, .. ··-_ ................ - ....... " ........................ ,.. .................... ,. ••••••• -., ••••••• , ........ , ... .. 

~i9.4.15 Type A siaulation: reatiti.r.l coll.p ••• becau.e it. 
40 cap.aitor i. too 8ma1l. 
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The ratings and parameters of this simulation are: 

Vn-220 V ac; VREF-660 V dc; Kp-2 A/V; Xn=O.4 Ohm and Rn=O.l 

Ohm. The dc capacitors are C1=300 uF and C2=2000 uF. 

Exp~riments with Type A configuration were not 

pertormed. _ 

4.'.2 Type B: Common cur,.nt Reterence. 

In the Type B configuration, the Slaves are independent 

ot relation (4.11) and so they can use, small dc capacitors. 

Figure 4.16 shows a simulption with the same parameters as 

Figure 4.15, for three series connected Type B rectifiers. The 

dc capacitors in this oscillogram are: c1=100 uF, C2=200 uF 

and C~(Master)=2060 uF. It can be seen that the slavas remain 

stable aven with these small de capacitors as was predicted by 

f the mathematical an~lysis. As this sys~em is unstable under 

inverter mode, the simulation only shows the step response of 
1 

the rectifier operation from i 2=0 to +100 A de. 

An experimental oscillogram for the Type B is shown in 

Figure 4.17. The perturbation is a change in the load current 

i2 from 0 to 7 A dc. The de voltages and the input currents 

are displayed. It can be noted that the Slave is stable ar.d 
, 

that its dc voltage follows the Master de voltage variations. 

The dc capacitors are C1-C2""'12000 uF. The dc voltage drop is 

VREF-Vc-3 V. The input currents Il and 12 (Master Rectifier) 

are nine amperes each. Because the theory predicts that the 

inverter mode is unstable 1 
• 1 

experiments under ~nverter mode 

were not pertormed. 
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Master" C,-2.000IJ 
.......... _ ................ _ ............ " ................................................................................................................................................ 1 ........... 111' ........ • 

~iq.4.16 Type B simulation. Slave. atability do •• not d.pend 
on the size ot the 40 capaoitor. 

l'iq'. 4 .11 

(J •• ) 

b) 

c) 

cO 

Type BI Experimental o8cilloqram tor a step ae.pon •• 
a) Slave voltage vc1; b) Master voltage vc2; ~ 
d) Slave CUrrent Il; d) Kaster current 12- ! 
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The analysis developed for 'the Type B configuration 

showed that this topology is unstable under inversion. Figure 

4.18 clearly demonstrates this facto T~aster, as weIl as 

the Slaves use the sarne dc capacitor C=1000 uF, but despite 

the increase in the Slaves dc capacitors with respect to , 
Figure 4.16, they do ,"ot sus tain the dc voltage. The Slave 

voltages begin to increase asymptotically following a constant 

100 1, 
[A] 

0 ..... ---

100 '% 
Ot--_ ..... 

l, 
10~ Masr.,. 

1 
1 
1 
1 

[V]! 
v'c 1 

t 1 
860~"':"'-';---

t 

.... ", ... ", .......... " ....................... , ........... , .............. _ ..... ,. ...... , ...... _ .................. , .............. ," ..... ..-

l 
o ...... - .. ,wtM ...... ·.r··· .. - ........... -----·--· ..... -." ..... - .. --· ....... 1 ....... - ...... - ........... - •• ----....... ----.·-

860 V. , : 
Mast.,. : 

...... _ ........ _ ..... ! .... _H' ........... _ •• __ ........... _ ..... HltMl ...... _ ......... __ ._ .... _ ....... _ ... __ .... _._ ............ , ... _ ....... _ ............. _ 

f step (-100 A de) ~ t 

.i; .•. 18 Type B Inverter simulation. The Slav •• do not 
auatain the 4e voltage and the .yat .. collap.es. , 
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4.'.3 Type C: CO~D svitohinq CODtrol. 

As it was shown in the analysis ot Type C, this 

configuration is stable in bath rectifier and inverter 

operation. Figure 4.19 shows a simulated oscillogram under the 

same conditions as Figure 4.15: Cl=JOO uF and C2(Master)-2000 

uF. It can be seen that an oscillating transient p~rturbs the 

behaviour of the Slave and then, more capacitance is required 

to reduce this problem. In figure 4.20, the Slave capacitor Cl 

has been increased ta 500 uF and the oscillations become less 

severe. 

1 

Hà.5te r C z. = ZOo o,.,M. ç 
.... " ....................................... H •• " ........ , ......... , ......... Il ............. ,,, ............. ,, ......... Il • .. "" .............. " ........... """ .. "" .. 

riq." .19 Type C Simulation. Tran.ient R •• pon.e troll a chaDqe 
iD the Load CurreDt i 2 fro. 0 to -100 ta +100 A do. 
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i ........ 11 ~'''J .. _Ll .. """,Û."._."l~:/~'''\?~j"' .. :\.;::\::/ V V.} ~~ 

~I. "f\f\pt-\-j~A-?v" 
%, ...... --.-. V 

(,(,0 v ~ \/'' .. /-\",,l'''w~.,,,~ 

C1=500)-4F 
, ..... ,., ............................................... " ........... 01 ................................. • ................ •• .. ••• .. • .. • ...... ••••• ..................................... , ........................... ,... 

t 

',"0 V 

lVIaster C z=2000..-...F ....... " .................................................... , ... "'" ............................... , ................................. , ......................................................................... . 

riq.4.20 Type C simulation. The Slave dc capacitor has been 
inore •• ed from 300 uV to 500 uV to reduce the oscillations. 

To avoid the transient problem af Figures 4.19 and 4.20, 

the .Slaves should use the same capaci tor as the Master but 

this increases the cost. Because the PI control permits one ta 

reduce the proportional gain, it offers a good solution to the 
, l, 

capacitor size. Figure 4.21 shows a simulated oscillogram of a 

Type C confiquration wi th PI control. The proportional gain 

has been reduced from Kp-2 to Kp=0.6, allowing (accordingly ta 

relation 4.29) the same proportional reduction in the Master 

capaci tor from 2000 uF to 600 uF. Using the same capaci tor 

value in the Slave, the unwant~d oscillations of Figures 4.19 
~ 

and 4.20 disappear. The integral gain i5 Kr-300. 
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t 

Master • ..........-. ..... _ ..................... -.-. • .-...._ .................... _ ............ N""" .... '"""'.'H •• _ .... __ ....................... " ..... _ ........ _-..-.._ ... .. 

~ig.4.21 Type C Simulation vith PI Control. Cl=Ca=600 u~. 

A l~rg,- number of experiments were performed using the 

Type C co~guration. Figure 4.22 shows the Common Switching 

Control strategy driving each converter with the sarne pattern. 

The' Slave and Master currents are almost identical. As a 

consequence, the total input current will have proportionally , 

the same waveform, this being the drawback of this 

configuration. 

The experiment in Figure 4.23 demonstrates that the Type 
.. 

·c configuration has power reversaI capability. The load 

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

CI-C2-6000 uF. 
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a) 

b) 

~1q.4.22 Th. Common Switchinq Control strategy Gives Bxactly 
th. Sam. Pattern to Each Rectifier Current. 
a) Slave current; b) Master current. 

~) 

b) 

c) 

d) 

.1q.4.23 Bxp.rim.ntal V.rification ot the Type C Power 
Reversal Capability. 

a) load current 12 : b) supply Master voltage V2 
c) Slave current Il; d) Master current 12 
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. \) 

The valve-by-valve simulations of Figur •• 4.19 and 4.20 

showed that Master and Slaves behave ditterently durinq 

transients when Cn~CN. The experimental oseillogram ot Figure 

4.24 shows ~\this tact when Gl.-950 uF and C2-6000 uF. 

Oscillations are not visible beeause they are damped for the 

"big resistive element Rl-l. Ohm of the rectifier. Thi. 

oseillogram shows a step response when i2 g08a trom 0 to +7 A 

dc. 

'/ 

1\ 

o.) 

c) 

Fiq.4.24 Transiant Babaviour ot T~e{c when Cl~C2. 
a) Slave current Il 1 
b) Haster current 12 l-., 
e) Slave de voltage vel 
d) Haster de voltage v c 2 
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The mathematieal analysis a180 showed that the stability 

of the Slaves does not ?epend on the size of the de capacitor. 

~ Figure 4.25 shows the input currents and output de voltages of 
, 

an experimental oseillogram, where the Slave capacitor is only 

Cl-250 uF and C2 (Master) =6000 uF. It can be seen that the 

rippla in the Slave volt~ge has become quite big and it begins 
• 

to di.tort its input current, but tne syste~ remàins stable. 

o.) 

b) 

c) 

cl) 

q 

1'19 .... a, -Izperi •• n tal Proof of Slave stability vith S •• 11 4c 
Cap.citor. 

a) Slave current Il 
b) Master current 12 
c) Sla~e de voltage vcl 
d) Master de voltage vc 2 

i 
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4.9.3.1 PUlsatinq Loads. 

Until now aIl the simulations and experiments have been 

performed with harmonie-free de current loads. Practical 

applications in Power Electronics sometimes require equipment 

which is able to feed pulsating loads, like a dc Chopper. 

Figure 4.26 shows a simulation of fo~r series TyPe C connected 
'-f (" 

rectifiers, with a total de voltage Vc"1500 V, feedinq a 

Chopper-driven eleetrical locomotive. The Chopper frequency is 

fc=840 Hz and the current starts increasinq from 0 to 1200 A 

de. 

• 
1 J~ 

. 
i . 
:k.z 
1 
1 
1 

,v 

1200 A "/II. 

Piq.4.26 Four Type C Rectifiera Pe.ding • pul •• tinq Loa4. 
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, 
The ratinqs and parameters of this simulation are: 

Vn-130 V ae, In~1300 A AC, VREF-375 V de, Rn=O.Ol Ohm, Xn=O.05 

Ohm, Cn-10OOO uF, Kp=3 and KI=lOOO. The size of the hysteresis 

band is h-SO A whic;h gives a maximum switehing frequency of of 

7.5 kHz. With st,tte-of-the-art power senriconductors, such a 

rectifier is realizable. , ~/ 

4.'." Type" D: IDdirf~ct CommOD Swi tchinq control. 
~ Figure -4.27 shows a step response for a Type 0 

recti.tier, wit,h t'Wo non-compensated (Lb=O) Indirect Current 

Controlled rectifiers; The forcing function i 2 changes from 0 

to -6 A dc. 3ecause ~b~O, the dc capa~itor has to be big to 
'. 

ktàep tl;1e s:yst\~m stable: Cn=18000 uF. 

0..) 

b) 

c) 

cl) 

.19.4.21 Type D configuration. Transi.nt RespoDse. 
a) Slave voltage vcl; b) Kaster voltage vc2 
d) Slave eurrent Il; d) Kaster cutrent 12 

( 
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4.9.5 Type E: Shifted Trianqular Carrier Control. 

The Shifted Trianqular Carrier topology offera the 

addi tional advantaqe of harmonie elimination r 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 eurrent of each rectifier is 

'Il=I2=7 A de. The ~igure shows that the resulting total 
',\ 

eurrent is cleaner than its components. 

. i ,.. 
"9".4.28 Type E 

0..) 

b) 

c) 

Configuration. Experimental Proo! of tbe , 
Har.monic Elimination. 
a) Slave eurrent Il 
b) Master current 12 
e) total current Il+I2 

The more the converters are used, the cleaner the total 

current ~s. Figure 4.29 shows a simulation with seven conver­

ters in series. 'rhe total current, is virt~ally srllusoidal. 



c 
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" 

" l'ig .... 2' current "aveforms fr.olll Diqi tal simulation of 7 
\ Reotifier. who.e Trianqular Carriers are Phasa-Shifta4 

Q=2:K/7. 'rhe Carrier l'requenoy is 600 Hz. 
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'The simulation of Figura 4.30 shows two ditterent 

aspects: the transient response under a negative current step 

from 0 to -~ A de and the quality of the total current for a 

carri~r frequency as low as 300 Rz. The system only has 5 

converters in series. Only the f irst Slave and the total 

current are displayed in this oseillogram. The ratings of this 

simulated system are the same as that of the axperimental 

;, device. 

