CHAPTER

TWO
RECTIFYING CIRCUITS

4 -=:1ifier circuit is one which links an a.c. supply to a d.c.load, that is, it converts
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;= aiternating voltage supply to a direct voltage. The direct voltage so obtained is

- -2 normally level, as from a battery, but contains an alternating ripple component

rzperimposed on the mean (d.c.) level.
The various circuit connections described, although all giving a d.c. output,
%2 in regard to the a.c. ripple in the output. the mean voltage level, efficiency,

.~# their loading effects on the a.c. supply systen.

>.1 CIRCUIT NOMENCLATURE

Recdiving circuits divide broadly into two groups, namely. the half-wave and full-
® Iv2 JOnnections.

The half-wave circuits are those having a rectifying device in each line of the
.z, supply, all cathodes of the varying devices being connected to a common con-
sction to feed the d.c.load, the return from the load being to the a.c. supply neutral.

-
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T2 expression half-wave describes the fact that the current in each a.c. supply

i

"~ ic upidirectional. An alternative to the description half-wave is to use the ex-

cression single-way in describing these circuits.

The full-wave circuits are those which are in effect two half-wave circuits in
ceries. one feeding into the load, the other returning load current directly to the
:.c. lines, eliminating the need to employ the a.c. supply neutral. The expression
full-wave is used because the current in each a.c. supply line, although not neces-
sarily symmetrical, is in fact alternating. The full-wave circuits are more commonly
-alled bridge circuits, but alternatively are also known as double-way circuits.

The control characteristics of the various circuits may be placed broadly into
one of three categories: namely. uncontrolled, fully-controlled, and half-controlled.

The uncontrolled rectifier circuits contain only diodes, giving a d.c. load volt-
age fixed in magnitude relative to the a.c. supply voltage magnitude.

In the fully-controlled circuits all the rectifying elements are thyristors (or
sower transistors). In these circuits, by suitable control of the phase angle at which
the thyristors are turned on, it is possible to control the mean (d.c.) value of, and
to reverse, the d.c. load voltage. The fully-controlled circuit is often described as a
bidirectional converter, as it permits power flow in either direction between supply

and load.
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Figure 2-3 Load equivalent circuit.

The majority of d.c. loads (such as d.c. motors) respond to the mean (d.c.)
: value of the voltage, hence the r.m.s. value of the output voltage is generally of
little interest. However, the a.c. ripple content in the direct voltage waveform, that
is, the instantaneous variation of the load voltage relative to the mean value. is
often a source of unwanted losses and is part of the characteristic of the circuit.

To select a suitable diode for the circuit, both the diode current and voltage
waveforms must be studied. The diode voltage v, shows a peak reverse voltage
value of Vax -

Almost all d.c. loads contain some inductance; the waveforms shown in Fig.
2-2¢ are for an inductive load having the equivalent circuit shown in Fig. 2-3.
Current flow will commence directly the supply voltage goes positive, but the
presence of the inductance will delay the current change, the current still flowing at
the end of the half cycle, the diode remains on, and the load sees the negative
supply voltage until the current drops to zero.

Reference to Fig. 2-3 shows that the instantaneous load voltage
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which enables the waveshape of the load current i, to be determined. A guide t¢
the required current rating of the diode would be given by determining the r.m.s.
) value of its current waveform.

= The mean voltage for Fig. 2-2c¢ is given by

Voo = (1/27) f:;‘z’vmax sin 6 d6 (2-4)

and is lower than the case of no inductance.

The single-phase half-wave circuit can be controlled by the use of a thyristor
as shown in Fig. 2-4¢. The thyristor will only conduct when its voltage vy is positive
and it has received a gate firing pulse i,. Figures 2-4b and ¢ show the conduction of
the thyristor delayed by an angle a beyond that position where a diode would
naturally conduct (or commutate): in this case, the firing delay angle « is expressed
relative to the supply voltage zero. =

Without the commutating diode, the waveforms would be similar to those of
Fig. 2-2 with the exception of a delayed start. The waveforms of Fig. 2-4 do, how-
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38 POWER ELECTRINI

The half-controlled rectifier circuits contam a2 mmre of tharistors and diodas
which prevent a reversal of the load voltage, but do allow adjustment of the direct
(mean) voltage level. The half-controlled and uncontrolled (diode only) circuits
are often described as unidirectional converters, as they permit power flow only
from the a.c. supply into the d.c. load.

Pulse-number is a manner of describing the output characteristic of a given
circuit, and defines the repetition rate in the direct voltage waveform over one
cycle of the a.c. supply. For example, a six-pulse circuit has in its output ripple
of repetition rate six times the input frequency, that is, the fundamental ripple
frequency is 300 Hz given a 50 Hz supply.

2-2 COMMUTATING DIODE

Many circuits, particularly those which are half- or uncontrolled, include a diode
across the load as shown in Fig. 2-1. This diode is variously described as a free-
wheeling, flywheel. or by-pass diode, but is best described as a commutating diode,
as its function is to commutate Or transfer load current away from the rectifier
whenever the load voltage goes into a reverse state.

The commutating diode serves one or both of two functions; one is to prevent
reversal of load voltage (except for the small diode volt-drop) and the other to
transfer the load current away from the main rectifier. thereby allowing all of its
thyristors to regain their blocking state.

7.3 SINGLE-PHASE HALF-WAVE (OR SINGLE-WAY)

Although the uncontrolled single-phase half-wave connection shown in Fig. 2-2a
is very simple, the waveforms of Figs. 2-2b and c illustrate fundamentals which will
constantly recur in the more complex circuits.

The assumption is made that the magnitude of the supply voltage is such as to
make the diode voit-drop negligible when conducting. The waveforms are developed
on the assumption that the diode will conduct like a closed switch when its anode
voltage is positive with respect 1o its cathode, and cease to conduct when its current
falls to zero. at which time it acts like an open switch. The turn-on and turn-off
dmes of the diode, being only a few microseconds, may be taken as instantaneous
imes in relation to the half cycle time for a 50 Hz supply.

AC
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Figure 2-1 Position of commutating diode.




LR E it pe bt

Load vy

lVA’TT:L‘{ |
s //\ | \/\
: ; ' ,
s g 27 Angle (time) o T 2n
l ‘ 0 =1 \ |

- I’;TM\
(b) (c)

Figure 2-2 Single-phase half-wave circuit, (@) Connection. (b) Waveforms when the load is purz
resistance. (¢) Waveforms when the load contains some inductance.

The waveforms shown in Fig. 2-2b are for a load of pure resistance, the supply
voltage vg being sinusoidal of peak value V.. Immediately prior to vg going
positive, there is no load current, hence no load voltage, the negative supply voltage
appearing across the diode. As vg goes positive, the diode voltage changes to anode
positive relative to the cathode, current flow then being possible. Neglecting the
small diode volt-drop, the load current i, = vg/R until the current falls to zero at
the end of the positive half cycle. As the diode prevents reverse current, the entire
supply negative voltage appears across the diode.

The load voltage waveform in Fig. 2-2b has the mean value of a half sinewave.

namely, |
Vma.x /77 (21)

which could be calculated from
G=1m \
Vinean = (I/ZW)J‘Q:O V max Sin 0 d6 (2-2)

where 6 = wt is any angle on the waveform.
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Figure 24 Single-phase half-wave controlled circuit with commutating diode. (¢) Connection.
o) Small firing delay angle, and continuous current. (¢) Large firing delay angle, and discon-
rinuous current,

ever, assume the presence of a commutating diode which prevents the load voltage

reversing beyond the diode volt-drop value, resulting in the waveforms shown.
During the thyristor on-period, the current waveform is dictated by Eq. (2-3),

but once the voltage reverses, vy is effectively zero and the load current follows an
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exponential decay. If the curren: izvel d2cays below the dode hoiding ievel nn
the load current is discontinuous as shown in Fig. 2-<4¢. Figure 24 shows 2z cor-
tinuous load-current condition, where the decaying lcad current is sl riowing
when the thyristor is fired in the next cycle. Analysis of the load-voitage waverorm
gives a mean value of

~T
Vinean = (1/27) ‘a Vinax Sin 0 df = K%:f (1 + cos @) (2-3)

Inspection of the waveforms shows clearly that the greater the firing delay
angle «, the lower is the mean load voltage, Eq. (2-5) confirming that it falls to
zero when a = 180°.

The thyristor voltage v waveform shows a positive voltage during the delay
period, and also that both the peak forward and peak reverse voltages are equal to
Vmax Of the supply.

Inspection of the waveforms in Fig. 2-4 clearly shows the two roles of the com-
mutating diode, one to prevent negative load voltage and the other to allow the
thyristor to regain its blocking state at the voltage zero by transferring (or com-
mutating) the load current away from the thyristor.

2-4 BI-PHASE HALF-WAVE (OR SINGLE-WAY)

The bi-phase connection of Fig. 2-5a provides two voltages v; and v, in anti-phase
relative to the mid-point neutral N. In this half-wave connection, the load is fed
via a thyristor in each supply line, the current being returned to the supply neutral V.

In any simple half-wave connection, only one rectifying device (thyristor or
diode) will conduct at any given time, in the diode case this being that one con-
nected to the phase having the highest voltage at that instant. In the controlled
circuit, a given thyristor can be fired during any time that its anode voltage is
positive relative to the cathode.

With reference to Fig. 2-5, thyristor 7 can be fired into the on-state at any
lime after oy, goes positive. The firing circuits are omitted from the connection dia-
gram to avoid unnecessary confusion to the basic circuit, but can be assumed to
produce a firing pulse into the respective thyristor gates as shown in the waveforms.
Each pulse is shown delayed by a phase angle « relative to the instant where diodes
would conduct. that is, if the thyristors were replaced by diodes, a would be zero.

Once thyristor 7 is turned on, current builds up in the inductive load, main-
taining thyristor T, in the on-state into the period when v; goes negative. However,
once v; goes negative, v, becomes positive, and the firing of thyristor T, immedi-
ately turns on thyristor 7, which takes up the load current, placing a reverse volt-
age on thyristor Ty its current being commutated (transferred) to thyristor 7,. The
thyristor voltage vy waveform in Fig. 2-5b shows that it can be fired into con-
duction at any time when vy is positive. The peak reverse (and forward) voltage
that appears across the thyristor is 2V pax, that is, the maximum value of the com-
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Figure 2-5 Bi-phase half-wave circuit. (¢) Connection. (b) Waveforms.

plete transformer secondary voltage. Figure 2-6 illustrates this fact more clearly in =
that when thyristor T, is on and effectively a short-circuit, the entire transformer

voltage appears across the off-state thyristor T,.
Inspection of the load voltage waveform in Fig. 2-5b reveals that it has a mean
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Load

Figure 2-6 Illustrating instantaneous circuit condition.

value of

- Y

-Tr R
Vmean = (] /W).‘& Vma.x sin 0 df = ;nax coS & (2-6)

In practice, the load voltage will be reduced by the volt-drop across one thyristor.
as at all times there is one thyristor in series with the supply to the load. Also, this
equation assumes high enough load inductance to ensure continuous load current.
The highest value of the mean voltage will be when the firing delay angle a is zero,
that is, the diode case. When the firing delay angle is 90°, the load voltage will
contain equal positive and negative areas. giving zero output voltage, a value con-
firmed by Eq. (2-6) which shows the mean voltage follows a cosine variation with
firing delay angle. As the load voltage waveform repeats itself twice in the time of
one supply cycle, the output has a two-pulse characteristic.

The current waveforms in Fig. 2-5b show a continuous load current, but the
ripple will increase as the mean voltage is reduced until, given a light load inductance,
the load current will become discontinuous, the load voltage then having zero
veriods. The thyristor currents are of half-cycle duration and tend to be square-
shaped for continuous Joad current. The a.c. supply current can be seen to be non-
sinusoidal and delaved relative to the voltage.

2-5 SINGLE-PHASE BRIDGE (OR DOUBLE-WAY)

The bridge (full-wave or double-way) connection can be arranged to be either un-
controlled, fully-controlled. or half-controlled configurations, and this section will
describe each connection in turn.

