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Chapter 5

Silicon Controlled Rectifiers
(SCRs)

111




Silicon Controlled Rectifier (SCR)

> Silicon Controlled Rectifier (or Semiconductor Controlled Rectifier) is a
four layer solid state device that controls current flow.

> The name “silicon controlled rectifier” is a trade name for the type of
Thyristor commercialized at General Electric in 1957.
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Two-Transistor Model of Thyristors
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Characteristics of Thyristors
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Thyristor Operating modes

Thyristors have three modes of operation:

Forward blocking mode:

» Anode is positive w.r.t cathode, but the anode voltage is less than the break over
voltage V.

> Only leakage current flows, so the thyristor is not conducting.

Forward conducting mode:

> When anode voltage becomes greater than Vg, , thyristor switches from forward
blocking to forward conduction state, and a large forward current flows.

> If 1= 15, , thyristor can be turned ON even when the anode voltage is less than V.
The current must be more than the latching current /,.

> Once the SCR is turned ON, it remains ON even after removal of gate signal, as long
as the Holding Current (/,), is maintained.

> If the current reduced less than the holding current /., thyristor switches back to
forward blocking state.

Reverse blocking mode:

When cathode is more positive than anode , small reverse leakage current flows.
However if cathode voltage is increased to reverse breakdown voltage , Avalanche
breakdown occurs and large current flows.

115




Thyristor Turn ON methods

> Thyristor turning ON is also known as Triggering.

> With Anode positive with respect to Cathode, a thyristor can be

turned ON by any one of the following techniques :

o Forward Voltage Triggering
o Gate Triggering

o dv/dt Triggering

o Temperature Triggering

o Light Triggering
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Thyristor Commutation

>

Commutation: Process of turning OFF a conducting thyristor.
o Current Commutation
o Voltage Commutation

SCR cannot be turned OFF via gate terminal.

Thyristor will turn Off only after the anode current is negated either naturally or using
forced commutation techniques.

Methods of turning Off do not refer to the case when the anode current is gradually
reduced below the Holding Current (/) manually or through a slow process.

Commutation Classification:
o Natural commutation
o Forced commutation

Natural Commutation of Thyristor takes place in:
o AC Voltage Regulators

o Phase Controlled Rectifiers

o Cycloconverters
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Turning The SCR Off:
Forced Commutation

> Forced commutation uses an external circuit to momentarily force current
in the opposite direction to forward conduction.

> SCRs are commonly used in ac circuits, which forces the SCR out of
conduction when the ac reverses.

> Applied to DC circuits. +V
> Applied to choppers and inverters. 1
> Forced Commutation methods: ¥
G I
v Resonant Load 1|

Self commutation R,
Auxiliary commutation
Capacitive commutation =

v
v
v
v External pulse commutation Forced Commutation
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Thyristor Protection Circuits

> Reliable operation of a thyristor demands that its specified ratings are not
exceeded.

> Various techniques are adopted for the protection of SCRs:

Q di/dt protection
dv/dt protection
Over-Voltage protection
Over-Current protection

Thermal protection

o O 0 0 O

Gate protection
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di/dt Protection

> A thyristor requires a minimum time to spread the current conduction uniformly
throughout the junctions.

> Otherwise, a localized “hot-spot” heating may occur due to high current density.
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dv/dt Protection (Snubber Circuit)

» A snubber circuit consists of a series combination of resistance Rs and
capacitance Cs in parallel with the thyristor.

> A capacitor Cs in parallel with the device is sufficient to prevent unwanted dv/dt
triggering of the SCR.

> Typical values of dv/dt are 20 — 500 V/usec

o e A
4 59
é R, 0.632V,
Vo LE'
——cC, Si_u
- .
dv.  0.632 V,
dt RC.
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Over-Voltage Protection

High forward voltage protection is inherent in SCRs. The SCR will breakdown
and start conducting before the peak forward voltage is attained so that high
voltage is transferred to the load.

CB FUSE
O— +
FOR OVER-CURRENT
PROTECTION
D
“g‘ A A
o R
L ]
a
E-" x
g
SCR e
O -+ +

122




Over-Current Protection

> If the output to the load is alternating current, LC resonance provides over-
current protection as well as filtering.

» A current limiting device employing a saturable reactor L1 .

» With normal currents, L1 offers high impedance and C and L are in series to
provide zero impedance to the flow of current of fundamental harmonic.

» An over-current saturates L1 and so gives negligible impedance. There is LC
parallel resonance and hence infinite impedance to the flow of current at the
resonant frequency.
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Temperature protection

> For 10cm square plate of copper or aluminium with length side L (in meter)
to air, heat sink is estimated from the following equation:
J &4 R, =05/L

> Thermal power loss:

> R, = thermal sink to air resistance,
> R;, = total junction to air resistance.

> The transient thermal impedance Z;; decreases in value as the temperature
rises and result in high power dissipation.
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Gate protection circuits

(a) 1-Increase dv/dt capability, 2-keep gate clamped , 3-
lower £, time, and 4-noise immunity

- . +
(b) 1- Increase dv/dt capability, 2 remove high frequency m
noise. Z
(c) D, Provide fixed negative bias, 2-protect gate and gate
Ljﬂ

supply from reverse transient , and 3- lower toff. Drive and
. . L protection
(d) D1 provide positive triggring. o

(d}
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Complete protection circuit
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Example 1

An SCR with 1V voltage drop across the anode—cathode terminals is connected
to 12V source and 50 mA Lamp. Determine the power in:

a) the lamp

b) the SCR

12VDC P=IXE

PLave = liavp X ELamp

S LAMP P, ayp = 50 MA X 11V

Pscr = lscr X Escr

\ P.cr = 50MA X 1V

L Pscr = 50 mW
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Gate Triggering Circuits

> It represent efficient and reliable methods for turning ON the SCR with
different types as:

d DC-Triggering circuits
d AC-Triggering circuits
o R-Triggering circuit

o RC-Triggering circuit
o LC-Triggering circuit

O Pulse-Triggering circuits [UJT or BJT circuits]
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DC-Triggering Circuits
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Example 2

Design a suitable gate triggering circuit for an SCR with 800V, 110A, connected

with 6V DC power supply of maximum permissible current /. ,,,,= 0.2A and

short circuit current /5, =0.5A. The SCR has the following gate parameters:-
Vi, =2.5v, I;=50mA, V,,=3V, /;,=0.1A, Pg,= 0.5W

Solution:
1) For a Gate drive circuit without R , we have
R, = Es _ 6 =120
IS/C

To protect the source from excessive current, the minimum value
of R, In series with R, is:

R, +R, > s :622309 — .R,>30-12=18Q

I dc-MAX

Also, to protect the gate-cathode junction of the SCR, the minimum value
of R, in series with R, is given by:

R.+R,>—s =2 _600 = - R,>60-12=480

oy 0.1

Therfore, R, should be greater than 48Q2
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Solution: (cont.)

Now, corresponding to the typical values of V, =2.5/ and I, =50mA,
the maximum value of R, in series with R is given by:
R, +R, < Es Ve 0725 200 = - R, <70-12=58Q

I 0.05

Therfore, 48Q2 > R, >58C2, and we will choose R, =56Q

The value of R is given by the voltage divider as:

The complete design of DC trigger circuit
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UJT-Trigger Circuit

R

D1 D3 A

To SCR
Gates
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Voltage waveforms of UJT trigger circuit
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Thyristor Family Members

SCR: Silicon Controlled Rectifier

DIAC: Diode on Alternating Current

TRIAC : Triode for Alternating Current

SCS: Silicon Control Switch

SUS: Silicon Unilateral Switch (Shockley Diode)
SBS: Silicon Bidirectional Switch

SIS: Silicon Induction Switch

LASCS: Light Activated Silicon Control Switch
LASCR: Light Activated Silicon Control Rectifier or LTT
SITh : Static Induction Thyristor

RCT: Reverse Conducting Thyristor

GTO : Gate Turn-Off Thyristor

MCT: MOSFET Controlled Thyristor

ETOs: Emitter Turn ON Thyristor

IGCT: Integrated Gate-Commutated Thyristor
SIDAC: Silicon Diode for Alternating Current

QUADRACS: DIAC+TRIAC in single package where the DIAC is a
triggering device for the TRAIC

V VV YV V VYV YV VY VY VYVYYVYYVYVYY
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DIAC Thyristor

AW = Reduction in voltage
due to current at break over

IREV VBO = Break over voltage

DIAC Characteristics
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Bidirectional Triode Thyristors (TRIAC)

MT,
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Vo Vol
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GTO Thyristor

can be turned-on by a gate signal, and can also be turned-off by a gate signal
of negative polarity

The main applications of GTO are in variable speed motor drives, high power,
inverters and traction
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Problems and Solutions

Question 1 What are the different operation regions of the SCR?
Solution:

SCR will have three regions of operations based on the mode in which the device is connected as:
Reverse blocking region: When the cathode of is made positive with respect to the anode and no gate
signal is applied. In this region, SCR exhibits reverse blocking characteristics similar to the diode.
Forward blocking region: the anode is made positive with respect to the cathode and no gate signal is
applied to the thyristor. A small leakage current flow in this mode of operation.

Forward conduction region: when the forward voltage applied between the anode and cathode
increases at particular break over voltage, avalanche breakdown takes place and thyristor starts
conducting current in forward direction. By this type of triggering the device may damages the SCR.
Hence a gate signal is applied before the forward break over voltage to trigger the SCR.

Question 2 What is the Latching current (/) ?

Solution:
It is the minimum anode current to keep the thyristor in conducting state after the gate pulse is removed.

