
CHAPTER

TWO

RECTIFYING CIRCLJ ITS

-& :*;i i t ler circuit is one rvlich l inks an a.c. supply to a d.c. load. that is, it converts

i; aliemafng voltage supply to a direct voltage. The direct voltage so obtained is

::": n.-, in,alir- level. as frc'rnl a battery, but contains an alternating ripple component

t;**n:ltp{r:e,J on the tt leatr (d't ') level'

The 'ar ious c i rcui t  connect ions descr ibed. al though al l  g iv ing a d.c '  output '

: - i ier  i r  regard to i l .e a.c.  r ipple in the output '  the mean vol tage level '  ef f ic iency'

i:: j  teti ioedrng effects on the a'c' supply' s1'stenl'

: -1 CIRCUIT NOMENCLATURE

Rr"::i.",ing circuits divide broadly into two gloups. name11" the haif-\\/ave and full-

* ?!-e ;onnectiotts.
The hali-wave circuits are those having a rectifying clevice in each line of the

r,-. ,r;ppl!', aU cathodes of the varying devices being connected to a comlrlon con-

-* r i 'n to feedthed.c . load, thereturn i ro . the loadbeingto the a 'c '  supply  neut ra l '

T:e e_xpression harf-wave describes the fact that the current in each a'c. suppir

-: :  i> unidirec-t ional.  An alternative to the descript ion half-wa'-e is to use the er-

::rssicn single-woy in describing these circuits'

The fun-wave circuits are those which are in effect two half-wave circuits i '

seres. one feeding into the road, the other returning load current directly to the

"-c. l ines, eliminaiing the need to employ the a'c' supply neutral' The expresslon

y,ilJ-tto,e is used beiause the current m each a.c. supply line, although not neces-

,aril1 symmetrical, is in fact alternating. The full-wave circuits are more commonly

::lied bridge circuits, but alternatively are also known as double-\aoy circuits'

The control characterist ics of the various circuits may be placed broadly into

_.ne of t l ree categories. name11'.  uncontrol led. ful l .v-control led, and half-control led'

The uncontrol led rect i f ier circuits contain only diodes' giving a d'c '  loadvolt '

age fixed in magnitude relative to the a.c. supply voltage magnitude'

In the fully-controlled circuits ali the rectifying elements are thyristors (or

:o\r.er transistors). In tl-rese circuits, b,v suitable control of the phase angle at which

r'e thyristors are turned on, it is possible to contror the mean (d.c.) value of. and

to reverse, the d.c. load voltage. The fully-controiled circuit is often described as a

bidirectionol converter, as it permits power flow in either direction between suppl1'

and load. 2.j
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Figure 2-3 Load equivaient circuit.

The majori ty 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 oi
l i t t le interest.  However, the a.c. r ipple content in the direct voltage waveform. thal

is, the instantaneous variation of the load voltage relative to the rnean value. is

often a source of unwanted iosses 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 ?p shows a peak reverse voltage

vatrue of I, '*o.
Almost all d.c. loads contain some inductance; the waveforms shown in Fig.

2-?c are for an inductive load having the equivalent circuit shown in Fig, l '3

Current flow will commence directly the supply voltage goes positive. but the

presence of the inductance will delay the current change, the current stil l f lo$'ins ai

the end of the half cycle, the diode remains on, and the load sees the nesati\ 'e
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supply voltage until the current drops to zero.

which enabies the waveshape
the required curretrt rating of
value of its current waveform.

The mean voltage for Fig.

Reference to Fig. 2-3 shows that the instantaneous ioad voltage

0 y :  R i r + L d i L l d t

2-2c is given by

t . /  l t l 1 * r l o = Q r ,  '  A  r
/  m e € n  \ 1 r . / - ^ , | ^  

-  
V r n ^ s i n  0  d 0

r 8 =  u
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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. 2-4q. The thyristor rvill only conduct when its voltage a7 is positive

and it has received a gate firing pulse ir. Figures24b and c show the conduction of

the thyrisror delayed by an angie a beyond that position where a diode would

narurally conduct (or comrnutate): in this case, the firing delay angle a is expressed
relative to the supply voltage zeto.

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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of the load current iy to be determined. A guide tc'
the diode would be eiven bv determinins the r.nl .s.,
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The halfcontrolled rectifier circuits contaln a ri:*'itjre +i ii3-rb:'f,Is and a:oi=

which prevent a reversal of the road voltage, but do allow adiustment of the direci

(mean) voitage level. The harf-controiled and uncontrolled (diode only) circuits

are often described as unidirectionsl converters, as they permit power flow onh

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 wavefornl over one

cycle of the a.c. supply. For example, a six-pulse circuit has in its output a ripple

of repetition rate ,i" ti.., the input frequency, that is, the fundamental ripple

frequency is 300 [{z given a 50 FIz supply'

2-2 COMMUTATING DIODE

M a n y c i r c u i t s . p a r t i c u i a r l , v t h o s e w l r i c h a r e h a l f - o r u n c o n t r o l l e d . i n c l u d e a d i o d e
across the road as shown in Fig. r- l . This diode is variously described as a free-

u, 'eel ing. f lywheel.  or by-pass diode, but is best described as a commutating diode,

as i ts funct ion is to commutate or transfer 10ad current away from the rect i f ier

* 'henever the load voltage goes into a reverse state'

T'e commutating diode serves one or both of tu,o funct ions; one is to prevent

re'ersai of road i ,ol tage (ercept for the sr 'al l  diode 'ol t 'drop) and the other to

transt-er the load current away fronr the nrain rect i f ier.  thereby al lowing al l  of i ts

thyristors to regain their blocking state'

2-3 SINGLE.PHASE HALF-WAVE (OR STNGLE-WAY)

Nthough the uncontrolled singre-pliase half-w'ave cornection shown rn Fig' 2-2a

is very simple, the rvaveforms of Figs. ?'?b andc ii lustrate fundamentals which will

constantly recur in the rnore complex circuits'

The assumf *on is nrar3e thai the nragnitude of the supply voltage is such as to

; ; rake ihe i i t - rde l -o i t .c i ropnegl igb lewhenconduct ing 'Thewaveformsaredeveloped
on ;jre assumption thar the diode rvil conduct rike a closed switch when its anode

r .o l rage isp ts iuve r t . i t h respec t to i t sca thode ,andcease toconduc twhen i t scu r ren t
iajl, tc zero. ar which time it acts like an open switch. The turn-on and turn-off

d n r e s o f t h e d i o d e . b e i n g o n l y a f e w m i c r o s e c o n d s , n r a y b e t a k e n a s i n s t a n t a n e o u s
i!i::es in relation to the half cycle time for a 50 Hz supply'

Rectif ier

Figure 2-l Position of commutating diode'
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Figure 2-2 Single-phase half-wave circuit. (a) connection. (b) waveforms when the ioad is r''i::

resistance. (c) Waveforms when the ioad contains some inductance'

The waveforms shown in Fig. 2-2b are for a load of pure resistallce, the supplr

voitage ?rs being sinusoidai of peak value Vrn^'. Imnediately prior to u5 gorrls

posit ive, there is no load current,  hence no load voitage, the negative supply voltage

appearing across the diode. fu ps goes posit ive, the diode voltage changes to anode

poiitiu. relative to the cathode, curlent flow then being possible' Neglecting tire

small diode volt-drop, the load curlent i7: asf 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 wuutfot* in Fig. 2-2b has the mean value of a half sinewave'

name lY ,  
v  l n  (2 -1 )V*ur ln

which could be calculated froni

( c )
( b \

f // mean

f 0 = n

Q l2r) l  r_,

where 0 : ost is any angle on the waveform '

V^osin 0 d0
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Figure 24 Single-phase half-wave controlled
,rt Small firing delay angle, and continuous
:rnuous current.

C o m m u t a t i n g  d i o d e

( c )

circuit with commutating diode. (a) Connectron.
current. (c) Large firing delay angle, and discon_
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ever. assume the presence of a commutating diode which prevents the load voltage
ieversing 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, t)7 is effectively zero and the ioad current foilows a'

Triggering
c i rcu i t
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the load current is discontinuous as shor*'n in Fig. l4r. Figure l*i'o shc*'i : J,,'i--

t inuous load-current condition, where the decaf ing ir,-lad current is sli i j  l l tr* ir i

when the thyristor is f ired in the next cycle. Analvsis of the load-voltage waveiornr

gives a mean value of

v,n.* :  ( t  lzr) .(  
v,n*sin 0 d0 :  Y" ( 1 * cos a) ( i '5)

Inspection of the wavefonns shows ciearly that the greater the firing deiay'

angle o, the lower is the mean load voltage, Eq. (2-5) confirming that it falls to

ze ro  when  a :  180" .
The thyristor voltage ay waveform shows a positive voltage during the delay

period, and also that both the peak forward and peak reverse voltages are equal to

Vrn* of the supply.
Inspection of the waveforms in Fig. 2-4 clearly shows the two roles of the cont-

rnutating diode, one to prevent negative load voltage and the other to allow the

thl,r istor to regain i ts blocking state at the voltage zero by transferr ing (or com-

rnutat lng) the load current away from the thyristor.

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

The bi-phase connection of Fig. 2-5a provides two voltages o1 andu2in anti-phase

relative to the mid-point neutral 1/. In this half-wave connection, the load is fed

via a thyristor in each supply line, the current being returned to the supply neutral 1/.

In any simple half-wave connection, only one rectifying device (thyristor or

diode) wi l l  conduct at any given t i rne, in the diode case this being that one con-

necred to the phase having the highest voltage at that instant. In the controlled

circuit ,  a given thyristor can be f i red during any t ime that i ts anode voltage is

posit ive relat ive to the cathode.
\f  i i i r  reierer.)ce io Fig. l -5, thyristor f1 can be f i red into the on-state at any

iin,e aiier i '1 gr--res positive. The firing circuits are omitted from the connection dia-

grant to ai.oid unnecessary confusion to the basic circuit ,  but can be assumed to

produce a tiring pulse into the respective thyristor gates as shown in the waveforms.

Each pulse is shorvn ileiayed by a phase angie o relative to the instant where diodes

*'ould conduct. rhar is.  i f  the thyristors were replaced by diodes, a would be zero.

Once th-v-risror f' is turned on, current builds up in the inductive load, main-

taining rh-vristor T1 in the on-state into the period when ?r goes negative. However,

once ?ri goes negarive. u2 becomes positive, and the firing of thyristorT2 immedi-

ately turns on thyristor T2 which takes up the load current, placing a reverse volt-

age on thyristor 11. i ts current being commutated (transferred) to thyristor 72. The

thyristor voltage ?1 wsveform in Fig. 2-5b shows that it can be fired into con-

duction at any time whefi 't)r is positive. The peak reverse (and forward) voltage

that appears across the thyristor is 2l '^u*, that is.  the maximum value of the com'
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Figure 2-5 Bi-phase half-wave circuit. (a) connection. (b) waveforms.

piete transformer secondary voltage. Figure 2-6 ii lustrates this fact more clearly in

that when thyristor T2 is on and effectively a short-circuit, the entire transformer

voltage appears across the off-state thyristor I1 '

Inspection of the load voltage waveform in Fig.2-5b reveals that it has a mean
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Figtue 2{ Illustrating instantaneous circuit condition'

va lue of

Vrn.u, : 1r i n).1" 
*r"-o 

sin 0 tlg : t:- cos CI

ln pract ice, the load voltage wi l l  be reduced b1' t i re volt-drop across one thyristor.

as at a1l t i rnes there is one thyristor in series with the supply to the load. Also, this

equation assumes high enougJr load inductance to ensure continuous load current'

The highest value of the ntean voltage will be when the firing delay angle q is zero.

that is. the diode case. When the firing delay angle is 90o, the load voltage will

;ontain equal posit ive and negative areas. giving zero output voltage, a value con-

f irrned by Eq. (Z-Oy wir icir  shorvs the nrean voltage foi lows a cosine variat ionwith

firing delay angle. As the load voltage wavefornt repeats itself twice in the time of

one supply cycle, the output has a two-pulse characterist ic.

