Example 8.1. A single-phase 230 V, 1 kW heater is connected across 1-phase, 230V, 50
Hz supply through an SCR. For firing angle delays of 45° and 90°, calculote the power
absorbed in the heater element.

Solution. Heater resistance R = %g.% Q

“From Eq. (6.3), the value of rms voltage for o= 45° is

V2280 =Yy 1. ..]"
Vor= - [rt-z]-ré—sm%} =155.07T1V

. Pawer absorbed by heater element for o = 45° is

V 155.071 2
or _ | AduMd D N0 =
R ( 230 ] x 1000 = 454.57 watts

For o = 90°, rms voltage is
V. =
R

~. Power absorbed for & = 90° is

VE
or [115 % 1000 = 250 watts.

172
V2 . 230[(11-% J+ 0] =116V

R

Example 6.2. A dc battery is charged through a resistor R as shown in Flg 6.5 (a). Derive
an expression for the average value of charging current in terms of V,, E, R etc. on the
assumption, that SCR is fired continuously.

(a) For an ac souree voltage of 230 V, 50 Hz, find the value of avemge chargmg current
forR=8Qand E= 150V,

' (b) Find the power supplied to battery and that dissipated in the resistor.

{c) Calculate the supply pf.
Solution. For the circuit of Fig. 6.5 (a), the voltage equation is .
V,.sinw=E+iR ,
_Vpsinw -E
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Fig. 6.5. (¢) Power circuit diagram (b) various waveforms for Example 6.2.
It ie seen from Fig. 6.5 that SCR is turned on when V,, sin 8, = E and is turned off when
V,, gin 8, =E, where 8, =% - 8,. The battery charging requires only the average current J,
given by

1 x-8; )
Ioz'éﬂ_R['Ll (Vmsmox—E)d{o:t)]



= —;ﬁ [2V,, cos 8, — E(n - 26,)]

.1 150
8, =sin™ = 27.466°
{z)} Here 1 = sin W | |
L=5t [2 \Z - 230 cos 27.466° - [{u—m]]=4.9376&

2n-8 180
(b) Power supplied to battery = EI, =150 x 4.9676 = 745.14 W.

ZF"or; finding the power dissipated in R, rms value of charging current must by obtained
From qu {6-23)9

- -
I, = [2« 64{(150%230*)[:: 2x274ﬁsﬁ ]+(230) gin 2 ¥ 27.466

- 4.2 . 230 150 cos 27.466°)] "% = 9.2955 A.
Power dissipated in resistor = (9. 2955) x 8 = 691.25 Watts.

(c) From Eq. (6.25), supply pf = %ﬁ =0.672 lagging.

Example 6.3. A 230 V, 50 Hz, one-pulse SCR controlied converter is triggered at a firing
angle of 40° and the load current extinguishes at an angle of 210°. Find the circuit turn oﬁ
time, average output voltage and the rwemge load current for

(e} R=5Qand L =2mH.
BR=5Q L=2mHand E=110V.

Solution. (a) For this part, refer to Fig. 6.2. It is seenfromthuﬁgurethaturcmttum
off time ¢,

_2x-f _(360-210)7

“@ C180x2mx 50 - 333 m-sec '
From Eq. (6.8), average outpﬁt voltage
V,= "JE Y2 230 (00 40° — cos 210°] = 84.477 V
Average load current I, = % =247 1680544,

(b} Fig. 6.4 shows that circuit turn-off time is again 8.333 m-sec. From Eg. (6.18), average
load current

10_—5[\!_ 230 (cos 40° - cos 210°) - 110 (210 - 40)130] 6.5064 A.

- Average load voltage, V, = E + IR = 110+ 6.5064 x 5 = 149.04 V.

(a)

(b)
Fig. 6.8. Single-phase full-wave mid-point converter (g) circuit diagram
b) equivalent circuit i )
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Fig. 6.10, (a) Single-phase full converter bridge with RLE load
{b) voltage and current waveforms for continuous load current.

Example 6.4, SCRs with peak forward voltuge rating of 1000 V anq average on-state
current rating of 40 A are used in single-phase mid-point converter and single-phase bridge
converter. Find the power that these two converters can handle. Use a factor of safety of 2.5.

Solution. Maximum voltage across SCR in single-phase mid-point converter is 2V, Fig.

. 1000
6.8, Therefore, this converter can be designed for a maximum voltage of 625" 200V.

" - Maximum average power that mid-point converter can handle

2V, _2x200 1 KW
ﬂ"' cos o [ Ipay=""7"" x 40 -——lmcws.o_gs

SCR in a single-phase bridge converter is subjected to a maximum voltage of V,, Fig.
6.10. Therefore, maximum voltage for which this converter can be designed is
1000 .
55 = 400V _ '

- Maximum average power rating of bridge converter

2 % 400
- 2x400 4010186 kW.
1000 x 7 < 40

Example 6.19. A 3-phase full converter bridge is connected to supply voltage of 230V per
phase and & frequency of 50 Hz. The source inductance is 4 mH. The load current on dec side
is constant at 20 A. If the load consists of a dc voltage source of 400 V having an internal
resistance of 1 Q, then' calculate :

(a} firing angle delay and

(b) overlap angle in degrees.

Solution. (a) Converter odtput voltage
=E+I,R=400+20x1=420V.

| rom Eq. (6.48), 402020 o JOrxSOM, o,
= 1000xw
or o= 34.382°
.. Firing angle delay is 34.382°
(b) From Eq. (6.48), 420=Mcas (¢+u)+3 2z X 50 4><20
T 1000 x =
_ 1 396xm
or A+ =Cos 3 6){2._30~42.(-'i|:l2“
r. p=42.602 - 34.382=18.22°

.. Overlap angle in degrees = 8.22°,



|' Exal;lple 6.20. A 3-phase dual conuverter, operating in the circulating-current mode, has

the following data :

V3V (6.59)

. mi .
;cp=—-E— [1 --amall

FPer phase supply voltage =230V, f=50Hz, o, = 60° current limiting reactor,
L =15"mH. Calculate the peak value of circulating current. o
Solution. The peak value of circulating current, for firing angle u, =860°, is given by Eq.
(6.59), ‘

iop= V3 - V6 230 — 1 - sin 60°) = 27.7425 A,
2rx850x 15 % 10

6.9. SOME WORKED EXAMPLES _
In this article, some typical problems on phase controlled rectifiers are solved.

Example 6.21. A single-phase full converter is supplied from 230 V, 50 Hz source. The
load consists of R = 10 £ and a large inductance so as to render the load current constant, For
a firing angle delay of 30°, determine (a) average output voltage (b) average output cun‘ent fe)
average and rms values of thyristor currents and (d) the power factor.
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Fig. 6.41. Pertaining to Ezample 6.21.

Solution. The waveforms for source voltage v, load current i, lead voltage v,, thyristox
current ip (or iyy) and source current i, (refer to Fig. 6.10) are drawn in Fig. 6.41.



{a) For a single-phase full converter, average outpuiz voltage. Vi Eq. (6.28), is given by

2Vn 22
Vo= =22 cos o= 22 X280 oo 300 = 179,308V
Vo _ 179.803

RS 10

(c) It is seen from the waveform i ; : . :
given by « of thyristor current iy (or iry) that its average value is

{b) Average output current, I; = =1793 A

Ip o=y o-=3'==>—=8965A

., Rms value of thyristor current is
- ,,f o1 L 1798
Ip =\ mx5 = 5= 5 =1268A

(d) Rms value of source current, , = g % =I;, =17.93A

Load power =V, I,=179.3%x 1793 W

Input power =V, I, cosd

For no loss in the power converter, ‘
V,I,cos¢=Voly

.. Power factor,  cosb= %i—"%’f — 0.7796 lag

In general, for a 1-phase full converter with ripple free load current as in this example
and with no device drops,
input power = load power

or V,I,cos 9=V,
2V,
. Input pf——*-—ﬁcosm-!ox?-]:—%
. 2
' ' 22 V, 1_2vZ :
: = CO8 0L« 5 = = CO5 &
n v, _

—

' For this example, input pf= 2—13_ cos 30° = 0.7796 lag.

Example 6.22. In Example 6.21, if source has an inductance of 1.5 mH, then determine
(a) average output voltage (b) the angle of overlap and (c) the power factor.

. S"qlni:ion. (z) From Eq. (6.46), average output voltage is

2V L
: ‘ir",=—“+"'i:m;(x-m{:'c LY A

-3
=2«!§:230 maoo_‘hxﬁﬂx;.ﬁxlo <1793

=176.614V
. V..
(b) From Eq. (6.44), Iy= oL [cos o = cos (o + )]

V2 x 230 x 10°
or 1793 =5  B50x 1.5

Its simplification gives overlap angle,
p = 32.855 — 30 = 2.855°

Voly 176.614x17.93
(c) Power factor =V.1,~ 230x17.93 = 0.76'79 lag.

[cos 30 ~ cos (30 + )




Example 6.23. A 3-phase fully-controlled bridge converter with 416 v s.upply, 0.04 2
resistance per phase and 0.25 Q reactance per phase is operating in the inverfing mod_e at a
firing advance angle of 35°. Caleulate the mean generator voltuge when the current is level at
80 A. The thyristar voltage drop is 1 SV [LA.S., 1994]

Bolution. Power circuit diagram of a 3-phase full converter reveals that source resistance
r, Will lead to a voltage dfop of 2 I, r,. Two thyristors, one from positive group and another
from negative group, conduct together, therefore there will be a constant thyristor voltage
drop of 2 V. The source reactance leads to overlap and its effect is taken care of by Eq. (6.48).
By taking into consideration these voltage drops. the average, or mean, output voltage Vyin
a 3-phase full converter is given by : )

Bul,
T B8

3v,
Vo=——Meosa-2lpr,~2Vr-

In case 3-phase full converter is worH:lg in the inverting mode, theu the load emf
E or V, (mean generator voltage in this example) can be obtained from the relation :

3V, 3wl
—K—"'r cosau=-E+2I,r,+2Vp+ - 21

_§.‘I__2._’n‘,;4l§ws(1so_35)=-E+2x80x0.04+2x1.5+

or E=459.022+6.4+3+19.1=487.522V
-, Mean generator voltage  =E=487.522V,

3x0'25x80
n

Example 6.24, In Example 6.23, in case load consists of KLE, with R = 0.2 Q, inductance
large enough to make load current level at 80 A and emf E, then find the mean value of E for
(i) firing angle of 35° and (ii) firing advance angle of 35°.