Question 3 What is the Holding current (/) ?

Solution:

It is the minimum anode current at which the thyristor continue to conduct. If the anode current becomes
less than /,, the thyristor will be turned off.
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Question 4 What is the relation between the gate signal and forward break over voltage (Vg )?

Solution: Thyristor can be triggered by increasing the forward voltage between the anode and cathode.
At forward break over voltage, it starts conducting. However this process may damage the
thyristor. So it is usually triggered on through a gate pulse before reaching the break over
voltage. Forward voltage at which the thyristor triggered on depends on the magnitude of gate
current. Higher is the gate current lower is the forward break over voltage.

Question 5 What are the different losses that occur in thyristor while operating?

Solution: - Forward conduction losses during conduction of the thyristor.
- Loss due to leakage current during forward and reverse blocking.
- Power loss at gate or Gate triggering loss.
- Switching losses at turn-on and turn-off..

Question 6 What are the different turns ON methods of the SCR?

Solution: . Forward voltage triggering. - Gate triggering. - dv/dt triggering.
- Temperature triggering. - Light triggering

Question 7 What is the thyristor commutation?
Solution: It is the process to turn-off the thyristor by changing the direction of current flow.

Question 8 What is the snubber circuit?

Solution: |tjs a series combination of resistor and capacitor and used for dv/dt protection of the SCR.

Anode

Question 9 Define the SCR or thyristor and draw its symbol.
Solution:

SCR stands for Silicon Controlled Rectifier. It is a four layer (p-n-p-n)

semiconductor and three terminals (anode, cathode, and gate) device. oue

Cathode
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Question 10 Label the terminals on a TRIAC with their proper designations:
Solution: T2

L

T1

Question 11 Identify at least three different types of thyristors (besides SCRs)
Solution:

- RCT: Reverse Conducting Thyristor
- GTO: Gate Turn-Off Thyristor
- MCT: MOSFET Controlled Thyristors

Question 12 oytline the successful gate trigger conditions for an SCR.
Solution:

1- V; and /; should be within the trigger zone.
2- The gate pulse should be timed properly (synchronization).
3- Minimum gate power dissipation.
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Question 13 chpose the correct answer for the following Questions

1) The SCR is considered to be a semi-controlled device because...............

A. It can be turned OFF but not ON with a gate pulse.

B. It conducts only during one half-cycle of an alternating current wave

C.| It can be turned ON but not OFF with a gate pulse.

D. It can be turned ON only during one half-cycle of an alternating voltage wave.
2) The Silicon Controlled Switch (SCS) is similar in construction to the...........

A. Triac. B. Diac. C.| SCR. D. Four-Layer Diode

3) The SCR can be triggered ON by a pulse at the...........

A. Anode. B. Cathode. Gate. D. None of the above.
4) How many semiconductor layers are thyristors constructed with?
A 2 B. 3 C.l14 D. 5
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5) Which symbol represents the SCS?

v F ¥ F

fu} (T ) i} (e}

6) Holding current of the thyristor is...........

A.| Less than latching current  B. More than latching current
C. Equal to latching current D. Zero

7) For an SCR, dv/dt protection is achieved through the use of...........

A. RL in series with SCR B. | RC across SCR
C. Lin series with SCR D. RCin series with SCR

8) The procedure of switching off an SCR is called:...................

A. Forcing B.| Commutation C. Triggering D. Latching
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9)

Anode current in an thyristor is made up of

A. electrons only B. electrons or holes | C.] electrons and holes D. holes only

10)  AnSCR can only be turned off via it's...............
A. cathode Bl anode C. gate D. none of the above
11) In a thyristor, di/dt protection is achieved by the use of

IE] An inductance L in series with the thyristor

(B) A resistor in series with the thyristor
(C) RC in series with the thyristor

(D) RL in series with the thyristor
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Question 14  Fill in the blanks with the appropriate word(s)

I. Forward break over voltage of a thyristor decreases with increase in the................. current.
ii. Reverse............ voltage of a thyristoris ................. of the gate current.

lii. Reverse saturation current of a thyristor .................. with gate current.

iv. In the pulsed gate current triggering of a thyristor ,the gate current pulse width should be larger
thanthe....................... time of the device.

v. To prevent unwanted turn ON of a thyristor, all spurious noise signals between the gate and the
cathode must be less thanthe gate ........................ voltage.

Answers: (i) gate; (ii) break down, independent; (iii) increases; (iv) Turn ON; (v) non- trigger.

Question 15  Fill in the blanks with the appropriate word(s)

I. Athyristor is turned on by applying a.................. gate current pulse when itis................. biased.
ii. Total turn on time of a thyristor can be divided into............... time............... time, and........... time.
lii. During rise time the rate of rise of anode current should be limited to avoid creating local.............

iv. Athyristor can be turned off by bringing its anode current below................ current and applying a
reverse voltage across the device for duration larger than the................... time of the device.

v. Reverse recovery charge of a thyristor depends on the................. of the forward current just before
turnoffandits.......................

vi. Inverter grade thyristors have................ turn off time compared to a converter grade thyristor.
Answers: (i) positive, forward; (ii) delay, rise, spread; (iii) hot spots (iv) holding, turn off; (v) magnitude,
rate of decrease (vi) faster
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Question 16  Fill in the blanks with the appropriate word(s)

I. Peak non-repetitive over voltage may appear across a thyristor due to................. (o] SV

surges in a supply network.

ii. VRSM rating of a thyristor is greater than the............... rating but less than the................ rating.
lii. Maximum average current a thyristors can carry depends on the............. of the thyristor and
the................ of the current wave form.

iv. The ISM rating of a thyristor applies to current waveforms of duration ............ than half cycle of the
power frequency where as the [izdt rating applies to current durations...............than half cycle of the

power frequency.

v. The gate non-trigger voltage specification of a thyristor is useful for avoiding unwanted turn on of

the thyristor due to................. voltage signals at the gate.

Answers: (i) switching, lightning; (i) VRRM, VBRR; (iif) case temperature, conduction angle;

(iv) greater, less; (V) noise
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Question 17  Fill in the blanks with the appropriate word(s)

. ATrHACIS @.evvvee e minority carrier device.

ii. ATriac behaves like two.......................... connected thyristors.

lii. The gate sensitivity of a triac is maximum when the gate is................... with respect to MT1 while
MT?2 is positive with respect to MT1 orthe gateis......................... with respect to MT1 while MT2 is
negative with respect to MT1 .

iv. ATriac operates eitherinthe.................... orthe.................. guadrant of the |-V characteristics.
V. Inthe.................. guadrant, the triac is fired with................. gate current while in the.............

guadrant the gate currentshould be...........................

vi. The maximum possible voltage and current rating of a Triac is considerably............... compared to
thyristor due to........................ of the two current carrying paths inside the structure of the triac.

vii. To avoid unwanted turn on of a triac due to large dv/dt...................... are used across triacs.

viii. For “clean turn ON” of a triac, the................ of the gate current pulse should be as...................

as possible.

Answers: (i) bidirectional; (ii) anti parallel; (iii) positive, negative; (iv) first, third; (v) first, positive, third,

negative (vi) lower, interaction; (vii) R-C snubbers; (viii) rise time, small.
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Question 18  Fillin the blanks with the appropriate word(s)

1.

1ii.

Iv.

A thyristor 1s a carrier semi controlled device.

A thyristor can conduct current in direction and block voltage in

direction.

A thynistor can be turned ON by applying a forward voltage greater than forward

voltage or by injecting a positive current pulse

under forward bias condition.

To turn OFF a thyristor the anode current must be brought below

current and a reverse voltage must be applied for a time larger than

time of the device.

A thyristor may turn ON due to large forward

Answers: (1) minority: (i1) one. both: (111) break over, gate: (1v) holding, turn oft:

G
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Question 19

Calculate the protective resistance (/) shown in the given circuit for voltage gate V; = 3V
and current gate /5 = 150 mA , where the supply voltage V= 12V.

+
Solution: T
* 'i:S?HE
vV -V 12 -3 ”
R = G _ — 60Q2 +
e 0.15 sw1 W_;E
SCR

;Lnad
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Question 20 UJT relaxation oscillator is used to trigger single SCR in AC circuit [220V,
50Hz], for ¢=90° and 7= 0.6, R=1kQ , find the value of C.

Solution:
a:90°:%=a)T - T =Z%_ 7/2 _ 1

1
— — = =5m sec
w 27xf. 4f . 200

-3
c___ T 510

1 = C = 1
Rin[ 1 1><103In( j
1-7n 1-0.6

Question 21 The circuit shown below, if Vs =600V and [dv/dt Jmax =100 V/ us , determine the
snubber time constant .

=1.09 uF

o e A
Solution: +. S,
dv _ 0.632V, v. X
dt R.C. T Cs
"o K t

Ve 600

(4)
dt /.

.. Snubber time constant, T, =R .;C. =0.632x
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Question 22 A thyristor has a load resistance of 15Q and operates from 240V supply. If the

thyristor has a [di/dt]max rating of 12A/usec, calculate the series inductance
that must be included in the circuit to protect it.

Solution: v 540
=—= L. =——=20uH
dt L, b 2 #
Question 23 A 200V, 10A thyristor has a thermal resistance of 1°C/W. What is the steady
state power loss if the working junction temperature is 100°C and the ambient
Solution: temperature is 15°C.
T, =T _
P| _ _ Jmax a — Ploss — 10(2—15 = 85 Watt
0SS R . 1C° W

Question 24 A thyristor has thermal resistance of 1.5°C/W from junction to air ( including

the heat sink). The ambient temperature is 25°C. If 7., = 125°C, calculate
the maximum power loss of the thyristor.
Solution:

T T _
p T Ta| 125-25

R, s "1 5C° W

= 66.7 Watt
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Chapter 6

AC to DC Convertors
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AC to DC Convertors
(Controlled Rectifications)

> Rectifiers can be classified as: uncontrolled and controlled.