The current wavefort ls in Fig. 1-5b show a continuous load current '  but the

ripple will increase as tire nrean voltage is reduced until, given a light load inductance.

lhe load current wi l l  beconre discontinuous, the load voltage then having zerc)

ce r iods. Tl ie thyristor currents are of half-cycie durat ion and tend to be square-

shaped ior coptinuous loat l  current.  The a.c. supply current can be seen to be non-

sinusoidal and deiaved reiative to the voltage'

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

The bridge (full-wave or rJouble-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-l Uncontrolled

The single-phase bridge circuit connection is shown in Fig. 2-7a in its simpiest dia-

grammatic layout. This iayout, whiist almost self-explanatory and widely used in

elecfronic circuit lavouts. does not at a glance demonstrate that it is two half-wave

(2-6)
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circuits in series, nor is it possible to draw a similar layour ior the rhree-phase
circuits. The same circuit drawn to a different diagrammatic layout as in Fig. i-7b
shows cleariy the concept of two half-wave circuits in series making the full-rvave
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 c is used.

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

The load voltage shown in Fig. 2-7e can be constructed either by taking the
wavefonns of a,, and u, when each is positive, or by constructing the voltages on
each side of the load relat ive to the neutral N, the dif ference between them being
the load voltage u1. The use of the neutral N does demonstrate that the load volt-
age ls the addition of two half-wave circuit voltages in series, making a fuli-wave
connection. The diode voltage a.p1 has a peak reverse value of the maximum value
of the supply voitage. this being only half  the value in the half-wave connection of
Fig. 2-5 for t i re sanle load voltage;however, two diodes are always conducting at
an1' eiven 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 characterist ic 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
oi Fig. l-7. Conduction does not take piace until the thyristors are fired and, in
order for current to flow, thyristors Z1 and T, must be fired together, as must
thyristors ?"3 and Ie in the next half cycle. To ensure simultaneous firing, both
rhvristors f, and T2 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

v*"*r:  ?!-*cos 0
7l

less in this case by two thyristor volt-drops. This equation will
current is not continuous.

(2-7)

not apply if the load



- lr J l ' .
\ ,

Load of
reslstance
wi th inductance

- / t :

\  - ---z \ol tage at top of load relat ive to N
\, /

, t ' I  
. - l==-Voltage 

at bottom of loadload re la t ia t i ve  to  N
\ . t

I  - -

t
I

\ a
' l

' L  l
t , l

I  Ga te  f i r i ng  pu l scs

)

, ,--...-Load voltage

m e a n

L o a d  c u r r e n t

Supp l l ' cu r ren t
j - ; - ;

/ . \  -  t l  ' . 1

P . F  V

Thyr is tor  vo l tage

? n  ^ u * :  P . R  v

i _

l i
i l

-t i ' ,  l ' ,
i t
i f

# r l
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2-5-3 Half-controlled

It is possible to contror the mean d.c. load voltage by using only two thyristors

and two diodes, as shown in the haif-control led connection of Fig. 2-taa' Drawing

the circuit  to a dif ferent diagramr'at ic rayout, asshown in Fig.2-l l ,showsclearly

that the fu[-wave connection is the addition of two half-wave circuits, the input

current to the ioad being via the thyristors, whilst the diodes provide the return

path. The approach to determining it-'t load-voitage waveform in Fig'2-10b is to

follow previous reasoning b1, prottiirg rhe voltage ai each end of the load relative to

the supply neutral //. The thyristors comnlutate when fired' the diodes commutat-

i nga t t l Lesupp lyvo l tagezeros 'The loadv : l t lT , : " cons t ruc tednevergoesnega t i ve
and fo'ows a shape as if the load were pure reslstance, reaching azeTomeanvalue

when the firing delay angle a is 180" '

The presence of the commutating diode obviously prevents a negative load

voltage, but this wouid in any case be the situation, even without the commutating

diode. After the supply voltage ,.rn una before (tuy) t'yristor ?'3 is fired' thyristor

?n1 would contlnue conducting, but the return load-current path would have been

comrnutated from diode D,, todiode Da,hence a fiee-wheering path for the load

current wourd be provided via z1 and Da, resulting in zero suppiy current' The

commutating diode wilr provide u pr.f.r.ntial paraier path for this free-wheeiing

load current co*pared to the series combination of a thyristor and diode' and

hence enabie the thyristor to turn off and regain its blocking state'

The mean uutu. of the ioad voltage will be given by

v** : (1/zr) II n^*sin o do : ry (1 + cos o)

different by the various thyristor and diode volt-drops'

Thecur ren tdu ra t i on in the thy r i s to rsandma ind iodes is less than
firing delay angle a, leading to an a'c' supply current which has zero

c o m m u t a t i n g d i o d . . o n d u c t s t h e d e c a y i n g l o a d c u r r e n t d u r i n g t h e

(2-8)

180" by the
periods. The

zero voltage

nttttjj;pared 
to the fuily-controiled circuit, the harf-controrled circuit is cheaper'

but the a.c. suppry current is more distorted due to its zero periods' The haif'

controlled connection cannot be used in the inversion mode described in sec' 3'3'

onlv rhe fullv-controlled connection a110ws a reversal of the mean direct voltage'
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Figure 2-10 Half-controlled singlephase bridge. (a) Connection. (D) Waveforms.

2-6 THREE-PHASE HALF-WAVE (OR STNGLE-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 asumed as a simple
star-connected windine.
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Figure 2-l 1 Half-controllecl full-rvave (bridge) connection.

With the polyphase connections. the t ime intervals between the repeti t ions in

the d.c. load waveforms are shorter than for single-phase connections, and also in

practice they will be supply,ing 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 leve1. 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 rippie'

The connection of the three-phase half-wave circuit is shown in Fig' 2-l2a'

each supply phase being connected to the ioad 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 voltaEe ar having the waveform shown

in Fig. 2- l2b,which is the top of the successive phase voltages. whi le o1 is the most

positive phase, diode D1 conducts but' direc tly a2 becomes mole positive than ?'r1 '

the load current comrnutates (transfers) from diode Dl todiode D2'Confi'rmation

of the instant of commutation can be seen by examining the diode voltage wave-

fornr up. which goes negative direc tly a1 has an instantaneous value below ?2 '

hence diode D1 turns off.
The instantaneous d.c. load voltage varies between

phase voltage and half this value, and it also repeats

ihus having a three-pulse characteristic. comparison

2-t2b to the two-pulse load voltage of Fig. 2-5 or 2.7

nection has a much smaller riPPle'

The mean value of the load voltage is given by

the maximum value of the

itself three times Per cYcle,

of the load voltage in Fig.

shows the three-Pulse con-

1 tSlT/6

V o  :  
I  

I  V m u s i n 7 d Anean 
2jTl3 hT/6

less by the single diode volt-drop.

J V J  r /:  
2 ,  

Y m a x (2-e)

Assuming level d.c. load current 17, the diode currents shown in Fig. 2-12b
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Figrrre 2-12 Three-phase half-wave circuit using diodes' (a) 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'

(2-10)

t L

/ l

/r*, : I rlJZ

an expression which can be carcurated by using calculus, or more simply by taking

the square root of the mean of the sum of the (current)2 over three equar intervals

I

I

I

I
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Figure 2-13 Interconnected-star connection of secondary. (a) Transformer circuit. (b) Current
waveform.

in the cvcle. that is.

r -' r m s

Examination of the diode

I"t * 02 + : Ir,lJ3

voltage waveform shows the peak reverse voltage to

n2
I / 2

be /3 V^u* 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. magnetuation of the transformer core. To avoid this problem the
interconnected-star (sometimes called zig-zag) winding shown in Fig. 2-l3a 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-I3b, being as much positive as negative,
hence avoiding any d.c. component in the core mm.f.

When the diodes of Fig. 2-I2a are replaced by thyristors as shown in Fig.2.14a,
the circuit becomes fully controilable, with the mean load voltage being adjustable
by control of the firing delay angle a. 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, Sving the same firing delay angle to each thyristor.

Secondar l
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The firing delay angte c is defined such thal it is zero when the *urput rnean

voltage i, . *oi*t*, itrut iso the diode case' Hence' the firing delay angle a shorvn

in Fig. 2_r4 isdefined relative to the instant when the supply phase voltages cross

anddiodeswouldcommutatenatura l ly ,not thesupplyvo l tagezeTo.
Reference to Fig. 2_r4b shows that the thyrisiois will not take up conducrion

until turned on by the gate pulse, thereby allowing the previous phase voitage to

continue at the load, so giving an overall lower ,-,-r.u., ioad voltage. The ripple con-

tent of the load voltage is increased, but it stil l has the three-pulse characteristic'

The current waveform shapes have not changed to' but are delayed by' the angle a

relative to the diode case. The thyristor voltaEe ar shows that the thyristor anode

voltage is positive relative to the cathode after ihe position of zero firing deiay

untt*. 
road voltage waveforms of Fig' z-lk and cl show the effect of a larger

deray angle, the vortage having instantaneous negative periods after the firing delay

;;; oJlo'. The tn'un load voltage is given bv

v^"* : #V:'r',n"'srn 
o do : + v^^*cos 0

less by the single thyristor volt-drop

f u i n t h e t w o - p u l s e E q ( r 6 ' ) , t l r e t n e a n v o l t a g e i s p r o p o r t i o n a l t o t h e c o s i n e
of the firing dela1,. angre o. b.ing').t" ., 90' deray. The assumption of level con'

tinuous road current wirl be less valid 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

srar supply are ,ho* in Fig. 2J; 'The theory of the connection is an extension of

the trrree-phase harf-wave circuit, each thyristor conducting for one sixth cycle'

The load-voltage waveform is the iop of the six-phase voltages for the diode

c a s e . d e l a y e d b y t l t e f i r i n g d e l a y * , ' . o : , . s h o w n i n F i g . 2 - I 5 b w h e n t h y r i s t o r s
are used. The load-voltag. *uu'fon'' i' of six-pulse characteristic' having a smaii

ripple in the diode .ur. ut a frequency of-six times the supply frequency' Including

firing delay' the urean value of the load voltage is

v^^^^/ meart 2Vlg J j+a

The thyristor voltage waveform of Fig' 2-t5b shows the peak reverse (and

fonward) voltage to be t*i.. 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 
/,,,,, - I r,lJ6 Q-r3)

fnr a level load current 11.