2-5-1 Uncontrolled

The single-phase bridge circuit connection is shown in Fig. 2-7a in its simplest dia-
grammatic layout. This layout, whilst almost self-explanatory and widely used in
alectranic cirenit lavouts. does not at a elance demonstrate that it is two half-wave
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circuits in series, nor is it possible to draw a similar layout for the three-phase
circuits. The same circuit drawn to a different diagrammatic layout as in Fig. 2-75
shows clearly the concept of two half-wave circuits in series making the full-wave
connection, two diodes with common cathodes feeding into the load, two diodes
with common anodes returning the load current to the other supply line. However,
the layout of Fig. 2-7b is rather cumbersome, and for power applications the lay-
out of Fig. 2-7¢ is used.

In constructing the voltage waveforms, some circuit reference must be used,
and in this respect one can construct the supply waveforms with reference to a mid-
point neutral N as shown in Fig. 2-7d, thus enabling a comparison to be made to
the half-wave circuit of Fig. 2-5. As only a simple two-winding transformer is re-
quired, the mid-point is neither required nor available in practice, and in thisrespect
it is useful to look at Fig. 2-7c where the supply is given two labels v, and v, shown
in the waveforms of Fig. 2-7e.

The load voltage shown in Fig. 2-7e can be constructed either by taking the
waveforms of v, and v, when each is positive, or by constructing the voltages on
each side of the load relative to the neutral N, the difference between them being
the load voltage v; . The use of the neutral N does demonstrate that the load volt-
age is the addition of two half-wave circuit voltages in series, making a full-wave
connection. The diode voltage vp; has a peak reverse value of the maximum value
of the supply voltage, this being only half the value in the half-wave connection of
Fig. 2-5 for the same load voltage: however, two diodes are always conducting at
any given instant, giving a double volt-drop.

The diode and supply current waveforms shown in Fig. 2-7e are identical in
shape to the half-wave connection of Fig. 2-5. The output characteristic is two-
pulse, hence as regards the load response and supply requirements the bridge con-
nection is similar to the bi-phase half-wave circuit.

2-5-2 Fully-controlled

The fully controlled circuit shown in Fig. 2-8 has thyristors in place of the diodes
ot Fig. 2-7. Conduction does not take place until the thyristors are fired and, in
order for current to flow, thyristors 7; and 7, must be fired together, as must
thyristors T3 and T, in the next half cycle. To ensure simultaneous firing, both
thyristors 7y and T, are fired from the same firing circuit as shown in Fig. 2-9, the
output being via a pulse transformer as the cathodes of the respective thyristors are
at differing voltages in the main circuit.
The load voltage is the same as that described for the bi-phase half-wave con-
nection with a mean value as for Eq. (2-6) of
2V max

= ———cos« (2-7)

Vm ean
m

less in this case by two thyristor volt-drops. This equation will not apply if the load
current is not continuous.
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Figure 2-9 Firing circuit output connections.

7.5-3 Half-controlled

[t is possible to control the mean d.c. load voltage by using only two thyristors
and two diodes, as shown in the half-controlled connection of Fig. 2-10a. Drawing
the circuit to a different diagrammatic layout, as shown in Fig. 2-11, shows clearly
that the full-wave connection is the addition of two half-wave circuits, the input
current to the load being via the thyristors, whilst the diodes provide the return
path. The approach to determining the load-voltage waveform in Fig. 2-10b is t0
follow previous reasoning by plotting the voltage at each end of the load relative 10
the supply neutral V. The thyristors commutate when fired, the diodes commutat-
ing at the supply voltage zeros. The load voltage so constructed never goes negative
and follows a shape as if the load were pure resistance, reaching a zero mean value
when the firing delay angle a is 180°.

The presence of the commutating diode obviously prevents a negative load
voltage, but this would in any case be the situation, even without the commutating
diode. After the supply voltage zero and before (say) thyristor T3 is fired, thyristor
T, would continue conducting, but the return load-current path would have been
commutated from diode D, to diode Da, hence a free-wheeling path for the load
current would be provided via T, and D, resulting in zero supply current. The
commutating diode will provide a preferential parallel path for this free-wheeling
load current compared to the series combination of a thyristor and diode, and
hence enable the thyristor to turn off and regain its blocking state.

The mean value of the load voltage will be given by

|4
Ve = (1/1) [: Vi sin 6.0 = 2= (1+ cos @) (2-8)

different by the various thyristor and diode volt-drops.

The current duration in the thyristors and main diodes is less than 180° by the
firing delay angle o, leading to an a.c. supply current which has zero periods. The
commutating diode conducts the decaying load current during the zero voltage
periods.

Compared to the fully-controlled circuit, the half-controlled circuit is cheaper,
but the a.c. supply current is more distorted due to its zero periods. The half-
controlled connection cannot be used in the inversion mode described in Sec. 3-3,
1o the fullv-controlled connection allows a reversal of the mean direct voltage.
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Figure 2-10 Half-controlled single-phase bridge. (¢) Connection. (b) Waveforms.

2-6 THREE-PHASE HALF-WAVE (OR SINGLE-WAY)

The three-phase half-wave connection is the basic element in most of the polyphase
rectifier circuits, although its use in its own right is limited, due in part to it re-
quiring a supply transformer having an interconnected-star (zig-zag) secondary.
However, to ease the explanation, the supply will initially be assumed as a simple
star-connected winding.
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Figure 2-11 Half-controlled full-wave (bridge) connection.

With the polyphase connections, the time intervals between the repetitions in
the dc. load waveforms are shorter than for single-phase connections, and also in
practice they will be supplying larger loads having heavier inductance. The net
result is for the ripple content of the load current to be less, and it is reasonable to
assume the current to be continuous and level. Hence, in developing the current
waveforms for the polyphase circuits, it will be assumed that the load current is
continuous and level, that is, it has negligible ripple.

The connection of the three-phase half-wave circuit is shown in Fig. 2-12a,
each supply phase being connected to the load via a diode and, as in all half-wave
connections, the load current being returned to the supply neutral.

The circuit functions in a manner such that only one diode is conducting at
any given instant, that one which is connected to the phase having the highest
instantaneous value. This results in the load voltage vy, having the waveform shown
in Fig. 2-12b, which is the top of the successive phase voltages. While v; is the most
positive phase, diode D conducts but, directly v, becomes more positive than vy,
the load current commutates (transfers) from diode D, to diode D, . Confirmation
of the instant of commutation can be seen by examining the diode voltage wave-
form vp, which goes negative directly v; has an instantaneous value below v,,
hence diode D, turns off.

The instantaneous d.c. load voltage varies between the maximum value of the
phase voltage and half this value, and it also repeats itself three times per cycle,
thus having a three-pulse characteristic. Comparison of the load voltage in Fig.
2.12b to the two-pulse load voltage of Fig. 2-5 or 2.7 shows the three-pulse con-
nection has a much smaller ripple.

The mean value of the load voltage is given by

1 s 3V/3

= —— | Vpaxsin0d0 =

Vmean 27T/3 /6 277 Vmax (2-9)

less by the single diode volt-drop.
Assuming level d.c. load current /p, the diode currents shown in Fig. 2-126
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Figure 2-12 Three-phase half-wave circuit using diodes. () Connection. (b) Waveforms.

are each blocks one-third of a cycle in duration. Using the r.m.s. value of the diode
current for the required rating purposes for each diode,

Iims = IL/\/3 (2-10)

an expression which can be calculated by using calculus, or more simply by taking
the square root of the mean of the sum of the (current)? over three equal intervals
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Figure 2-13 Interconnected-star connection of secondary. (¢) Transformer circuit. (b) Current
waveform.

in the cycle, that is,

g2 02+
Irms = 3 = IL/\/3

Examination of the diode voltage waveform shows the peak reverse voltage to
be \/3V max. Which is the maximum value of the voltage between any two phases,
that is, the maximum value of the line voltage.

It was stated earlier that the simple star connection of the supply was not
appropriate, the reason being that the unidirectional current in each phase will lead
to possible d.c. magnetization of the transformer core. To avoid this problem the
interconnected-star (sometimes called zig-zag) winding shown in Fig. 2-13a is used
as the secondary of the supply transformer. The current which is reflected into the
primary is now a.c. as shown in Fig. 2-13b, being as much positive as negative,
hence avoiding any d.c. component in the core m.m.f.

When the diodes of Fig. 2-124 are replaced by thyristors as shown in Fig. 2.14a,
the circuit becomes fully controllable, with the mean load voltage being adjustable
by control of the firing delay angle . Again the firing circuits are not shown, but it
may be assumed that each thyristor has a firing circuit connected to its gate and
cathode, producing a firing pulse relative in position to its own phase voltage. A
master control will ensure that the three gate pulses are displaced by 120° relative
to each other, giving the same firing delay angle to each thyristor.
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The firing delay angle a is defined such that it is zero when the output mean
voltage is a maximum, that is, the diode case. Hence, the firing delay angle a shown
in Fig. 2-14 is defined relative to the instant when the supply phase voltages Cross
and diodes would commutate naturally, not the supply voltage zero.

Reference to Fig. 2-14b shows that the thyristors will not take up conduction
until turned on by the gate pulse, thereby allowing the previous phase voltage to
continue at the load, so giving an overall lower mean load voltage. The ripple con-
tent of the load voltage is increased, but it still has the three-pulse characteristic.
The current waveform shapes have not changed to, but are delayed by, the angle &
relative to the diode case. The thyristor voltage Up shows that the thyristor anode
voltage is positive relative 10 the cathode after the position of zero firing delay
angle.

The load voltage waveforms of Fig. 2-14c and d show the effect of a larger
delay angle, the voltage having instantaneous negative periods after the firing delay
angle @ = 30°. The mean load voltage is given by

st
1 [ete _ 343
Vmean = e ~‘g+a V max Sin 0 df = o V max COS & (2-11)

less by the single thyTristor volt-drop.
As in the two-pulse Eq. (2-6), the mean voltage is proportional to the cosine

of the firing delay angle a, being zero at 90° delay. The assumption of level con-
tinuous load current will be less yalid as the mean voltage approaches zero, due to
the greatly increased ripple content of the load voltage.

2-7 SIX-PHASE HALF-WAVE (OR SINGLE-WAY)

The connections, with waveforms, of the six-phase half-wave circuit using a simple
star supply are shown in Fig. 2-15. The theory of the connection is an extension of
the three-phase half-wave circuit, each thyristor conducting for one sixth cycle.

The load-voltage waveform is the top of the six-phase voltages for the diode
case, delayed by the firing delay angle a as shown in Fig. 2-150 when thyristors
are used. The load-voltage waveform is of six-pulse characteristic, having a small
ripple in the diode case ata frequency of six times the supply frequency. Including
firing delay, the mean value of the load voltage is

1 2—;—7+a . 3
Vinean = 7276 f%,w Vi i1 0 48 = = Vina 005 @ (2-12)

The thyristor voltage waveform of Fig. 2-15b shows the peak reverse (and
forward) voltage to be twice the maximum value of the phase voltage. The diode is
inefficiently used as it conducts for only one-sixth of the cycle, giving an r.m.s.
value of

Iims = ILIN6 (2-13)
frr a lovel 10ad current 7.



RECTIFYING CIRCLITS 5§

Load vy

) s‘_[ )
[—_l L Thyristor current

|
: |
'y ! - Thyristor voltage
1 — '
— ' V Yri =V TV

T 2Vmax

(b)
Fegure 2-15 Simple six-phase half-wave circuit. () Connection. () Waveforms.

The simple star connection of Fig. 2-15a is not used in practice as the currents
reflected into the primary winding have a large third-harmonic component. To
efiminate the third-harmonic component, the fork connection shown in Fig. 2-16
can be used, but more frequently the double-star connection shown in Fig. 2-17
is used.

The double-star connection is essentially two independent three-phase half- =
wave circuits operating in parallel to give a six-pulse output. Fig. 2-17a shows the W




3

Figure 2-16 The six-phase fork connection.

two star groups supplied at 180° to each other, that is, if the two star points were
rigidly connected, we would have a simple six-phase system. The two star points
are linked via an interphase transformer, which is best considered as a reactor
rather than a transformer. The load current is returned to the centre of the reactor.