NUMhe!' of convel'tel'S : 5 Fl'equency carl'ier : 5 ti~e! Cs 

................... M................... .. .......... _ .... _ ......... :............... . ............................................................................................. : .. l ... ~ 

.iq.4.30 Type B oscilloqram vith Five Convert.ra iD Serie • 
an4 Lev svitchiu9 .re~ency. carrier .requenCJ f~300 BI. 

~ , 
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4.'.' Baek-to-Baek Systems. 

Figure 4.31 shows the simulation of a two terminal 

Back-to-Back system like the one shown in Figure 4.14. Each 

term~nal has two series connected Type C rectifiers. The power 

ratinq 'of the system is 260 kVA and it operates at unit y power 
~ 

factor in the both terminals. The system is subject to a very 

s.vere situation: a step in the reference current of the 

right-hand terminal from 0 to 1000 A and then from 1000 to 

-1000 A ac. 

et 

I,.,. 
C.'PI 

-I.c. .. 

ri9.4.31 Baek-to-Back system'simulation • .. 
136 



• 

• 

The oscillogram shows: the input eurrents ot the voltage 

regulator terminal, Il and 12; the error in their de voltaqes, 

el and e2; the output currents of the other terminal, lINl and 

lIN2; their dc voltage errors, eINl and eIN2; and the dc link 

current icc. 

It can be seen that the system has to withstand 

overvoltages in the de link of up to 30%, but it overcomes the 

severe transient. 

other parameters for this simulation are: Cn-CINn-15 mF, 

Vn-VINn=130 volts ae, VREF=375 volts dc, Rn-RINn-0.01 ohms, 

Ln-LINn=O.15 mH, Kp=8 and KI-4000 . 

.. • 10 Summary • 

Different topologies for series connected PWM rectifiera 

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 configuration, combined with the Indirect 

Current Control Method, has made it possible to coneeive the ' .. 

optimal Type E configuration, which only needs one voltage 

sensor to control the overall system and possesses the 

property of harmonie elimination. This last feature allows one 

to use very low switching' frequeney, thus reducing the 

switching losses and increasing the effieiency of the completa 

rectifier. 

other fields of study opened up by this resear~h, like 

improved subtopoloqies, combined topoloqies, topoloqia. with 
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.C 

ditterent control strategies and hiqh power back-to-back 
.... 

systems are suggestions for further and detailed 

investiga t ion. ~/ 

The next chapter, Chapter V, 'analyzes . the power 

rectifiers connected in paraIIel. Similar development carried 

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

PARALLEL CONNECTED RECTI7IERS 

5.1 Introduction. 

In Chapter II, the princlples 

of the Direct CUrrent cF0ntrol Method 

and analyses 

were descr ibed. 

Chapter III developed the Indirect Curren Control Method. 

Finally, Chapter IV analyzed different series-

connected PWM rectifiers, using the two current control 

methods discussed in Chapters II and III. 

Thi's chapter presents the analytical and experimental 

work on parallel-connected PWM rectifiers, usinq bath the 

Direct and Indirect Current Cantrol Methods. The parallel 

connection becomes necessary when the required ra ted current 

of the converters is beyond the ratings of commercially 

available power electronic switches. The parallel-cannected 

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 af the 
. 

Thesis, the analyses, as weIl as the experiments, .are net as 
l 

detailed as in the previous chapter. Sorne topologies are 

briefly mentioned but are not discussed in detail. There i5 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 tor 

Indirect Current Control. 
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A. Direct Current Control. 

i) Type A: Independent Local Control 

il) Type B: Common Current Reference Control 

iil) Type C: Common Switching Control 

B. Indirect Current Control. 

i) Type 0: Indirect Common switching Control 

il) 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 

rectifiera. 

Unlike the series-connected rectifiers, the parallel 

oonnection has a common de bus for aIl the eonverters and 50 

requires only one voltage sensor for aIl the topol~gies. A 

common i~put transformer may· also be used in parallel 

topologies but in most of the cases this does not offer 

important advantages. A single transformer reduces the 

reliability of the system and requires 3N-I 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. Fiqure 

5.1 shows the topology for the parallel-connected Type A 

rectifiers . 

1 
1 

, , 

---1~ 

.--_..., i.,~ -

'-----1 ~ 1-----11 
------t~ 

Templates 

Wiq.5.1 Type A: In4epen4ent Local Control Topoloqy. 
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1.2.1 Kath ... tical Model and Stabi1ity ADalysi •• 

In the parallel configuration the dc link output voltage 

vcn is common so that: __ / 

Vcn .. vci (n-1, 2 •• , N) (5.1 ) 

Because of eq.(5.1), the dynamic POWer Balance Equation is: 

(5.2) 

voltage 

requlator is a ~roportional controller whose transfer gain is 

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

en-l, 2 •• ,N) (5.3) 

where VREF is the reference voltage. Substituting eq. (5.3) 

into (5.2) and applying small signal lineariiation about the 

equilibrium voltage Vc, the system linearized dynamic e~ation 

is obtained: 

~C" -~vc (5.4) 
dt Te 

wh.~. the time constant Te is: 

(5.5) 

FoX' stable operation, Te has to be positive which requires . , 

both the expressions in th~ numerator and the denominator to 

be po.itive. 
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5.2.2 Input and output current 8har1D~~ 
,/ . , ~ 

The sharing of the input ae eurrents can be obtained 

trom eq. (5.3). In partieular, fpr the modules n-j and n-k: 

(5.6) 

,1 
Thus , the input ae current sharing depends on the proportional 

gains. Making Kn-Kp (n-l, 2 •• , N), the input eurrentll beeome 

perfeetly balanced. 

The sharing of the output currents iln in the de l~, 
... 

ean be~obtained from the steady-state Power Balance Equation 
'" 

(n-l, 2 .. , N) (5.7) 

Equation (5.7) gives the sharing of the output de 

eurrents between the converters number j and kali: 

(5.8) 

Neglecting the value of the resistanees and replaeing eq. (5.6) 

into (5.8) yieldt: 

(5.9) 

1 

Thus, the balanced condition in the both input and . . 
J 

output currents requi're~at Vj-Vk, and Kj-Kk, for all j, k 

into n. As Xn does not appear ~n the e~ations, the parallel, 

Type A configuration ia insensitive-to Xn variations. 
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1.3 'IDe BI ComaoD CUrreDt a.fereDoe cODtrol~: 

It can be concluded trom eq.(S.6) that when Kn=Kp in the 
1 

Type A configuration, the current reference bècomes 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 thd system. The configuration 

becomes the Type B or Common CUrrent Reference Control wi th 

the tollowing characteristic 

In - l (n=1,2 •• ,N) (5.10) , 
The Type B configuration is shown in Figure 5.2. 

1.3.1 Itabil!ty ADalyai •• 

For Kn-Kp, n-1,2 •• ,N, eq.(S.S) becomes .. 
(5.11) 

with 

l - Kp(VREF - Vc) (5.12) 

One qats tha tirst stability condition trom the numerator of 

aq. (5.11) with Ta>O: 

(5.1.3 ) 

Wh.n Ln-L (n-1,2. '.,f)' it yields: 

(5.14 ) 
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Templates 

..." -

.19.5.2 Type BI Ca.aQD curr.D~ .. fereDoe CODtrol • . 
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This concii tian must be satisfied for every one of the N 

rectifiers. 

The second condition for stability is obtained from the 
1 

denominator of Te 

or 
"'~ . 

I < 'i:j;~Yn_ 
2·~ Rn 

5.3.2 Input and output currant~sharinq. 

,A 

(5.,15 ) ,., 

(5.16) 

Because Type B configuration uses a common current 

reterence, the input ac currents are identical by ciefinition. 

The sharing of the output eurrénts on the de side can be 

obtained from eq.(5.8), with the condition Ij=Ik=I for 

aIl' j, k into n. 

(5.17) 

(~ 

_J ," 

Assuminq Rj ~ Rk ~ 0 it yields 
f 

(5.18 ) 

Thùs, the 'de current sharinq ciepencis ciirec;tly on the 

balancing of the vol taqe transformers from the supply. If a 
,- ) 

commo~-transformer is useci, the Type BT configuration Is always 

balane.ci and independent of Xn variations-. 
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, l; .... E1i~Q 14 [ t i4 .i li lits!" 
. J 

, 5.4 Type C: ComaOD svitcbinq Con~rol. 

In the Type C conf.iquration, shown in Figure 5'.3, the 

input current is measured only in the converter number N, 

called Master. Thè rest, called Slaves (n-l,2 .. ,N-l), receive 

their logic commands from the Master so that thel~ pO'~èr 

eleétrqnic switches t~n ON and OFF in unison with the 

corresponding switches of ttie Master. 

L R l .(.,,' ..(..! 1 1 '''''-_-' _ __ .. 
-+ r---~-------O 

~ 
A.'l -r 

J1 ,1 

LN "N IN , ... ,,,-- -

Templates 

~i9~5.3 Type C: CommoD 8vitcbiDq çontrol. 

147 

....--.---



c 

\ 0 

) 

. 
Thus, 'like the Typf' C series connection, 

voltage at one phase of eaeh of the modules will 

ldentieal patterns; as shown in Figure 5.4. 

~~ V~Odn 
, , .2. Vcn- 1 

1 

3 , 

" 
(.00' 

)undamental 
~ 

, 1 

J 
-Vch-3, 

• u .... ft ... 1 ••• . . . :',~' r~ " ...... - '" .... • . ......... te , .... _ ••• 

--~Vcn lm""'" 
.. e~ 3 ~ 

" 1 

" -~Vcn-3 • 

.. 
t 

riq.5.4 simulated .avaform of the Phase Voltaqa ot One 
Rectifier and its Fundamantal Fourie~ Component for Type c. 

Beeause the de link voltage ve i5 eommon for all the 

rectifiers, the resultant ~undamental Fourier eomponent:' from 

riqure 5.4, Vl1locln, will be identical in amplitude and angle 

for all converters. 

..... -- -."," 
Vmodn - VmodN • Vmod (5.19 ) 
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5 .... 1 ~ Kath .. atical Analysis &Il4 8tabili ty. 

The mathematical analysis for th.~Type C contiquration, 

i,,"based on the fact that all the rectifiera are controlled 

~ith the same common voltage Vmod, 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 triqonometrical tunctions 

in the differential equations, the use of the d-q trame tor 
"""\ 

the analyses is recommended. 

In controlllnq the time dependent magnitude of it. input 

~rrent IN' the voltage vmod{t) generated at the Maater 

Rectifier terminals for phase "ail is 

(5,20) 

vmod(t) = Vi· {(VN - ~ • .snN - RN'IN) • sin, wst - XN"IN'coa w.t} 
dt 

where the Master is assumed to operate at unit y power factor. 

Transforming the a-b-c frame into a d-q trame yielda 

(5.21) 

(5.22) 

, The dynaJic equation in the d-q frame describinq the 
Slaves 18 

[: Vmodnq 

Vmodnd 
(5.2'3) • 
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\ ',.'-. 
wh.re 

' )' 

[ Vnd 

1 [ 
0 

1 - (5.24) 
Vnq -'fi·vn 

Replacinq eqs.(5.21), (5.2l) and (5.24) into (5.23), one has 

~::l ~dnl 
;Lqn 

(5.25) 

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

i) for the Master 
s 
\ 

(5.26) 

11) for the jth Slave 

(5.27) 

Raplacing eqs. (5.21) and (5.22)' into (5.27), it yields for the 

jth Slave 

(5.28) 

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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(5.29) 

From Fiqure 5.3, the fOllowing expression ia obtained 

(5.30) 

Introduc:ing eq. (5.29) into (5 .. 30) and assuming i2·vc.P2 yields 

(5.31) 

The Slave currents (idn,iqn > are solved by eq. (5.25). 

