SEVEN

Choppers

Many industrial applications require power from dc voltage sources. Several of these
B soplications, however, perform better in case these are fed from vgriable dc voltage sources.
¥ cvamples of such dc systems are subway cars, trolley buses, battery-operated vehicles,
pattery-charging etc.

From ac supply systems, variable dc output voltage can be obtained through the use of
prase-controlled converters (discussed in Chapter 6) or motor-generator sets. The conversicn
_o’ xed dc voltage to an adjustable dc output voltage, through the use of semiconductor

B

B d->ices. can be carried out by the use of two types of dc to dc converters given below [5].

AC Link Chopper. In the ac link chopper, dc is first converted to ac by an inverter (dc

p zc converter). AC is then stepped-up or stepped-down by a transformer which is then
® o erted back to de by a diode rectifier Fig. 7.1 (a). As the conversion is In two stages, dc o
gt and then ac to dc, ac link chopper is costly, bulky and less efficient.
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(¢) Reproduction of a power semiconductor device.

Fig. 7.1
DC Chopper. Achopper is a static device that converts fixed dc input voltage to a variable
cutput voltage directly Fig. 7.1 (b). A chopper may be thought of as dc equivalent of an ac

#ih-<7--mer since they behave in an identical manner. As choppers involve one stage
(p-=72.:on, these are more efficient

Chzopers are now being used all over the world for rapid transit systems. These are also

# & i crollev cars, marine hoists, forklift trucks and mine haulers. The future electric
“mnonilzs are likely to use choppers for their speed control and braking. Chopper systems
- smcooth control, high efficiency, fast response and regeneration,




MOSFET, GTO or force-commutated thyristor. These devices, in general, can czrea-- o i--o
by a switch SW with an arrow as shown in Fig. 7.1 (¢). When the switch is =77 -~ . -o--
can flew. When the switch Is on, current flows in the direction of arrow cnv Trs o iaes

semiconductor devices have on-state voltage drops of 0.5 V to 2.5 Vacross them =-- -- z izxe
of simplicity, this voltage drop across these devices is neglected.

As stated above, a chopper is dec equivalent to an ac transformer having «--- - SoEw
variable turns ratio. Like a transformer, a chopper can be used to step down - f1:z Lo othe
fixed dc input voltage. As step-down dc choppers are more common, a dc choprer -- TToooen
in this book would mean a step-down dc chopper unless stated otherwise.

The object of this chapter is to discuss the basic principles of chopper operz=-:- . - -n.
more common types of chopper configurations using ideal switches.

7.1. PRINCIPLE OF CHOPPER OPERATION )
A chopper is a high speed on/off semiconductor switch. It connects scursz +0 i -2

disconnects the load from source at a fast speed. In this manner, a chopped [-z- - - i02 a3
shown in Fig. 7.2 (b) is obtained from a constant dc supply of magnitude Ve ln T Tl
chopper is represented by a switch SW inside a dotted rectangle, which may Cetirnz: - -»
turned-off as desired. For the sake of highlighting the principle of choper TDErzT.c tme
circuitry used for controlled the on, off periods of this switch is not shown. During-m: comgn

(a) (b
Fig. 7.2 (a) Elementry chopper circuit and (b) output voltage and curren- wavelirm:

7,. chopper is on and lead voltage is equal to source voltage V.. During the m-z- . .

chopper is off, load current flows through the freewheeling diode FD| As a rezoc zs
terminals are short circuited by FD and load voltage is therefore zero during :
~

Mmanner, a chopped dc voltage is produced at the load terminals. The load curre=- =. Poar

in Fig. 7.2 (b) is continuous. From Fig. 7.2 (b), average load voltage Vo is given o
Vo = Lon _ Lo V=aV i
where T, =on-time: T, =off-time -

T=T_+ T,;= chopping period

on

T

Thus load voltage can be controlled by varying duty cycle . Eq. (7.1) shows -=-- B
voltage is independent of load current. Eq. (7.1) can also be written as

=duty cycle =

o= —
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where : f= 51;= hopping frequency

7.2. CONTROL STRATEGIES

It is seen from Eq. (7.1) that average value of cutput voltage V, can be controlled through
o by opening and closing the semiconductor switch periodically. The various control strategies
for varying duty cycle o are ‘as follows :

7.2.1. Constant Frequency System

In this scheme, the on-time T, is varied but chopping frequency f (or chopping period
T) is kept constant. Variation of T,, means adjustment of pulse width, as such this scheme
is also called pulse-width-modulation scheme. This scheme has also been referred to as
time-ratio control (TRC) by some authors.

Fig. 7.3 illustrates the prmmple of pulse-width modulation. Here chopping period T 1s
constant. In Fig. 7.3 (a), T, =1 T’ so that e = 0.25 or ct = 25%. In Fig. 7.3 (b), T,,=3T sothat

o = 0.75 or 75%. Ideally o can be varied from zero to infinity. Therefore output voltage V, can
be varied between zero and source voltage V..

7.2.2. Variable Frequency System
In this scheme, the chopping frequency f (or chopping period 7') is varied and either (1)

on-time T, is kept constant or (iz) off-time T4 15 kept constant. This method of controlling

o is also called frequency-modulation scheme.
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Fig. 7.3. Principle of pulse-width modulation (constant 7).

Fig. 7.4 illustrates the principle of frequency modulation. In Fig. 7.4 (a), T, is kept
constant but T is varied. In the upper diagram of Fig. 7.4 (a), T,, =l T so that ¢ =0.25 In
the lower diagram of Fig. 7.4 (a), T,, = { T 8o that @ =0.75. In Fig. 7.4 (b) off 18 Kept censtant
and 7T is varied. In the upper diagram of this figure, T, = ¢ ! Tsothat oo =0.25 and in the lower
diagram T,, =2 T so that a=0.75.

Frequency modulation scheme has some disadvantages as compared to pulse-wii:h
modulation scheme. These are as under :

T
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Fig. 7.4. Principle of frequency modulation.
(@) on-time T, constant and (b) off-time Toff constant.

(1} The chopping frequency has to be varied over a wide range for the conir- I
voltage in frequency modulation. Filter design for such wide frequency variatior is Tneralis:
quite difficult.

(iz) For the control of «, frequency variation would be wide. As such, there is a pegar —
of interference with signalling and telephone lines in frequency modulation scheme

(ii1) The large off-time in frequency modulation scheme may make the lead surre--
discontinuous which is undesirable.

It is seen from above that constant frequency (PWM) scheme is better than variaz.s
frequency scheme. PWM technique has, however, a limitation. In this technique, T, canr::

7.3. STEP-UP CHOPPERS =

For the chopper configuration of Fig. 7.2 (a), average output voltage Vo is less thar =-- '
input voltage Vi ie Vo<V, ; this configuration is therefore called step-down chopper. Avers;:
output voltage Vo greater than Input voltage V. can, however, be obtained by a chopper cz:-

Step-up chopper. Fig. 7.5 (a) illustrates an elementary form of a step-up choppet’ In thic ars-- .
Working principle of a ctomoim b VS
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Fig. 7.5 (a) Step-up chopper (b) L stores energy ()L -disdt is added to v,
(d) current waveform.

In this chopper, a large inductor L in series with source voltage V| is essential as shown

in Fig. 7.5 (a). When the chopper CH is on, the closed current path is as shown in Fig. 7.5
‘0) and inductor stores energy during T, period. When the chopper CH is cff, as the inductor
current cannot die down instantaneously, this current is forced to flow through the diode and
load for a time T, Fig. 7.5 (c). As the current tends to decrease, polarity of the emf induced
in L is reversed as shown in Fig. 7.5 (c). As a result, voltage across the load, given by
Vo=V, + L (di/dt), exceeds the source voltage V. In this manner, the circuit of Fig. 7.5 (a)

acts as a step-up chopper and the energy stored in L is released to the load.

B

When CH is on, current through the load would increase from I, to I, as shown in Fig.
.5 (d). When CH is off, current would fall from I, to I,. With CH on, source voltage is applied
toLie v, =V.When CH is off, KCL for Fig. 7.5 (¢c) givesu, = Vo+ V=0, 0rv, =V, - V.. Here
vy = voltage across L. Assuming linear variation of output current, the energy input to

inductor from the source, during the peried T, is

W., = (voltage across L) (average current through L) T,

[+ IQ\
=V, . =T, . (7.3)
L2
During the time T, when chopper is off, the energy released by inductor to the load is

W,7= (voltage across L) (average current through L) T ot

) “/.71+]2\J .
= Vo=V }\— 9 )'Toff L A7.4
Censidering the system to be lossless, these two energies given by Egs. (7.3) and (7.4)
w1l be equal.
(I, +1,) T+ 1)
N - /)
or Vo= =V —— 75

LT
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It is seen from Eqn. (7.5) that average voltage across the load can be stepped =z 2 var
the duty cycle. If chopper of Fig. 7.5 (a) is always off, a =0 and Vo=V If inis tnopp
always on, &= 1 and Vy = e (infinity). In practice, chopper is turned on and ¥ == that
variable and the required step-up average output voltage, more than scurce = o.tag
obtained.

The principle of step-up chopper can be employed for the regenerative Zrz-.ag <
motors. In Fig. 7.5 (@), if V, represents the motor armature voltage and 1. === 7 =2
voltage, the power can be fed back to the de source in case V, /(1 - @) is more than - in
manner, regenerative braking of de¢ motor occurs. Even at decreasing = i epe
regenerative braking can be made to take place provided duty cycle o is =7 =7 :12d

V./(1 = ) exceeds the fixed source voltage V.

Example 7.1 For the basic dc to dc converter of Fig. 7.2 (a), express t7¢ lliinolari
as functions of V,, R and duty cycle o in case load is resistive :

(a) Average output voltage and current

(b) Output current at the instant of commutation

(c) Average and rms freewheeling diode currents

(d) Rms value of the output voltage

(e) Rms and average thyristor currents

(f) Effective input resistance of the chopper.

Solution. The load voltage variation is shown in Fig. 7.2 () Fera resistiz 020U
or load current waveform is similar to load voltage waveform.

(a) Average output voltage, V= V. =aV,

T
VO Ton. Vs S
Average output current, Iy= 2T R o
(b) The output current is commutated by the thyristor at the instant = . Cnere

output current at the instant of commutation is V/R.

(¢) For a resistive load, freewheeling diode FD does not come into play. Thersiio: zve
and rms values of freewheeling diode currents are zero.

1/2
. 2] 2 -
(d) Rms value of output voltage ={——n : VS} =va -V

(e) Average thyristor current =T

T, (V. V
Rms thyristor current :[ o [——5 =Vo - =
J

(fy Average scurce current = average thyristor current = o -

Effective input resistance of the chopper
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Example 7.2. For type-A chopper of Fig. 7.2 (a), dc source voltage = 230 V, load resistance
=10 Q. Take a voltage drop of 2 V across chopper when it is on. For a duty cycle of 0.4, calculate

(a) average and rms values of output voltage and

(b) chopper efficiency.
Sotution. (@) When chopper is on, output voltage is (V.- 2) volts'and during the time

chopper is off, output voltage is zero. -
(Vs B 2) Ton
- Average output voltage R (V.-2)
~0.4(230-2)=91.2V

Rms value of output voltagé,
172

T
V= (V.-2)% 7‘1”} =o (V, - 2)

=104 (230-2)=1442V

(b) Power output or power delivered to load,

Vi (144.2)2
, Po=gt= T =2079.364 W
. 91.2
Power input to chopper, P, =V, [,=230x 0 - 20976 W
P, 9207
Chopper efficiency =2 “0—19:@ x 100 =99.13%.

P, 20976

Example 7.3. A step-up chopper has input voltage of 220 V and output voltage of 660 V.
If the non-conducting time of thyristor- Chopper s 100 us, compute the pulse width of output
voltage.

In case pulse width is halved for constant frequency operation, find the new output voltage.

Solution. From Eq. (7.5), 660 =220 - 10.
2 Ten
or o= 3 =
2 A 1 1
Tﬁﬂ:—g_ 7 and TO‘} :T—Ton:'é"T:gT___ 100 HS (crl\/en)
T,7=300us and T, % 300 =200 us.
When pulse width is halved, 7T,, % x 200 =100 us

for constant frequency operation, 7' =300 us; Toz=T~T,, =200 us
T, 100 1

New output véltage, V, = 290 J—l - 330 V.

tT3

7.4. TYPES OF CHOPPER CIRCUITS
Power semiconductor devices used in chopper circuits are unidirectional devices :
polarities of output voltage Vj, and the direction of output current I, are, therefore, restricted.




f their classification
describe this choppe

respectively.

as type-A chopper, type- R oT
r classification as class A, class B, ... in place of type-A, type-B

In the chopper-circuit configurations drawn henceforth, the current directions and volts:
polarities marked in the power circuit would be treated as positive. In case current d

and voltage polarities turn out to be opposite to those shown in the circuit, these

irecticns
and voltages must be treated as negative.

In this section, the classification of various chopper configurations is discussed.

7.4.1. First-quadrant, or Type-A, Chopper
This type of chopper is shown in Fig.
7.2 (a) is also type-A chopper. In Fig. 7.6
Ly flows in the arrow direction shown. Wh

flowing in the same direction through free
average values of both load vo]

is shown by the hatched area i

7.6 (a). It is observed that chopper circuit of Fiz
(a), when chopper CHI is on, vy=V

s and currer-
en CHL is off , v, =0 but lo 10 the load contir

wheeling diode FD, Fig. 7.2 (b). It 1s thus seen 1+ 2+
tage and current, i.e. Vo and ij are always positive : this fa--
n the first quadrant of Vo -1, plane in Fig. 7.6 (b).

