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21.31 Equivalent circuit of 4 cony
Oy

We may think of a converte a8 by
ac/dc motor-generator set whosp i 0 4y

L1

| e o | > QU
tage £y changes both in magnitude oull g
L " - l

i L W 5y
r i .
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nts in a 3-phase,

re
1142 e o converter

g-puls
01-58 SNOWS the voltage and currenk
e = when the converter functions as o

depending upon the gate puylse <'|t'h’lm' -av.el.‘.-‘h ﬂfl 4 firing angle of 45°. The current i,
aver, the dc "generator" hae .l ptner & i, in pach thyristor flows for 120°

S0Ma ol

properties:

1. It can carry current in only one

2. It generates an iru'fru;'ls.;ing_f;ly larqe 4.
voltage as the dc voltage decrea, Iy

(“mm"{} \

Y8

I'he analogy may be represented
cult of Fig. 21-55, Iin which: i

e [, represents the 3-phase line VOllags

e [, s the dc voltage generated by (hg}ﬁ
verter ]

® ¢ 15 the ac voltage generated by the g
verter (mainly 6th and 121h harmonies h

® Dis a diode to remind us thaf
flow in only one direction

¢ [he dotted line between Eye and E, indiea
that active power can flow between (hg
and dc systems.

*® Unlike a motor/generator sel, the de anfs
systems are not electrically isolated f1
each other,

ics)
Curren! ¢

- When the converter is operating as
"_e"' the equivalent circuit (s sho
Fig. 21-56. When operating as in invett |
Clrcult is given by Fig, 21-57. The ac i
deénerated by the converter appears
inductor L. Its inductance s sufficiently®
#hsure an almost ripple-free de curren |

_——

e

¢ = P tan (X (:”-1:
where

U = reactive power absorbed by " |
converter (var| v fl

£ = do power of the converter (" ‘
lor a rectifier, negative for @
nverter) (W]

a =

riggering angle (7]

{|pyistor conv
O 1o bt P

i ’ !'”
u. t;lill Smillﬁék value is equal to the dc current [y
i

holds true for any firing angle bmwgen
Vi d 180", Consequently, the currents in q
e arter are identical to those in a
i 3:phase diode rectifier (Fig, 21-20_). The
yly difference is that they flow later in the
CYETlfua wvaveshapes of the corresponding ac
meurrents are easily found because they are
gualto the difference between the respective
hyistor currents. Thus, referring to Fig. 21-52,
necurrentl, = i, = i4. These line currents also
lve a peak value Zy, but they flow in positive
ind negative pulses of 1207,

21,33 Power factor

When the cur-

'ents are in phase with the voltages, the

. 2 draws no reactive
power from the line. The same remarks apply t;)
d 3-phase, 6-pulse rectifier (Fig. 21-20) |
Relerring now to Fig. 21-58. where irig-
gering has been delayed by 45°, we note that
the thyristor currents have all been shifted ("dis-
placed") by 45° to the rght. Consequently, the
Ine currents lag the respective voltages by 45°;
the displacement power factor is no longer
unity but only0:707 (cos 45° = 0.707). This
means that a converter absorbs reactive power
from the ac system to which it is connected.
This is true whether the converter operates as a
rectifier or inverter, The reactive power is given
by:
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" WAVEFORM DC/DC
GENERATOR CONVERTER

PLY
mm_u L g

|\| RAMP CONTROL :

T1 T2 = T2 T1
VOLTAGE REFERENCE

6 Typical transistor dc drive, control loops

V2
, DC CONTROL Carrier wave |
VOLTAGE =V __

\ U

T4 |T
3 T4 T3 T4 RE

— — — == |
- | ——

. — —

- — r—— — - — -—

_ . a CI . .
Deriods of T1 an =g fcuit; b conduction 7  PWM waveform generation, a

| conduct; | |
4, d re Sultant outpys ction periods of T3 and control voltage; b convener
. waveform.
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4 current flows into the load. w.oE the loagd
tive. as shown in Fig. 9-6a. This is a sing|e.

s a rectifier.

Class A chopper. The load

voltage and the load o:q@:.ﬁ are posl
quadrant chopper and IS said to be operated a

Class B chopper. The load current flows out of .:.6 _.oma. The _o.ma. voltage
is positive, but the load current Is negative, as shown In ﬂm. @-mc.a H_.:m _M also 3
. __ . L and IS said to b
= t chopper, but operates in the second quadran ]
e i shown in Fig. 9-7a, where the

operated as an inverter. A class B chopper 1s __ S
battery E is a part of the load and may be the back uwﬂ_m__oﬁ a dc motor..
| ives current through inductor 7

When switch S, is turned on, the voltage E dr
and load voltage v; becomes zero. The instantaneous load voltage v; and load

AL A

— O R G —= = o,

_._ llllllllll % _. E 3
0
D; IS IL - R v (b) Load current :
+ Vs +.., ..........
.
=i S1 Vi Eer
— 0 KT T " (+kT
el et (c) Load voltage

Figure 9-7 Class B chopper.