Solation. (i) When firing angle is 35°, 3-phase full converter is in the rectifying mode.
Therefore, from Example 6.23,

. 3V, 3 wl,
V°=E+IOR=—Tm—‘-cosu—210r,—2VT- ~ .Io
v, ' 3L, .
or I"Icosa=E+IoR+2IGr,+2VT+ —I
Mw35°=E+80x0.2+2x80x0.04+2x'1.5+§x—:'2§x80
“or - E=414522V.

(i) For firing advance angle of 35°, the full converter is-in the inverting mode. From
Example 6.23, :
vy, 3al
-—n"icma=-E+IoR+2I°r,+2Vr+ = LY A
or! ) E=45922+16+6.4+ 3+ 19.1=503.522 V.

Example 6.25. Fig. 6.42 (o) shows o battery charging circuit using SCRs. The input
voltage from neutral to any line is 230V (rms) and firing angle for thyristors ig 30°. Find the
average current flowing through the battery.

Derive the expression used.

Solution. For the parameters given in this example, the waveform of load current is
drawn in Fig. 642 (b). When thyristor A, is gated at o =30° it begins conduction at
of = 30 + o= 60°, After its turn-on, when V,,, sin p= 150 V, thyristor A, pets turned off at
ot = 3. Note that here f§ is more than 90° as is seen from Fig. 6.42 (b). Equation governing
the conduction period in Fig. 6.42 is ) -

V, gin @t - E = iR

Here V2 - 230sinf=150V. This gives Pp=27.47 or 15
230 . = 27. 2.53° As p>980°
f = 152.53°. This gives the value of average battery current I as under : P ' thelrefore

3
fo= 525 [‘E 230 (cos 60" - cos 152.53°) - 150[152.53 -30-30) x %}]
3

=ion [208.91928) = 19.95 A.



between the limits of [*E + uJand B > 90°. Thus, average cutput current is given by
3 V., sin o — E
Iﬂ_zﬂ G+E B dlﬂi}
_ 3 @+ x8 _' o ane
= onR [Vmp lcos atly E (B - a-307)
3

b3

m
a

3-phase supply
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=

@ | (b)
Fig. 6.42. (a) 3-phase hall-wave battery charging circuit and
(b) its relevant waveforms, Example 6.25.

Example 6.26. A single-phase semiconverter, using two thyristors end two diodes as
shown in Fig. 6.43 (a), is supplied from 230 V, 50 Hz source. The load consists of R =10, E
= 100 V end a large inductance so as to render the load current level. For a firing delay angle
of 30°, determine (a) average output voltage (b) average output current (c) average and rms
values of thyrister currents (d) average and rms values of diode currents (e) input power factor
and (f) circuit turn-off time. .

]

Solution. The waveforms for voltages and [ e
currents are sketched in Fig. 6.43 (&), _ T 2

s

a

When forward-biased thyristor T1 is triggered

at firing angle ¢, T1D2 start condueting the constant @51,3 Vo L
current 1, Soon after wt = i, as supply voltage tends T~ b

to go negative, diode D2 gets forward biased through 02 ! 5 e s
D1. Therefore, from of = . load current begins to ) _T o
freewheel through T'1D2. Thyristor T2 gets forward - o
biased after u¢ = m, At ¢ = 1 + o, when T2 is turned

@)
Fig. 6.43. Periaining to Example 6.26.

on, current I, begins to flow through T2D2 as shown. Soon after wt = 27, as supply vo:ltage

terdds to go positive, diode D1 gets forward biased threugh D2. As a result, current llows

thfough T2D1 till T1 is turned on at wf = 28 + o and so on. .
The waveform of oﬁtput voltage v, shows that average value Of. output voltage is given

by
Vi .
VO = _‘IE_ (1+cos o)



(@) Average value of output voltage
l v, = Y2230 — (1+ 08 30)= 19372V

{b) : Vy= E + IQ.R
, 193.172 =100 + Iy x 10
Average value of output current
93.172

Ip==-==0.32A

' {c) It is seen
conduct for n radians for any value of firing delay angle.
Fig. 6.43 (2) is sometimes called symmetrical configuration tu

Average value of thyristor current

uITA‘ICIz 2= 2

Rms value of thyrist.ér current
' I, 9.32
Ir . Io 2 SVZC 2 6.6591 A

from the waveforms of thyristor current ir, and dlode current iy, that both

thls, the circuit of

-nfge semiconverter.

(d)} Average and rms va].ue of diode currents are t.he same as those for a thvnstor as

discussed in (¢) above.
Average value of diode current = 4. 66 A

Rms value of diode current =6.591 A
(e} Rms value of source current '

N = =

=9.32 w@ =8.508 A

o
Rms value of load current I, =I,=9.32 A.
Power delivered to load =E I+ x R=100x9.32+9.32%x 10
Also - 230 x 8.508 x cos ¢ = Power delivered to load
2
932 +9.32"x 10 _ 1 g0 lag

- Input PI="030x8.508
() It is seen from the waveform of vr, that circuit turn-off time is
n
. r-a_ "8 .
{ =——=——_"—x 1000 ms = 8.33 ms.

¢ ® 2r x 50

7. The figure shows a battery charging circuit using SCRs. The input voltage to

the circuit is 230 V BMS. Find the charging current for a firing angle of 450,
If any one of the SCR. is open circuited. what is the charging current?

K oox bl

N iy = 0w

Solution




With the wsual notations
V, =V sinar
¥, =2 x230sin ot
V. sinp=T1,. the battery voltage

J2%230siny =100

(100 ]
L \2%230

¥=17.9" or 0.312 radians

Therefore y=sin™

[

F=(r—y)=(7-0312)
F=2.820 radians
Average value of voltage across load resistance

=%ﬁ[vm sin ot 7, )d (ex)

{21

=%[_Ifm cosa@t -V, (ot ]]:

=%[I{H{cus a—cos B)-V, (- ‘I}]

3 N i a
cus——cusz_sng—mu 2_329-—J
4 . \ 4

S

=1[13m<~5

T

=l[13m< V2(0.707+00517)-204.36 |
T

=100.68 Volis

Woltage across resistance

Charging current = 7

=$= 10.668 Amps

If one of the SCRs is open circuifed, the circuit behaves like a half wave
rectifier. The average voltage across the resistance and the charging current will be
half of that of a full wave rectifier.

Therefore Charging Current = m =5334 Amps



There are two different modes of operation of a three phase dual converter system.

s Circulating current free (non circulating) mode of operation

s Circulating current mode of operation
CIRCULATING CURRENT FREE (NON-CIRCULATING) MODE OF OPERATION

In this mode of operation only one converter is switched on at a time when the converter

mumber 1 is switched on and the gate signals are applied to the thyristors the average output
voltage and the average load current are controlled by adjusting the trigger angle o and the
gating signals of converter 1 thyristors.

The load current flows in the downward direction giving a positive average load current
when the converter 1 is switched on. For &, <90° the converter 1 operates in the rectification
mode V7, is positive, T, 1is positive and hence the average load power P, 1s positive.

The converter 1 converts the input ac supply and feeds a dc power to the load. Power
flows from the ac supply to the load during the rectification mode. When the trigger angle a; 1s
increased above 90°. 7, becomes negative where as I, is positive because the thyristors of

converter 1 conduct in only one direction and reversal of load current through thyristors of
converter 1 is not possible.

For @, >90° converter 1 operates in the inversion mode & the load energy is supplied

back to the ac supply. The thyristors are switched-off when the load current decreases to zero &
after a short delay time of about 10 to 20 milliseconds. the  converter 2 can be switched on by
releasing the gate control signals to the thyristors of converter 2.

We obtain a reverse or negative load current when the converter 2 is switched ON. The
average or dc output voltage and the average load current are controlled by adjusting the trigger

angle o, of the gate trigger pulses supplied fo the thynstors of converter 2. When «, is less than

00°, converter 2 operates in the rectification mode and converts the input ac supply in to dc
output power which is fed to the load.

When e, is less than 90° for converter 2, I, is negative & I, is negative converter 2
operates as a controlled rectifier & power flows from the ac source to the load circuit. When a,
is increased above 90°. the converter 2 operates in the inversion mode with [, positive and T,
negatrve and hence P, 1s negative, which means that power flows from the load circuit to the

mput ac supply. The power flow from the load circuit to the input ac source is possible if the load
circuit has a de source of appropriate polarity. When the load current falls to zero the thyristors
of converter 2 turn-off and the converter 2 can be turned off.



CIRCULATING CURRENT MODE OF OPERATION
Both the converters are switched on at the same time in the mode of operation. COne

converter operates in the rectification mode while the other operates in the inversion mode.

Trigger angles o, & e, are adjusted such that (e, +a, ) =180

When o, <90°, converter 1 operates as a controlled rectifier. When ¢, is made greater
than 90°, converter 2 operates in the inversion mode. V. I, . P, are positive.
When o, <90°, converter 2 operates as a controlled rectifier. When @, is made greater

than 90°, converter 1 operates as an Inverter. I/, and I are negative while P, is positive.