[vel

CHI ’Avo
U i |
AT ° CHLFD
S ]Jr | ‘Q\
| K\ 1
_ IS\ S
’s FD Vo LOAD O}
’ |
| i
(a)

Fig. 7.6. First-quadrant, or type-A chopper.
The power flow in type-A chopper is always from source to load.
called step-down chopper as average output voltage V;
Lf

5°

This chopper is alss
is always less than the input dc voltage

7.4.2. Second-quadrant, or Type-B, Chopper
Power circuit for thist

ype of chopper is shown in Fig. 7.7 (a). N
a dc source E| like a batt

ote that load must cont
ery (or a dec motor) in this chopper.
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When CH2 is on, vy = 0 but load voltage E drives current through L and CH2. Inductance
L stores energy during T, (= on period) of CH2. When CH2 is off, vy = E+L%-% exceeds

source voltage V,. As a result, diode D2 is forward biased and begins conduction, thud allowing
power to flow to the gource. Chopper CH2 may be on or off, current I, flows out of the load,
current i, is therefore treated as negative. Since V; is always positive and I, is negative,
. ) ‘ . ] dt ' )

power flow is always from load to source. As load voltage Vi = [E + L E% ig more than source
voltage V,, type-B chopper 18 also called step-up chopper. ’

Both type-A and type-B chopper configurations have a common negative terminal between
their input and output circuits.

7.4.3. Two-quadrant type-A chopper, or Type-C Chopper

This type of chopper is obtained by connecting type-A and type-B choppers in parallel as
shown in Fig. 7.8 (a). The output voltage V, is always positive because of the presence of
freewheeling diode FD across the load. When chopper CHZ is on, or freewheeling diode FD
cornducts, output voltage vg=0 and in case chopper CH1 is on or diode D2 conducts, output
voltage vy = V. The load current iy can, however, reverse its direction. Current iy flows in the
arrow direction marked in Fig. 7.8 (a), i e. load current is positive when CHI1 1s on or FD
conducts. Load current is negative'if CHZ is on or D2 conducts. In other words, CH1 and FD
operate together as type-A chopper in first quadrant. Likewise, CH2 and D2 operate together
as tvpe-B chopper in second quadrant.

T—% R 1 ‘Vc
| Sy
oo /o A 02
1 I l
_...;.._J ] L
' -— LT
Y TR
‘ P L
o cHel /1 FOAYo 'fs ‘
& A , = Yol
(a) (b)

Fig. 7.8. Two-quadrant type-A chopper, or tyvpe-C chopper.

Average load voltage is always positive but average load current may be positive or
negative as explained above. Therefore, power flow may be frem source toload (first-quadrant
operation) or from load to source (second-quadrant operation). Choppers CH1 and CH2 should
hot be on simultaneously as this would Jead to a direct short circuit on the supply lines. This
type of chopper configuration is used for motoring and regenerative braking of dc motors.
The operating region of this type of chopper is shown in Fig. 7.8 (b) by hatched arca in first
and second quadrants.

7.4.4. Two-quadrant Type-E Chopper, or Type-D Chopper

The power circuit diagram: for two-quadrant Lvpe-B chopper, or tvpe-D chopper, 18 shown
in Fiz. 7.9 (a). The output voltage vy = v, when both CH1 and CH?2 are on and vy =— ¥, when
hoth choppers are off but both diodes D1 and D2 conduct. Average cutputl voltage Vi is positive
when choppers turn-on time T, ‘2 more than their turn-off time T - as shown In Fig. 7.0 ¢
Average output voltage Vi is negative when their 7, <7 Fig. 7.9 (d) The direction ¢

3

current is alwavs positive because choppers and diodes can conduct current only in ne
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direction of arrows shown in Fig. 7.9 (a).
operation of this t
in Fig. 7.9 (b).

As V, is reversible, power flow is reversible. Tr=
ype of chopper is shown by the hatched area in first and fourth quadrants

. 1D (@) and oy Tw O-ORATAN TIHRD THSFRRT L "7 7T o
(€) Vg is positive, T, > Toﬁ and (d) Vgis rezam - -

7.4.5. Four-quadrant Chopper, or Type-E Chopper

The power circnit diagram for a four-quadrant chopper 1s shown 7.7 -
of four semiconductor switches CHI to CH4 and four diodes D1 to D= =
DF A chonper zn the 1our quadranis Js explained as under

TSl guadrazs Lo s g ln R AI QOErRIaR AL Y JI0 pz, (LS T
P4 (B iy S CX (T Sz PRSI T

ra ey Ao S e S T L B LIS AT T L b

[ hen CHT i turned off posiéive current freewilieels througlh CI7% L2720 S
Vi, I, can be controlled in the first quadrant.

[P

Second quadrant : Here CHZ2 is operated and CH1, CH3 and CH4 are kept ¢ WWiio

CH2 on, teverse (or negafive) current flows through L, CH2, D4 and E. Inductance L sti7=:
energy during the time CH?2 is on. When CH21s turned off, current is fed back Lo sTiTLe

d 3 PO, hd N
through diodes D1, D4. Note that here | E + L —d’; ‘s more than the source voltage ¥y &5 -

voltage V, is positive and I, is negative, it is second quadrant operation of chopper. AlEC
power is fed back from load to source.

Third quadrant : For third-quadrant operation of Fig. 7.10 (a), CH1 1s kept‘ off, CE‘{Z 1:
kept on and CH3 1s operated. Polarity of load emf E must be reversed for t‘ms. quadrar:
working. With CH3 on, load gets connected to source V so that both vy, 1; are negalive leacdins

to third quadrant operation. When CHS3 is turned off, negative current freewheels throuzn
CH2, D4. In this manner, vy and ig can be controlled in the third quadrant.

Fourth quadrant : Here CH4 is operated and other devices are kept off. Lo

a3
C vt M A (A Frae mmoratia;m dm e Taeem-
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direction of arrows shown in Fig. 7.9 (a). As Vj is reversible, power flow is reversible 1o

operation of this type of chopper is shown by the hatched area in first and fourth quadrzinis
in Fig. 7.9 (bl

(b)
Yo
Ton Tott Yo

e

(c) i (d)
Fig. 7.9 (a) and (b) Two-quadrant type-B chopper, or type-D chopper |
(c) V, is positive, Ty, > Tog and (d) V is negative, T, <7,z ‘
7.4.5. Four-quadrant Chopper, or Type-E Chopper
The power circnit diagram for a four-quadrant chopper is shown in Fig. 7.10 (@ Ivcomsists ‘

of four semiconductor switches CH1 to CH4 and four diodes D1 to D4 in antiparallel Wworsins
of this chopper in the four quadrants is explained as under :

First quadrant : For first-quadrant operation of Fig. 7.10 (a), CH4 1s kept on, CHZ =
kept off and CHI is operated. With CHI, CH4 on, load voltage vo =V, (source veitage anz

load current i, begins to flow. Here both vg and i, are positive giving first quadrant operas:-=
When CHI1 is turned off, positive current freewheels through CH4, D2. In this manner, boin
V,, I, can be controlled in the first quadrant.

Second quadrant : Here CHZ is operated and CH1, CH3 and CH4 are kept off. Witz
CH2 on, reverse (or negative) current flows through L, CH2, D4 and E. Inductance L stores
energy during the time CH2 is on. When CHZ2 is turned off, current is fed back to scurzs
through diodes D1, D4. Note that here | £ + L % is more than the source voltage V, As 22
voltage V, is positive and I, is negative, it is second quadrant operation of chopper. Als:
power is fed back from load to source.

Third quadrant : For third-quadrant operation of Fig. 7.10 (a), CH1 is kept off, CHZ -
kept on and CH3 is operated. Polarity of load emf E must be reversed for this quadrarn-
working. With CH3 on, load gets connected to source V, so that both vy, i are negative leadirz ,
to third quadrant operation. When CHS3 is turned off, negative current freewheels througr.
CH2, D4. In this manner, vy and i, can be controlled in the third quadrant.

i

Fourth quadrant : Here CH4 is operated and other devices are kept off. Load emf L

L L s i 710 (A) far Aaneration i the fouees
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CH2 operated

CH2- D4 - L, stores y . CH1 operated
" &

o
energy CH1-CH4 1 on
CH2 : off ; then D1-D4 CH1 - off : then CH4-D2

conduct y conduct
C N
o \\\\*\\\ lo

-

I'l! Rl v ! CH3-CH2 : on Q\\x\

S
Vv ——— i
t A © 0 ) R - CH3 - off : then CH2-D4 | CH4-D2 : L
CH?2 CH&! : x D4 ] -D2 1 [ stores energy
! |
|

conduct
CH3 operated | CH4: oft : then D2, D3
“Vo conduct

- U S

l " (b) CH4 operated

Fig. 7.10. Four-qudrant, or Type-E chopper

l (a) circuit diagram and (b) operation of conducting devices.

quadrant. With CH4 on, positive current flows through CH4, D2, L and £. Inductance L stores
When CH4 is turned off, current 1s fed back to source
l ut load current is positive leading to
- er is fed back from load to source.

znergy during the time CH4 is on. .
-hrough diodes D2, D3. Here load voltage is negative, b
e fourth quadrant. Also pow

*he chopper operation in th
ur quadrants are indicated in Fig. 7.10 (b).

The devices conducting in the fo

Example 7.4. Show that for a basic dc t
circuit s glven by

i B

o de converter, the critical inductance of the filter

=where Vg, Vi, Py and f are load voltage, source voltage, load power and chopping frequency
-zspectively.
Solution. The critical inductance L is that value of inductance for which the output

l -vrent falls to zeroatt =T during the turn-off period of the chopper. A typical waveform of
-ztput current, with critical inductance in the load circuit, is shown in Fig. 7.11 (b). If current

sk
~zriation, from zeroto/,, during T,, and from [,,, to zero during T, is assumed linear, then

zverage value of output current I, is given by

La

1 1
[O . T: §Inl.’[ TOR TSIUII TC[’[‘

1 o _L
=51 (T, + Tof,’)_ ol T

maxt on
: at t=T,,. Itis seen from Fig. 7.11 (a) that

=z cnecpper CH is on, LU,

' \
T 9 7. = maximum value of chopper current
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di 1.

Vo‘*”La:Vs or V,+5& T =V,
21,
or L T = VS - VO
L = E_Vs - VO) Ton
21,
But average value of output voltage V,=fT V, and output, or load, power ~ =17
This gives
P
=9 =_0
T, =7 v and I, %
Substituting these values of 7., and I in Eq (i), we get
AR
27V, P,

7.5. STEADY STATE TIME-DOMAIN ANALYSIS OF TYPE-A CHOPPER
For the type-4 chopper of Fig. 7.6 (a) with RLE load, the waveforms for gats sigmz L

load current lo and load voltage Vg are as shown in Fig. 7.12 (a) for continuous - - S
and, in Fig. 7.12 (b) for discontinuous conduction. In Fig. 7.12 (b), periodic time T i —ep
than that in Fig. 7.12 (a). The determination of load current expression is useful {r- wm-a—
(1) the current profile over periodic time 7, (if) the current ripple and (i) whether -re - —r=r
is continuous or discontinuous. The object of this article is to study the type-A chorzzr ==
RLE load for current variation over 7', current ripple and also for the Fourier znzlvsis =

output voltage.
For RLE type load, E is the load voltage which may be a dc motor or a barters Vo

CHI is on in Fig. 7.6 (a), the equivalent circuit is as shown in Fig. 7.12 (¢c). For thus = -=z =

operation, the differential equation governing its performance is
. di - -
Vi=Ri+L VR E <

for 0<t<T,,.
When CHI1 is off, the load current continues flowing through the freewheel;
the equivalent circuit is as shown in Fig. 7.12 (d). For this circuit, the differen

13

el

) i,
O:RL+Ldt+a

for T,<t<sT.

Solution of Egs. (7.6) and (7.7) may be obtained by the use of Laplace transfor~ - =
seen from Fig. 7.12 (a) that initial value of current is 7, for Eq. (7.6) and I for 22 -
Therefore, Laplace transform of Egs. (7.6) and (7.7) is

Vi-FE - -

RI(s) + Llsl(s) = 1,,] =~ =

E -

and RI(s)+ LlsI(s)-1_] N :
F E VS_E, L'[mn VS—E [mn
rom Eq. (7.8), I(s) TSR+ L) + R+ /7 oyt bo)

Og Q:2 I =
v )
Llal
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Inverters

A device that converts dc power into ac power at desired output voltage and frequencf
is called an inverter. Some industrial applications of inverters are for adjustable-specd ac-
drives, induction heating, stand by air-craft power supplies, UPS (uninterruptible powei=
supplies) for computers, hvde transmission lines etc. Phase-controlled converters, when
operated in the inverter mode, are called line-commutated 1nverters, Chapter 6. But-
line-commutated inverters require at t
used for their commutation. This means that line-commutated inverters can't function as
isolated ac voltage sources OT as variable frequency generators with dc power at the input—
Therefore, voltage level, irequency and waveform on the ac side of line-commutatei=
inverters cannot be changed. Or the other hand, force commutated inverters provide al
independent ac output voltage 5f adjustable voltage and adjustable frequency and havez
therefore much wider applications. In this chapter, force-commutated and loac=

he output terminals an existing ac supply which 1=

>~'|

commutated inverters are described.

The dc power input to the inverter 's obtained from an existing power supply network o
from a rotating alternator through a rectifier or a battery, fuel cell, photovoltaic array ¢:
magneto hydrodynamic (MHD: ge The configuration of ac to dc converter and dc t
ac inverter is called a dc-link converter The rectification is carried out by standard diode

or thyristor converter circuits discuszed in Chapter 6. The inversion 1s performed by th

methods discussed in this chapter.

T

he

[

Inverters can be broadly classified into two types ; voltage source inverters and curren
source inverters. A voltage-fed inverter (VFD), or voltage-source inverter (VSI), is one in which
the dc source has small or negligible impedance. In other words, a voltage source inverter_
has stiff dc voltage source at its input terminals. A current-fed inverter (CFL)c~ current-s0urce
inverter (CSI) is fed with adjustable current from a dc source of high impedance, 1.€. from a~
stiff de current source. In a CSI fed with <tiff current source, output current waves are no

affected by the load.

In VSIs using thyristors, some type of forced commutation is usually required. In case
VSIs are made up of using GTOs, power transistors, power MOSFETS cr IGBTs=
self-commutation with base or gate drive signals iz employed for their controlled turn-on ane=
turn-off.

The object of this chapter 1s to describe the operating principles of both singie-phase an&E
three-phase inverters and to present their elementary analysis. As before, switehing devices

Aare acctirmed Fa maccnce 1deal characteristics.
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8.1. SINGLE-PHASE VOLTAGE SOURCE INVERTERS : OPERATING PRINCIPLE
In this section, operating principle of single-phase voltage source inverters is discussed.
8.1.1. Single-phase Bridge Inverters

Single-phase bridge inverters are of two types, namely (i) single-phase half-bridge
inverters and (ii) single-phase full-bridge inverters. Basic principles of operation of these two
types are presented here.