The input Master current IN' is related to V c through the 

proportional feedback Kp and the reference de link voltage 

VREF-

(5.32) 

with eqs. (5.25), (5.31) and (5.,32), the system' ia 
-

eompletely defined'. However, its analytical solution is lonq 
" 

and tedious. Nevertheless, some conclusions can be obtained by 

replaçing the derivative of eq. (5.32), dIN/dt, into (5.31), 

yielding: . " 

(5.33) 
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It can be pointed out trom eq. (5.33) that the 
. 

danominator cannot be zero" otberwise this' equation is 

undetined. Thus, one can find a limit of stability of the 

system making the denominator of (5.33) equal to zero 

trom which 

~IN - .~ + v'J'l:n iqn_ 
3 '~'Kp 

, 1 

(5.34 ) 

, 
\\ 

(5.35) 

A particular but important case is when the system is 

pertectly balanced. In such a case, 'Rn=RN' Xn=XN and Vn=VN 

(n-1,2 •. ,N-l). Because vmod is a common driver, the input 

currents become identical and so 

id(t) - 0 

iq(t) == -V3IN(t) 

Raplacing eq.(5.37) into (5.34) results 

trom which one gets the limit of sbability as 

~ç.vc· 
3N'~Kp 
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(5.37 ), 

(5.38 ) 

(5.39) 
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This is exactly the same stability limit as the on. obtained 

in eq.{5.14) for the Type B oontiquration, undar balanced 

conditions. 

5.4.2 Input and Output CUrrent Sharinq. 

The input currents of the Slaves can be obtainad trom 

the steady-state sOlution,s of eq. (S. 25) : 

(5.40) 

(5.41) 

\ 
\ 

and the Slave output current i ln trom the steady-.tate'. 

solution of eq.{5.28) 

1 

i 1n = - Vi· XNINldn - V3". CVN=BNIN.l:Iqn 
Vc 

(5.42) 

_where Vc is obtained from eq. (5.32) under steady-sta te 

condition 

Vc - VUF - IN 
Kp 

(5.43) 
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From eqs. (5.40) to (5.42), it can l'Je 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 variations on In 

and i ln with respect to the Master steady~ate conditions, as 

a function of Xn and Vn respectively. The Master operates at 

its rated power and XN-O.25 [puJo 

~-------------------------------------------------------------,' 

• 
ln A..1n 

XN = 0.25 [pu) 
1.2IN 

i., Tn ::.; 1 n 
1.2 ;"N 

1.1 lM 1.1 .tIN 

IN ,("fN 

., 

O.91~ 0.91.."", 

0.1 X., 0.9 X'" ' 

~i9.5.5 Jar .. eter Senaitivity of Type C Conn.ction to 
AC Lin.' Reactanc. Xn Variations 
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It can be seen trom Fjqure 5.5, that the Slave current ~n 
, 

changes almost linearly and inversely with Xn~ A 20' increase 
1 

in Xn implies about a 20% decrease in In and viceversa. The 

output current i ln follows almost exactly the same curve in 

the graphs (iln~In) 0 Therefore, these plots are also valid for 

i 1n o It can he noted that the XN/RN ratio does not play an 

important role in the deviations of In and i ln . In the qraphs, 
" the cases for XN/RN-2.S and XN/RN-S are dispIayed. 

ln 

1.3Iw 

1.21'4 

1. 11u 

:r1q.5. , 

d.9 VN 

Par __ ter Sensi ti v't ty of Typ. C conn.otion to 
AC Source voltage Vn VariatioDa. 
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Fiqure 5.6 shows the behaviour of the input and output 

Slave currents under vn variations. It can be seen that the 

Slave currents are very sensitive to vn variations and hence, 

input voltage transformers must be veryr weIl balanced. 

Variations in Vn beyond 10% are undesirable because they can 

produce more than 20% variations in the currents. Furthermore, 

unbalances in the input transformers increa~e the sensitivity 

of the eurrent~ to XN and RN variations, as can be seen from 

eqs. (5.40) to (5.42). AlI these reasons makes it recommendable 

ta use a common input transformer for paraI leI Type C 

contiguration instead of independent units. As à result, the 

number of current sensors will increase from two ta three 

units. 

The resistance Rn has been shown to produce very small 
'" 

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

graphically. 

5.5 Type D: Indirect Common switchinq Control. 

The Type D or Indirect Co~on Switching Control is based 
" 

on the same operation principle as 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 

TYPa C configuration. This allows a third simplif~cation in 

the parallel system: the elimination of aIl current sensors. 

In p"Type D configuration, the overall feedback system is 

controlled by just sensing the ,de voltage~ 
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The method ot control used here has c.en 'CIi.cu •• ad in 

Chapter III and is based on the application ot the well known 

Sinusoidal Pulse Width Modulation technique (S!"WM)'. 

(. 

1 
Jo 1 

1 

1 
l ' , 

+ v.­c 

, 

~i9.5.1 ~e D: Indirect Common svitchinq Control Topoloqy 
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1.'.2. 8t~ility and 'ar .. eter Sensitiv1ty. 
1 

Fiqur~ 5.7 shows the circuit confiquration.of the Type 0 

topology. Its stability and parameter sehsitivity are based on 
,- . 

the same equations developed for )he Type C configuration and 

hence will not be repeated again. 

5.' Type BI Shifted Trianqular Carrier Control. 

The Type E or Shifted Triangular Carrier Control 

configuration does not introduce any reduction in the 

hardware. On th~ cont~ary , a sI ight increase in hardware 

components is required. However, the system performance is , 

qreatly improved in terms of operational costs. The Type E 

"contiquration ta able to produce excellent f~rrent waveforms , 

with low switching frequency and hence high 0rerall efficiency . 

with respect to the other Configuratio~s. In Type E 
, 

c:onfiguration, as weIl as in Type D, there is no Master 

Rectifier. AlI the eonverters have the same hierarchy. 

5.'.1 Harmonie elimination. 61. 
l, 

The harmonie elimination pracess is based on the idea 

ot using the same modulating signal for aIl' the converters, 

with the slight modification that e~eh, bne ~as its own 

triangular carrier suitably phase-shifted. In this. forn, a 

aigniticant number of unwanted harmonies are eliminated. The 

mathematical anal~sis of ha~onie elimination has already been 

developed in Séction 4.6.1 and so will not be repeated again. 
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The Type E or Shifted Triangular Carrier topoloqy ia shown in 

Figure 5.8. , 

• 1 
, 1 

l, - A." -
.~ 

.(~ 
-=:.... 

+ 
Vc 

... 

~iq.5.8 Typa B' ~ri&DqUl.r carrier 8hifted 7opolôgy. 
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5.7 8ubtopoloqi ••• 

~IPes A to E topologies, which have already beèn 
, 

discussed, can be made to have different properties by making 

slight changes in their electrical structure. For example, in. 
.. ' 

Type C to~ol,ogy, i t fs· possible to, measure the total current 
" ,-

at the primary of the input transformers instead of measuring' . \ 

the partial' otlrrent at the seconc;Iary of the Master 

transformer. This change can have some advantages like the 

elimination of the Master unit and the reduction of the 
r 

current sensors from three to two when a common transformer is 

used. Subtopologies have not been analyzed in this work. 
fi, 

5.8 
y 
Izp.rim.Dta~ Resulta. \.. 

t· 

The mathematical analyses that. have been developed in ( 

this chapter close'ly agree with experimental work. Valve-by-
~ 

valve digital simulations were also obtained to support the 

analyses. ~he agreements have also been excellent but they.a~e 

not shown here. 

The experiment'al. work was realized with 'two 2-kw 

\ parallel connected rectifiers, each with the following , 
ratinqs: supply voltage Vn=40 V; re~erence dc voltage VREF=12Ô 

V; proportional contr911er gain Kp=3 AjV·;.'reactance per phase 

Xn-2.5 Ohms an~ resistance per phase Rn~l Ohm. Higher ratin9~ 

vere Dbtained with the valve-by-valve digital simulations. 
o 

.. .. 
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The Figure 5.9 shows the step' response ot the parallsl 

Type B topology. The load curreqt i2 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 relationship of the currents wi th raspect to 

one of the supply voltages. The upper beam ot the oacilloqram 

shows the forcing function i 2 • . 

,. 

.;. 

,r- -

"'-

d
q • 5 • 9 

a) 
b) 
c) 
d) 

( 
\ 

Typ. B: st.p a •• pon ••• 
load dc current 12< 

input supply voltage Vl' 
input cU,rrf!nt Il 
input current 12 
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b) 

c) 
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Figure. 5.10 to 5.12 show the Type B configuration under 

unbalaneed reactances. Figure 5.10 shows the ste~o response, 

wh.r. X1-2. 5 Ohms and X2-5 Ohms. It can be seen that the 

eurrent3 remain unaltered. Only small distortions appear. The 

insensitivity to Xn var~tions was predicted in the analytical 

work developed, for Type B connection in section 5.3.2. Power 

reversal and a detail of the input currents for this 

confiquration are shown in Figures 5.11 and 5.12 respectively. 

0..) 

b) 

c) 

ct) 

~ 1'1;°. 5 • 10 'Type B: step aespODS. vi th Onbalanced Reactance •• 
a) load de current i 2 
b) input supply·voltaqe V1 
e) input current Il with X1~2.5 Ohms 
d) input current 12 with X2=5 Ohms 
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Wiq.5.11 

" 

a) 

b) 

c) 

cl) 

Type B: ReversaI of Power with Unbalattced Raaatano ••• 
a) load de ~urrent i 2 
b) input supply voltage VI 
e) input eurren~ Il with Xl-2.5 Ohms 
d) input eurrent i 2 with X2-5 Ohms 

25~ 

r19.5.12 A D.ta11 of th. Input CUrrant. Il and 12 for Type • 
ConfiquratioD vith Xl=2.5 Ohm. and %2=5 Ohaa. 
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c , 
Figures 5.13 a.nd 5.14 show tllle step response and power 

! 

reversal r~sponse for the Type C e1onfiquration 

In Figure t: 13, the de eurrent 1 2 changes from 

and in Figure 5.14 from -10 to 10 Adc. 

respectively. 

o to +15 Adc 

CL) 

b) 

c) 

cl) 

~iq.5.13 step aesponse for ~ype C configuration. 
a) load de current i 2 ; b) 'supply voltage V1 
e) input eurrent Il; d) input eurrent 12 

• 

c) t 

cl) 

1'1q-.5.14 Type C ConfiquratioD: Revarsal of Power. 
a) load de eur:lèht i 2 ; b'). supply voltage Vl 
c) input current I~; d) Input current i 2 
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Fiqure 5. 15 shows the step response tor a Type 0 

configuration. The output de. current a1so changes trom 

o ta 15 Ade. 

l'iq.S.15 

Fina11y, 

CL) 

c) 

cl) 

step Response tor Type 0 Contiquration. 
a) load current i 2 
b) supply voltage VI 
e) input current Il 
d) input current 12 

Fiqure 5.16 shows a \ detai1 ot the input 

currents of the Type E ~nfiquration, in which " it can be 

observed that the ripple of th~ total current is smaller than 
t 

that of the ~urrents anJ of the s'in9l~ unl't:s. 

) 
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.i9.5.16 Type E configuration: Harmonies are E1iminated 
by Osinq the Shifted·Trianqular Carrier. 

5.9 8ummary. 

This chapter has presented the results of a brief 

investigation of parallel connected rectifiers using different 

control strategies. Although this chapter is not as compaete 
,t.. 

as the previotis one, it presents the rele~ant mathematical 

" tools for stability and sensitivity analyses for aIl the five 

topologies that have been analYzed. 

The experimental work showed that aIl the topologies are # 

stable in both, rectifier and inverter. mode. 

The next chapter will summarize aIl the work pursued in 

thi. thesis and will discuss possible future work related with 
l' 

this research. 
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CONCLUSION 

" , 
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 tield ot high 

powe~ applications. Research in this field has been f9~used on 

finding \ ways to produce high quality rectIfiers, capable of 

~ generating almost sinusoidal current waveforms at unit y 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 Indireot current Control 

Hethod, discussed in ChapteIis II and III respectively. A 
') 

·'complete analytical study has een carried out for each one of 

thesè two methods and simulations along wi th 

experimental work have verifie the resülts. 

The use of rectifiers in h~gh power applications ls 

limited by, .... the' ,vol tagET current cei11ngs of power 
, 

electronic switches available on the market. One solutioh to 

this prolhem is to connect any modular rectifier units in 

series and/or in parallel. Chapter IV studied ditterent 

topologies and arrangements u ing series connected Boost type 

rectifiers. Chapter V analyzed the parallel contigurations. 
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Complete mathematical analyses have b~en developed for 

all series and parallel connections. The stabi~ity, parameter 

sensitivity and power sharing eapability of the eonverters 
l' 

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 stablef and economieal. This is' 

the series Type E configura,tion diseussed in section 4,6, 
), 

which uses a eombination of features that makes this t6pology 

very promising: a) i t is controlled by measuring only one 

converter voltage; b) it is very stable and c) it permits the 

eiimination of low order harmonies. 

possible high power applications for series and/or 

parallel connected rectifiers have also been mentioned in this 

work.~ Among them are rectifiers for electric trae~ion 
<, 

applications discussed in Section 4.9.3.1 and Baek-to-Baek 

systems in section 4.9.6. 

