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SCR (Silicon Controlled Rectifier)

* Four layer, three junction, p-n-p-n
semiconductor switching device.

e Basically a thyristor consist of 4 layers of
alternate p-type and n-type silicon
semiconductors forming three junctions J1, J2
and J3






SCR (Silicon Controlled Rectifier)

» Gate terminal is usually kept near the cathode terminal

» The terminal connected to outer p region is called the
anode

» The terminal connected to outer n region is called the
cathode and that connected to inner p region is called gate

» For large current applications thyristors need better
cooling, this is achieved to great extent by mounting them
onto heat sinks

» SCRs of voltage rating 10kV and an r.m.s current rating of
3000A with corresponding power handling capacity of
30MW are now available

» Such a high power thyristor can be switched on by a low
voltage supply of about 1A and 10W



e An SCR is so called because silicon is used for
its construction and its operation as a rectifier
can be controlled

e Like
that
anocC

e Unli

the diode SCR is a unidirectional device,
nlocks the current flow from cathode to
e

e the diode, a thyristor also blocks the

current flow from anode to cathode until it is
triggered into conduction by a proper gate
signal between gate and cathode terminal



SCR - Static V-l Characteristics

* An elementary circuit diagram for obtaining

static V-l characteristics of a thyristor is shown
below

e The anode and cathode are connected to
main source through load

* The gate and cathode are fed from a source of

Es which provides +ve gate current from gate
to cathode
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The characteristics reveals that a thyristor
nas three basic modes of operation
Reverse blocking mode

~orward blocking mode (off state)
~orward conduction mode (on state)
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Reverse blocking mode

When cathode is made +ve w.r.t anode with switch S open
thyristor is reverse biased Junction

J1 and J3 are seen to be reverse biased

A small leakage current of the order of a few milli-amperes
flows. This is reverse blocking mode, called the off state of a
thyristor

If the reverse voltage is increased, then at a critical breakdown

level, called reverse breakdown voltage VBR, an avalanche occur
atJlandJ3

Reverse current increases rapidly
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Forward blocking mode

When anode is +ve w.r.t cathode, with gate circuit
open,thyristor is said to be forward biased

J1 and J3 are forward biased
J2 is reverse biased

n this mode, a small current called forward
leakage current flows

As the forward leakage current is small, SCR offer
a high impedance

Therefore a thyristor can be treated as an open
switch even in the forward blocking mode




Forward conduction mode

When anode to cathode forward voltage is increased with
gate circuit open, reverse biased junction J2 will have an
avalanche breakdown at a voltage called forward break-over
voltage VBO

After this breakdown thyristor gets turned on with point M at
once shifting to N and then to a point where between N and K

Here NK represents the forward conduction mode

A thyristor can be brought from forward blocking mode to
forward conduction mode by turning on by applying

1)A positive gate pulse between gate and cathode
2)A forward break-over voltage across anode and cathode



SCR — Switching Characteristics

* During turn on and turn off process a thyrisor
is subjected to different voltages across it and
different currents through it

 The time variation of a voltage across a
thyristor and the current through it during
turn on and turn off process gives the dynamic
or switching characteristics of a thyristor
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Switching characteristics during turn
on

A forward biased thyristor is usually turned on by
applying a +ve gate voltage between gate and cathode..
There is however a transition time form forward off
state to forward on state.

This transition time is called thyristor turn on time Is
defined as the time during which it changes from
forward blocking state to final on state

The turn on time can be divide into three intervals
Delay time td

Rise time tr

Spread time tp



Delay time td

» Measured from the instant at which gate current reaches

0.91g to the instant at which anode current reaches 0.11a
> lg and la are the final values of gate and anode currents

> It can also be defined as the time during which anode
voltage falls from Va to 0.9Va.Va is the initial value of anode
voltage

> Another way of defining is the time during which anode
Current rises from forward leakage current to 0.1la, where la
is the final value of anode current



» With the thyristor initially in the forward blocking state the anode

voltage is OA and anode current is small leakage current

» Initiation of turn on process is indicated by a rise in anode current
from small leakage current and a fall in anode cathode voltage

from forward blocking voltage OA

» As gate current begins to flow from gate to cathode with the
application of gate signal, the gate current has non-uniform
distribution of current density over cathode surface due to the p
layer

» During delay time anode current flows in a narrow region near
the gate where gate current density is the highest

» The delay time can be reduced by applying high gate current and
more forward voltage between anode and cathode

» The delay time is fraction of microsecond



Rise time

» |s the time taken by the anode current to rise form 0.1la to
0.91a

» Time required for the forward blocking off state voltage to
fall from 0.9 to 0.1 of its initial value

» Rise time is inversely proportional to the magnitude of
gate

current and its build up rate

» Rise time can be reduced if high and steep current pulses
are applied to the gate

» The main factor determining the tr is the nature of anode
circuit



» During rise time turn on losses in the thyristor
are the highest due to high anode voltage and
large anode current occurring together in the
thyristor

» As these losses occur only over a small
conducting region,local hot spot may be
formed

» And the device may be damaged



Spread time

» Time taken by the anode current to rise from 0.91a to la
Time for the forward blocking voltage to fall from 0.1 of its
initial value of its on state voltage drop (1 to 1.5V)

» During this time conduction spreads over entire cross section
of the cathode of SCR

» After the spread time anode current attains steady state value
and the voltage drop across SCR is equal to the on state
voltage drop of the order of 1 to 1.5V

» Total turn on time of an SCR is equal to the sum of delay

time, rise time and spread time

» Manufactures usually specify the rise time which is of the

order of 1 to 4y sec

» Total turn on time depends on the anode circuit parameters and
gate signal wave-shapes



Switching characteristics duringTurn
off

» Turn off means that it has changed from on to off state and
is capable of blocking the forward voltage

» This dynamic process of SCR from conduction state to
forward blocking state is called commutation process or turn
off process

» Once the thyristor is on, gate loses control the SCR can be
turned off by reducing the anode current below holding
current

» The turn of time tqg of a thyristor is defined as the time
between the instant anode current become zero and the
instant SCR regains forward blocking capability



During time tq, all the excess carriers from the four layers
of SCR must be removed.