Power circuit diagrams of the two configurations of single-phase bridge inverter, as stated
above, are shown in Fig. 8.1 (a) for half-bridge inverter and in Fig. 8.2 (a) for full-bridge

“inverter. In these diagrams, the circuitry for turning-on or turning-off of the thyristors is not

shown for simplicity. The gating signals for the thyristors and the resulting output voltage
waveforms are shown in Figs. 8.1 (b) and 8.2 (b) for half-bridge and full-bridge inverters
respectively. These voltage waveforms are drawn on the assumption that each thyristor
conducts for the duration its gate pulse is present and is commutated as soon as this pulse
1s removed. In Figs. 81 (b) and 8.2 (b), lg1 ~ iy are gate signals applied respectively to
thyristors T1-T4.

2
-” ) J 2 le— T "“_—‘—”J
(a) )
Fig. 8.1. Single-phase half-bridge inverter.

Single-phase half bridge inverter, as shown in Fig. 8.1 (a), consists of two SCRs, two
diodes and three-wire supply. It is seen from Fig. 8.1 (b) that for 0 <¢ <T/2, thyristor T1

ighigZ
A
C 1 [ T ..

ig3,igl¢
i J L J l— t
Yo

Ve —
! 12 22 )
T T 277

N
(a) (b)

Fig. 8.2. Single-phase full-bridge inverter.
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conducts and the load is subjected to a voltage V.’2 due to the upper voltage source V /2. At
t=T/2, thyristor T1 is commutated and T2 is gated on. During the period T/2<t<T.
thyristor T2 conducts and the load is subjected to a voltage (- V,/2) due to the lower voltage
source V,/2. It is seen from Fig. 8.1 (b) that load voltage is an alternating voltage waveform
of amplitude V, /2 and of frequency 1/T Hz. Frequency of the inverter output voltage can be
changed by controlling 7.

The main drawback of half-bridge inverter is that it requires 3-wire dc supply. This
difficulty can, however, be overcome by the use of a full-bridge inverter shown in Fig. 8.2 (a).
It consists of four SCRs and four diodes. In this inverter, number of thyristors and diodes 1s
twice of that in a half bridge inverter. This, however, does not go against full inverter because
the amplitude of output voltage as well as its output power is doubled in this inverter as
compared to their values in the nalf-bridge inverter. This 1s evident from Figs. 8.1 () and
8.2 (b).

For full-bridge inverter, when T1, T2 conduct, load voltage is V, and wnen T3, T4 conduct
load voltage is — V, as shown in Fig. 8 2 (5. Frequency of output voltage can be controlled by
varying the periodic time T.

In Fig. 8.1 (@), thyristors T1, T2 are in series across the source ; in Fig. 8.2 {a) thyristors
T1, T4 or T3, T2 are also in series across the source, During inverter operation, it should be
ensured that two SCRs in the same branch, such as T1, T2 in Fig. 8.1 (a), do not conduct
simultaneously as this would lead to a direct short circuit of the source.

For a resistive load, two SCRs in Fig. 8.1 (¢) and four SCRs in Fig. 8.2 (a) would suffice,
because load current i, and load voltage tg would always be in phase with each other. This,
however, is not the case when the load is other than resistive. For such types of loads, current
i, will not be in phase with voltage v, and diodes connected in antiparallel with thyristors
will allow the current to flow when the main thyristors are turned off. These diodes are called
feedback diodes.

8.1.2. Steady-state Analysis of Single-phase Inverter
Figs. 8.1 (b) and 8.2 (b) reveal that load voltage waveform does not depend on the nature
of load. The load voltage is given by

‘,’
for half-bridge inverter, v = ? ....... 0<t<<T/2
== T/2<t<T
and for full-bridge inverter, vp=V .o 0<t<T/2

The load current is, however, dependent upon the nature of load. Let the load, in general,
consist of RLC in series. The circuit model of single-phase half-bridge or full-bridge inverter
is as shown in Fig. 8.3 (a). In this circuit, load current would finally settle down to steady
state conditions and would vary perio'd'ically as shown in Figs. 8.3 (c) to (). It 1s seen from
these waveforms that

lg==dg e att=0,7T,27T,3T,.....

and : lg=1Iy att=7/2,3T/2,5T/2, ......

. Ly T @ a(a) far halfihridee inverter and for

T T R L T T U T R

i
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8.1. SINGLE-PHASE VOLTAGE SOURCE INVERTERS : OPERATING PRINCIPLE
In this section, operating principle of single-phase voltage source inverters is discussed.
8.1.1. S}ngle-phase Bridge Inverters

Single-phase bridge inverters are of two types, namely (i) single-phase half-bridge
inverters and (if) single-phase full-bridge inverters. Basic principles of operation of these two
types are presented here.

Power circuit diagrams of the two configurations of single-phase bridge inverter, as stated
above, are shown in Fig. 8.1 (a) for half-bridge inverter and in Fig. 8.2 (a) for full-bridge
inverter. In these diagrams, the circuitry for turning-on or turning-off of the thyristors is not

shown for simplicity. The gating signals for the thyristors and the resulting output voltage

waveforms are shown in Figs. 8.1 (b) and 8.2 (b) for half-bridge and full-bridge inverters
respectively. These voltage waveforms are drawn on the assumption that each thyristor
conducts for the duration its gate pulse is present and is commutated as soon as this pulse
is removed. In Figs. 8.1 (b) and 8.2 (b), lg1— iy aTe gate signals applied respectively to
thyristors T1-T4.

L

1 1T

ig1

—t
3 i

' 1
. )
i

iglj‘ : :

Yo é

Ve ;

2 37

5 rZT
>t
e 1
R N 2
e T
(a) (b)

Fig. 8.1. Single-phase half-bridge inverter.

Single-phase half bridge inverter, as shown in Fig. 8.1 (a), consists of two SCRs, two
diodes and three-wire supply. It is seen from Fig. 8.1 (b) that for 0 <¢ < T/2, thyristor T1
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Fig. 8.2. Single-phase full-bridge inverter.
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2 o) D2 Dx| conducting
(f)
Fig. 8.3. Load voltage and current waveforms for single-phase bridg» inverter.
V. , diy 1
_«j-leO%_L—‘d}_*_'C{J.{Qdf'f"/Cl (81)

For full-bridge inverter, replace V_/2 by V_in Eq. (8.1). In this equation, V., 1s the initial

voltage across capacitor at t = 0.
For T/2 <t < T, or 0 <t < T/2, the voltage equation for half-bridge inverter is
X/yg . di
and for a full-bridge inverter, replace { - V,/2) by (- V) in Eq. (8.2). In this equation, V_, 1s
the initial voltage across capacitor at=0

117.,, )
+~C-J§dt +V, (8.2
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Ditferentiation of Egs. 18.1) and (8.2) gives

o

1

@ Z.O R d io 1

d L ar TrohT

Ay Rdip 1
at? L dr T Lch

0

and 0

The solution of these second order differential equations can be obtained by using initial
conditions as specified ahove. Components constituting the load decide the nature of load
current waveforms.

For a full inverter, the rectangular output voltage waveform is shown in Fig. 83 b For

this inverter, various current waveforms for different load characteristics are drawn in g
8.3 11 to if). The nature of these current waveforms is briefly discussed in what follows -

R load. For a resistive load R, load current waveform ly is identical with load voltage
waveform v, and diodes D1-D4 do not come into conduction, Fig. 8.3 (¢).

RL and RLC overdamped loads. The load current waveforms for RL and RLC
overdamped loads are shown in Figs. 8.3 (d) and (e) respectively. Before ¢ = 0, thyristors T3,
T4 are conducting and load current iy 1s flowing from B to A, ie. in the reversed direction,
Fig. 8.2 (a). This current is shown as ~Iyatt=01n Figs. 8.3 (d) and (e). After T3, T4 are
‘turned off at t =0, current i, cannot change its direction immediately because of the nature
of load. As a result, diodes D1, D2 start conducting after ¢t = 0 and allow Iy to flow against the
supply voltage V_ As soon as D1, D2 begin to conduct, load is subjected to V, as shown. Though
T1, T2 are gated at ¢ = 0. these SCRs will not turn on as these are reverse blased by voltage
drops across diodes D1 and D2. When load current through D1, D2 falls to zero, T1 and T2
become forward biased by source voltage V,, T1 and T2 therefore get turned on as these are
gated for a period 7/2 sec. Now load current iy flows in the positive direction from A to B .
Att=T,2,T1, T2 are turned off by forced commutation and as load current cannot reverse
immediately, diodes D3, D4 come into conduction to allow the flow of current 1, after T2,

Thyristors T3, T4, though gated, will not turn on as these are reverse blased by the vcltage
drop in diodes D3, D4. When current in diodes D3, D4 drops to zero ; T3, T4 are turned on
as these are already gated. The conduction of various components of the full-bridge inverter
1s shown in Figs. 8.3 (d) and (e).

RLC underdamped load. The load current iy for RLC underdamped load is showr ir
Fig. 83 (H. After t =0 ; T1, T2 are conducting the load current. As i, through T1, T2 reduces
to zero at ¢;, these SCRs are turned off before T3, T4 are gated. As T1, T2 stop conducting.
current through the load reverses and is now carried by diodes D1, D2 as T3, T4 are not ve:
gated. The dicdes D1, D2 are connected in antiparallel to T1, T2 : the voltage drop in these
diodes appears as a reverse bias across T1, T2. If duration of this reverse bias is more than
the SCR turn-off time t e I (T/72-¢) > t, 5 T1, T2 will get commutated naturally and

therefore no commutation circuitry will be needed. This method of commutation. knows as
load commutation, is in fact used in high frequency inverters used for induction heatir -

In single-phase bridge inverters shown in Figs. 8.1 (a) and 8.2 1a}, thyristers
as switching devices. Note that basic inverter operation is not dependent on the

AAAAAA

semiconductor device used. It means that if npn transistors (or GTOs. IGBT

1971
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01

D2

(a) (b)
Fig. 8.4. Single-phase (a) half-bridge and (b) full-bridge inverters using transistors.
obtained. The operating principle of an inverter using transistors, Fig. 8.4, can be described
merely replacing T (for thyristor) by TR (for transistor) in Figs. 8.1 (b), 8.2 (5) and 8.3 (c to f).

Example. 8.1. (a) A single-phase full bridge inverter is connected to an RL load. For a dec
source voltage of V, and output frequency f = 1/7T, obtain expressions for load current as a
function of time for the first two half cycles of the output voltage.

(b) Derive also the expressions for steady-state current for the first two half cycles.

(c) For R=20Q and L =0.1 H, obtain current expressions for parts (a) and (b) in case
source voltage is 240 V de and frequency of output voltage is 50 Hz.

Solutien. (a) For the first half cycle, Fig. 8.3 (b), i.e. for 0 < ¢ < T/2, the voltage equation
for RL load is

di,

VisRig+ L - (8.3

Its Laplace transform, with zero initial conditions, is

\%
?5 =R I[(s)+Ls I(s)y=1(s) [R + Ls]

Its time solution is,

V. ( RN
1o(2) :}%ip —e_LlJ ..(8.4)
AN
for O0<t<T/2.

This is the expression of current as a function of time for the first half cycle from the
instant of switching in with iy(t)=0 at¢=0.

At t =T/2, current {y(¢) of Eq. (8.4) becomes the initial value for second half cycle.

Vv RT
io(T/2) = f(l - e'ij ..(8.5)

For second half cycle, time limit is from 7/2 to T or 0 < ' < T/2 where t' =t — T/2. The
voltage equation for RL load during second half cycle is
. di
-V,=Ri,+L g7 ...(8.6)

Its Laplace transform, with initial current iy (T/2) given by Eq. (8.5), is

v
- =1(s) R+ Ls] - iy(T/2) - L

[RERRRRRARRERARR
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T

] o v, L iyT/2)
r S =-S®R+1s)t R+Ls

HITHI

| | Vi =Ry -
Its time solution is Lo(t ’)=——R—(1—e L j-i-LO (T/2)e L =
v/ Ry _ET\ R, -
sy _ L sy _ T2 L
= R(l e J+ 2 (1 e )e =
v, V, WBLN LB, =
for O<t’'<T/2. %

Egs. (8.4) and (8.7) give the transient solution for load current for first and second half
cycles respectively.

!

(6) Under steady-state conditions, at t =0, i(0) = -1, Fig. 8.3 (d). Under this condition,
Laplace transform of Eq. (8.3), is

L

\%
~S—S:I(s) [R+Ls]+L1I,

R
=1

. Vs _Bt ~L
Its time solution is y(t) = f(l —e L )—Ioe ..(8.8)

[HH

At t=T/2,i,(t) =1, Fig. 8.3 (d), therefore from Eq. (8.8)

T

Vs _% RT

R =
BT =
Vs 1-e 2L ) R
or 10:?3_ : *——_R_‘]‘ ‘89)
l+e 2L

TN

Substituting this value of /; in Eq. (8.8), gives

R YL A =

BN Vo1_e % R, =

io(t)z—Ri(l—e L )__I_z__l___Q_&_e L L 18.10: -
1+e 2

Eq. (8.10), gives the steady-state solution during the first half cycle, te. for 0 <t <7 2
For second half cycle, at t =T/2, iy (T/2) = I,, Fig. 8.3 (d). Under this initial condition.
Laplace transform of Eq. (8.6), is

1%
—-fs:](S) [R+LS]—LIO
R, . =
. o . s Lt "L =
Its time solution is zo(z‘):—f(l*e j“"loe -
R -5 R =
174 =Ty Vo 1o 2L Ty =
Z_RSI_e L )-f-——s"l——e—_ﬂzv-e L .(8.11) = g
l+e 2 -

Eq. (8.11) gives the steady-state solution during the second half cycle, ie. for
0<t'<T/2wheret' =t-T/2.

/7 NTTY R e 1 1 L RT L
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are double of those in the half-bridge inverter of Fig. 8.15. The working of this inverter is
similar to that described for half-bridge inverter in the previous section. For example, for
mode I, thyristors T1, T2 are conducting and load current flows through V,, T1, L1, load, L2,
T2. Voltage across C1, C2 is zero but C3, C4 are charged to voltage V,. For initiating
commutation of T1, T2 ; thyristors T3, T4 are triggered. This reverse biases T1, T2 by voltage
- V., these thyristors are therefore turned off and so on.