Clas o
in Fig. @-mw.o%%mo_wwmﬂozﬂrm._oma Current mm.m::w_, positive or negative, as shown
chopper. The class A mnammm_w o oy positive. This is knownas a 'Wo-gasoRss
chopper as shown in Fi oom@mm B choppers can be combined to form a class C
Dy operate as 3 o m 0. 51 and D, operate as as a class A chopper. §, and

. a8s B chopper. Care must be taken to ensure that the two

- A — e p—

T — ) E— |
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nto the load. Both the load

The load current flows m

chopper. 5 1
SRS el e _omﬂnocqgﬁ are posItive, as shown

tage and th .
voltag per and is said to be O

quadrant chop

he load. The load voltg

d current flows out Om.ﬁ . e =
The loa negative, as shown in Fig. 9-6b. H*.:m s also 3
tes in the second quadrant and is said to be

chopper is shown in Fig. 9-7a, where the

: B
ted as an inverter. A class motor.
e E is a part of the load and may be the _omm.x emy gf g.gc e St
battery E 1s a p i on. the voltage E drives current through inductor 1.
BEE Sl e instantaneous load voltage v, and logd

= r ... ...\.-._.._

and load voltage v, becomes Z€TO. The e

Class B chopper. .
ut the load current 1S

is positive, b
single-quadrant chopper, but opera

T

[l
i
4
<
<

5 T (1+KkT :

5 0 kT

(a) Circuit (c) Load voltage

Figure 9-7 Class B chopper.

. Class C chopper. The load current is either positive or negative, as shown

in Fig. 9-6¢c. The load voltage is always positive. This is known as a rwo-quadrant

chopper. The class A and class B choppers can be combined to form a class C

Mu:om_uﬁ as shown in Fig. 9-8. S, and D, operate as as a class A chopper. §, and

, c“\ mm”ﬂwﬁwwwmmm wmo_mwm B chopper. Om._‘o must be taken to ensure that the two

e not fire Homﬁro:.oﬂrw_éam, the supply V, will be short-circuited. A
PPEr can operate either as a rectifier or as an Inverter.

' "

i I

Vs
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Figure 9-9 Class D chopper.

class D chopper. The load current is always positive. The load <o:mm_m 1S
either positive Or negative, as shown in Fig. 9-6d. A class D chopper can also
operate either as a rectifier or as an inverter, as shown in Fig. 9-9. If §, and 5, are
wurned on, vz and ir becomes positive. If S, and S4 are turned off, load current i,
will be positive and continue to flow for a highly inductive load. Diodes D> and D;
provide a path for the load current and v; will be reversed.

Class Echopper. The load current is either positive or negative, as shown
in Fig. 9-6e. The load voltage is also either positive or negative. This is known as
a four-quadrant chopper. Two class C choppers can be combined to form a class
E chopper, as shown in Fig. 9-10a. The polarities of the load voltage and load
current are shown in Fig. 9-10b. The devices that are operative in different quad-
cants are shown in Fig. 9-10c. For operation in the fourth quadrant, the direction
of battery E must be reversed. This chopper is the basis for the single-phase full-

bridge inverter in Section 10-4.

(a) Circuit
Vi Vi)
Inverting | Rectifying
VL +Ve V| +Ve S,, D4 S1, O¢
. _ IL=Ve m_r +Ve Dh.. D.— Om_ Dn
N L

| VL=Ve Vi-Ve Ss3, S2 Sa, D2

__II.._(m :l +Ve mwn Oh DN__. Dw

Rectifying | Inverting e =
(b) Polarities (c) Conducting devices

Figure 9-10 Class E chopper.
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Fig. 10-2a. It consists of four chop.
‘multaneously. the input vOltage
d O, are turned on at the same

TURNED OFF,
— V.. The wavetorm for the

A single-phase bridge inverter is shown _Ma i
When transistors Q, and Q. are turn |
load. If transistors O an

ToRS Ny AND A2 .
load 1S reversed and 1S

10-2D.

pers.
V., appears across the

time. Wit TRANSIS
the voltage across the .
output voltage is shown iIn Fig.