J 

'.2 Conclusion. 

i 
,--' 

Invest gatl.on of this thesis 

conclusions to be made: 

allow the 

1) The Boost Type PWM Rectifier has a very promising future 

in industrial applications. Its commercial importance 

will be appreciated when ~tringent harmonie standards 
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will be enforced to reduce harmonic pollution in the 

uti!ity network. 

2) In the near future, since the Boost Type PWM Rectifier 

is more expens ive than the Thyr istor Graetz Br idge , i t 

will find a market niche in applications wh&re its fast 

dc current reversaI capability is a valuable asset. 

3) 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 il" parallel. In Power MOSFET' s, for éxample, 

there is no di~ficulty in conn~cting multiple unîts in 

parallel, but their connection in series has proved to 

be problematic. The multiple modular connection has 

proven, to be a method of overcoming such difficlll ties. 

The study of multiple modular unit connections pcl1ves the 

road to applica~ions in High Voltage Di t'sct Current 

(HVDC) . 

4) The Boost Type PWM Rectifier was originally conceived in 

the context of Hysteresis Current Control. The study of 

this .thesis' has brought bit one step further into the 

mainstream of PWM techniques, in this vartiçular case 

SPWM. There are two advantages in this improvement: i) 

the savings in cost from dotpg without the need of high 

quality current transducers and 11) slmpler filter 
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design due to the predictability of the characteristic 

harmonies. 

5) When the principles of SPWM are combined with the 

operation of multiple modular units in seriBs and/or in 

,parallel, a further advantage appears: one can use the 

phase delays between the indi vidual modular uni ts to 

cancel the characteristic harmonies. This has the 

implication that the switching rates of each modular 

unit need not be very high. The effect of fast switching 

ean be achieved by staggering the switchin" times. of 

many modular units. This means that fairly slow devices 

su eh as GTO' s or even forced commutated thyristors can 

be used to attain high quality " current waveforms. 

Furthermore, the switching losses can be reduced. This 

characteristic cannot be accomplished by using multiple 

electronic swi tches in the branches of a single 

rectifier, because the y must all be switched 

simu"1 taneously. 
~ 

6) By configuring the control of th~· Boost Type P~M 

.. 

Rectifier as that of a OC Voltage Regulator, one has a 

fast response, stand'alone, operating system. The powe~ 
, 

démand is automatically matcheà by any voltage deviation 

\from ~he preset OC voltage' Reference. For comparison 

~urposes, a p~oportional feedback control is used as a 

standard. fThus SPWM (Indirect Current' _~rol) can be 
\ . 

implemented in such a way as to have better stability 

) 
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is 

n than 'the Hysteresis CUrrent Control (Direct 

nt) implementation. At the back of one's mind, one 

ware that a proportional-integral control can 

achi ve better control characteristics. 

Althlugh,unstable conditions exist, the stable operating 
i 

regipns are extensive so that, from a practical 

viewpoint, ~tability is not a serious concern. 

8) As the Boost Type PWM Rectifiers have such remarkable 

characteristics as: 

i) near sinusoidal current wavefo s 

ii) controllable power factor leading 0;:-

lagging) 

iii) fast, simple controls 
" , 

iv) unidirectional re~ulated de age 

v) power reversal by reversal of d link current 
, 1 

and have "operated in rectifier/lnverter' and 
" 

rectifier/chopper links in variable speed drives 

invbl ving induction motors, synchronous motors and dc 

'motors in' 3 years of testing,. ~here i5 good :l'eg.son to 

bel-ieve that i t wil).' play an fmportant rxe in the world 

, of power electronics. 

6.3 suqq.sti)i~s to~ Future Work. 

. Very~~gh ~ower applications would requira a co~ination 
of series \'~~d pa);allel confiqurations in a .in9le rectifier 

J 

COIDP~ibilitY of station. Future study to analyze the 
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~omb1n1n9 different types of topologies to find the optimal in 

terms of economy, stability and reli~ity is .,the way for 

future research. - / 

other methods of modulation _ i'nstead of Current 

Hysteresis Control or SPWM are another posibility of 

research. There are to many switching strategies that can be 
~ ~ ~ ~ 

investigated which could improve the rectifier performance. 

~he digitalization of aIl the hardware configuration for 

practical systems seems to be mandatory. High açcuracy, easy 

adiustment, drift el imina tlion, 
> 

noise reduction and 
: 

microprocéssorlcontrol are some of the obvious advantages of a 

digital system. 

Finally, the~ po~sibility of using sorne of the' 

configurations analyzed in this Thesis for High Voltage Direct 

Current Transmission (HVDC) is proposed for future analysis. 

One foreseen problem is the line inductance of the dc link. 
""> 

Simulations in the Back-~o-Back system with high dc link 

inductance have shown that resonance problems between this 

inductance and the dc l ink capaci tors may appear. dur ing 'i 

. 
transients. "This' and 

. 
other possible problents have to be 

analyzed to determine the feasibility of, implementing HVDC 

systems with Boost type PWM rectifiers connected in series and 

in parallel. 

J 
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APPENDIX A 

COMPUTER SIMULAT~ONS 

) 

j 

A.l valve-by-valve oiqital Simulation. ~ 

, \ 

The Valve-by-Valve Digital ~Simulation program is based 

on treating the rectifier bridge as a piece-wise linear .. 
circuit prcOblem. The ON-OFF states of each of the six power 

switches give rise ta eight possible circuit topologies, which 

will be discussed here. The instants of switchings of the 
1 

power ~evices, depend on the method of control. Sorne 

application examples ?re gi~en here. 

Each one of the a possible circuit topologies, give rise 
• 

to a Q different) set of differential equations, which clm be 

solved numerically usinq one of the many methods of 

integration available ,in literature. The polygonal method (74] • . . 
was used in the simulation work because of its simplicity . 

. 
Some simulations were also realized with the' very weIl known 

. 
4th order Runge-Kutta method. 

A.l.l The Alqorithm. 

" The Figure A.l shows a :t'ectifier ciri:uit confi9uration 

with the essential components: the 3-phase power" supply, 

inductances and resistances per phase, a dc link voltage 

source and six ideal swi tches which model the power 
'" 

semiconduetor deviees. 
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piq.A.l ~.ctifi.r C~cuit configuration • 
• 'V~ 

~ 

The ON-OFF- operation of the switches of Figure A.l 

(Sl,S21 •• • S6) ls re3tricted for on'e constraint:· the two 
. ' 
.wit~hes of one phase (i.e. Sl,52) can neither be ON (closed) 

nor OFF (open) 'simultaneously. Their simultaneous ON pperation 

means a dc shortcircui t and their simul taneous OFF operation 

results in an overvoltage in either of th~ two switches. T8is 

restriction allows the existence of only 8 possible ON-OFF 

.witchinq combinat ions or states, which are' shown in Table 
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TABLa A.l Rectifier svitchinq state •• 

SnTE 1 2 3 4 5 6 7 8 
Phase a + + + ;.+ 

-Phase b -- ,,+ + + + 
Phase c . + + + + 

The "+" sign indicates that the corresponding upper switch 
\ -" , 

(S11 53 or S5) is ON (phase connected to the positive rail ot 

the dc supply) and vice versa. 

Each one of the 8 states has its proRer set of 

differential and algebraical equations. For example, Figure 

A.2 aPows the resultant circuit topology when the rectifier ls 

in the state number 6 of Table A.l . 

... 

• + ~-
.', ----. Vc -

~i9.A.2· Rectifier circuit in the eth state • 
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The set of e'quations which describe the 6th state 

operation is: 

tU.a'= .§ta -.Hia 
dt L L 

à1b 
, 

:: §b - Hib 
dt L L 

ie - - ia - ib 

il - ib 

+ l·~ 
3 L 

- ,a.Ve 
3 L 

'i 
t 

(A.I) 

(A. 2) 

(A. 3) 

(A. 4) 

This set of equations ls solved numerically, with the 

ini~ial conditions of the system given by the previo?s state. 

The equations givep for, the 6th state ean be generalized 

for aIl the 8 states as follows: 

-
sUa = ~a - Hia - 1. Ve' {Ka - O.S(Kb+Kc}'} (A. 5) 
dt L \ L 3 L 

= ~b - 'Rib 
\, 

ru.b - l·Vc-{Eà - O~S(Kâ+Kcl l (A.6) 

i t L IL 3 L 
1 

ic = - i~ l- ib (A.7) 
,-. 

il = O.S·(Ka·ia + Kb-ib . , + Ke'id ( (A.8) 

where the corresponding "sw i tChing fl,lnctions Ka, l(b or Kc are . 
eqpal to +1 when" the" phase is connected to the Eositive -rail 

ot the dc link and equal to -1 otherwise .. For the 6th state , 

" the switehing tunctions are· Ka=Kc=-l and Kb=l_ 

Each time that a switching, action ocpurs, one of the 

switèhin9' tunctions reverseS its sign and change the state 
• 

squat ions 9iVjn by eqs .~A. 5) . to (~. 8). The switching a'ction 

depends on the control strategy beinq used in the rectifier. 
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, 
For example, in the case of current control with hystaresis 

band, the switchinc;t times al;'e generated by intersections 

points defined by the interaction of ~he actual input current 

with the upper and l\OW~ s'ides of the hystE;l;-esis band. In the 
, . 

case of SPWM, the intersection points are defined when a 

sinusoidal reference is compared with a high frequency 
\ 

ca~rier, like a triangular or sawtooth wave. 

A.1.2 The ~c voltage Feedback. 

The dc voltage feedback is added to the recti~ler, system 

by replacing the dc supply with a dc capacitor. The de 
.!. 

capacitor voltage is measured and compared with a referenee, 

from where· an error signal"-1s obtained. This error signal is 

~ used to eommand 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 i troduced in 

the software program and is eombined with switching 

algOr~hm given by eqs.(A.5) to (A.a). The tigure ~.3 shows a 

. simp fied flowchart for the computer program. The question 

..aiSÔut intersection points in Figure A.3 contains the 

about the method of control that is being used: 

SPWM, Hysteresis or any other. 

A.l.3 proqram Examples. 

Figure A.4 shows a proqram example tor the SPw.M control, 

and 1 Figure A~5 for the series Type E topology. 
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INPUT DATA: 
VU1,V,R,L,Xp,KI 

wS,e,i2 ,No. ot cycles 

INITIAL CONDITIONS: 
ia(O),ib(O),ic(O)'vc(O) 

INITIAL STATE: 
, Ka, Rb,Kc 

SWITCHING ALGORITRM: 
tind the solutions of 
the a1qebraical and 

differentia1 equations 

PLO~ THE SOLUTION POINTS 

revert the siqn of 
\the correspondinq 
switchinq tunction 

Ka, Kb or Xc 

If 0 

NO 

.iq.A.3 Rectifier P~oqram Flovchart. 
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Sl"IIIDIDT _ ..... 

