THE INSTITUTION R
OF ELECTRICAL '
ENGINEERS

IEE PROCEEDINGS-A
covefing

Physical Science, Measurement and

Instrumentation, Management and Educationy: -

Qﬂd BeVieWS FEB 17 1980

Vol. 134, 1987 s
AT LI R

Published by
The IEE, Savoy Place, London WC2R 0BL, United Kingdom
Publishing Department.: PO Box 8, Southgate House, Stevenage, Herts. SG1 1HQ, United Kingdom



|EE Proceedinss Part A

Physical Science - Measurement and Instrumentation -

Management and Education - Reviews
The Institution of Electrica! Engineers, Savoy Place, London WC2R 0BL, United Kingdom.
Publishing Department. PO Box 8, Southgate House, Stevenage, Herts. SG1 1HQ, United Kingdom

Volume 134 1987 UK ISSN 0143-702X

HONORARY EDITORS

IEE Reviews : Prof. F.A. Benson (University of Sheffield)

Special Issues: Prof. D.T. Swift-Hook (CERL)

Education : Dr. B. Bolton (University of Bath)

Management: D.L. Johnston ( formerly Urwick Orr and Partners)
General: Dr. G.W. Chantry (RTP Division, ETI, London)

Pages in issues of IEE Proceedings Part A, 1987

Pages Issue No. Date
1-96 1 January

97-236 2 February
237-308 3 March
309-368 4 April
369-464 5 May
465-576 6 June
577-632 7 July
633-704 8 September
705-760 9 November
761-840 10 December

This publication is copyright under the Berne Convention and the International Copyright Convention. All rights reserved.
Apart from any copying under the UK Copyright Act 1956, part 1, section 7, whereby a single copy of this article may be
supplied, under certain conditions, for the purposes of research or private study. by a library of a class prescribed by the UK
Board of Trade Regulations (Statutory Instruments, 1957, no. 868), no part of this publication may be reproduced, stored in a
retrieval system or transmitted in any form or by any means without the prior permission of the copyright owners. Permission
is, however, not required to copy abstracts of papers or articles on condition that a full reference to the source is shown.

An IEE licensing arrangement exists whereby organisations entering into an agreement are legally entitled to make up to ten
copies of an |EE paper or article.

Authorisation to photocopy items for internal or personal use, or for the internal or personal use of specific clients, is granted
by the Institution of Electrical Engineers for libraries and other users registered with the Copyright Clearance Center Trans-
actional Reporting Service, provided that the base fee of $2.00 per copy is paid directly to the Copyright Clearance Center,
Inc.. 21 Congress Street, Salem, MA 01970, USA. 01 43-702X/87 $2.00 + 0.00. This consent does not extend to other kinds
of copying. such as copying for general distribution, for advertising or promotional purposes, for creating new collective
works, or for resale.

Photocopies of individual papers published in the /EE Proceedings can be supplied from the IEE Library at 10p per page plus
a handling change of 50p per page, which covers the cost of surface mail (airmail extra). The handling charge is waived if
reprints are collected from Savoy Place by purchasers.

The telephone number of the IEE London office is 01 240 1871 ; telex: 261176 IEELDN G: facsimile: 012407735

The IEE is not as a body responsible for the opinions expressed by individual authors.
The IEE is a member of the Association of Learned & Professional Society Publishers.

© 1987 The Institution of Electrical Engineers

Secretary of the IEE: HH.W. Losty, DEng., FEng,, FIEE
Managing Editor: Bernard Dunkley Assistant Editors: Rachae! Jones and Matthew Bacon
Graphics Manager: Maurice Partridge

Typeset by: Santype International Limited, Salisbury, Wiltshire, United Kingdom
Printed by : Unwin Brothers Ltd.. Old Woking, Surrey, United Kingdom




SCIENCE

A
Geometric description of bridge rectifier
operational modes using regular polygons

|. Dobson, MA

Indexing terms: Mathematical techniques, Power electronics, Convertors

Abstract: AC line currents in idealised 3-phase
bridge rectifier systems trace out regular polygons.
This fact is used to derive a geometric visual-
isation of rectifier operation and to explain oper-
ational modes in 6- and 12-pulse rectifiers from a
geometric point of view.