Reference to the load-voltage waveform in Fig. 2-17b shows the two three-
pulse waveforms of each star group relative to its own star point. The reactor allows
each star group to conduct at the same time by taking up the voltage difference be-
tween the two star points, the load voltage then being midway between the two
three-pulse groups. The load voltage has a six-pulse characteristic with a maximum
instantaneous value of (\/3/2)V ., occurring where the phase voltages cross.

For the diode case shown in Fig. 2-17b, the load voltage can be calculated by
finding the mean value of either three-pulse group, or directly from the actual six-
pulse load-voltage waveform, giving

333

2m

Vmean -

V

max (2'14)

less by one diode volt-drop as the two groups are in parallel.

Because the two groups act independently, each diode conducts for one third
of each cycle, hence at any instant one diode in each group is conducting, each
carrying one half of the load current. The current waveforms in Fig. 2-17b are
developed to show that in a delta-connected primary a stepped current waveform
is drawn from the three-phase a.c. supply. Compared to the simple six-pulse con-
nection of Fig. 2-15, the current utilization of the diode and the input a.c. wave-
form are both much superior.

The reactor voltage vg waveform shown in Fig. 2-17b is the difference between
the two star groups, having an approximately triangular shape with a maximum value
of one half that of the phases, and is at a frequency of three times that of the
supply. In order for a voltage to be developed across the reactor, there must be a
changing magnetic flux, which can only be developed with a magnetizing current.
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Fagare 2-17 Double-star six-phase half-wave circuit. (¢) Connection. () Waveforms.
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Figure 2-18 Construction of interphase transformer (reactor).

The path for the magnetizing current must be through the diodes, which is only
possible when there is load current flowing — the magnetizing-current path being
through the reverse diode as a component slightly reducing the diode forward
current. The level of the load current must exceed the level of the magnetizing
current for it to exist. If the load is disconnected, no magnetizing current can flow;
hence no voltage can be developed across the reactor, sO the star points are electri-
cally common, and the circuit acts as a simple six-phase half-wave connection. To
guarantee correct functioning of the circuit under all load conditions, a small per-
manent load in excess of the magnetizing current must be connected across the
rectifier.

A typical construction of the interphase transformer (reactor) is shown in
Fig. 2-18, which shows 2 two-legged core with two closely coupled windings on
each leg. The close coupling of the windings will ensure an m.m.f. balance as in a
transformer, forcing the load current to divide equally between the windings. The
magnetizing current flowing from one star point to the other star point will act in
the same direction in all coils t0 satisfy the flux requirement. As in the normal
transformer, the magnetizing current represents the slight unbalance between the
total current in the two windings on the same leg.

Each diode will have a peak reverse voltage requirement of 2V max, @ they will
be required to withstand this voltage if the interphase transformer fails to excite.
the circuit then acting as the simple six-phase half-wave connection shown in
Fig. 2-15.

Replacing the diodes shown in Fig. 2-17a by thyristors converts the double-
«tar connection into a fully-controlled circuit. The load-voltage waveform with 2
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Load woitage

— — — — 3-phase output of
one star group

-------- 3-phase output of
other star group

Load voltage

Time

— — S
(¢)
Figure 2-19 Voltage waveforms with controlled double-star connection. (¢) Load voltage with

small firing delay angle a. (b) Load voltage waveform with a = 90°, Viean = 2€10. (¢) Inter-
phase transformer (reactor) voltage at o = 90°.

small firing delay angle « is shown in Fig. 2-19a, developed in the same manner as
the diode case with the six-pulse load-voltage waveform midway between the two
three-pulse groups. The mean voltage is, as in the earlier circuits, proportional to
cos a when the load current is continuous.

When the firing delay angle is 90°, the mean voltage is zero, and the load-
voltage waveform is as shown in Fig. 2-19b. At this condition of zero mean load
voltage, the interphase transformer (reactor) voltage is approximately rectangular
as shown in Fig. 2-19¢. The flux change in the reactor is proportional to the area of
the voltage-time curve (from v =de/dt giving 8¢ = fvdt). Comparison of the
rectangular waveform of Fig. 7.19¢ to the triangular waveform in the diode case
shows an area three times larger; hence, with a flux change three times greater,
the interphase transformer willbe physically three times larger in the fully-controlled
circuit as compared to the diode circuit.
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2-8 THREE-PHASE BRIDGE (OR DOUBLE-WAY)

The three-phase bridge connection is most readily seen as a full-wave or double-way
connection by reference to the circuit layout shown in Fig. 2-20. The load is fed
via a three-phase half-wave connection, the return current path being via another
half-wave connection to one of the three supply lines, no neutral being required.
However, the circuit connection layout is more usually drawn as shown in Fig. 2-21a.

The derivation of the load-voltage waveform for the all-diode connection of
Fig. 2-21 can be made in two ways. Firstly, one can consider the load voltage to be
the addition of the two three-phase half-wave voltages, relative to the supply neutral
N, appearing at the positive and negative sides of the load respectively. As the volt-
age waveforms of Fig. 2-21b show, the resultant load voltage is six-pulse in charac-
teristic, having as its maximum instantaneous value that of the line voltage. An
alternative approach to deriving the load-voltage waveform is to consider that the
two diodes which are conducting are those connected to the two lines with the
highest voltage between them at that instant. This means that when v, is the most
positive phase diode D; conducts, and during this period first vy is the most nega-
tive with diode Dy conducting, until v, becomes more negative when the current
in diode D, commutates to diode D,. The load voltage follows in turn six sinu-
soidal voltages during one cycle, these being v, — vy, Uy — V¢, Vb — Vs Vb — Vo>
U, — V,. U, — Up. all having the maximum value of the line voltage, that is, V3
times the phase voltage. Although the supply is shown as star-connected in Fig.
2-21, a delta connection can equally well be used.

The mean value of the load voltage can either be calculated from the sum of

the two three-pulse waveforms which, using Eq. (2-9), gives
3V/3 3

Vimean = 2 X —2_77_ ph(max) — _7; Vline(max) (2-15)

3-phase

supply Load

11—

Figure 2-20 Three-phase full-wave circuit.
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Or it can be calculated directly from ihe six-pulse load-woitaze waveform which
from Eq. (2-12) yields the same as Eq. (2-15) above. As two diodes are in series
with the load, the mean value is reduced by two diode volt-drops.

The diode current waveforms shown in Fig. 2-21p reveal that each diode
conducts the full-load current for one third of a cycle, the order of commutation
determining the numbering of the diodes in the circuit. The diode voltage vp; wave-
form can be determined as the difference between the phase voltage v, and the
voltage at the top of the load relative to the supply neutral N. The peak reverse
voltage appearing across the diode is the maximum value of the line voltage.

Figure 2-21b shows the a.c. supply current to be symmetrical, but of a quasi-
square shape. However, the current waveforms are closer to a sinusoidal shape than
those in the single-phase bridge connection.

The three-phase bridge can be made into a fully-controlled connection by
making all six rectifying elements thyristors, as shown in Fig. 2-224. As in pre-
vious circuits, the mean load voltage is now controllable by delaying the commu-
tation of the thyristors by the firing delay angle «.

With a small firing delay angle as shown in Fig. 2-22b, the waveshapes can be
readily understood by reference to earlier circuits. The two three-pulse waveforms
add to give the six-pulse load-voltage waveform. The current-waveform shapes are
similar to the diode case. except they are delayed by the angle a.

A problem does arise with the bridge circuit that was not present in the earlier
circuits, and that is the one of starting. When connected to the a.c. supply, firing
gate pulses will be delivered to the thyristors in the correct sequence but, if only
a single firing gate pulse is used, no current will flow, as the other thyristor in the
current path will be in the off-state. Hence, in order to start the circuit functioning,
two thyristors must be fired at the same time in order to commence current flow.
With reference to Fig. 2-22b (say), the supply is connected when v, is at its peak
value, the next firing pulse will be to thyristor T,. However, thyristor T, will not
conduct unless at the same time thyristor T is pulsed, as reference to the wave-
forms shows these are the two thyristors conducting at that instant. Hence, for
starting purposes, the firing circuit must produce a firing pulse 60° after its first
pulse. Once the circuit is running normally, the second pulse will have no effect,
as the thyristor will already be in the on-state.

The starting pulse can be fed to the thyristor by each firing circuit having two
isolated outputs, one to its own thyristor and the other to the previous thyristor.
Alternatively, the firing circuits can be electronically linked so that, when each
firing circuit initiates a pulse to its own thyristor, it also does likewise to the
previous firing circuit.

When the firing delay is large, with the load voltage having negative periods, it
is difficult to visualize the load-voltage waveform from the two three-pulse pictures;
hence, as shown in Fig. 2-22c, the six line voltages v, — vy, Vo Ve, Vp — Vg, Vp — Uy,
Ue — Vg, U, — 0y give a direct picture of the load-voltage waveform and clearly show
that zero mean voltage is reached when the firing delay angle is 90°.

The value of the mean load voltage is given by

P U PR VN
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Load ]v L

Vr

(b)

Figure 2-22 Fully-controlled three-phase bridge. (¢) Connection. (b) Waveforms with small
firing delay angle. (¢) Voltage waveforms with large firing delay angle.

W

V mean Vline(max) COS & (2-16)
less by the two thyristor volt-drops.

Reference to Fig. 2-20 would indicate quite correctly that control of the load
voltage is possible if three thyristors were used in the half-wave connection feeding
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Figure 2-23 Half-controlled three-phase bridge. (¢) Connection. (b) Waveforms with small
firing delay angle. (c) Waveforms with larger firing delay angle.

the load, and diodes only used to return the current to the supply. Such a con-
nection is shown in Fig. 2-23a, with the addition of a commutating diode whose
function is similar to that in the single-phase half-controlled bridge.

The action of the circuit is most clearly explained by the two three-pulse
voltage waveforms shown in Fig. 2-23b, where‘the upper waveform shows a small
firing delay, whereas the lower waveform is that\of the diode case. The addition of
these two waveforms gives the load voltage vy, wim only three notches of voltage

HITH



O

TOTIFYING JIRCUEID 2

P

ot per oy, 00T e SN rotches of the fully-conirolled circuit. The wave-
S.p ® cow thres-pulse. having a higher harmonic ripple component than the
Sy~ controlied connection.

Tre current waveforms of Fig. 1.23b show that the thyristor current 7 is
feigved. but iy remains in phase with its voltage, resulting in an unsymmetrical a.c.
scpoiv-line current which will contain even harmonics.

Figure 2-23c¢ shows a firing delay angle above 90°, making the upper waveform
more negative than positive [to get to (¢) from (b) think of the vertical line at the
Srps position moving 1o the right]. The load voltage now has periods of zero volt-
e he commutating diode taking the freewheeling load current in preference to
Zne series arm (of a thyristor plus diode) in a like manner to that described for the
gEngie-pase half<controlled bridge.

inspection of the load-voltage waveforms in Fig. 2-23 shows that zero mean
sas voltage is reached when the firing delay angle « reaches 180°. The mean volt-
iz can be considered as the addition of the two half-wave three-pulse voltages

zwrz from Egs. (2-9) and (2-11)

;m&.ﬂ

33 3
= 7\/ﬂ V ph(max) (1 +cosa) = % V bne(max) (1 + cosa) (2-17)

P

Compared to the fully-controlled circuit, the half-controlled circuit is cheaper,
=3 no starting problems, but has a higher harmonic content in its load-voltage and

seoiv-current waveforms.

2.9 TWELVE-PULSE CIRCUITS

F-ure 2-24 illustrates the twelve-pulse voltage waveform for an uncontrolled, that
s. diode, connection, where it is clearly close to a smooth direct voltage. The as-
sacated current shown is typical of the waveshape of the current drawn from a
-=ree-phase a.c. supply, this being closer to sinusoidal form than in the lower-pulse
—reuits. It is possible to conclude that the higher the pulse number of a rectifier,
the closer it comes to the ideal of giving a level direct voltage and drawing a sinu-
«oidal current from the a.c. supply.

Three of the most common connections which give a twelve-pulse characteristic
are shown in Fig. 2-25. The half-wave connection of Fig. 2-25a is an extension of
the double-star circuit described in Sec. 2-7. Here four star groups are displaced to
give twelve phases 30° apart, linked via interphase transformers (reactors) to the
toad. Four diodes conduct simultaneously with only one diode volt-drop reducing
the mean load voltage.