JIIII rect.1tier "i'th L-.:t1/dt. aoat.rol blook _d t.ri_lUla .. apahroai •• d 
PBIDIO, N, DT, VR,ItP.ItI, Iee, Iccr ,MO 

DAT 0,311,2.-6,110,2,0,0,3,0 
2 

PI=3.1415928535 
RIAD VLC,RC,LC,LB 
DATA 40,1, 0067, 0087 

VHC=SQR(2)*'lLC 
LIH=VR/2 
IC="*LC 
DTI=I/DT 
PJŒS=20*., 

. PDT=PI/PIŒS 
~=2*LIH/pKRT 

RIAD VL,B,L,C 
DATA.30,l,.0081,.012 
BL=IVL 
VH=VL*1.41421358 
'lDC=VB 
U=3*L 
CI=I/C 
VHL=VIt/L 
'L13=VDC/L3 
TRIANG=LIH*SIN(2*PI) 

Il 

VL23=2*VL13 , 
< roR lt=O TO 220:PSlT(3*If.,iOl :PS&T(3*K, 130) :NUT K 

1A=1:1B=-l'KC=-l 
CYCLIS=12 

ABI =AB8 ( ICCr) 
Ir ABI=O THIN ABI:::1 
16=1/ABI 
XV=35/VH 
PBI=.0114532922*POInlG 
ZO=381241/CYCLXS 
LIB (~,Ol-(O,200) 
PSn(0.901 
T=O '1 

110 IA=IA+CVHL*SINC,*Tl-RL*IA-VL13*(ItA-.6*CIB+IC»)*DT 
IB=IB+(VHL*SIN(W*T-2.0944)-RL*IB-VL13*(IB-.5*(IA+IC1»*DT 
IC=-IA-IB • 

IDC=.5*CIA*IA+KB*IB+ItC*IC) 
RIJ=SIN(PIRS*T+2*PIl 

Ir (RD'-BD1»0 THIN H=HH ILSI H=-HH 
If RErl*ax.<O TRIN TRIANG=O 
TRIANQ=TBIANG+H*DT 
RD'l=UP. ,. Ir 'lTA>TBIANG TUEN 

Ir VTB>TRIANO TIlEN 
Ir VTC>TRIANG TUEN 

ITOB=- U*X6+60 
LINlCTQP,ITGBP)-(TG,ITGB) 

ITGBP=ITGB 
DV=CIDC-!CC)*DT*CI 
VDC=VDC.D'l 
'lL13='lDC/L3 

Ir 10>0 AND J:::O nnm J=J+l: ICC=lca 
I~ TQ>320 AND 1=0 THIN I=X+l:ICC=-ICC' 

ITGA=-IDC*X6+130 
ITO<:=-VB*XV+130 
LUOf(TGP, ITGAP)-(TG. INA) 
LI"C1OP,lTOCP)-(TG,ITOC) 

lTOAP= 1 TGA 
lTOCP=ITGC 

TGP=TO 
TG=T*ZO 

-

1tt=IH+l, U42135S*(ICI*(VR-VDC)*DT-KP*D9) 
VTA=CVHC-RC*I"-L8*(1"-lP)*DTI).O(NC".T)-IC.I~COOC"*1" . 
VTB=(VHC-RC*I"-LB*(lH-IP)*DTI)*SlMCW.T-2.0844)-IC*lH*COS(W*T-2.0844' 
VTC=-VTA-VTB 
IP=I" 
T=T+DT 

1W TO<840 TIIII'.N OOTO 110 
160 OOTO 150 

Fig.A.4 Program Ixaaple tor .,.. CODtrol~ 
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IDI SBNn'12 . 
• RDf lerla,a coaaect.i_ "" rectifiera _ith t.ri ..... l.r carrier •• hlfted 

RKAD PIIllllO,II,DT,YR,D',IU, ICC,H,ICCJ'.ttO , 
DATA 0.317,2e-6,120,2,O,O.1,-8.0 0 

DI" TRIAMO("),"("),IA(H),I8(1),IC(M).IA(N),IB(.),IDC(N~(") 
DI" DYCN), VH(H), VDC(II). VLU(II), VL23(.', U(M) ,CUI), YHLlW) ,JU.(II) 
DI" VL,.) ,R(N). L(II) ,C(N), ITGA(II) .,ITGB(N). lTOAP(M) , tTaUP(N) ,Url(N) 
IICIIIDI 2' • r • ~ 
1180:120111' 
P1=3.1416928636 
LI"=VJl/2 

RIAD VLC, Re, Le, LB 
'DATA 40,1, 0087, 0087 

9HC=SQI(2)-VLC 
XC=W-LC 
DTI=l/DT 
PZB8Sl0ell 
PIRT=PI/PDS 
,..,,2*LIH/PlmT 

... VOH 1=1 TO N 
RIAD YL(I),R(I),L(I),C(I) 
DATA 40,1, 0087, 012 
DATA 40,1, 0087, 012 
DATA 40,1, 0057, .012 
DATA 40,1,.0087, 012 
DATA 40,1,.0087, 012 
DATA 40,1,0087,.012 
DATA 40, l, 0087,.012 
IU.(I)=8(1)/L(I) 
VH(I)=VL(I).l 41421368 
VDC(I)=VR 
L3( 1) =3-L(I) 
CI( I)=I/C( 1) 
YKL(l)=YH(I)/L(I) 
YL13(1)=VDC(I)/L3(1) 
TRIANO(I):LIHeSIN(ZePI-IIN) 
YL23(1):2eVL13(I) j 

,; 

roa 1=0 TO 220·PSIT(3el,H80*I)·PSlTC3.r,186):NlXT K 
lA(I)=1:KB(1)=-1 KC(I)=-1 • 

NlXT 1 ~ 

CYCLItS=6 
IJII =AB8 ( IeCr) 
Ir ABI=O 11ŒII ABI=1 
_=10IN/ADI 
1tn:2. a*X51M 
PBI=.01746S29Za-PHIDIG 
ZO=3a1241/CYCLXS 
LIN! (0,0)-(0,200) 
l'SIT(O,90) 
T=O 

110 roa 1=1 TO N 

1 

..,. . 

IA(I)=IA(1)+(YKL(I)eSIH("_T)-RL(I)aIA(I)-YL13(I)a(lA(I)- 6-(KB(1)+KC(I»».­
DT 

IB(I)=I8(I)t(YHL(I)'SIH("aT-2.~9")-RL(I)*IB(I)-YLIS(I)e(KB(II-.5*(KA(I)+KC (I» »-01' 
IC(I)=-IA(I)-IB(I) 

IDC(I):.6e (KA(I)aIA(I)+IB(I)_IB(I)+KC(1)eIC(I» 
Rlr(I)=8IH(PIRS-T+2ePI'I/N) 
Ir (RU(I)-RUl(I))>O TIJKN H(I):HH ~LS. 11(1)=-HM ~ ,r RD'1(I)'Ur(I)<o TlIZH TRIAHG(I)=O\ 
TRIANO(I)=TRIANO(I)tH(I)-DT , 
w.:rl ( 1 ) :Iutr( 1 ) 

Ir VTA>TRIAHO(I) TUEM KA(l)=1 I:~ KA(l)"-l 
Ir VTO)TRIAHO(I) TlDtN KB(I)=l ELSIt KB(I)--1 
Ir VTC>TRIAHO(I) THI:N KC(I)=1 ELSIt KC(l)=-l 

ITG8(1):-IA(I)elb+N80el 
LINI:(TOP,ITaIlI'( 1) )-(TG,ITOD( 1» 

lTOBP(I)=ITGB(I) 
DV(I)u(IDC(I)-lcc)aOT_CICI) 
VOC,I ) = YI)(: (1 ) +OV( 1) 
YLI'(I)=VDC(I)/L3(1) 
IRII8.,RJal+IA(l) 

Ir TO>10 AND J=O TlIaN J=JH' ICC=lCCr 
Ir TO>3ZO AND 1=0 THItN I=X+l: lCC:-lCCW 
MUT 1 

lTOAa-IRI:G.18.18& 
~INlt(TUP,ITUAP)-(TO,lTCA) 
1'l'QAPoo 1 TOA 
1818=0 

'rUP"TQ 
T02TelO 
IMal"+1 U42I:1Io8eCKl-(YIl-YbC(N) )_nT-IU'aDV(N), 
YTAa(YMI!-NC:oIM-J.II.( IM-I p)aDTl)_nIN(waT, -lcer"-lXXlI".T) 
YTB=(VMC-UCa r"-LMeCIH-IP)aDTl)-SlNe"aT-2.0a4.)-xceIMecou(weT-Z OU'4) 
m=-fTA-VTB 
IP=t" 
T T'DT 

Ir 10((140 TlIIrN OOTO 110 
1 100 (J()T() 1 &0 

~iq.A.5 V.lve~by-valv. SimUlation for Serie. Type 1. 

'--.. 
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A.2 Xathematioal Simulations. 

The mathematieal ~imula,tiqns' consist ot numerical 
... 

integration of the state equations of eacp partieular system 

and configuration described in this Thesis 0 These equation.s 

neqlect the ripple harmonie~ and only embody the fundamental 

Fourier eomponent 0 For example 1 the Direct Current Control 

~. Method, u'sing. a simple proportional control ls \escribed by 

the set of equatfons: 

( 
ia{t) s I{t)oJ2'sin(wt+~) (Ao 9) 

where ia(t) ls the input current of the rectif1er (phase a), ~ 

1s the desired power factor angle of operat~oh and l (t) 1s 

obtained from the de voltage r~gulated,. feedbaek control loop: 

let) = Kpa (VREF - Vc ) (A.10) 
,.' 

Il'he link between the input rms eurrent l (t) and the 

output de eurrent il is obtained from the Power Balance 

Equation: 

= J'Vol(t) - 3°R'I(t)2 - 1~I(t}2 
2 qt 

'.": 

(A. 11) 

and the link between the out~ut de eurrent 11 and the load de 
r' 

current i 21 from the de capaeitor equation: 

(A.12 ) 

182 



. , 

'"\ 
." 

~ l' 

Pigure A.6 shows a pr~ example of the math~atical 
.~lation ~or the Direct Current Contr~l Method and Figure .. 
A.7 shows the mathematical simu~ation developed for the series 

.Type C configuration. 

other si~ulation Programs. 

Figure A.8 shows the program used to get rthe Nyquist 
, 

plots of Chapter III. Many other simulations were developed· 

but they will not be displayed here . 

~ 

STIP • 
, 01 roct. Currnnt. Cont.rol I.t.op rov .. rsal of pollor 

CYCI..Ill= 20 
RIAD 12,VL,VR,L,C,KP,R 
DATA 10,40,120, 005, 012,3, 5 

lABS:ABS( 12) ""br "...... .... 
AKPL 1 TUDK = 1 
seRUM 2 

l' IABS<I THEN IABS~l 
LOCATl23,lS'PRlNT "12 =",12;"A L = ";1.;"8 R =";R;"Oha" 

l!i=301( 1 a.U.:BS).AKPLITUDIl i" 

LOCATI 26,15 PRINT "Vref =";VR; "V C =";C;"r VI. =";VL 
LOCATI 2,2 PRINT "1" 
RIAD W,DT2.Il,I,PHIDIG 

LlNE(O,O}-(O.180) 
DATA 31.~.lo-5,O,O,O -

JOR ~~O 220.PSIT(3*K,60):P9iTC3*K.120):NlXT K 
DT:::DT2*CYCwu; 

PHI=3 Itlb926i.PHIDIG/180 
VAO=3*VL*COS(PHI) 
ZO=38124'/CYCLXS 
VDC=VR 
1.3=3*1. 
R3=3aR 
SQ=SQR(:l) 
KPL=JaKI'*'. 
GI=I/C 

OTI =I/DT 
T=O 

500 ITA=IH*GIM(W.T+PHI) 
TO=TtZO 
1 TGA=-ITA*X5+80 

LINI(TOP,ITGAP)-(TG,ITOA) 
lTGB=- 1 1815+ 120 

LINI(TGP,ITGBP)-(TG,ITGB) 
TOP=TG 
ITGAP=ITOA 
ITGBP=ITUB 

T=T+DT 
IP=I 

Ir 10>660 THIN GOTO 2000 
VDC=(ll-121·UTaCl+VDC 
1 KP.(VR-VDC) 

II=Ia(VAO-Rl*!-L3a(I-IP)aDTII/VOC 
IH=SQaI -
l' TQ>284 AND N=O THIN N=N+l'12=-[2 

GOTO 500 
,moo GOTO 2000 

~'9.A.' .athematical simulation of the Direct carrent Control 
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'HATI!SIRt! 
• N,~_· .. lc.l .11MA1.tolon for Series Calle C 

b~Utl 2 
C'lC. \ ... .8= 25 

RIAD ~~',IQ:, LN, LB, eN. KP. Kl • mr 
DAT~ 40,1.1,.0066. O. 006.2.0,120 
RK!Jl "J.!"oJ. W. CJ 
DA:;}. 40,1.1,. 0066 .lo-J 