8.4. THREE PHASE BRIDGE INVERTERS

For providing adjustable-frequency power to industrial applications, three-phase
inverters are more common than single-phase inverters. Three-phase inverters, like
single-phase inverters, take their dc supply from a battery or more usually from a rectifier.

A basic three-phase inverter is a six-step bridge inverter. It uses a minimum of six
thyristors. In inverter terminology, a step is defined as a change in the firing from one
thyristor to the next thyristor in proper sequence. For one cycle of 360°, each step would be
of 60° interval for a six-step inverter. This means that thyristors would be gated at regular
intervals of 60° in proper sequence so that a 3-phase ac voltage is synthesized at the output
terminals of a six-step inverter.

Fig. 8.19 (a) shows the power circuit of a three-phase bridge inverter using six thyristors
and six diodes. As stated earlier, the transistor family of devices is now very widely used in
inverter circuits. Presently, the use of IGBTSs in single-phase and three-phase inverters is on
the rise. The basic circuit configuration of inverter, however, remains unaltered as shown in
Fig. 8.19 () for a three-phase bridge inverter using IGBTs in place of thyristors. A large
capacitor connected at the input terminals tends to make the input dc voltage constant. This
capacitor also suppresses the harmonics fed back to the source.

In Fig. 8.19 (a) inverter using six thyristors, commutation and snubber circuits are
omitted for simplicity. It may be seen from Figs. 8.1 and 8.19 that a three-phase bridge
inverter consists of three half-bridge inverters arranged side by side. The three-phase load
1s assumed to be star connected. In Fig. 8.19 (a), the thyristors are numbered in the sequence
in which they are triggered to obtain voltages v , vy, v,, at the output terminals a, b, ¢ of the

inverter.

There are two possible patterns of gating the thyristors. In one pattern, each thyristor
conducts for 180° and in the other, each thyristor conducts for 120°. But in both these patterns,

Py ° . Py

| Bl p1| B3 o3| B9 os

] J

B4 D4 B8l pp B2| p»

] ] ]

° o . >
i

{ 1 | D1 [73 D3

T4

a 1“‘— Vab

3-phase
Load




238 [Art. 8.4] Power Electronics

gating signals are applied and removed at 60° intervals of the output voltage waveform.
Therefore, both these modes require a six step bridge inverter. These modes of thyristor
conduction are described in what follows :

8.4.1. Three-phase 180 Degree Mode VSI »

In the three-phase inverter of Fig. 8.19, each SCR conducts for 180° of a cycle. Thymstor
pair in each arm, i.e. T1, T4 ; T3, T6 and TS5, T2 are turned on with a time interval of 180°.
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Fig. 8.20. Voltage waveforms for 180° mode 3-phase VSI.
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It means that T1 conducts for 180° and T4 for the next 180° of a cycle. Thyristors in the upper
group, t.e. T1, T3, T5 conduct at an interval of 120°. It implies that if T1 is fired at ¢ =0",
then T3 must be fired at ot = 120° and T5 at wt = 240°. Same is true for lower group of SCRs.
On the basis of this firing scheme, a table is prepared as shown at the top of Fig. 8.20. In
this table, first row shows that T1 from upper group conducts for 180°, T4 for the next
180° and then again T1 for 180° and so on. In the second row, T3 from the upper group is
shown to start conducting 120°after T1 starts conducting. After T3 conduction for 1807, T6
conducts for the next 180° and again T3 for the next 180° and so on. Further, in the third
row, T5 from the upper group starts conducting 120° after T3 or 240° after T1. After T5
conduction for 180°, T2 conducts for the next 180°, T5 for the next 180° and so on. In this
manner, the pattern of firing the six SCRs is identified. This table shows that T5, T6, T1
should be gated for step I ; T6, T1, T2 for step II; T1, T2, T3 for step 11T ; T2, T3, T4 for step
IV and so on. Thus the sequence of firing the thyristors is T1, T2, T3, T4, T5, T6 ; T1, T2....
It is seen from the table that in every step of 607 duration, only three SCRs are conducting-one
from upper group and two from the lower group or two from the upper group and one from
the lower group.

The circuit models for step I-IV arc shown in Fig. 8.21. During step I, thyristors 5, 6. 1
are conducting. These are shown as closed switches and non-conducting SCRs 2, 3, 4 as open
switches in Fig. 8.21 (a). The load terminals « and ¢ are connected to the positive bus of dc
source whereas terminal b is connected to the negative bus of dc source, Fig. 8.21 (a). The
load voltage is v,, = v, = V. in magnitude. The magnitude of line to neutral voltage can be

obtained as under :

it

During step I, 0 < ot < —, Fig. 8.21 (2}, thyTistors cenducting 5, 6, 1.

3’
C - ‘,S 2 ‘/5
‘urrent, LI—ZIZ—B-Z
T2
The line to neutral voltages are
z VY
Uao:Uco:hg:?
. 2V,
andﬂ Vop = 11 Z = 3

The above line to neutral voltages may be written as v,y =v, = ?s and vyg = - —8—5 These

voltages are shown in Fig. 8.20 (a) during step I. For the next step II, the line to neutral
voltages are as under :

During step II, gs Wt < %, Fig. 8.21 (&), thyristor conducting 6, 1, 2.
.2V
Current, =37
2V, AR
Vag =122 = 3 Vo =Voc Tla5 =g
2V, V.
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These output voltages are plotted in Fig. 8.20 (a). In this manner, the variation of phase
voltages v, v, , t;, as obtained in Fig. 8.21 up to step IV and similarly for other steps, is

plotted in Fig. 8.20 (a). It is clear that for each cycle of output voltage of each phase, six steps
are required and each step has a duration of 60°.

Step I ‘ ~
1 3g 5
d
Vs
L

(@) 0—60° ; 5, 6, 1 closed.

2 5l T

.
Pt 11 3
VS
~ 4{ 6 2 Ve
G - .

Step II

(6) 60—120°; 6, 1,2 closed.

Step III

o
Yw

Vpo =2 V,/3
(d) 180—240°; 2, 3, 4 closed. Ugo S Uy =— V/3
Fig. 8.21. Equivalent circuits for a 3-phase six-step 180° mode inverter with a balanced
star-connected load.
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The line voltage v, = v, +v.. cr :_.=1_ -1, is obtained by reversing v, and adding it
to v,, as shown in Fig. 8. ‘70 (b). Similarly, line ltages Vpe = Upy = Ugo @Nnd v, =0, — U,, are
plotted in Fig. 8.20 (b).

The three rows in the top of Fig. 8.20 also indicate the pattern of gating signal waveforms.
At wt =7, when lg1 1s removed, T1 is turned off and simultaneously i ¢4 18 applied to turn on
T4. Similarly, at ot = 2rn/3, when Is is cut off. T6 is turned off and at the same instant lg3 18
applied to turn on T3. Same is true for other thyristors.

It is seen from Fig. 8.20 that phase voltages have six steps per cycle and line voltages
have one positive pulse and one negative pulse (each of 120° duration) per cycle. The phase

as well as line voltages are out of phase by 120°. The function of diodes D1 to D6 is to allow
the flow of currents through them when the load is reactive in nature.

The three line output voltages can be described by the Fourier series as follows :

B

4V

Uys = Z eos (8.44)
-4y
Uy, = Z Hcos-g-sm n(wt - n/2) ..(8.45)
n=1 3 5,
—~ 4V,  arn 5m
g = — si — ...(8.46)
Usg -123‘5_ o 08¢ smn{cot+ 5 (

For n =3, cos %E: 0. Thus, all triplen harmonics are absent from the line voltages as

given by Eqs. (8.44) to (8.46).

The line voltage waveforms shown in Fig. 8.20 represent a balanced set of three-phase
alternating voltages. During the six intervals, these voltages are well defined. Therefore,
these voltages are independent of the nature of load circuit which may consist of any
combination of resistance, inductance and capacitance and the load may be balanced or
unbalanced, linear or nonlinear.

Fourier series expansion of line to neutral voltage v,, in Fig. 8.20 is given by

” 2V, » ,
v, = 2 -;E-smn(ot (847

ao
n=6zxzx1l

where k=0,1,2,..

For a linear star-connected balanced load, phase or line currents can be obtained from
Eq. (8.47). Expressions similar to Eq. (8.47) can be written for v,, and v,, by replacing wt by

(wt - 120°) and (wt — 240°) respectively.

In Fig. 8.21, load is assumed star connected and three phase and line voltages are obtained
as shown in Fig. 8.20. For a delta connected load also, phase or line voltage waveforms
Ugbs Upes Ve @S shown in Fig. 8.20 would be obtained directly. Therefore, for a linear
delta-connected load, phase and line currents can be obtained from Eqgs. (8.44) to (8.46). From
Eq. (8.44), rms value of nth component of line voltage is
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Rms value of fundamental line voltage,

4V
S cos X =0.7797V,

o= .(8.49)
Vo= oy n 08 g ] (8.49)

It is seen from line voltage waveform vgp in Fig. 8.20 (a) that line voltage is V, from 0°
to 120°. Therefore, rms value of line voltage V 1s

o 1/2
1 2n/3 ) i rd 2 . .
v, == V2 d (O)t)J A/Z V,=08165V, ..(8.50)
” T O 3 E 8

Rims value of phase voltage V, 18

Voo L M2y 204714V (8.51)
I e I =U.4/ < L AL00
NS 3 _/j )
Rms value of fundamental phase volrage, from Eq. (8471 13
2V, . Vs ,
U =2 V. = —= i { 32
K[Jl—-"z/jf: 0.400U2 s 3 LoDl

8.4.2. Three-phase 120 Degree Mode VSI

The power circuit diagram ‘of this inverter is the same as that shown in Fig. 8.19. For
the 120-degrec mode VSI, each thyristor conducts for 120° of a cycle. Like 1807 mode. 120°
mode inverter also requires six steps. each of 60° duration, for completing one cycle of the
output ac voltage.

For this inverter too; a table giving the sequence of firing the six thyristors is prepared
as shown in the top of Fig. 8.22. In this table. first rows shows that T1 conducts for 120° and
for the next 680°. neither T1 nor T4 conducts. Now T4 s turned on at ot = 180° and it further
conducts for 120°, i.e. from of= 180° to of =3007. This means that for 60° interval from
ot = 120° to wt = 1807, series connected SCRs do not conduct. At ot =300 T4 is turned off,
then 60° interval elapses before T1 is turned on again at ot = 360°. In the second row. T3 is
turned on at of = 120° as in 180° mode inverter. Now T3 conducts for 1207, then 60° interval
elapses during which neither T3 nor T6 conducts. At wt =3007, T6 is turned on. it conducts
for 120° and then 60° interval elapses after which T3 is turned on again. The third row =
also completed similarly. This table shows that T6, T1 should be gated for step 1 Ti T2icr
step 11 ; T2, T3 for step 11I and so on. The sequence of firing the six thyristors i the sams=
as for the 180° mode inverter. During each step. only two thyristors conduct for this inverter
— one from the upper group and one from the lower group; but in 180° mode inverter. tnres
thyristors conduct in each step.

The circuit models for steps I.IV are shown in Fig. 8.23, where load iz assumed to b2
resistive and star connected. During step I, thyristors 6, 1 are conducting and as such load
terminal a is connected to the positive bus of dec source whereas terminal b is ccnnected to
negative bus of dc source, Fig. 8.23 (a). Load terminal ¢ is not connected to dc bus. The line
1o neutral voltages, from Fig. 8.23 () are

v, V.
Vgo = —5_? Ugh = 2

V.

. Y=g

and Ueo =0
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K 7 T4 1 T 7 T4 T
6 2 13 7] 16 1 T3 4 T6
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Co”duc“”g{' 60 112 123 13,4]45]56 161 11.212313,414515616.1
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Fig. 8.22l. Voltage waveforms for 120°mode six-step 3-phase VSI.
These voltages are shown in Fig. 8.22 (a) during step I of 0° - 60°. For step II, thyrister
1, 2 conduct and load voltages are v,, =V,/2, v,=-V,/2 and v,, =0, Fig. 8.23 (b) ; thes
voltages are plotted in Fig. 8.22 (a). This procedure is followed for obtaining load voltages fc
the remaining steps and these phase voltages are then plotted in Fig. 8.22 (a).

The line voltages Uap = Ugo = Upo

Upe = Upo ~ Ve

and Veg = Voo ~ Vao
are also plotted in Fig. 8.19 (b). 7
It is seen from Fig. 8.22 that phase voltages have one positive pulse and one negativ: X
pulse (each of 120° duration) for one cycle of output alternating voltage. The line voltages -=-

however, have six steps per cycle of output alternating voltage. s
As stated before, the three rows in the top of Fig. 8.22 indicate the pattern of gating signa —— -

waveforms.
The merits and demerits of 120-degree mode inverter over 180-degree mode inverter ar

as follows :
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o,

Ugo = Vi/2
Upo =—Vy/2 and v, =0

+ o S
23 Iv
Vg 0. i 2
[ R sz
— JT
CA_.J_
Vgo = Vi /2
(b) 60—120°; 1, 2 closed Voo == V/2 and vi. =10
Step III
l+ i o 3 Sa b'___‘
v + v
5: z.;g_] 6 2 T & % s
& o
Upg = 1"5/2
UCO:_*V:/Z and s =0

Upy = VS//Z
(d) 180—240°: 3, 4 closed Ugo=-V/2 and v, =0
Fig. 8.23. Equivalent circuits for a 3-phase six-step 120° mode inverter with balancsd
star-connected resistive load.

(z) In the 180° mode inverter, when gate signal Loy 18 cut-off to turn off T1 at w¢ = 1807,
gating signal Ly 1s simultaneously applied to turn on T4 in the same leg. In practice, a
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commutation interval must exist between the removal of i,; and épplication of i ,, because
otherwise dc source would experience a direct short-circuit through SCRs T1 and T4 in the
same leg.

This difficulty is overcome considerably in 120-degree mode inverter. In this inverter,
there is a 60° interval between the turning off of T1 and turning on of T4. During this 60°
interval, T1 can be commutated safely. In general, this angular interval of 60° exists between
the turning-off of one device and turning-on of the complementary device in the same leg.
This 60° period provides sufficient time for the outgoing thyristor to regain forward blocking
capability.