InEY,

Comverter-1 i Converter-2

(<)
&

FIGURE 5.23

Power circuit of a dual converter with single-phase converters.

https://www.engineeringbookspdf.com/elementary-concepts-of-power-electronic-drives-by-k-
sundareswaran/
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Power circuit of a dual converter for three-phase operation.
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Figure 4.32  Six-pulse circulating current-free dual converter.
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Figure 4.33  Six-pulse circulating current-conducting dual converter supplied from two sep-
arate ac soUrces.
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Figure 4.37 Six-pulse circulating current-conducting dual converter supplied from a single
ac source.



An extension to four-quadrant operation of controlled rectifiers is possible by
installing an electromechanical cross-switch at the output, which allows for a neg-
ative load current. Dual converters represent a more convenient and robust solu-
tion. A dual converter consists of two rectifiers connected in antiparallel. Circulating

current-free dual converters are simpler but operationally inferior to the circulating
current-conducting ones.

A reactor coil is inserted between the converters to avoid short circuit of converter volt-
ages. Converter 1 provides first- and fourth-quadrant operation, while converter 2 is used
to operate the motor in the second and third quadrants. The output voltage and current

of converter 1 are indicated as V, and L,, respectively; notations V; and I; are used for con-
verter 2. For the circuit topology, the average value and polarity of V; and V; should be the

same. For the indicated polarity of V, and V., we can write,

Vi=-V,
1||l'r'|_ +V1=D

If o; and o, represent firing angles of converter 1 and converter 2, respectively, then

V=K, ,cosc, and Vs = K, cosa,

In the above, K, = 2V ftor single-phase converters, and KF% for three-phase
n i 8

converters.
SRy cosog + Kycoso, =0
COS0L +coso; =0

21:05['1] ;al )l:crs[ ul;uz ]='EI'

The solution of the above equation yields

Oy + iy I Oy — Olo T

=— or =—

2 2 2 2

[I1+[12=1I or ﬂ]—ﬂ:-1=ﬂ:
y=nN—0 Oor oy =W+ 0y

Because the maximum value of o, or o, is ©, the feasible solution is

Oy =T— s (5.41)



3.19 SPEED REVERSAL AND REGENERATIVE
BRAKING OF SEDC MOTOR DRIVES

As shown in equation (3.23), fully controlled converters have average output

voltage give by

Vav = (p Ey/m)sin (7/p) cos a

This means that the increasing firing angle delay will reverse the output voltage
at @ > 90° (see Fig. 3.32). The ability to reverse the converter voltage gives a
means for speed reversal of the motor.

3
P%

X

sin ®
p

0

Engin®
7]

_pﬁ

Fiaure 3.32

The d.c. separately excited motor requires either armature current or field
current reversal to drive the motor in the reverse direction. In practice, field
inductance is much larger than armature inductance and so field reversal is
slower. The armature current can be reversed using either a contactor or two
anti-parallel fully controlled bridges, as shown in Figs 3.33(a) and (b). Only one

bridge is operated at any one time; the other bridge is inhibited.

Forward

Thyristor |
bridge

(a) Reversing contactor

LY

X

Bridge ‘A’

(b) Anti-parallel bridges

Figure 3.33

Bridge ‘B’




For reversal of speed and regenerative braking, the sequence of operations is
shown in Figs 3.34(a)(d). Assume the drive is in the forward motoring con-
dition as shown in Fig. 3.34(a), and the requirement is to reverse the direction of
rotation. The firing angle is increased to reduce the armature current to zero.
The contactor can then be safely operated as indicated in Fig. 3.34(b). The firing
angle is further increased until the generated voltage exceeds the converter
voltage; regenerative braking comes into operation; energy is extracted from the
armature and fed back to the supply; the motor brakes and generated voltage
and speed both fall to zero. The armature voltage is brought back to the normal
rectifying mode by phase angle control and speed builds up in the reverse
direction to the required value, as shown in Fig. 3.34(c).

To return to the forward direction of speed, the firing angle is increased until
armature current is again zero. The contactor is operated as in Fig. 3.34(d),
generated voltage exceeds converter voltage, regenerative braking occurs, and
armature speed falls to zero. As shown in Fig. 3.34(a), speed is built up in the
forward direction by phase angle control.

K " T( le

I,

m i)
g
Vgt
—_—
m

R
(b) Forward braking E>V,,, a>90° (d) Reverse braking E>V,,, a>90°

Figure 3.34



Example 3.11

A separately excited d.c. motor is driven from a three-phase fully controlled
converter with a contactor for speed reversal. The line voltage is 440V at 50Hz.
The motor armature resistance is 0.12Q and the armature voltage constant k, =
2.0 V/rad/s at rated field current.

(a) Determine the firing angle delay necessary, at rated field current, for an
armature current of 40A at a speed of 1500rev/min.

(b) The contactor is operated after delay angle control is used to bring the
armature current to zero, at the start of the sequence for speed reversal.
Assuming that initially the generated armature voltage remains constant,
what delay angle is required to set the armature current back to 40A for
regenerative braking and what power is available for regeneration?

Solution
(@ E

wky
(1500 X 24/60)2.0 = 314.2V
Vaw =E+ LRy
=314.2 + (40 X 0.12) = 319V
Vaw = (BE /) cos a
= (3 X 440 ﬁ/ﬂ) cos a = 594 cos a
.. 594 cos a =319
cos a = 319/594 = 0.537
a =57.5°

i

® E— LyRy= ~Vy
3142 — (40 X 0.12) = — V,y = —5%4 cos a
594 cos a = —309.4
cos a = —0.52
a=121.3°
Regenerative braking power, P, is given by
P =V, Iy, =3094 X 40 = 12.4kW
Braking torque = P/w = 12400/(1500 X 27/60) = 79 Nm

7. A three-phase, full-wave converter with an armature contactor, or two anti-parallel bridges.
Assume the use of an armature contactor. Firing angle is increased to bring armature current to
zero, contactor is operated and firing angle increased, converter voltage is reversed, armature
voltage exceeds converter voltage and energy is returned to the supply. Speed falls to zero as
motor brakes. Firing angle is now reduced to below 90° for rectifier operation, and speed
builds up in the reverse direction.

7. Vay = (3V3 Epp/27)c0sa = (3V2 X 415/2n)cosa = 280.1 cosa
Iy = Tlk, = 400/0.8 = 500 A
E=k =08 X 1000 X 2x/60 = 83.8V
Vo = E + IR, i.e. 280.1 cosa = 83.8 + (500 X 0.02) = 93.8
s, cosa = 93.8/280.1 = 0.335
a=70.4°



TEK FAZ- PARALEL GiFT DONUSTURUCT

Simdiye kadar gésterilen déniistiiriiciilerde meveut yon, tristoriin tek yonli iletken Szellifinden dolay
kabul edilir. Yan kontrollii déniistiiriiclide hem V (yiik voltaji) hem de I (yiik akim ) geri doniisiimli
degildir. Bu yiizden doniistiiriiciiniin ¢alismasi sadece yalmzca pozitif yiik voltaj1 ve yiikin pozitif
alamina sinirlandmbr. Bu durumda sadece tek bolgede calismak miimkiindiir. Bu tiir déniistiiriiciilere
tek bolgeli doniistiiriiciiler denir.

Tam kontrollii bir doniistiiriiciide ise uygun bir doniistiiriicii kontrolii ile yiik voltaji rezerve edilebilir ve
yilkten gilig akisi miimkiindir, Bununla birlikte alarmin yoni aym kalir. Boylece, doniistiiriici I ve IV
bolgede gahistinlabilir. Bu tiir doniistiiriiciilere iki bolgeli doniistiiriicii denir

iki tam kontrollii déniistiiriicii arka arkaya baglamirsa, bu diizenlemeye cift déniistiiriicii denir. Boylece
paralel cift dénustiriciler, Sekil 1'de gostenldigi gibi Vi-I; dizlemimn dért ceyreginin tamaminda da
calisabimektedir. Bu tiir déniistiirictiler 1ka modda ¢alisir;

= Dolasimsiz akim tipi

= Dolasimdali akim tipi

\

N\

Sekil 1, Déndstiriclnin dort balgesi calismasi Sekil 2. Cift Donlstiricd Devrasi

Dolasimsiz Alam Tipi

Bu durumda, bir seferde sadece bir donustirict cahsr, cinki her kopri bir tam doénistiricadir.
Donistirici-I , [ ve IV bélgede bolgede calisir. Yik alarminin yonil tersine cevrildiginde, donistirici-
I'in kap1 sinyallen kesilerek tristérler kesime gotirilir. Yik alam sifira distigiinde yaklasik 10-20
ms'lik br bosluk veya geclme siresinden sonra, donmustimici-I'mn tnstorlenne kapr sinyallen
verilerel: tristorler letime geger., boylece yiik alamimn yoni tersine doner. Ortalama qulas genlimi, tam
kontrollii déniistliriciler ile aymdir,




Dolasimdaki Alam Tipi
Gias geriliminin ve almmmun hizh bir seldde defistrilmesi gereldifinden (bosluk siiresi olmadan),
sirkiilasyon akmm kontrol tipi kullamilr. Bu modda her iki kopri de aym anda hareket e

huizhdr. Kap sinyallen, yik akmunm mevcut olup olmadima balolmaksin tim  tristé

S:rlo_'l]ar'fqn akmmu, yitk lrutull.am:hn ba}_lﬂi-l? olarak her ikd dunu,tu:uwnun fletimini kom.r Déniistirici-]

wt —cosay)

Bosluk periyodunun olmamasi nedeniyle, yik

voltajimn ve yik akimimin hizh bir sekilde ters
gevrilmesi miimkiindiir ve kontrol huzh bir sekilde
gerceklesir. Alkam yoniinid ters gevirmek igin,
déniistirici-I inverter modunda (a,>

déniistiiriici-Il dogrultucu modunda ( )
degistirilir. Her iki déniistiiriiciiniin ortalama @lkl'i

voltajlan her zaman esit olmasina ragmen anlhk
voltaj degerleri farkhdwr.  Boylece, ild
doniistiiriicii  arasinda bir dolasim akam
akmaktadir. Bu vyiizden bir alkum simnurlayic
reaktér baflanmaktadr. Dolasim akimimn

biyikligi  anahtarlama agisina  baghdir.
Herhangi bir zamanda, kaynaktan vyiike ve
yiikten kaynaga gii¢ akisi miimkiindiir.