> Controlled rectifiers are divided as: semi-controlled and fully-controlled.
> Uncontrolled rectifier circuits are built with diodes.

> Fully controlled rectifier circuits are built with SCR's.

> Both diodes and SCR's are used in semi-controlled rectifier circuits.
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Single Phase Half Wave Controlled Rectifier
with Resistive Load

+rde Ve -
i ! : "
.
T
e v
Y2, 5in ol :
. 2

For g<mt<m

YEI 1
LT A
g =— = va—smot
R R
v V., (1+cosa)
o(avg) 272_
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These equations tell us ‘that the magnitude of the output voltage is controlled :
by the firing angle. Increasmg a0 by firing the SCR later in the cycle lowers the |
voltage, and vice versa. ‘The maximum output voltage Vao = Va/T, occurs when
a = 0°. This is the same voltage as for a half-wave diode cm:uxt Therefore, if
‘the SCR is fired at o = 09, the circuit-acts like a dxode rectifier, -

The normalltized_ v Vo (avg) Vm(l-I—COSa)/27Z 1+cosa
average voitage Is. — — —
I8 VR "V, V_/z 2
1.0 e —
""\ N~ | - |- | |Delay (firing ) angle: «
.--\\ N O D - | Conduction angle: 180-«

h_

\\  _
B0 I NN S N AR
-0 . 30 ‘—60 90 120 150 _180° L

v as a functlon of ais known as the control characteristic of the rectifier
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Single Phase Half Wave Controlled Rectifier
with Resistive - Inductive Load

vl .'."' - v,
i 3 : +
%‘ ’ L i'_ ] '\iz\'l
T 3 ‘ o X In 4:!’ o

in

v, = 2y sin wt (--D

F 3
For oZotzp > ot

Vo=V, = ‘\E V. sinat Lo \
vp = 0 otherwise N, . > ot
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Single Phase Half Wave Controlled Rectifier

with RL Load and Free Wheeling Diode (FWD)

A
¢
1
I
i
N |
b
¥
'
1
'8
1 - .
1 E
i 1
if. 1
] .
1
| § . | S
o} ] .
L 1
- SF B .
wo o+ ﬂn..umu.. .
. ~—
_ 3
wn
o S|«
g + | N
1 —
N
=
>

Vs
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Example 1

A half-wave controlled rectifier is supplied from:.a 120 V source. If the load

resistance is 10 L2, find the load voltagc and pov, er to the load for r.he follow-
ing delay angles: o

a) o= Q° -
b) o = 45°
Solution:

peak load voltage = V, = \/_ ’"1 = 1.414 * 120 = 170

: 'ave_i_?age load 'vﬂc')ltzi_g:e-*‘ = (.1  cos .a) )

a) For o = = 0°, 'we get E
170 (1 & ° -
Vo(avg) - ( .27:?05 O ) = “.3 O V

P]. = Vo(m,g )/R 54. 0"-,« 10 = ?93 W
b) For o = 45" we get | '

170 (1 + cos 45°)
| 27

o -PL-: V?,mg,/R 46. 2'-/10 = 213 w

62V

VO(avg) = 3
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Example 2

Half wave controlled rectifier connected to 150 V, 60Hz source is supplying a resistive load of

10Q .if the delay angle o is 30°, find:-
a- The maximum load current, b- The average load voltage, = c- The average load current,

d-The RMS load current, e- The power supplied to the load , f- The conduction angle
g- The ripple frequency, h- The power factor

Solution: Vm =142 Vs =1.414 x 150 = 212 VV

a) maximum load current -

Falltcosa) _ (212) (4 +c0s 309 _ ¢

b) average load voltage = -
~b) average 0  oltage ETI ET
~©). average load cur:ent = Un)1 +cos o) _ (21.2)(1 + cos 309 6.3 A

2n 2T
d) RMS load current “ o o
I\ I, . sin2c
-if““*‘."(z)\/[l T
” (21.2) 30 sin 60
s 1- +
, 2 180 2w }

=10.5 A
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e) power- supphed to the load = Ims = 10 52(10) = 1094 W
£ conducnon angle " S

| 9—180°--oi~—180°—30°-150°

g) r:pple frequenqr |
o f= mput supply frequency 60 Hz
‘l'_h) 3 W Im.t:-, = 150 * 10. 5= 1573 VA -

Example 3 Ahalf wave controlled rectifier is connected to a 120 V source , Calculate the
firing angle necessary to deliver 150 W of power to 10Q2 load.

Solutlon . o
V(1 + cos (x) o  Va=V2#120=170V.
Vo(.wg)"—' - 21: | i L : o Cpe s e _ .
| . | Vg(nvg.) -
Rearranging _ ! Pog. = ....__.E.__ |
m (1 + CcOSs Ot) = 2 'ﬂ: Vo{avg} i Lo(avg) — ‘P‘VB - R 150 @ 10 = 1500
1 4+ cos a;m:dé"") : . Voravs)—-—\’ls = 38.7V
| Cxr - : Therefore L
cosa':m——l" | | | o
B Vim o i o = cos {2"133-7 _1}
oL = cos! 21 Vocaved 1 | - S -
== : Vm = 64.55 .. 7 -*
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Single Phase Full Wave Controlled Rectifier
with Center-Tap Transformer and R Load

Thyristor Ty v ¥
D "
¥ |+
v, =V sinwt
ac 3 - Load resistance - it
supply J 1 Wiy
ki R
g - e
- e
Thyristor T,
|
"
/o _
Delay (fl_rlng ) angle: « Y - |
Conduction angle: 180-« > w 2m
V _Vm (1+coser) I — T |II1 & + sin(20) | _Vo,RMS
o, DC T o RMS m~,|I| 2 p A 0.RMS R
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Single Phase Full Wave Bridge Controlled Rectifier
with R Load

g Delay (firing ) angle: «
- - Conduction angle: 180-«

V..
s R Vﬂﬁﬂczf(l—cma]
e iy -
g £ .

v. A B S 1 a simn(lo)
Y e — | _Vo,RMS
N T oRMS T p
(\ [\ [-\ - | Vooe 1, (+cosa)
PN NN o@a) T TR

BRCHR LT Y2nt+a ":,mf




Control Characteristics for the Bridge Rectifier

Vn
A
) 10 ) I ' — ——
0.5 - 1 N N ‘ operation : = .
.0 Pt : \ - 3
Co — \ . ' ; Invérier
}--0.5 ooe N ' L.opcration- o
—10L o

630 60 90 120 150 180

» When o becomes larger than 90°, the average value of output voltage becomes negative. This

>

means that 90° to 180°m power flows from the DC load side to the AC source side and the
circuit operates as an inverter.

When rectification and inversion are obtained from one converter, the process is called two-
quadrant operation and the converter is called a full converter.
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Example 4

Full wave controlled rectifier connected to 150 V, 60Hz source is supplying a resistive load of
10Q .if the delay angle a is 30°, find: a- The average load voltage , b-The average load current
c-The maximum load current, d-The RMS load current, e- The power supplied to the load,
f- The conduction angle, g- The ripple frequency , h- The power factor.

Solutlon

\/_ (150) 212 v
(1 + cos a) (212)(1 + COS 30 )

) av_erage lpad vpl_tag_c-—' "= 126 V

N A S 2
b) average toad current = (Vm)l.(l;-:os 300) =126 A
<) maximum lo.ac.i current S
V212 R
| =50 =2 2A |
d) RMS load cprreﬂ[ }'nm # J Sln Zg,] )
=148 A - |

e) Power supplied to the load = I’rms . R = 14.8%(10) = 2182 W

f) The conduction angle =180° - a = 150°

g) Ripple frequency fr =2 x input supply frequency =2 x 60 = 120 Hz

h) S=VsxIrms=150x14.8=2220 VA
PF=P/S=2182/2220=0.98
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Problems and Solutions

Question 1l A full‘wave centertap rectifier is fed from- a transformer with a secondary
voltage of 120 V (center-tap to line). If it is used to charge a 12 V D ttery
having an internal resistance of 0. 1 Q, find R
(a) the ﬁnng angle necessary' to produce a chargmg current of 10 A
(b} the average SCR current Co - o !
(¢) the PIV rating of the SCR .-

Solution:
a) |, Ve mE Ve 12 V., =13 Volt
V _(1+cos
Vdc — m( a)
T
1.414x120)(1+ cos
13- (14L4x120)( %) cosa——016 = - o —99.2°
T
l,. (180 -« 10(180—-99.2
b) ISCR(avg): : (272. ): ( 360 ): 224A

c) PIV=2/_ =2x(1.414x120)=2340 Volt
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Question 2 Ahalf-wave controlled rectifier is supplied from a 120 V source is used to control the
power to a 15Q load. If the delay angle is 75°, find:-
a) the power supplied to the load , b) the maximum SCR current
c) the average SCR current, d) the SCR maximum reverse voltage

Solution:
V 2 2 .
a) P e |y 2 _ \/_rn 1_a+Sln2a
R 0 RMS 2 T 27
2 -
sIn(2x75
g2 _[1414x120\( 75 (2x75) 4761 \/?
0 RMS 2 180 2x3.14
P, = 4761_3177 Watt
15
V 1.414 %120
) SCR (MAX ) m R 15
V, V,(l+cosa)/27 (1.414x120)(1+cos75
C) ISCR(avg) — dc — ( ) :( )( ): 23A