This removal of excess carriers consisting of sweeping out
of holes from outer p layer and electrons from outer n layer

The carriers around junction J2 can be removed only by
recombination

The turn off time is divided into two interval

1) Reverse recovery time trr

2) Gate recovery time tgr

tq=trr+tgr
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Reverse recovery time

» At instant t1, anode current becomes zero

» After t1, anode current build up in the reverse direction

» The reason for the reversal of anode current after tl is due to the
presence of carriers stored in the four layers

» The reverse recovery current removes excess carriers from the end
junction J1 and J3 between the instant t1 and t3

» In other words, reverse recovery current flows due to the

» sweeping out of holes from top p layer and electrons from bottom
layer

» Atinstant t2, when about 60% of the stored charges are removed
from the outer two layers carrier density across J1 and J3 begins

to ecrease and with this reverse recovery current also starts
decaying



 The reverse current decay is fast in the beginning but
gradual thereafter

 The fast decay of the recovery current causes a reverse
voltage across the device due to the circuit inductance

* This reverse voltage surge may cause damage to the
device

* |n practice this avoided by using protective RC element
across SCR

 Atinstant t3, when reverse recovery current has fallen
nearly to zero, end junction J1 and J3 recover and SCR
is able to block the reverse voltage



>

>

Gate recovery time

At the end of reverse recovery period (t1-t3), the middle junction
J2 still has trapped charges therefore, the thyristor is not able to
block the forward voltage at t3

The trapped charges around J2 cannot flow to the external circuit

Therefore this charges must decay only by recombination

This recombination is possible if a reverse voltage is maintained
across SCR The rate of recombination of charges is independent
of the external circuit parameter

The time for recombination of charges between t3 and t4 is called
gate recovery time tgr



At instant t4, junction J2 recovers and the forward
voltage can be reapplied between anode and
cathode

The turn off time provided to a thyristor by the
practical

circuit is called circuit turn off time tc

Is defined as the time between the instant anode
current

become zero and the instant reverse voltage due
to practical circuit reaches zero
tc must be greater than tq for reliable turn off

Otherwise the device may turn on at undesired
instant, process called commutation failure



Thyristor protection

Reliable operation of a thyristor demands that its
specified ratings are not exceeded.In practice, a
thyristor may be subjected to overvoltage or
over-currents

During SCR turn on, di/dt may be prohibitively
large

There may be false triggering of SCR by high value
of dv/dt

A thyristor must be protected against all such
abnormal conditions for satisfactory and reliable
operation of SCR circuit and the equipment



di/dt protection

When a thyristor is forward biased and is turned on by a gate
pulse, conduction of anode current begins in the immediate
neighborhood of the gate cathode junction

Thereafter the current spread across the whole area of the
junction

The thyristor design permit the spread of conduction to the
whole junction area as rapidly as possible

However if the rate of rise of anode current i.e., di/dt is large
as compared to the spread velocity of carriers, local hot spot
will be formed near the gate junction.This localized heating
may destroy the thyristor.

Therefore the rate of rise of anode current at the time of turn
on must be kept below the specified limiting value



* The value of di/dt can be maintained below acceptable limit
by using a small inductor called, di/dt inductor in series
with the anode circuit
e Typical di/dt limit values of SCR are 20 — 500 A/ u sec
* Local hot spot heating can also be avoided by ensuring that
the conduction spreads to the whole area as early as possible
* This can be achieved by applying agate current nearer to the
maximum specified gate current
di/dt=Vs/Ls
Ls — series inductance including stray inductance

V, Load




dv/dt protection

If rate of rise of suddenly applied voltage across thyristor is
high, the device may get turned on

Such phenomena of turning on a thyristor is called dv/dt turn
on And this must be avoided as it leads to false operation of
the thyristor circuit

For controllable operation of the thyristor, the rate of rise of
anode to cathode voltage dVa/dt must be kept below

the specified limit

Typical value of dv/dt are 20 — 500V / u sec

False turn on of a thyristor by large dv/dt can be prevented
by using a snubber circuit in parallel with the device



Snubber circuit

Consist of a series combination of resistance Rs and
capacitance Cs in parallel with the thyristor

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

When switch S is closed, a sudden voltage appear across the
circuit Capacitor Cs behaves like a short circuit, therefore
voltage across SCR is zero

With the passage of time voltage across Cs builds up at a slow
rate such that dv/dt across Cs and therefore across SCR is less
than the specified maximum dv/dt rating of the device



When the SCR is turned on capacitor discharges
through the SCR and sends a current equal to Vs/
(resistance of the path formed by Cs and SCR)

As this resistance is quite low, the turn di/dt will
tend to be excessive and as a result SCR may be
destroyed

In order to limit the magnitude of discharge

current a resistance Rs is inserted in series with
Cs

The value of snubber circuit constant t=RsCs can
be determined from for a known value of dv/dt.
dv V,
dt R.C.




® The value of Rs is found from

R =2 i

ITD

Discharge
current

® The discharging current
(& &

I V I
™ "R, +R, -

Snubber circuit across SCR.



Turn on methods of SCR

* With anode +ve w.r.t cathode, a thyristor can be turned on

by any one of the following techniques
Forward voltage triggering
Gate triggering
dv/dt triggering
Temperature triggering

Light triggering



Forward Yoltage triggering

® When forward \-’oltage app]ied between anode and cathode
with gate circuit open, junction ]2 is reverse biased

* As aresult depletion layer formed across ]2

® The width of this laver decreases with an increase in anode -
cathode voltage

* It forward voltage across anode-cathode is gradually
increased, a stage come when depletion layer across j2

vanishes

® At this moment reverse biased junction ]2 is said to have
avalanche breakdown and the Voltage at which this occur is
called forward break-over \-’oltage



The name forward break-over Voltage is given because at this
1'oltage Veo v-i characteristics break-over and shift to its on state
position with brek-over current Iro

At this voltage, thyristor chanoes from off state (hich voltace with
8 - 8 8 8
low leakage current) to on state characterized bv low voltage
8 - 8

across thyristor with large forward current

As other junction J1, J3 are already torward biased, breakdown of
junction ]2 allows free movement of carriers across three
junctions and as a result large forward anode current flows

This forward current is limited by load impedance

In practice the transition from off state to on state obtained by
exceeding Veo is never employed as it may destroy the device