Ornek 1

Tek fazh bir ¢ift doniistirtici 230 V, 50 Hz tek fazh sistem ile beslanmeltedir Donlistirici 15 ohm
bityikdiifiinde bir yiki beslemelktedir Doniistinicilenn tetildeme agilan a; = 60 ve a, = 12
Endilktans 50 mH dir. Déniistinict-Tin tepe alarmimn deferini ve sirkilasyon akunimn tepe deferini
bulunuz.

ORNEK 1
=2-230=3252V a, =60° a,=120° o= 1007
wL = 100 - (50-1073) = 15,71 ohm

_ 2:325,2

_ o
=T (cos wt — cos 60°)

2:325,2
15,71

Sirkiilasyon akiminin tepe degeri=i, = ——(1—-0,5) = 20,7 A

Yik akiminin tepe degeri = Im 32527 _ 21,68 A
R 15 ohm

Donustlricu I'in tepe akimi = yik akiminin tepe degeri + sirkilasyon akiminin tepe
degeri

Donugturucu I'in tepe akimi = 21,68 A + 20,7 A = 42,38 A



Ornek 2

Tek fazh sirkailasyon alami modunda cahsan cift donistinica 230 V, tek fazh 50 Hz AC kaynak ile

besleniyor. Déntistiricilerin tetikdeme agilan a; = 30 ve g, = 150'dir. Yik direnci 10 ohm'dur. Tepe
sirkiilasyon alam 10.2 A ise;

a) Alm simirlama reaktoninin enduktansing,

b) Doéniistiiried-l'in tepe alamim bulunuz.

ORNEK 2

V., =+2-230=3252V a,=30° a,=150° w=100%

2:325,2
L =
1007-L

(coswt —cos30°) =10,24A L =0,0272H

325

Yk akiminin tepe degeri = % = 32,52 A

Donustlricu I'in tepe akimi = 32,52 A+ 10,2 A = 42,72 A

Ornek 3

Tek fazh sirldilasyon akom modunda ¢ahsan cift donistiricii 230 V, tek fazh 50 Hz AC kaynak ile
besleniyor. Yilk tamamen direncten olusmalktadir. Donistimici-I'n tepe alamn 39.7 A'dir
Déniistiricilerin tetikleme agllan a; = 45 ve a; = 135'dir. Tepe sirkiilasyon alam 11.5 A ise;

a) Alm simurdama reaktoniniin endiltansin,

b) Yiik direncini bulunuz.

ORNEK 3

V., =v2-230=3252V a, =45 a, =135 o =100%

_ 23252 (coswt — cos45°) = 11,54 L = 0,0542 H

100mL

Ly

Vin _ 3252

Yik akiminin tepe degeri=39,7A — 11,54 = 28,2 A = 3

R =11,532 ohm

zh Cift Dondistiriica Devresi ve Dort Bolgeli Caligma Bolgesi




UC FAZLI CiFT DONUSTURIICULER

Yiiksek gii¢ uygulamalan icin, tek fazh cift déniistliriiciiler yerine, ii¢ fazh ¢ift doéniistiiriiciiler kullamlr.
Cift doniistiiriicli olarak performansi, tek fazli karsihf ile aymudir. Bununla birikte diisiik THD, dengeli
ii¢ fazl giris hatt akum vb. gibi ek faydalan mevcuttur. Ug fazh cift doniistiiriiciiler, yaklasik 2000 kW'a
kadar olan giiclerdeki defisken hizl siiriiciiler igin oldukc¢a uygundur. Anti-paralel bagh iki adet {i¢ fazh
tam kontrolli koprii déniistiiriiciiden olusur. Dolasim akim akisimu sinirlamak icin reaktér (L) Sekil 3'te
gosterildifi gibi baglanir. Dolasan akim yiik boyunca akmaz. Sirkiillasyon alim modunda her ik
donistirici aym anda calisabilir, boylece Sekil 3'te gostenldig gibi dért bolgede de ¢ahsir. Bir
déniistiiriicii dofrultucu modda ¢alisuken diferi inverter modunda gahsmaktadir. [ld déniigtiiriiciiniin
tetikleme agilan a, ve a, ise, a; + a, = m olacak sekilde ¢alisir.

V. = 3V, cos(at — 30°)

3Vm 5 T 2
= (sinwt — 30°) —sina
L ; 1

[

Ornek 4

3 fazh bir qift doénistirici, 400 V 50 Hz 3 fazh bir kaynak ile besleniyor. Alam sinrlama reaktériinin
endilktans: 60 mH'dir. Slkiilasyon alamim wt = 0% 30° ve 90° igin bulunuz. g, agsin sifir derece
oldufunu varsayin. Aynca maksimum sirkiilasyon aliminin degerini bulunuz.

ORNEK 4
__400v2
v, = &= 326,56 V

wL = 250 (60-10~3) = 18,85 ohm
i, = %(sin(wt — 30°) —sina,)

wt = 0°vea, = 0°igin;

3:326,56

I, =——
18,85

(sin(0° — 30°) —sin 0°) = —25,987 A
wt = 30°vea, = 0°icgin;

_ 3-326,56

b = e (sin(30° —30°) —sin0°) =0 A
wt =90°ve a, = 0°icgin;

i = % (sin(90° — 30°) — sin 0°) = 45 A
wt =120°vea, = 0°icin;
_ 3:326,56

Ly 585 (sin(120° — 30°) —sin0°) = 51,97 A

wt = 120° degeri igin sirkilasyon akimi max degerini alir.



12.3.4. Single-phase Dual Converter Drives

A single-phase dual converter, obtained by connectin i i

) . ' . g two full-converters in anti-parall
1ssshown feelihng a separately- excited de motor in Fig. 12.10 (g). Its use is limited f:;abo?lltt.
15 kW Qc drives. It offers four-quadrant operation, Fig. 12.10 {b). For working in first and

Hlﬁl ;ZTZ&

Yy
bs- Reverse Forward
st Reg.braking| motoring
m Conv. 2 o ﬁ Conv.1
\ "
http:/fwww.ebooko.ir ‘[u I{\:\:“\:% Iu
: _I - 9] C\\N Cony 1
T R L Lo
Full Converter Reverse Forward
motoring | Reg. braking
]——(:)J -V
Us ) '
) (a}_ . (b}
Fig. 12.10 () Single-phase dual converter feeding a separately-excited de motor
{b) four-quadrant diagram.

fourth quadrants, converter 1 is in operation. For operation in second and third quadrants,

converter 2 is energised. Four-quadrant operation demands that field winding of the motor

is engrgised from a single-phase, or three-phase, full converter.

. 2V
For converter 1 in operation, V,= _rt_'! cos o, for 0 € oy £

: 2V,
For converter 2 in operation, V,= —, cos o, for0sog<n
where : oy F Oy =T

2v,, '
For field converter, Vy=— c08 0y for0<oy<m
Note that in Fig. 12.10, .
(i) Converter 1 with &, < 90° operates the mator in forward motoring mode in quadrant 1.
(if) Converter 1 with &t > 90° and with field excitation rev
forward regenerative braking mode in quadrant 4.
(i) Converter 2 with oy < 90° operates the motor in reverse motoring mode in quadrant 3.

(iv) Converter 2 with g > 90° and with field excitation reversed operates the motor in
reverse regenerative braking mode in quadrant 2.

ersed operates the motor in

12.4.4. Three-phase Dual Converter Drives

The schematic diagram for a 3-phase dual converter de drive is shown in Fig. 12.19.
Converter 1 allows motor control in 1 and IV quadrants whereas with converter 2, the
operation in Il and 111 quadrants is obtained. The applications of dual converter are limited
to about 2 MW-drives. For reversing the polarity of motor generated emf for regeneration
purposes, field circuit must be energised from single-phase or three-phase full converter.

When converter 1, or 2, isin operation, average output voltage is

3V,
VE#I{',=—;"'—!::0$ o, for0sosw : ..{12:30)



1 phase or
3 phase fc

Fig. 12.19. Three-phase dual converter controlled separately-excited dc motor.

With a 3-phase full converter in the field circuit,
v,

V,:=Tcosog forOsopsn ..(12.31)
In case circulating current-type dual converter of Fig. 6.39 is used, then as per Eq. (5.53) :
oy + 0y = 180° ' .

12,5.4. Four-quadrant Chopper Drives

In four- i
oo (ﬁ:-l:tqug:ligi ::i)c i‘hopper drives, a n*fotnr can be made to work in forwafd-motcri
motoring mode (th ) ?irward regenerative braking mode (second quadrant) rever:'g
Tosoring mote (thi Fgua rant} and reverse regenerative-braking mode (fourth iaad #

i Fig, 12.24 (a) offers four-quadrant operation of a separately—cfaxcit:in;t

motor. This cirenit consistz of fou
is el Ongists r choppers, i i
Its operation in the four quadrants ca‘:apge :x;?;::(;ﬂ:: E:::lggra: separately-excited dc motor

Forward motoring mode. Duri 1 T Iirst- rant rati . ch rs CH2

3 e ng thls mcde or first quad ant ope 'U.II oppe

LH3 are kept l')ﬂ CH4 lIS kl‘;"l]t 0 whereas CHI! is oper ated. When CH1 CH‘ are on m. tﬂl:
’ 438 ) Q0

voltage 1s positive and positive armature current rises. When CH1 is turned off, positive
armature current free-wheels and decreases as it flows through CH4, D2. In this manner,
confrolled motor operation in first quadrant is cobtained.