The full-wave connections involve linking two three-phase bridges as shown in
Figs. 2-25b and c. The a.c. supply is from a transformer having two secondaries:
one star-connected, the other delta-connected. In this manner the three-phase volt-
ages supplying the two bridges are displaced by a phase angle of 30°, hence the two
six-pulse outputs are symmetrically displaced to give an overall twelve-pulse output.

b
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Figure 2-24 Twelve-phase waveforms. (g) Voltage of uncontrolled circuit. (b) Typical a.c. in-
put current.

The series connection of Fig. 2-25b is for loads demanding a high voltage as the
individual bridge outputs add, but the diode ratings relate to the individual bridge.
The series connection also provides access to a centre point for earthing purposes.
The two bridges may be joined in parallel as shown in Fig. 2-25c¢.

Higher pulse-number circuits may be built using the basic three-phase building
blocks as for the twelve-pulse connections.

The circuits of Fig. 2-25 may be fully controlled by using thyristors, or partly
controlled using a combination of thyristors and diodes.

2-10 TRANSFORMER RATING

It is evident from the rectifier circuits described that the supply transformers carry
currents which are non-sinusoidal, and the secondary is sometimes a connection of
windings from different legs of the transformer core. The rating (or size) of the
transformer must take these factors into account.

The winding rating of a transformer is the sum of the products of the number
of windings, times their r.m.s. voltage, times the winding r.m.s. current.

The primary rating may differ from the secondary, particularly in the half-wave
circuits due to the better current waveform and the absence of phases composed of
windings linked from different legs. The fork connection of Fig. 2-16 demonstrates
a connection where the secondary winding has a higher rating than the primary.

In those transformers where there are two or more secondary windings linked
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Figure 2-25 Typical twelve-pulse connections. (¢) Half-wave (single-way). (b) Bridge, series
connection, (¢) Bridge, parallel connection.



68 PORER ELECTRONKS

to a single primary winding, such as in the bi-phase, interconnected-star, or double-
star secondaries, the winding design must ensure that the mean distance between
windings is the same. The secondaries are sectionalized and interlinked to give the
same space and hence the same leakage flux between the primary and each second-
ary winding. Each secondary winding must extend for the same length as the pri-
mary, so that there is an m.m.f. balance, otherwise there would be excessive mech-
anical stresses.

2-11 SUMMARY

In this chapter several rectifying circuits have been described, so that in a given
application one can be aware of the comparisons between the various circuits in
order to make the right choice.

A low-voltage load, say 20 V, will impose no severe voltage stresses on the
diode (or thyristor) voltage ratings but, at this low voltage, the difference between
the one-diode volt-drop of the half-wave circuit and the double volt-drop of the
full-wave bridge circuits is significant, suggesting a lower loss with the half-wave
circuits.

A high-voltage load, say 2kV, will indicate that the choice should be a bridge
circuit, as the diode (or thyristor) voltage ratings would be excessive in a half-wave
circuit. The double volt-drop in the bridge circuit would be insignificant with high-
voltage loads.

In the medium-voltage range, the more complex transformer design would
possibly rule out the half-wave circuits on cost considerations.

Single-phase circuits are limited to lower power applications, say 15 kW, be-
cause there is a limit to the distorted current which can be drawn from the supply,
in addition to the usual reasons for using the three-phase supply for heavier loads.

Where applications require a reversal of the mean load voltage, the fully-
controlled connection must be used. The half-controlled connections are cheaper
where no load-voltage reversal is required, but the greater distortion in the voltage
and current waveforms leads to technical limitations to their use.

In Chapter 7 it is shown that, in order to reduce the harmonic content of the
waveforms, it is necessary to adopt the higher pulse-number connections. Restric-
tions imposed by the electricity supply authorities on the harmonic current which
can be drawn by a load enforces the use of a higher pulse-number circuit to supply
heavy loads. Where an application requires a very smooth direct voltage, the use of
a high pulse-number connection may be the most economical solution.

2-12 WORKED EXAMPLES

Example 2-1

A circuit is connected as shown in Fig. 2-2 to a 240 V 50 Hz supply. Neglecting the
diode volt-drop, determine the current waveform, the mean load voltage, and the
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== load current for a load of (i) a pure resistor of 10 £, (ii) an inductance of
2.1 H = series with a 10 {2 resistor.

SOLUTION The supply voltage quoted is an r.m.s. value relating to a sinewave,
hence referring to Fig. 2-2b,,

Viax = 24082 = 3394V
131 For a load of pure resistance R, the load current will be a half sinewave of
smaximum value

= Vmax/R = 339.4/10 = 33.94A.

]max
From Eq. (2-2), Vinean = 339.4/m =108 V
= Voean/R = 108/10 = 10.8 A.

Imean

(&) The current waveform may be determined by considering the circuit to be a
series combination of R = 10 ©, L = 0.1 H, being switched to an a.c. supply at its
“oitage zero, current ceasing when it falls to zero.

The equation to determine the current 7 is

Vs Sin wt = Ldifdt + Ri, withi = 0 at r = 0,
339.4 sin 2750 = 0.1 di/dt + 10i.

Using the Laplace transform method of solution where i(s) is the transform of
i{r). then

2750

339.4 x 2y (2ﬂ50)2 = 0.1(si —ip) + 10i, where i, = O,

1 066 000
[s? + (2750)*] (s + 100)

i =

Transforming this equation yields

i = 9.81 719 4+ 10.29 sin (27507 — 1.262) A

Alternatively the current expression may be determined by considering the current
to be composed of the steady-state a.c. value plus a decaying d.c. transient of initial
value such as to satisfy the initial condition of zero current.

The a.c. impedance is 10 2 resistance in series with a reactance of 2n50 x 0.1 =
31.4 Q giving an impedance of 32.97 §2. The a.c. component of the current is
therefore 339.4/32.97 = 10.29 A peak, lagging the voltage by arctan (31.4/10)=
72.3° = 1.262 rad.

The a.c. component of the current is 10.29sin (2750~ 1.262) A, which has a
value of —9.81 Aatt=0.

The time constant of the circuit is 0.1/10 = 1/100 second, hence the d.c. compo-

. ~100t
nent of the current is 9.81 ¢ A. B o

3



70 POWER ERFCIRONKS

15 - vy L, -
d’ R
- —-Ca(-é
10 - Ly =~ R L1k,
i - R -
(A) - —_ :
5 L= Ae UF
PV ool -Ra s
0 0.005 0.010 0.015 e WE=K jAT? p
Time (s) ]
Figure 2-26 ~ Vs koo A é,: %é
2 Ty S h-sd
The total current equation is - V.l_v\__. . ea
T

i = 9.81¢71%% 4+ 10.29 sin (2750 — 1.262) A

A sketch of the current waveform is shown in Fig. 2-26, current ceasing when it

attempts to reverse.
The current will cease when i =0 yielding a time ¢ = 0.01472 s which gives an

W
. lk &i&iéﬂ‘vzélﬁml L

angular duration of current of 265°. 9% B0 %
1 r25° ) €
Hence Vmean = 2o 3394sin6df = 588V e

The mean current can be calculated with the aid of calculus, but it is easier to find
it by dividing the mean voltage by the d.c. impedance, that is, the resistance:

Ipean = 58.8/10 = 5.88 A.

Example 2-2

If the diode of Fig. 2-2 is replaced by a thyristor, determine the mean load voltage
and current if the load is 10 §2 in series with an inductor of 0.1 H, and the firing of
the thyristor is delayed by 90°. The a.c. supply is 240 V, 50 Hz, and the thyristor
volt-drop is to be neglected. E

SOLUTION This problem is similar to that of Example 2-1(ii) except for the

delayed start, the waveshapes being as shown in Fig. 2-27,
Assuming that time = 0 at the instant of firing, then the steady-state a.c. com-
ponent of current is 10.29 sin (2750f — 1.262 + 1.571) A, which has a value of

3.12Aatr=0.
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Fgue 2-27

Hiemce the equation to the current is
i = 10.29 sin (2750t + 0.309) — 3.12 ¢ 1% A.

The carrent will cease when i = 0 which occurs at £ = 0.0086 s which is equivalent
m (357,
90°+155°

1 .
Voo = —2—ﬂ§%o 339.45in6do = 228V

= 22.8/10 = 228 A

Imean

Example 2-3

The single-phase half-wave circuit with a commutating diode as shown in Fig. 2-4
& =s=d to supply a heavily inductive load of up to 15 A from a 240 V a.c. supply.
Besermine the mean load voltage for firing delay angles of 0°, 45°, 90°, 135°, and
1%0°. neglecting the thyristor and diode volt-drops. Specify the required rating of

ge thyristor and diode.

SOLUTION Using Eq. (2-5), the mean load voltage is

_240V2

mean 27T

(1 + cos @)
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which yields the following values

@ 0° 45° 9¢° 135 180°
Viean 108V 92V 34V 16V 0V

Thyristor rating:
Peak forward (or reverse) voltage = Vyax

P.FV. = PRV. = 2402 = 340V.

The thyristor will conduct for a maximum duration at & = 0° of one half cycle and,
if one assumes level current, then using two equal time intervals the r.m.s. current

rating can be calculated as

152+O2 1/2
Ims = |5 = 106 A

Diode rating:
PRV. = Vyaa = 340V

As the firing delay approaches 180°, the diode will conduct for almost the whole
cycle; hence the required current rating would be 15 A; however, in practice,
some decay in this current would occur.

Example 24

Using the single-phase half-wave circuit of Fig. 2-4, a low-voltage load is supplied
by a 20 V a.c. supply. Assuming continuous load current, calculate the mean load
voltage when the firing delay angle is 60°, assuming forward volt-drops of 1.5V
and 0.7 V across the thyristor and diode respectively.

SOLUTION Using Eq. (2-5) and neglecting volt-drops,

_20v2

Vemean = ——=— (1 + cos 60°) = 6.752 V.
2

The thyristor will conduct for (180 — 60)°, giving an average volt-drop over the
120 |

cycleof — x1.5=0.5V.
360 .
The diode when conducting imposes a 0.7 V drop across the load; in this case, it
180 + 60
averages over the cycle to 0.7 x —3—66——= 0.467 V. Therefore the mean load

voltage is 6.752 — 0.5 — 0467 = 5.78 V.
It can be seen that at a low voltage the device volt-drops are not negligible.
Example 2-5

A load of 10 2 resistance, 0.1 H inductance, is supplied via the circuit of Fig. 24
from a 70.7 V, 50 Hz a.c. supply. If the thyristor is fired at a delay angle of 90°,
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Szwermine by a graphical method the waveform of the current during the first two

cwddes of operation. Neglect device volt-drops.

SOLUTION Figure 2-28 relates to a graphical method where use is made of v =

Ri+ [ difdt.

Now taking any time (say) ¢, when the current is iy, then v; = Ri + L&i/8¢, that
Dl - ]

=
-
x
=

Ri :
B 5= ————L———l 5t, where the time interval 6z = ¢, —t,. Substitute the values

from the graph (Fig. 2-28) for v, i; and 6t into the equation, and &/ is obtained.

Pot i, as i; + &/, and the next point on the current graph is obtained. Proceed in

2 Z&e manner to find the next current value i3 at f3 by using values at ¢,.

Az 50 Hz the cycle time is 20 ms so, if 20 intervals are selected, then 6¢ = 1 ms.
WithR = 10and L = 0.1, 6i = 0.01v,, —0.1i,,.

= The first calculation is when the load is switched to the voltage peak of 100V
iie. 70.74/2) and no current, that is, i = 0, giving

il

gy e

- 8 = (0.01 x 1005sin 90°) — (0.1 x0) = 1 A
il = lA

The second calculation gives

8 = (0.01 x 100 sin 108°)— (0.1 x 1) = 0.85 A
i, = 1+085 =185A

Continuing in a like manner, at the end of 5ms (90°) the load voltage is zero,
is = 2.83 A.
= For the next 15 ms, the commutating diode is conducting, with v in Fig. 2-28
- being zero, hence, to find i,

) 5i = 0—(0.1x2.83) = —0.283 A
giving ig = 2.83 — 0.28 = 2.55 A. =
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Continuing in a like manner iy = 0.59 A when the thyristor is again fired, so to
calculate iy,

§i = (0.01 x 100sin 90°) — (0.1 x 0.59) = 094 A

iy =0.59+094=153A until at the next voltage zero, izs = 3.17 A and after
a further 15 ms, izo = 0.65 A.