( 2 - 1  1 )

(2-r2)
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Iltsre 2-15 Simple sk-phase half-wave cAcuit. (a) Connection. (b) Waveforms.

The simple star connection of Fig. 2-15a is not used in practice as the currcnts
rx{lwted into the primary winding have a large third-harmonic component. To

a&minate 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
* used.

The double-star connection is essentially two independent three-phase half-
*-ave circuits operating in parallel to give a six-pulse output. Fig. 2-174 shows the

i i

i -
i

Ii *
IhEf,t

0 :  t r . l t



Figure 2-16 The six-phase fork connection.

two star groups suppl ied at i80o to each other, that is,  i f  the two star points were
tigidly 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 (V3/2)V^u^ occurring where the phase voltages cross.

For the diode case shown in Fig. 2-17b, the load voltage canbecalcuiated by
finding the mean value of either three-pulse group, or directly from the actual six-
pulse load-voltage wavefornt, givin g

t / :
1 1  /  1

r .a  -  Y  -  L r
I meam ^- ' max

:77
(2-r4)

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 deltacorulected primary a stepped current waveforn
is drawn from the three-phase a.c. supply. Compared to the simple six-pulse con-
nection of Fig. 2-15, the current util ization of the diode and the input a.c. wave-
form are both much superior.

The reactorvoltage ?6 w?veform shown in Fig. 2-l7b 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. [n 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.



RECTI:} I\' CIRCCils 5?

1,.f  \ i L / 2  1
onourl '  l \ t ' r  I

" " r t r r *  |
t ranslormer ---JT:*n;<?rirnrer

iflna:1

-1 I I r i-
' U

(  reactor  )

i t : ( i 3 -  i 6 )

+ l n p u t  a . c

( a )

3-phase  ou tpu t  o f
r i gh t -hand  s ta r  g roup

-  3 - p h a s e  o u t p u t  o f '
l e f t - h a n d  s t a r  g r o u p
Load vo l tage

Diode currents

i o :  ( i t  -  i q )  x  t u r n s  r a t i o

I

I
- t x turns rat io

supply  current
I, D

<*-f---ReaCtOr vOl t age

( b )

FAue 2-17 Double-star six-phase half-wave circuit. (a) Connection. (D) Waveforms.

| ' r

Secondary'

i t *
I

" * / //t

{fli",o*,

, \;/



5t ro*tx ELECTRG:;IcS

To star point

,!
2

From load

+,
t

,

To other
star  po int

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 compon.nl shghtly reducing the diode forward

current. The lever of the road current must exceed the revel of the magnetizing

current for it to exist. If the road is disconnected, no magnetizing current can flow;

hence no vortage can be deveroped 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 at ioad conditions, a small per-

manent road in excess of the magnetizing current must be connected across the

r*"Tt;rpicai 
construction of the interphase transformer (reactor) is shown in

Fig.?. lS,whichshowsatwo- leggedcorewi th . . twocloselycoupled '1111 ' : : ' . . " i
each leg. The crose coupring of t[-. windings wilt ensure an m.m.f. balance as ln a

transformer, forcing the load current to divide equally between the windings' The

magnetizing .urr.ni flowing from one star point io the other star point will act in

the same direction in all coils to satisfy the flux requirement' As in the normal

transformer, the magnetizing current represents the ,tigrtt unbalance between ttre

total current in the two windings on the same leg'

Each diode will have u p.ut reverse vortage requirement of 2v^^*, as they *'iE

be required to withstand this voltage if the interphase transformer fails to excite'

the circuit then acting as the sim"pte six-phase half-wave connection shown is

ttt 
il;iacing the diodes shown u'..F1s .2'11.:9t tlf,",::,T:::i::*:':Til"

star connection into a fully-controried circuit. Tire load-voltage waveform with a
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other star group
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FEUre 2-lg vortage waveforms with controiled double-star connection. (a) Load voltage with

Fffiil fuing delay angle o. (b) Load voltage waveform with o : 90o ' V^w'-- zero' (c) lnter-

phase transformer (reactor) voltage at a = 90" '

small firing delay angle a is shown in Fig. 2-19a, developed in the salnemannel as

rhe diode case with the six-pulse load-voltage waveform midway between the two

rhree-pulse groups. The mean voltage is, as in the earlier circuits, proportional to

cos CI when the load current is continuous'

when the firing delay angle is 90o, the mean voltage is zero' and the load-

voltage waveform is as shown in Fig. z-rgb. At this condition of zero mean load

voltage, the interphase transformer ireactor) voltage is approximateiy rectangular

as shown in Fig. )agr.The flux change in the reactor is proportional to the area of

the voltage-time curve (from a * aiQt giving 50 : J a dt). comparison of the

rectangurar waveform of Fig. 2-r9c to the triangurar waveform in the diode case

shows an a1ea three times larger; hence, with a flux change three times greater'

the interphase transformer wiil be physicany three times larger in the fully'controlled

circuit as compared to the diode circuit'
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2-8 TIIREE-PHASE BRIDGE tOR DOUBLE-HAY,

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

tr/, 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 ao is the most

positive phase diode D, conducts, and during this period first tr6 is the most nega'

tive with diode D6 conducting. until a" becomes more negative when the current

in diode Du comnlutates to diode D2. The load voltage follows in turn six sinu-

so ida l  vo l tages  du r ing  one  c ) ' c le ,  t hese  be ing  ao -ab ,  ao -ac ,  ub -a " ,  ab  -oo ,

D"-ao.T"- i )b .a l l  havrng the rnax imum value of  the l ine vo l tage,  that  is ,  {3

times the phase voltage. Nthough the supply is shown as star-connected in Fig.

2-21, a delta connection can equal ly wel l  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

^ 3t/3 -.
V^ . * r :  2x  -  Zpn lma:<)

zTl

-l

J

t l

Ztin.(mar.) (2-rs)

3-phase
supply

Figure 2-2A 
'fiuee-phase full-wave circuit.
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Ficrrc ?-?t Three-nhase bridee circuit' (a) Connection. (b) Waveforms'
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or it can be cslcarlated directil- fram tL€ at3*d- Id-ritsx *srefeirar * hich
from Eq. (?-12) yields the same as Fq.{l-l5i absve- As t*'o diodm are in series
with the load, the mean value is reduced by two diorle vokdmps.

The diode current waveforms shorvn in Fig. ?-2lb reveai that each diode
conducts the full-load current for one third of a cycle, the order of comrnutation
determining the numbering of the diodes in the circuit. The diode voltage 7Jp1 w&y?-
form can be determined as the difference between the phase voltage ao and the
voltage at the top of the load relative to the supply neutral 1/. The peak reverse
voltage appearing across the diode is the maximum value of the line voltage.

Figure 2-2lb 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. 2-22a. As in pre-
vious circuits, the mean load voltage is now controllable by delaying the commu-
tat ion of the thyristors by the f i r ing delay angle a.

With a srnall firing delav angJe as shown in Fig. 2-22b, the waveshapes can be
readily understood b," reference to earlier circuits. The two three-pulse waveforms
add to give the six-pulse load-voltage waveform. The current-waveform shapes are
srmilar to the diode case. except t l iey are delayed by the angle o.

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 singie 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 nrust be fired at the same time in order to commence current flow.
With reference to Fig. 2-22b (say), the supply is connected when uois at i ts peak
value, the next firing pulse will be to thyrist or 72. However, thyristor ?n2 will not
conduct unles at the same time thyristor 11 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 aiready be in the on-state.

The starting puise 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 electronicaliy 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 visuahze the load-voltage waveform from the two three-pulse pictures;
hence, as shown in Fig. 2-22c,the six iine voltages aa - ab, oo nc, 7)6 - ac, ob - ao,
a" - oo, 7)c - a6 give a direct picfure of the ioad-voltage waveform and clearly show
that zero mean voltage is reached when the firing delay angle is 90o.

The value of the mean load voltage is given by
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Figure 2-22 Fully-controlled three-phase bridge. (a) Connection. (b) Waveforms with small
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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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Figne 2'23 Half-controiled three-phase bridge. (a) Connection. (D) 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 Qalf-controlled bridge.

The action of the circuit is most clea\ explained by the two three-pulse
voltage waveforms shown in Fig. 2-23b, where\he upper waveform shows a small
firing delay, whereas the lower waveform is tha\f the diode case. The addition of
these two waveforms gives the load voltage zrz,, M\ only three notches of voltage
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nffi.a:n:d F€: ;3:k. **: tlle sar. *.3,lin€: pi :ht :uitr1-;ca-aolied sircuit' T}re *-aY+'

s;m. b ice, ::rregi.:.3se. haring a h-igher harmonic ripple component than the

@ <'.'.:m -l*{isd c *rnnrction'

T':e cuirfni $-Eveftlrms of Fig. 2'23b show that the thyristor current f1 is

dtsry,,,*- bLn la ren"lains in phase *i1n its voltage, resulting in an unsymmetrical a'c'

@ L t " x n e c L u T e n l w h i c h w i l l c o n t a i n e v e n h a r m o n i c s . l
F@:,,e :-:3c shorvs a firing delay angle above 90"' making the upper waveform

r'$:{r *ryadve than positive [to g;;i" (;) ft".* (b) think of the vertical line at the

:r-..*?g ,ro,si*on moving to the rightl ' The load-voltage now has periods of zero volt-

-qe_ &e ao{Turutatin! oioo. tuking the freewheeling load current in preference to

reg r tesa r rn (o fa thy r i s to rp lus "o ioo . ; i na l i kemanne l to tha tdesc r ibed fo r the
sm€lr*-plias€ h ali< ontroiled b ridge'

Irrspe;r.:on of the load-voltage waveforms in Fig. 2'23 shows that zero mean

*ru; r,urasE is reached when the firing delay angle s reaches 180o' The meanvoit'

rs :r.n be considered as the addition of the two harf-wave three-pulse voltages

gsng frtm Eqs. (2-9) and (2-1 i)

$ ,"o(ma<) (1 * cos a) : 
*'^o^u*r 

(1 * cos a) Q-17)

c*rnpared to the fullycontrolled circuit, the half-controned circuit is cheaper,

?rs so s*rting problems, but has a higher harmonic content in its load'voltage and

x;;gi1--current w ave fo rms'

:.9 TWELVE-PULSE CIRCUITS

i!: ire 2-24 il lustrates the twelve-pulse voltage waveform for an uncontrolled' that

s- diode. connection, where it is clearly close to a smooth direct voltage' The as-

*:{iated current shown is typical of the waveshape of the current drawn from a

:i,.+phase a.c. supply, ttris being closer to sinusoioul fot* than in the lower-pulse

:=;uits. It is possible to conclud"e that the higher the pulse number of a rectifier'

r!:e croser it comes to the idear of giving a level direct voltage and drawing a sinu-

s;idal current from the a'c' supply'

Three of the most common connections which give a twelve-purse characteristic

an" shorvn in Fig. 2-25.The half-wave connection lr Rig. 2-25a is an extension of

&e double_star circuit described in sec. 2-i . Here four star groups are displaced to

give twelve phases 30o apart, linked via interphase transformers (reactors) to the

!-*ad. Four diodes conduci simultaneously with only one diode volt-drop reducing

*re mean load voltage'
Thefu l l -waveconnect ions involve l ink ingtwothree.phasebr idgesasshownin

Figs. 2-25b and c. The a.c. supply is from a- transformer having two secondaries:

*ne star-connected, the othe, o.itu-.onnected. In this manner the three'phase volt'

eges supplying the two bridges are displaced by a phase angle of 30o' hence the two

sir-purse outputs are symmetricalry dispraced to give an overail twelve'pulse output'
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Figure 2-24 T*eh.e-phase waveforms. (a) Voltage of uncontrolled circuit. (b) Typical a'c' in-

put current.

