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31 SERIES-PARALLEL OPERATION OF SCRe

silicon-controlled rectifiers are now gy

ailable wi A
10 kV and a current rating upto 120 With a voltage rating upto

0 A, In many power-control appli-

maximum limits. Therefore, even th

singlg SCF.; of proper voltage and current ratings, the designer on many
occasions 1 forced to use.lowe.er-rated SCRs for reasons of economy and
availab{llty. -In such a situation, the: lower-rated SCRs have to be con-
nected in series and pa:rallel combinations to suit the voltage and current
requirements of the circuit for a particular application. The series and
parallel combinations are also often used when it is required to controf
power in low-voltage high-current circuits or high-voltage low-current
circuits because an SCR of suitable voltage and cufrent ratings may not
be available.

In this chapter, we will consider the problems associated with series and
parallel connections of SCRs, and discuss how these may be overcome so
that the SCRs can be utilised to the fullest advantage by improving their
string efficiency. This efficiency is defined as the ratio of the total current/
voltage rating of the whole string to the individual current/voltage rating
of the SCR, multiplied by the number of units in parallel/series in the
string, In practice, this ratio is always less than one. For achieving the
best efficiency, the characteristics of all SCRs used in the string must be the
same. Since it is impossible to get SCRs of identical characteristics, these
have to be matched as far as possible. Small deviations in characteristics
lead to unequal voltage/current distribution in the units corinected in series/
parallel. Figure 3.1a shows how voltage is shgred by two SCRs of the
same voltage rating when connected in series. Since they have to carry the
same current, the SCR with the higher blocking resistance Rp (=dV/dIp)
willshare a larger portion of the applied voltage. Smn.larly, Fig. 3.1}) shows
the dynamic characteristics of two SCRs connected in parallel, Since the
voltage drop across the two devices must be the same, the SCR Wl.th the
lower Ry (=dV|dly) will carry more current. T!]C.: un?que?l sharing of
Voltage/current can be corrected by external equalising circuits.

3.2 SERIES OPERATION

When it is“desired to increase the voltage rating of a tioned, these
SCRs have to be properly matched as far as possible. Let us f;:gc SCR.
there are some differences in the individual characteristics 0

string, the SCRscan
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(a) Series-Co

Fig, 3.1 Voltage/current sharing between SCRs.
For example, assume

hat SCR1 has a high turn-on time. Further, SCR2
has the lowest forward and reverse blocking currents, and the recovery

time ,, of SCR3 is small. Figure 3.2b shows the voltage distribution across

Q
1200V < 1.5V 15V <15V 50 V

1V
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§1.ov gmoov
2150V <1y 1.0V é §

(@) Seri Gre t 2 A 4 56 50 -
€ries connections (b) Equivalent circuit | |
Fi . . . . .
| .32 Voltage distribution in series-connected SCRs.
the string of SCRs for g

forward blocking state
ducting,

Ao

ix(diﬂ'erent situations, namely, (1) all SCRs in the
2) immediately af cor”
4y re : y after turn-on, (3) all SCRs
ditectiong )(5) ‘::’lses"gltage “pplied (all SCRs conducting in the rever®
ing state ()] scRy R3 recovered, and (6) all SCRs in the reverse bloc¥
Voltages . s recovered). For these cases, the forward and revers®
It cap al‘;phbed are taken to be 1200 v, ,
Voltage dist?it:;:‘ved t hat even though each SCR is identically rated, the
‘OR is not uniform because of some differences in
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characteristics, and that the SCR with the lowest voltage will break down,
leading to the breakdown of the whole string. Therefore, some external
compensating circuit is required to produce a uniform voltage distribution
under all conditions of operation. For conditions (3) and (4), in which all
the SCRs are conducting, a small unequal voltage drop will not affect the
performance of the series circuit, For conditions (1) and (6), when the
string is blocking the forward and reverse voltages, respectively, the voltage
distribution can be made more uniform by connecting a shunt resistor
across each SCR as shown in Fig. 3.3. This is called the static equalising