The current is shown plotted in Fig. 2-29, from which it is possible to conclude that
by the end of the third or fourth cycle steady-state conditions will have been
reached. To improve the accuracy of the plot, shorter time intervals could be taken.
An exact calculation could be made along the lines used in Example 2-1. In the
steady state one would have to assume a current /, at the start of the commutating
diode conduction period falling exponentially to I, when the thyristor is fired, then

I, = [,e % (t = 15 ms)
During the thyristor on-period,

100
i = ——sin (et — 1.262) + I,e %,
32.97 |

I, being the d.c. transient component found by substituting at £ =0, i=1, and
att=35ms,i =1, giving/; = 309A and I, = 0.69A.

Example 2-6

The bi-phase half-wave circuit shown in Fig. 2-5 is supplied at 120 V line to neutral.
Determine the mean load voltage for firing delay angles of 0°, 30°, 60°, and 90°,

assuming the load current to be continuous and level with a constant 1.5V drop

on each thyristor.
Determine the required thyristor ratings given that the load current is 15 A.

2
SOLUTION Using Eq. (2-6), Vimean = p 120n/2 cos & — 1.5, giving these values:

111
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o F 2

p4

Ve, 1065V 921V 525V 0V
Thyristor rating: from Fig. 2-55, PRV.=P.FV.=2V_ . =2x120/2=340V;
and for half cvcle conduction, /o = 15/4/2=10.6 A,
Example 2-7
A single-phase diode bridge is supplied at 120 V. Determine the mean load voltage
assuming each diode to have a volt-drop of 0.7 V.
SOLUTION Figure 2-7 relates to this circuit and, using Eq. (2-7) with a =0,
2
Vepean = — 12002 —(2x0.7)= 1066 V.
L

Example 2-8

A single-phase fully-controlled bridge is supplied at 120 V. Determine the mean
load voltage for firing delay angles of 0°, 45°, and 90°, assuming continuous load
current. Allow a thyristor volt-drop of 1.5 V. Determine also the required peak
voltage of each thyristor.

SOLUTION Figure 2-8 and Eq. (2-7) relate to this question.

2
Vpean = — 12002 cos @ — (2 x 1.5), giving values:
T

o 0° 45° 90°
V mean 105V 734V oV

The peak voltage across each thyristor = Vg = 1200/2 =170 V.

Example 2-9

The half-controlled single-phase bridge circuit shown in Fig. 2-10 is supplied at
120 V. Neglecting volt-drops, determine the mean load voltage at firing delay angles
of 0°, 60°, 90°, 135°, and 180°. If the load is highly inductive taking 25 A, deter-

mine the required device ratings.

12082

m

SOLUTION Using Eq. (2-8), Viean = (1 + cos @), giving these values:
a 0° 60° 90° 135° 180°
V mean 108V 81V 54V 16V ov

Each thyristor and diode must withstand Ve = 1208/2 =170 V.

The bridge components conduct for a maximum of one half-cycle, hence for level
current I, = 25/7/2 = 17.7 A.

The commutating diode will conduct for almost the complete cycle when o — 180°,
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therefore it must be rated to 25 A. In practice. the carrent wouid decay somewh=
at low load voltages.

Example 2-10

Repeat the calculation for the mean voltage in Example 2-9 at a = 90°, assuming
thyristor and diode volt-drops of 1.5 V and 0.7 V respectively.

SOLUTION At a =90° the bridge components conduct for half the time, hence
over one cycle their volt-drops will reduce the mean voltage by (1.5 + 0.7)/2=1.1V.
The commutating diode imposes a 0.7 V negative voltage on the load for the other
half of the time, averaging over the cycle to 0.7/2=0.35V.

1200/2

= (1 +cos90°)—1.1—035 = 52,6 V.
Ui

Vimean

Example 2-11

A highly inductive d.c. load requires 12 A at 150 V from a 240 V single-phase a.c.
supply. Give design details for this requirement using (i) bi-phase half-wave, and
(i) bridge connection. Assume each diode to have a volt-drop of 0.7V. Make
comparisons between the two designs.

SOLUTION (i) Referring to Fig. 2-5 and Eq. (2-6), using diodes,

2
Voewn = 150 = =Vimax — 0.7
m

Vinax = 323(150 +0.7) = 2367V

Hence each section of the transformer secondary requires an r.m.s. voltage of
236.7/A/2 = 167.4V, and carries an r.m.s. current of 12/a/2 =8.5A.

Transformer secondary rating =2 x 167.4 x 8.5 = 2.834 kVA.
Transformer voltage ratio = 240/167.4.

Transformer primary current is square wave of r.m.s. value 12(167.4/240) = 84 A

P.R.V. for each diode = 2V o = 474 V, wWith [, e = 12/4/2 = 8.5 A,
(i) Referring to Fig. 2-7,

2 .
Viean = — Vmax — (2 x0.7)
m

(150 + 1.4) = 2378V

Vmax

o

Transformer secondary r.m.s. voltage = 237.8/\/2=168.2 V.

The secondary-current waveform is square wave 12 A and, as the current is level,
its r.m.s. value = 12 A.

Transformer secondary rating = 168.2 x 12 = 2.02 kVA.
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smesionmer voliage ratdo = 240/168.2.

Mwmr primary r.ms. current = 12(168.2/240) = 8.4 A.

For sach diode. PRV. =V, =238 V[ . = 12/1/2=8.5 A.

Lomparng the two circuits, the bridge is superior on transformer size and diode
W rating requirements.

ihe &ode loss i (1) is 0.7/150 = 0.47% of the load power, compared to 1.4/150 =
EI3% m circuit (ii).

Example 2-12

Wepeat Example 2-11 using a load voltage of 15 V.

SOLUTION Calculations now give: (i) (ii)
transformer secondary voltage 174V 18.2V
transformer secondary rating 296 VA 219 VA
P.R.V. of diode 50V 26 V
¢ loss to load power 4.7% 9.3%

Th= comparison now favours the bi-phase, half-wave circuit, as the P.R.V. require-
mest s inconsequential and the relative losses are important.

Example 2-13

Am ternative connection for the half-controlled single-phase bridge is shown in
Fe_ 2-30. Assuming level load current, sketch the current waveshapes in the thy-
rmtor and diodes at a firing delay angle of 90°.

SOLUTION Figure 2-31 shows the waveforms. When thyristor 7' is fired, it and
&ode D, will conduct. During the periods of zero load voltage, both diodes will
camduct, carrying the freewheeling load current.

Example 2-14

Praw the load-voltage waveform which would occur with the half-controlled single-

phase bridge circuit of Fig. 2-10 if there were no commutating diode, the firing

delay angle were 150°, and one thyristor missed firing in one cycle. Assume con-
amupus load current.

Figure 2-30
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Figure 2-31

SOLUTION The normal operation without a commutating diode is shown in the
first two half-cycles of Fig. 2-32 where, during the zero load-voltage period, the in-
ductive load current freewheels via the series combination of a thyristor and diode.

However, if thyristor T3 fails to fire, thyristor 73 remains conducting to the start
of the next half-cycle, when the supply voltage reverses and thyristor T3, together
with diode D4, conducts a complete half-cycle into the load. The sudden burst of
energy into the load could result in dangerous conditions, particularly with a motor
load.

The presence of a commutating diode would prevent this danger, as thyristor T3
would have been turned off at the end of the previous half-cycle. Misfiring would
have merely resulted in the absence of one output voltage period.

Example 2-15

A three-phase half-wave rectifier as shown in Fig. 2-12 has a supply of 150 V/phase.
Determine the mean load voltage and the required diode rating, assuming the load
current is level at 25 A. Assume each diode has a volt-drop of 0.7 V.

3V3
SOLUTION From Eq. (2-9), Vmean = —%T‘ 1500/2 —0.7= 1747 V.

} 150°

Load | |
voltage |-

Thyristor T “on’ EL EZZZZ] . : : EZ j
. l | .

Diode D, "on’ m 1 EZZZ;/] 577,77,3 \ ‘

Thyristor T5 “on’ F_7/"/:;1 ; IZ]////QZZZZ_/ZZ/ZZ& ; \

Diode D4 ‘on’ \ E?;;ZZ m___ﬁ |
—

Figure 2-32 !

1
'

N
N

I



XECTIFYING CIRCUITS 79

PRV. = \30aee = V3x150v2 = 386V, 7 _ 25 = 144A.

25
’ rms
741 V3

Example 2-16

A three-phase half-wave rectifier circuit is fed from an interconnected star trans-
tormer (shown in Fig. 2-13). If the load (highly inductive) is 200 V at 30 A, specify
the transformer, given the a.c. supply to be 415V and each diode to have a volt-
Sropof0.7V.

SOLUTION Using Eq. (2-9) to find the secondary voltage,

- 343 .
“00 = 2\; Vmax — 0.7, giving
Vems = 1716 V.
This voltage is the phasor addition of two windings equal in voltage magnitude
o 171.6
displaced 60°; voltage of each section = T %=9.1V.
2 cos 30

For a star-connected primary, the winding voltage = 415A/3=2396 V.
Each secondary winding carries a block of 30 A for a one-third cycle giving
303 =173 A.

The 30 A is reflected into the primary to be 30(99.1/239.6) = 12.4 A and, re-
ferring to Fig. 2-134, the primary winding r.m.s. current value is

1242 +12.4% 4 02 |12
Lims = =10.1 A.

[rms

3

Secondary rating = 6 X 99.1 x 17.3 = 10.3 kVA.
Primary rating = 3 x 239.6 x 10.1 = 7.3 kVA.

Example 2-17

A three-phase half-wave controlled rectifier has a supply of 150 V/phase. Deter-
mine the mean load voltage for firing delay angles of 0°, 30°, 60°, and 90°, assum-
ng a thyristor volt-drop of 1.5 V and continuous load current.

- 3V3
SOLUTION From Eq. (2-1 1), Vinean = 7\/— 150v/2 cos o — 1.5, giving these values:
T
o 0° 30° 60° 90°

V mean 173.9Vv 1504V 86.2V ov

Example 2-18

It the circuit of Fig. 2-14q for the three-phase half-wave controlled rectifier is modi-
led by placing a commutating diode across the load, plot a curve of mean load
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B=wm1

Figure 2-33

voltage against firing delay angle. Take the supply to be 100 V/phase and neglect
device volt-drops.

SOLUTION The effect of the commutating diode is to prevent reversal of the load
voltage, leading to the waveform shown in Fig. 2-33. From inspection of the wave-
form,

1 ~180°

V ean = 773 Jaeee 1008/2 sin 6 d8  when a 5 30°
but for firing delay angles below 30°, Eq. (2-11) applies.
The values of mean load voltages against firing delay angle are shown in the plot of
Fig. 2-34, together with (for comparison) the fully controlled values with con-
tinuous current and no commutating diode. o

Example 2-19

The simple six-phase half-wave connection using diodes supplies a d.c. load of 40 V,
50 A. Determine the required diode rating, and specify the transformer for (i)
simple six-phase (Fig. 2-15), (ii) fork connection (Fig. 2-16). Assume level load
current, a diode volt-drop of 0.7V, and that the transformer primary is delta-
connected, fed from a 415 V supply. ‘

120 |

2

80

With commutating diode

Mean load voltage (V)
2

20 | Fully controlled”™ A
\
\ | i Nt

0 20 40 60 80 100 120 140 160

Firing delay angle o (degrees)
Figure 2-34
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Fagwre 2-35 (¢) Primary winding current, simple star secondary. (b) Inner winding current in
fork secondary. (¢) Primary winding current, fork secondary.