Forward regenerative-braking mode.. A dc motor can work in the
regenerative-braking mode only if motor generated emf is made w0 exceed the de source
voltage. For obtaining this mode, CH1, CH3 and CH4 are kept off whereas CHZ is operated.
‘When CHZ is turned on, negative armature current rises through CH2, D4, E,, L,, 7o When
CH2 is turned off, diodes D1, D2 are turned on and the motor acting as a generator returns
energy to the dc sod.ce, This results in forward regenerative-braking mode in the
second-quadrant. '

Reverse motoring mode. This operating mode is opposite to forward motoring mode.
Choppers CH1, CH4 are kept. ofl, CHZ is kept on whereas CH3 is operated. When CH3 and

 CH2 are on, armature gets connected to source voltage V, so that both armature voltage V,
and armature current i, are negative. As armature current is reversed, motor torque 1s
reversed and consequently motoring mode in third quadrant is obtained. When CH3 is turned
off, negative armature currgnt freewheels through CH2, D4, E, L, r,; armature current
decreases and thus speed control is obtained in third quadrant. Note that during this mode,
polarity of E, is opposite to that shown in Fig. 12.24 (e). :

VYo
CHZ gperated| CHY nperated
CH1,CH3,CHacf CHZ,CHM3 off
forwarded | Forwarded
Reg. Motoring
Braking

-la To=la

cH3 operoted | CH4 operated
,CHY, CHL aff CH1,CH2,CH3 off
Reverse Reverse Reg
Maloring Vi Braking

(a) [ i
Fig. 12.24. Four-quedrant dc chopper drive (@) circuit diagram and (&) four-quadrant diagram.



Reverse Regenerative-braking mode. As in forward tl'a'mk“:ige :;t:izéege:;:f;
regenerative-braking mode is feasible only if moter generat;lt:l& em ]1:9 n:acff e e s
source voltage, For this operating mode, CH1, CH2 and CH3 are _pes e CHa, D2,
oberated. When CH4 is turned on, positive nrmaturel current i, s e .ag .
r., Lo E,. When CH4 is turned off, diodes D2, D3 begin to conduct and m rhficé-bfaﬁng
ge:n;ratur returns energy to the dc source. This leads to reverse regeneral
operation of the de separately-excited motor In fourth quadrant.

i i ants
Note that in Fig. 12,24 (z), the numbering of choppers is done it'D atgree :::]; :he qugiill; .
in which these are operated. For example, CH1 18 operated for first qua s e

fourth quadrant etc.

8.5.5 Four-Quadrant Chopper (or Class E Chopper)

Figure 8.25(a) shows the basic power circuit of Type E chopper. From Fig.
8.25, it is observed that the four-quadrant chopper system can be considered as
the parallel combination of two Type C choppers. In this chopper configuration,
with motor load, the sense of rotation can be reversed without reversing the
polarity of excitation. In Fig. 8.25, CH,, CH, D, and D; constitute one Type C
chopper and CH,, CHx, Dy and D, form another Type C chopper circuit. Figure
8.25(b) shows Class-E with R—L load.

- : _
~te L Ty

| /\Di CHy | i /\ Ds
2 1

I_ p— e
Eg4
A B \
| |
CHy | : / | : \ Ds
. ._T - - T i 4
-Ey
Fig. 8.25(a) Type E chopper circuit and characteristic
+ O

| N L7 anl N pZ

la R L Ep
P
CH, \ DzZS CH, ‘\ D-‘Zi
. '
. | 1

Fig. 8.25(b) Cluss E chopper with R-L load



If chopper CH, is turned on continuously, the antiparallel connected pair of
devices CH, and D, constitute a short-circuit. Chopper CH; may not be turned
on at the same time as CH, because that would short circuit source Ey,.

With CH, continuously on, and CH; always off, operation of choppers CH,
and CH, will make £j positive and /; reversible, and operation in the first and
second quadrants is possible. On the other hand, with CH, continuously on and
CH, always off, operation of CH, and CH, will make E, negative and J
reversible, and operation in the third and fourth quadrants is possible.

The operation of the four-quadrant chopper circuit is explained in detail as
follows:

When choppers CH, and CH, are turned-on, current flows through the path,
E4, — CH, - load - CH, — E4_. Since both E, and [, are positive, we get the
first quadrant operation. When both the choppers CH, and CH, are turned-off,
load dissipates its energy through the path load-D; - E , - Eg, — D, — load. In
this case, E; is negative while J; is positive, and fourth-quadrant operation is
possible.

When choppers CH, and CHj are turned-on, current flows through the path,
Ey.. — CH; - load — CH, - E4 . Since both E; and [, are negative, we get the
thirdsquadrant operation. When both choppers CH, and CH; are turned-off,
load dissipates its energy through the path load- D, — E;,— E;. — D, —load. In
this case, E, is positive and /, is negative, and second-quadrant operation is
possible.

This four-quadrant chopper circuit consists of two bridges, forward bridge
and reverse bridge. Chopper bridge CH, to CH, is the forward bridge which
permits energy flow from source to load. Diode bridge D, to D, is the reverse
bridge which permits the energy flow from load-to-source. This four-quadrant
chopper configuration can be used for a reversible regenerative d.c. drive.

2.12.4 Four quadrant Chopper or Type E Chopper

+ Y
g el - : )
i ECH1 | :‘K ECHS
D1 ‘ :
___DCmotor : 1.TAJ FAGE
':"EWM\_{. l
; i
% - 1 ol Beo Bl
I‘ LI .
I"

Fig (2.12.4) Four quadrant Chopper or Type E Chopper



Forward Motoring Mode

For first quadrant operation of fisure CH4% is kept on, Cl-13 1s kept off and CHI1 1s
operated. when CHI and CI-I4 are on, load voltage is equal to supply voltage i,e, Va =
Vs and load current ia begins to flow. Here both output voltage va and load current ia
are positive giving first quadrant operation. When CH4 is turned off positive current
freewheels through CH-4,D2 in this way, both output voltage va, load current ia can

be controlled in the first quadrant. First quadrant operation gives the forward
motoring mode.

Forward Braking Mode

Here CH2 is operated and CH1, CH3 and CH4 are kept off. With CH2 on, reverse (or
negative) current flows through L, CH2, D4 and E. During the on time of CHZ2 the
inductor L stores energy. When CH2 is turned off current is fedback to source through
diodes D1, D4 note that there [E+L di/dt] is greater than the source voltage Vs. As the
load voltage Va is positive and load current ia is negative, it indicates the second

quadrant operation of chopper. Also power flows from load to source, second quadrant
operation gives forward braking mode.

Reverse Motoring Mode

For third quadrant operation of figure, CHI is kept off, CH2 is kept on and CH3 is
operated. Polarity of load emf E-must be reversed for this quadrant operation. With
CH3 on, load gets connected to source Vs so that both output voltage Va and load
current ia are negative. it gives third quadrant operation. It is also known as reverse
motoring mode. When CH3 is turned off, negative current freewheels through CH2,
D4. In this way, output voltage Va and load current ia can be controlled in the third
quadrant.

Ve

4
CH2 operated: CH2, D4: - CH1 operated: CH1, CH4:
on; L Stores energy ' on CH1:off; then CH4
CH2: off: then D1, D4 conduct D2,conduct ‘
(Forward braking mode) (Forward motoring mode)

A 4

CH3, CH2; on CH3: offthen * | CH4, D2:on: L Stores energy
CH2, D4 Conducted -’| CH4: off; then D2,03 Conduct
CH3 operated - " | CH4 operated ( Reverse braking mode)

( Reverse motoring mode)




Reverse Brakine Mode

Here CH4 is operated and other devices are kept offLoad emf E must have its polarity
reversed, it'is shown in figure . With CH4 on, positive current flows through CH4, D2,
L and E. During the on time of CH4, the inductor L stores energy.

When CH4 is turned off; current is feedback to source through diodes D2, D3. Here
load voltage is negative, but load current is positive leading to the chopper operation
in the fourth quadrant.

Also power is flows from load to source. The fourth quadrant operation gives reverse

braking mode.

2.13 Braking

In braking, the motor works as a generator developing a negative torque which
oppose the motion. It is of three types

1. Regenerative braking
2. Plugging or Reverse voltage braking
3. Dynamic braking or Rheostatic braking

2.13.1Regenerative braking

In regenerative braking, generated energy is supplied to the source,for this to happen
following condition should be satisfied

E > V and negative Ia

Field flux cannot be increased substantially beyond rated because of saturation, therefore
according to equation ,for a source of fixed voltage of rated value regenerative braking is
possible only for speeds higher than rated and with a variable voltage source it is also
possible below rated speeds .

The speed —torque characteristics shown in fig. for a separately excited motor.
In series motor as speed increases, armature current, and therefore flux decreases

Condition of equation cannot be achieved .Thus regenerative braking is not possible

4 w”'\
¢ Natural Do
Braking Motoring

-

Increasing V




2.13.2 Plugging

The supply voltage of a separately excited motor is reversed so that it assists
the emf in forcing armature current in reverse direction .A resistance Rp is also
connected in series with armature to limit the current.For plugging of a series
motor armature is reversed.

A particular case of plugging for motor rotation in reverse direction arises
.when a motor connected for forward motoring,is driven by an active load in the
reverse direction.Here again back emf and applied voltage act in the same
direction.However the direction of torque remains positive.

This type of situation arises in crane and the braking is then called counter —
torque braking.

Plugging gives fast braking due to high average torque.even with one section
of braking resistance RB.Since torque ia not zero speed,when used for stopping a
load,the supply must be disconnected when close to zero speed.