(i) In the 120° mode inverter, the potentials ¢f only two output terminals connected to
the dc source are defined at any time of the cvcle. The potential of the third terminal,
pertaining to a particular leg in which neither device is conducting, is not well defined ; its
potential therefore depends on the nature of the load circuit. Thus, the analysis of the
performance of this inverter is complicated for a general load circuit. For a balanced resistive
load, the potential of all the three terminals is, however, well defined. This is the reason load
is assumed resistive in Fig. 8.23. For a balanced delta-connected resistive load, the line
voltages as shown in Fig. 8.22 (b) are obtained directly.

The Fourier analysis of phase voltage waveform v, of Fig. 8.22 (a) is

— 2V, ;
z cos%sinn(wt+n/6) _(8.33)
=1,
. - 2V, nm . _
Similarly, Z cos - sinn (ot —n/2) ..(8.54)
=135 nw
- 2V, nm . 57 -
and - Z — cos—6—smn[wt+~6- ..(8.53)
A =1,3,5,. A
The Fourier analysis of line voltage waveform v,, of Fig. 8.22 (b) is
— 3V, n _
Ugp = 2 T Slnn(wt+§J (8.36
n=6k%1 ;
where k=0,12 3.
Similar expressions for v, and v, can also be written.
Rms value of fundamental phase voltage, from Eq. (8.53), 1s
2V, n L
Vplzm'cosg=0.3898 VS (831
Rms value of phase voltage,
' 2 1/2
v ljzm(vs dn] =A% L-tioo4082v, ..(859)
P T \2 ' ((D ) = 3 2 "Té" ...{8.0
Rms value of fundamental line voltage, from Eq. (8.56), is
3V, 5 -
Vi1 =g7—=06752 V, =3 Vo ...(8.59)

il
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Rms value of line voltage,

VS
V. =V3 V,=75=0.7071V, ..(8.60)

Example 8.8. A three-phase bridge .nverter delivers power to a resistive load from a 450
V de source. For a star-connected load of 10 Q per phase, determine for both (a) 180° mode
and (b) 120° mode, '

(i) rms value of load current

(1) rms value of thyristor current

(111) load power.

Solution. For a resistive load, the waveform of load current is the same as that of the

applied voltage. In view of this, waveforms of phase-load current and thyristor current are
as shown in Fig. 8.24 (a) for 180° mode operation and in Fig. 8.24 (b) for 120° mode operation.

LQT (
Vs
ROy L O
| 3R wi N7
05 ~_ _t / . in 3 0*120%.4/ 27T 7
1 e ——2\—/5 / — i20° |
38 ‘I 3R 2Vs iy 4 %—E T
RN | 3R ’ I
PR ﬁ wi / J
Y 1 w3 0 2n | T 27 wi
i b D

(a) (b)
Fig. 8.24. Pertaining to example 8.8 (a) 180° mode (b) 120° mode.

(a) 180° mode : Upper waveform of Fig. 8.24 (a) shows that rms value of per-phase load
current I, is given by :
- ‘ 172

{

R AA RN EA RN AA NS
OF‘oan 37| 3R 37 |3R| 3
e 1

450 % 2 (2x450% 1 N
- L =|  =+v350 =18.708 :
H(BMOJXS*[:SMOIXJ V350 = 18.708 A

Rms value of thyristor current is

o _1“{ 450 Y 'xgr_t_+[2x450]2 Xg}i
Holen (3x10] 3 |1 3x10 3]
=175 =13.229 A

Power delivered to load
=312 R=3(350)"x 10 =10.5 kW
(b) 120° mode : Upper waveform in Fig. 8.24 (b) gives rms value of per-phase load currsnt

I, as under :

172
1( 450 2n = ~
== == =+3375=18.371A
I, L(ZXIOT X 3} \337.5 = 18.37

BN BN MEE AN NN MR TN TR W TN Bl T G O Bl B ET e .
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1 430 - = .
17‘1:%—2; SRS =12.99 A
Load power =3[° R=3 3375 " x10=10.125 kW
8.5. VOLTAGE CONTROL IN SINGLE-PHASE INVERTERS
AC loads may require constan: -r aijusiable voltage at their input terminals. When such
loads are fed by inverters, it iz cszeniial that cutput voltage of the inverters is so controlled

as to fulfil the requirement of a2 . zi: Examples of such requirements are as under :

({) An ac load mav requirs & cInSTanT InTal Ve
a load, any variations in the do inpit vi.tage must be suitably compensated in order to
ne zo load terminals at a desired level
wer 1o a magnetic circuit, such as an induction motor, the
put terminals must be kept constant. This avolds

maintain a constant voltaze at

voltage to frequency ratio at
saturation in the magnetic circuir o7 1o
The various methods for the contra
{a) External control of ac output vo.tage
(b) External control of dc input voitage
(c) Internal control of inverter.
The first two methods require the use of peripheral components whereas the third method
requires no peripheral components. These methods are now briefly discussed.

8.5.1. External Control of ac Output Voltage

There are two possible methods of external control of ac output voltage obtained from
inverter output terminals. These methods are :

(a) AC voltage control

(b) Series-inverter control

These are now discussed briefly.

(a) AC voltage control : In this method, an ac voltage controller is inserted between the
output terminals of inverter and the load terminals as shown in Fig. 8.25. The voltage input
to the ac load is regulated through the firing angle control of ac voltage controller. This method
gives rise to higher harmonic content in the output voltage ; particularly when the output
voltage from the ac voltage controller is at low level. This method is, therefore, rarely

employed except for low power applications.

PR
@]
rH
<
ot
(3
i)
&
ot
<
Q
st
las
jov]
uQ
©
Q
ane
— -
jo]
<
[q]
L
—
D
-
w
W
]
[49]
2
192}
o
jo]
joN
(o)
—

‘Constant Inverter AC voltage | Controlled AC
dc voitage controlier {"q¢c voltage | load

Fig. 8.25. External control of ac output voltage.
(b) Series-inverter control : This method of voltage control involves the use of two or

more inverters in series. Fig. 8.26 (a) illustrates how the output voltage of two inverters <zn
be summed up with the help of transformers to obtain an adjustable output voltage In triz

figure, the inverter output is fed to two transformers whose secondaries are connziisi .=

series. Phasor sum of the two fundamental voltages Vyy, Vi, gives the resultant funzam=o72
voltage V, as shown in Fig. 8.26 (b). Here V, is given by
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HHHH

L

HIHH

_ Constant

-

S
dc voltage

[T

I

BeE (b)
Fig. 8.26. Series inverter control of two inverters.

It is essential that the frequ

T

ency of output voltages Vi, Vi, from the two inverters is the
same. When 8 is zero, Vo=V..~1V.,and for 6=mn,V,=01in case Vo1 = Viyo. The angle 6 can be
varied by the firing angle ccn<rol of two inverters. The series connection of inverters, called

multiple converter control, does rot augment the harmonic content even at low output voltage
levels.

I

LT

8.5.2. External Control of dc Input Voltage

In case the available voltage source is ac, then dc voltage input to the inverter is controlled
through a fully-controlled rectifier. Fig. 8.27 (a) ; through an uncontrolled rectifier and a
chopper, Fig. 8.27 (b) ; or through an ac voltage controller and an uncontrolled rectifier, Fig.

8.27 (c). If available veltage is dE, then dc voltage input to the inverter is controlled by means
of a chopper as shown in Fig. 8.27 (d).

[T

[HHH

Input voltage-control techniques shown in Fig. 8.27, in which dc voltage input to inverter

is controlled by means of components external to the inverter, has the following main
advantage.

HTH

Constant | Fuiy comtroil- - Controlled : t Controlled =
i i > ftter nverter F———————>» =
ac voitage| ed rectifrer ¢ dc voltage ac voltage

HHH

Constant | Uncontrolled _ Controlled Controtled
—_— ] . Choppert—— Filter > Inverter f————» —
acvoitage | rectifier dc voltage ac voltage =
(L)
Constant  [AC voltage Uncontrolled  |controlied Controiled =
ac voltaas ] fe »— Filter > Inverter b—— s
ac voltage jcontrolter rectifier dc voltage ac voltage
{c) =
Constant } Controlled Controtled =
———— Chopper|—- Filter > Inverter o > =
dc vaitage dc voltage ac voltage =
(d)

Fig. 8.27. External control of de input voltage to inverter ; (a), (b) and (¢) with ac source on the input
(b) with dc source on the input.

(I
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(i) Output voltage waveform and its harmonic content are not affected appreciably as the
inverter output voltage is controlled through the adjustment of dc input voltage to the
inverter.

This method of voltage control, however, suffers from the following disadvantages :

(i) The number of power converters used for the control of inverter output voltage varies
from two to three, Fig. 8.27. More power-handling stages result in more losses and reduced
efficiency of the entire scheme. '

(ii) For reducing the ripple content of dc voltage input to the inverter, filter circuit is
required in all types of schemes shown in Fig. 8.27. Filter circuit increases the cost, weight
and size and at the same time reduces efficiency and makes the transient response sluggish.

(iii) As the dc input is decreased, the commutating capacitor voltage also decreases.
. . . . \%

This has the effect of reducing the circuit turn-off time |t = C T\for the SCR for a constant
load current. Therefore, for a large variation of output voltage for a constant load current,
control of dc input voltage is not conducive. This difficulty can, however, be overcome by a
separate fixed dc source for charging the commutating capacitor, but this makes the scheme
costly and complicated. )

8.5.3. Internal Control of Inverter

Output voltage from an inverter can also be adjusted by exercising a control within the
inverter itself. The most efficient method of doing this is by pulse-width modulation control
used within an inverter. This is discussed briefly in what follows.

Pulse width modulation control. In this method, a fixed dc input voltage is given to
the inverter and a controlled ac output voltage is obtained by adjusting the on and off periods
of the inverter components. This is the most popular method of controlling the output voltage
and this method is termed as pulse~width modulation (PWM) control.

The advantages possessed by PWM technique are as under :

(i) The output voltage control with this method can be obtained without any additional
components.

(i) With this method, lower order harmonic can be eliminated or minimised along with
its output voltage control. As higher order harmonics can be filtered easily, the filtering
requirements are minimised.

The main disadvantage of this method is that the SCRs are expensive as they must
possess low turn-on and turn-off times.

PWM inverters are quite popular in industrial applications, these are therefore discussed
in detail in the next section.

8.6. PULSE-WIDTH MODULATED INVERTERS

PWM inverters are gradually taking over other types of inverters in industrial
applications. PWM techniques are characterised by constant amplitude pulses. The width of
these pulses is, however, modulated to obtain inverter output voltage control and to reduce
its harmonic content. Different PWM techniques are as under :

(a) Single-pulse modulation (b) Multiple-pulse modulation

(¢) Sinusoidal-pulse modulation.

In PWM inverters, forced commutation is essential. The three PWM techniques listed
above differ from each other in the harmonic content in their respective output voltages.
Thus, choice of a particular PWM technique depends upon the permissible harmonic content
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e R e, TR ewertew 15 STpued rom 2 diode bridge rectifier and an
- i ey Sapaieey remnaIns The SEme aS in Fig. 8.2 {a) for a single-phase inverter
and in Fie. 8.13 for 2 three-phase inverter. But now the devices are switched on and off several

times within each half cvcie o control the output voltage which has low harmonic content.

In the following lines, the basic principles of PWM techniques for single-phase inverters
are illustrated and then the methods of obtaining such output voltages are considered.

8.6.1. Single-pulse Modulation

The output voltage from single-phase full-bridge inverter is shown in Fig. 8.28 (a). When
this waveform is modulated, the output voltage is of the form shown in Fig. 8.28 (). It consists
of a pulse of width 2d located symmetrically about n/2 and another pulse located
symmetrically about 3n/2. The range of pulse width 2d varies from O tom e 0 < 2d <. The
output voltage is controlled by varying the pulse-width 2d. This shape of the output voltage
wave shown in Fig. 8.28 (b) is called quasi-square wave.

Fourier analysis of Fig. 8.28 (b) is as under :

A =2 mw@\/ﬁanwﬂwU:ﬂgsmnnﬁnnJ (8.61)
n—n (/2-dy S nmn 2~ J RN

Positive and negative half cycles of v, in Fig. 8.28 (b) are symmetrical about n/2 and

31/2 respectively. In addition, these half cycles are also identical. As a result, coefficient
B, = 0. Thus the waveform of Fig. 8.28 (b) can be described by Fourier series as

o

4 Vs . nmt . . N
Uy = Z —2 gin —- sin nd sin nwt ..(8.62)
nTas nw 2
4V . 1 . . 1,
or v.=—=TIsind sinwt -~ sin3dsin 30t + 2 s> dsin5wt.....] ..(8.63)
0 T 3 5

When pulse width 2d is equal to its maximum value of = radians. then the fundamental
component of output voltage, from Eq. (8.63), has a peak value of
4V,
Voim =~

IAY

For pulse width other than 2d =n radians, the peak value of fundamental component,

...(8.64)

4
from Eq. (8.63), is ——sind.
L
s -

Vg n=1 1
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Fig. 8.28. ia., ¢b) Single-pulse modulation (SMP) (¢) Harmonic content in SPM.
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If nd is made equal to mord =§ or if pulse width is made equal to 2d = %, Eq. (8.62)

shows that nth harmonic is eliminated from the inverter output voltage. For example, for
eliminating third harmonic, pulse width of 2d must be equal to 120°.

The peak value of nth harmonic, from Eq: (8.62), is

4V, }
Uonm:—n~sm nd ...(8.65)
n
. .
From Egs. (8.64) and (8.65), —ﬂf1=§2%29 . (8.66)

Voim
In Eq. (8.66), note that v, is the peak value of the fundamental component of rectangular

voltage wavefrom of width 2d = n. The ratio as given by Eq. (8.66) 1s plotted in Fig. 8.28 (¢)
for n =1 (plot of sind), n =3 (plot of sin 3d/3), n =5, 7 for different pulse widths. It is seen
from these curves that when fundamental component is reduced to 0.5 for 2d =607, the
amplitude of third harmonic is %sin 90 = 0.33. When fundamental component is reduced to

about 0.143, all the three harmonics (3, 5, 7) become almost comparable to the fundamental.
This shows that in this method of voltage control, a great deal of harmonic content is
introduced in the output voltage, particularly at low output voltage levels.