3
SOLUTION Using Eq. (2-12), Vmean =;T—Vmax — 0.7, giving the r.m.s. voltage/

phase as 30.14 V.
Referring to Fig. 215, and Eq. (2-13) for the diode rating, P.R.V. = 2 x 30.14v/2 =

26V 1= 350/1/6 =204 A.
To determine the transformer ratings, the current waveforms in the sections must
o known. Figure 2-35 shows the various waveforms which can be derived from the
outgoing phase currents.
1) RM.S. secondary current = 50/7/6 = 204 A
Primary/secondary voltage = 415/30.14
Magnitude of primary current = 50(30.14/415) =3.63 A
RMS. value of primary current = 3.63/A/3 = 2.1 A
Secondary rating = 6 x 30.14 x 204 = 3.69 kVA
Prmary rating =3 x 415 x 2.1 =261 kVA
30.14

2 cos 30°
RMS. current in outer winding section = 20.4 A
RMS. current in inner winding section = 50/x/3 = 28.9 A
Magnitude of primary current = 50(17.4/415) = 2.1 A

2.12 +2.12| 2
RM.S. value of primary current = —-—3—-———) =171 A
Secondary rating = (6 x 17.4 x 20.4) + (3 x 17.4 x 28.9) =3.64 kVA
Primary rating =3 x 415 x 1.71 = 2.13 kVA

t3) RM.S. voltage of each section = =1740V

Example 2-20

Using the same data as for Example 2-19, determine diode, transformer and inter-
phase transformer specifications using the double-star connection shown in Fig. 2-17.

40+ 0.7)2n

SOLUTION Using Eq. (2-14), rm.s. voltage/phase = 332 =34.8V. Re-
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ferring to Fig. 2-17, each diode carries 50/2 = 25 A for a one-third cycle.hence diode
ratingsare: PRV. =2 x34.8/2=99V, 1. = 25~/3 = 144 A.
Transformer rating:
R.M.S. secondary current = 144 A
Primary/secondary current = 415/34.8
Magnitude of primary current = 25(34.8/415)=2.1 A

2.12 +2.12} 12
R.M.S. value of primary current = ——3—-——) =171 A
Secondary rating = 6 x 34.8 x 14.4 = 3.01 kVA
Primary rating =3 x 415 x 1.71 = 2.13 kVA
Interphase transformer rating: The voltage rating is a function of the total flux
change 8¢ which from v = d¢/dt gives 8¢ = [vdt, the area under the voltage-time
curve.
As transformers are normally rated to sinewaves, comparison of the area under the
curve of vg (Fig. 2-17b) to a sinewave will yield an r.m.s value for rating (size)
purposes; vg is the first 30° of the voltage between two phase voltages 60° apart,
that is, v = 34.8/2 sin wt.
Area under vy curve for the first quarter cycle

~TlE

= ‘0 34.8v/2 sin wt dwt = 6.593 units
Area under sine curve of r.m.s. value V'
~T/6
= |, V2Vsin3wtdwt = 0.472V units,

6.593 = 0.472V, giving ¥V = 13.98 volts.
The current rating = (1/2) x load current = 50/2 = 25 A.
Interphase transformer rating = 13.98 x 25 = 350 VA.

Example 2-21

A double-star fully-controlled rectifier is supplied by a transformer having a second-
ary voltage of 200 V/phase. Determine the load voltage with firing delay angles of
0°, 30°, 45°, and 90°, assuming continuous load current. Determine the maximum
mean load voltage if the interphase transformer failed to excite. Neglect thyristor
volt-drops.

Determine the rating of the interphase transformer if the load current is 40 A, and
what rating it would have if the circuit were uncontrolled.

SOLUTION Using Eq. (2-14) times cos a for the controlled case,

3V/3

Vmean =T2OO\/2 cos a, giving these values:
77

a 0° 30° 45° 90°
Vmean 234V 203V 165V QV

Lo s s
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I the load current is insufficient to excite the imterphase transformer, then the
Srcuit operates as the simple six-phase circuit of Fig. 2-15. Maximum mean load
woltage occurs at zero firing delay angle, giving

1 rizo° )
Vineanman = 5,7 J60° 2004/2sin § df = 270V.

Foilowing the reasoning developed in Example 2-20 for the equivalent r.m.s. volt-
z= V across the interphase transformer, the area under the vg curve of Fig. 2-19¢

“or the first quarter cycle is

/2
[ 2004/2 sin wr dwt = 141.4 units

JT/3

Sinewave area = 0.472V units, hence V = 141.4/0.472 = 300 volts.

Rating = 300(40/2) = 6 kVA.
If the circuit were uncontrolled, the r.m.s. voltage is 80.4 V, giving the rating as

50.4(40/2) = 1.61 kKVA.

Example 2-22

Derive a general expression for the mean load voltage of a p-pulse fully-controlled
rectifier.

SOLUTION Figure 2-36 defines the general waveform where p is the pulse-number
of the output. The angles are defined relative to the peak of the voltage waveform.

From the waveform,

Q=w1

Figure 2-36

T
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1 4g+a
Vmen = 577 T Venax cos 6 d6

v
= —2-—2355 sin(g—+a)—sin(—-—:—+a)}

meax . T m . . 7T i ﬂ'v .
= sin—cosq +cos—smma—sin|-—— cosa + cos{— —|sina
D p

2 p p
_ PVipax . T
= ——sin — cos &

m p

Example 2-23

Determine the r.m.s. value of a level current I that flows for 1/p of each cycle.

SCLUTION Divide the cycle into p intervals, then the current in one interval is 1,
and zero in the other intervals.
The sum of the squares for each interval = I?

Mean value of the sum of the squares = /*/p

12 1/2 ]
The r.m.s. value of the current = {— =
p Vp

Example 2-24

A three-phase bridge rectifier supplies a d.c. load of 300V, 60 A from a 415V,
3-phase, a.c. supply via a delta-star transformer. Determine the required diode and
transformer specification. Assume a diode volt-drop of 0.7 V, and level load current.

SOLUTION Divide the cycle into p intervals; then the current in one interval is /.
3 ,
;Vﬁne(max) — (2 x0.7), giving Vinemax) = 315.6 V, giving an r.m.s. phase voltage
of 315.6/(\/3 x/2) = 1289 V
Diode rating: P.R.V. = Vine(max) = 315.6 V;Iims = 60/r/3 =346 A
602 + 602 \ 12 '
—_— =49 A
3
Transformer rating = 3 x 128.9 x 49 = 18.9 kVA
The primary and secondary ratings are the same, because each winding current has

the same waveform.
Tums ratio primary/secondary = 415/128.9
Primary phase r.m.s. current = 49(128.9/415)=152 A

Secondary phase current r.m.s. value = (

Example 2-25
A fully-controlled three-phase rectifier bridge circuit is supplied by a line voltage of

IRETEl
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Fignre 2-37

220 V. Assuming continuous load current and a thyristor volt-drop of 1.5 V, deter-
mine the mean load voltage at firing delay angles of 0°, 30°, 45°, 60°, and 90°.
Plot the waveform of the thyristor voltage at a firing delay angle of 75°.

3
SOLUTION Using Eq. (2-16), Vipean = ;220\/2 cosa— (2 x 1.5), giving these
values:
a 0° 30° 45° 60° 90°
Vipeen 294V 254V 207V 146V 0V
Referring to Fig. 2-22, the voltage across (say) thyristor 7', is the difference be-
tween the phase A voltage and the voltage at the top of the load relative to the
neutral. Figure 2-37 shows the thyristor voltage at a firing delay angle of 75°. It
can be seen that the thyristor voltage is positive throughout the delayed firing
period.

Example 2-26

If a commutating diode is placed across the load in the fully-controlled three-phase
bridge circuit of Fig. 2-22, explain how the load-voltage waveform will be affected.
Given the a.c. line voltage to be 200V, plot values of mean load voltage against
firing delay angle, neglecting any thyristor or diode volt-drops.

Sketch the a.c. line-current waveform at a firing delay angle of 90° .

i
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Figure 2-38

SOLUTION The effect of placing a diode across the load is to prevent voltage re-
versal, and so commutate the load current away from the thyristors.

Referring to the load-voltage waveforms in Fig. 2-22, up to @ = 60° the voltage is
always positive and Eq. (2-16) applies. Above a = 60° the load voltage loses its
negative component, so the mean load voltage is given by

1 +180°

mean = %‘me

200+/2 sin 6 d6

being zero at o = 120°.

The values of mean load voltage against firing delay angle are shown plotted in
Fig. 2-38.

Assuming level load current, the presence of the diode modifies the waveforms at
a = 90° to those shown in Fig. 2-39, drawn to the references as given in Fig. 2-22a.
Note that the current waveforms while being further removed from a sinewave are
still symmetrical. The commutating diode conducts during the zero load-voltage
periods.

Example 2-27

A three-phase half-controlled rectifier bridge as shown in Fig. 2-23 is supplied at a
line voltage of 415 V. Plot a curve relating mean load voltage to firing delay angle,
and sketch the load-voltage waveform at firing delay angles of 0°, 30°, 60°, 90°,
120°, and 150°. Neglect thyristor and diode volt-drops.

SOLUTION Using Eq. (2-17),

3
Viean = 5415\/2(1 + cos a)

the values of which are shown plotted in Fig. 240.
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Figure 2-39

The waveforms of the load voltage are shown in Fig. 2-41. These waveforms may be
most easily constructed by allowing the vertical line at commutation to move to
the right as the firing delay increases.

Example 2-28

A d.c. load requires control of voltage from its maximum down to one quarter of
that value. Using the half-controlled three-phase bridge, determine the current
rating required for the commutating diode if the load current is level at 20 A.

600 |
500
400
300

200

Mean load voltage (V)

100

| { i I !

0 30 60 90 120 150 180

Firing delay angle x (degrees)

Figure 2-40
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Figure 241

SOLUTION From Eq. (2-17), the mean load voltage is proportional to (1 + cos a);

1 1 +cosa

therefore at one quarter voltage we have —= —————, givinga = 120°.
4 1+cosO

The sketch in Fig. 2-41 shows that at a = 120° the commutating diode will conduct
for 60° every 120° (during the zero voltage periods): therefore r.m.s. current in
202 + 02| 2

diode = (——5—-—— = 14.14 A.

Example 2-29

Determine the percentage value of the peak-to-peak ripple voltage compared to the
mean voltage for uncontrolled rectifiers having pulse numbers of 2, 3,6, 12, and 24.

SOLUTION Taking the waveform to have a peak value of V, then for a p-pulse

rectifier the minimum value of the waveform will be V cos—g (see Example 2-22

with a = 0).
m pV .
Peak-to-peak value = ¥V — V cos = and from Example 2-22, Vimean =~ SIN

SEE
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AeT0e relamive percenlage values are!
Palse-number 2 3 6 12 24
% ripple 157.1 60.46 14.03 3.447 0.858
Example 2-30

A d.o. load of 2000V, 300 A is to be supplied by a twelve-pulse bridge rectifier.
Determine the required thyristor (or diode) ratings and transformer secondary
wohages for both the series and parallel connections. Neglect thyristor or diode
voit-drops.

SOLUTION The series connection is shown in Fig. 2-255b.

Mean voltage of each bridge = 2000/2 = 1000 V.

Each bridge has a six-pulse characteristic, hence Eq. (2-15) applies, giving a maxi-
mum line voltage of 1047 V.

Each thyristor (or diode) carries the total load current for one third cycle.
Thyristor (or diode) ratings are: P.R.V. = 1047 V, Iy = 300/+/3 = 173 A.

The star secondary winding r.m.s. voltage = 1047/(x/3 x/2) =428 V.

The delta secondary winding r.m.s. voltage = 1047/x/2 =740 V.

The parallel connection is shown in Fig. 2-25¢. Compared to the series connection,
voltages are doubled but currents halved. Hence thyristor (or diode) ratings are
2094 V, 87 A; winding voltages, star 855 V, delta 1481 V.

Example 2-31

Estimate the total thyristor losses compared to the load power for each of the
twelve-pulse circuits shown in Fig. 2-25, when the mean voltage is 60V, and thy-
ristors are used having a volt-drop of 1.5 V.

SOLUTION Half-wave connection, one thyristor volt-drop, loss = 1.5/60 = 2.5%.
Bridge, parallel connection, two thyristor volt-drops, loss = (2 x 1.5)/60 = 5%.
Bridge, series connection, four thyristor volt-drops, loss = (4 x 1.5)/60 = 10%.

Example 2-32

Derive the current waveshape in the primary winding of the twelve-pulse bridge
circuit.