0
| %_ﬁz p Z
=

Dynamic ‘
equalising— R, D, Z Static
circuit 'SR qw—eququSI_r;g
circul
T

Py s

O

Fig. 3.3 Equalising circuits for series operation.’

circuit. The value of the shunt resistance R is given by

_nVp— Vs
R= n— D’ (3.1)

where 7 is the numbeér of SCRs in series, Vp is the voltage rating of each
SCR, Vs is the total voltage across the string,
blocking current of the SCRs at the rated voltag
reduces the effect of the different blocking res
thus produces a more uniform voltage distributi
During the turn-on and turn-off
conditions (2) and (5), respectively,
voltage and current, a s
age. Here, the capacita
age distribution, and t
shown in Fig, 3.3, to
improve the dvfdt rat

and Jy is the maximum
e. This shunt resistance
istances of the SCRs, and
on.

periods, corresponding to operating
h because of the transient nature of the
Imple resistance divider will not equalise the volt-
nice of the reverse-biased junction controls the volt-
herefore requires external shunt capacitance, as
Provide uniform voltage distribution, and also to
Ing of the device. This is called the dynamic equalis-

Mh
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triggering pulse is applied to the primary
secondary windings is connected to indivi
the string as shown in the figure, To eq

. he devices is in the blggy;
: hich any of t cking
ing the period for ¥ i1l get charged to the voltage across
1 Cd

i there will be a heavy discharge

: dc.VICes lTo limit this discharge C}lrrent, a Strfall r'esis-

{ from the capacitor 'the capacitor. Diode D, will cut off this resistor

curren L wli)l; the capacitor when forward voltage is applied
ime

. o The value of Cis obtained from
g.

(n— 1049 ke

' . um difference in the recovery charge of Fhe SCRs
s the maxi ve of 40 for various SCRs can be obtained from
r'1;1r1§ n:/athe application notes of the.fnanufacturers. The
handbooks O i on the permissible peak repetitive current t-hrough
choice oF Rc'dégenthe turn-off period, when one SCR in the string has
the S Dur;fered the shunt resistor R will provide an alternate.: .Path
completel r:z currer;t of the other SCRs to flow through. This facilitates
i(l)lrctt*lll:gérof the whole string. The derivations for Egs. (3.1) and (3.2)
are given in Example 3.5. ‘

32.1 TRIGGERING OF SERIES-CONNECTED SCRs

In spite of voltage equalising circuits, the sharing of voltage will be non-
uniform if all the SCRs are not triggered simultaneously. For proper
functioning of the series string, a gate signal of sufficient amplitude should
be applied to all the gates of the SCRs at the same time. The small differ-
ences in turn-on times are properly corrected by the dynamic equalising
circuit. Figure 3.4a shows one method of firing the string. The main

in the string.

Gating

' : £¥ 8
= :
pulse R, C j\"} d
D2
. Rg
C

@ Independent firing

| v (b) Sequential firing
Fig. 3.4 Circuits for triggering serj

€s-connected SCRs.

dof the transformer. Each of the
uulE_ll gates of respective SCRS if
alise the gate eurrent in each

y a reSiS . i i W Sec ][(l Ilg f
Ondary Wi i f
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gwamping out any difference in the gate-to-cathode impedance of indivi-
dual units. : :

Figure 3.4b shows another method of triggering the series string. Here,
only one SCR at the bottom of the string is turned on by the external gate
pulse. The discharge current of the shunt capacitor, through the SCR
which is turned on, will fire the next SCR in the string. This process
takes place rapidly, and all the SCRs are turned on in a very short time.
since the SCRs are turned on in sequence, the topmost SCR in the string
will experience an increasing forward voitage. This sequential firing of
series-connected SCRs is used for generating impulse voltages. The value
of capacitance C, when required to provide uniform voltage distribution
and also the necessary trigger current for the SCR, is given [in micro-
farads (wF)] by '