• Initial condition. 
YCN=VRKr'YCJ=YRKF 
I1N=O: IlJ::O 
IN=O'lJ=O 

RiAD W,DT2,12,12',PU~DIQ 
DATA 377,11-5,0,6,0 

IABS=A.BS( 12') 
AMPLlTUDE::l 
X5=15/(I,8*IABS)*AHPLITUDI 
XV=20/VRKr 
LINJ:eO,O)-(0.199) , 

roa 11=0 10 220: pslre 3*K. 71 l' PIlIT(3.K, lOb)' PSI:T( 3.K. t63) '1'IlKT~ 3.K ,199 1: Nt:U K 
DT=DT2*CVGLIS t· 
L3=J*LN;R3~3*RN 
XN=W*LN: XJ~"*W 
PUI=3,141b926.PHIDIG/180 
V3=3*VN*COOCPHI) 
ZO=38124/CYCLIS 
SQ2=SQRe21:SQ3=SQR(3) 
CNI=l/CN:CJI=l/CJ 
LNI=l/LN'LJI=l/LJ 
DTI=l/DT 

T=O ! 
50 IAN=INK*SIN(W*T+PUI) 

IAJ::IJH*SIN("*T+PIIIJ 1 
TG=T*ZO 

ITOA=-IAJ*X5+71 
ITGB~-IAN*X5+10b 
ITQC~-YCJ*XV+16J 
ITGD=-Y~XY+l99 

LINICTOP,ITOAP)-(TG,ITGA) 
LINllEP,lTGBP)-(TG,ITGB) 
LINI( P,tTGCP)-(TG,ITGC) 
LINE P,lTGDP)-(TG,ITGD) 

11'GAl'= ITGA 
ITGBP=ITOB 
ITGCP= lTOC 
ITGDP= ITOD 
TGP=TG 

DVCN=(IIN-12).DT*CNI 
YCN=VCN+DVCN 
IP=IN, 
IN=IN~I.(YHF.r-VC~I*D1-KP*DVCH 

IIJ:-SQ * ( 1 HUN- IOJ + (VN- RH.IN-I.Y*( 1 N '11') -""'/ /f/I..I ) IVI;H 
I)VCJ= ( IJ -1:0 .DT*CJ [ 

IIH'-lN.( :1 lU-lN ~.:J.( IN 11'1*O'l'II/VCH 
VCJ _ VC~I DVGJ 

111.1 IDJ+(1i ',*YCJ*x,hIH-l.JI/YGN UJOl.J/'IlIol.\It"IoIJ)'"r 
I~J- II.IJH;Q:JàV1:.,tl.JI0( \ 'IN !<N.tNI.nT 1.11.( IH 11'\ )/'1\'11 1;; .. lo,) 0' Il' .. ' '1,,"'~I'I," '1,,1 

;./)T 
-!.li' lQJ<> THKN PHIJ=ATN( -lI)J/I~) ,-

1 J = -SQR(:I D.l*, 0.1 HQjolC.J ) "SClH( IQJ ) I~l 
lNH=SQ~*IH 
IJH=SQi*JJ 

T:Tt-DT 
Ir TO>80 TIIJ(N CJ-CJ- Ol"CJJCJl.l/<:J 

{, VCJ>J*VCJ TUEN 0010 80 
IF TG>76 AND N=O THXN N;N+I 12=12' 
IF TO>320 AND H=O THIN "=H+l"2:-12' 
IF TO<640 THiN OOTO 50 

1\0 LOCAft 1,3:PRINT ' Ij = ',INT(IJ"lOOI/lOO;" ha =";IN'rON-IOO,/IOO;" 'n.IiI./:1 
, INT(lN*SQ3*IOO)/IOO." Vaj:" .INTCVC..1*tOO,/IOO;" Vrn," .IN'(VCN*JOUI/III" 
I.OCATK 3. J' 1'10 NT IdJ ' • INT(I DH J OU, 1100; .. l 'IJ " • IHT'lIl,jJo 1 UII , /100,' l'III 1 
;JNTCPHIJU!toOOI3 141'~926)/100;" Vret :";VUD';" X., :",JU>:" Kt :':.1(1 • 
LOCATI: 5.3·PRINT ' Vn :' ,VN;" VJ =";VJ;" Rn =";RH;" RJ :",AJ;' J.II ,";IJI.· J.J 

... 1..1;" i 2 =' • 12 ... 
/.(JeATY. 18.2b PKINT .. I;j - .(:.1*1000000.' uJo' • 
I..o<:ATK 22.21> .l'RINT ' 1:/1 ='. CN*lOOOOOO;" ur" 

100 0010 100 t 
i 

~ \ 

J'ig.A.1 xathematioal simulation for S.ri.. Type C 
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'HYQOU 
'Hyquiat plot for SPWK .,.tea 
GCRIWt 2 
kIAD ID, JCP ,ICI, He, (.C, LB 
DAJA 0,3,0,.5,.006,.002 
S.,.-Stabl.­
Ut.;"#natabl.-
RJEAD a,L,C,VO,Ve 
DATA .5, 005, .004,40,120 
WS=377 
X ,,"S*L 
XC=WSeLC 
10=12 
N~O 
, ZI,ZR are scsle factors for graphies. ZR say bo lb or lbO 
ZR=lbO 
Zl=10 
D=R/1. 
KO=SQR(J)/(VC*C) 

roR K=O 10 220'PSIT(3*K,80):NlXT K 
1. UIK e 370,0)- (370,199) 
LINI(220,58)-(220,84) 
LOCATI 7,27:Ir ZR:150 THIN PRINT "-1" ILSI PRINT '-10" 
LOCATI 1,50:PRINT "Ia[GeJw)]" 
LOCAT. B,72'PBINT "Re(G(jw»)" 

S ID=SQR(3)*IO*(ReIC-X*RC)/(R*R~xeX) 
IQ=-SQR(3)*IoeeR*RC~X*XC)/(a*R+xex} 

4 

A3=LB*IQ 
A2=(RC+2eLH*R/L)*IQ-xceID~SQRC3)e(V-RC*IO)*LH/L 
Al=2*R*(RC*[Q-XC*ID)/L+I.B*IQeeReR+X*X't/( 1.*1.) -~;QR( 3 ).xce (XI:- WSeLB) *IO/L+HQR( 

J)*eV-ReIO)*(RC*L+LB*R)/(L*L) 
AO=!lQJl( 3) /( L*L) e (V*(R'Rc+xeXC)-2*1O'(I~C*(R*IlC' ~.xC) fXC$ (I!*XG X~kC»' 

A.Ab=A3*KD 
A.A4=A3eKP+A2*KD 

AA3~A3*KI+A2eKP+Al*KD 
AA2=A2*KI+AleKP+AoeKD 
AAl :A1*KI+AoeKP 
AAO=AO*KI 

• W=-1I8 
W2=WeW-WS*WS-DeD 

RW=AA4*W-W*weW-AA2*W*W-AAO 
IW=AA5eW*W*w*weW-A.A3*w*weW~A.Ale~ 
DKNO=W*W*(W2*W2+4*D*DeW*W) , 
RiJW=KO* (RW*W2-2* IW*WeD)/DINO 
IHJW=KO*(2*RW*W*D+IW*W2)/DKNO 

RJALP:RlJW*ZR+370 
IKAGP=-IHJW*ZI+60 

W~10000 
10 W2=WeW-WSeWS-DeO 

RW:AA4*~*W*W'W-AA2*W*W+AAO 
IW-AASeW*"*,,eW-" A.A3eweW'W+AAl*W 
l'OLl:UGN( IHJW) 
nENO~W'W*(W2.W2'4'O*O*W'-1 
1U1:,IW~Koe (R"*W2 -2* IWeW-U)/OENO 
IHJW=KO*(2_aW*W*O+IweW2,/OKNO 
RKAL=RKJW*ZR+310 
ZHAO= - ltuW. Z 1 HW 

Lllfi(RlALI', IHAGI')- (REAL, lMAG) 
tü:AI.P~ItXAL 
lKAIlP= lMAG , 

'PRINT 'RoIG(jw)) = ',RKJW,"IaIG(Jwl) :',lHJW,'w = ",il 
W.:W- Ole" 
POL2:SGN( IHJW) 
IV POL1+POL2=O THEN CRIT=RKJW 
Ir lHAG<299 AND RIAL>-6000 THIN GOTO 10 
Ir CRIT<-l THiN RI=U. ILSI RS=SS 
LOCATI 11 +2*N, 60: PRINT '''Lb:"; LB:", ' ,RI;" ( "; INT( CRIT*1000 )/1000; .. )" 
CRIT=O 
N=NH 

l'-H=l THIN LH:L»+ 001 GOTO 5 
If N=2 TIŒN 1,8=1.8+ 001'0010 5 
Ir "=3 TIŒN 1.8=1.0+ 001.GOT9 5 

::",C 
10=' ;10 
Kp :";KP 

LOCAT! 19,~O'PRINT "R :",R;" L :";1.;" C 
LOCATI 2l,bO'PRINT 'Rc:",RC;" Lc:";LC;' 
I.ocATI 23.50'PRINT '\V :":V;" Va :";VC;" 
LOCATI 23.50'PRINT "Kd ;',K.D;" Ki :":KI 
PRINT " • : , .• W. "Re[G( 0») :"; -l(p.(0*( wsaWS+O*O)-2*D*C)/( (wsewS+O-U) -2) 

200 GQTO 200 

Wiq.A.8 Nyquist Plot computer proqram. 
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APP!NDIX B 

PRAC'l'ICAL IMPLEMENTATION. 

B.l Introduction 
e-

The experimental work has been the most relevant and 
~ 

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 Ve~ify the theory and 

the digital simulations. 

The Figure B.l shows a photograph of the complete 

arrangement of two three-phase Boost Type PWM Rectifier Units, 

implemented for the experimental work. The hardware for each 
~ 

Rectifier Ul1it is divided i:n two groups: the Power Unit and 

: the Control Unit. The Power unit is common to aIl the 

topologies and methods of con-trol. The Control unit changes 
\ .. 

with tne coritrol strategy and/or the ccnfiguration to be u~ed. 

Each Power Unit has three Power Modu~es: one for each phase 0t 
the mains. The control unit has components that are common to 

thé three phases and others that are in triplicate. 

B.2 The Power Units. 
.. 

The Power unit of each rectifier has 3 Power ~~ules . 
. 

For the imp'lementation of each Power Module, printed cit'cuit 

board technology was adopted. Emphasis was directed t"wards 
" -

modularity and interchangeability o~ circuit boards. 

'-
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J'ig.B.l Tvo-Convarter Arranqe.ent for Experimental Work. 

Each Power Module ls formed by two Power Darlingtons, 
, 

the snubber' circuits and two Base Dr ives. Figures B. 2 and B. 3 

show the snubpe~ protection circuit and one of the Base Drives 

respectively. Fiqure B.4 shows a photoqraph ot one ot the 

• Power Moc2ules. 
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~----------~--~----------------~o 

T1 T2. • MJ 10015 ,-' , • 
D1 , Dz • 40-HFL-40-S02 • 
Dl1 , Dz2. : IRD 3912 
D-s Di • MR 854 , • 

Cs • .047;c.F • 
18 • Core type T50~26 • 
Rs • 68 Ohms • 
RI • 3.3 Ohms • 

J 

~d'~---------~--~;------------~--------------------~ 
, 

fig. B. a 8Dubb.r Prot.ctioD Circui t for Pha.. "a". 
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R •• I.lanc.. In Ohm • . 

• 

1 
1 
1 

c 

MJ10011 
PO'WIIl 

DAI'ILINOTOM -o'----_~ 

"1\'10 1101:1121 

, 
1 
1 

• 

-12~----------------~~--~--~ 

. l'i9.B.3 BaS8 Drive (BD) Unit • 

l'1q.S.4 Power Module. 
\ \ 
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B." The Control Units. 

There 1à 'a part common to a.J.I Control unlts: the 4dc 

voltage teedback, which generates the amplitude of the input 

current command "1" for both, the Direct and the Indirect 

Current Control Methods. Figure B.5 shows this common part of 

the Control Units, with PI control. 
~ 

, , 
~ 

De LINk (120V) 

10k. 

1w +15 
+ 

C 
HALL EFFECT 
VOL TAGE ~fN~O~ ~M ___ ...t 

LV-100 

-15 

(/ 1 ~\ 

" - , 

1'19.8.5 Generation of the CUrrent Command "1" 'l'hrough the De 
Volta~e Pe.4back. 

\ 
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The rest or the hardware is different tor eaeh type ot control 

method and will be described separately. 

B~3.1 Current Hysteresis Control. 