SOLUTION With reference to Fig. 2-25b, the current in the star and delta second-
ary windings are as shown in Fig. 242. The shapes are as derived in Fig. 2-21, the
delta connection converting the quasi-square shaped line current into the stepped
waveform. Deriving directly the stepped waveform shape of the delta phase current
is difficult but, by finding the difference between two stepped phase currents 120°
apart, one easily arrives at the quasi-square wave for the line current.

The turns ratio for the delta is different from the star by /3, hence [prmary =
oy JaT i 21 tamned wave chown in Fio 247

f P ol
T



90 PORTR ELECTRIONKS

14---
. 1] E
star -

Ldelta

oo il RS

|
]
|
|
T e gy SO
0.33"] ! -
|
|
|
|

{
t
i
|
1.5774-- ")

‘
0.577- l

ﬁ

O 4 kbl kb i fa

I orimary
primary _Li |_]
|
1
| )
L. I
Figure 242 :

Example 2-33

A connection of three single-phase bridges fed from a three-phase supply as shown
in Fig. 2-43 will give a six-pulse output. Sketch the waveform of the a.c. line current

iy, and determine the required diode and transformer specifications, if the load is

Iy
“ Load Vi

-

Figure 2-43 Three-phase high-voltage bridge connection.




E;

Fgwe 244

&3 A at 300 V. Assume a diode volt-drop of 0.7 V and level load current.
Compare this circuit to the normal three-phase bridge.

SOLUTION The output voltage is the addition of three two-pulse voltages dis-
sizced s0 as to give a six-pulse output. The mean voltage of each separate bridge is
cee third of the mean load voltage.

Lz ¥V =r.ms. voltage of supply to each bridge, then

D
o =20 _ 2 V2 —(2x0.7)
3 77

Fzr zach two-pulse bridge, giving V' = 112.6 volts.

=2 diode conducts the complete load current for one half cycle as shown in Fig.
=-%+. The figure also shows the input line current Iy.
Beode rating: PRV, =+/2V = 159 volts, [, = 60/x/2 = 42 .4 A.
Transformer rating = 3 x 112.6 x 60 = 20.3 kVA.
Coemparison with the normal three-phase bridge can be examined by looking at
Example 2-24, as the load specification is the same.
The P.R.V. is halved, but the current rating is higher for each diode by a factor of

2™

B

Tre total transformer rating (size) is greater. The input current waveform is the
sume, but a third-harmonic component does circulate in the transformer primary.
The volt-drop is higher, as at all times six diodes are conducting in series.

In conclusion, this circuit would only be used for high-voltage loads, because the
peak reverse-voltage rating of each diode is less than for the normal bridge circuit.

il
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CHAPTER

THREE
CONVERTER OPERATION

In Chapter 2, the basic characteristics of the common rectifying circuits were
introduced, ignoring the effect of the a.c. supply impedance and concentrating
only on the characteristics of the circuits as rectifiers. In this chapter, the analysis
of those circuits will be widened to include the effect of the supply impedance, the
power factor of the current drawn from the supply, and extend the study to reverse
power flow.

The word rectification implies conversion of energy from an a.c. source to a
d.c. load. In practice, under certain conditions, the power flow can be reversed,

“when the circuit is said to be operating in the inverting mode. As the circuit can be

operated in either direction of power flow, the word converter better describes the
circuit, the words rectifier and inverter being retained when the converter operates

in those particular modes.

3-1 OVERLAP

In Chapter 2, the assumption was made that the transfer or commutation of the
current from one diode (or thyristor) to the next took place instantaneously. In
practice, inductance and resistance must be present in the supply source, and time
is required for a current change to take place. The net result is that the current
commutation is delayed, as it takes a finite time for the current to decay to zero in
the outgoing diode (or thyristor), whilst the current will rise at the same rate in the
incoming diode.

The inductive reactance of the a.c. supply is normally much greater than its
resistance and, as it is the inductance which delays the current change, it is reason-
able to neglect the supply resistance. The a.c. supply may be represented by its
Thévenin equivalent circuit, each phase being a voltage source in series with its
inductance. The major contributor to the supply impedance is the transformer
leakage reactance.

To explain the phenomenon associated with the current transfer, the three-
phase half-wave rectifier connection will be used, as once the explanation with this
circuit has been understood, it can be readily transferred to the other connections.
Figure 3-la shows the three-phase supply to be three voltages, each in series with an
inductance L. Reference to the waveforms in Fig. 3-1b shows that at commutation
there is an angular period vy during which both the outgoing diode and incoming
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Figure 3-1 Overlap in the three-phase half-wave rectifier. (a) Circuit reference. (b) Waveforms.

diode are conducting. This period is known as the overlap period, and vy is defined
as the commutation angle or alternatively the angle of overlap. During the overlap
period, the load current is the addition of the two diode currents, the assumption
being made that the load is inductive enough to give a sensibly level load current.
The load voltage is the mean of the two conducting phases, the effect of overlap
being to reduce the mean level.

ST
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Commencement of commutation of
current from diode D, to diode D,

/ 0 \ Time ¢

Figure 3-2 Conditions during the overlap period.
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The overlap is complete when the current level in the incoming diode reaches
the load-current value. To determine the factors on which the overlap depends, and
to derive an expression for the diode current, a circulating current / can be con-
sidered to flow in the closed path formed by the two conducting diodes D, and D,
as shown in Fig. 3-2. Ignoring the diode volt-drops,

v, —v, = Ldi/dt+ L dijdt (3-1)

The voltage v, — v, is the difference between the two phases, having a zero value at
t = 0, the time at which commutation commences. The voltage difference between
two phases is the /ine voltage having a maximum value V3 Vinax Where V.. is of
the phase voltage.
Using Eq. (3-1),
di

3V .. .sin wt = 2L —
\/ max dl,

3V
di = \l——’ﬁ’f‘sin wt dt

Integrating both sides,

P V3 Vimax (__ cos i)
2L w
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»

\ii3 ;;nax(

Sl 1 —cos wt) (3-2)

i =

Tre overlap is complete when i =/, . at which instant wt = v, the overlap angle.
Also ol = X. the supply source reactance. Hence,

3V,
I, = ——Q—XE‘E‘-(I —cos v) (3-3)
X
or cosy = 1 T3 (34)
max

From Eq. (3-2), the current change in the diodes during overlap is cosinusoidal, as
gmstrated in Fig. 3-15.

It is worth noting that for commutation involving two phases of a three-phase
zoup. conditions during overlap are as a line-line short-circuit fault. As the positive
mnd negative phase sequence reactance values of a transformer are equal, then the
commutating reactance value is the normal short-circuit reactance.

To determine the mean voltage of the waveform shown in Fig. 3-1a, one can
== calculus to find the area under the two sections of the curve, one based on the
gmewave shape after overlap is complete and the other during overlap. During
swerap. the load voltage is the mean between two sinewaves, that is, the shape is
smesoidal | but if we consider the curve as a cosine wave, then the integration limits

T
wiE b 0 10 y on a cosine wave of peak value Vy, sin g giving

¥
mean - n/3 1%

1 Z _ % o
= [Lw Vinax Sin 0 d6 + fo Vimax S0 3 cos ¢ do

33 Vin .
= —\14—“‘—*(1 + cos 7) (3-5)
m

¥ cme neglects overlap, that is, let ¥ = 0, then Eq. (3-5) is identical to Eq. (2-9).

An alternative approach to analysing the effect of the supply inductance is to
somsider the relationship of the inductor voltage to its current as the current rises
3w zero to the load value (or collapses from the load value to zero).

L difdt = vhence [ Ldi = | var
dwerefore

LI fvdt = volt-seconds (3-6)

where / is the change in current and [v dt is the area under a curve representing the
instantaneous voltage across the inductance during overlap. Therefore, if the mean
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L *

value of the load voltagé is found via terms in voltseconds, we can supiract Li; to
take account of overlap.
For example, using the waveform in Fig. 3.1,

1 t=smj6w 3vV3Vmax 3
[j. sinwta’t—L[L} = ’\/——@Q———C—O—L[L

Vmean = 2m[3w | Tt=Tlew Vmas 2m 2n
(3-7)
From Eq. (3-3) we can substitute for I, giving
33V, 3wl x /3, 33V,
V. — max max 1 _ _ 2D max 1 4
mean 2m 27 Xx2X ( cos ) 4n ( cos 7)

an expression which is identical to Eq. (3-5).

In the controlled 3-pulse circuit, the overlap will lead to the waveform shown
in Fig. 3-3 (circuit reference Fig. 3.1¢ using thyristors), where it can be seen that
with a firing delay angle « a finite voltage is present from the start of commutation.
Using Eq. (3-1), 0, — 01 = /3 Vmax sin(w! + o), where ¢ is the time from the start
of commutation, when i = 0.

Therefore V3Viay sin(wt + @) = 2L dijdt
3V

which yields i = 1/—2——%9[005 o — cos(wr + a)] (3-8)
w.

overlap being complete when 7=/ and wt =7.

3Vinax
I = \—/——Qa—[cos a—cos(y + a)] (39)
2wl
Compared to the uncontrolled case (a = 0), the overlap angle ¥ will be shorter

and the current change during commutation will be towards a linear variation. The

Voltage driving
current change

0=uwrt

Figure 3-3 Overlap ina controlled 3-pulse rectifier.
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{a) (b)

(c) (d)

Fagure 34 Typical load-voltage waveforms showing overlap. (¢) 2-pulse uncontrolled. (b) 2-
pelse controlled. (¢) 6-pulse uncontrolled. (d) 6-pulse controlled.

mean load voltage is given by

i 1 T ta PO+ Yy
Vinean = /3 f%uouw Vax Sin 6 dO + ’ Vinax SiN g cos ¢a’d>
3V 3Viax \
= —\—/———L[cosa + cos(a + )] (3-10)

4m

The effect of overlap is present in all rectifiers and Fig. 34 shows typical wave-
sorms with pulse-numbers other than that discussed in detail above. The location of
the waveform during overlap is at a position midway between the outgoing and
mooming voltages. With the 2-pulse waveform, the load voltage is zero during the
owerlap period.

Circuits with a commutating diode across the load will experience the overlap
#flect in so far as time is required to transfer the load current away from the supply
and into the diode. Typically, the condition can be represented at overlap by the
drecuit shown in Fig. 3-5. When the supply voltage v reverses, that is, to the
Jirection shown in Fig. 3-5, then a circulating current / will be set up in the closed
math formed with the diode. Commutation is complete when i equals the load
current /;. The load will not influence the commutating conditions if /; is assumed
10 remain at a constant level.
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Figure 3-5 Circuit conditions at overlap when t
mutating diode.

he load current is being transferred to the com-

Using similar reasoning to that developed in the derivation of Eq. (3-2), then

from Fig. 3-5, and ignoring thyristor and diode volt-drops, v = L di/dt, where
v= V. sinwt,and i =0at 1= 0, starting from the instant when the load voltage

attempts to reverse; hence we have the equations

I/f
i = 221 —cos wi) (3-11)

wlL

V
Iy, = -mz‘i(l — c0s ) (3-12)

w

The neglect of the device volt-drops could lead to considerable errors, particularly
in the bridge circuits where two devices are concerned.

Following the commutation diode conduction period, the next thyristor is
fired and the load current reverts back to the supply, giving another overlap period
during which time the load voltage remains effectively zero. Figure 3-6 shows the
circuit conditions which apply but, unlike those relating to Fig. 3-5, the voltage ©
this time will be above zero at the instant of thyristor firing, hence giving a shorter
overlap period.

It is possible, given high enough supply reactance, for the overlap period to
continue into the time when the next commutation is due to occur, say if, for
example, overlap exceeds 60° in a 6-pulse connection. Conditions when this
happens must be analysed with reference to the particular connection being used.
In practice, it is rare for overlap to continue through to the next commutation,
although it does occur, for example, when starting d.c. motors at low voltage.

3
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d current 4s being transferred away from i =
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i
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Figure 3-6 Circuit conditions at overlap when the loa
the commutating diode. ' o
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32 POWER FACTOR

The power factor of a load fed from an a_c. supply is defined as

mean powe
power factor = T_E_l (3-13)

rms[rms

E the usual a.c. system where the current is sinusoidal, the power factor is the
cosine of the angle between current and voltage. The rectifier circuit, however,
Zraws non-sinusoidal current from the a.c. system, hence the power factor cannot
be defined simply as the cosine of the displacement angle.