Gate triggering
® Turning on thyristor by gate triggering is simple, reliable and
. o ¢ L e L
efficient

® It is therefore the most usual method of firing the forward
biased SCR

* A thyristor with forward break-over \foltage (say 800 V)
higher than the normal voltage (say 400V) is chosen

® This means that thyristor will remain in forward blocking
state with normal working voltage across anode and cathode
and with gate open

* However when turn of a th}Tistor l*equired, a Tve gate
\-'oltage between gate and cathode is applied



The forward \'oltage at which the device switches to on state
depends on the magnitude of gate current

Higher is the gate current lower is the forward break-over Yoltage

When +ve gate current is applied, gate p layer is flooded with
electrons from the cathode

This is because cathode n layer is heavily doped as compared to
gate p layer
As the thyristor is forward biased, some of these electrons reaches
junction ]2
As a result width of the depletion layer near junction ]2 is reduced

This cause the junction ]2 to break down at an applied \'oltage
lower than the forward break-over t'olta,ge VBo



Turn on methods of SCR

® Once the SCR is conducting a forward current, reverse biased

junction ]2 no longer exist
¢ No gate current is required for the device to remains in on state

® Therefore if the gate current is removed, the conduction of

current from anode to cathode is unaffected

¢ However if the gate current reduced to zero before rising the
anode current attains a value, called latching current the device
will turn off again

® The ]L‘Iﬁ“hiHH current may be de’ﬁﬂe’d as the minimum value of' anode
current which it must attain durfny turn on process to maintain

conduction when gate sfé;sz is removed



Once the thyristor is conducting, gate loses control

The thyristor can be turned off only if the forward current
falls below a low level current called holding current

The holding current may be defined as the minimum value of anode
current below which it must ﬁlﬂ ﬁu* turning uﬁ the thyristor

w w L w -
The la.tching current is higher than ho]djng current

The latching current is associated with the turn on process
and holdjng current with turn off process

Usually latching current is 2 to 3 times the holding current

In industrial applications, holding current (typically 10 m A)
is almost taken as zero



dv/dt tricoerino
LIS L

With forward Yoltage across anode

and cathode, the two outer

junctions ]1 and |3 are forward biased and inner junction ]2 is

reverse biased

This reverse biased junction ]2 h

as the characteristics of a

capacitor due to ch;n*ges existing across the junction

In other words space charge exist in the depletion region near

junction 2 and therefore junction ]2

It forward voltage is suddenly appliec

behaves like a capacitance

, a charging current through
[ . .

junction capacitance (j may turn on t

Almost the entire snddenl}' applied

e SCR

forward Yoltage Va appears

aCT 0SS J unction ]2 the clnn*ging current Ic



| ( 0) = ¢ Py y 96
i = C |
‘ dt 7 Tdt  “dt
As the junction capacitance is almost constant, dCj/dt is zero

and current ic,
dv,

.= C.
¢ =Y
If the rise of forward dxtoltage dVa/dt is hlgh the char ging

current ic would be more

This charging current plays the role of gate current and turn
on the SCR even though gate signal is zero
o L L

Note that even if Va is small, it is the arte of change of Va that
plays the role of turning on the device



Temperature triscerino ( thermal tricocering)
j N L [ L TR [ -

During forward blocking, most of the applied Voltage appears

across reverse biased junction ]2

This voltage across [2, associated with leakage current, would rise
& S

the temperature of this junction
With increase in temperature, width of depletion layer decreases

This further leads to more leakage current and therefore more

j unction temperature

With this cumulative process at some high temperature, depletion
layer of reverse biased junction vanishes and the device gets turned

OIl



nght trlggermg

® For light triggered SCR, a recess is made in the inner p layer

® When this recess is irradiated free charge carriers are

generated just like when gate signal is applied between gate
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and cathode - node
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The pulse of ]ight of appropriate \-'x-m-'elength s guided b}r
optica] fibers for irradiation
If the intensity of this ]ight thrown on the recess exceeds a

certain value, forward biased SCR is turned on
Such a thyristor is known as light activated SCR (LASCR)

[ ASCR may be h*iggered with a ]ight source or with a gate
signa]

Sometimes a combination of both may be used

Light ‘rriggered SCR have now been used in high x’oltage

direct current (HVDC) transmission system



Two transistor analogy

® The principle of th}Tistm‘ operation can be E}{plajned with

the use of its transistor model (or two transistor analogy)

* Two transistor model is obtained b}' bisecting the two middle

layers along the dotted line, in tow separate halves

® Junction J1-]2 and J2-]3 can be considered to constitute pnp

Ellld llPIl transistors SEPH]‘&tEl}'

1:3; L0,
P

n n
Ja 3
Ot P >

ﬂ.| n

» 5
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|
K ) K
EE 305 Power Elec 8/21/2017
(a)l Basic struciure {1 Equivalent circuit



Two transistor analogy

® In the off state of a transistor, collector current Ic is related

to emitter current IE as
¢ Where o is the common base current gain

® [ceois the common base leakage current of collector base

jl]l]CtiDll of a transistor

® For transistor Q1, emitter current [IE= anode current Ia and

[c= collector current Icl

® Therefore for Q1

1

e1 = 01, +1cpo4



* Similarly for transistor Q2

I, = ay1, + Icpp,
® The sum of two collector current is E:.qual to the external
circuit current Ia Enterjng at anode terminal A

Ir] ="rc1+fc2
I, = a1, +1cgo, + a1y + Icpos

® When gate current is applied the Ik=Ia+Ig, by substituting
this
I, =ayl; + Iegor + @5 (Ia + fg)"'fcsaz

_ ay.l; + Icgo1+cs0o
1-(a; +a3)

a



For a silicon transistor, current gain o is very small at low
emitter current

With an increase in emitter current, & build up rapidly

With gate Ig=0 and with thyristor forward biased, (ca + «2)
is very small

Under this condition forward leakage current some what
more than Iesoi Heso2 tlows

[f bv some means the emitter current of two component
transistors can be increased so that o1 + o2 appr{::-achﬁs
unity

As per above equation (equation for [a) Ia tends to become
infinity, thereby turning on the device



Series and parallel connection of SCR

For some industrial applmatmns the demand for 1Dltage and
current ratings is so hmh that a smglﬁ SCR cannot fulfill such
reqmrements