1 Introduction

Insight into the operation of 6- and 12-pulse bridge recti-
fiers may be gained by considering the geometric figures
described by currents and voltages in the AC lines sup-
plying the rectifier. Many rectifier phenomena are due to
interactions in the AC lines and may be simply represent-
ed in the plane of the geometric figures. In particular,
12-pulse rectifier modes, which are complicated to
describe algebraically, are easier to understand from a
geometric point of view. This geometric analysis is com-
plementary to the usual algebraic analysis [1, 2] and pro-
vides a visualisation of rectifier operation. Geometric
visualisation of rectifier operation contributes to the
qualitative understanding of rectifiers required for check-
ing and interpreting experimental or computer simula-
tion results.

2 6-pulse rectifier modes

Consider an idealised and balanced AC line feeding a DC
load via a 6-pulse diode bridge as shown in Fig. 1. First
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4

Fig. 1 6-pulse bridge rectifier

assume mode 1 operation so that commutation of
current between the AC lines alternates with no com-
mutation. The AC line currents may be regarded as the
components of a 3 dimensional vector i = (i(1), i(2), i(3)).
The star connection of the AC lines constrains the
current vector i to lie in the plane P determined by
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i(1) + i(2) + i(3) = 0. It is convenient to identify vectors in

the P plane by their co-ordinates in 3-space; these coor-

dinates may be evaluated by projecting the vector onto

the line through one of the axes a,, a,, @; shown in Fig. 2
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Fig. 2  Representation of AC line currents in the P plane
and determining the length of the projection as a multiple
of the axis length. (a,, @, @, are covariant axes for the P
plane; see Appendix 8). When the bridge is not commu-
tating and there is a constant load current of unity, there
are six possible AC line currents; these correspond to the
six possible diode switching patterns that have exactly
two diodes conducting. These AC line currents form the
vertices of a regular hexagon in the P plane as shown in
Fig. 2. For example, when the diodes are switched in the
pattern 392, the AC line currents are (10 — 1) and the
current vector is at vertex A of the hexagon. During the
following commutation, when the diodes are switched in
the pattern 337, i(3) remains constant and i(1) and i(2) are
linearly related because their sum is the unity load
current and hence the current vector traverses the
hexagon edge AB. The commutation ends when i(1)
becomes zero; that is, when the current vector crosses the
line through OB and the projection on a, becomes zero.
In this case the commutation ends when vertex B is
reached. Thus in mode 1 operation with constant load
current, the AC line currents describe a regular hexagon,
pausing at the vertices when not commutating and tra-
versing the edges during commutation.

The generator voltage vector e = {e(1), e(2), e(3)) and
bridge input voltage vector v = (1), v(2), v(3)) also lie in
the P plane. The vector e describes a circle in the P plane
at the supply frequency and the sinusoidal components
e(1), e(2), e(3) may be obtained by the projection of e onto
the axes a,, d,, ay. (In general, the projection of circular
motion onto an axis passing through the centre of the
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circle is sinusoidal even if the axis does not lie in the
plane of the circle.) The length of e is proportional to the
maximum generator voltage. This representation is
similar to that used when representing 3-phase quantities
using symmetrical components: vectors confined to the P
plane are exactly those with no zero sequence component
and the length of a vector rotating anticlockwise in the P
plane is proportional to the positive sequence component
of the quantity. The usual visualisation of positive
sequence components has three rotating vectors project-
ed onto a single axis; the P plane visualisation has a
single rotating vector projected onto three fixed axes.
When the bridge is not commutating, the line currents
are constant and v is equal to e. The mode 1 switching
conditions are shown in Fig. 3; a diode turns off when i

\ ¢

e e —w - ——

t
|
l
I
|
|
|
i
|
1
|
]
I
!