Inspection of the waveforms of the various controlled rectifiers in Chapter 2
shows that firing delay has the effect of delaying the supply current relative to its
ohase voltage. The current does contain harmonic components which result in its
gaerall r.m.s. value being higher than the r.m.s. value of its fundamental component,
therefore the power factor is less than that calculated from the cosine of its dis-
Tiacement angle.

Normally, the supply phase voltage can be taken as being sinusoidal, hence
there will be no power associated with the harmonic current, which therefore
results in

power = Vl(rms)ll(rms) COos ¢1 (3'14)
where the suffix 1 relates to the fundamental component of the current, ¢, being
the phase angle between the voltage and the fundamental component of the current.

For a sinusoidal voltage supply, substituting Eq. (3-14) into Eq. (3-13) yields

I

power factor = LEms) (o5 ¢, (3-15)
rms
where hems — input distortion factor (3-16)
]rms
and cos ¢; = input displacement factor. (3-17)

o will equal the firing delay angle « in the fully-controlled connections that have a
continuous level load current.

The power factor will always be less than unity when there are harmonic
components in the supply current, even when the current is in phase with the volt-
age, as in the diode case.

3-3 INVERSION

The 3-pulse converter has been chosen to demonstrate the phenomenon of
inversion, although any fully-controlled converter could be used. Assuming con-
tinuous load current, consider the firing delay angle to be extended from a small
value to almost 180° as shown in Fig. 3-7b to f. Up to a delay of 90° the converter
is rectifying, but at 90° $he voltage is as much negative as positive, resulting in a

i
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D.C. machine
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Figure 3-7 3-pulse waveform showing the effect on the load voltage when firing delay is ex-
tended towards 180°. (4) 3-pulse connection with a d.c. machine as the load. (b) Rectifying,
small firing delay angle. (¢) Rectifying, but instantaneous voltage partly negative. (d) Firing
delay = 90°, Viean 18 zero. (e) Inverting, Vipean is negative. (f) Inverting, approaching limit
as 8 — 0. () Invertine waveform including overlap effect.
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2rc oean value. Farther delay bevond 907 wiil result in the waveform having an
T2l negative mean value, until, as a approaches 180°, the waveform shape is
sy 10 that at @ = 0, except it is reversed. To construct these waveforms, let the
werzical Ime at the instants of commutation move to the right as the firing delay is

ExTemited .
The drcuit connection of Fig. 3-7a shows a d.c. machine as the load element,

xt3ge T; reverses, the d.c. machine acts as a generator, and the converter is now
s|aC 10 De operating in the inverting mode. The current direction cannot reverse, as
= ® coasirained by the thyristor direction, hence, if the machine runs in the same
@recuon of rotation, it can only generate by having its armature or field con-
BmECTONS reversed.

The reversal of the direct voltage means that current is flowing in each phase
wzen the phase voltage is negative, that is, power is being fed back into the a.c.
swszzm from the d.c. generator.

Ia order for the thyristors to commute, the converter must be connected to a
Ire ac. synchronous system, such as the public supply, so that the a.c. voltages
@z of a defined waveform. The energy fed back into the a.c. system will be
aesorbed by the many other loads on the system.

It is only possible to commutate current from (say) thyristor 7, to thyristor
F: while the instantaneous voltage of phase 2 is higher than phase 1 (that is, while
3 = i negative than v;). At a = 180°, v, = vy and the relative voltage between
e two phases after this reverses, making commutation impossible, hence o = 180°
® @ bmit of operation. When in the inverting mode, it is more usual to designate
dre Srng position as firing advance angle 8 as shown in Fig. 3-7e and f, the relation-
s derween S and « being

B = 180°—a (3-18)

The Bmit of 180° and the relation between § and « apply whatever the pulse-
mmmier of the converter.

Iz deriving the waveforms of Fig. 3-7b to f, the effect of overlap has been
®mored. 5o as to simplify the explanation. In Fig. 3-7¢ the overlap is shown, the
gfiect being to delay the commutation, the waveform having a voltage midway
¥esween the incoming and outgoing voltages. If the commutation is not complete
efore the two commutating phases reach equal voltage values, then transfer of
cmrrent is impossible as the load (generator) current will revert to the outgoing
drwistor. Therefore, the overlap angle y must be less than the angle of firing
afwnce §. In practice, § can never be reduced to zero. In Fig. 3-7¢, an angle

6§ =B—7 (3-19)

= shown where § represents as an angle the time available to the outgoing thyristor
= regain its blocking state after commutation. § is known as the recovery or
zxrmction angle and would typically be required to be not less than 5°.

The firing circuits to the thyristors are designed so that, irrespective of any
sther control, a firing pulse is delivered to the thyristor early enough to ensure

H;Himm
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complete commutation. For example, at (say) 5= 20°, a firing {end-stop) pulse
will always be delivered to the thyristor gate.

A more detailed study of converter operation in the inverting mode can be
explained by reference to Fig. 3-8. Taking the generator as the source of power
feeding into the a.c. system, it is convenient to reverse the voltage references as
compared to the rectifiying mode. Compared to Fig. 3-7a, the d.c. machine shown :
in Fig. 3-8z has its armature connections reversed, so as to emphasize that for a
given direction of rotation the voltage direction at the brushes is unchanged.
whether the machine is generating or motoring, only the current flow in the brushes
being reversed. Further, the references to the three-phase voltages are reversed to

emphasize that the a.c. system is absorbing power, that is, the current is flowing ";;
into the positive (arrowhead) end of the voltage reference. 3

The generator voltage waveform in Fig. 3-8 now becomes the inverse of that g
shown in Fig. 3-7¢ because of the reversal of the frame of reference voltages. It can ::;
now be seen that the angle of firing advance 8 is an angle in advance of the com- 3
mutation limit, a similar reasoning to the delay meaning in the rectifier case. 3
Because the frame of reference has been reversed, it needs to be emphasized that %
inversion will take place only if the firing delay angle « is extended beyond 90°: 3
one must not be misled from Fig. 3-8 into a belief that a movement of the firing 3

pulse forward in time will give inversion.
The generator mean voltage can be calculated from the waveform in a similar
manner to the derivation of Egs. (3-5) and (3-10), hence giving

1 | 55 . P o 7
Venean = 3 j’giﬁw Voax SIN 0 df + f-B Vohax SiN 3 cos ¢ do
3V3H
= —-———\/4 =2 [cos B+ cos(B—7)] (3-201
m

The generator voltage will be higher than ¥}, ean by the thyristor volt-drop.

Assuming continuous-level direct current in the generator, the individua
thyristor currents are as shown in Fig. 3-8b. It can be seen that these currents zz
in advance of their respective phase voltages, hence the power is being fed back ==z
the a.c. system at a leading power factor.

The thyristor voltage waveform in Fig. 3-8 shows that the anode
voltage is reversed for only the short time represented by &, which gives Je
off time available to the thyristor to regain its blocking state. The wzwemms
demonstrate that the anode voltage is positive with respect to the catuage

of its off-time.

34 REGULATION

The term regulation is used to describe the characteristic of equipemes .




CONYEIETER GPERATION 103

Generator

(a)

Generator voltage

| —
i M "t ' ~~——— Generator current
L 1l o

201 '/' \ Thyristor currents

VTI .

Thyristor voltage
Vrl = VL - \’1

Figure 3-8 3

o (b

-pulse inverter operation. (2) Connection and circuit reference. (b) Waveforms.
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Figure 3-9 Equivalent circuit of a loaded rectifier.

loaded. In the case of the rectifier, regulation describes the drop in mean voltass

with load relative to the no-load or open-circuit condition. -
There are three main sources contributing to loss of output voltage:

PRS- ST

1. The voltage drop across the diodes and/or thyristors.
7 The resistance of the a.c. supply source and conductors.
3. The a.c. supply source inductance.

PETNIEN

!
!

CHE W

4

These three voltage drops can be represented respectively by the three resisices
Ry, R, and R; in the equivalent circuit of Fig. 3-9. The open-circuit voltage is ez
by ¥, and the actual load voltage by V,. If the load current /[, is taken to be jewel.
that is, a pure direct current, then any voltage drop can only be representec T

resistors.
The voltage drop across the thyristors and diodes can in the first instancz e

taken as a constant value, or secondly can more accurately be represented o3 &
smaller constant volt-drop (junction potential) plus a resistance value for thebulk of
the silicon. In circuits containing a mixture of thyristors and diodes, the volt-irmg
and equivalent resistance attributed to this cause may depend on the degrse =f
firing delay.

The resistance of the leads and a.c. source resistance can be considered conszms
in most cases. If (say) throughout a cycle the current is always flowing in 1w o
the supply phases, then the resistance per phase can be doubled and added 1o me
d.c. lead resistance to give the value for the equivalent circuit.

The voltage drop due to the a.c. supply source inductance is the overlap s
and was calculated for the three-pulse uncontrolled circuit in Eq. (3-7). If the Tulle

controlled case is considered, then the limits in the integral will be
__ﬂ__ + 9‘.. to S_W + g_
bw W 6w w]’

3vV3 VW, 3
" ean = 33 Vona maxcosa——z—%L]L 3

3
3

giving
2m

Examination of Eq. (3-21) shows that, independent of whether the reczh
controlled or not, the load voltage is reduced by (3wL/2m)/y, for the thresg
output, hence this voltage can be represented in the equivalent circuit of Fag 1
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= 3 resistance of valpe 3« 27, Unlike the other equivalent Circu!l ICSISIances,
Ais waloe does not represent any power loss, but merely represents the voltage drop
&me to overiap.

The vohage drop due to overlap is changed to a higher value if overlap con-
zmmes imto the period of the next commutation. Simple overlap is known as a
mde 1 condition, whilst overlap involving three elements is known as a mode 2
~adion. The paper by Jones. V. H. (see Bibliography) analyses in detail these

In the inverting mode, the voltage drop due to overlap can be determined for
e 3-pulse connection in a like manner to the method used for deriving Egs. (3-7)

&c (3-21), and with reference to Fig. 3-8 gives

1 [t
V = V... sinwtdt+ LI
mean 271/3w "'6%' max L]

3vV3 Vimax 3wl
= i~E"‘—cos5+ /1 (3-22)
27 2m

3-5 EQUATIONS FOR p-PULSE CONVERTER

A general expression for the mean load voltage of a p-pulse fully-controlled
rectifier, including the effects of the overlap angle 7y, can be determined by refer-
ence to Fig. 3-10, where the mean voltage is given by

1 pg-ra f+y o
Vnean = 2P v__gmemax cos 0 db +ja Vnax cos;coscba’(p
vl
= Plmax i Tta —sin{—l+(a+7)
2 | \P p

7r T
+ cos —sin (o +y) —cos —sin
p p

V
P Tmax gin Z[cos o + cos(a + )] (3-23)
2m p

. Vmean =

less the device volt-drops.
By substituting oo =7 — 8 and calling the mean voltage positive then, for the

inverting mode,

V.
Vijean = P—-ﬁ% sin %[cos 8+ cos(f — )] (3-24)

The voltage drop due to the supply commutating reactance X §)/phase when a
p-pulse rectifier supplies a load of current value [ can be determined from
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Figure 3-10 General waveform of a p-pulse rectifier.

Fig. 3-10. Taking the base as time, but allowing for the loss of area due to overlap
as L1; as shown in developing Eq. (3-7). then
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V.
- maxsinzr—cosa—p—[L (3-25)
i p 27

where X = wL.

This equation represents a voltage V¥, cosa, the mean open-circuit voltage.
minus a voltage drop (pX/2m)/,, giving an equivalent circuit as shown in Fig. 3-11,
ignoring device and true resistance volt-drops. ¥, is the open-circuit voltage at zero
firing delay angle.

The relationship between the overlap angle 7, load current /, supply voltage
V..., and commutating reactance X for a p-pulse rectifier operating at any firing
delay angle a, can be determined by equating Eqs. (3-23) and (3-295), yielding

XI; = Vyax sin %[cos o —cos(o + )] (3-261

pX/2 1 I
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Figure 3-11 Equivalent circuit of a p-pulse fully-controlled rectifier, allowing for the com
mutating reactance,
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