The rms value of output voltage, from Fig. 8.28 (b}, is

1 n
T P - 17

oo viedl o Ted)” N
v | o=V = L8667

—_ ! S
s : LTC

o

8.6.2. Multiple-pulse Modulation

This method of pulse modulation is an extension of single-pulse modulation. In
multiple-pulse modulation (MPM), several equidistant pulses per half cycle are used. For
simplicity, the effect of using two symmetrically spaced pulses per half cycle, Fig. 8.29 (a), 18
investigated here. In this figure, pulse width is taken half of that in Fig. 8.28 (b), but their
amplitudes are the same. This means that rms values of pulses in Figs. 8.28 (b) and 8.29 (a)
are equal to that given in Eq. (8.67). For the waveform of Fig. 8.29 (a), Fourier constants are

as under :

T
A = %— -[0 v, sin not - d(w?)

n

2 (y+d/2)

= Ju-an V, - sinnowt - d(ot) - 2

The use of factor 2 in the above expression accounts for the two pulses from 0 to = in Fig.
8.29 (a)

(W—Zd)

v vo A \:Hl ’g
o .

~y+92—’l ~ —’?‘-—N‘_ﬂ
VS .. .. VS beceecenes %

v T2 T g g 27 | wi
—— jree- -~ P .Y .

-n-—-b{ d _VS N

((Y"—f)

(a) (®)

T
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4V

$

y-d/2 8V,

. . nd
yeds :;;r—smnysm—z— ..(8.68)

n

cos n wt

nw
8.28 (b), B, = 0 in Fig. 8.29 (a) also.

[1'(3.

P TR e

Trerefire. the waveform of Fig. 8.29 (a) can be described by Fourier series as

5V _
=y > sin nysinﬁgsinnoat ...(8.69)

At -~

B3

sV, [
v.= __'sinysin%sino)tn‘-%sinB“{-sin%d-sinS(x)t+%sin5ysin§2c—isin5wt+...

- ..(8770)
The amplitude of the nth harmonic of the two-pulse waveform of Fig. 8.29 (a), from Eg.

18

(8
8V,
v, =—— sinny- sinﬂ—é .(8.71)
nn 2

Eq. (8.71) shows that magnitude of v, depends upon vy and d. This expression also shows

that when vy :% or d= Znﬁ) nth harmonic can be eliminated from the output voltage. But this

has the effect of reducing the fundamental component of output voltage. For example, take
pulse width 2d = 72° for single-pulse modulation of Fig. 8.28 (&). Then, from Eq. (8.65), the
peak value of fundamental voltage component is

4V,
Voym =" SID 36°=10.7484 V.
For two-pulse modulation and pulse width d = 36°. vin Fig. 8.29 (a), 1s
180-172 72
Y=+

5 Tg ot
or in general. Y= T;\/_ff +% ..(8.72)

Eq. (8.72) is valid in case pulses of equal width are symmetrically spaced. Here N is the
number of pulses per half cycle.

Eq. (8.72) can also be obtained by referring to Fig. 8.29 (b). For N pulses per half cycle,
there are (N + 1) intervening equidistant spaces, each of width 8, as shown in Fig. 8.29 (b).
Ncte that for these equidistant spaces, vy = 0. Total width of these (N + 1) equidistant spaces
= (N = 1)6, = (1 — width of N\ pulses) = (1 - 2d)

or . 2d
1" N+1
Fig. 8.29 (b) shows that 8, = half of the pulse width = % This figure also reveals that
Y=0;+06;
n-2d d
or V=Tt (8.72)
Peak value of fundamental voltage component, from Eq. (8.71), 1s
8V

Voim = * sin 54 sin 18° =0.637 V.

i
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It is seen from above that fundamental component of output voltage is Jower (0.637 Vo)
for two-pulse modulation than it is for single-pulse modulation (0.7484 V). It can be shown

that for a larger value of pulses per half cycle, the amplitudes of lower order harmonics are
reduced but those of some higher harmonics are increased significantly. But this 1s no
disadvantage as higher order harmonics can be filtered out easily.

- The symmetrical modulated wave shown in Fig. 8.29 (a) can be generated by comparing
an adjustable square voltage wave V; of frequency w with a triangular carrier wave V. of

frequency o, as shown in Fig. 8.30 (b). This comparison is done in a comparator, Fig. 8.30
(a). In Fig. 8.29 (a), there are only two pulses per half-cycle but in Fig. 8.30 (), there are

| Carrier signal Ve freq We

, v b .
Triangutar <! /\ /\ /\ Reference signal Vr.,
wave A freq. w

Trigger | Trigger ox ;L* o

m 5| pulse o e R ‘
Comparator generator nulses to !,--;L..; oA \/ V \/‘| :
[ SCRs I R A AR
' ' ! . ) J ! 1 : : I;
R po P
() | o S I
| ' i
Square 1 b ';1
wave O : L
! ; b
| : Lo
! v, N
1L !

Vr %

'S 1

xA i
x|
M
(c) ®

Fig. 8.30. (a) Pertaining to multiple-pulse modulation (MPM) (b) Output voltage wavefor
with MPM (c) V, and V, showh on a larger scale.

four pulses per half cycle. The triggering pulses for thyristors are generated at the points of
intersection of the carrier and reference signal waves. The firing pulses so generated turn-on
the SCRs so that output voltage vy 1s available during the interval triangular voltage wave

exceeds the square modulating wave shown in Fig. 8.30 (b). In this figure, f.and f are the

frequencies in Hz for the carrier signal and reference signal respectively. This figure reveals’

that fl:% and -2-1?: 7 and the number of trigger pﬁlses is %x % = 4. In general, the number
c
of pulses generated per half cycle can be determined from Fig. 8.30 (b) as under :

For triangular carrier wave, pulse width = f
' ¢

For square reference wave, width of half-cycle = él?

. Number of pulses per half-cycle
= Number of hill-tops per half-cycie
T ot ~fRhalfervele of square reference wave
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-r :\7_—_[1/2 _i_g)_c
. YT T o 20

Note that NV in Eq. (8.73) must be an integer. The pulse height of the reference, or

L (8.73)

1cdulating, signal can be controlled within the range 0 < V_ <V, and pulse width 2—\% varied

by adjusting the magnitude V, of the reference square wave. The

4 2d
th g —
in eranbeO<N<N

pulse width is 2d/N on the assumption of same rms voltage as in single-pulse modulation.
In Fig. 8.30 (b), pulse width 2d/N is given by

2d (m )

N (4 e

A general expression for the pulse width can be obtained by sketching the first cycle of
carrier signal on a larger scale as in Fig. 8.30 (c). From this figure, pulse width, in general,
is given by

2d T .
i i Qx) ..(8.74)
where z, defined in Fig. 8.30 (¢), is ’
v, V.
/2N~ x
or x:__TE._ . _‘i
5NV,

From Eq. (8.74), the pulse width 1s

2d e T Vr er e
— =l Sl TN ..(8.75)
N [N N VC] [1 V. IN (8.75)

In MPM method, lower order harmonics can be eliminated by a proper choice of 2d and
~. But the rms voltage in Figs. 8.28 to 8.30 is the same, te.

1/2
Vor = Vs {%}
L

This means that if lower order harmonics are eliminated, the magnitude of higher order
harmonics would go up. But this is not a disadvantage, as higher order harmonics can be
filtered out by the use of filters at the output terminals of the inverters.

8.6.3. Sinusoidal-pulse Modulation (sin M)

In this method of modulation, several pulses per half cycle are used as in the case of
multiple-pulse modulation (MPM). In MPM, the pulse width is equal for all the pulses. But
is sin M, the pulse width is a sinusoidal function of the angular position of the pulse in a
cvele as shown in Fig. 8.31.

Lavs
[
=
-
[
oY)
—
—
~
b—-
3
aq
o

in M, a high-frequency triangular carrier wave v, is compared with a
cinusoidal reference wave v of the desired frequency. The intersection of v, and v, waves

23 the switching instants and commutation of the modulated pulse. In Fig. 8.31,
= o2k value of triangular carrier wave and V., that of the reference. or modulating,

~3 --7srence waves are mixed in a comparator. When sinusoidal wave has

-h2 triangular wave, the comparator output is high, ctherwise it i3

TTTT R LT 1 LI LAY 1 V1 YV VIR T T T T A T L T T T
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Reference wave, freq. f
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Fig. 8.31. Output voltage waveforms with sinusoidal pulse modulation.

low. The comparator output is processed in a trigger pulse generator in such a manner that
the output voltage wave of the inverter has a pulse width in agreement with the comparator
output pulse width.

When triangular carrier wave has its peak coincident with zero of the reference sinusoid,

there are Nzgff pulses per half cycle ; Fig. 8.31 (a) has five pulses. In case zero of the

triangular wave coincides with zero of the reference sinusoid, there are (/N - 1) pulses per

2f
The ratio of V,/V, is called the modulation index (MI) and it controls the harmonic content

of the output voltage waveform. The magnitude of fundamental component of output voltage
is proportional to MI, but MI can never be more than unity. Thus the output voltage is
controlled by varying MI.

half cycle ; Fig. 8.31 (&) has [i - 11 i.e. four, pulses per cycle.
)

Harmonic analysis of the output modulated voltage wave reveals that sin M has the
following important features : -

(i) For M1 less than one, largest harmonic amplitudes in the output voltage are associated
with harmonics of order f,/f+ 1 or 2N * 1, where N is the number of pulses per half cycle.
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frequency can be raised, which can then be filtered out easily. In Fig. 8.31 (@), N = 5, therefore
narmonics of order 9 and 11 become significant in the output voltage. It may be noted that
the highest order of significant harmonic of a modulated voltage wave is centred around the
carrier frequency £, [in Jig. 8.31 (a), f, = 10].

It is observed from above that as N is increased, the order of significant harmonic
increases and the filtering requirements are accordingly minimised. But higher value of N
entails higher switching frequency of thyristors. This amounts to more switching losses and
therefore an impaired inveiter efficiency. Thus a compromise between the filtering
requirements and inverter efficiency should be made.

(i) For MI greater than one, lower order harmonics appear, since for MI > 1, pulse width
is no longer a sinusoidal function of the angular position of the pulse.

In addition to the three PWM techniques discussed above, there 1is another PWM
technique called multiple-pulse modulation with selective reduction (MPMSR). In this
technique, the number of M pulse positions in each quarter cycle are so selected as to reduce
or eliminate M harmonics from the output voltage waveform (6]. This PWM technique will,
however, not be discussed here.

8.6.4. Realization of PWM in Single-phase Bridge Inverters

The output voltage waveforms shown in Figs. 8.28 to 8.31 reveal that output voltage from
an inverter is V,, zero or — V. Such waveforms can be realized in single-phase inverters as
under :

(a) Single-phase full-bridge inverter. In the inverter of Fig. 8.2 (a), when + V_ is to be
obtained in the positive half cycle, thyristors T1, T2 are turned on. For obtaining ~ V; in the
negative half cycle, thyristors T3, T4 should be turned on. For zero output voltage, i.e. if the
load is to be short-circuited ; then T1, D3 or T3, D1 from positive group ; or T4, D2 or T2, D4
from negative group should conduct depending upon the direction of load current. This means
that for obtaining zero output voltage at the end of each pulse, one of the two conducting
SCRs should only be turned off. Under this strategy, only one thyristor need be turned on for
obtaining the next voltage pulse. Switching on and commutation of thyristors should be so
arranged as to utilize the thyristors symmetrically. Let us illustrate this with an example.

Suppose output voltage of pulse width 2r/3 radians is to be obtained in each half cycle.
This pulse width is symmetrically placed as shown in Fig. 8.32. The waveform of load current

27 s
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2 Conduction of various components for single-phase bridge inverter of Fig. 8.2 (a).
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AC Voltage Controllers

AC voltage controllers are thyristor based devices which convert fixed alternating voltage
directly to variable alternating voltage without a change in the frequency. Some of the main
applications of ac voltage controllers are for domestic and industrial heating, transformer tap
changing, lighting control, speed control of single-phase and three-phase ac drives and
starting of induction motors. Earlier, the devices used for these applications were
auto-transformers, tap-changing transformers, magnetic amplifiers, saturable reactors etc.
But these devices are now replaced by thyristor-and triac-based ac voltage controllers because
of their high efficiency, flexibility in control, compact size and less maintenance. AC voltage
controllers are also adaptable for closed-loop control systems. Since the ac voltage controllers
are phase-controlled devices, thyristors and triacs are line commutated and as such no
complex commutation circuitry is required in these controllers. The main disadvantage of ac
voltage controllers is the introduction of objectionable harmonics in the supply current and
load voltage waveforms, particularly at reduced output voltage levels.

The object of this chapter is to study single-phase ac voltage controllers so far as their
principle of working and gating signal requirements are concerned. Their use in transformer
tap changers is also considered.

9.1. TYPES:OF AC VOLTAGE CONTROLLERS

The power circuit diagram of a single-phase half-wave ac voltage controller using one
thyristor in antiparallel with one diode is shown in Fig. 9.1 (a). In this figure, R is taken as

Yo

' . 5 l I
. T ~—
N g 4 i | 01— E T

D1 3 | |l '
Vmsinwt R r’ﬂN : /]/\
o VO 4 ] R T 2‘”],’ .

(@) )
Fig. 9.1. Single-phase half-wave ac voltage controller (a) Power-circuit diagram
and (b) voltage and current waveforms.
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-»¢ “or simplicity. The output voltage and current waveforms obtained from this
.- are shown in Fig. 9.1 (b). It is seen from this figure that positive half cycle is not
-—-21 with negative half cycle for both voltage and current waveforms. As a result, d¢

--m---z=+ 5 introduced in the supply and load circuits which 1s undesirable.
A

»-
FanE™

iR

@ YV sin wt

(27 + @)

a (b)
Tig 9.2, Single-phase full-wave ac voltage controller (@) Power-circuit diagram
and (b) voltage and current waveforms.

iz. 9.2 {a) shows the power circuit diagram of a single-phase full-wave ac voltage

---rraller with two SCRs connected in antiparallel. For this controller, voltage and current

1o

1
»

t\) ) 0
LS NS £
g Uu

AR
LS (R

wzveizrms are shown in Fig. 9.2 (0). This figure reveals that positive half cycle is identical

stive half cycle for both voltage and current waveforms. The power circuit of Fig.
herefore, introduces flo direct component in the supply and load circuit. This circuit
rore suited to practical circuits than single-phase half-wave circuit. In this chapter,

sfare. only full-wave ac voltage controllers are described.

soe = = 3 ~veles. When gate pulses are withdrawn, load remains off for m (= 2)

. INTEGRAL CYCLE CONTROL

-ared above that ac voltage controllers are phase-controlled devices. The principle

“ase control is illustrated in Figs. 9.1 and 9.2. In these figures, the phase relationship-

<sart of load current and the supply voltage is controlled by varying the firing

~” o+
"2 sta
- PN

rolled output is ac, these are called phase-controlled ac voltage controllers

T
g oon
e controllers.