R R 2x3.14x15
d) PIV=V_ =1.414%x120=170 Volt

165




Question 3 A full - wave fully controlled rectifier with R load is fed from 200V source supplies an
average current of 10A. If the firing angle is 30°, find:
a) the average power delivered to the load, b) the average SCR current,
c) the maximum SCR current, d) the SCR peak reverse voltage, e) the load resistance
Solution:

V _(1+cos
a) Pavg :V avg I avg :> V :V de — m ( a)

avg .
v, - (1.414 2(;(2‘(11+ cos30) 168 Volt

0) lscniag) = oc (152_“)= 10(1;320_30)= 8.33 A

o 1 _Vn 1414x200 oo

" R  (168/10)
d) PIV =V =1.414x200=282.8 Volt

V
) R=o™ 108 _ 1580
! 10

avg
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Question 4 Asingle phase Half-Wave converter is fed by transformer whose secondary voltage is
325sinwt. It supplies a resistance load of 20Q) for firing angle of 459, calculate:
a) average values of load voltage and current, b) rms values of load voltage and current,
C) Py4.,» P4 and rectification efficiency n, d) form factor (FF), e) the VArating S of the

Solution: transformer and utilization factor UTF, g) PIV of the thyristor.
V., (1+cosa)  325(1+cos45)
a) Vg = = =88.5 Volt
2r 2x3.14

luy =Va, /R =88.5/20=4.4 A

0) Vs =(V—mj\/1—ﬁ+s'”2“ - (%)\/1— P, N0 155 vot
2 T 27T 2 180 2x3.14

| ans =V oays /R =155/20=7.75 A

c) P,=V2/R =(885)/20= 387.2W

P, =V 2y /R =(155)" /20 = 1201 W

n = (P, /P, )x100% = (387.2/1201)x100% = 32%
d) FF =V /N, =155/88.5= 1.75 g) PIV=V_
e) VA=S =Vl s =(325/42)x7.75=1781.3 W =325 Volt

TUF = (P, /S )x100% = (387.2/1781.3)x100% = 21.7%
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Question 5 A single phase Half-Wave converter is used to control 1kw power of 10Q dc load , for
240V, 50Hz supply, calculate the firing angle a

Solution:

P, =V.2, /R =1000 =V, =+1000x10 =100 Volt

avg

"V, (1+cosa) Ly (1414x 240)(1+cosa)

avg avg =100 = a= 3170
27 2x3.14

V

Question6 A single phase Half-Wave converter is connected to 15Q load and supply voltage of
230V,50Hz. For firing angle a = 30" and 60°, calculate: V' ;. and V gqk.

Solution:
V =1.414x230 =325 Volt
V., (l+cosa) V., (1-cosax)
Vavg — VSCR -
27T 27T
o 325(1+cos30
For o =30° v = 22(+00530) _ o0 o\
g 2x3.14
325(1—-cos30
scrR = ( ) =6.7 Volt
2x3.14

Similarly for o =60° =V, =77.7 Volt, and V., =25.9 Volt
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Question 7 For the given single phase Half-Wave converter, the delay angle a = 90°. Calculate the:
a) efficiency n, b) form factor (FF), c) transformer utilization factor UTF, d) SCR current.

Solution:
N
V _ =1.414%45=63.63 Volt T
V., (1+cosa) 63.63(1+cos90) 45V §3aonm
Vag = = =10.7 Volt
’ 27 2x3.14

lwg =V, /R =10.7/33=0.324 A

— V_m \/1_g+sm 20 — @ \/1— 90 + sin180 =22.5 Volt
2 7T 27T 2 180 2x3.14

| e =V e /R =22.5/33=0.681 A
a) 7=(Py, /P, )x100%=(V 2V 2, )x100% = ((10.7)2 /(22.5)2)><100% = 20%

VoRMS

b) FF =V ., NV, =22.5/10.7 = 2.23
c) P_=V_ 1, =10.7x0.324=3.47 W

avg ' avg

VA =S =V sl qus =22.5x0.681=15.3 W
TUF =(P,, /S )x100% = (3.47/15.3)x100% = 10.15%
|

d) leen = 1o, =0.324 A

169




Question 8 For the given single phase Half-Wave converter, the delay angle a = 30°.

Solution: Calculate: a) /4., b) draw the waveforms of V|4 and /| .q4 -

a)V, . =1.414x45=63.63 Volt
"V, (1+cosa) 63.63(1+c0s30)

\/wg
27 2x3.14
ly =1,, =Va, /R =15.2/33=0.46 A

=15.2 Volt

t%_.*._‘_" L T . ﬁﬁ/|
Wb T SCR oo
_ | S - 45V
o 2 N\ - FWD
_ | S -\ ® L e 100 mH
- R VR b -
‘ N ‘.l_ : - h :’
g*yh --------- LR 8 S |
. 4 -SRI
N\ F I -
o R 2w e o
' Do R e
1. . ’ P $ -
o |1 -t P 4
Q '." . A “:. : . :
: i b :‘ i .
P 3 £ i . ‘
3. i : ; - &t
o Ry 121 & %
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Question 9 A 1-@ full wave converter is operated at 230V, 50Hz for a resistive load
of 1282, If the average output voltage 1s 23% of maximum possible
average output voltage, find (1) delay angle (i1) average and rms output

. currents (111) average and rms thyristors currents.
Solution: (111) & J

&V, (l+cosa)

i)V, =0.25xV, o =0.25x2m =
T T

— coSa=-05 =a=120°

\Y, V., (1+cosa) (1.414x230)(1+cos120)

i) 1, =—2 = = =43 A
° R R 3.14x12
Vo :(\/_mj\/l_ngsm 2a _ (1.414x230j\/1_120+sm 240 _ 1008 Volt
2 T 27 2 180 2x3.14

| ois =V orys /R =100.8/12=8.4 A

i) | gpag = lug /12=4.3/2=2.65 A
lscrms = lscrag /2 =2.65/1.414=1.87 A
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Question 10 Choose the correct answer for the following Questions

iy

A thyristor of half wave controlled converter has a supply voltage of 240V at 50Hz
and a load resistance of 100 Ohm. When the firing angle is 30, the average value of
load currentis.....................

A. 126 A, B. 24A, C.| 126 mA, D. 24 A

2)

A half-controlled bridge converter is operating from an r.m.s input
voltage of 120 V. Neglecting the voltage drops, what are the mean
load voltage at a firing delay angle of 07 and 1807, respectively 7

and () ()| 222 v and 0

™

120 % 242 . .
(B) 0 and ~ v (D) 0 and 13[:{;’3 v

3)

In a single phase full wawve controlled bridge rectifier, minimun
output voltage and maximum output voltage are obtained at whicl
conduction angles 7

(A)] 07,1807 respectively (C) 07,07 respectively
(B) 1807,0° respectively (D) 180°,180° respectively
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Question 11 Fill in the Following Blanks with the Correct Word (s)

1) The controlled AC-DC converters are used to convert an ......... AC .....voltage of
variable...Amplitude...... and frequency to a variable ...DC...... voltage.
2) Single phase half wave controlled rectifier is constructed using one ...... SCR.......

4) ......... 180 -a ....... Is the number of degrees that the SCR remains conducting.
5)...... o ....I1s the degree at which the SCR is turning off in full wave controlled rectifier.

6) A fully-controlled rectifier circuit contains only..... SCR...... rectifiers, whereas a ......

semi-controlled rectifier ....... circuit is made up of both diodes and SCRs.
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Chapter 7

DC-DC Convertors
(DC Choppers)
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DC Choppers
(DC to DC Convertors)

Chopper Is a static device and known as DC-to-DC converter.
A variable DC voltage is obtained from a constant DC source.
Widely used for motor control.

Also used in regenerative braking.

Thyristor converter offers greater efficiency, faster response,
lower maintenance, smaller size and smooth control.

Choppers are of two types:
O Step-Down Choppers: output voltage is less than the input.
QO Step-Up Choppers: output voltage is more than the input.
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Principle of Step-Down Chopper

\V4
Chopper
L I IR R BV
| | |0
) >f —> vy > t
l - — — — — I <_tON _>|<_t0FF_>
loa
V_ — R V,

< T ———3|

A step-down chopper with resistive load

> The thyristor acts as a switch.
> When thyristor is ON, the supply voltage appears across the load.
> When thyristor is OFF, the voltage across the load will be zero.
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V ,. = Average value of load voltage.

| .. = Average value of load current.

ton, = T1me interval for which SCR conducts.

toee = T1mMe interval for which SCR is OFF.

T =t,, +t,e= = Period of switching (chopping).

f =1/T = Freq. of chopper switching (chopping freq).

Average Output Voltage: V. =V ( o J_V (T J =Vd

tON +tOFF
where the duty cycle is: d =(to, /T )
and during t,,, v, =V = therefore RMS output voltage will be

\/tON Zdt—r \/KV =Jd V

Output power: P, =V 1 = V /R 2WR)

Effective input resistance of chopper. Ri =(V /14, )=R/d
The output voltage can be varied by varying the duty cycle
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Methods of Control

Output DC voltage can be varied by the following methods:

a Pulse Width Modulation (PWM) control or constant frequency operation.
a Variable frequency control.

Pulse Width Modulation (PWM)

A\VAY/N

» 1, IS varied keeping \Y/
chopping frequency f and
chopping period T

constant. > t
<—— T —>

» Output voltage is varied Vo
by varying the ON time tg,

I

V p——

>t

< tON _>|<tOFF>|
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Variable Frequency Control

» Chopping frequency f
IS varied keeping either tg,
or tor constant.