The rms output voltage can be found from
4V,
Vi = — = (0.90V,
V2 7
gives the rms value of fundamental COmponey |
K.n_rcno
N e
- = e 0 b 5 ‘ ﬂ
Q, Du Ku Ybo
V NWHU# HUQNW 2
LIJ..H.. : : %
m T To
! D 2
] Vv
*0 : Load mo - & Vap “Cﬂﬂmamﬂﬂm_
il ctrrent, 1.k o
I<MMHIAII. - a Oh ON ﬂ _o.ﬂ
D, T . -
i |.JRH
L. To T:
2
e . (b) Waveforms
i
B dee T A
4fL ==
0

D, D,
on on on ik

“ (c) Load current with highly inductive load

Figure 10-2 Single-phase full-bridge inverter.

When diodes D, and D, conduct

[
o_“mw are x:oi.: as feedback diodes
rent for an Inductive |oad |

B SISl T ey Y.

._ :._o energy is fed back to the dc source and
Figure 109.c shows the waveform of load

AR dA WIS
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«tive load
for a _..mm_mn_<m
waveforms 0. The two

wn in Fig.1 s
i o relationship in

he same polarity
ncide).

Power Factor

Typical voltage and current

connected to an ac supply ar il
waveforms are in phase, or to exp

t
another way, the voltage and current :M,“Mﬁm =
at any instant (thus the zero crossind p

V

—— VOLTAGE
—— CURRENT

10 Voltage and current waveforms = purely resistive load

age and current, it can be

e result is always positive,
is available to be used.

Since power is the product of volt
seen that during each half cycle th
and therefore all the resultant power

V I

90°

|

—— VOLTAGE
—— CURRENT

11 Voltage and current waveforms — purely inductive load

In contrast, consider the waveforms shown in Fig.11, the
load In this case being a pure inductance. The current
waveform lags behind the voltage waveform by 90° due to
the effect of the load inductance, and it can be seen that
during the first quarter-cycle (A) the voltage and the current
are of opposite polarity, whilst in the second quarter-cycle

4

l ‘

=
® =PHASE ANGLE

— VOLTAGE
—— CURRENT

current. 1s zero. In this ca
and the product of rms valta e -

connected 1

In Fig.12. a load having both resistance and |
o the supply and, as mxn_mﬂmﬂ._%mwﬁ i
m lags behind the voltage waveform L e
being referred to as the vzﬁof né
rent waveform has a compg em a_ﬂ
phase with the voltage waveform (due tg __._msmﬂ g ° oo
U-.OUGJ.% of the load) NMJQ d OOBUO_.._OJ_“ frmﬂ? ...____..“__..._. o
voltage waveform by 90° (due to the inductiye a_wﬁ
the load). The resulting phase angle is quma..mq_m?.

2nd 90°, and lagging, as shown in Fig.13. Clearly, ﬁsmhﬂ__ e
ery, B

wavefor

this case, the cur

in-phase current {0 total current is given by the Cosn e .
phase angle, therefore: | mg_.. _._ ch
WATTS
COS ¢ =
VA .
f
Cos o is known as the Power Factor (pf). 5 mwn;
five
_mimﬁ. b.
¥ » ____.cm IS |
gtor CC

o = IN-PHASE Cugg:
la= mmbnﬂ_ﬁ.nﬂm_ﬁﬁ
| = RESULTANT Cuggg:
V = VOLTAGE PHAS:

13 Phasor diagram for a load naving both resistance
inductance

Voltage and current waveforms for a thyristor g # _u_&:m.
shown in Fig.14. The shaded areas indicate the pe m_m _n
during which the thyristors are in conduction, havingaii='
angle'a. The current waveform is therefore .t S is
But can be resolved by Fourier analysis into & AUMEEEREDDIy
sinusoidal waves of different frequencies and ;a, _M_.

which, when combined, yield the actual wavefof
process ﬁmc:m In a fundamental frequency, and i
which are integer multiples of the fundamental

.........
........

/..M.. .mﬂ.“zz.......
..;ﬁ?mmxamwwrgm o
i "
S RRESRRENR :
s o T
LA ...H# R e O e L K
SRR RS

At

il

—— VOLTAGE WAVEFORM )
| CONDUCTION REGION -

— FUNDAMENTAL OF CURRENT WAVEFQ

P PHASE ANGLE OF FUNDAMENTAL
Q' FIRING ANGLE - i
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ental _*r '« shown in Fig.14, and it can be seen
R angle ¢ exists between it and the voltage

____.___..,....,:_"_m_._n in a lagging power tactor analogous 1o
_ ;, ‘with an inductive load.

way of calculating the power factor is to consider
hace component (power) 1o be equal to the dc
~wer: then the expression for power factor becomes.
: W <0.0 X __UO
=

VA .ﬂu x Vine X lune
is often calculated as 0.833 x dc current, In

ol

-
|-.n_l

0.7 Voc

<C2m

B Voc X loc
. ﬂm X <_..._Zm x 0.833 X _Dnu
ression shows that the power factor of a thyristor

: J dent on output voltage and. therefore, on
" At maximum speed, the power factor of a thyristor

T~

»

o

oughly comparable E::Emﬁo*m:mo_:aco:o:
ed direct-on-line.