L3TTy, there are several applications in which mechanical time constant oT thermal
£ the order of several seconds. For example, mechanical time constant for
-4-control drives, or thermal time constant for most of the heating loads 1s
ich. For such applications, almost no variation in speed or temperature will
.22 7 samralis achieved by connecting the load to source for some on-cycles and then
“224 for some off-cycles. This form of power control is called integral cycle
=1 cwele control consists of switching on the supply to load for an integra!
and then switching off the supply for a further number of integral cycles,

+
v
C

="e of integral cycle.control can be explained by referring to Fig. 9.2 for 2

<= ~2irage controller with resistive load. Gate pulses 1y, Ip turn on the thyrister

-ivelv at zero-voltage crossing of the supply voltage. The source energises &
¢
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Fig. 9.3. Waveforms pertaining to integral cycle control.

for n =3 and m = 2. Power is delivered to load for n cycles. No power 1s delivered to load for
m cycles. It is the average power in the load that is controlled.

In literature, integral cycle control is also known as on-off control, burst firing,
zero-voltage switching, cycle selection ot cycle syncopation.

For sinusoidal supply voltage, the rms value of output voltage V,, can be obtained as
under :

I .ox
1 1J’ T2 2
= ] V2% gin® ot d (wt), for first on- cle
or = periodicity  °¢ 7 () «

2%
+ Jo an sin® ot - d (ot), for second on-cycle + ...... +

2n :
J'O V;ﬂ sinz wt - d (@), for nth on-cycle‘\

For n on-cycles and m off-cycles, the periodicity = (n +m) 9r radians, see Fig. 9.3.
-1/2

r
n 2 2
= t-d
Vor {21: (n+m) JO Vm S0 (W)J

e o 172
= {—————"—’-—— jo (1 - cos 20t) d (cot)}

4 (n+m)
or V. —Vm- L —V‘\l——n——=V\fE BB
or =2 n+m S Yn+m 7
where V, = rms value of source voltage
and b = ——is the duty cycle of ac voltage controller.
Tn+m
. Vor
Rms load current, I,.=

S I T TR [ LA L L 1A ] T U A U UHHE T R
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v Vi RV

Power delivered to load = 7 =% m— =5 ..(9.2)

Rms value of input current, [; =rms value of load current, I,

Input VA =V, (rms value of source current)

=y 1=V -I1,=V Vor
=Yg ds = Vs T tor T S'R

Input VA x pf = power delivered to load

. Ve RV [ n
: - Lor, _or = 7
o Input pf = ROV.ov., V., - vk .(9.3)

As each thyristor conducts for = radians during each cycle of n on-cycles, the average
value of thyristor current is given by

T
Ips = 51; Jo I sin ot - d (o), for first on—cycle +
1 (" . . .
o Jo I, sin ot - d (ot), for second on-cycle + ... -
LJ-KI .sin ot - d (o), for nth on—cycle]
5 40 m o SIN (wt), for nth on-cycie

T
n :
= o n e ) J’O I, -sin ot - d (o)

I kI
_im T ..19.4)

T n om+n 7

Similarly, rms value of thyristor current is

i 1/2
Irp= {-——-—G——— Jo Ifn sin® ot - d ((Dt)l
A

2r (n+m)
I [n LR .

Integral cycle control introduces less harmonics into the supply system, the supply
undertakings therefore insist upon the consumers to use integral-cycle method for heating
loads and for motor-control drives.

AC voltage controllers with on-off control has specific applications as discusse above.
Dhase-controlled ac voltage controllersare, however, more common. As such, phase-controlled
ac voltage controllers will only be discussed and analysed in what follows : .

Example 9.1. A single-phase voltage controller has input voltage of 230 V, 50 Hz and a
load of R =15 Q. For 6 cycles on and 4 cycles off, determine (a) rms output voltage, (b) tnput
pf and (c) average and rms thyristor currents.

Solution. (a) From Eq. (8.1), rms value of output voltage is '
4./, n_ o5 ,‘/ 6 imq 1= =
Vor—Ys e f230 l5+4 f‘1/8.107"\/' =

1N Toeoe T (O QY it nf =\[E='\[ n 2.\/.06 ‘-.:0-77‘_46 1ag-.

A
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V. 178.157°

Also power delivered to load =I*.R= Fr=Tqp =2116W
I~
Input VA - 230 x &(13;—6 ~ 273174 VA
, _ 2116
. Input pf = 573174 0.7746 lag
230 V2

(c) Peak thyristor current, I, = =21681A

15

From Eq. (9.4), average value of thyristor current,
kI, 0.6x21.681

T 7

From Eq. (9.5), rms value of thyristor current,
;o _In vk 21681x06

TRT2 2

9.3. SINGLE-PHASE VOLTAGE CONTROLLERS
Fig. 9.4 shows three possible configurations of single-phase ac voltage controllers. Fig.
9.4 (a), similar to Fig. 9.2 (a), uses two thyristors connected in antiparallel. The trigger sources
for the two thyristors must be isolated from one another because otherwise the two cathodes

would be connected together and the two thyristors would be out of circuit as shown in Fig.
9.4 (b). Thus, no control of the output voltage would be possible.

I, = = 4.1407 A

=8.397 A

Trigger
source

+ ?j
T2
(ES;)Vh1sh1wt

|o<+
[oror]

(@) ®)

!
1 oS +
IIO)O"_ ll

@

Fig. 9.4. Single-phase ac voltage controllers.

Scheme shown in Fig. 9.4 (c) employs four diodes and one thyristor. For this circuit, there

is no need for any isolation between control and power circuits. This scheme, therefore offers

a cheap ac voltage controller. The voltage drop in the three conducting devices (two diodes
and one thyristor) will, however, be more than in Fig. 9.4 (a).

The circuit shown in Fig. 9.4 (d) uses one triac. This configurtion is suitable for low-power
applications where the load is resistive or has only a small inductance. The triggering circuit
for the triac need not be isolated from the power circuit.
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9.3.1. Single-phase Voltage Controller with R Load

Fig. 9.5 (a) shows a single-phase voltage controller feeding power to a resistive loa{d R.
stated before, two thyristors are connected in ant.parallel. Waveforms for source vojaq%i
gating pulses i, ip load current iy, source currenc i, load voltage vg, voltage across

as v and that across T2 as vgy are shown in Fig. 9.5 ().

i
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Fig. 9.5. (a) Single-phase ac voltage controller with R load
(b) Voltage and current waveforms for figure (a).

Thyristors T1 and T2 are forward biased during positive and negative halfd Cth_lei
respectively. During positive halfcycle, T1is triggered at a firing angle a. T'1starts coflz uc 13;
and source voltage is applied to load from o to w. At T, both vy i fall to zero. Just after ﬂ.,‘ 1
is subjected to reverse bias, it is therefore turned off. During negative half cycle, T{:
triggered at ( + o). T2 conducts from 7+ o to 27. Soon after 27, T2 is subjected to a revers
bias, it is therefore commutated. Load and source currents have the same waveform. .

From zero to &, T1 is forward biased, vy =v, as shown. From ¢, T1 conducts, ty: 1€

3 ) =1 1T
L p Yt 4 XT Adbem 0 M i vavercs hiaced by csonree voltage therefore vy = U T

s
o
<
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< ton + o From 7 + o to 27, T2 conducts ; T1 is therefore reverse biased by voltage drop across
T2 which is about 1 to 1.5 V. The veltage variation vy across SCR T1 is shown in Fig. 9.5(b).

Similarly, the variation of voltage vy across T2 can be drawn. In Fig. 9.5 (b), voltage drop
across thyristors T1 and T2 is purposely shown just to highlight the duration of reverse bias
across T1 and T2. Examination of this figure reveals that for any value of o, each thyristor
is reverse biased for n/® sec.

There is thus no restriction on the value of firing angle a. Firing angle can, therefore, be
controlled from zero to m and rms output voltage from V to zero. Here V, is the rms value of

source voltage.

o . T

-, Circuit turn-off time, t.= Zot sec.

Harmonics of output quantities and input current. It is seen from Fig. 9.5 (b) that
waveforms for output quantities (voltage vg and current i;) and input current ¢, are
non-sinusoidal. These waveforms can be described by Fourier series. As the positive and
negative half cycles are identical, dc component and even harmonics are absent.

The output voltage vy can be represented by Fourier series as under :

UO:ZAn sin nmt+28n cos not ..(9.6)
n=1,35 n=1235
©
where A, = ﬂJ‘ Ug (@) sin not - diot (9.7
740
2 e
and B, = —J Vg (wt) cos not - dlod ..(9.8)
70

The load voltage v, during the first half cycle 1s
| Vo=V, sin of ... o< o< ' (9.9

Substitution of vy from Eq. (8.9) in Egs. (9.7) and (9.5} gives

Pl
'

2V T ;
A, = ——r—n—j sin ot - sin not - d (©f
T “a
Vi (7 | o ,
———J [cos (n — 1) wt —cos (n + 1) ot] d(ot)
e a
Vv 1 4 ] 1Yo
_Ym|sin(n- Hao sinin-1lo (9101
i n+1 n-1
2V, (T
and an——nﬂ . sin ot - cos not - d(wt)
ij" . . J
=— [sin (n + 1) ot - sin (n - 1) ot] d(wt)
Valcosn+a-1 cos(pn-Da-1 T
Ton n+1 n-1 T

where V. =2 V, and V, = rms value of source voltage .

For obtaining Eq. (9.11), note that for n = 1,8,5...cos(n+1)n=1and cos (n - D=1
The amplitude of the nth harmonic output voltage V. and its phase ¢, are given by
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B
V= VAZ+ B2 and ¢, = tan” ' 7= ..(9.12a)
Vnm .
and Inm':—ijz nth harmonic load current ...(9.12b)

For fundamental frequency, t.e. for n =1,V and ¢, cannot be obtained from Egs. (9.10)

(0 (9.12), because these become indeterminate for n=1. This difficulty can, however, be
svercome by putting n =1 in Egs. (9.7) and (9.8) and substituting the value of vy from Eq.

(9.9).

b1 ) v ;
AIZ%f V_ sin® ot - dlot) = m['s_l“n\_gg*?(ﬁ* a)w ..(9.13)
. L

and _ Blz%Ja V., sin ot - cos ©f - d(@t) = ..(9.14)
L i H

From the coefficients A, and B;, the peak value of the fundamental frequency voltage

V,,. and its phase ¢, are given by
Vi = 143+ B}
2 2 ~1/2
\4 i ] (cos 211 :
:—T\:{M+(ﬁ—a)‘g +<!£b—;—‘*} | ...(9.15a)
T 2 O
Vlm . -
I, = R = amplitude of fundamental component of load or source current ...(9.15b)
B .~y cos2a-1
d =tan ! “H=tan" | = (9.1
an ¢, = tan A tan sin 20+ 2(x — &) (9.16)

When ac voltage controller is used for the speed control of a single-phase induction motor,
only fundaraental component is useful in producing the torque. The harmonics in the motor
current merely increase the losses and therefore heating of the induction motor.

For heating and lighting loads, however, both fundamental and harmonics are useful in
producing the ac controlled power. In such applications, rms value V,, of the output voltage

should be known. It can be obtained from Eq. (9.9) as follows :

1/2
1 ("2 .2

V. ={=| V t-

or [ﬂ Ja L sin” ® d(mt)}

Vo1 ) 172

:Vg{;{(n—a)ﬁkisin ZOLH L (9.17a)
~ V,
and : I, = I value of load, or source current ..(9.178)
The average power P delivered to load of resistance K is
V2 2 )
P:If,R:—R‘i= 27"% {(n— o) + % sin 24
Ve 1

=R (n—a)+§sm 2a ...(9.18)

Maximum power P, is delivered to load when a=0.

T
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V2 ‘ =

Fraz=T1 =

This gi £ - +lsin2on =
gives P~ (m—o) 5 :

In terms of harmonic components, =

P:R(I(%1+I(2)3+Igs+ ...... ) o

L 2 4 V2 =
:§(V81+V03+V05+ ------ ) =
Fig. 9.5 (b) shows that source current waveform is identical with load current waveform.

This shows that expressions for both load and source currents for the appropriate harmonics
are the same. '

Power Factor. Assuming that source voltage remains sinusoidal even though
non-sinusoidal current is drawn from it, the power factor is given by

I

V, I cos I; - cos
pf= X Real power _ 1 o _h oy (9.19)
pparent power Ve I, I
-
I, = \l—éﬁ = rms value of fundamental component of source current
given by Eq. (9.15 b)
I,..=1,,=rms value of source current, Eq. (9.17 b),
; = phase angle between V_ and I,, Eq. (9.16)

Another expression for pf can be obtained as follows :
2

Real power delivered to load = Ror

Apparent power delivered to load

A1

where

T

HHIT

I

Vor =

:Vs'Ior:Vs'R -

Vo/R -V, =

P2y VIRE™Y, =

Vor 1 1 . e =

From Eq. (9.17a), pf = 2 Z[E {(n—a) +5 sin QOLH ..(9.20) =

The maximum value of rms output voltage and current occurs at o = 0 and are given by
Vs and V /R respectively, Eq. (9.17). For a = 0, harmonics are absent, these are therefore also
the maximum values of fundamental rms voltage and current.

i

Example 9.2. A single-phase voltage controller feeds power to a resistive load of 3 Q from
230V, 50 Hz source. Calculate :

(a) the maximum values of average and rms thyristor currents for any firing angle o,
(b) the minimum circuit turn-off time for any firing angle o,

M

[

(c) the ratio of third-harmonic voltage to fundamental voltage for o = E,

(d) the maximum value of di/dt occurring in the thyristors,

(e) the angle o at which the greatest forward or reverse voltage is applied to either of the
thyristors and the magnitude of these voltages.

i

IR
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considered here for describing the principle of operation of both the types of cycloconverters.
A single-phase to single-phase device of the mid-point type is shown in Fig. 10.1 (a) and of

i

UL L L L1 L LA 114 (LT TR

the bridge type in Fig. 10.1 (b). With the help of this figure, the basic principles of both types

- of cycloconverters are described here.
10.1.1. Single-phase to Single-phase Circuit-Step-up Cycloconverter

For u.nde‘fstanding the operating principle of step-up device, the load is assumed to be
resistive for simplicity. It should be noted that a step-up cycloconverter requires forced

commutation. The basic principle of step-up device is described here first for mid-point and
then for bridge-type cycloconverters.