The senes 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 paral iel  as shown in Fig. 2-25c.

Higher pulse-number circuits rnay be built using the basic three-phase building

blocks as for the twelve'pulse corulections'

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 TRAI\\ISFORMER 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 fiom different legs of the transforrner core. The rating (or size) of the

transfomrer must take these factors into account'

The winding rating of a transformer is the sum of the products of the number

of windings, thnes their r.m.s. voltage, times the winding r'm's' current'

The primary rating niay differ from the secondury, 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

q)
L
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I

I
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Fignre 2-25 Typical twelve-pulse connections. (a) Half-wave (single-way). (b) Bridge, series

connection. (c) Bridge, parallel connection.

Two secondar ies

Primarl'
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to a single primary winding, such as in the bi-phe. intercmected*tar. 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-
ffi?rY, so that there is an m.m.f. balance, othenvise there would be excessive mech-
anical stresses.

2-II 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 20V, wiil 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
tuli-wave bridge circuits is significant, suggesting a lower loss with the half-wave
circuits.

A high-voltage load, say 2 kV, will indicate that the choice should be a bridge
circuit, as the diode (or tl iyristor) 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-voitage 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 contentof the
waveforms, it is necessarv 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- I

A circuit is connected as shown in Fig. 2-2 to a24A V 50 FIz supply. Neglecting the
diode volt-drop, determine the current waveform, the mean load voltage, and the

{
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En,E i,s&c cErrr€st fbr a *oad oi (i) a p{$e resistor of l0 Q, (ii) an inductance of

'3-: H b *rie; s"itir a l0 fI resistor.

5&LL-TION The supply voltage quoted is an r'm.s. value relating to a sinewave,

dt referring to Fig. 2-7b,"

V r n ^ ' : 2 4 N 2 : 3 3 9 ' 4 V

t.i* Fsl a load of pure resistance R, the load current will be a half sinewave of

ffimltfilurn value

/* '* :  V:^' lR _ 339 '4110 : 33 '94 A'

' 
ffim Eq. (Z-z),'Vro.^ : 339 '4ln : 108 V

Imean : V^..o' lR :  108/10 : 10'8 A'

Fl Tlre current waveform may be determined by considering the circuit to be a

ssbscombination of R: 10 f l ,  Z:0.1 H, being switched to an a.c. supply at i ts

dlegs z€ro, current ceasing when it falls to zero.

-,. 
-' "' 

The quation to determine the current i is

V r n * s i n < ^ . r t  :  L d i l d t + R i ,  w i t h i : 0  a t  t  -  0 ,

339.4 sin 2a'50r - 0.1 dildt + 10i'

Lirhg the laplace transform method of solution where lG) is the transform of

2r50
339 .4x  . f f i :  O ' l ( s i  - i o )  +  10 i '  where  i s  :  0 '

s '  + \ / .nJU )-

-  I  066000
t - @

Transforming this equation yields

i -  9.81 e-loor + rc.29 sin (2zr50t -  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

ralue such as to satisfy the initial condition of zero current.

The a.c. impedance is 10S2 resistance in series with a reactance of 2n50 x 0.1 -

31.40 glving an impedance of 32.97 O. The a.c. component of the current is l

therefore 33g.4132.97 :10.29 A peak, lagging the voltage by arctan (31.4110)- "l
72.3" : I.262 rad.
The a.c. component of the current is l0.29sin(24'50t*1.262)A, which has a ::
va lue  o f  -  9 .814  a t  t : 0 -  =
The t ime constant of the circuit  is 0.1110:1/100 second, hence the d.c. compo- =
nent of the current is 9 .81 e-10or 4. d,+ G =
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0.005 0  0 1 0

Figtre 2-26

The total current equation is

i  _ g.gl e 
- loof -r

A sketch of the current waveform
attempts to reverse.

e rv(u{-el -E+- 
+.4e L

aR'+
t ,

C ) r

;-
1 . .  \
\ \ h  I

T

I :Y""
0 . 0 1 5

T i m e  ( s )
0tf

10.29 sin

is shown

(2n50t

in Fig.

a timeThe current will cease when i: 0 yielding

angtrlar duration of curren t of 265" .

Hence

The mean current can
it by dividing the mean

I r%s
L// mean 

2n Jo"
d0 : 58.8 V

be calculated with the aid of calculus, but it is easier to find

voltage by the d.c. impedance, that is, the resistance:

1.rr"ur, : 58.8/10 : 5.88 A.

Example 2-2

If the diode of Fig. 2-Z is repiaced by a thyristor, determine the mean load voltage

and current if the load is 10 O in series with an inductor of 0.1 H, and the firing of

the thyristor is deiayed by 90". The a.c. supply is 240 V, 50 Hz, and the thyristor

volt-drop is to be neglected.

SOLUTION This problem is similar to that of Example
delayed start, the waveshapes being as shown in Fig. 2-27.
Assuming that time t:0 at the instant of firing, then the
ponent of current is 10.29 sin (2n50 t - 1.262 + 1 .571) A,

3 .12  Aa t  t  -  A .

2-1(ii) except for the

steady-state a.c. com'
which has a value of

---fn"
t  J . ' -  -- 7 t - '

= - $ € t ( r
t-

- R  \
n  - 1 i_ r+<_ L

wJlr:-- /  t  Lao

- r.262) A

2-26, current ceasing

/ :  0 .01472 s  which

= ( 4
A zTw-gt-

b

when it

$ves an

L { , l g o
^5d
+t'C
11L{

etl
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b
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n

0 0025

I
t-

0 0075 0 . 0 1 0

-$s

firF t-2?

*llgt the equation to the current is

i  -  lo.2g sin (2n50l + 0.309) - 3.12 e-LNt A.

&s sror will cease when f : 0 which occurs al t :0.0086 s which is equivalent
a  - - E

8m nl: -

1 ,'ed+tsf
V7 mean 

2,,, Jm"

/-"* : 22'8110 : 2'28 A'

SrqrSe 2-3

ringte-phase half-wave circuit with a commutating diode as shown in Fig.24

;@sdio zupply a heavily inductive load of up to 15 A from a240 Va.c.supply'

kssdne the mean load voltage for firing delay angles of 0o,45o,90o, 135o, and

epP. neglecting the thyristor and diode volt-drops. Specify the required rating of

&e thyristor and diode.

$glttiTtoN using Eq. (2-5), the mean load voltage is

V ̂ "o,

0.005
T i m e  ( s )



73 rer-* rl-*.CEg€FECS

which yietds the foll,owing values

c 0" 4f 9{f i3f lSff
vr r* ,  108 V 9?V 54 V 16 V 0 V

Thyristor rating:
Peak forward (or reverse) voltage : Vrna*

P.F.V. :  P.R.V. :  24U/2 _ 340 V.

The thyristor will conduct for a maximum duration at c : 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 ;

;

/ , " " , :  ( !+9: \ ' ' '  -  106A
\ / /

Diode rating:

P . R . V . : V ^ r * : 3 4 0 V

As the firing delay approaches 180o, 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 a20 V a.c. supply. Assuming continuous load current,  calculate the meanload
voltage when the firing delay angle is 60o, assuming forward volt-drops of 1.5 V
and 0.7 V across the thyristor and diode respectively.

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

v,n^ : ' ry( t  *  cos 60o) -  6.752v.
zTr

The thyristor will conduct for (180-60)o, giving an average volt-drop over the

.  -  1 2 0
cvc le  of  -  x  1 .5  :  0 .5  V.-  

360
The diode when conducting imposes a 0.7 V drop across the load; in this case, it

averages over the cycle to 0.7 t t!:# :0.467Y. Therefore the mean load

voltage is 6.752 - 0.5 - 0.467 : 5.78 V.
It can be seen that at a low voltage the device volt-drops are not negligible.

Erample 2-5

Aload of 10S-l resistance,0. i  H inductance, is suppl ied via the circuit  of Frg.24 =
from a7A.7 V, 50 Hz a.c. supply. If the thyristor is fired at a delay angle of 90", .=
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T ime

&re !-38

&mEmine by a graphical method the waveform of the current during the first two
q!'Ses oi operation. Negiect dernce volt-drops.

gpltrnO}r; Figure 2-28 relates to a graphical method where use is made of tt:

*i + L difdt.
ni l r  mking any t ime (say) /1, when the current is i1, thenal:Ri + L6i l6f,  that

+  - -  v r - R i t
E r ' s I : T u , ' w h e r e t h e t i m e i n t e r v a l 6 t : t z - t 1 . S u b s t i t u t e t h e v a 1 u e s

fr@ r&e graph (Fig.2-28) for ot, ir and 6/ into the equation, and 6iis obtained.

P!CI,t f, as f, * 6i, and the next point on the current graph is obtained. Proceed rn

5 i' e Elanner to find the next current value i3 at t3 by using values at t2.

*E 50 Flz the cycle time is 20 ms so, if 20 intervals are selected, then 6/ = I ms.

f f ieR :  10 and L - -  0 .1 ,  6 i  :  0 .01u, ,  -  0 .1 i , , .
The first calculation is when the load is switched to the voltage peak of 100 V

tc-e- ?0.7V2) and no current, that is, ie : 0, giving

6i :  (0.01 x 100 sin 90') -  (0.1 x 0) -  I  A

i r :  l A

The second calculation gives

6 i  :  (0 .01  x  100s in  108 ' ) - (0 .1  x  1 )  -  0 .85  A

i2 _ I  +  0 .85 -  1 .85 A

Continuing in a like manner, at the end of 5 ms (90") the load voltage is zero,
is :  2.83 A.
For the next 15 ms, the commutating diode is conducting, with u in Fig. 2-28
being zero, hence, to find i6,

6 i  :  0 - ( 0 . 1  x 2 . 8 3 )  0 . 2 8 3 A

gving io :  2.83 - 0.28: 2.55 A.

it
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Continuing in a like manner i2s:0'59 A when

calculate i21 ,

the thyristor is again fired, so to

6 i  :  (0 .01 x  100 s in  90")  -  (0 '1  x  0 '59)  :  094 A

izr :0 .5g + 0.94:1.53 A unt i l  a t  the next  vo l tage zero,  izs :3 ' I7  A and af ter

a further 15 ms, iqo :  0.65 A.

The current is sh#n protted in Fig. z-2g, from which it is possible to conclude that

by the end of the ihird o, roultn cycle steady-state conditions will have been

reached. To improve the accuracy of the prot, shorter time intervals could be taken'

An exact caicuration could be made along the rines used in Example 2'1.In the

steady state one would have to assume a current I1 at the start of the commutating

diode conduction period falling exponentially to 12 when the thyristor is fired' then

12 -- I re-t*t

During the thYristor on-Period,

( t  -  15  ms)

i - 
#*sin 

(<,-:/ - t'262) * I*e-loor'

1, being the d.c. transient component found by substituting att:0'f : 12 and

a t t : 5 m s ,  i :  I t ,  g i v i n g  I t : 3  0 9 A  a n d 1 2 : 0 ' 6 9 A '

Example 2-6

The bi-phase harf-wave circuit shown in Fig. 2-5 is supplied at r20v line to neutral.