Centifugal switches are employed to disconnect the supply.Plugging is
highly inefficient because in addition to the generated power,the power supplied by
the source is also wasted in resistances.

8 5 A

Separately excited

Serics
Plugging operation of de motors

m————— e
Plugging

Motoring

Separately excited S

Wy

Twm

Motoring Motoring
0 T 0 —p
Plugging
Plugging
| Separately excited Series

Counter-torque braking



2.13.3 Dynamic braking

In dynamic braking .the motor is made to act as a generator,the armature is

disconnected from the supply .but it continues to rotate and generate a
voltage.The polarity of the generated voltage remains unchanged if the
direction if field excitation is unaltered.

But if a resistance is connected across the coasting motor,the direction of the
armature current is reversed .because the armature represents a source of
power rather than a load.

Thus a braking torque i1s developed .exactly as in the generator,tending to
oppose the motion.

The braking torque can be controlled by the field excitation and armature
current.

3y 4
_____ e —
| Motoring
Braking
A : T
Az Fs 0
Separately excited motor Separately excited motor
{thy,
TR R S
Braking "N Motoring
0 T

(b) Series motor Series motor



Example 8.16 A four-quadrant chopper is driving a separately excited d
motor load. The motor parameters are R = 0.1 ohm, L = 10 mH. The supply voltage i
200 V d.c. If the rated current of the motor is 10 A and if the motor is driving the ratec
torque. Determine:

(i) the duty cycle of the chopper if E, = 150 V.

(ii) the duty cycle of the chopper if E, =- 110 V.

Solution:
For a four-quadrant chopper, the average voltage in all the four-modes is given by
Eo =2Ed¢ ? (Q’- 0.5)

Ey—E, _ 2E, (@-05)-E,
R R

(i) The average current, iy =

_ 2x200(a-0.5)-150
0.1

Since, &> 0.5, this mode is forward-motoring

-~ a=0.876

10

_ 2x200(x-0.5)-110
0.1

(ii) Now, 10 , ~a=0228

As @ < (.5. this mode is reverse motoring mode.

EXAMPLE5.13

A220-V, 227-A, 1,500-rpm separately excited dc motor has an armature resistance of
6.6 £). The motor is running in the reverse direction at 600 rpm at rated torque. The
motor is driven by a single-phase dual converter powered from 23042 sin 314t source.
Compute the converter firing angles.

SOLUTION:
Back-emf at rated conditions is given by

Eb{mbﬁd] = Va - Iar.:
=220-227x6.6
=1362V

Back-emf at 600 rpm at rated torque is given by

Eb{ﬂ:lj] _ 600

Foemns 1500

Exeoy _ 600
1362 1500

Ers00) = %x 136.2=5448V

Va[allfvﬂﬂrpm:l = Eb +Inr:|

=5448+227x 6.6
=243V

The motor is running in the reverse direction. Converter 2 is supplying power.

V.= _‘""-;’m cosa = 2043 V
2043 =m
cos{o, )= —————=(0.08
(e2) 223042
o, = 11.47°

Sty = 180 — o = 168,527



EXAMPLE 5.14

A 220-V, 22.7-A, 1,500 rpm separately excited dc motor has an armature resistance of
6.6 L). The motor is driving a load in the reverse direction at 500 rpm and 60% of
rated torque. The motor is driven by a single-phase dual converter powered from a
23042 sin 314t source. Compute the converter firing angles.

SOLUTION:

Back-emf at rated conditions is given by

Eh(nba:li = Va - Iar.:

=220-227x 6.6
=1362V

Back-emf at 500 rpm at 60% torque is given by

Boewy _ 500
Eppraeey 1500
EchEIIIJ _ 500
136.2 1500
500

Eb{g:.j] = ﬁ % 136.2=4539V

V.a[at:'»ll] rpm) = Eb +Iara
— 45394+ (0.6x227)% 6.6
=135282V

V.= Vo coser, 1353 V
T

)_ 1353xn
2% 2302
o, = 49.20°

cos| ot =065

sty =180—ap =130.79°

EXAMPLE5.15

A 220-V, 50-A, 1,500-rpm, separately excited dc motor has an armature resistance

of 0.5 & and is supplied from a dual converter powered from 2202 sin(314t). If the
motor runs clockwise during regenerative braking, speed is 800 rpm at rated torque.
Compute the converter firing angles.

SOLUTION:
Under rated conditions,

Eh{mbad] = Vajmed) — Ia[mrd;- K

=220 (50%05)=195V

Back-emf at 800 rpm is given by

Eyison) _ 800
Epramay 1500
Ebaon = %x 105=104 V

During regenerative braking
V.=E.-L xr
=104-(50%05)=79 V
Because converter 1 is feeding power,

V, = &msu,
n

ie, 79=

2% 22042
Tmsu,

ay = 66,497
o = 180 - o, =180-66.49=113.51°



16. A single-phase dual converter is used for controlling the speed of a separately
excited de motor as shown in Fig. 2.40(a). It is supplied by a single-phase ac
source of 240 V at 50 Hz. Normally, rectifier P is used for motor operation. It is
required to brake the motor in a regenerative manner by operating rectifier N in
the inverting mode (quadrant IT) with c = 1207, If the motor is initially running
at 15300 rpm, the combined inertia of the rotor and load (J) is 1.2x 103 kg mz,
and the average current through the motor is 0.2 A, determine the time required
for the braking of the motor.

Solution

The output voltage of rectifier N just at the start of regenerative braking is

n e
Vaw = (—) V., sin (—) COS
s n

For the single-phase rectifier NV,

2 L 4T . n
v,, = (=) v, sm(—)coslm = — L %240/2%05 = — 108V
T 2 T
The average value of the terminal voltage is V,, = —108/2 = —54 V. Hence

Epay) = 54 V. The kinetic energy dissipated for braking purposes = (1/2)Jw?
=1/2%1.2x 107 % [2m x ]50(:-;‘4540]2 = 14.8 I. The electrical energy returned
back to the source is equal to the Kinetic energy dissipated. That is, electrical power
of the motor = time required for braking = kinetic energy dissipated. Thus,

EpanIwt = 148

ar
54 x 0.2 x1 = 148
This gives
14.8
= ———— = 1.37s
54 %= 0.2
Example 4.12:

A single-phase dual converter is operated from a 200-V, 50-Hz supply, and the load resistance is R = 20
(1. The circulating inductance is Lr = 50 mH: delay angles are @1 = 50° and @2 = 130°. Find the peak

circulating current and the peak current of converter 1.

SOLUTION

@ =2rx50=7314radls, @1 =50°, Vin=+2 x 200 = 282.85 V, = 50 Hz, and Lr= 50 mH. Circulating

current will be maximum at &/t = 2.

" for wi=2mand @ =50, the peak circulating current

Irimax)=2Vmw Lr(1=cos & 1)=565.7x 10003 14x50( 1 =cos50°)=12.87 A

The peak load current is [, = 282.85/20 = 14.15 A. The peak current of converter 1 is = I, + (J)pux

(1415 + 12.87) =27.01 A,



Example 4.13:

A three-phase dual converter, operating in the circulating-current mode has the following data:
Per phase supply voltage = 220 V, f = 50 Hz, @ 1 = 50°, current-limiting reactor, L = 20 mH. Find the peak
value of the circulating current.

SoLuTioN

The peak value of the circulating current, for firing angle @) = 50° is given by equation
(inymax.=3Vml wL[l-sin& 1]

S (inmax =3.6.2202ax50x20x 10-3| 1-sin50°]=37.772 A.

Example 4.19:

A single-phase dual converter is fed by a 220-V, 50-Hz single-phase system, It feeds a resistive load of
20-ohm resistance. The firing angles are & ; = 60° and @, = 120°. The inductance L is 50 mH. Find the
peak circulating current and peak current of converter 1.

SOLUTION

Vm=2x220=311.12 V
a 1=60°, a2=120", w=100n

wWLr=100n(50x10-3) = 1571 }

The expression for instantaneous circulating current for 1 — ¢ dual converter is
Ir=2Vmw Lricoswit—cos @ 1)
=2x311.1215.7l{cos w i—cos60")
The peak circulating current occurs at &/f=2x
(Ir)ymax= Peak circulating current=2x311.1215.71(1-0.5)=19.80A

Peak value of load current, (IP)=VmR=311.1220=15.56 A
The peak current of converter | is the sum of the peak load current and peak circulating current.
Peak current of converter 1 = I, + (I)yac = 15.56 + 19.80 = 35.36 A



Example 4.20:

A single-phase circulating current dual converter is fed by a 220-V, single-phase 50-Hz AC supply. The
firing angles are @ 1 = 30° and & 2 = 150°. The load resistance is 15 ohms. The peak circulating current is
10.5 A. Find (a) inductance of current limiting reactor and (b) peak current of converter 1.

SOLUTION
a V,=y2x220=311.12V

o 1=30° @ 2=150°, w=100x

Expression for circulating current,

Ir=2VmwLr[cos Wi—cos @ 1]
Peak circulating current occurs at &/f= 2
S 10.5=2x311.12100xL(cos2n—cos307)

or

10.5=2%311.12100 aL(1-0.886)

or

Lr=2x311.12x0.134100x(10.5)=0.0252H

b. Peak load curreni=311.1215=20.74 A
Peak current of converter 1 is the sum of peak load current and peak circulating current.
Peak current converter 1 =20.74 + 10.5=31.24 A

Example 4.21:

A single-phase circulating current dual converter is fed by a 220-V, single-phase, 50-Hz AC supply. The
load is purely resistive. The peak current of converter 1 is 40 A. The firing angles are 457 and 135°,
respectively. If peak circulating current is 12.5 A find (a) inductance of current limiting reactor and (b) load

resistance.