Fig. 3  Mode I switching conditions

crosses a solid line and a diode turns on when v crosses a
dashed line. In particular, when the diode switching
pattern is 532, and the current vector is at hexagon vertex
A, the condition for diode 2 to switch on and com-
mutation to start is (1) = p(2) or that v crosses the
dashed line containing the a; axis. During commutation
along AB, the diode switching pattern is 189 and phases 1
and 2 are short-circuited so that u(1) = »(2). As the AC
line reactances are assumed to be balanced, v(1) and «(2)
are equal to the average of (1) and ¢(2), which is a sinus-
oid half the amplitude of e(1) and lagging e(1) by 60°.
Thus »(1) and v(2) may be represented by the projection
on a, of a vector w half the length of e and lagging e by
60° as shown in Fig. 4. (For convenience the length of e is
taken to be /2 in Fig. 4.) At the end of the commutation
e reverts to v in all three components. Thus the line volt-
ages are described by the components of e when there is
no commutation and a selection of the components of e
and w during commutation.

In mode | operation, v reverts to e before e has
rotated past the a, axis; that is, before the start condition
for the next commutation is reached. Thus e rotates at
most 60° during a mode 1 commutation. It is well known
that the commutation angle u depends on the load
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current [, according to
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where e,,,, is the maximum generator voltage and X is

C

\

Fig. 4 Commutation along hexagon edge AB

the AC line reactance. For sufficiently high load currents,
the commutation angle u exceeds 60° and mode 2 oper-
ation occurs; the start of commutation along AB is
delayed until the end of the previous commutation, when
v reverts to e and (2) suddenly becomes greater than (1)
because e has already passed over the dashed line con-
taining the a, axis. The bridge is always commutating
and the current vector traverses the hexagon edges
without pausing at the vertices.

Mode 3 operation occurs when the commutation
angle is so large that w rotates to lie along OB and e
rotates to lie along OC during the commutation. Then
(1), the projection of w on a, and 1(3), the projection of
e on a;, vanish simultaneously, the equality of (1) and
¥(3) causes diode 4 to turn on, and the diode switching
pattern becomes 15$. The commutation from diode 1 to
diode 2 and the commutation from diode 6 to diode 4
occur simultaneously so that the current vector departs
from hexagon edge AB by acquiring some velocity in the
direction of BC. The commutation from diode 1 to diode
7 continues until the current vector reaches BC, when
diode 2 has unity current and hence diode 1 has zero
current and turns off. During the simultancous com-
mutations the current vector ‘rounds off’ the vertex of the
hexagon and the AC lines do not supply all of the load
current; the balance of the load current is supplied by the
loop current passing through diodes 1 and 4 and the
load.

3 12-pulse rectifier modes

The geometric method used to describe the 6-pulse recti-
fier modes extends readily to 12-pulse rectifier modes 1, 2
and 3.

Consider the 12-pulse rectifier system shown in Fig. 5,
in which two 6-pulse bridges are connected in series. In

Fig. 6

12-pulse bridye rectifier
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mode 1 operation, the commutations in the two bridges
alternate and the currents i, i, in the AC lines indivi ual
to each bridge describe hexagons in the P plane: thé 30°
phase shift of the transformer causes i, to describe a
hexagon which is displaced 30° from the hexagon
described by i,. The common AC line current vector i 1s
the sum of i, and i, and describes a regular dodecagon as
shown in Fig. 6. i_ pauses at the dodecagon vertices when

Fig. 6 12-pulse AC line currents

neither bridge is commutating and traverses a dodecagon
edge when one of the bridges is commutating.