Determine the mean load voltage for firing delay ungl" of 0o' 30o' 60o' and 90"'

assuming the ioad current to be continuous and level with a constant 1.5 v drop

on each thyristor. i , -.-L
Determine the required thyristor ratings given that the load current is 15 A'

SOLUTION Using Eq. (2'6). V^"o, : 2 
l2Vzcos a - I .5, giving these values:
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.s f -rF #F 9tr
tson-*, 106-5 1- gAt 1- 53_5 V 0 \'

ThSvirtor rating: from Fig- 2-5&. P.R.V. : P.F.V. :2Vrno:2 x 12N2: 340 V;

nl for half cycle conductioo, /*, : l5lJZ: 10.6 A.

The peak voltage across each thyristor : V^^*: l20r'/2: 170 V.

Example 2-9

The half-controlled single-phase bridge circuit shown in Fig.2-10 is supplied at

120V. Neglecting volt-drops, determine the mean load voltage at firing delay angles

of 0o, 60o, 90", 135o, and 180o. If the load is highly inductive taking 25 A, deter-
mine the required device ratings.

S0LUTION Using Eq. (2-8), V^uo,: ry(l * cos o), giving these values:

a oo 60o 9oo 135' 180" 
'

v r n ^  1 0 8 V  8 1  V  5 4 V  1 6 V  0 V  
l

Each thyristor and diode must withstand V^"*: I2Ol/2: 170 V. 
'

The bridge components conduct for a maximum of one half-cycle, hence for level =
current /"ro. : 251\/2 : 17 .7 A. =

The commutating diode will conduct for almost the complete cycle when a -+ 180", =

: Exanp|e- 7-7

A shde-phase diode bridge is supplied at 120 V. Determine the mean load voltage
mrnring each diode to have a volt-drop of 0.7 V.

SOLLITION Figure 2-7 relates to this circuit and, using Eq. (2-7) with a: 0,
")

lL :  i l  zN2 - (2 xo.7) :  106.6 v.
t l

Example 2S

A single-phase futly-controlled bridge is supplied at 120V. Determine the mean

load voltage for firing delay angles of 0o , 45", and 90", assuming continuous load

srrrent. Allow a thyristor volt-drop of 1.5 V. Determine also the required peak

roftage of each thyristor.

SOLUTION Figure 2-8 and F'q.(2'7) relate to this question.
,)

Io-o* - :12N2 cos a - (2 x 1.5), giving values:
7r

ot 0o 45" 90"

vrr* ,  105 V 73.4y 0 V
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therefore it rnust be rated to ?5 A. Itt prrccice- dw cer:errr *"sq*d daca,-t'scrme*&g

at low load voltages.

Example 2-lO

Repeat the calculation for the mean voltage in Example 2'9 at c: 90", assuming

thyristor and diode volt-drops of 1.5 V and 0.7 v respectively.

SOLUTION At a: 90o the bridge components conduct for half the time, hence

over one cycle their voit-drops wiil reduce the meanvoltage by (1 .5 + 0.7)12: l-l V-

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 12: 0.35 V.

v^"n, :  l2N2 
(1 * cos 90") -  1.1 - 0.35 :  52.6 v '

7T

Example 2-ll

A highly inductive d.c. load requires 12 A at 150 V from a240 V single'phase a-c.

supply. Give design details for this requirement using (i) bi-phase half-wave, and

(ii) bridge connection. Assume each diode to have a volt-drop of 0.7 V. Make

comparisons between the two designs.

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

V^ "u ,  =  150  :1Vrn r . -  0J

y^u, : 1(t5o + 0.7) : 236.7 v
/.

Hence each section of the transformer secondary requires an r.m.s. voltage of

236.71\/2: 167.4V, and carr ies an r.m.s'  current of 12lt /2: 8'5 A'

Transformer secondary rating :2 x 16? '4 x 8'5 : 2'84 kVA'

Transformer voltage ratio : 2401167 .4.
Transformer primary current is square wave of r.m.s. value 12(167.4124Aj: E-* *-

P .R .V .  fo r  each  d iode  :2Vrn* :474V,  w i th l r * r :  l 2 l J2 :8 .5  A .

(ii) Referring to Fig.2'7 ,
.)

V ^ . u r : 1 V ^ ^ * - ( 2 x 0 . 7 )
T I  -

v * " * : * t r s o +  1 . 4 )  -  2 3 7 . 8 v
L

Transformer secondary rm.s. voltage - 237.81J2: 168.2V.
The secondary-current waveform is square wave 12 A and, as the curtent is l€md"
its r.m.s. value : 12 A.
Transformer secondary rating = 168'2 x 72: 2'02kVA'
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E:Mmes rdtage rstio - :4Sll 6E.:-
,wr primaqv" r.ril-s. current - 13{168.2f2ffi}: 8.4 A.

,'ff,!qf diode. P.RV- : Y*.o:238 V;Fr*" : t2h/2: 8.5 A.
ffrytry th.e tsro circuits, the bridge is superior on transformer size and diode

@e r-ann3 requirements.
fti lrr tqss in {i) is A.71150 : 0.47% of the load power, compared to 1.41150 :

effi% tu cesuir {ii},

(i)

17.4 V
2 9 6 V A

5 0 v
4 .7%

(ii)

1 8 . 2  V
219  VA

26V
9 .3%

as the P.R.V. require-

rrrep*e ?-lz

ilryent Fxarnple 2-l I using a load voltage of 15 V.

UTIOlir Calculations now give:

transformer secondary vo ltage

transformer secondary rating
P.R-V. of diode
iL loss to load power

& cwrparison now favours the bi-phase, half-wave circuit,
@t fo inconsequential and the relative losses are important.

;fu drernative connection for the half-controlled single-phase bridge is shown in

&, 2-30. fusuming level load current, sketch the current waveshapes in the thy-
simr and diodes at a firing delay angle of 90".

SLITTION Figure 2-31 shows the waveforms. When thyristor ?"1 is fired, it and
&de ,z will conduct. During the periods of zero load voltage, both diodes will

Mlct, carrying the freewheeling load current.

Erample 2-14

Ek the load-voltage waveform which would occur with the half-controlled single-
se bridge circuit of Fig. 2-10 if there were no commutating diode, the firing

dday angle were 150", and one thyristor missed fiting in one cycle. Asume con-

[imrgus load.current.

T A
I
lu ,
I

Figure 2-30



Figwe 2-31

solurloN The norrnar operation without a corunutating diode is shown in the

first two haif-cycies 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 ?"1 fails to fire, thyristor 13 remains conducting to the start

of the next half_cycle, when the suppry voltage reverses and thyristor ?n3, together

with diod e Dq, conducts a'compt.t ' 'natt-cycle into the load' The sudden burst of

energy into the road courd resurt in dangerous conditions, particularly with a motor

tilS'or.rrnce 
of a commutating diode would prevent this danger, as thyristor z3

would have been tumed off at the end of the previous half-cycle. Misfiring would

have mereiy resulted in the absence of one output voltage period'

?l rc* El-f.t=rFtl-t$a^a

Example 2-15

A thtee-phase
Determine the

current is levei

T h y r i s t o r f 1  
' o n ' I

Diode D2'on'

Thyr is tor  f -q 'on

Diode D4'on '

half-wave rectifier as shown

mean load voltage and the

at 25 A. Assume each diode

in Fig. 2-l2hasa supply of 150V/phase'

required diode rating, assuming the load

has a volt-droP of 0.7 V'

't /'t

soLUTIoN From Eq. (2-9) ,  V^"u, : tX l5G' /2 -0 '7:174'7 Y'

I i0"

L o a r J  l =  
, ' , .  

, , ' " ,  ^  
, " ,

lJr,"e. L, V 
'V- 

" 
\,' lL

r l r i

- ,  
]

r l ' l

- ? i
l '
l--lhYristor fr fails to fire i

\
\
I

i
Figure 2-32
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-{ t&ree-phase half-wave rectifier circuit is fed from an interconnected star trans-i*frT*r {s}rown in Fig' 2'13)- If the load (highly inductive) is 200 v at 30 A, specify:i:e transformer, given the a.c. supply to be 415 v and each diode to have a volt-;*p of 0.7 V.

SOLUfION Using Eq.(2-g) to find the secondary voltage,

tfil : sJ3 v
2n-  

,  ̂ *  -  0 .7 .  g i v ing

l* ,  :  171.6 V.
This voltage is the phasor addition of two windings equal in voltage magnitude
ciisplaced 60o; voltage of each secl 

. 171 .6
' lon _ 

2 *,  30' 
:  99'1 v'

For a star-connected prim ary, the winding voltage - 4r5lf3 : 239.6 v.

,?)j:H]'l*"otng 
cairies a block or:oa to, a one-third cycle givingl,-, :

The 30 A is reflected in e primary to be 30(99.11239.6): 12.4 A and, re-ferring to Fig. Z-13b, the

1r*, :

Secondary rating - 6 x99.1
kimary rating: 3 x 239.6 x

a

to
rfi current value is

) ' ' '  
- ro . r  A

ry winding r.m.s.
. 4 2 + 1 2 . 4 2 + a z

o t h
imar

1 1 2 .
f _

I

Erample 2-17

A three-phase half-wave controlled rectifier has a supply of 150 v/phase. Deter-:rqe the mean load voltage for firing delay angres of b6,io;, odi and 90o, assum-ng a thyristor volt-drop of 1.5 v and continuou, load current.

3\/3
; 

15W2 cos a - 1.5, giving these values:

30o 60o 90o
1 5 0 . 4 V  8 6 . 2 V  0 v

SO LUIION From Eq.(2-l1), Vo,u'n, :

a 0 "
vrrw, L73.9 v

x  17 .3 :  10 .3  kVA.
10.1 :  7.3 kVA.

:  1 0 . 1  A .

half-wave controlled rectifier is modi-
the load, plot a curve of mean load

Erample Z-18

Ii the circuit of Fig. Z-lh for the three-phase
:.ed by placing a commutating diode across

a

a,
*r
,
f
i
t
t
I
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Figure 2-33

voltage against firing delay angle. Take the supply to be l00v/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,

v  - -  
I  

i ' : : . - 1 0 c , / 2 s i n r  d o  w h e n 0 t 3 o omean 2n 13 I x

but for firing delay angles below 30o, 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'

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. Z-tS), (ii) fork connection (Fig. 2'16)' Assume level load

current, a diode uoidrop of 0.7 V, and that the transformer primary is delta'

connected. fed from a 415 V suPPlY.

20 40

l ) n

t 100

3 8 0

! 6 0
-

E 4 0
c)

z-
20

r2010080

0 :  t r ;  t

With commutating diode

Figure 2-34

Firing delay angle a (degrees)

140 160
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F\3Ee 2-35 {a) himary winding current, simple star second ary. (b) Inner winding current in
f,ork recodarl.. (c) Primary winding current, fork secondary.