C= 10 4
~ Rg + Vorllor’
where Vgt and Igr are the maximum gate-triggering voltage and current,
respectively. The gate source resistance R, is obtained as explained in
Section 2.8. The gate source voltage is the off-state voltage across each
SCR. Because of diode D,, the potential of points ¢, d will not be the
same, The resulting circulating currents may turn on the SCRs, These
currents must be minimised by selecting appropriate equalising circuit
parameters so that the string is turned on only when a gate signal is
applied to the bottom SCR.,

Another convenient method of firing a string of SCRs employs optical
triggering. In this case, a light-activated SCR (LASCR) is connected bet-
ween the gate and capacitor C through a suitable resistance. One LASCR
is used for each stage. The LASCR is fired by photon bombardment and
capacitor C discharges through the gate and turns on the SCR. '

(3.3)

;35,3 PARALLEL OPERATION

Silicon-controlled rectifiers are connected in parallel to improve the current

rating. Due to the unequal dynamic resistance Ry of the SCRs, the shar-
Ing of current will not be equal. This problem leads to what is known as
thermal runaway. For example, if one of the SCRs in a parallel unit carries’
more current than the other members, its internal power dissipation will
be more, thereby raising the junction temperature and decreasing the
dynamic resistance of the SCR. This, in turn, will increase the current shared
by this SCR and the process becomes repetitive, the cumulative increase in
current results in permanent damage to the SCR, followed by the burning
out of other SCRs, one by one. Therefore, one important precaution to
be observed when SCRs are operated in parallel is that, as far as possible,
all units must operate at the same tein perature. This can be done by hav-
'Ig a common heat sink. Unequal sharing of current is also the result of
the inductive effect on current-carrying conductors. If three SCRs are
arranged as shown in Fig. 3.5a, the middle one will have more flux linkages
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and, therefore, more inductance. In AC circuits, the reactance drop for
the central limb will be higher, and so less current will flow through it.
The outer two parallel units carry more curFent. This uneven distributicn
of current is corrected by having a symmetrical arrangement of SCRs as
shown in Fig. 3.5b, where the SCRs are arranged in a circular configura-

tion on the same heat sink.

(@) Flat arrangement

Heat sink

(b) Symmetrical arrangement

Fig. 3.5 Configurations of SCRs for parallel operation.

In DC circuits, the difference in the value of dynamic resistance Ry is
compensated by connecting a resistor R, in series with each SCR, as
shown in Fig. 3.6a. If the two SCRs are of identical rating, then the two
external series resistors Rp; and Ry, are chosen such that the total voltage
drops are equal, that is, Ryy + Rry = Ry; + Ryo, where Ry and Ry, are
the corresponding dynamic resistances of the two devices at the rated
current Iy, If two SCRs of different forward current ratings Ir; and Irs are
to be operated in parallel, then the same resistance R, can be used for
both units to ensure proper current sharing by the SCRs. Let ¥y and V2
be the respective voltage drops 807058 the two .SCRs for forward currents
Ity and Iga. Since the units are in parallel, their anode-to-cathode voltage
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drops must be the same. Therefore,
Vit =+ Iti(Rp + Rri) = V2 + IRy + Rr). ' (3.4)

The value of R, can be calculated from Eq. (3.4). The disadvantage of this

type of compensation is that there is considerable loss of power due to
series resistance.

Gate pulse

(JL

(@) Resistance compensation

&

| I'l'l—b | ‘
l—\. 0000 r—J t
B

(b) Inductive compensation

Fig. 3.6 Equalising circuits for parallel-connected SCRs.