Solution

a. Vm=2x220=311.12V
wW=100 n, & 1=45° & 2=135°
The instantaneous circulating current,

Ir=2Vmw Lt{cosWt—cos & 1)



Peak circulating current occurs at @t = 2.
o (Inymax=2Vmw Lr{cos2n—cos & 1)
or

12.5=2x311.12100nLr{cos2n—cos45°)
or
12.5=2x311.12100xLr( 1-0.707)
or
Lr=2x311.12%(1-0.707)100m(12.5)=0.046H
b. Peak load current=40-12.5=27.5 A
Peak load current=VmR=311.12ZR
or

R=311.1227.5 A = 11.31 Q

Example 4.22:

A three-phase dual converter is fed by a 400-V, 50-Hz supply. The inductance of the current-limiting
reactor is 60 mH. Find the circulating current at wt =07, 30°, and 90°. Assume that the firing angle is zero.

Also find the maximum value of the circulating current.
SOLUTION
Vm=40023=326.56V
WLr=2n(50)60x10-3)=18.85 0
Instantaneous value of circulating current I, for 3 — ¢» dual converter,
ir=3Vmw L] sin{ wt—=30°)—sin @ 1]
For wi=0and @& =0, ir=3x326.5618.85[s5in(-307)]=-25.99 A

The negative sign indicates the direction of flow of circulating current.
For awit=30"and @& =0,i=0
For awt=90" and @[ =0

ir=3x326.5618.85[sin(60-0)]=45A

The peak value of circulating current  occurs at @t = 120° and is equal to
(irymax=3x326.5618.85 [sin90-0] =51.97A



Example 4.23:

A three-phase circulating-current dual converter is fed from a 400-V, 50-Hz AC supply. The peak value
of the circulating current is 40 A, If the firing angle is zero, find the inductance of the current-limiting
reactor.,

SOLUTION
Vm=40023=326.56V

wWLr=100m Lr, & 1=0

Instantaneous value of circulating current i for 3 — ¢ dual converter, ir=3Vmw Lr[sin{ & t=30)-sin & 1]

The peak value of the circulating current occurs at @'t = 120° and is equal to
(irymax=3Vmw Lr[sin(120-30")-sina 1]
"o 40=3%326.56100nL[sin( 120-307)-sin0]
or
40=3x326.56100rL[sin 90-sin 0]
or

L=3x326.56100 n(40)=0.077 H

7.7 COMPARISON BETWEEN NON-CIRCULATING
CURRENT MODE AND CIRCULATING
CURRENT MODE

The comparison between non-circulating current mode and circulating-current
mode of dual-converters is given below:

1. Inthmrmdeufupcrutmn,un]yonc Inthlsmodeofnpumm.ommnvmu
converter operates at a time and the operates as a rectifier and the other
second converter remains in converter operates as an inverter.

a blocking state.

2. Converters may operate in Converters operates in continuous
discontinuous current mode. current mode.

3. Reactors may be needed to make Reactors are needed to limit circulating
load-current continuous. current. These reactors are costly.

4. Sincenocirculating current flows thro- Circulating current flows through the
ughthe converters, efficiency is higher. converters and hence increases the losses.
5. Due to discontinuous current, non- Due to continuous current, linear
linear transfer characteristics are transfer characteristics are obtained.
obtained.



10.

12.

6. Due to discontinuous current,

response is sluggish.

7. Due to spurious firing, faults between
converters results in dead short-circuit
conditions.

. In this mode of operation, the cross-
over technique is complex.

9. Loss of control for 10 to 20 ms is

observed in this mode of operation.

The control scheme needs command
module to sense the change in
polarity.

. The complete scheme is cheaper
compared to circulating current mode.
In this mode of operation, the
converter loading is the same as the
output load.

Due to continuous-current in the
converters, response is fast,

Due to spurious firing, fault currents
between converters are restricted

by the reactor.

In this mode of operation, the crossover
technique is simple.

Since converters do not have to pass
through blocking unlocking and safety
intervals of 10 to 20 ms, hence control is
never lost in this mode of operation.

As both the converters are operating at
the same time, the control scheme does
not require command module.

The complete scheme is expensive.

In this mode of operation the converter
loading is higher than the output load.

Example 7.1 Compute the peak value of the circulating current for the 3-¢
circulatory current type dual converter consisting of two three-phase fully controlled
bridges for the given data.
Per phase supply RMS voltage = 230 V, @= 315 rad/s, L = 12 mH
a, = 60°, &= 120°.
Solution: The peak value of the circulating current from Eq. (7.18) is given by

= 22Ems (1 - cos 6), = NI e eusiA
wl 315x12x10

Example 7.2 Design a dual converter to achieve a four-quadrant operation of
the separately excited d.c. motor. Motor and converter specifications are given by

(i) Motor specifications

E,=220V,1,=30 A, N= 1500 rpm.

(ii) Converter specifications

Supplied from 3-¢, 400 V, 50 Hz supply

Assume drop in the circuit is 15%.
Solution: Consider that dual converter consist of six-pulse converters to achieve
a four-quadrant operation.

(i) Step | Rectifier operation:
Total drop in the system = 220 x 0.15=33 V.

- Total d.c. voltage, E, .= E4 + drop, =220 + 33 =253 V.
For six-pulse bridge converter, we have the relation

Ey o= 1.35E, cos ay.
where E,. = RMS value of a.c. voltage,

253 = 1.35x 400 xcos @, .. cos @ =
AC line current /. =0.817.1,=0.817x30=24.51 A.

0.469 . a =62°.



A.C. terminal power, P,.= V3 X E,. xI,.= Y3 x400x 24.51 = 16.98 kW.

3
P =105P,, . Py=2= 1898X10° _ 6170w
e de T 1.05
(ii} Step 2
. 2x13SxE_|[1 1
C limiting inductance L , L= o
urrent limiting i ¢ is given by, Lo Sl ['I 5:|
I . 30
where — —::L for six-pulse converter = i 6 A

. 2x135%400 40 o

© ex2rx50%6

(iii) Step 3

Firing angle  @,° = 180° — @, = 180° - 62 = 118°

(iv) Selection of SCR
(a) Voltage rating, PIV = 2J2 E, = 2J2 x 400 = 1131.37 PIV = 1200 V.
(b) Current rating

Ip= 242 xI = 2J2 x2451=69.32 A= 70 A.

The average dc output voltage of converter 1 is

2v

V., =—"cosd,
4

The average de output voliage of converter 2 is
2V
V., =—=cosd,
' X

g =2V 2
meosa = teosa, = (—cosa,)
b 2

COS @, = —COS &,
Or

cosar, = coser, =cosl(r—e,)

@, =(x—a) or

(e, + . ) = & radians

2V
Voy(awy = " 08¢
-V
v02(ﬂ\'] = ——IE—COSU.Z
o+ ay = 180°
n

i = ol [coswt - cosa, ]
In ac to dc circulating current dual c-::uwert;rlers if triggering angles are oy and
«a, than it is necessary that

oy 4oy = 180°
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Fig.13.11 Dual converter drive: (a) Circuit diagram, and (b) Quadrants of
operation.
v
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Fig.13.12 Dual converter.
Bridge — I operating:
2V,
Vi = Vaary1 = —cosa; = Vg cOosay =E,+1; R, (13.29)

Bridge — II operating:

2V,
Vo = Vagary2 = — (Tmcos a, ) = V,, cosa;, = E, —I; R, (13.30)

Example 13.9

A d.c. separately-excited motor rated at 10 kW, 200 V is to be controlled
by dual converter. The armature circuit resistance is 02 € and the
machine constant K.@ is 035 V/ rpm. For the following conditions,
determine the firing angles of the converter, the back emf and the machine
speed given that for the converter system V,, = 250 V. Neglect any losses
in the converter circuit.

(a) Machine operates in a forward motoring mode at rated current and
with terminal voltage of 200 V.

(b) Machine operates at forward generation mode at rated current and
with terminal voltage of 200 V.



Solution

(a) For the motoring case,

V=V cosa = 200=250cosa = cosa:%: 08
» a = cos~1(0.8) = 36.8°
The rated current of the machine 7, = 10000/ 200 =50 A.
V=E,+I, Ry, — 200=E;+ 50x0.2
E, =200-10=190V
The speed of the motor can be calculated as,
E,= K,0n - n= Iia¢= %:54285 rpm

(b) For generating mode,
-V =Vi, cosa — —200=250cosa

“ a=cos (—0.8) = 143.13°
E,=V+I, R, - E,= 200+ 50x02 =210V

E, 210

E,= K.0n — n= Ke(ﬁ:E

=600 rpm

P - Converter 1

N -Converter 2
0Q0

SR

Ta
L1

L "

L1

L2
L3 Ta Ts T2 ‘ L3
L R
000 -
v
Converter-2 Converter-1
Inverting Rectifying
la
Converter-2 Converter-1
Rectifying Inverting
Fig.13.20 Four-quadrant three-phase d.c. drive.
33,
where Vio = z
o
and Ma=m—oy .

Two modes of operation can be achieved with this circuit:

Bridge — I operating:

331,
Vl = Valavy1 = P cosay
=V4 cosay =E,+1; R, (13.43)

Bridge — II operating:

33V,
VZ = Va(av)z2 = — T cosaz

= Vg, cOSazs = E; —I; R, (13.44)
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Fig. 2.1.18. A.c. source currents in a three phase full converter and constant motor current

a)fora=0%1,=0;b)fora=45%1,=0;¢)fora=45° 1[,=1mH

For the total a.c. source current which is made of rectangular 120° wide "blocks":

2
I, = .J;Id =0816-50 = 4084

In the absence of L, the displacement power factor (DPF) angle is equal to & and thus the DPF is:
1fora=0

DPF = - cosa =
cosP T Losa {0.?09forcx=45°

In the presence of L; the displacement power factor is approximately:

DFF = cos[oz + %]

To calculate u for a = 45° we use equation (2.1.91):

w, LI 3-27-60:50-1072
cos(a +u) = cos o - —A—=2 = 0.707 S — 05248
NAA 2220

45+u=5334" u=1334"



Finally:
334

DPF =cos[45+ ! ] =062

The current commutation in the presence of L. produces a further reduction of displacement power factor.