SOLUTION Using Eq. (2-12), V^"o, -0.7, giving the r.m.s. voltage/

eease as 30.14 V.
Reierring to Fig. 2-15, and Eq .(2-13) for the dioderat ing, P.R.V. :2 x 30.1+,r/Z:
!o \'. /-r" : 501\/6 : 20.4 A.
fo determine the transformer
3e known. Figure 2-35 shows
utgoing phase currents.
iii Rlt.S. secondary current : 50lt/6 :20.4 A
hisrafv/secondary voltage : 41 5 130.14
Iegfiude of primary current : 50(30 .141415) : 3 .63 A
BJS. value of primary current - 5.63 |/3 : 2.1 A
Secsndary rating : 6 x 30.14 x 20.4 : 3.69 kVA
ftfuary rating : 3 x 415 x 2.7 : 2.61 kVA

30.t4tA; R$.S. voltage of each section : :  17.40 V
2 cos 30o

J r /- - v ' m a x
TI

ratings, the current waveforms in the sections must
the various waveforms which can be derived from the

R-lf S. current in outer winding section :20.4 A
n*U.S. current in inner winding section - 501J3 :2g.9 A
t@nitude of primary current : 50(17 .41415) : 2.1 A

nJils. value of primary current - (z't'1 ! z't2 
) 

t" 
: r.7 r A

\ 3 1
Smondary rating - (6 x 17.4 x2A.q + (3 x 17.4 x2g.g):3.64kVA
kimary rating - 3 x 415 x l.7l :2.13 kVA

Example 2-20

Using the same data as for Example2-19, determine diode, transformer andinter,
phase transformer specifications using the double-star connection shown in Fig. 2-17 .

SOLUTIoN Using Eq. (2-Iq, rm.s. voltage/phase - @0.+r!'22n :34.8V. Re-
3\/3\/2



r.'rr[lE to r lg' z- | | ' eacn Cllcde ciilTles >VjZ : 15 .{ ioi a me-*rird rycle- i:ec;e diode
rat ings are:  P.R.V.-  2x34.NZ:gg V, /* ,  _ ?5n13: 14.4 A.
Transformer rating;
R.M.S. secondary current : 14.4 A
Primary/secondary current : 4lS 134.8
Magnitude of primary current:25(34.81415) : 2.1 A

R.M.s. varue of pr imary current :  (z ' t2 lz ' t '?\ 
r /2 

:  1.7 |  A
\ 3 )

Secondary  ra t i ng :6  x  34 .8  x  74 .4 :3 .01  kVA
Pr imary ra t ing:  3  x  4 lS x  I .7 l  =  2 .13 kVA
Interphase transformer rating: The voltage rating is a function of the total flux
change 6@ which from u -- dQldt gives 6Q: I a dt, the area under the voltage-time
curve.
As transformers are norrnally rated to sinewaves, comparison of the area under the
curye of up (Fig. 2-17b) to a sinewave will yield an r.m.s value for rating (size)
pu{poses; zrp is the first 30" of the voltage between two phase voltages 60d aparf,
that is, aR :34.8\/2 sin c.r/.
Area undet up ctJrve for the first quarter cycle

rnle: 
lo 34.8\/2 sin c,:/ dc.,tt - 6.593 units

Area under sine curye of r.m.s. value V

,-n/o
_ 

J, JZV sin 3c^-:/ dutt : O.47TZunits,

6.593: 0.472V, giving V: 13.98 volts.
The current rating - (l 12) x load current : 5012 = 25 A.
Interphase transformer rating : 13.9g x 25 - 350 VA.

f"oittg to Filg. 2-17, eachdiode carries 50i2 :5.{

Example 2-21

A double-star fully-controlled rectifier is supplied
ary voltage of 200 V/phase. Determine the load
0o, 30o, 45o, and 90o, assuming continuous load
mean load voltage if the interphase transformer
volt-drops.
Determine
what rating

by a transformer having a second-
voltage with firing delay angles of
current. Determine the maximum
failed to excite. Neglect thyristor

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

SOLUTION using Eq. (z-14 times cos a for the controlled case.
?" /Z

V^"u, -fZOOrr/2 cos a, giving these values:
zTl

300
203 V

45"
1 6 5  V

d

,l*
2a. 0o

vrrtu, 234 V
900
O V
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g: the [*ad curreet is ins4Iffrci€8t to exsitc fu icterphasa traflsformer' then ihe

rsrcstk operatss as the sirnpb six-phase cfucxtit of Fig' 2-15' Maximum mean load

ru&t*ge occurs at z€ro firing delay an$e, gving

v : J- L'1o" zoov2sino do : 270Y.
mea.n(max) 2nfg loo"

F*{lon'ing the reasoning developed in Example 2-20 for the equivalent r'm's' volt'

rsr |" across the interphase transformer, the area under the ap curve of Fig' 2-19c

:cr the first quarter cYcle is

P7r/2

| :OOV2 sin ost dc'st : 141.4 units
-tT/3

Srne*'ave area _ 0.4722 units. hence V : I4l  .410.472 :300 volts '

Rating : 300(40 12) = 6 kVA.

U rhe circuit were uncontrolled, the r.m.s. voltage is 80.4 V, giving the rating as

SA.44ol2) : 1.61 kVA'

Erample 2-22

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

rectifier.

S0LUTION Figure 2-36 dettnes the general waveform where p is the pulse-number

of the output. The angles are defined relative to the peak of the voltage wavefonn'

From the waveform,

Figure 2-36

f - p

4  + s
n

I

+ { + ep

1 t / n
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Example 2-23

Determine the r.m.s. value of a level current l that flows

then the

t .*F*o-  l -  V - ^ - c o s 9 d 0t l tI 
"rlrYlltlP ''-F*g

'n!o f in (1 + a) - sin (-; . ']
Z n l ' p P

Pv^^ *  f r i n l cose*cos l r i n  '  
'  r \

2 n  L  p  
-  

p  
r - s i n \ - ; /  c o s e

Pv^* sin l  coso
T t p

1  - \  I
* cos 

l-;) """-|

for I lp of each cYcle.

current in one interval is i.SCI-UTION Divide the cy'cle into p intervals,

and zero in the other intervals.
The sum of the squares for each interval : /2

Mean value of the sum of the squar es : 12 lp
l 1 2 \ r r 2

The r.m.s. value of the current :  l -  |  
-

\ D  I

I
I

\/p

Example 2-24

A three-phase bridge rect i f ier suppl ies a d.c. load of 300V,60A from a 415 V'

3-phase, a.c. supply *u 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 /"

?' "  - ("  xO.7),  g iv ing Z1ins1mru<):315.6 V, giv ing an r 'm's '  phase vol tage-  /hnqma*) -  (z

of  31s.61(J3 xJ2) :  t28.9Y
Diode rating: P.R.V. - Ztirr"(*axl : 315

Secondary phase current r'm.s. value :

Transformer rating: 3 x 128.9 x 49 :

The primary and secondary ratings are

V;1 , * ,  -  6OlJ3 :34 .6  A

602 + 602

.6

t
18.9 kVA
the same, because each winding current has

the same waveform.
Tums ratio primary/secondary - 4I5ll28 '9

Primary phase r.m.s. current :49(128.91415) - 15'2 A

Example 2-25

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

\ rrz

)  
: 4 e  A
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Frywe 2-37

:20 V. Assuming continuous load current
mine the mean load voltage at firing delay
Plot the waveforrn of the thyristor voltage

SOLUTION Using Eq. (2-16), V^.*,

values;

Phase A r, 'o l tage

: -  Thyr is to r  vo l tage.  anode '
r e l a t i v e  t o  c a t h o d e

and a thyristor volt-drop of 1.5 V, deter-
angles of  0o,  30o,  45o,  60o.  and 90o.
at a f i r ing delay angle of 75o.

I

:  : -22N2 cos a -  (2  x  1 .5) ,  g iv ing these
7l

0 0" 30" 45" 60" 90o
v ^ * ,  2 9 4 V  2 5 4 V  2 0 7 V  1 4 6 V  0 V

Referring to Fig. 2-22, the voltage across (say) thynstor 71 is the differenoe 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-controlied 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,. \ine-current wavetotm at a fi,ring de\ay ang\e of 90" .
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Figure 2-38

SoLLiTIo\ 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.
Reierr ing to the load-vol tage waveforms in Fig.2-22, up to o:60o the vol tage is
alwal"s positive and Eq. (2-16) applies. Above a : 60o the load voltase loses its
negative component, so the mean load voltage is given by

L.rEO"
v^"* ,  :  

,n16J*" *o2oN2s ino  do

being zero at a: 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
o:90o to those shown in Fig. 2-3g,drawn to the references as given in Fig. 2-22a.
Note that the current waveforms while being further removed from a sinewave are
stii l 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 loadvoltage to firingdelay angle.
and sketch the load-voltage waveform at f i r ing delay angles of 0o,30o,60o,90",
120", and 150'. Neglect thyristor and diode volt-drops.

SOLUTION Using Eq. (2-17),

v^.u, - ]o$J2(L * cos a)
zTl

the values of which are shown plotted in Fig. 240.
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The waveforms of the load voltage are shown in Fig. 241. These waveforms may be
most easily constructed by allowing the vertical l ine 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.

t 500
.J

3. 4oo

! 300

; 2oo
(,)

I L}U

0 3 0 6 0

Fi r ing  de lay

Figure 240

90 i20 150 180

angle I (degrees)

600
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a :  0 "

i t :  60o

a : 3 0 0

a :  9 0 0

: :  1 5 0 'a :  1 2 0 0

Figure 241

SOLUTION Taking the waveform to have a peak

rectifier the minimum v.alue of the waveform will

with a - 0).

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

therefore at one quarter voltage we have I 
: 

H## 
, giving o - l20o '

The sketch in Fig. 241 shows that at Q. : 120o the commutating diode will conduct

for 60" every t1O', lAuring the zero voltage periods); therefore r 'm's'  current in

l z o 2 + 0 2 \ 1 / 2
d i o d e :  t - l  

:  1 4 . 1 4  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 '

value of V, then for a P-Pulse
T

be V cos a (see ExamPle 2'22
p

TT
peak-to-peak value - V - Z cos ) and from Example 2-22, V^"^

pV Tr
sln -

7 T p



Lxample 2-30

F ,

F
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a
F
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F-

?

; .

a ; . - ; ; ; ' r  : \ C  G F r - L  i f S  t 9

ifut"* ;eiauce ;ia;Je{itsEe t'sll}c are:

fufue-numher
i r.i:rrle

I
t 5 ? " 1

J

60.46
6

14 .03
l 2

3 .447
24

0 . 8 5 8

-t ,jc. ioad of 2mO V. 300 A is to be supplied by a twelve-puise bridge rectifier.

ilererrnine the required thyristor (or diode) ratings and transformer secondary

wdreges for both the series and parallel connections. Neglect thyristor or diode

dtdrops.

SOLUION The series connection is shown in Fig. 2-25b.

!4€an voltage of each b ridge : 200012 : 1000 V.

Fach bridge has a six-pulse characteristic, hence Eq.(2'15) applies, giving a maxr-

murn line voltage of IM1 V.
Each thyristor (or diode) carries the total load current for one third cycle.

Thy'r istor (or diode) rat ings are: P.R'V .:  1047 V, 1' ,o, :3001J3 : 173 A'

The star secondary winding r.m.s. voltage : 1047 l(Jl x Jz) : 428Y .