In AC circuits, the sharing of current can be made uniform by the
magnetic coupling of parallel paths as shown in Fig. 3.6b. If currents Ir,
and Iy, are equal, then the voltage drop in the transformer will be zero
because of the mutual cancellation of flux linkages in the coils. If for any
reason the currents are unequal, the transformer will produce an induced

voltage in the windings which will reduce the difference between Iy,
and I1.
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6 AC Power Control

6.1 PHASE CONTROL
In Chapter 2, we considered various methods for triggering SCRs. Of
these, the most efficient method for power modulation with thyristors .
uses gate control. In AC circuits, the SCR can be turned on by the gate
- at any angle « with respect to the applied voltage. This angle « is the
firing angle. Power control is obtained by varying the firing angle, and
this is known as phase control. | ' _
Figure 6.1a shows a simple half-wave circuit. The principle of phase
control for an inductive load can be explained by this circuit. Let the
SCR be fired at an angle «. The load current, Joad voltage, and supply
" yoltage waveforms are shown in Fig. 6.1b. The SCR will turn off by
natural commutation when the current becomes zero. Angle B is known
as the conduction angle. By varying the firing angle «, the RMS value of
the load voltage can be changed. The firing circuits discussed in Chapter 2
can be used to control the firing angle. Current i(t) in the circuit shown

in Fig. 6.1 is given by

0= Ty S @ e )

+ \/(Rzﬁlf ;:2L2) sin (¢ — a)e~RIL - for 0 <t < Bfw, (6.1)

where ¢ is tan~! (wL/R) and En i the amplitude of the input voltage.
The average value of the Joad current can be obtained from the equation
for i(t). The power consumed by the load decreases as angle o is increas-
ed. The reactive power input from the supply increases with the firing
- angle. The load current waveform can be improved by connecting a free-
wheeling diode D; as shown by the dashed line in Fig. 6.1a. With the
diode, SCR1 will be turned off as soon as the input voltage polarity
reverses. After that, the load current will free-wheel through the diode
and a reverse voltage will appear.across the SCR. Figure 6.1c shows the
load current and load voltage waveforms with a free-wheeling diode.
There are two modes of operation for this circuit. In the first mode,
" diode D, will be reverse-biased and SCR1 will conduct. This mode will
exist from the instant of firing tO the time when the voltage polarity

reverses. The duration is given by (7 — a)/w. The current waveform is

sin (¢ — «)

Em s Vo Em
i(t) = VR A+ w?L2) sin (wf + a — ¢) + {'\/(Rz + w?l?)

. + ’.o}e-RqL for 0 <t < (ﬂ = oc)/w, . (62)
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e SCR is fired. Let the current

where iy s the current in the load when th 7. During mode 2, SCR1 will

at the end of mode 1 [t = (= — «)fw] be

, SCRI R L. -
SN AL
| o
e:EmSinwt i ~
£ :’r‘.DI
|
. |

(@) Schematic diagram

Load voltage
(hatched portion) -

Load current i

£l \/ Y
Supply voitage

Load current and voltage waveforms

(b)

- SCR1
turns off
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(d)

Fuli-waye contro|
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18. 6.1 Phase control.

be reverse-biased and diode D; will ¢o d
[ . nduct,
ntain the curre

i(t) in thiS pe

It is assumed that the load
t.!t 1n the load circuit until the
riod is given by
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AC POWER CONTROL 67 .

i(t) = Le R/t for (m — a)jw <t < 2wfw. | (6.3)

In the steady state, the current at the end of mode 2 must be equal to i,
Comparing the load current waveforms in Figs. 6.1b and 6.1c, it will be
observed that, for the same firing angle, the load power consumption is
mere with a free-wheeling diode. The power flow from the input takes
place only during mode 1. Therefore, the ratio of reactive power flow
from the input to the total power consumed in the load is less for the
phase-control circuit with a free-wheeling diode. In other words, the
free-wheeling diode improves the input power factor. This is because the
inductive' energy of the load is dissipated in the load resistance R during -
mode 2 instead of returning to the input. '

In the half-wave circuits just discussed, the input current has a large
DC component since the current flow is unidirectional. This asymmetrical
current produces magnetic saturation in the input transformers, if any are
used. However, this problem is remedied in three-phase half-wave con-
trolled circuits by the special winding connections on the secondary side
of the input transformer. The input power factor can also be improved
by connecting the primary windings in delta.