In such cases SCRs are connected in series in order to meet the H. TV

( E?IHEIII{E LIIHI? in F(H'{.’IHEE o meet Thni’ FIIHI] current {ff_’IHCII]ﬂT

For series or parallel connected SCR it should be ensure that
each SCR rating is full}' utilized and the system operation is
satisfactﬂr}'

String E'.ffiCiEIlC‘}' is a term that is used for measuring the
dE-.gTeE-. of utilization of SCRs in a string

string ef ficiency
actual voltage /current rating of the whole string

B lindividual volatge/current rating of oneSCR] [Number of SCR in a string ]



In practice this ratio is less than one

For obtaining highest possible string efficiency, the SCRs
connected in series / parallel string must have identical V-I
characteristics

As SCRs of same ratings and specifications do not have
identical characteristics, unequal voltage/ current sharing is
bound to occur for all SCRs in a string

As a consequence string efficiency can never be equal to one

However unequal voltage/ current sharing by the SCRs in a
string can be minimized to a great extend by using external
equalizing circuits

Even this Equalizing circuits, the efficiency is less than unity



* For a given system if one extra unit is added to the series /
parallel string, the TDI'[EIgE‘. / current shared by each device

would become lower than its normal rating

¢ The use of T{::-ltagﬁ / current shared b}' each device would

become lower than its normal rating

® The use of this extra unit will certajnl}' improve the

reliabﬂit}' of the string th-:::rugh at an increased cost

® A measure of the l‘eliabﬂit}' of the string is given b}' a factor
called DRF — derating factor

* DRF=1- string efficiency



Series operation

A 71, |
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(a) Series connection of thyristors T, and T, (b) V-I characteristics of thyristors T, ond T,



Series operation

When svstem Tcﬂtage is more than the voltage rating of a single
" (. L L Lo
thyristor, SCRs are connected in series in a string

As stated before, these SCRs should have their V-1 characteristics
as close as possible

Consider 2 SCR with their V-I characteristics

For SCR1 leakage resistance is high (=V1/Io)

For SCR2 it is low (V2/Io)

For the same leakage current lo in the series connected SCRs,

SCR1 support rated 1'Dltage whereas SCR2 support TD]tage
V2<V1

Tswvo SCR can support a INaXIn Tﬂltage of V1+V2 and not the
rated blocking voltage 2V1



The string efficiency for two series connected SCRs

VitV 1( N Vg)
v, 2 v,
A uniform voltage distribution in steady state can be achieved by
connecting a suitable resistance across each SCR such that each

paral]el combination has the same resistance

This will require different values of resistance for each SCR which

is a difficult proposition

A more practical wav of {:-btaining a reasonably uniform voltage
. L = L.
distribution during steady state working of series connected SCR
L - L

is to connect the same value of shunt resistance R across each SCR

This shunt resistance R is called the static equalizing circuit



¢ [ et there be ns th}"ristf:}rs in the string

® The off state current of th}Tistﬂr T1 be ID1 and that of other

th}TistGr are Equal such that Ip2= Ip3=Ibn and Ip1<Ip2

® Because th}TistDr T1 has the least off state current T1 shares

}]ighf‘.l‘ volta ge

o [f I1 is the current thmugh the resistor R across T1 and the

current thr{::ugh other resistors are Equal so that I2=I3=In

¢ The off —state current Sl]l‘E'.Eld is

My=I~Ip, =L —L, L+l =1, —Lorl,= I, - Al



The \'Dltage across I11s Vbt = R*I1

° [Ising Kirchhoff's \'{)ltage law
V.=V, + (ns — I)IER = Vpy + (‘n,s — 1)(11 — Alp)R

— VDI + (ﬂs - l)flR - (?15 - 1) RMD
=n,Vp; — (n, — 1RAI,

SDI\'ing above equation for the YDltage Vb1

 Vo+ (n, — DRAI,

n1

n

k3

A derating factor that is normally used to increase the reliability of
the string is defined as the

EE 305 Power Electronics sVDSf_ max 8/21/2017



Parallel operation

* When thyristors are connected in parallel, the load current is
not shared equally due to different in their characteristics

¢ If a thyristor carries more current than that of the others, its
power dissipation increases thereby increasing the junction
temperature and decreasing the internal resistance

® This in turn increases its current sharing and may damage the
thyristor
® This internal runaway may be avoided by having a common

het sink , so that all units operate at same temperature

¢ A small resistance mav be connected in series with each
thyristor to force equal current sharing



¢ But there may be considerable power loss in the series

resistance

* A common appraach for the current sharing of th}"ristcrrs is

to use magnetically coupled inductors

¢ If the current thr::}ugh th}'rist{::-r T1 increases a T{::nltagf. of
opposite pﬂlarit}' can be induced in the winding of thj:rist{::-r
T2 and the impﬁdance thrc}ugh the path of T2 can be

reduced, thereby increasing the current flow through T2

(b) Dynamic current sharing

(a) Static current sharing



Power semiconductor diode

Power semiconductor diode is the “power level” counter part of the

“low power signal diodes”

These power devices, however, are required to carry up to several KA
of current under forward bias condition and block up to several KV

under reverse biased condition.

That is the construction of power diodes arises from the need to make

them suitable for high—voltage and high—current applications.

These extreme requirements call for important structural c.'hanges in a

power diode which significantly atfect their operating characteristics.

The prac.'tical realization and resulting structure of a power diode is

shown



Power semiconductor diode - structure

A Anode metalization
N LT
! \ PN/ Anode

" Epitaxial layer
N (Ngp) (Drift region)

N (Ng) Substr;lta (cathode)
I K Cathode metalization

(c)

Circuit symbol, photograph and cross sectional view of a power

diode



[t consist of hea\’i]}r doped n—+ substrate

On this substrate, a lig]

Now a heavily doped

htly doped n- layer is epitexially grown

pT layer is diffused into n- layer to

form the anode of the |

hower diode

This shows that n- layer is the basic structural feature not

found in signal diodes

The function of n- ]a}-fer is to absorb the depletion ]a}-’er of the

reverse biased pTt n- junction J1

The breakdown Vo]tage needed in a power diode gOVerns the

thickness of n- layer

Greater the breakdown voltage, more the n- layer thickness



® The drawback of n- layer is to add significant ohmic
resistance to the diode when it is conducting a forward

current
® This leads to large power djssipation in the diode

* S0 pl‘OpEl‘ COOHHQ arrangements In large diOdE I*J:ItiHQ;S dI'ec
- . - .

essential

* Circuit symbol of a power diode is same as that of a signal

diode



Power semiconductor diode - Chara.