The Current Hysteresis Control was the method uaed to 

implement the Direct Control. The block diagram implementation 

of the current' hysteresis control for one phase ia shown in 
4 

Figure B.6. Each block will be explain~d separately. 

B.3.1.1 Hysteresis Band Ganerator (HBG). 

This circ~i t~uces the upper and lower reterance 
1 \ 1( 

'1 bounds with hysteiI"esis bandwldth "h" and offset 'adfustments. 
, 

Figure B.7 shows the circuit for one phase. The rms value of 

the reference current signal lai shown in this Figure and in 

Figure B.6, is preeisely the current command "1" generated in 

the,~ de voltage feedback, which has been II}ultiplied by sin wst 

(1a=I'sin wst). The sinusoidal waveforÎn template "sin wst" has 

been taken from the supply voltage. 

B.3.1.2 Current Maasuramant (CM). 

Tne current measurement block uses a lcommertially 
c • 

available Hall Effect Current Transducer \ [53,54]. Ita 

frequency response goes from de to 100 kHz. The circuit ia 

shown ln Figure B.8 • 

192 J 

( 



, 

" \ 

c 

u 
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BOL ~M 

HBG: 
CM: 
CC: 

BDt: 
BOl, BD2: 

Hysteresis Band Generator 
Current Measurement 
Current Comparison 
Base Drive togic 
Base Dr ive uni ts 

ta: 
la: 

actuel current 
reference current signal ( u: upper 

l.t: lower 
V(ia): voltage signal of actual current 

h: hysteresis band magnitude 

bound 
bound 

riq.B.6 CUrrent Hysterasis Control for One Phase. 
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+15V 

'a Hall Eftect 
o-===-_.+C~u~rrentTransducer 

L T -100 

-15V 

5.6K 
\ 

le: LM318 

Fig.B.a CUrrent Xe •• ur.ment (~) Circuit. 
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B.3.1.3 CUrreDt CompariSOD (CC). 

The circuit of the Current comparis,on i8 given in Figure 

B.9. The input signaIs are: the upper and the lower bound 
, 1~ 

reference currents coming from the HBG circuit • 
( Figure B. 7 ) .. 

and the actual current signal v(ia ) coming from the CM circuit 

(Figure B.8). Its output contains the modulated signaIs which 

go to the Base Drive Logic (BOL) circuit. 

~----------------------,---~ sv 

Tud 

Ir 

l,t 

Piq.B.' Current Comparison (CC) circuit. 

The output signals Ir and Il in Figure B.9 are the 

normal signala 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 unl.ss 

énabling signals are sent by two supplementary output signals, . , 

Tud and Tld. The purpose of the enabling signala is two-fold: 

/ a) to reduce switching and consequently losses of the Base 

Drive circuit. 

b) to avoid the danger of shoot-through due to simultaneous 

firing of the upper and the lower transistor. 

B.3.1.4 Base Drive Loqic (BOL). 

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 periode Th}.s 

circuit ia shown in Figure B.10. 

I.e, 

" 0 

Tud 

T'd 

,iq.B.10 

CLR 
Q 

74LSIO. 

A 0 

1 

lK 

J
10PF 74LSIOI 

J 

74LSIOt 

J 

K 

l'Y> Ba •• Driv. Logic (BDL) Circuit. 

196 



c 

,-

<Il 

, 
.i 

8.3.2 Sinu8oi4al PIN (SPWM) Control. 

The SPWM control was the method used for the- Indirect 
-

Current Control Method. The block diagram is shown in Figure 

B.ll. 

BOL TG 

MSG: Modulatinq Signal Generator 
TG: Trianqular Generator 
SC: Signal èomparator 

BOL: Basft Orive Logic 
1: Curré'nt COrmand 

sin w.t 

MSG 

~iq.B.ll SPWK Control tor On. Ph •••• 
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B.3.2.1 Ho4ulatinq Signal Generator (MSG). .. 

The Modulating Signal Genera_~or ia the most important 

block in the SPWM control. Its input signals are the current 

command ''l'' and the sinusoïdal . references sin w.gt, 

sin (Ws t-120o ) and sin(ws t-240o) from the voltage supply. The 

outputs are the modulating signaIs for each one ~ the three 

phases: vmoda l vmodb and vmodc' For instance l the phase "a" ot 

this circuit obeys the relation given by eq.(3.l0). The"Figure 

B.12 shows the implementation of the MSG circuit. This,circuit 

has been designed to'match the values of the parameters ot the 
~ 

experimental rectifier: X=2.5 ohms and R-l ohm. 

-8.3.2.2 Trianqu1ar Ganerator (TG)'. 
~ 

The Triangular Generator circuit produces the trlangular 

carrier whose functien is to define the swi tChing;interva,ls' in 

the modulating signal. The Figure B.13 shows this circuit. 

8.3.2.3 Signal Comparator (SG). 

The Signal 
JI 

Comparator produces the SPWM modulated 

signals which go to the BOL (Base Drive Logic) ·circuit. Its 

inputs are the triangular carrier eT' and the modulating 

signals vmèdal vmodb and vmodc' The circuit ls qtlite similar 
1 

to the CC circuit of Figure B.9 and it is not shown here. 

The Base Drive Logic (BOL) circuit of the Sl»WM control 

i8 the same as of Figure B.10. 
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Ilo'ating 
Trenlformer 

and Filter 

--

. 
• ~:VJ2sinwt _ .s 

-lm 

~_________ _ ,r 

lOte. 

10M 

'1 ' 
\ 

1 

Piq.B.12 Kodu~atiDq signal Generator (KSG). 
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. '8nF 

--
8.2 k 

. 
Trianqular Ganerator (TG) cirauit~ . 

B. 3.2." Dynamic Compensator.· 

The dynamic comp.,ensator circuit .qenerates the LeU/dt' 
l 

block and is shown in Figure B.14. ê-

.. 

dr C-IRc..UIT 
orE 

331< 

--

~ig.B.l" nynaaic toapensator circuit • . , 
" ! 

200 

• 



- , 

.. 

• 

.. 

R E P E R E NeE S 

-
,. 

201 



• 
.. 

- . 

• 

.. 
REFERENCES 

\ 

[1] W.. D. Cockre'll, "Industrial Electronics Control li , 

Mcgraw-Hill Book Company, Inc, 1944. 

[2] W. Brokering (' "Electric Powe~ Systems", Chapter 13': HVDC 

Transmis~iont.Pf 463-499. Edited by Cept. of Ele;trical 

Engineering, Catholic University of Chile, 1975. 

[3] R. Sitting and P. Roggwiller, "Semiconductor Deviees for 

Power Conditioning", Plenum Press, Ney-York, 1982 

[4] General Electric, "SCR Manual lt
, Edited by D. R. Gratham 

and F. B. Golden, Sixth Edition, 1979. 

[5] S. Seguier, "L'Electronique de Pu,issance" , Dunod 

Editors, 1974 

'''--[6] G. Mol tgen, "Lme Commutated Thyristor Converters" , 

siemens Ak~engessellschaft, Pitman Publishing, 1972. 

[ 7 ] 1 E. Wilson Kimbark, "Direct Current Transmiss ion", Vo 1 . 

l, John Willey & Sons, Inc., 1971, pp 58-70 

[8] S. B. Dewan and E. B. Shahrodi, "Design of an Input 

[9J 

Filter 
.r 

for the Six-Pulse Bridge Rectifier", IEEE 

Trans. on Ind. Appl., Vol. ,IA-21 No.5, sept/Oct 1985, 

pp 1168-1175. 

C. A. Bradley, P. J. Morfee, J. D. Shipean and L. A. 

Wilson, "The New Zealand Harmo~c Legislation and its 

Application to Converter Sizi~ IEE Int.' cont. in 

Power Eleet., May 1984, pp 163-166 • 

202 



c 

c 

\ 

(10J J. P. Bowles, "Control Systems for HVDC Transmission", 

(11] 

Hydro Quebec Institute of Research. Report presented to 

the HVDC Subsection (CEA) , Autumn Meeting, September 
\ 

'u.97~ Edmonton. " 

D. J/ Tylavsky and F. C. Trutt, "comp~ete Analysis of 

the operating modes of the Resistanc\-Inductance-Fed 

Bridge Rectifier", IEEE Trans. on Ind. Elec., Vol. IE-29 

NO.4, JulyjAug. 1982, pp 287-~94. 

(12] D. E. Steeper and R. P. Stratford, "Reactive Compen­

sation and Harmonic suppression for Industrial Power 

Systems, Using Thyristor Converters", IEEE Trans. on 

Ind. Appl., Vol. IA-12 No.3, May/Jun 1976, pp 232-254. 
f 

[13] B. D.' Bedford and H. G. Hoft, nprinciples of Inverter 

Circuits", John Willey, New York, 1964. 

(14] D. A. paice and K. E. Mattern, "Gate-Turn-Off rrtyristors 

and their Applications", IEE Int. Conf. in Power Elect., 

May 1984, pp 7-10. 

[15] T. Salzman and A. Weschta, "progress in Voltage Source 

Inverters and Current Source Inverters with Modern 

" Semiconductor Deviees" ,. IEEE Ind. Appl. Soc. Annual 

Meeting, Oct. 1987, pp 577-583. 
) 

[16] E. P. Wiechmann, "Improved Power Supply Topologies for 

Fixed and Variable Frequency Operation", Ph. D. Thesls, 

-. Concordia University, 1985. 

203 



• 

• 

[17] , M. Rashii; K. Kousaka and M. Kaimoto, "New Approach to a 
............ 

Hiqh,Power GTO PWM Inverter for AC Motor Drives", IEEE 

Trans on Ind. Appl., Vol. IA-23 No.2, March/April 1987, 

pp 263-269. 

[18J C. R. Wasko, "AC Drives in Traction Applications", IEEE-

lAS Anuual Meeting, Oct.1985, pp 681-684. 
, 

[19J B. L. Jones and J. P. Brown, "Electrical Variable Speed 

Drives", IEE Proceedings, Vol. 31, Pt. A., No. 7, Sept 

1984, pp 516-558~ 

[20) M. Boost and P. D. Zioqas, "State of the Art PWM 

Techniques:.A critical Evaluation", IEEE Pesc'86 Record, 

~ 1986, pp 425-433. 

[21J A. H. Mishriky, G. A. Girqi'" anp H. Selim. 

, 

"Microcomputer Implemented -<PWM Inverter Using a Unique 

Pattern of Switching Angles", IEEE-lAS Annual Meeting, 

Oct.198S, pp 1259-1263. 

(22J G. Choe, "A New Pulse-width Modulated Method for AC 

Chopper", IEEE Pesc / 87 Record, 1987, pp 156-164. 
, 

[23] T. Kato, "Precise PWM Waveform Analysis of Inverter for 

Selected Harmonie Elimination", IEF.E-IAS annual Meeting, 

Oct.1986, pp 611-616. 

[24) S. K. Biswas, M. S. Mahesh and B. S. Ramakrishna, "A 

Three-Phase GTO AC 1:0 OC Converter wlth Input 

Displacement Factor and Output Vol taqe Control", IEEE-

lAS Annual Meeting, Oct.l~87, pp 684-690 • 

204 \j 



c 
\ [25] L. Malesani and P. Tenti, "Three-Phase AC/OC PWM 

Converter with Sinusoidal AC CUrrents and Minimum Filter 

Requirements", IEEE Trans on Ind. Appl.; Vol. IA-23 

No.1, Jan/Feb 1987, pp 71-77. 

[26] E. P. wfechmann, P. D. Ziogas ~nd V. R. stefanovic, "A 

Novel Bilateral Power .C~nversion for Variable Frequency 

Static Pow~r Supplies", IEEE Trans on Ind. Appl., Vol. 

J IA-21 No.5, Sept/Oct 1985, pp 1226-1233. 

J. A. Wilson, "The forced Commutated Inverter as a ( [27] 

) Regenerative, Rectifier", IEEE Trans. on Ind .. Appl., Vol. 

IA-14 No.4, July/Aug. 1978, pp 335-340. 

[28] M. Brechbuhler and B. ·Skrabo, "The Static Converter as 
~ 

Modern Power Controller", Brown Boveri Rev., Vol. 69 

No.12, Dec. ,1982, pp 441-452. 
, ~ 

[2-Q] R. Winden, "Three-Phase Drive Systems from Brown, Boveri 

for the Intercity Experimental Trainset of German 

Federal Railway", Brown Boveri Rev., Vol. 73 No. 12, 

Dec. 1986, pp 680-688. 