» To obtain full output
voltage range, f has to be
varied over a wide range.

» This method produces
harmonics in the output
and for large t, , load
current may become
discontinuous.

> t

< Ton el >

> 1

< T —>
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Step-Down Chopper with R-L Load

Vo Output
voltage

Chopper :
N Iy < t,, —f<—t, .. —>
A1 3

>

R o A : : Output
I . : ./ current

Continuous
current

V— FWD ZS L :

: T v > t
E PN : : : Output
T : : ./ current

: Discontinuous
current

>t

» When chopper is ON, the current flows from the supply V to load.

» When chopper is OFF, load current continues to flow in the same direction
through FWD due to energy stored in the inductor L.

» Load current can be continuous or discontinuous depending on L and duty cycle d.
» For continuous current operation, load current varies between I, and I ;..

» When current becomes equal to 1., , the chopper is turned-off , and it is turned-on
when the current reduces to I ;..
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_(1—d )RT

_V - E(le
R

|

dRT
L

]+ | e L

From the above equations, we get:

dRT dRT N\
Vv |l-e - | E , _V|e" -1| E
max _RT min — RT I
R l_e L R R el —1, R
Steady state ripple =1, —1 ..
Peak-to-peak ripple current: Al =1__ —1 .
Average output voltage: V ., =dV
I max + I min
Average output current: Idc(appmx) = 5
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Example 1 A Chopper circuit is operating on TRC at a frequency of 2 kHz on a 460 V supply.
If the load voltage is 350 volts, calculate the conduction period of the thyristor in

Solution:  cachcycle.

Total time period of chopper = T :i 1 = 0.5 msec

f B 2x10°
V, =vVd =V (to—Nj
T
T xV . 0.5x10°x 350

.. Conduction period = t,, = = =0.38 msec
\Y% 460

Example 2 Adc chopper has a resistive load of 20Q and input voltage V = 220V. When the
chopper is ON, its voltage drop is 1.5 volts and chopping frequency is 10 kHz. If the

) duty cycle is 80%, determine the average output voltage and the chopper ON time.
Solution:

V., =220V, R =20Q, f = 10kHz,d :t$—N:O.80
Voltage drop across chopper = V_ =15V
Average output voltage =V . = (t;—“)(\/s -V,,)=0.80(220-1.5)=174.8 V

1

Chopping period = Tuseciz =100

f 10x10°
Chopper ON time = t,, =dT u£80x100x10° =80
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Example 3 A battery powered vehicle uses dc motor drive controlled by DC chopper

Solution:

working at 10 kHz. The battery voltage is 220 V, the min. turn ON and OFF
times of the chopper switch are 2usec and 25usec, respectively. Determine
the min. and max. dc voltage that the chopper can deliver to the motor.

Total time period of chopper = T = 1 1

= = 100 psec
f 10x10° H
Min. ON time = 2 psec
t o
Min. duty cycled =220 — 2USEC _ 5 02
T 100 sec
SV geming =Amin XV =0.02x220 =44V

Max. ON time =T —t ., = 100psec—25usec = 751 secC

_Tonmag _ 75HSEC
"X T 100psec
AY =d_ . XV, =0.75x220 =165V

** ¥ dc (max)

The output range of control is: 4.4V <V, <165V

d =0.75
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Principle of Step-Up Chopper

Vo

Vo

OX>Or-

a A large C connected across the load
to provide continuous Vg .

O D prevents any current flow from
C to the source.

O Step-Up choppers are used for
regenerative braking of DC motors.

> Step-up chopper is used to obtain a load voltage V, higher than the input voltage V.

Y

L and C are chosen depending upon the requirement of output voltage and current.

> When the chopper is ON, the inductor L is connected across the supply and its current |
rises. L stores energy during the ON time of the chopper tg.

> When the chopper is OFF, inductor current | is forced to flow through D and load for a
period, to,.

> The current tends to decrease resulting in reversing the polarity of induced EMF in L.
Therefore voltage across load is given by:

V, =V +L—

dl
dt

= which means that V, >V
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Expression for Output Voltage

Assume average current of L is | during ON and OFF time of chopper.
When the chopper is ON:

Voltage across L =V = Energy stored in L =V It

When the chopper is ON: (energy is supplied by L to the load)
Voltage across L =V, -V = Energy supplied by L =V, -V )lto
Neglecting losses,

Energy stored in L = Energy supplied by L

V (t +t
R VA | =(\/o -V )ItoFF = V, = (O:' OFF) = V, =V (T jt j
OFF ON

where T =t +t = IS the chopping (switching) period.

Vo =V [1_@; i )j = Vo=V [ﬁj

where d =t,, /T = duty cycle
For O0<d <1 = the output voltage will vary in the range V <V, <o
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Example 4 For step-up chopper, the input is 200V and the required output is 600V. If the
conducting time of the thyristor is 200 usec, 1) compute the chopping frequency.
2) If the pulse width is halved for constant frequency of operation, find the new

output voltage.

Solution:
V =200V, t,, =200us, V, =600V
T T
1) Vi, =V — 600=200 — | = T =300us
T —tg, T —200x10
i 1 1
2) Chopping frequency f =—=———"_ =3.33KHz
PRING 1req y T 300x10°
-6
Pulse width is halved = tg, =%=100y8

-6
.. Output voltage = V T =200 300x10 — | =300V
T —toy (300-100)10

Classification of Choppers

A Class A chopper. A Class D chopper.
A Class B chopper. a Class E chopper.
O Class C chopper.
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Class A chopper itisastep-down (first quadrant) chopper in which the power
flows form the source to the load, and used DC motor speed

control.
>y 3 ©op
. Chopper

> When chopper is ON, supply e L

voltage V/ is connected across vV_— JA\ Sl v v 7

the load. T FWD D /
> When chopper is OFF, V,=0 /

and the load current continues to 4 / > i,

flow in the same direction _
through the FWD. lg Thyristor

> The average values of output »gate pulse
voltage and current are always
positive. o T |
> The output current equations o o . Qutput current
obtained in step-down chopper | N |
with /L load can be used to , CHON .
study the performance of Class A — |
Chopper. N . FWD Conduc:ts

v
—

v
—

Output voltage
i

A\
—

<— oy —
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Class B chopper Itisastep-up (second quadrant) chopper in which the power
flows form the load to the source, and used for regenerative

braking of DC motors.

> When chopper is ON, £ 131 . 0
drives current through £ and T - N T
Rin a direction opposite to | R I y
that shown in figure. L i : V///

V= BVAREE LN /

» During the ON period, L Chopper | l < /

stores energy. TE b
_ g A Thyristor

> When chopper is OFF, D « gate pulse
conducts and part of the > ¢
energy stored in L is on tor ST -

returned to the supply.

\4
—

> Average output voltage is . // Output current
positive. " : i i |

<€ D >e—>]

conducts Chopper, | |
> Average output current is v oo eonde | | Output voltage
negative. .

A\ 4
—
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Class C Chopper It is a combination of class A and B choppers (step-up/step-
down) and used for DC motors speed control and
regenerative braking.

> For first quadrant operation, CH, is ON

or D, conducts. CHlS{Z JXD
> : :

For second quadrant operation, CH, is
ON or D, conducts.

Jo
> When CH, is ON, load current is v — .
positive, output voltage equals V; and T R --- e
) L

> +

the load receives power from the source. EAVARINYAY> Vo V///////A\\\\\ﬁ

|
output voltage is zero, and , load current -
IS positive. o T Gate pulse
> When CH, is triggered, £ forces current of CH,
to flow in opposite direction through L
and CH,. The output voltage is zero. i . ! ! :
. SLY N ! | | Gate pulse
> On turning OFF CH, , the energy stored i | i i »~ of CH,
in L drives current through D, and the i | |
supply. Output voltage is V; the input i : L . .
current becomes negative ,and power T - L L  out
: : :Output current
flows from the load to the source. | N+ |
> Average output voltage is positive. , V4 \/
> Average output current can take both D, le /D,i<CH, D,i< CHS!
positive and negative values. ; ON : ' ON { 1 ON : ° ON .
> Choppers CH, & CH, should not be ~ | | i Outputvoltage
turned ON simultaneously as it would _
result in short circuiting the supply. St

> When CH, is OFF, energy stored in L " Chopper
forces current to flow through D,, TE

A

> 1

>t
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Class D Chopper It is a two quadrant operation chopper where the current is
always positive but the load voltage can be positive or negative.

> When both CH, and CH, are triggered
simultaneously, the output voltage v, = V/
and output current flows through the load.

> When CH, and CH, are OFF, load current
continues to flow in same direction through

load, D, and D, , due to the energy stored L.
Output voltage v, =- V.
> Average load voltage is positive if t,), > {5z
> Average output voltage becomes negative if
lov < lorr-
[T
9 Gate pulse
of CH,
. | - t
lgz 5 | Gate pulse
" of CH,
. . >t
on
; ! Output current
a a <
CH, | ;
CH,! i .
| | Cd
. DuD, :
Vo, I I : Output voltage
v rd
v >t
Average v,
I I |l I . e

vV —_

lo1 Gate pulse
of CH,
. j >t
o2 : Gate pulse
/ of CH2
>t

<>

Output current

i : ' >t
CH,,CH,!  “\D1,D2 Conducting
ke ON__, i ' !
0 ! Output voltage
v v
________________________________ Average v,
¢
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Class E chopper

It is a four quadrant operation chopper where the load current

and voltage can be positive or negative.

> When CH, and CH, are triggered,
output current 7, flows in positive
direction through CH, and CH,, with
output voltage v, = V. This gives the
first quadrant operation.