The delta secondary winding r.m.s. voltage - rc47 l \ /2:740Y '

The parallel connection is shown in Fig.2-25c. Compared to the series connection,

r-oltages are doubled but currents halved. Hence thyristor (or diode) ratings are

:Ag4 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

rwelve-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 : 1.5160 : 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 : LMo'

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' 2-2l,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, Uy nnOing the difference between two stepped phase currents 120o

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 V:, hence lpnmary =

r  t  .  l c r  ^ i . r i nc  t ho  c fpnnpd  r vnve  shown  i n  F i s^  2 -42 .
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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-puise output. stttth the waveform of the a'c' l ine current

i . , a n d d e t e r m i n e t h e r e q u i r e d d i o d e a n d t r a n s f o r m e r s p e c i f i c a t i o n s ' i f t h e l o a d i s

1"

Figwe 243 Three'phase high-voltage bridge connection'
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fqr" 244

ffi A ar 300 V- fusunre a diode volt-drop of 0.7 V and level load current.
Cmlpare this circuit to the normal three-phase bridge.

soLL:TIoir{ The output voltage is the addition of three two-pulse voltages dis-
S&Ed so as to give a six-pulse output. The mean voltage of ,ach separate bridge is
w third of the mean load voltaee.

Lea In: r .m.s.

i_ _ 300
-*lE+ 

3

voltage of supply to each bridge, then
,)

r l  / 1  / 1-  -  y v J - t i
n

x 0 . 7 )

lr*a;h m'o-pulse bridge. giving V : 112.6 volts.
F-* diode conducts the complete load current for one half cycle as shown in Fie.
:.{.*. The figure also shows the input line current ir.
gtf f id€ rat ing: P.R.V. :  JZV: 159 volts, lr_r:  6OIJZ:42.4 A.
Tmdbrmer rating : 3 x 112.6 x 60 : 20.3 kVA.
Ccelparison with the normal three-phase bridge can be examined by looking at
Exnn,ple 2-24, as the load specification is the same.
TL,s P-R-V. is halved, but the current rating is higher for each diode by a factor of
: : : .

Tk total transformer rating (size) is greater. The input current waveform is the
s:?€' but a third-harmonic component does circulate in the transformer primary.
Tbe voltdrop is higher, as at all times six diodes are conducting in series.
h conclusion, this circuit would only be used for high-voltale loads, because the
aeak reverse-voltage rating of each diode is less than for the normal bridee circuit.



CHATTER

THREE
CONVERTER OPERATION

In Chapt er 2, the basic characteristics of the common rectifying circuits were

introduced, ignoring the effect of ' the a.c. supply impedance and concentrat ing

only on the characteristics of the circuits as rectifiers. ln this chapter, the analysis

of those circuits will be widened to include the effect of the suppiy impedance, the

power factor of the current drawn from the supply, and extend the study to reverse

power flow.
The word rectification tmpls,es 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

c i rcu i t , thewordSrect i . t ' ie randinver terbe ingreta inedwhentheconver teroperates
in those particular modes.

3-I OVERLAP

In Chapte r 2, the assumption was made that the transfer or commutation of the

current from one diod. lo, 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

Thevenin 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 rvith 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 3-1a shows the three-phase supply to be three voltages, each in series with an

inductance l. Reference to the *uu*fot*s in Fig.3-1b showsthat at commutation

there is an angurar period 7 during which both the outgoing diode and incoming
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Period of overlaP

(b )

Fryu1.e 3-l Overlap in the three-phase half-wave rectifier. (a) Circuit reference. (b) Waveforms.

diode are conducting. This period is known as the overlop period, and T is defined

es the commutotion 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 voitage is the mean of the two conducting phases, the effect of overlap

being to reduce the mean level.
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9* pwrn fr rfr*otircs

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

Figure 3-2 Conditions during the overlap period.

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 i can be con-

sidered to flow in the closed path formedbythe two conductingdiodes DlandD,

as shown in Fig. 3-2.Ignoring the diode volt-drops,

0 z - a r :  L d i l d t + L d i l d t

The voltaEe az- zr1 is the difference between the two phases, having a TPro value at

t: 0, the time at which commutation commences. The voltage difference between

two phases is the line voltoge having a maximum value J3V^^* where Z-"" is of

the phase voltage.
Using Eq. (3- l) ,

J3V^^*sin c,.rf - 2L

(3-1 )

di

dt

/-, t r

di : Y! tllaT 
t in at dt

2L
4

'a  
aa

i !

=
-t --

Integrating both sides,

,:{y( ry)..
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Tbe CIr-erlap is cornplete
Ahm t-l -.f. the supply'

V3 l L"*,,r  -  
f f l l  

- c o s o t )

when i : I r. at which instant

source reactance. Hence,

r, : !]!t-(1 _ cos 7)t L  
2 x

J:*E-*.:Za Cen-+;siF f5
if

(3-2)

e)t  :7,  the over lap angle.

(3-3)

(34)
2t Lx

c o s 7  :  1  -
J3Vrn^*

ffime negfects overlap, that is, let 7 - 0, then Eq. (3-5) is identical to Eq. (2-9).

An alternative approach to analysing the effect of the supply inductance is to

msider the relationship of the inductor voltage to its current as the current rises

ewmrl zero to the load value (or collapses from the load value to zero).

:  l a a r
fufure

a
, r  -  t . , ) t  -  V O l t - S e C O n d SL I  I  u u t

E&ere / is the change in current and Ja dt is the area under a curve representing the

iastantaneous voltage across the inductance during overlap. Therefore, if the mean

V;:"v^^*sn 
g cto. f v^^*si" ; r", o ro]

L d i l d t :  ? , h e n c r i t a t

(3-s )

(3-6)

a -

'

Frm Eq. (3-2), the current change in the diodes during overlap is cosinusoidal, as

It is worth noting that for commutation involving two phases of a three-phase

Strup, conditions during overlap are as a line-line short-circuit fault. As the positive

rud negative phase sequence reactance values of a transformer are equal, then the

ccqcar,nutating reactance value is the normal short-circuit reactance.
To determine the mean voltage of the waveform shown in Fig.3-Ia, one can

wur calculus to find the area under the two sections of the curve, one based on the

mg*w-e shape after overlap is cornplete and the other during overlap. During

uglmgfue- the load voltage is the mean between two sinewaves, that is, the shape is

idamqEeedat. but if we consider the curve as a cosine wave, then the integration limits

'ffi be 0 to 7 on a cosine wave of peak value Vrnu* ,in|,giving
o

I
T,/Tmean - 

^ t-
zTt lJ

:? IP( r  +cosy)



'  I  r t=57t l6u)

v^.,n : ;*LJr=",u- 
v*^*sin.,r dt

From Eq. (3-3) we can substitute for I a' giving

lta ld}rFEn. Fr tl-r l(Ltr-3

I

.ralue of the lmd voltage

take account of overlaP.

Therefore

which yields

V *'  max

v L

1.

is formd via terrff

For example, using the waveform in Fig'

I //mean -
2r 2 n  x 2 X

in rnolt*mnds. we ":za 
srbrra.a fJ1 to

3 . 1 ,

J V J l m a x

7n
- r , ' ) - - - 1 -  1 1 ,

2n

(3-7)

3J3vo,^* 3aL x t/3v^^* - cos ^y) :31#(l + 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.3-14 using thyristors), where it can be seen that

with a firing delay angle a a finite voltage is present from the start of commutation'

Using Eq. (3-1 ),  a,_at:J3V^u*sin(c^lr* o),  where /  is the t ime from the start

o f  commutat ion.  when i  :  0 '

t/3V^u*sin(c^,r/ * o) : 2L dildt

;  - J3v^u*[cos o - cos(c^rr + o)]' 
2aL

overlap being complete when i : I r and <'st : 7'

/ 1 r /

l ,  :  Y t t 'qg l fcos  a  -  cos( r  +  a ) ]
2aL

(33)

(3-e)

Compared to the uncontrolled case (o : 0), the overlap angle 7 wiil be shorter

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

Voltage dr iv ing
current change

?a
- - t

-:1 :
:a

U :  ( t ) /

I

, J

Figure 3'3 Overlap in a controlled 3-pulse rectifier'
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F3rre 3{ Typical load-voltage waveforms shou'ing overlap (.a) 2-pulse uncontrolled. (b\ 2-
plse controlled. (c) 6-pulse uncontrolled. (d) 6-pulse controlled.

ffin load voltage is given by

' m e a n
. / T r l 1

l a } '

f  t ,  ^

f I:_._:, z-." sin 0 d0 + -l:.t v^u*sin l cos
l ' a + c + f  

' u  b

: t l f f i [ cosc*cos(a+r ) ] (3 -10)

The effect of overlap is present in all rectifiers and Fig. 34 shows typical wave-
i*{ms with pulse-numbers other than that discussed in detail above. The location of
&e *rarrcform during overlap is at a position midway between the outgoing and
issofidng voltages. With the 2-pulse waveform, the ioad voltage is zero during the
orerlap period.

Circuits with a commutating diode across the load will experience the overlap
cffect in so far as time is required to transfer the load current away from the supply
rcd into the diode. Typically, the condition can be represented at overlap by the
ircuit shown in Fig. 3-5. When the supply voltage ? reverses, that is, to the
ci-rection shown in Fig. 3-5, then a circulating current i will be set up in the closed
pth formed with the diode. Commutation is complete when i equals the load
anrrent I y. Ttre load will not influence the commutating conditions if 11 is assumed
to remain at a constant level.



Figure 3_5 Circuit conditions at overlap when the load current is being transferred to the com-

mutating diode.

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, ?' : L dildt' where

0: V,n^*Sin . , ' ,  and i :0 at t :o,start ing from the instant when the load voltage

attempts to reverse;hence we have the equations

, : Yffr - cos @r)

I t  :  
# , - c o s 7 )

The neglect of the device volt-drops couid lead to considerable errors, particuiariy

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  condit ions which apply bu1, unl ike those relat ing to Fig'  3-5'  the voltage i :

this time will be above zero at the instant of thyristor firing,hence givinga 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, ourrluf .*..tJt Oo' in a 6-pulse connection' Conditions when this

happens must be anaiysed with reference to the particular connection being used'

[n 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'

!!t rorsn rEcr*o45rcs

Figure 3{ Circuit conditions at overlap when

the commutating diode'

(3-1 r )

(3 -12)

the load current is being transferred away from



(3-r 3)

fo. rke usual a.c- system where the current is sinusoidal, the power factor is the
sffifule of the angle between current and voltage. The rectifier circuit, however,

"&cn: non*inusoidal current from the a.c. system, hence the power factor cannot
be &tined simply as the cosine of the displacement angle.

Impection of the waveforms of the various controlled rectifiers in Chapter 2
deCIqs that firing delay has the effect of delaying the supply current relative to its
phase voltage. The current does contain harmonic components which result in its
srerali r.m.s. value being higher than the r.m.s. value of its findamental component,
&sretore the power factor is less than that calculated fiom the cosine of its dis-

@cernent angle.
Normally, the supply phase voltage can be taken as being sinusoidal, hence

&Bre will be no power associated with the harmonic current, which therefore
reslrtts in

power : Zrir-r)/r(rms)cos @r

i: POI+ER FACTO*.