* Power diode is a two terminal, p-n semiconductor device
® The two terminals of diode are called, anode and cathode
® The two important characteristics of diode are

1) Diode V-I characteristics

2) Diode reverse recovery characteristics



Diode V-I characteristics

When anode is positive w.r.t cathode, diode is said to be

forward biased

With increase of the source voltage Vs from zero value,

initially diode current is zero

From Vs =0 to cut in voltage, the forward diode current is

very small
Cut in voltage is also known as, threshold voltage or turn on voltage

Beyond cut in voltage, the diode current rises rapidly and the

diode is said to conduct



* For silicon diode, the cut in voltage is around 0.7V

® When diode conducts, there is a forward voltage drop of the

order of 0.8to 1V

+ -
H_ H’AK H iF'
I [
| [
i BN
” L - N
A Vl I K
Reverse Break Down Voltage (Vg) /

/’ T e Var

Reverse Saturation Current (Isj




When cathode is positive w.r.t anode, the diode is said to be
reverse biased

In the reverse biased condition a small reverse current called
leakage current of the order of microamperes or mill amperes
flows

The leakage current is almost independent of the Inagnitnde of

reverse x'oltage until this Toltage reaches breakdown Yoltage

At this reverse breakdown, \'oltage remains almost constant but
reverse current becomes quite high, limited only by the external
clrcult resistance

A large reverse breakdown ve]tage, associated with high reverse
current leads to excessive power loss that may destroy the diode



This shows that reverse breakdown of a power diode must be
avoided by operating it below the specitic peak reverse
l*epetitive \-’oltage Vrru

For an ideal diode, the voltage drop across conducting diode
is zero and Vrru is infinite

Diode manufactures also indicate the value of peak inverse
voltage (PIV) of a diode

O
This is the largest reverse voltage to which a diode may be subjected
durin g its I-mr]\-*inq

L .
The power diodes are available with forward current rating

of 1A to several thousands of ampere with reverse \-'oltage

rating of 50V to 5000V or more



Diode reverse recoverv characteristics

After the forward diode current decays to zero, the diode
continues to conduct in the reverse direction because of the
presence of stored charges in the depletion region and the
semiconductor layers

The reverse current tlows for a time called reverse recovery time
trr

The diode regain its blocking Capabilit}-* until reverse Irecovery
current deca}rs to zero

Is defined as the time between the instant ﬂu‘mu‘d diode current becomes
Zero L'Iﬂd Thﬁ’ iIISh‘IHT reverse recoverv current dﬁ’(‘tﬂ-"ﬂ To 250{} Ufl ITS TeVerse

pﬁ'zk value Iru



Trr—.
(a) L¢
0 N
é \-25‘!4| of 1.,
Vf :
(b)
A
Power
(c) loss In
diode
>

Reverse recovery characteristics



The reverse recovery time is composed of two segments time
ta and tb, i.e. trr=ta+tb

Time ta is the time between zero crossing of forward current

i"tlld pERk reverse current Irm

During ta, charge stored in depletion layer is removed

tb- is measured from the instant of reverse peak value Irum to

the instant when 0.25Irm is reached

During tb charge from the semiconductor layer is removed

The shaded

alread I'ETPI'ESEHt the StOI’Ed charge, O reversc

recovery charge Qr which must be removed during the

reverse recovery time trr



The ratio tb/ta is called the softness factor or S - factor

Its usual value is unity and this indicate low oscillatory
reverse recovery process

A diode with S-factor unity is called soft-recovery diode

And a diode with S factor <1 is called snappy recovery diode
or fast recovery diode

The peak inverse current can be expressed as

I tdi
RM = ta g0

1
Qr = EIRMt-rr _ %



® [ftrr=ta

di di 2
Inpe = tpr— L_ 20k
Tt ra T T,

/5
| 20

* With ta=trr, we get

.1j2
di 205 di

Toy = typ— = |—=~| .
dt

e

di
= 204 ()|
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Power semiconductor diode- Types

General purpose diode

@ High reverse recovery time, order of 25 micro sec

® Currentrating from 1A to several thousands of ampere

* Voltage rating — 5V to 5kV

* Application — battery charging, electric traction, electroplating,
welding, UPS etc..

Fast-recovery diode

® Low reverse recovery time of about 5 micro sec

¢ Application — chopper, commutation circuit, SMPS, induction
heating etc. ..

* Current rating from 1A to several thousands of ampere

* Voltage rating — 50V to 3kV



S('hottk}-* diode

Use metal-to-semiconductor junction for rectification

The metal is usually aluminum
[ ow cut in \-’oltage
Higher reverse leakage current

- -
ngher operating frequency
Reverse Vo]tage rating — 100V

. .

Forward current I*ating — 1A to 300A

Applications — hish frequencv instrumentation, switchin
Pl g q - ) g
power supplies



TRIAC

An SCR is a unidirectional device an it can conduct from anode to

cathode 011]}-' and not from cathode to anode
ATRIAC can conduct in both the directions
TRIAC — bidirectional ﬂ_n-‘rfsmr with three terminals

Extensively used for the control of power in ac circuits (residential
lamp dimmers, heater control, speed control of small single phase

series and IM)

The word derived form combing the capital letters from the word

TRIode and AC

When in operation, a TRIAC is equivalent to two SCRs connected in
anti-parallel

The circuit 5}-’111]301 and characteristics are shown



-Vgo
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® As TRIAC can conduct in both the direction, the terms anode

and cathode are not applicable to TRIAC
® Its three terminal are usually designated as
MT1 — Main Terminal 1
MT?2 — Main Terminal 2
G - Gate
® Cross sectional view of TRIAC showing

all the layers and junction is shown

® MTI
LTI
P) oG
N 3 P2
N
Ny Py
SIS ITI SIS TSI IS Y

e MT2

(b)