“IRLEL S

V= VOLTAGE PHASE
lo = IN-PHASE CURRENT
laL = REACTIVE CURRENT
(inductive)

lac = REACTIVE CURRENT
(capacitive)
| = UNCORRECTED RESULTANT
lg = CORRECTED RESULTANT

@ = UNCORRECTED PHASE
ANGLE
®o= CORRECTED PHASE ANGLE

15 Power factor correction

—
=

or ,”_...w_w_,ﬁ-_.-_.,_.m_z is often desirable to employ power factor

ion (PFC) in order to improve the power factor of the

L

) vﬁ sted to the supply.
one by means of capacitors connected between the

,_ nro...m_m: to give the required correction at a
‘Speed, typically correcting to a pf of 0.9 at full
nough capacitors can be switched to accom-

F Q

<1
/

PFC
CAPACITORS

=
—_—
=

Cuit for power lactor correction

 —

!!!!!!!!!

modate other speeds should

llllllllllllllllllllll

PV TR AR SR P

:ﬂm mooznw:on demand .
based on the fact

hase angle, which
the thyristor

BRI AR el : &7 8 o

Fig.15 illustrates the principle, which 1S
that a capacitive load results in a leading p
can be used to offset the lagging phase anglé ot
drive.

Because the capacitors present a low impedance to the
high-frequency harmonics it is necessary (0 insert chokes
between the lines and the capacitors, Fig.16. to limit
harmonic currents. The resulting combination of capacitance
and inductance is tuned so that a capacitive reactance 1S
presented to the fundamental (supply) frequency, whilst an
‘nductive reactance is presented to the narmonics.

h (102kVATr)

100kW (143kVA)

17  Phasor diagram for 100«W drive al pf =07

Example To calculate the PFC capacitors required 1o
correct a 100kW drive from a pf of 0.7 to 0.8. Fig.17 shows
the phase diagram of the uncorrected arrangement.

Knowing power and pf (cos ¢). the kVA can be calculated:

cos@o= 09

—

18 FPhasor diagram for 100k ¥\ nm.qm S__:.J PF correctec io 0.9

The capacitance required 15 ine dilference between 'he
actual and the required reactive ccmponents.

102 - 48 = 54kVAr capacitauve, required for correcuon.
llustrated in Fig. 18
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m | n a bridge configuration

, arranging thy rnstors | Ige Lag
m _w“u??ma WC:“F: 'S Dcam_ﬂﬁa. which ._M SMoother ? E .l .
w i.w,f.m output of a single device, Fig.4a, and if the |
:
=
£

3-phase, the autput (at 180° finng angle) is
Fi1Q.4b QQthey

l_ LOAD J

re
3

. u'
L " m
e N

ey 6

THYRISTOR WILL CONDUCT b
NG THIS . . 2
IF TRIGGERED DURING 3 Typical output of a singlephase thynstor bn v,

SYCLE S _ . |
/:wrm\r ¢ ,W and small finng angles: a Qutput waveform WIth gy
_ \ firs
. ie (finng pulses retarded or*
/ /r/// \ conauction ang | = E X a
bf/%// - b Qutput wavelorm with [arge conduction angle

L

THYRISTOR IS REVERSE- ,_\ (finng pulses agvanced or” phased forwarg" )
8IASED DURING THIS /
HALFCYCLE AND m. Aw AC SUPPLY \v
CANNOT CONDUCT |
_

QUTPUT WAVEFORM
1 Thynstor full wave conduction a Supply b Qutput

which the thyristor is fired is known as the firing angle, or

phase angle, and the portion of the half-cycle during which

W_a device 1S conducting is called the conduction angle,
19.2.

it can be seen that by ‘phasing forward' or advancing the
finng angle from 180" to zero, to use the conventional
expression, the output through the thyristor is increased 9

SEMTEH O S OREAT LM T S LR R RIS TR IR T SRAHEENE PSS 1 461 CRSTTTRRARRRET EHRRAO RN L FT T IO 48 10055 MTIRSM 5500 544 DT A ORI SR T I8 L5
] 1 B g o i

[I[
FIRING ANGLE

..
(1208 \. nozo_mm.._w.oz ANGLE
FIRING PULSE DELIVERED
2 Tnggered thynstor conduction

/RIS

from zero to maximum F; |
Pl ™ F1g3, since this p | - | . e
o e the correspanding conduction ange ..Mw:im%u. “M b /_.....% R e
b s -
a1 4 a Singie phase. misas-;.. | SEARL




__ﬁ:n Oﬂmaﬂnw-.- : +g
tput current of a rectifier is unicirectional, e s B ¥
produced Dy the motor will also be in - = I

se Of rotation. In applications where only ..
is required, and the load can be .