> When both CH; and CH, are OFF, the
energy stored in L drives /7, through D,
and D, in the same direction, but
output voltage v, =-V. Therefore the
chopper operates in the fourth
quadrant,

> When CH, and CHj, are triggered, the
load current 7/, flows in opposite
direction and output voltage v, = -V.
Since both /7, and v,, are negative, the
chopper operates in third quadrant.

> When both CH, and CH; are OFF, the
load current 7, continues to flow in the
same direction D, and D, and the output
voltage v, = V. Therefore the chopper
operates in second quadrant as v, is
positive but 7, is negative.

c:ng Jng CHY D,
vV_— VW0 |
+ < " —
CHzﬁf AN CHﬁf /\D.
VO
CH, - D, Conducts | CH, - CH, ON
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Problems and Solutions
Question 1 For the given dc chopper with resistive load R = 10Q and input voltage V = 200 V.
When the chopper is ON, its voltage drop is 2 V and chopping frequency is 1 kHz. If
the duty cycle is 60%, determine 1) average output voltage, 2) RMS value of output
voltage, 3) effective input resistance of the chopper, and 4) chopper efficiency.
Chopper i
N~ 0
Solution: - g A
1) V,=d({ -V,)=0.60(200-2)=118.8V V= SRV
2) RMSofV,=+d (V -V, )=+0.6(200-2)=153.3 V y
3) g =Vd° =118'8 =11.88 A =R, =V = 200 =16.83Q
R l,, 11.88
Ty 2 TV -V,) . dV -V,) 06(200-2)
4) pozi V_Odt:i (V Ch) dt = (V Ch) = ( ) =2352 W
T+ R T+ R 10
. TV -V dv -V 0.6x200(200—-2
Pi—ifwodt:l V V) gy OV Ver) _ 0-6x200( ) 2376 W
LI LI 10
Chopper efficiency = 7= I;—Oxloo = &5?&00 =99%
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Question 2 Inadc chopper, the average load currentis 30 A, chopping frequency is 250 Hz,
supply voltage is 110 V. Calculate the ON and OFF periods of the chopper if the
load resistance is 2Q.

Solution: T =1/f =1/250=4x10" =4 msec

B :Vdc :dV 4= I .R _ 30x2
R R V 110

Chopper ON period = t,, =dT =0.545x4x10"° = 2.18 msec
Chopper OFF period = t . =T —t,, =4x10°-2.18x10"° =1.82 msec

=0.545

Question 3  Achopper is supplying an inductive load with a free-wheeling diode. The load
inductance is 5 H and resistance is 10Q2. The input voltage to the chopper is 200 volts
and the chopper is operating at f =1kHz. If the ON/OFF time ratio is 2:3. Calculate:
1) Maximum and Minimum values of load current in one cycle of the chopper.

2) Average load current.

Solution:
1) L=5H, R=10Q,f =1kHz, V = 200V, t,, ity =2:3
Chopping period = T =1/f =1/1000=1 msec
toyn 2
N == =t ==t
tOFF 3 ON 3 OFF
T =toy +tom =§tOFF +lorr =§tOFF = tore =§T =§><1><1O‘3 = 0.6 msec
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2)

ton =T —tor =(1-0.6)x107° = 0.4 msec

-3
Duty cycle = d _ lon :0'4X1E)3 =04
T 1x10

_dRT

: Vi]il-e *t E
Maximum load current: = | . =—| ——— |——

l-e ¢t

Since there is no voltage source in the load circuit (E =0),

. —(0.4><10><1><10_3)/5
max 200 1 ° ) - O :80047A
10 1_e{mnﬂo)ﬁ 10
drRT
L
Minimum load current withE =0: = I, :VE eRT—l
et -1
200/ e (0-4x10x120%) 5 1
min ~ 10 [ (10x1x10) /5 =7.995 A
e -1
Average load current = 1|, = o Ve _ 8'0047;7'995 ~
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Question 4 A chopper feeding on AL load is shown with V=200V, R=5Q, L = 5mH, f = 1kHz,
d=0.5and £=0V. Calculate : 1) Maximum and Minimum load currents, 2) average
load current, and 3) effective input resistance.

Solution:
Chopper i
Y o
1) Chopping period: T 1 — =1 msec - > N
f 1x10 R
_dRT —
— L —_ Vo
Max. load current: 1 :\I; 1-¢ — |- E 3 o -
_a L E
1-e S
200 1_6—(0.5><5><1><103)/5><10_3 0
| e = 5 ~(5x1x10%) /5x10°° _g =249 A
1—e
dRT 0.5x5x1x10"°
L 5x107°  __
Min. load current: | .. _V | € — 1|_E_2001¢ —~ 1 —9:15.1A
R AL R 5 5x1x10 5
el -1 e 5<10° _1

2) Average load current: |, = e ; loip _ 2494151 20 A
3) Effective input resistance: R, =V = v 200 2002

I, dl, 05x20
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Question 5 For the given first quadrant chopper, express the following variables as functions of V,
R and duty cycle ¢ in case of resistive load:
1) Average output voltage and current, 2) Output current at the instant of commutation,
3) Average and RMS free wheeling diode current, 4) RMS value of output voltage, and

_ 5) RMS and average thyristor currents. ro :
Solution: L ISP —> +

1)  Average output voltage: | | L
¢ vV _— FwD 2\ Al Vo
V,. = (_CIJ__N)V =dV D

Vg dV ¢ -

c
R R
2) The thyristor is commutated at the instant t =t,,, and the output voltage is V

Average output current: 1

.. output current at the instant of commutationis = V /R
3) Free wheeling diode (FWD) will never conduct in a resistive load.
. Average & RMS free wheeling diode currents are zero.

ton ton
4) Vo (rms) :\/-I-i Ivgdt :\/Ti IV “dt Z\# Z(J[_T_—Nj = Jdv
0 0

5)  RMS current of thyristor = RMS current of load =V, s, /R =~dV /R

Average current of thyristor = Average current of load =dV /R

197




Question 6 |na 100V dc chopper drive, the max. value of accelerating current is 425A, the lower
limit of current pulsation is 180 A, the length of ON and OFF period is 14msec and
11msec, respectively . Determine: 1) the limit of current pulsation, 2) the chopping
frequency, 3) the duty cycle ratio, and 4) the output voltage.

Solution:
1) Limit of current pulsation = Max. current — Min. current =425-180 =245 A
2) T =(14+11)msec=25msec = f =1/T =1/(25x10°)=40Hz
3) d =t., /T =14msec/25msec = 0.56
4) Output voltage =dV =0.56 x100 =56V

Question 7  Step-down dc chopper with 100Q load. For 220V dc supply, calculate the average
load current if the OFF period = 6msec and the chopping frequency is 100Hz.

Solution:

= i =10 msec
100

ton =T —toee =10msec —6msec = 4msec
d =t , /T =4msec/10msec =0.4

I _dV _O.4><220
© R 100

1
f

= 0.88A
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Question 8  Athyristor step-up chopper has the following data: V=50V, chopping frequency =
250Hz, and 7 5 =2msec .Calculate V.

Solution: T =1/f =1/250 = 4 msec
-3
VooV T v T g0 2100 40y
_tON tOFF 2x10

Question 9  Astep-down chopper is connected to 60V dc supply and 10Q resistive load. If the
load voltage waveform has width of 2msec from 5msec periodic time, calculate :
1) /4., 2) Ry, , and 3) Chopping frequency f .

Solution:
1) le =Vd/R =V (toy /T )/R =60x(2x107/5x10) /10 = 0.24A
2) Ry, =R/d =R /(toy /T ) =10/(2x107/5x107*) = 2502
3) f =1/T =1/5x10" = 200Hz

Question 10 A chopper circuit is operation on Time Ratio Control (TRC) principle at frequency f
= 1kHz on a 220V dc supply. If the load voltage is 180V, calculate the conducting
Solution: and blocking periods of the power device in each cycle.

V,=Vd = 180=200xd = d =0.8

toy, =dT =d /f =0.8/1x10° = 0.8msec
tore =1 —toy =1msec—0.8msec = 0.2msec
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Question 11 Choose the correct answer for the following Questions

1) The average value of output voltage for step-up chopperis ............ccooenne.

A. dv/(1-d) | B]V/(1-d) C. dv D. (1-d

2) The duty ratio d is between .......................

A. 1and «© B. —1and +1 C.|0and1 D. -1and O

3) DC to DC chopper operates from a 48V battery source into a resistive load of 24Q. The
frequency of the chopper is set to 250Hz. When chopper on-time is 1ms, the load power
IS e,

A. 6W B. 12W C| 24W D. 48W

4) DC to DC chopper operates from a 48V source with a resistive load of 24Q. The frequency of
the chopper is 250Hz. When chopper on-time is 3ms, the RMS current is ...........

A. 15A B. 15mA CJ1.73A D. 173mA
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5) An ideal chopper is operating at a frequency of 500 Hz from a 60 V
battery input. It is supplying a load having 3 £ resistance and 9 mH
inductance. Assuming the load is shunted by a perfect commutating
diode and assuming battery is low less, what is the mean load current
at an on/off ratio of 1,/1 7

(A 10 A (C) 20 A
(B) 15 A (D) None of the above
6) A two-guadrant d.c. to d.c. chopper can operate with which of the

following load conditions 7

1. +wve voltage, +ve current

2. —wve voltage, +ve current
3. —wve voltage, —ve current
A. lonly B. 1and 2 Clland4 D. 3and4
7) For a step up d.c.-d.c. chopper with an input d.e. voltage of 220 volts,

if the output voltage required is 330 volts and the non-conducting
time of thyristor-chopper is 100 ps, the ON time of thyristor-chopper
would be

A. 66.6 psec B. 100 usec C.| 50 psec D. 200 psec
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Chapter 8

DC-AC Inverters
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Inverters
(DC to AC Inverters)

The converter that changes a DC to AC is called an inverter.