6.2 FULL-WAVE CONTROL CIRCUIT

Fuil-wave power control is obtained by replacing SCR1 in Fig. 6.1a by a
triac or two SCRs in antiparallel. A free-wheeling diode cannot be used
for such a circuit. Symmerrical firing is used in each half-cycle. The result-
ing current waveform is shown in Fig. 6.1d. Any one of the SCRS can be
fired only after the other conducting SCR is turned off due to natural
commutation. This limits the minimum firing angle « to the impedance
angle ¢ of the load circuit at the input frequency. Phase control is also
used for obtaining a variable DC voltage. The half-wave control circuit
shown in Fig. 6.1a can be employed for this purpose, LC filters are utilised
for reducing the ripple in the output and the load is connected on the
DC side. The filter size can be reduced by using full-wave control circuits
(with polyphase input) because these circuits produce higher ripple fre-
quency in the output as compared with half-wave control circuits, There
are two basic configurations for full-wave control circuits, One configu-
ration requires an input transformer with two identical windings on the
secondary side for each phase. The two windings have a common terminal,
This is known as the midpoint configuration. Single-phase circuits require
two SCRs (M-2 connection) and three-phase circuits need six SCRs (M-6
connection) as shown in Figs. 6.2a and 6.2b. These are known also as
two-pulse and six-pulse converters. The number of pulses is equal to the
order of the lowest -harmonic in the output. Variable DC voltage is
obtained by controlling the firing angle, Hence, these circuits are also
referred to as controlled rectifiers or converters. :
The second configuration, called the bridge circuit, is shown in"Fig. 6.3.
Here, no input transformer is required. The single-phase circuit (Fig. 6.3a)
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AC supply

Three-phase
supply

Load

(b) M-6 connection
Fig. 6.2 Full-wave control circuits,
is known as the B-2 connection and the three-phase circuit (Fig. 6.3b) is

known as the B-6 connection. The numerals in these notations corres-
pond to the number of pulses in the output during one period of the input

- wave. For a given voltage rating of the SCRs, the load voltage for the

| M-? connection is one-half that for the B-2 connection. The volt-ampere
rgtmbg ;;f the transformer in Fig. 6.2a is twice that of the load. Therefore,
the bridge configuration ig preferable unless one of the terminals on the
DC side has to be groundeq, ' '

6.2.1 ANALYSIS OF A BRIDGE CIRCUIT
The single-phase circy;j : ] . , -
tance Li ; P d C;C:ll‘lt of Flg: 6.3.a IS considered for the analysis. Induc-

at an angle « in the positive half-cycle, The direction of load current 7g i
as shown in the figure. The currep; Waveforms for the two extreme values
of L4 are given in Figs. 6.4a and 6.4b. The effect of source inductance is
neglected here. It can be seen that fo, this circuit if the DC-side negative
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(a) Single-phase circuit
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(b) Three-phase circuit
Fig. 6.3 Bridge configurations.

al), SCRs 2 and 3 will

ly during the negativ'c
is

terminal is grounded (connected to the supply neutr
not fire and there will be a short-circuit on the supp
half-cycle when SCR4 is triggered. The average DC voltage €4
(Ey/7) cos a. .