The gate G is near terminal MT1

The cross hatched strip shows that G is connected to N3 as

well as P2 R
MT1 is connected to P2 and N2 Nﬁ\
P,
MT?2 is connected to P1 and N4 " 9G
/4
N3 P>
Nj
Na Py
VSIS I SIS

o MT2 (b)



® Since TRIAC is a bidirectional device and can have its
terminals at various combinations of +ve and —ve voltages,
there are 4 possible electrode potential combinations as given
below

1)y MT2 is +ve wr.t MT1, G +ve w.r.t MT1
2) MT2 is +ve wr.t MT1, G -ve w.r.t MT1
3) MT2 is -ve w.r.t MT1, G -ve w.r.t MT1
4) MT2 is -ve wr.t MT1, G +ve wr.t MT1
* Trigeering sensitivity is highest — for combination 1 &3

¢ For bidirectional control and uniform gate trigger — 2 &3
used

® 4 ysually avoided



Mode — 1(MT2is +ve w.r.t MT1, G +ve w.r.t MT1)
®* When MT2 is +ve w.r.t MT1 — junction PIN1, P2N2 are

forward biased

* Junction N1P2 reverse biased G - f‘”}l
® When Gis +ve wr.t MT1- .
gate current flows mainly through P2N2 I;\»// N;

® When gate current has injected sufficient P>
charges into P2 layer, reverse biased junction N; A
N1P2 breaks down
* Asaresult TRIAC starts conducting through - :
s
PIN1P2N?2

MT2
* TRIAC operates in the first quadrant (+)



Mode — 2 (MT2 s +ve w.r.t MT1, G -ve w.r.t MT1)

® When Gis—ve wr.t MT1, gate current flows through P2N3
* N1P2 — forward biased

* Conduction through — PINTP2N3
¢ With the above conduction,

Voltage drop across this path falls

but P2N3 rises towards MT?2
* A potential gradient exist across P2 . |
* Left hand region become higher potential P,
than right hand region SI LI 11411777447777

* Current (shown in dotted line) established MT2
(+)



As a result 1*ight hand portion PIN1P2N?2 begins to conduct

The device structure PIN1P2N3 l*egarded as — pilot SCR
PIN1P2N2- main SCR
Device with MT2 +ve and G —ve is less sensitive

Theretore more gate current s I'E:qul‘E:d



Mode 3 (MT2 1s -ve w.r.t MT1, G -ve w.r.t MT1)

® N3actas aremote gate Fi.
® Gate current tlows from — P2 to N3 ?I—T)l
* Reverse biased junction — N1P1 is broken %fm ” Zz
* Finally P2ANTP1N4 is turned on completely - P,
® Operation is in 3rd quadrant Niy
® Device is more sensitive under this condition Py
N, ¥
(L LSS LSS LSS LSS LSS L7

MT2
(-)



Mode 4 (MT2 is -ve w.r.t MT1, G tve w.r.t MT1)

* Gate current forward biases junction — P2N2

* N2 inject electrons into P2 layer (shown by dotted arrows)

* Asaresult reverse biased junction
N1P1 breaks down

® The structure P2N1P1N4 is completely

turned on
¢ Current after turn on is limited b}r N Y
external load
Py
¢ Device is less sensitive
N, ¥
= Operation is in 34 Cluadl“allt A Al
MT2

EE 205 Power Electronics ( -)



GTO (Gate Turn Off thyristor)

Conventional thyristor (CTs) are nearly ideal switches for

their use in power electronic application
These can be easily turned on by positive gate current
Once in the on state, gate loses control

CTs can now be turned off by expensive and bulky

commutation circultry

This shortcoming of th}Tistors limit their use up to about

1KHz applications

These drawbacks in th}rristors has led to the dex-*elopment of

GTOs



GTO is a more versatile power semiconductor device
[ike a CT but with added features in it

Can be easily turned off by a —ve gate pulse of appropriate

amplitude

GTO - pnpn device that can be turned on b}-’ a +ve 94

gate current and turned off by a —ve gate current at

its gate cathode terminal

Self turn off capabﬂit}-’ of GTO makes it the most G

suitable device for inverter and chopper circuit oK



® pn pn three terminal device with Anode (A) cathode (K) and
gate ()

* Four la}rers are —pTnpt nt

® Anode is made up of n+ type dittused into p+ layer

® anode shorted GTO and buffer layer GTO structure shown

below Anode
Z +— Contact —> PZZZZZZZZZZZZ]

P o |p |n|p . > D
Anode e 1
Shm“[.——T Butter _
n Laver 2

Ja >
T, P

T | B2 % T
Ge Ge
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GTO - Turn on process

* Turned on by applying a +ve gate current
” v - o

* As GTO is forward biased, regeneration process starts as in a

CT

* Current gains, o1, (2 begins to rise

* When od + o2 = 1, saturation level is reached and GTO is

turned on

® The anode current Ia is then limited b}-’ load impedance



GTO - Turn off process

Two transistor model is analyzed for understanding the turn

off process in a GTO A
[c2 =[B2.1B2 T
p+
Icl = Bl . IBl o1 n Ins
Ic1 =o0a. lE1 D+
Ic2 =02 . 1E2 \/ Y
As stated above, for initiating the fe: n
) - G IQ> kz
turn off process in GTO a —ve * . Q2
: - n+
gate current 1s apphed ACTOSS gate L

cathode terminal



* Now KCL at node M gives,
[c1-Ig’-IB2=0
[B2=TIci-Ig’'=aa.. la - Ig)

la = latlc
[co=la-Ia = (1-0a ) . Ia e n
A1t e , ] e e
® When saturation in Q2 has occurred STw T TN @
[e2= (Ic2/[32) o
* For initiating the turn off process, K

Q2 must be brought out of saturation

¢ This can be accomp]ished Olﬂ}-’ if IB2 is made less than [c2/ [32



* When Ip2 < (Ic2/B2), Q2 would shift to active region and
regenerative action would eventuaﬂy turn off the GTO

® The turn off gain is defined as the ratio of anode current Ila to

gate current Ig’ needed to turn off the GTO
* Turn — off gain Boff = Ia/ Ig’ = a2/(a1+02-1)

[urn 0 ff action '?f GI0O

AS

¢ [a=Jk and Ig’ more than Ik

¢ When —ve gate current Ig’ flows between gate — cathode

terminals net base current (IB2- Ig’) is reversed

® Excess carriers are drawn from base p+ region of Q2 and
collector current IC1 of Q1 is diverted into the external gate
circult