L quad

sion Of rotation

to rest, this IS adequate. However, there are ; L
cations in which reversal of rotation is necessary, ._ N ,_ ., |
load inertias must be decelerated. / | . _
: REVERSE BRAKING FORWAR ,
«wo thyristor bridges are connected in | D DRIVE :
25 shown In Fig.5. When Bridge 1 1S - AI|||||I||||||‘.'H e
rent flow in the motor is from Al to AZ. ( — VF e
-eversed when Bridge 2 conducts, and ! A+V)
B the motor torque reverses. This effect can be used . :
" o the direction of rotation of the motor, and to x “W . b. ..
B ade braking tOrQue- . REVERSEDRIVE |FORWARD BRAKING
AC SUPPLY : S b
O L — K =
| 1 T e | = CURRENT = ..:‘..1- -
M= .ﬂomocm { —1)
V = VOLTAGE (EMF)
n = SPEED

& The four quadrants of ihe dc orque speed diagram

BRIDGE 1

In quadrants 2 and 4. the speed and torque are in mutually-
v opposed directions. that is to say the torque of the motor IS
opposing its rotation. giving a braking effect. It follows, then,
that the mechanical kinetc energy of the load is being
converted into electrnical energy. the motor is behaving as a
‘ generator and the system as a whole is delivering power into

the mains. This behaviour 1S known as regeneration, and nas
two main applications. The most usual 1S regenerative
BRIDGE 2 braking of a rotating mass ieg the spindle of 2 machine ool
or a coil of matenal in @ ProCess line) to give a fast. controlied

Stop.

Another important applicaton of regeneraton IS N dyna-
mometers, where a regenerative drive 1s used (0 provide a

load for a mechanical pcwer source (eg a diesel engine) both
e for testing it unger load ana for measunng Its output.
A2 Al

A further advantage of the four-quadrant dnve IS the ease
with which a motor can be reversed, simply by changing

Power circuit of a four quadrant thyristor drive. bridges. A ‘single-ended’ drive (having only one thynstor
_ bridge) can only D€ reversed by means of contactors which
- amangement described above is known as a Four- reverse the connections to the motor armature Of field

.__W;r:ao, drive, since it is capable of operation in any of (Fig.7). The contactors must be interiocked SO that they
WUl quadrants of the torque-speed diagram (Fig.B). In cannot operate together and Cause a short-circuit. The
idrant 1, both voltage and current, and therefore speed arrangement obviously introduces an operational delay and
._.wﬂocm are in the positive, or forward, direction. This IS the need for external control circuits. A 4Q dnve, on the
SSient with a motor driving a load, taking POWET from the other hand. can be quickly and simply f eversed by switching
5. Similarly, in Quadrant 3, both speed and torque are from the firing circuit of one bridge to the other.

et
o - ﬁw_m corresponds to a motor tirning in the reverse
ne | OTVing 2 load and again taking power from the

e Sl LT LR

- N
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ﬂﬁu EEHGG\NU asc wu_r_z Wave

m List inside each rectangle, the highest positive voltage and negative

voltage for the periods indicated.

- List which diode would be conducting (ON) for each perio

d indicated

Highest ——
positive ﬁ —

volitage S
Highest -
negative
voltage e | S e
| | | | | | | | | | | |
Period 0° 30° 60° 90° 120° 150° 180° 210° 240° 270° 00° 330° 360°
| o | | b ' | R [ -
ﬁ 0" _ : D D D
Diode on
0

periods
0 Lﬁ 0

Chart showing periods of highest positiv
and their respective ON diodes.