Earlier inverters were built with SCR semiconductor devices.

Since the circuitry to turn the SCR off is complex, other power devices such as

BJT, MOSFETS, IGBT and MCTs.

Currently SCRs are used in high power inverters (such as 500 kW or higher).

Inverters are used In:

O Emergency lighting systems.

AC variable speed drives. *
DC

a
O  Uninterrupted power supplies UPS.
a

Freguency converters.

204
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Types of Inverters

> Single Phase Inverters: > Three Phase Inverters:
v Mini inverters. v' SCR bridge inverters.
v Parallel inverters. v IGBT bridge inverters.
v Series inverters.
v Bridge inverters.

Voitage | :
Not all inverters outputs |
are the same: '
o Square Wave.
Modified Square Wave. 0 Time

(0]
o Stepped Sine Wave.
o Pure Sine Wave.

Sinewave

- I -
| Modified /
|
|

sluareawave '

20miliseconds /

Sguarewave

pAS
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Mini Inverters

—-‘.—

Vin,» T1
Battery Output
12V 0.8A o o o 00V 400Hz
RI
IKQ) ZADI
IN4936 ;SER [
o BSTCI026 L ~,
=3
ke (| IOLLF
"T"6.8LLF
| GND Y & &

o The SCR provides 300 V of 400Hz from input voltage of 12V, 0.8A source.

o Drawback: it might latch in the conducting state if the load is too heavy or if there is a
short circuit at the output. This requires some kind of protection.

o The transformer used is a 10W mains type with 6V+6V windings on the SCR side and
a 110V+110V windings, in series, at the output.

o The efficiency is 50% and the ideal load is equivalent to a 22k resistor, 5W.
o The output waveform is vaguely sinusoidal at a frequency of 400Hz.
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Parallel Inverters

L +V I- N N
1 2
—r > N [ 2
— Tl T'I + f .
big 2 T "~ 48CR
i : N, Vg,
Ve==c Vo R |Transformer ratio: n = =
Vo= - N N, V,
N
ACR Ln?
e fon =770 o =7
VT, 2 ¢
0.25<-N-<3.34
tOFF

o The basic single phase parallel inverter circuit consists of two SCRs T1 and T2, an
inductor L, an output transformer and a commutating capacitor C.

o The function of L is to make the source current constant.

o During the work of this inverter, capacitor C comes in parallel with the load via the
transformer (so it is called as a parallel inverter).
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Example 1 Design a single phase parallel inverter of maximum frequency £, = 400Hz using
12V battery to supply an AC load of [ 120W, 240V] .

Solution: .
Alﬂ P |
ECH 1
[ — +
T ik
| ' ON ON
_Vo _240 _ 20 l {M : : RL -
Vi 12 ON
5 ) S [
p_Vo) _ 150240 SCR
Ar—
R = 480Q T
2 2
= a00=— 2 =43uF
48CR 48 xC x480
Let: Ton _ 3 =ty =3t
Lo
ACR Ln? 4x43x10°%x480 _ L x20?
— = 3 — > =3
n R 20 480
L =90uH
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Series Inverters

P S S

" \VLC 4L LC
B 1

T 12)+t,

i‘ ve — €r —-_—l
I B~ B
_I l+ + L - +

C
ip = in

E3 Resistive

| g+ ' = de supply voltage

+ , - polarities correspond to the load ¢urrent {; = iny
(7 . B polarities correspond to the load current i; = Iy

—— Direction of the load current when T, conducts
o—-= Direction of the load current when T, conducts

P
e

Load current, /;

D E R X R W XY
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Example 2 For aseries inverter of output frequency £, = 50Hz , the time period between turn-
off of one SCR and the turn-on of the other SCR is 0.012 sec. Find the resonant

frequency (7,) and time period of oscillation (T).
Solution:

fou = 1 = 950= 1 = T =0.016sec
(T 12)+t (T /2)+0.012

T=-2L = f, _r__Z
f T

r

=196.3 Hz
6

Example 3  For a series inverter operating under resonant frequency of 7, = 2kHz . Calculate the
required capacitor value if the used inductance is 6 mH.

Solution:
f_ 1
" JLC
2000 = 1 — C =0.416uF
\/6><10_3><C
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Bridge Inverters

o The bridge inverters are
current source inverters
(CS)).

o Used in high frequency
applications for
induction heating and
for solar cells power
transfer.

o AC filters are required.

L,
—_— OD———— =
+ i e——rr - ————
o< YT -
¥ D
_______ - b i
il i
TN LY
+
74
) T'il ~ ‘11-74 Inductive load
r e S AN
' Ir = lrays
- a '
i v

+ , — polanties correspond to the current §; =iy 5
B, 3 polarities correspond 1o the curtent i; =i
— Charging curmrent of the capacitor C

-- -« Direction of the load current i; =iy

o— Discharging and recharging of capacitor C
o- -+ Direction of the load current iy =i
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Three Phase Voltage Source Inverters (VSI)

- V. +
o O
Oa
»——
inverter
1
. >
ob
‘_._._
Inverter
2
* )
ocC
Inverter
3

o1

Three single-phase inverters in parallel, driven 120° apart
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Inverters Control

> Voltage Control:

Voltage control

—_/ Voltage

T « Source -
Inverter CL_Jrrent varies
with load

impedance

» Current Control:

Current control

I

Current

Source

Inverter voltage varies
with load
impedance
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Pulse Width Modulation (PWM) for VSI

> Objective of PWM:
v Control of output voltage.
v" Reduce harmonics.

> Disadvantages of PWM:
v Increase of switching losses due to high PWM frequency.
v Reduction of available voltage.
v" EMI problems due to high order harmonics.
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AC Filters for Inverters

LOW PASS FILTER
E

YT

LOAD

-
8
A
/l
ow"
"

W Output of the inverter is “chopped AC
voltage with zero DC component”. In some
applications such as UPS, “high purity” sine
wave output is required.

AN LC section low-pass filter is normally
fitted at the inverter output to reduce the
high frequency harmonics.

dIn some applications such as AC motor
drive, filtering is not required.
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Types of AC Filters

(a) C filter

C filter is very
simple but
draws more
reactive power.

—1

L]

Load

L,

(b) CL filter

Ce = Load

(c) CLC filter

L C tuned filter
can eliminates
only one
frequency.

216
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Questio

Problems and Solutions

N1 A single Phase parallel inverter has 0.68uF commutation capacitor and 5000
resistive load. If £,/ = 3 and the centre-tap transformer has a turn ratio of n=12,
calculate: 1) the maximum output frequency 7., , 2) find the value of L and draw
the circuit diagram.

Solution: TR o W
T T,
l {M n : ‘ 5 ON ON
‘ ON
2 2
1) Fpmae— = 12 = 8.8kHz
48RC 48x500x0.68x10
t
2) tO—N:3 = oy =3tOFF
OFF
4RC Ln? 4x500x0.68x10°° L x122
> =3 — > =3
n R 12 500
L =11uH
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Question 2 Calculate the output frequency (£,,) of a series inverter in which L=10mH, C=2uf,
and R=100Q2 . The time period between - of one SCR and £, of the other SCR is
0.25ms. If the load resistance varies between 100Q2 and 75€, find the output

frequency range.

_\/ 1 R? _\/ 1 __100° oo
a 10x10°%x2x10° 4x10x10°%

Solution:

"“\LC 4L
T=£=L=6.28msec
f. 500
1 1

=290Hz

fo.= =
T 12)+t,,  (6.28x107°/2)+0.25x10°
For R =750 we have:

2 2
:\/ 1 R _\/ 1 S _600Hz

"“VLC 4L V10x10%x2x10° 4x10x10°
T =£=L=5.23msec
f_ 600
1 1

= 350Hz

f = =
T 12+t (5.23x107°/2)+0.25%10°°
. The frequency range is: 290Hz <f_, <350Hz
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Question 3 Choose the correct answer for the following Questions
1) An inverter is an electrical device that converts ....................... currents.
A. AC-DC B. |DC-AC C. DC-DC D. AC-AC
2) The inverters performs the opposite function of the .......................
A. regulators B. transformers C.| rectifiers D. filters

3) Static inverters are used iN .............eeeeeeeennnn,

A. Induction heaters  B. Solar panels C. UPS D.|All the above
4) Inverters are classified according to their connections as ...... ...........

A. Series inverters B. Parallel inverters C. Bridge inverters

All the above
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AC - AC Converters

> Used to convert the AC voltage to another AC voltage with waveforms of different
amplitude, frequency, or phase.

> They can be single or three phase circuits.
> The AC-AC converters are classified as:

a AC Controllers (AC Regulators):

v Two SCRs or TRIACs are used under natural commutation.
v Output voltage has variable rms value with fixed or variable frequencies.
v Used in light-dimmers and speed control of induction motors.

a Cycloconverters:

v Converts input power at one frequency to output power at different frequency
with one-stage of conversion.

Cycloconverters are naturally commutated and no DC link is required.
Maximum output frequency is a fraction of the source frequency (up to f/3).
Used in low speed ac motor drives for ranges of frequencies from 0 to 20 Hz.
Called also frequency changers (step-up or step-down).

AN N NN
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Types of AC Voltage Controllers

> Integral Cycle Control (On-Off Control):

v

AN

Load power is controlled by connecting the source for few cycles then
disconnecting for another number of cycles, periodically.