In Fig. 6.4a, since the smoothing inductor is very large, Furr:litolz:a;
the steady state will be pure DC. Therefore, even when the mP(‘:lel and
polarity is reversed, the current will continue to flow throughvsangle in
2 till the other pair, SCRs 3 and 4, is fired symmetrlcall)’ alt ane < already
the negative half-cycle. Since the polarity of the %ﬂpug;st?gan 4 2, and
Teversed, the firing of SCRs 3 and 4 will reverse-bias S R it of SCR 1
turn them off, The load cucrent will then shift from ! aIs) class F 1ype
and 2 to the pair of SCRs 3 and 4. This is rcfcrredt:‘:;z “Cu
Jorced commutation (see Section 8.2), or Jine commultd
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70 AN NTRODUCTION TO THYRISTORS AND THEIR APPLICATIONS

rﬁaintain the same difection of flow in th‘e loz'id. However, the curcll'ent on
the input side will flow in the reverse direction when SCRs 3 an ;1 con-
duct, that is, the input current i, will be.a ref:tarz'gular A.C wave, i s out-
put voltage e, is shown by the hatched hne-s in Fig. 6.4a; the dashe lm.e
corresponds to the average value e of this outpu.t. vgltage. When Ly is
zero and source inductance is neglected, current iy w1.ll go to zero at the
end of every half-cycle (Fig. 6.4b). Thus, no current will flow throu gl? the
load from the end of the half-cycle to the instant when the other pair of
SCRs is fired. When Lg is small, current iy will still go to zero bcfore.the
other pair of SCRs is fired if the firing angle « is sufficiently ‘]arge. Here
also, the conducting pair of SCRs will turn off due to natural commuta-
“tion. The Joad voltage e is approximately equal to e,. An expression for
the minimum value of L4 to provide continuous current is derived in
Chapter 7. For large values of Lg4, voltage ey is steady since ig is DC,
This will be the average value of voltage e, (shown by the hatched portion
in Fig. 6.4a). The firing angle « for the SCRs can be changed from zero
to =. During this period, the potential of the incoming SCRs will be

more than that of the conducting SCRs, and proper commutation can
take place.

SCRs
3and 4 fire €,

ply voltage -

{
y
2
a
4
4
y
¥ w—
4
4
y
4

1 and 2 fire
_" o

Input current i

@ Ly infinite

(cont.).
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6.4 DUAL CONVERTERS >

As the name indicates, a dual converter consists of two converters, b
 either fully-controlled or half-controlled, connected to the same lo;:i N
purpose of a dual converter is to provide 3 reversible DC voltage tc; rIt‘llale
load. It is needed for DC motor drives where speed reversa] is requi de
Figure 6.8 shows the schematic arrangement of a dua] converter, Tge :::; .
modes of its operation are the noncirculating-current mode and the circu(z
lating-current mode. In the former, only one of the bridges is triggered. .

/]

[l
a
Three- & ¥ YN o
phase input & €o1 €02 zg —0
o— Ii i 2 —0
a4 el |
V33 L2 vi> L/2
»I> N re>
O— >
DC bus ’/
ot

Fig. 6.8 Dual converter.

When reversal of output voltage is required, the firing pulses for the con-
ducting brid ge are stopped and the second bridge is gated. Since the
conducting SCRs in the first bridge will turn off only when the current
80es to zero, a small dead time must be allowed before the second bridge
IS gated, Otherwise, the AC input will be shorted through the two bridges.
For this, ‘a current sensor is required which ensures that all the SCRs in
bridge 1 will be turned off before the firing pulses are applied to SCRs of
t@le second bridge. In the circulating-current mode, both bridges are gated
§lmultaneously, one operating in the rectifying mode and the other in the
‘iverting mode to avoid short-circuits. This scheme requires fully-control-
1ed bridges. For the polarity shown in Fig. 6.8, bridge 1 is 2 rectifier and
bridge 2, jg an inverter. The internal voltage of the rectifier is hf'ghef and
tt_hat of the inverter is lower than the output voltage. If the firing ;ng!:
t;;’; bridge 1 s «, then its internal voltage (Bv/3/m)Em CO; o« (IWI;;;; m";;e
thanp:]:k value of the input phase—to-l_leutral voltage) ldS 1:; 1‘: z] ;gde Jlightly
less th ¢ DC output voltage eg; the firing angl? for DEe If the rever-
N (7 — a) 50 that its internal voltage is lower than éa.
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sal of output voltage polarity is required, then the.(ijir mi an;glie; Zit?e two
bridges are changed simultaneously such that I?rl ge < Will operate as 3
rectifier and bridge 1 as an inverter. The polarity of the output voltage
will be the same as that of the rectifier. The internal voltage f)f .the inverter
must be close to but smaller than the DC output voltage. Th{s is .to ensure
that the circulating currents between the two bridges are fn{mml.sed. The
main advantage of the circulating current scheme is the rapidity with which
the phase reversal of the output current can be obtained. However, this
scheme will produce a continuous flow of circulating current between the
two bridges, resulting in increased power losses. A similar scheme is aiso
used for cycloconverters for AC-to-AC conversion.. This method of fre-
quency conversion and firing angle control will be explained in Chapter 7,