&t pgeer tactw of a load fd frEyrn &.n a-c"

power lactor -

s$ppty is def-ined as

mean power

4r.rr/r*.

cos @1 : input displacement factor.

J 5-rEil:-i :=- F**"-=:l 9*

(3-r4)

(3-1 s  )

(3- i  6)

(3-17)

*&ere the suffix I relates to the fundamental component of the current, @r being
&e phase angle between the voltage and the fimdamental component of the current.

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

ntrere

and

I

power factor cos @,
1r - ,

Irl(rms) : input distortion factor
/r_,

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

The power factoi will always be less than unity when there are harmonic
components in the suppiy current, even when the current is in phase witli 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/.Up to a delay of 90'the converter
is rectifying, but at 90"the voltage is as much negative as positive, resulting in a
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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". (a) 3-pulse connection with a d.c. machine as the load. (b) Rectifying,

small firing delay angle. (c) Rectifying, but instantaneous voltage partly negative. (d) Filing

delay - g0o , V,,'o,r is zero. (e) Inverting, Vr.rw, is negative. (/) Inverting, approaching limit

as p + 0. Cg) Inverting waveform including overlap effect.
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sErc ffi slte- FrErtfu-rr 'J.elxv be1-ond ffi= eiii resu.lt kr the E?r€tbrm haring an
rceS aegeriw ffiees eaiue. untfr. as e approaches 180". the *ayeform shape is
sv,ss#'nlr ro chaE ar {r_0" except it is rerersed. To construct these waveforms, let the
w's&ceE lise at the instants of commutation move to the right as the fi.ing delay is
cremied-

TbB cfucuit connection of Fig. 3-7a shows a d.c. machine as the load element,
wren ar$ as a motor ivhile tl ie converter is rectifying. However, once the load
mergE tr rel€rses. the d.c. machine acts as a generator, and the converter is now
sl6d tn be operating in the inverting mode. The current direction cannot reverse, as
g m c{rc$irained by" the thy''ristor direction. hence, if the machine runs in the same
&m;Uwxl of rotation. it can onliz generate by having its armature or field con-
mi.ei*s rewrsed.

The reversal of the direct voltage means that current is flowing in each phase
xrecff tfie phase voltage is negative. that is, power is being fed back into the a.c.
rymsco frorn the d.c. generator.

ls order for the thyristors to commute, the converter must be connected to a
Ies a-c- synchronous system, such as the public supply, so that the a.c. voltages
w af a defined waveform. The energy fed back into the a.c. system will be
Shilrry$sd by the many other loads on the system.

h x only possible to colrlmutate current from (say) thyristor T1 to thyristor
& ffic the instantaneous voltage of phase 2 is higher than phase 1 (that is, while
3L fo fuss n€gative than a1). At a: 180o. uz: ut and the relative voltage between
dins mta phases after this reverses, nraking commutation impossible, hence o : 180'
u &E trfunit of operation. When in the invertrng mode, it is more usual to designate
fu SrMg position as firing advance angle B as shown in Fig. 3-7e and, f,the relation-
@ betnwn p and a being

P  :  1 8 0 " - a

:,:-''
: .
ji+r::

:

:
-:.- -.- -
=*-

a -  - - . 1

( 3 - 1 8  )

(3-re)

&m r,rnr;t of 180" and the relation between p and o apply whatever the pulse.
anmfurr of the converter.

[s deriving the waveforms of Fig. 3-7b to l-, the effect of overlap has been
q[ ffid- so ils to simplify the explanation. In Fig. 3-7g the overlap is shown, the
& being to delay the commutation, the waveform having a voltage midway
ftameen the incoming and outgoing voltages. If the commutation is not complete
hCwe the two commutating phases reach equal voltage values, then transfer of
'fiMrmt is impossible as the load (generator) current will revert to the outgoing
@mmor. Therefore, the overlap angle 7 must be less than the angle of firing
fure fl. In practice, p can never be reduced to zero. In Fig. 3-7 g, an angle

6  :  0 - 7
u sfuo*n where 6 represents as an angle the time available to the outgoing thyristor
um regain its blocking state after commutation. 6 is known as the recovery or
s.rturtion 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
#r control, a firing pulse is delivered to the thyristor early enough to ensure



rgg ictrfe ti-"EcEx.ax3c

complete cornmutation. For example, at tsay) S:20-, a liring ten<i-stcp, puls€

will always be delivered to the thyristor gate.
A more detailed study of converter operation in the inverting rnode 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 shorvn
in Fig. 3-8a 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.

The generator voltage waveform in Fig. 3-8b now becomes the inverse of thai

shown in Fig. 3-Tgbecause of the reversal of the frame of reference voltages. It can
now be seen that the angle of firing advance p is an angle in advance of the com-
mutation limit, a similar reasoning to the delay meaning in the rectifier case.
Because the frame of reference has been reversed, it needs to be emphasized that

inversion will take place only if the firing delay angle a is extended beyond 90":
one must not be misled from Fig. 3-8b into a belief that a movement of the firing
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 Eqs. (3-5) and (3-10), hence gving

.

!
n

-t
d
"*

I

{

J

{
I,.t

t

ag

r.5
3

{
a-a

5
a

ado)r /  I
/mean ^ , .

J I T I  \
- , t  t J

3 J 3 v ^ o r  A ,  l n  - \ r:  lcos p _r cos(F _ 7 ) l
4n

The generator voltage wili be higher than Z*""r' by
Assuming continuous-level direct current in

1 - A + l
+ l

l ^l F u
l r f , - 0 * t

V^u*sin 0 d0
fr

/*"* sin ; coS
o

(3-20r

the thyristor volt-drop.

thyristor currents are as shown in Fig. 3-8b. It can
in advance of their respective phase voitages, hence

the a.c. system at a leading power factor.

the generator, the individr:a-
be seen that these currents Ec

the power is being fed back:m* .

The thyristor voltage waveform in Fig. 3-8b shows that the an

voltage is reversed for only the short time represented by 6, which pwn' dm

off time available to the thyristor to regain its blocking state. The axtM

demonstrate that the anode voltage is positive with respect to the ca*tm&

of its off-time.

34 REGULATION

The term regulation is used to describe the characteristic of equiffi,
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Figrne 3'9 Equivalent circuit of a loaded rectifier'

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

with load relative to the no-load or open-circuit condition.

There are three main sources contributing to loss of output voltage:

l. The voltage drop across the diodes and/or thyristors.

2. The resistance of the a.c. supply source and conductors.

3. The a.c. supply source inductance'

drops can be replesented respectively by the three resi*isThese three voltage
Rr,  R2 and R3 in  the
by Vo and the actual

equivalent circuit of Fig. 3-9. The opencircuit voltage is gr

load voltage by vL. If the load current 11 is taken to be lsrEL

current, then any voltage drop can only be representec TTthat is, a pure direct
resistors.

The voltage drop across the thyristors and diodes can in the first instancE :rr

taken as a constant value, or secondly can more accurately be representei:3 a

smaller constant volt-drop (unction potential) plus a resistance value for the fur;:ir ffi

the silicon. In circuits containing a mixture of thyristors and diodes, the rotri'auryr

and equivalent resistance attributed to this cause may depend on the deg:ee nf

firing delay.
The resistance of the leads and a.c. source resistance can be considered co@

in most cases. If (say) throughout a cycie the current is always flowing in rrni' d"

the supply phases, then the resistance per phase can be doubled and added w SUr

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 @t

and was calculated for the three-pulse uncontrolled circuitin Eq. (3'7). If rlae:e@r'

controlled case is considered, then the limits in the integral will be

giving
J /
z mean

3 V3 Z*o 
,o,

2n

Examination of Eq. (3-21) shows that, independent of whether the

controlled or not, the load voltage is reduced by (3aLl2n)17 for the

(#.:) ,"(*.:) ,

o - t -  r r ,
2n

output, hence this voltage can be represented in the equivalent circuit o; @l
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&b .o*'c M mr sapes€sr an!' F*€r locs- but rnerel-v repr*a'lts the voltage drop

@ gs oe6bp-
The rottage drop dr.le to overlap is changed to a higher value if overlap con-

@ llgto rhe periCIj of the next commutation. simple overlap is known as a

mr*.Sr tr condition, whilst overlap involving three elements is known as a mode 2

a,mattti*q:- The paper b}" Jones. v. H' (see Bibliography) analyses in detail these

.Srw*itifrnE-

tn th.e inverting mode, the voltage drop due to overlap can be determined for

we 3gdse **."tion in a rike manner to the method used for deriving Eqs '(3-1)

** ij-:t). and with reference to Fig' 3-8b gives

a

I
f,r
/ m e a n  -  

1 * 1 2 . , .
L l l  I  J \ J J

: t lpcosp n#t "

.}5 EQUATIONS FOR p-PULSE CONVERTER

A general expression for the mean load voltage of a

*t ifio, including the effects of the overlap angle 7' cil

qn€e to Fig. 3-10, *htt. the mean voltage is given by

v^-^^:  +[ io."  , -do+i]* ' r^^,.mean 
2nlp l l i .r.r lz*o 

cos

:  o+["" (;. ") 
- sin 

[-;_',.

* cos l sln (a
p

v*.un = 
rysin 

1[cos c * cos(a + r)]

iess the device volt-droPs.
By substituting ot_ Tt - p and calling the mean voltage positive then' for the

inverting mode,

v-^ -  -  Pv-^u*r in 1[cos P + cos(g -7) ]
'mean 

2n p 
-

li|-:v^^*sin 
c'-rl at + Lr")

.o, 1 *, O,iOl

(3-22)

p-pulse fuliY-controlled
be determined bY refer-

(3-23)

(3-24)

. ,r)
7 T l

+ t ) - c o s - s t n C I l

F

Thevol tagedropduetothesuppiycommutat ingreactanceXolphasewhena
p-pulse rectifier supplies a load of ,urrrnt value I7 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

as LIL as shown in developing Eq.(3'7).  t l ten
the loss of area due to overlaP

V^""o I. '-* cos et dt

PV^^*:  - S l r
'tl

where X : aL.
This equation represents a voltage tr/e cos o. the mean open-circuit voltage.

minus a voltage drop (pX l2n)lr, , giving an equivalent circuit as shown in Fig. 3-1 i .

ignoring device and true resistance volt-drops.Vois the open-circuit  voltage at zero

firing delay angle.
The relationship between the overlap angJe 7, load current .I1, 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 (3'25), yielding

i'. 
:' , . i i
V-;?k-

t  / l '
t  

/  
' i ' t

/ t \

r l

fr
, !  |- n  I

I

I  r 0

f i l+ -  |
nr l

1T
Y r-OS -'  

I T l i l X  
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1 1

, f . fr *i l
I  l l P c ^ :  o )

- l l

1 - ln, .  l , ' -  --r- * : l_ l t y w J  
L  

p -  r ,

- ttrf

Tr  px ,
- C O S q . -  

^  l f
p /.Tl

XI r :  V^^*sin 1[cos a - cos(a + l) ]
p

(3-2s)

(3-36 i

y'o cos 1

Figure 3-l l Equivalent circuit of a p-pulse fully-controlled rectifier, allowing for the co*-

mutating reactance.
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