" [ndicate for each 60° penod whic

conducting - use Figure 8 results above a
switch &EUQ to indicate the ON diode.

e and negative VOILAgeEsS

h two (2) diodes would be
nd use the standard close

i v e AR i1

+ +_.w
mm A B C R S A B C
3 lJ

o |

4
1

p i
NN

+—o

L
} 120° o 180°

\Q

(f) 240 10 300°

ON diode chart and switch
full wave rectifier,

equivalent circuits of th

(g) 300° w 360°

e three phase
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J-phase

SOuUrce

Figure 21-19
Three-phase, 6-pulse rectifier
with inductive filter
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To NEUTRAL
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Figure 21-20
Voltage and current wavelorms
in Fig. 21-19.
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" gasic principle of operation
A Il

£ qain a basic understanding of how the
.ﬁ@cafler works in the rectifier mode by
e’ o Fig. 21-48. In this figure, the SCRs
| Lfrind med to be enclosed in a box, where

D6
f srﬁﬂ:jgcessively switch the output terminals
T ﬁ{io the ac supply lines 1, 2, 3. The load is
;tbreseﬂted by a resistor in series with an
| qetor L. The inductor is assumed to have a

o

|
RE |
AT

DiOoDE é
CURRENTS °T

{3

..-;

W { “omens

ay large inductance, so that the load current
|| emains constant. In Fig. 21-48a, the two
,{Wristors Q1. Q5 located between terminals
«iand A-2 are conducting. A moment later,
methyristors Q2, Q4 between K-2 and A-1 con-
dict (Fig. 21-48b). The other thyristors are sim-

no= 15 Hary switched, In sequence. When these steps

nave been completed, the entire switching
iyole repeats. The reader will note that the dc
fourent Iy flows In the ac lines. However,
{fig. 21-48 shows that the current in each line
tverses periodically, and so it is a true ac cur-
{ent of amplitude /4. It is also evident that the
[‘Urent in a particular line is zero for brief inter-
1195 Thus, there is momentarily no current in
Ine 3 of Fig. 21-48.

The switching sequence we have just

| despfibed IS similar to that of the diode bridge
| “Cllier of Fig. 21-22. There is, however, an

ortant difference. The thyristors can be

f Eﬁde 0. conduct at precise moments on the ac
| Wh . que- Thus, conduction can be initiated
| °N the INstantaneous voltage between the

e ix |
;;JT;’S 'S €lther high or low. If the voltage IS

it c.'c Output voltage will also be low. Con-
I I the thyristors conduct when the ac

Ing y . ‘
0y olage i momentarily near its peak, the ac

!

2l Yoltage will be high. In effect, the outpu!
A IS composed of short 60-degree
of the ac line voltage. The average

Eka is the de output voltage £q.

1he|? examining Fig. 21-48. it can be seen that

Ine current always flows out of a line that is
morqentanly POsitive. This must be so because
the line dglivers active power to the load. For
example, In Fig. 21-48a €12 1S positive when /
flows in the direction shown. d

X Now that we know how the thyristor con-

vgrter behaves as a rectifier, the question
arises, how can it be made to operate as an

inverter? Three basic conditions have to be
met.

First, we must have a source of de current lg.

Such a current source can be provided if a vol-
tage source £, is connected in series with a

large inductance (Fig. 21-49a).

Second, the converter must be connected to
a 3-phase line that can maintain an undistorted
sinusoidal voltage, even when the line current
IS nonsinusoidal, The voltage may be taken
from a power utility, or generated by a local
alternator.

Third, the thyristors must be switched so that
current [, flows into an ac line that is momentar-
ily positive. The gate firing must therefore be
precisely synchronized with the line frequency.

The inverter operation can best be under-
stood by referring to Fig. 21-49. The SCRs
enclosed in the box are arranged the same way
as in Fig. 21-48. In other words, the converters
in the two figures are absolutely identical. Look-
ing first at the dc side, the dc current /4 must
flow in the same direction as before because
SCRs cannot conduct in reverse. On the other
hand. because we want the dc source £ to
deliver power, /g must flow out of the positive
terminal, as shown. [n other words, the positive

side of E, must be connected to terminal A.

o
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Figure 21-47
Three-phase, 6-pulse thyristor converter
. Q4 Q5 Q6

e,

ifier m .

Ay m:ao%m MMNM Fig. 21-47) Figure 21-49

b. Q2 nd Q4 OODQ“M””M Inverter mode (see ﬁ_@ 21 b.wv
: a. Q1 and Q b
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Figure 21-50
Three-phase, 6-pulse rectifier.