In general the DPF decreases with a increasing which constitutes a notable disadvantage of phase delay a.c. - d.c.
converters. Special measures are required to improve DPF with @ increasing.

d) The a.c. source current overlapping during commutation produces notches in the line voltage. From figure
2.1.19 we may obtain V,, = V,, - V,, of the waveform shown in figure 2.1.19.

A A=2aLI,

/

V2 sne 1

au
A,
Tu =®1LsId

Fig. 2.1.19. A.c source line voltage notches due to L; (commutation)

Considering v as small, the deep notch depth is considered equal to ﬁv’- SI0C 2nd thus the notch width u is

approximately:
A 20, LT,

u =

v notch depth B «I’EVL sinao

(2.1.100)

The depth of shallow notches is considered half of that of deep notches. IEEEE standard 519 - 1981 suggests the
limitation of line notches to 250ps (5.4. electrical degrees) and the deep notch depth to 70% of rated peak line
voltage in order to perform satisfactorily.

Special filtering is required to cope with more recent standards. The voltage distorsion due to notches depends on
the harmonics currents I, and the a.c. source inductance [,

Z(Iv ' I"')lszz
voltage? THD = ;:‘ 4100
phase [fumdim extal) (2.1.101)

"
With ¥ T ¥ due to the almost rectangular form of a.c. source current.

2.1.12 THE DUAL CONVERTER - FOUR QUADRANT OPERATION

A high power d.c. motor drive has to undergo sometimes four quadrant operation. Two full converters are
connected back to back for this purpose (figure 2.1.20).

1y € i
£ k_ Kl
LSS T } }
Va 5 - % .—gz
;V;S — — e
o a— _% _f f

Fig. 2.1.20. Dual converter with circulating current supplying a d.c. brush motor

a) Assuming that the converters are ideal and produce pure d.c. output voltages with one converter as rectifier
and the other as inverter, calculate the relationship between the delay angles a; and a; in the two
converters.

b) With a; + a; as above calculate the circulating current between the two converters and show the voltage
and current actual output waveforms. The numerical data are V, = 220V, w; = 377.8rad/s, L = 10mH, a; = 60°



Solution:

a) Inan ideal dual converter the voltages produced by the two full converters should be equal and opposite.
By now we know that:
Wy = Vg 'Cosoy
Via = Vou " £050, (2.1.102)
With V, = V,,; = -V, it follows that: costy +cosoy =0

Hence a; + a; = 1807 (figure 2.1.21). In the ideal converter the load voltage is equal to the converter output voltages
and thus the current may flow equally through either converter

Va

180 %1

180

Fig. 2.1.21. |deal dual converter voltages

b) In a real nonideal converter each converter produces a voltage with ripples. The ripple voltages of the two
converters are out of phase (figure 2.1.22). The instantaneous voltage difference produces a circulating
current which is limited through a reactor L.

With:

v 2
Ve = "Tfsm wgt - (i —1)?7‘]

(2.1.103)
during the interval:
LSO SN
g e ettty (2.1.104)
Va=Vi- %
V= '(U< _vb)
B =V WV =V FV -2, = -3, (2.1.105)
The circulating current i_ is:
2 e el 2)-of
L‘iwlL J‘:,tf s Wit 3] e
- (2.1.106)
0
a =60
T T T
Voo M v, e
yd /
&=120"
Va
UJlt
..‘22
it
.\.-a
B N e
ot
L c,
ElJlt
M1
3
wht

Fig. 2.1.22. The real dual converter
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(b} Wavelforms

When the motor current is zero the converter currents are equal to the circulating current iy = iz = i (I, = 0).
Consequently the converters have a continuous current though the load current is zero. However for a; = 60° and &,
= 1207 the peak value of circulating current occurs at wgt = 2/ 3:

(i) =

v 220
_{ - ms —“rﬂ_.:—[l -0867) = 19.02
w,L 6010

(2.1.107)

If the load current i, is constant (no ripples) the first converter (a; = 60%) carries i, + i, while the second converter (o
= 1207) the circulating current i. only. Thus the first converter is "overloaded’ with the circulating current. However
for low load current the discontinuous current mode in the converters is avoided as shown above. This could be an
important advantage in terms of control performance.,



EXAMPIE 316 A three-phase full converter bridge 15 connected to a 3-phase 400 V, 50 Hz
supply having a source inductance of 3 mH. The load current 1s constant at 20 A If the load consists
of a dc voltage source of 400 V, having an internal resistance of 1 (), calculate the firing angle
and overlap angle |1 for this condition

Solution
The dc source may be a battery which 1s getting charged.

Qutput voltage of the converter, I, = the dc source voltage + drop in the 1 £ intemnal resistance

=400 + (20 = 1)
=420V
v = i o 3oL, 1
T T

3% 40042 3% 2 x 50 % 5
— s -

420= .
T 1000
= o =33.58°
2;
420=73’<‘5'0°“E cos(a + ) + 222X 0% 3 oy
T 1000

(o +u)y=4278°

L=4278"—3358° =92°
Thus,
o =3358and u =92°

EXAMPLE 3.17 A three-phase six-pulse fully controlled converter 1s connected to a three-phase
ac supply of 400V and 50 Hz and operates with a firing angle of & = m/4. The load current is
mamtained constant at 10 A and the load voltage 1s 360 V. Calculate the load resistance, source

mductance, and overlap angle.

Solution

3% 40042 1 30L, |

360 =
T J2 r °
L =73 mH
360
Load resistance = T =360
7
3002 340042 @+ m+22L 10
T 100

cos(x + 1) = 0.63

u=6°



W Example 6-1 In the converter circuit of Fig. 6-8a, L, is 5% with the rated voltage
of 230 V at 60 Hz and the rated volt-amperes of 5 kVA. Calculate the commutation angle
u and V,4/V,, with the rate input voltage, power of 3 kW, and a = 30°.

Solution

The rated current is

5000
| —— 0 21.74 A

The base impedance is
Zoase = ::_'_"“ = 10.58 £}
rated

Therefore,

" 0.05Zpase
B 11

L, = 1.4 mH

The average power through the converter can be calculated using Eq. 6-26:
2
Py= Vi =09V,lcos a - - aldy =3 kW

Using the given values in the above eguation gives
13— 533.531, + 8928.6 = 0
Therefore,
I;=173A
Using this value of [, in Eqs. 6-24 and 6-26 results in
u=59 and V,=1735V
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Example 8.16 A four-quadrant chopper is driving a separately excited dc
motor load. The motor parameters are R = 0.1 ohm, L = 10 mH. The supply voltage is
200 V d.c. If the rated current of the motor is 10 A and if the motor is driving the rated
torque. Determine:

(i) the duty cycle of the chopper if £, = 150 V.

(i1) the duty cycle of the chopper if E, = - 110 V.

Solution:
For a four-quadrant chopper, the average voltage in all the four-modes is given by
Ey=2E, - (a-0.5)

R

(i) The average current, iy = E";E" =

_ 2x200(a-0.5)-150
0.1

Since, a > 0.5, this mode is forward-motoring

10 - a=0.876

_ 2%200(a=0.5)-110
0.1

As ar < 0.5, this mode is reverse motoring mode.

s a=0228

(ii) Now, 10

8.5.5 Four-Quadrant Chopper (or Class E Chopper)

Figure 8.25(a) shows the basic power circuit of Type E chopper. From Fig.
8.25, it is observed that the four-quadrant chopper system can be considered as
the parallel combination of two Type C choppers. In this chopper configuration,
with motor load, the sense of rotation can be reversed without reversing the
polarity of excitation. In Fig. 8.25, CH,, CH; D, and D, constitute one Type C
chopper and CH,, CH;, D, and D, form another Type C chopper circuit. Figure

8.25(b) shows Class-E with R-L load.

If chopper CH, is turned on continuously, the antiparallel connected pair of
devices CH, and D, constitute a short-circuit. Chopper CH; may not be turned

on at the same time as CH, because that would short circuit source £

With CH, continuously on, and CH, always off, operation of choppers CH,
and CH, will make E; positive and /, reversible, and operation in the first and
second quadrants is possible. On the other hand, with CH, continuously on and
CH, always off, operation of CH; and CH, will make E; negative and [;

reversible, and operation in the third and fourth quadrants is possible.



The operation of the four-quadrant chopper circuit is explained in detail as
follows:

When choppers CH| and CH are turned-on, current flows through the path,
Es.. — CH, - load — CHy — E4 . Since both E; and 1, are positive, we get the
first quadrant operation. When both the choppers CH, and CH, are turned-off,
load dissipates its energy through the path load-D; — Ey, — E4. — D, — load. In
this case, E; is negative while J;, is positive, and fourth-quadrant operation is
possible.

When choppers CH, and CH; are turned-on, current flows through the path,
Ey.. — CH; - load — CH, - E; . Since both E; and I, are negative, we get the
third-quadrant operation. When both choppers CH, and CH; are turned-off,
load dissipates its energy through the path load- D, - E; .~ E;, - D, —load. In
this case, E; is positive and [; is negative, and second-quadrant operation is
possible.

This four-quadrant chopper circuit consists of two bridges, forward bridge
and reverse bridge. Chopper bridge CH, to CH, is the forward bridge which
permits energy flow from source to load. Diode bridge D, to D, is the reverse
bridge which permits the energy flow from load-to-source. This four-quadrant
chopper configuration can be used for a reversible regenerative d.c. drive.
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Fig. 8.25(a) Type E chopper circuit and characteristic
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Fig. 8.25(b) Class E chopper with R-L load