(30J B. T. ooi, J. C. Salmon, J. W. Dixon and A. B. Kulkarni, 

liA three-Phase Controlled Current PWM Converter With 

Leading Power Factor", IEEE Trans. on Ind. Appl. Vol. 

IA-23 No.1, Jan/Feb 1987, pp 78-84. 

[31] J. Dixon, liA DC Voltage Regulated, Controlled Current 

PWM Rectifier", M. Eng. Thesis, McGill University, March 

1986. 

205 



.. 

• 

• 

.~.------------------------------------........... 
\ 

~ 

[32] A. Kulka~ni, "Characteristics of a Controlled Current 

PWM Converter", M. Eng. 6 Thesis, McGill University, March 

1986. .. 

[33] o. Stihi, "Single-Phase Controlled Current PWM Conver-

ter", M. Eng. Thesis, McGill University, March 1987. 

[34] H. KOhlmeier, o. Niermeyer and D. SChroder, "High 

Dynamic Four Quadrant AC-Motor Drive with Improved Power 

Factor and On-Line optimized Pulse Pattern with PROMC" , 

IEEE Trans. on Ind. Appl., Vol. IA-23 No.6, Nov/Dec 

1987, pp 1001-1009. ; 
, 

., (35] H. Kohlmeier and D. Schroder, "Control of a Double 

Voltage lnverter system Coupling a Three Phase Mains 

with an AC Drive", IEEE-lAS Annual Meeting, Oct. 198'1, 

pp 593-599. 
• 

[361 Xiaoliang Ma, "High-Performance PWM Frequency Changera", 

'IEEE Trans. on Ind. Appl., Vol. IA-22 NO.2, March/april 

1986, pp 267-280. . 
[37] A. B. Plunkett, "A Current-Controlled 'PWM Transistor ---~Inverter Drive", IEEE-lAS Annual Meeting, Oct. 1979, pp 

.-
78.5-792. 

- 1 

[381 B. T. Ooi, J. W. Dixon, A. B. KUlkarni and M. N1shimoto, 

"An Integrated AC Drive System Uaing a Controlled 

Current PWM Rectifier-Inverter Link", IEEE Trans. on 

Power Elec.,- Vol. 3 No. l, Jan. 1988, p'p '64-71. 

206 



c 

. C 

[39] W. McMurray, "Modulation of the Choppinq Frequency in OC 

Choppera and PWM Inverters Havinq Current-Hysteresis 

controllers", IEEE Trans on Ind. Appl., Vol. IA-20 No. 4, 

Jul/Aug 1984, pp 763-768. 

[40] A. B. Kulkarni, J. W. Dixon, M. Nishimoto and B. T. Ooi, 

"Transi€nt Tests on a Voltage Regulated Controlled-

Current PWM Converter", IEEE Trans. on Ind. Electronics, 

Vol. IE-34 No.3, Aug 1987, pp 319-324. 

[41] M. Nishimoto, J. W. Dixon, A. B. Kulkarni and B. T. ooi, 

"An Integrated Controlled-Current PWM Rectifier Chopper 

Link for Sliding Mode Position Control", IEEE Trans on 

Ind. Appl., Vol. IA-23 No.5, Sept/Oct 1987, pp 894-900. 

(42] J .. W. Dixon, A. a. Kulkarni, M. Nishimoto and B. ~. Ooi, 

"Characteristics of a Controll~-Current PWM Rectifier 

Inverter Link", IEEE Trans on Ind. Appl., Vol. IA-23 

No. 6, Nov/Dec. 1987, pp 1022-1028. 

[43] R. Sitting and A. Ruegq, "Prospects for the Continuing 

Devel?pment of Power Semieonduetor Deviees", Bro~n 

Boveri Rev., Vol. 71 No.5, May 1984, pp 2~27. 

[44] J. Vitis and A. Schweizer, "Use of Power Semiconductors 

Made Easier by Forward Integration", Brown Boveri Rev. ~ 

Vol. 71 No.5, May 1984, pp 216-221. , 

[45] J. Holtz, W. Lotzkat and K. H. '~erner, liA High-Power 
. 

Hulti Transistor-Inverter Uninterruptible Power Supply 

System", IEEE Pesc'86 Record, 1986, pp 311-320 . 

207 



• 

• 

o 

• '.'''' 

~ f'l6] K. Fujiwara, R. G. Hoft and H. Nomura, "Seria. Connected 

Bridge Converters Using Unequal AC Input Vol tages . And 

optimum Sequence Control", ~ Annua'l Meeting, 

1987, pp 666-678. 
~ 

Oct. 

[47J J. W. 'Dixon and B. T. ooi, "Series and parallel Ope-

ration of Hysteresis Current-Controlled PWM Rectifiers", 

IEEE-lAS Annual Meeting, Oct. 1987, pp 641~647. 

[48] J. W. Dixon and B. T. Ooi, "Estrategias de Control para 

operacion en Serie de Rectificadores, Usando Control de 

Corriente con Banda d'à Histeresis", Anales VII Congreso 

Chileno de Ingenieria Electrica, Santiago, Chile, Nov. 

1987, pp 422-427. 

[49] H. Akagi, A. Nabae and S. Atoh, "Control strategy of 

Active Power Filters Using Multiple Vol t,age-Source PWM 

Conve:rters", IEEE-lAS Annual Meeting, Oct. 1985, pp 

460-466. 

[50J L. Malesani, L. Rossetto and P. Tenti, "Active Filter 
( -

for Reactive power and Harmonie Compensation", IEEE 

Pesc~86 Record, 1986, pp 321-330. 

[51J G. H. Choe ênd M. H. Park, liA New Injection Method for 

AC Harmonie Elimination by Active Power Filter", IEEE 

(52J 

Trans. on Ind. Elec., VoL 35 No. 1, February 1988, 

pp 141-147. 

J. W. Dixon and B. 

CUrrent Controlled 

, , .. . Ooi, "Dynamically Stabilized 

SPWM Boost Type Three"'Phase 

Rectifier", IEEE-IAS.Annual Meeting, October 1988. 

208 



c 

tJ 

["53] J. P. Etter, "Le caPte~r LEM", LEM S.A., Geneve, Revue 

Generale d'Electricite, No.5, May 1984. 

[54] G. Gauthier, ilLe Capteur d'Intensite a Effect Hall ll
, 

1 

Thompson CSF, 

1~84. 
Revue Generale d' Eleetrici te, 

~ 
No.5, May 

(55] J. W. Dixon and B. T. Ooi, "Indirect Current Control of 

a Unit y Power Factor Sinusoidal Current· Boost Type 

~
ee-Phase Rectifier", Accepted for publication to IEEE 

. ns. on Ind. Electronics. 

[56] . Nishimoto, "Analytical Study of a Controlled Current 

PWM Converter", M. Eng. Thesis, McGill University, June 

1986. 

[57] S. D. Dewan and A. straughen, "Powet Semiconductor 

Circuits", John Wiley & Sons, 1975 . 
... 

[58] H. S. Patel and R. F. Hoft, "Generalised Techniquès of 

Harmonie Elimination", IEEE Trans. on Ind. Appl., Vol. 

IA-9 No.3, 1973, pp 310-313. . . 
[59] J. Salmon, "Three Phase Current Controlled PWM Inverter 

U~ing Bipolar Transistors", Master Eng. Thesis, McGill 

University, May 1984. 

[6'0] D. M. Broad and D. W. Novotny, "CUrrent Control of a 

VSI-PWM inverters", IEEE-lAS Annual Meeting, Oct. 1984, 

pp 418-425. 

[ 61] A. Nabae, S. Ogasawara and H. Akag i , "A Novel Contra l 

Scheme of Current Controlled PWM Inverters", IEEE-tAS 

Annual Meeting, Oct. 1985, pp 473-478. 

209 



• ~ 

•• 

[62] H. Eggeling and W. Strasser, "Unitrol L 10300-A, a High 

Power Static Converter", Brown Boveri Rev., Vol 69 No. 

7/8, July/Aug. 1982, pp 271-274. 
b 

[63] B. Skrabo and X. Vogel, "switching Deviees and structure 

of Modern Converters for Traction 1Jehicles", Brown 

Boveri Rev., Vol 69 No. 12, Dec. 1982, pp 453-459. 
} 

[64] R. J. Hill and F. L. Luo, "Stabili ty Analysis of 

Thyristor Current Controllers", IEEE Trans. on Ind. 

Appl., Vol. IA-23 No. l, Jan./Feb. 1987, pp 49-56. 

(65] S. M. Peeran, A. K4sko, W. R. Hodgson and F. G. 

Fellendorf, "Current Ballance in Parallel Power Diodes 

in Three Phase Rectifiers" , IEEE Trans. on Ind. Appl., 

Vol. IA-23 No.3, May/June 1987, pp 567-572. 

C66] E. Olivier, J. P. Rognon and R. perret, "Application of 

the Average circuit Method to the Modelling of AC 

and OC Converters", IEEE-lAS Annual Meeting, Oct. 

1985, pp 1281-1287. 

[67] ~T Kataoka, K. Mizumachi and S. Miyarai, liA Pulsewidth 

Controlled AC-to-DC converter to Improve Power Factor 

and Waveform of AC Line Current", IEEE Trans on, Ind. 

Appl., Vol. IA-15 No.5, Nov./Dec. 1979, pp 670-675. 

[68] H. S. Black, "Modulation Theory" , New York, Van 

Nostrand, 1953, pp 263-281. 

(69] K. Taniquchi and H. Irie, "Trapezoidal Modulating Signal 

for Three-Phase PWM Inverter", IEEE Trans on Ind • 

Elect., Vol. IE-33 No.2, May 1986, pp 193-200. 

210 

1 



c 

1 

c 

['1(1) W. 

) 
Brokerin<1,~ "Electric Power Systems", Chapter 9: 

unbalan~d Systems Analysis", pp 309-316, Ed. Dept. of 

Elec~r. Eng., Catholic Univ. of Chile, 1975. 
~ 

(71] H. K. Messerle, "Dynamic Circuit Theory", pergamon 

Press, 1965, pp 462-463. 

[72] IMSL Li):)rary, Edition 7, E;IGRF-Eigenvalues of Real 

Matrix. 

[73] G. J. Thaler and R. G. Brown, "Analysis and Design of 

Feedback Control Systems", McGraw Hill, 2nd. Edition, 

1960, pp 203-219. 
J 

[74] L. Collatz, "The Numerical Treatment of DifferentiaI 

- Equations", Springer-vertag, .. 3rd. Edition, Berlin 1966, 

pp 52-55. 

[75] P. D. ziogas, S. Manias and E. P. Wiechmann, 

"Applicatiafs of Current Source Inverters in UPS 

System" , IEEE Trans. on Ind. Appl., Vol. IA-20 No. 4, 

July/Aug. 1984, pp 742~752. 

[76] S. B. D~wan and P. D. Ziogas, "Optimum Filter Design for 

a Single-Phase Solid-State UPS System", IEEE Trans on 

Ind. Appl., Vol. IA-15 NO.6, Nov./Dec. 1979 

[77] T. Mizutani, T. Shimuzu, K. Kuroki and T. Hoshi, "Power 

Transistorized Uninterruptible Power Supply", IEEE-lAS 

An9ual Meeting, October 1982, pp 404-409. 

[78] M. F. Schlecht and L. F. Casey, "CompM:ison of the 
, 

Square-Wavé and Quasi-Resonant Topologies", IEEE Trans 

on Power Electronics, Vol.3 No.l, an.1988, pp 83-92.· 

211 



• [79] 

[80] 

.. 

• 

)$ 

\ 

" , 
f 

< 

D. M. Divan and G. Skibinski, "Zero Switchin9 Loas 

Inverters • for "Hiqh Power Applications", Wisconsin 

Electric Machines and Power Electronics Consortium, 

Research Report 87-11, University ot wisconsin-Madison, 
/ 

1 July 1987. 'f) 
, 

D. M. Divan, "Design considerations for Very Hiqh 

Frequency Resonant Mode OC/OC Convertars', IEEE Trans on 

Power Electronics, Vol. PE-2 No.l, Ja. 1987, pp 45-54 • 

21., 