et

Q1 Q2 Q3 Q4 Q5 Q6 Q1
fires fires fires fires fires fires fires

1 ! ! ! ] ! Y
QS, Q6+—06. Q1—~=-Q1. 02-~—02, 03—~~-Q3, Q4—~{=-04, Q5-+=-05, Q6—

nonacnﬁ:m_no:acnﬁ:m conducting|conducting|conducting|conducting|conducting

:
1.414 E | _
1.225 £




ed triggering —

d
DEI Yer mOde

rthifi

142

| triggering pulses by an h
w delay al | e 3-phase con - .
UL 2?15°(Fig. 21-51b). Current I, instead nectedE:o a 3-;?:;:2;%(3 269H21-50 IS con-
Al ' ' : Z source.
iqgwitching over to Q1 at 18?’. ! Co(gtlnue 10 0ad consists of a 500 v dc source hazienc:TZi
3.phase | _/b | """ g5 until gate pulse g1 triggers Q1. Com- Internal resistance of 2 (. Cal )
3-phase . — ) + - by L and the potential of point K S i «L. Lalculate the power
line YT ¥ glion ocCUrs, : ¥ o uPplied to the load for triggering delays of
iy !, 'T’”ps om line 8 to line 1. A similar switching a,158°% b. 75°.
C i (
= ! ut at later times) for th :
@ lon ['akes_ place (t?rh resultin ) h = SO]UUOH
. ~ ngr thyristors. e r g choppy
!_1 Q4 f 106 [ Q2 'iaveshape between terminals K and A is
Figure 21-50 | /}\ Ishgwn in Flg 21 -51 b 3 - ' ; .
Three-phase, 6-pulse rectifier. —4) | ote that the triggering delay does not - VIR ) = 29
_— l4en the conduction period; each thyristor - | = L 5
il conducts for a full 120° and each voltage % ;
o) 4 . 2 e 05 Q gmenthas a duration of 60 degrees. Further-"
h;es fu;es f:;es frrYes fi;es fires fires ‘ more, the current rer[lai_ns constang_aqd rjpple- T o 3T
~Q5, Q6—=1=06. Q1==Q1, Q2—=+=02, Q3—==Q3, Q4—-r=-04, 05-1-05’ QG_.j EF)’QU"E 21-51a _: fe, owing to the presence of the blg lOdL{CtOI’. N wmdnoel = V=2 VEMS =] T
conductingﬁ canducting |conducting|conducting conducting|conducting conducting £y angle: zeq melevel of point K follows the tOpS of the inai- = “-."_';"f‘*- = |~ R 7 /
:;;:g— B o b | — N vidial sine waves, but the average voltage Eg, =

jictveen K and A, is obviously smaller than D2 VI AT

5“ " /l[telore: We can prove that it is given by: Gr o o Ay o s ARSI
Ey = 1.35Eco0s « (21-17) "  ane -
le here V2T =)78T @

£y = dc voltage produced by the 1 sl
\, 3-phase, 6-pulse converter [V] | '_ W e
NN/ NV E = effective value of the ac line-to-line S
voltage [V] — U 4ymen | _
X = ﬁring angle [°] L0 CoAdel e ] O

anaq “ording to Eq. 21-17, E4becomes sm‘aller :

becosrnaller as a increases. However, If £ c <O

- ?es €qual to or less than E,, the load cur- | - e

b fases to flow. Ordinarily, the current — ~© .~/ cacdluod)

ey th?v?f§e When £, is smaller than £o. How- > e Aol ..
' "SISimpossible, because the SCRs can X _ o~

Figure 21-51b

Delay angle: 15

f Conduct jn the forward direction. X 3 10 QOLLAI O R =atut =

©8 21-51c and 21-51d show the BEae me== i ]
Mbetween K and A fora = 45°and75’,

"8ly. The ac component in Exa iS NOW

9, COmpared to the dc component.
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3-phase 't
SEhESE Trans-
line former
lc
Figure 21-50 2
Three-phase, 6-pulse rectifier. .
Sty S
Q1 Q2 Q3 Q4 Q5 Q6
fires fires fires fires fires fires
Y ! f f ' !
Q5, Q6—+=Q6, Q1—==Q1, Q2—==Q2, Q3 ==-Q3 Q4-+~=Q4, Q5—+~Q5, Q06—
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a1 Q2 Q3 Q4 Q5 Q6 Q1
g, fires fires fires fires fires fires b Figure 21-51c

= \ Y Y
L ﬁ..om o_nuforomiiow, ou.u...ow‘ Q4--=-Q4, Q5—+{=Q5, Q6—~
45 |

conducting|conducting |conducting [conducting conducting|conducting
|

XD

180 240 300 360 420 480 540

vy it

Q1 Q2 Q3 Q4 Q5 0@ .ﬂ._
o fires fires fires fires fices fires m:_mm

Y Y Y \ Y Y Y Figure 21-51d
Q5 Q6 j=—a=75"—=0Q6 Q1—1=Q1, Q2—=Q2, Q3—+=-Q3, Q4—=-Q4, Dmt!....nom‘ Q66— Delay angle: 75°.
noaa“_nﬁ_sm conducting |conducting|conducting conducting|conducting|conducting

Delay angle: 45°.

o

N




e 21-22

ﬂln._fl__ll- A L e
T

- ;

— - L o ] -
| ﬂ-_r-\ﬂ .”Il.w.. _.n.m“
NS D&
wiD. UG

- .
CoONQuUCTInG

&

'
(4

tf}
)
~
4T
L)
mn

)

AL

(N

- > ol . —
, O-DUSE CONRVEI




fires

Y

=-Q6, Q1-»

conducting

180

fires

Y

conducting

240

fires

Y

Q4
fires

conducting

300

conducting

Qs
fires

conducting

360

420

Q6
fires f

\

1
lLud,nnWi:iAuw.nﬁ?4%+AHwaubl11Tnffaum|r

=S, (G-
conducting

480

Q1
ires

!