® This remove base drive of transistor Q2
® This turther removes base current Isi of transistor Q1

¢ And the GTO is ex--'entuaﬂy turned off

® Low value of negative gate current requires, low value of oa

and high value of a2 A
Ia
p+
Q1 -
p+
Wi
N\ :
ICl n
G Igf 2
< v L - Q2
n+
I
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Applications of GTO

* High performance drive system such as field oriented control

scheme used in rolling mills, robotics and machine tools
® Traction purpose because of their lighter weight
* Adjustable frequency inverter drives

® at present GTO with ratings up to 5000 V and 3000 A are

available



IGBT

Developed b}r cmnbining the best qualities of both BJT and
MOSFET

Thus an IGBT posses high input illlpedmlce like MOSFET

and has low on state power loss as in B]T

Free from secondary breakdown problem

Also known as
Metal Oxide Insulated Gate Transistor (MOSIGT)
Conductively Modulated Field Effect Transistor (COMFET)
Gain Modulated FET (GEMFET)
Insulted Gate Transistor (IGT)



(a)

Circuit symbol of an IGBT.
(a) Circuit symbol.
(b) Photograph.



Basic structure of an IGBT

0 gate

emitter

J. - Unique feature of IGBT collector
: Buffer layer

Parasitic thyristor — (not essential)




Body region and emitter is shorted to minimize possible turn
on of the thyristor.

nt+ buffer layer is between P+ and n- drift layer, is not
essential for the operation of the IGBT.

(IGBT with buffer layer is called punch- through type, PT-
IGBT’s and without buffer layer is called non-punch through

type, NPT- IGBT’s )

Buffer ]a}rer improves the operation of IGBT.



Bloc*king state ol)eration

Blocking (Off) State Operation of IGBT

0 gate
H E emitter I*
510} i
Fa
j3
JE
J. - Unigue feature of IGBT collector Buffer layer
1 (not essential)

—Parasitic thyristor

* Blocking state operation - Vgg < VgE(th)



A})p]ied Collector emitter Yoltage is dropped across junction

J2 and only very small leakage current flows.

Depletion region of the J2 junction extends principally into
the n- drift region ( since P type body region is more doped

than n- drift region)

Thickness of drift region is large enough to accommodate
depletion layer so that depletion layer boundary does not
touch P+ layer. So it can block reverse voltage ( magnitude

same as forward voltage)

This type of IGBT is known as spmnetrical IGBT or non-
punch through IGBT.



This reverse voltage blocking capability is useful in some ac

circuit app]ications.

It thickness of drift region is reduced , depletion layer may

touch P+ .To avoid that we keep a butfer layer, n+ layer.

This type of structure is called anti symmetric or punch

through IGBT .

Shorter drift region means lower on-state losses.

Presence of buffer layer reverse voltage capability quite low.



On state ol)eration

® Gate — emitter voltage increases to more than threshold
value , an inversion layer is formed beneath the gate of IGBT.

® This inversion layer shorts the n- drift region to the n+
source region exactly as in the MOSFET.

® An electron current flows through this inversion layer which
in turn causes substantial hole injection from the P+ drain

contact layer in to n- drift region as shown in figure.

® The injected holes move across the drift region by both drift
and diffusion, taking a variety of path, and reach the p type
body region that surrounds the n+ source region.



As soon as the holes are in the p type body region, their space
charge attracts electrons from the emitter metallization that
contacts the body region, and the excess holes are quickly

recombined.

Vo

1
_ L‘; & E O Ermtier
E O Emitter Ga Metal

vt e eas =i e S

+ nt l n* nt n*
¥ ’ I3
Load I3 Body region
. K P
12
}2 ;3 i'Drlﬂ loyer
. _ - n—
n
Voo = i a1 o
Injection toy
pt substrate [ f pt :S

Current path/ MMetat -
Cj‘ cmlectur : _ | g




Comparison of IGBT with MOSFET

IGBT MOSFET

® Three terminal «called, ® Three terminal called,
gate, emitter and collector gate, source and drain

¢ High input impedance * High input impedance

* Voltage controlled device * Voltage controlled device

® Can designed for higher  ® On state voltage drop and
voltage rating than losses rises rapidly than
PMOSFET IGBT with rise in

temp erature



Comparison between GTO and Thyristor

Dimdmzm'zqes

Macmltude of latchmﬂ and
holdmcr current is more

On state Voltage drop and

associated loss is more

Tri ggermg gate current

requlred is hlgh
Gate drive circuit losses are
more

Reverse Voltacre loc]\mcr
Capablhtv is less than forward

volta,ge bloc]\mg Cdpdblllt}-’

4-4c11'¢'111r¢'zé;£35

Faster switching speed

Surge current capabilit}r is
comparable with an SCR

More di/dt rating at turn on

GTO

has low size and welcrht

circuit Conflcrumtlon

ngher efﬂcmnc:}f

Reduced

electromagnetic noise due to
L

acoustical and

elimination of commutation

chokes



Power MOSFET - Comparison with BJT

BJT

Bipolar

Input impedance low
Higher switching losses
Current controlled device
-ve temperature coefficient

Hot spot and secondar}-'

breakdown occur in B] T

Available with rating up to

1200V, 800 A

MOSFET

Uni-polar device
High input impedance

[Lower switching losses and
conduction losses

Volta,ge controlled device
+ve temperature coefficient

Secondar}r breakdown does
not occur

ngh V()l'ta,g_e I“at‘[mg_.r more
conduction loss

500V, 140 A



CONVERSION

FROMTO NAME FUNCTION SYMBOL

DC to DC Chopper Constant to variable DC or

variable to constant DC
DC to AC Inverter DC to AC of desired voltage and
frequency
AC to DC Rectifier AC to unipolar (DC) current V‘
Cycloconverter,
AC to AC AC-PAC, AC of desired frequency and/or
Matrix magntude from generally line
converter AC




MODULE- Il



Gate triggering circuits — R, RC, UJT triggering circuits
— natural and forced commutation (concept only).
Requirements of isolation and synchronization in gate drive

circuits- Opto and pulse transformer based isolation.