~ To reduce the circulating current, it is necessary to include inductance
L. (shown by the dashed lines in Fig. 6.8) in the circulating-current path,
The load is connected to the centre tap of the coil. Even though the
firing angles of the two bridges are adjusted in a manner such that their
average output voltages are almost equal, there will be a difference in the

instantaneous values of these output voltages when one of the bridges is

operating as a rectifier and the other as an inverter. For a two-pulse con-
~ verter, the output voltage e, will be

2Em' cos 3
e = T[COS o+ ( 3 oS COS &) cos 2wt

+ (s1n33°t — sin oc) sin 2wt 4, , ],

(6.8)
where En is the peak value of the AC input volta
If « and (7 — @) are the firing angles for the two converters, then the sum
of the two voltages (€01 + ¢o2) Will be twice the sine COmponent of the
gecond harmonic ?pglectmg all other higher h

ge and « is the firing angle.

armonics) which dr o
. "This current will have . rives
ciroulating Tl oo, ding average 1 Zmammum peak value when
72 and the orresponding average loa
. a —= L]

i k ci voltage and current il be
o that the maximum peak circulating current ia ...

et &
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6.6 APPLICATION TO SPEED CONTROL OF MOTORS (.~
Phase control can be

and pe e very cqnveniently used for the speed control of AC
mot motors; this is achieved by applying a variable voltage to t.he

OT. As the speed of synchronous motors does not change when the in-
Put voltage is varied, this method s useful only for commutator or induc-
tl(_)ﬂ motors. For AC motors, full-wave phase-control circuits are required.
F_lgure 6.11 shows the schematic arrangement for the speed control of
single-phase and three-phase induction motors. By varying the firing angle,
the RMS input voltage can be changed. In the case of single-phase motors,
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SCRs' connected ip anti-
otor is an inductive load

o additional starting winding is required. Two

parallel are preferred to one triac since the m

—E—

!

O 1’ )
% Yy b __’mzl < Y
o , o
Opo0
Oﬁ
_—DBb'
O— ,
Ly |
_{a) Single-phase motor (b) Three-phase motor

Fig. 6.11 Phase control of an AC motor.

For single-phase circuits, the UJT relaxation oscillator shown in Fig. 6.9
can be used. The input current waveform is shown in Fig. 6.12a. The
motor winding will experience open-circuits in every half-cycle if the angle
of conduction B is less than =. During this period, the rotor currents will
induce a voltage in the stator phase winding. The area shown by hatched
lines in Fig. 6.12a is the motor phase voltage. As the firing angle increases,
the RMS value of this voltage will decrease. The characteristics of an
induction motor with variable applied voltage are shown in Fig. 6.12b.
This method of control is very simple and economical. It provides a wide
range of speed control if the load torque increases with speed as shown by
curve 1 in Fig. 6.12b. The points indicated by circles on this curve show
the several speeds that are possible by varying the voltage. If the load
torque is constant, the speed variation is very much limited as show.n by
curve 2, Another drawback of this method of control is that the efficiency
falls off with decrease in speed. For an induction motor, the power output
s given by

mechanical power output — power input to rotor X (1 — 5);