540

A'A'A'A'A'A'L'A

and waveforms with a delay angle of 135°

Q1 Q2 Q3 Q4 Q5 ﬂm ¢OH
6 fires fires fires fires *wmmm m_“wM _£Ww
o ! ! 4 * ! Q4 Q5—-—=Q5, Q6—
| & = AGE 106, Q1~{=Q1, Q2—=Q2, Q3—=03, Q4 ~~-Q4, QS Qe
B = Dm no:ac_nz:@ conducting|conducting |conducting conducting |conducting
N conducting

-

- * - _.--- ‘ g

- ] o = I
_'___.H‘_-_-_' h:rw—

i,

\

c (“‘

i/.’ll.l\.\\\u

WuEdmﬁimwO |
figgering sequence and waveforms with

..'_r...i..

a delay angle of 165°,

vrbvrb VD 2

==

-t

—Eﬂ--_ .

o ———




21.29 Delayed triggering -
inverter mode

It triggering is delayed by more than 90°, the
voitage E; developed by the converter
becomes negative according to Eq. 21-17. This
does not produce a negative current b_e-caqse,
as we said, SCRs conduct in only one direction.
Consequently, the load current is simply zero.
However, we can force a current to flow by con-
Necting a dc voltage of proper magnitude aqd
polarity across the converter terminals. This

€xternal voltage E, must be slightly greater

than £, in order for current to flow (Fig. 21-52).

The load current js given by:

I = (Ey = EJIR

Because current flows out of the positive ter-
minal of £y, the ‘load”is actually 2 source, deliy-
enng a power oufpyt P = Eolz Part of this
POwer is dissipated as heat in the gircyit resist-
énce R and the remainger IS delivered to the

virtually negligible SCR losses, we are |eft with
d net active power P, that is delivered to the
3-phase line.

« 1he original rectifier has Now become an
inverter, converting dc power into ac power.
The transition erm rectifier to Inverter js

tage £, generateg Oy the inverter js «r
by Eq. 21-17 r€aches a maxim

um yg|
i = 1.35€ at a firing angle of dlue of

180°,

21.30 Triggering ran

The triggering angle of
ally kept between .15°
acts as a rectifier betw
an inverter between 90

conditions, the dc voltage develo
Its maximum value at 15° gng 165¢.

90°.
The triggering angle

=

In the rectifier mode The reas

ine voltage changes mi

ge

4 given tMyrisy,

one cycle ﬁ'
firing zone forbidden firing

— -

and 165"

cen 15 ong 00 2 e |

~and 165° Unde;‘& 0, ::Ctifier inverter |
Ped re, I - g
IS g E, 1 | Eaz

IS-seldom less (s

gnt cause ;5 thyrisss

misfire, thus Proaucing a discontin:

output current.
In the inverter mode.

fiing angle to exceed 165°. If we go beyﬁr-.'
this point, the inverter Degins
to switch reliably from one
Next. As a result the currents

until the circuit breakers
the firing angle is not allg
[0 ensure an adequate sa

fety margin.

lo lose jts abil
thyristor fo s
build up quig
Irip. In some cased
wed to exceed 15 |

'''''

****

----------

|
|
| Figure 21-54 . 1.
Permitted gate firing zones for thyristor Q

Figure 21-54 shows the allowed and forbid-
*NGate firing zones for a particular thyristor in
G 3'Dhas'e. 6-pulse converter. Speciﬂcg”b’- it
“ers to Q1 i Fig. 21-50. The other thyr 'Sto,"ﬁ
Ve similar firing zones, but they occur at di

| "rent limes,
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a = 90"
g

Inverter

one cycle

Y

il - |

torbidden firing
zone (for Q1)

= 165~

N =
~

Permitted gate firing zones for thyristor Q1.

Figure 21-54 shows the allowed and forbid-
Jen gate firing zones for a particular thyristor in
@ dphase, 6-pulse converter. Specifically, it
efers to Q1 in Fig. 21-50. The other thyristors
"ave similar firing zones, but they occur at dif-

lerent times.
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