(&)
Fig. 10.1. Single-phase to single-phase cycloconverter circuit

(a) mid-point type and (&) bridge type.
10.1.1.1. Mid-point cycloconverter. It consists of a single-phase transformer with mid-
zap on the secondary winding and four thyristors. Two of these thyristors P1, P2 are for
nositive group and the other two N1, N2 are for the negative group. Load is connected between
secondary winding mid-point 0 and terminal A as shown in Fig. 10.1 (a). Positive directions
for output voltage vy and output current iy are marked in Fig. 10.1.

-1
/o7

Yo.10 --———»-4‘ 0 p? /Supp!y lvol.tcgcz
nvelope
] P1 ¢ P
P1 P1 P2
! = W
PNZ NI t
: : N2 :
wty wiy wts s

]

T e
=,
Fig. 10.2. Waveforms for step-up cycloconverter.

In Fig. 10.1, during the positive half cycle of supply voltage of Fig. 10.2, terminal a 1s
positive with respect to terminal b. Therefore, in this positive half cycle, both SCRs P1 and
N2 are forward biased from @t =0 to of =n. As such SCR P1 is turned on at ot = 0° so that
load voltage is positive with terminal A positive and 0 negative. The load voltage now follows
the positive envelope of the supply voltage, Fig. 10.2. At instant wt;, P1 is force commutated

and forward-biased thyristor N2 is turned on so that load voltage is negative with terminal
2 nesitive and A necative The load. or output, voltage now traces the negative envelope of
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Cycloconverters

A device which converts input power at one frequency to output power at a different
frequency with one-stage conversion is called a cycloconverter. A cycloconverter is thus a
one-stage frequency changer. Basically, cycloconverters are of two types, namely :

(i) step-down cycloconverters and
(if) step-up cycloconverters.

In step-down cycloconverters, the output frequency fj 1s lower than the supply frequency
f.,i.e. fy <f.. In step-up cycloconverters, f; > f;.

The operating principles of step-down cycloconverters were developed as far back as 1930.
At that time, mercury-arc rectifier was used as a cycloconverter for converting three-phase

50 Hz supply to single-phase 16% Hz supply for use in ac traction system in Ger}nany. A

single-phase series motor, when operated at a lower frequency, gives better operating
characteristics. In the United States, a cycloconverter comprising 18 thyratrons was employed
to drive a 400-HP synchronous motor for several years in Logan power station (6]. The
cycloconverter systems at that time did not find widespread use only because early systems
were not technically attractive and economically viable.

With the advent of high-power thyristors, cycloconverters are again becoming popular. At
present, the applications of cycloconverters include the following :
(i) Speed control of high-power ac drives
(i) Induction heating
' (1i1) Static VAR generation
(iv) For converting variable-speed alternator voltage to constant frequency output volt-
age for use as power supply in aircraft or shipboards.

The general use of cycloconverter is to provide either a variable frequency power from a
fixed input frequency power (as in ac motor speed control) or a fixed frequency power from
a variable input frequency power (as in aircraft or shipboard power supplies).

The object of this chapter is to present both single-phase and three-phase cycloconverters
at an introductory level.

10.1. PRINCIPLE OF CYCLOCONVERTER OPERATION

In this section, basic principle of operation of step-up as well as step-down cycloconverter
is presented. Single-phase to single-phase cycloconverter, though seldom used in practice, 18
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cn. In this manner, a small delay in firing angle is introduced at C, D, £, F and G. At G, the
firing angle is zero and the mean output voltage, given b\ Vo = VM co a

)
SO 1sm

lay in firing angle

is further introduced progressively at points H I J, KL and M. At Af the firing angle is

Fabricated output
voltage ° /Meon output voltage

wt

Fig. 10.5. Fabricated and mean output voltage waveforms for a single-phase cycloconverter.
g P gle-p Yy

again 90° and the value of mean output voltage is zero. The gating circuitry is suitably
designed to introduce progressive firing angle delay as discussed here. In Fig. 10.5, the
single-phase output voltage, fabricated from 3-phase input voltage, is shown by thick curve.
Mean output voltage wave is obtained by joining points pertaining to average voltage values.
For example, at A, a =90° V=0 ; at G, a =0° therefore V; has maximum mean output
voltage and so on. It is seen frorn Fig. 10.5 that fabricated output voltage given by thick curve
can be resolved into fundamental frequency output voltage plus several other harmonic
components. The load inductance can, however, filter out the high-frequency unwanted
harmonics. Fig. 10.5 reveals that for one half-cycle of fundamental frequency output voltage
(marked mean output voltage in this figure), there are eight half cycles of supply frequency
voltage. This shows that output frequency fy= %fs where f; is the supply frequency.

It is obvious from Fig. 10.5 that for obtaining positive half cycle of low-frequency output

.....

.....

a:d from 90° to 180° and back to 80° for negat've half cycle. This is illustrated in Flg. 10.6.

It is thus seen from above that a complete cycle of low-frequency output voltage can be
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snown to dehver a laggmg pf load. In a thyrister converter c1rcu1t, current can only flow in
ne direction. For allowing the flow of current in both the directions during one complete
-.2 of load current, two three-phase half-wave converters must be connected in antiparallel

z: shown in Fig. 10.7. The converter circuit that permits the flow of current during positive

~z7 ovele of low-frequency output current is called positive converter group. The other group

c:zrmitting the flow of current during the negative half cycle of output current is called

czz:ive converter group. For a three-phase to single phase cycloconverter, schematic diagram

I.-mzs2 half wave converters in anti-parallel, the positive group for the conduction of positive

~ At

::Z z2urrent and the negative group for the flow of negative load current.

Z:‘:::::natlon of Fig. 10.6 reveals that when output current is positive (above the reference
_1 . oaositive converter conducts Under thls condrtlon positive converter acts as a rectifier

]
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Fig. 10.4. Voltage and current wavelorms for -
step-down cycloconverter with continuous load current =
waveform is redrawn in Fig. 10.4 (d) under steady state conditions. Itis seen from load current

waveform that i, is symmetrical about wt axis in Fig. 10.4 d . The positive group of voltage

[EREREN!

group and current wave consists of four pulses and same is true for negative group of wave.
One positive group of pulses along with one negative group of identical pulses constitute one
cvele for the load voltage and load current. The supply voltage has, however, gone through
four cvcles. The output frequency is, therefore, /= l/‘ in Fig. 10.4.

ANRNNE

10.1.2.2. Bridge-type cycloconverter. The operation of bridge type cycloconverter
shown in Fig. 10.1 (b) can be easily explained for both discontinuous and continuous load
currents. The voltage and current waveforms would again be as shown in Fig. 10.3 for
discontinuous load current and as in Fig. 10.4 for continuous load current. The explanation
-f bridge-tvpe cycloconverter is left as an exercise to the reader.

10.2. THREE-PHASE HALF-WAVE CYCLOCONVERTER

The object of this section is to consider how single-phase low-frequency output voltage is
“atricated from the segments of 3-phase input voltage waveform. Then three-phase to
shrze-phase cvcloconverters are described.

(ERNERY] [ERNNENY (RERRNEI

.2.1. Three-phase to Single-phase Cycloconverters

10

For conv eruna three-phase supply at one frequency to single-phase supply at a lower
prmcxple is to vary progressively the firing angle of the three thyristors
ave urctut In Fig. 10.5, firing angle at A to 90°, at B firing angle 1s
G0°, at C the firing anale 1s still further reduced than it is at B and sc

E
1!
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©t =, terminal b is positive with respect to terminal @ ; both SCRs P2 and N1 are therefore

forward biased from ot =1 to 27 At of =1, N2 is force commutated and forward biased SCR

P2 is turned on. At of = .‘Zi + %, P2 is force commutated and forward biased SCR N1 s turned
fs fo

on. In this manner, thyristors P1, N2 for first half cycle ; P2, N1 in the second half cycle and

so on are switched alternately between positive and negative envelopes at a high frequency.

As a result, output voltage of frequency fo, higher than the supply frequency f;, is obtained.
In Fig. 10.2, f. is the supply frequency and fj is the output frequency. Also f, =6/, in Fig.
10.2.

10.1.1.2. Bridge-type cycloconverter. It consists of a total of eight thyristors, P1 to P4
i.e. four for positive group and the remaining four for the negative group. When a is positive
with respect to x in Fig. 10.1 (b), i.e. during the positive half cycle of supply voltage of Fig.
10.2, thyristor pairs P1, P2 and N1, N2 are forward biased from ot = 0° to wt=n. When
forward biased thyristors P1, P2 are turned on together at ot = 0°, the load voltage is positive
with respect to x in Fig. 10.1 (), forward-biased thyristors P1, P2 are turned on together at
of = 0° so that load voltage is positive with terminal A positive with respect to 0. Load voltage
now traverses the positive envelope of supply voltage, Fig. 10.2. At ot,, pair P1, P2 is force
commutated and forward biased pair N1, N2 is turned on. With this, load voltage is negative
with terminal 0 positive with respect to A. Load voltage now follows the negative envelope
of source voltage, Fig. 10.2. At wé, ; N1, N2 are force commutated and P1, P2 are turned on.
The load voltage is now positive and follows the positive envelope of source voltage. After
ot = 7, thyristor pairs P3, P4 and N3, N4 are forward biased, these can therefore be turned
on and force commutated from ot = 7 to ot = 27, In this manner, a high-frequency turning-on
and force commutation of pairs P1, P2, N1 N2 and pairs P3 P4, N3 N4 gives a carrier-ire-
quency modulated output voltage across load terminals.

In Fig. 10.2 conduction of thyristors P1, P2 and N1, N2 for mid-point cycloconverter of
Fig. 10.1 (a) is only shown. It is fairly easy to indicate the conduction of thyristors P1 to P4
and N1 to N4 in Fig. 10.2.

10.1.2. Single-phase to Single-phase Circuit-Step-down Cycloconverter

A step-down cycloconverter does not require forced commutation. It requires
phase-controlled converters connected as shown in Fig. 10.1. These converters need only line,
or natural, commutation which is provided by ac supply. Both mid-point and bridge-type
cycloconverters are described in what follows

10.1.2.1. Mid-point cycloconverter. This type of cycloconverter will be described both
for discontinuous as well as continuous load current. The load is now assumed to consist of
R and L in series.

(a) Discontinuous load current. When a is positive with respect to 0 in Fig. 10.1 (a),
forward biased SCR P1 is triggered at ot = o.. With this, load current i, starts building up in
the positive direction from A to O. Load current %, becomes zero at t = >« but less than
(t+a), Fig. 10.3 (¢). Thyristor P1 is thus naturally commutated at @t = which is already
reverse biased after 7. After half a cycle, b is positive with respect to 0. Now forward biased
thyristor P2 is triggered at ot = 7+ o. Load current is-again positive from A to O and builds
up from zero as shown in Fig. 10.3 (c). At ot =n+ B, iy decays to zero and P2 is naturally
commutated, At 2m+ o, P1 is again turned on. Load current in Fig. 10.3 (c) is seen to be
-us. After four positive half cycles of load voltage and load current, thyristor N2
N2 should be fired) is gated at (4n + o) when 0 is positive with respect to b. As N2
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Fig. 10.3. Voizage ard current waveforms for
step-down cycloconverter with discontinuous load current.

is forward biased, it starts conducting but load current direction is reversed, i.e. it is now
from O to A. After N2 is triggered, load current builds up in the negative direction as shown
in Fig.'10.3 (c). In the next half-cycle, 0 is positive with respect to a but before N1 is fired,
[, decays to zero and N2 is naturally commutated. Now when N1is gated at (5n + ), iy again
builds up but it decays to zero before thyristor N2 in sequence is again gated. In this manner,
four negative half cycles of load voltage and load current, equal to the number of four positive
half cycles, are generated. Now P1 is again triggered to fabricate further four positive half
cycles of load voltage and so on. For discontinuous load current, natural commutation 1s
achieved, i.e. P1 goes to blocking state before P2 is gated and so on,

In Fig. 10.3, mean output voltage and current waves are also shown. It is seen from this

figure that frequency of output voltage and current is fo = % fs

(b) Continuous load current. When a is positive with respect to 0 in Fig. 10.1 (a), P1
is triggered at of = o, positive output voltage appears across load and load current starts
building up, Fig. 10.4 (¢). At ot =n, supply and load voltages are zero. After ot =, Pl is
reverse biased. As load current is continuous, P1 is not turned off at wt=n. When P2 is
triggered in sequence at 7 + o, a reverse voltage appears across P1, it is therefore turned off
by natural commutation. When P1 is commutated load current has built up to a value equal
to RR, Fig. 10.4 (c). With the turning on of P2 at (n + 0), output voltage is again positive as
it was with P1 on. As a consequence, load current builds up further than RR as shown in Fig.
10.4 (c). At (2n + o), when P1is again turned on, P2 is naturally commutated and load current
through P1 builds up beyond RS as shown. At the end of four positive half cycles of output
oltage, load current is RU. When N2 is now triggered after P2, load is subjected to a negative
~ 2tage cycle and load current i, decreases from positive RU to negative AB (say) as shown

= Fig. 10.4 (c). Now N2 is commutated and N1 is gated at (57 + o). Load current i becomes

~.:re negative than AB at (6 + ), this is because with N1 on, load voltage is negative. For
‘-t negative half cycles of output voltage, current iy is shown in Fig. 10.4 (c). Load current