Where S is the slip of the motor. Therefore, (6.12)

efficiency = (1 — S). pe shown that
. e s
If the Joad torque varies as a square of the speed, it o2l

duction is
t : 173, If the speed 1€
© motor takes maximum current at S = 1/3current will increase by an

Obt*{ined through phase control, then the peak ced control by stator
3ditiong) 14% [see Paice, D. A., Induction motor SP

Voltage control, JEEE Trans. (PAS), 1968, - 583}
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'AC input voltage

. Open-circuit-
induced voltage

{@) Current and voltage waveforms

el
Torque

(b) Speed- torque charucteris{ics

Fig. 6.12 Characteristics of a phage contro]]
’ olle

6.6.1 PHASE CONTROL OF THREE-PH
The schematic diagram of the phase
speed of a three-phase induction motor is gh

speed-torque character_istics and the overa] pe(r’g;l 0 Fig. 6.11b. The
those for a phase-controlled single-phase motar - Do 8T€ similar to

N Oor,
triggered in a sequence to obtain balanceq The SCRs bhave to be

phase .
angle must be the same for all the phases, Figure:uﬁrrle;;i.c Tlllle ﬁngg
* Show the

firing angles. 1t w;
current waveforms for three 8 angles. It will be op
hibits three different modes of operation. wi, served that the
motor exhi th b €0 the conduction
angle B is more than _2,,['3, ¢ number of SCRs conducting at any time
'» will be either 3 or 2. This is called the 3/2 mode. The phages get open-

d AC motor,

» ASE INDUCTION MOTORS
control cireyit for controlling the
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canned with CamScanner



L

6.7 REGULATED DC POWER SUPPLIES v

\, An mportant application of the controlled bridge circuits, discussed i
issgtllgtns 6.1 and 6.2, is for.regulated DC power sqpplies. A large serig
outpmm :nfd a shunt capacitor are psed for reducing the ripple in the
o f(;r teedbaf:k arrangement s1m11ar‘ to that shown in Fig. 6.9 can be
output Dag omlatlc ad]PStment of the firing angle of SCRs to control the
o voltage. Figure 6..15 shows a commonly-used rectifier with

uotor_mput filter. A single-phase uncontrolled full-wave rectifier

T
]‘ L
| &
AC input €o .
0 - C R

Fig. 6.15 Single-phase full-wavye rectified power supply

1s considered for the filter design. If E. is th:

. X L . 1s the effecti ‘

mput,. tht? Fourier series expansion for tlie rectified ?;ltvz: alue of the AC
form is given by put voltage wave-
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‘-/ZE,[?' — :—% cos 2wt — —i— cos 4wt — ., .].
o = T )

157 (6.13)
The ripple factor RF for the filtered output is defined as
RMS value of the harmonic voltages at the output
RF = DC voltage output :
For a single-phase full-wave bridge, we have
RF = 6(2)1112w2 Ic’ | (6.14)

where o is the frequency of the input. Harmonics of an order higher
than the second are neglected.

To maintain continuous conduction, the average direct current I3 must
be at least equal to the peak amplitude of the second harmonic current
through the inductor. If this condition is maintained by imposing a limit
on the maximum value for load resistance R, then the DC output voltage

will be approximately constant for all load currents. This criterion will
be satisfied by

Ri=at 300, (6.15)

signing the required values
max- AS the load resistance is increased
max» the load current will become discontinuous and the output
voltage will rise above the average value 2(2)!2E;/w and reach (2)!/2E,

when the load current is zero. A similar operation will take place when a
controlled bridge is used. /‘

Equations (6.14). and (6.15) can be used for de

of Land C for given RF and R
beyond R
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