Suitable for systems with large time constants.
Average load power can be varied from 0% through 100%.
Used for heating loads and speed control.

» Phase Control:

v

N N N R

The SCRs are fired once every cycle and the firing angle can be delayed from the
Zero crossing.

Only part of the voltage appears across the load providing voltage control.

Load current appears in pulses and its zero crossing is used to turn-off the SCRs.
Suitable for loads with short time constants.

Firing instants of the SCRs are 180° apart, each occurs in its respective half cycle.
By controlling the firing instant, the effective load voltage can be varied.

Since the two SCRs having firing pulses delayed by 180°, the AC current pulses
are periodic and symmetrical without DC current component.
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Integral Cycle Control

Single Phase AC voltage
Control with Resistive

Load

ol B

wt

Voltage

across !

thyristors S 2\
0]




The ratio of ON time to the total cycle time T controls the average load power as well as
the rms output voltage.
tON
Duty cycle: d ==
T
Vi, V.
. _ ON _ " i —
Average load power: Py .., = AT - R Po (maxd
V m
RMS output voltage: V., = —=vd =V, Vd
J2
Power factor: PF =+/d
1.0

= The Source current is always in 08

time phase with source voltage.
= However, the integral cycle circuit § vl i

does not operate at unity PF. 5 i
= For part of time, the source current

Is not present at all and therefore is 02}

not in phase with source voltage.

| | | |
%o 0.2 0.4 0.6 0.8 1.0
)
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Phase Control

Single Phase AC phase Control with Resistive Load

S
I“H.J/o
1

140
Ré“ﬂ 0 o« x In

V. s1n wf
Volwt) =9 o

fora< wr<mand c+ 7 < wr <27

otherwise

226

(of




[1 T | 2 « sin(2a)
Viems =+ — [ [V sin (o) d(wt) = —=/1 —
oems = | ) sin (@0 d(wh) = 5\ [1=—+——
K rms .l'r
"'r.? rms = = Jr = 0,01
o, R SCR,.rms ,V/,-:,
pf — E — P — Vﬁ,t‘[ﬂﬂ .-"IIIIR — l}:':?., rims
S F_;‘ s J'T_*r, Fms P_; rms( F:;, rmsf}R) I’;, FIms
mo [y (sin2e) . _
B Vo - e pf = [{ @ sin (2 a)
V./\2 N ' 2

Vo
(I +cos o)
R
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Example 1 TRIAC AC controller supplies an electrical furnace of 8Q heating element with

[240V , 50HZz] voltage supply and integral cycle control circuit that allows the
current to flow for 2 cycles ON and one OFF cycle.

Calculate: 1) the average load power, and 2) the PF.

Solution:
d :tON == tON = 2 :E
T toy +tose 2+1 3
2 240%(2/3
1) P _Vid _ (/)=4800W

O(avg) — R

2) PF =+d =./2/3=0.816

Example 2 Thyristor AC Controllers with 7Q resistive load is connected to ac voltage source
Vin = 350 sin(315t). If the conduction time of each thyristor is 2.5 msec, calculate
the load power .

Solution:

6. = at, =315x2.5x10° =0.7875rad = 45°
o =180—¢. =180° —45° =135°; V _ =350 Volt

a sin(2a)

2
V 2
Vo(rms) :\/T;\/l_;+7273'3v P :[ O(rms)] :[75.3]

R

=810 W
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Cycloconvertors

> Types of Cycloconverters :
v Single phase to single phase cycloconvertor.
v' Three phase to three phase cycloconvertor.
v Single phase to three phase cycloconvertor.

Single Phase Cycloconvertor

> First, two single-phase controlled converters are operated as bridge rectifiers.

> The delay angles are configured such that the output voltage of one converter is equal
and opposite to that of other converter.

V, = 2\;’“ cos(a)=0.% ,, cos(«)

> If a, is the delay angle of the positive converter, the delay angle of the negative
converter is :
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(a)Vs/\ /\ /\ /\ /\
VRV VAV

Average voltage

Vo - “\/ \‘F-- :'F:\ a varying for
(d

different pulses

Y S WS B

a) input voltage b) output voltage for zero firing angle
C) output voltage with firing angle n/3 rad. d) output voltage with varying firing angle.
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Problems and Solutions

Question 1 1® AC to AC Converter with 100Q resistive load . If the control mode is integral
cycle of 4 ON cycles from 5 total cycles and the supply voltage is [240 V, 50Hz ],
find 1) the average load power and 2) the supply power factor.

Solution:

Vid  2407(4/5)
D Pown =~ ="700

2) PF =+d =./4/5=0.894

=460.8 W

Question 2 1@ AC voltage controller feeding a pure resistance load of rms voltage of 200V. If
the rms voltage of the source is 250V, find the power factor of the controller.

Solution:

<

o(ms) _ 200
250

IO(n’ns) .

PE = E :VO(ms)
S V I \

in(rms) " O (rms)

=0.8

in(rms)
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Question 3  The voltage controller shown has 120 Vrms, 60Hz source and the load resistance is

15Q. Determine: a) the delay angle required to deliver 500 W to the load, b)The rms
source current, ¢) The rms and average current in SCRs, and d) The power factor.

Solution: Ky
Vo | Vo | F=
a) P _ O (rms) — 500 _ O (rms) I Ve, Y S
R 15 {-”l
Vo ms, = /500x15 =86.6 V AL +

.
5, J
o sin(2) Q) e

V. _
Vo (ms) =f\/1—;+ .

sin(2
86.6=(120)\/1—g+¥ — .. a=154rad =88.1°
T T
Vo ms) _ 86.6
b) IO(rms): OI(Q L= 5 =23.77 A

. IO(rms) . S5.77

C) I ms) -
SCR (mms) \/E \/E

V J2 %120
lscravg) = 2—m(1+ cos(a)) _Nex2ey

R 271 %15

d) =P S0 47
S  120x5.77

=4.08 A

(1+ cos(88.1)) ~1.86 A
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Question 4

For the given Triac regulator, if the rated power of the lamp is 1KW, find the

approximate value of that reduces the wattage of the lamp to 500W with switch at

position 2.
Solution:

p:[VO(ms)]Z .V a Sln(Za)

R O(ms) — \/—\/ 72_

3+Mj

T 27

500:4000x[1_££+39£3€))

T 27T
05-1_ 9, 5n(22)
T 27T

0.57 =7 —a+0.5sin(2a)
a—0.5sin(2a) =712
By estimation, we can find that: o« =7 /2

ACES

&

230V
50 Hz

HIGH WATTAGE
LAMP

R
;I TRIAC
2

19 SWITCH
S




Question 5  For the shownld® AC controller, calculate the rms output voltage for o = 45°
symmetrical trigger.

Ti

Solution: G E i I
SN !

Ta g R Lood

05 sin 20{ . 230V 110V -

VO(ms) \/— T ) @ Step Down l_:;"g

Trmsfﬂrmcr'_*_li =

sin(2x45
Vo(ms) :110\/1— 45 + ( - ) =1049V

180 2x3.14 LSy

Question 6  1d to 1d step-down cycloconvertor with the following data: [240V, 60Hz] supply,
output frequency is 10Hz, the positive and negative converter groups are set to give
V3= 216V, V,, =187V, and V., = 108V. Find the values of firing angles.

Solution:

Ve =09, cos(a)

Vs =09 cos(a;) = 216=0.9x240xcos(e;) = a,=0°
Vi, =09, cos(a,) = 187=0.9x240xcos(a,) = a,=30°
Vi1 =09, cos(a;) = 108=0.9x240xcos(e,) = o, =60°
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Question 7  Draw the voltage waveforms for an AC controller using On/Off and Phase control
methods for the following outputs: 100%, 75% ,and 25% .

Solution:

On/ Off Control Phase Angle Control

100 % output ————— I , : /\v/-\

75 % output (il | wans u r\ u m

25 % output | N A
% L/

W L

237




Question 8 Fill in the blanks with the appropriate word(s)

1) Triac is the word derived by combining the capital letters from the words --------------- and

2)  ACRegulators are also called AC --------====---m--------

C ) S —. circuits are used to prevent premature triggering caused for example by
voltage spikes in the AC supply or those produced by inductive loads such as motors.

4) Integral Cycle Control Method is applied to load with --------------------- element.
S5) The ----------- is fabricated by integrating two thyristors in an -------- parallel connection.
Answers:

1) Triode, alternating current. 2) AC controllers. 3) Snubber.  4) heating. 5) Triac, anti
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Question 9 Choose the correct answer for the following Questions

1) A cycloconverter can be

(A) Step down. (B) Step up.
(C)|Step down or Step up. (D) Neither of above.

2) Match List I (Converters) with List II (Type of conversion) and
select the correct answer :

List I List I1

A. Controlled Rectifier 1. Fixed DC to wariable wvoltage and
variable frequency AC

B. Chopper 2. Fixed DC to variable DC
C. Inverter 3. Fixed AC to variable DC
D. Cyecloconverter 4. Fixed AC to variable frequency AC
Codes :
A B C D
(A) 2 3 1 4
(B) 3 2 71 1
(C) 2 3 4 1
My 3 2 1 1
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3)

Single phase fully controlled ac to de converter
Voltage commutated de to de chopper with input de voltage E.

Phase voltage of a three phase inverter with 180° conduction and
input de voltage F.

Line voltage of a three phase inverter with 120 conduction and
imput de voltage E.

Three-phase diode bridge rectifier.

—E/3
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..-a|f1‘
c.a|j‘
[ ]
5
¥
E
=
-
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=
c.a_l"_;;"

V

I
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