To describe the AC line voltages, it is convenient to
define e, to be the displacement of the generator voltages
e, through 30°; e, describes the generator voltages sup-
plied to bridge 2 when the transformer phase shift is
taken into account and is shown in Fig. 7. When neither

Fig. 7

12-pulse AC line voltages

bridge is commutating, the bridge input voltage vectors
v, and », are e, and e, respectively. When bridge 2 is
commutating, the shortcircuited components of v, revert
to w, just as in the 6-pulse case. The shortcircuited com-
ponents of v, revert to w, in proportion to the ratio of

IEE PROCEEDINGS, Vol. 134, Pt. A, No. 1, JANUARY 1987

the inductance of the common AC line to the inductance
of the common and individual AC lines combined. That
is. if the ratio of common to total AC line inductance is k,
v, reverts to x, = (1 — ke, + kw,(see Fig. 7). k is a
measure of the amount of interaction between the two
bridges. The angle by which x| lags e, is denoted by a,,;
elementary trigonometry reproduces the formula given in
Reference 2 for «,, in terms of k:

_ k3

tan a, =
4 — 3k

In mode ! operation, the start condition for com-
mutation of bridge 1 occurs 30° after the start of com-
mutation in bridge 2; bridge 2 commutations occupy less
than 30° so that bridge 2 is not commutating and v, is
equal to e, when e, rotates past a dashed line. In mode 2
operation, the commutation angle exceeds 30° and the
relevant components of v, continue to be determined by
x,, causing the start of the bridge 1 commutation to be
delayed until the bridge 2 commutation ends. The angle
of delay is denoted by «. The maximum value of a is a,,,
for if o exceeds a,,, x, passes the dashed line and com-
mutation in bridge 1 starts before the bridge 2 com-
mutation ends. The = simultaneous commutations
distinguish mode 3 operation. The description of AC line
voltages when bridge 1 is commutating is similar and
may be obtained by interchanging the labels | and 2 in
the above description.

The common AC line current vector i, describes a
dodecagon in modes 1 and 2; in mode 2 there is no pause
at the vertices. In mode 3, the simultaneous commutation
of the 2 bridges causes i, to describe a dodecagon with
rounded corners.

4 Discussion

The AC line currents of a less idealised rectifier may
depart from accurate polygonal trajectories; however,
visualising the circuit dynamics in the P plane may still
provide insights. For example, the effect of varying the
load current during a commutation may be imagined by
superimposing on the polygonal trajectory a motion per-
pendicular to the polygon edge being traversed. Varying
the load current when there is no commutation and the
current vector is stationary at a polygon vertex may be
imagined by correspondingly varying the length of the
current vector.

Geometric models are potentially useful for 3-phase
rectifier connections other than bridge connections. Any
3-phase currents or voltages which sum to zero may be
represented in the P plane and circuit symmetry and an
assumption of constant load current will generally cause
the AC line currents to describe regular polygons. The
P plane representation is also suitable for visualising
decoupled natural modes of bridge rectifier currents [3].

When analysing data from a real or simulated rectifier
it is desirable to be able to plot AC line quantities in
the P plane. 3-phase line current data expressed
as (i(1), i(2), i3)) may be displayed in the P plane by
plotting (i(2) — i(3))/\/2 as a vertical co-ordinate against
(\/3/\/2)1'(1) as a horizontal co-ordinate.

5 Conclusions

A geometric model of idealised 3-phase bridge rectifier
operation based on the regular figures described by AC
line currents and voltages has been presented. The
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method has been illustrated by giving an account of 6-
and 12-pulse rectifier modes from a geometric point of
view. Extension of the method to visualise phenomena in
less idealised or more general rectifier connections has
been suggested. Geometric methods can improve the
qualitative understanding of rectifier phenomena and are
a pleasing way to exhibit the symmetry of rectifier con-
nections.
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8 Appendix

Axes a,, a,, and a, are covariant axes convenient for
determining the 3-space co-ordinates of points in the P
plane. A short calculation shows how the first co-
ordinate of a point x = (x(1), x(2), x(3)) in the P plane
may be found by using the a, axis:

a, has co-ordinates (1, —%, —%) and its length is
/3/+/2. The length of the projection of x onto a, is

@ x _ )= b)) 3 _ Y3
jal ~ ja,] a1~ 2

as x(1) + x(2) + x(3) = 0. Therefore the length of this
projection expressed as a multiple of |a,] is x(1). It
follows, for example, that ideal 3-phase voltages with
unity peak magnitude are represented in the P plane bya
voltage vector describing a circle of radius \/3/{/2.

(1)
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