Controlled rectifiers — halt-wave controlled rectitier with
R load — 1-phase tully controlled bridge rectifier with R, RL
and RLE loads (continuous & discontinuous conduction) —
output voltage equation — 1- phase halt controlled bridge
rectifier with R, RL and RLE loads — displacement power

factor — distortion factor.



Gate triggering circuits

* An SCR can be switched from off-state to on-state in several Ways

. Forward Veltage triggering

2. dv/dt triggering

3. Temperature triggering
4. Light triggering

5. Gate triggering

¢ The instant of turning on the SCR cannot be controlled b}f first
three methods

* Light triggering used in some applieations espeeiallv in series
L LN o 4
connected string

* Gate triggering — most common method, efficient and reliable

.



Main features of firing circuits

® (Gate control circuit is also called firing or triggering circuit

* Gate circuits are usually low power electronics circuits

Shielded ‘ | ‘ |
[
cables Pulse J\ I\ SCR

AC Oy Pulse [U1 Pulse | transformer |
lgput | generator amplifier .
|— T LA S : Pulse
T > | transformer_
DC power . .
supply Pulse . SCR
— / g transformer
Vi = "
Control circuit R v 7\ v—"

Driver- circuit Power circuit



Main features of firing circuits

e A firing circuit should fulfill the following two functions

“If power circuit has more than one SCR, the firing circuit
should produce gating pulses for each SCR at the desired

instant for proper operation of the power circuit

** The control signal generated b}f a firing circuit may not be
able to turn on an SCR. It is therefore common to feed the
x-’oltage pulse to a driver circuit and then to a gate cathode

circult



R triggering circuit (Resistance triggering)

* Simplest and most economical
* Suffer from a limited range of firing angle control (0 to 90°)

® R? - variable resistance

= Vo 1
® R — stabilizino resistance i [LoAD | ;
: g resistance _

® In case R2=0, gate current

may flow from source,
‘rrough load, R1, D and gate @ ve= Vm Sin wt

to cathode




R triggering circuit

(Resistance triggering)

This current should not exceed maximum permissible gate

current Ignl

R1 therefore found from the relation
V V.,
= <I,, OrR =—
Hl Igm

Function of R1 is to limit the gate current to a safe value as

R2 is varied

Resistance R should have a value such that maximum \-’oltage

drop across 1t does not exceed maximum possible gate

Voltage Vgnl




This can happen only when R2 is zero

Under this condition
Vin

——— R<V
R, + R gm

As resistance R1, R2 are large, gate trigger circuit draws a
- - M

small current

Diode D allows the flow of current during positive half cycle

only

The amplitude of this dc pulse can be controlled b}-’ varying
R2



The potentiometer setting R2 determines the gate Voltage
amplitude

When R2 is ]arge current 1 is small and the \’oltage aACTOSS

R,vg=i.R is also small
AsVgp is less than Vgt, SCR will not turn on

Therefore load voltage vo=0, i0=0 and supply voltage appear

across SCR

Trigger circuit consist of resistance only, therefore vg is in
phase with source voltage vs

R2 is adjusted such that Vgp=Vgt, this gives the value of
firing angle as 90



R triggering circuit (Resistance triggering)

v*

SH'J,“SIHUH V,_."f !-F-F e
: 1 :I :.I :' I 1 "': |

iy g
- A ;
\/ wt



® The same circuit also is app]icab]e for TRIAC.

® However, diode D1 has to be removed such that a trigger
signal will be available at the gate terminal during both half-

cycles.

® Because the gate of a TRIAC is not equally sensitive in all four
of its modes of switching, o and hence vo are usually
different in the positive and negative half-cycles of the supply

Yoltage.



RC triggering circuit

® The limited range of firing angle control b}r resistance firing

circuit can be overcome by RC firing circuit
® Several variations of RC trigger circuits are available
® In these cases the range of o is extendable beyond 90.
RC half wave triggering circuit

® By varying the value R, firing angle can be controlled from 0

to 180

® [n the —ve half C}rcle capacitor C charges through D2 with
lower plate +ve to the peak suppl}-’ \--'oltage Vm at wt=-90

* After wt=-90, source voltage Vs decreasing from —Vm at
wt=-90 to zero at wWt=0



D2







During this period capacitor voltage may fall from -Vm to
some small value -oa

Now the charging of the capacitor (with upper plate positive)
takes place through R and the charging rate depends on the
time-period RC.

When capacitor charges to +ve voltage equal to VGT ,
conduction of the SCR takes place.

After this capacitor holds a small +ve Vo]tage

Diode D1 used to prevent the breakdown of cathode to gate

junction through D2 during the —ve C}-’C]E



where the angular frequency of ac mains wt= 2Tt/T.

13T 4

RC>—"—=—
2 w

The value of R is chosen such that the l*equired [ct and Ver

are supplied to the gate terminal:

Ve = Vge — vg

I;¢

R <

Where v is the voltage at the switching instant of thyristor

and vp is forward \-’oltage drop of diode D1



RC Full wave triggering clrcuit




Vi sinwt




Diode D1-D4 form a full — wave diode bridge
When capacitor charges to a voltage equal to Vgt, SCR

triggers and rectitied voltage Vd appears across load as Vo
N .

The value of RC can be calculated b}-’

r 157
RC =250.—=—

R is given by
o -




UJT triggering circuit

Resistance and RC triggering circuits described above gives

prolonged pulses
AS a result power dissipation 1n the cate circuit i1s laroe
A ltI d pat tl gat tisl g

At the same time, R and RC triggering circuits cannot be
used for automatic or feedback control system

These difficulties can be overcome b}-* use of UJT triggering
circuits
An UJT is made up of an n-type silicon base to which p-type

emitter is embedded

The n-type base is slightl}-* doped whereas p-type is hea\-’il}-’
doped



Eta-peint




The two ohmic contacts provided at each end are called base-one

B1 and base-two B2

So an UJT is a three terminal device emitter, base one and base

two

The emitter terminal divides the inter base resistance (VBB) into

two parts (say, RB1 and RB2).

It a dc biasing voltage (VBB) is applied across the base terminals,

the voltage in N-type material near emitter terminal (k) is given

by

- Rpg
Vin = - =nV
" Ru+Rn

where n is called the intrinsic-standott ratio of UJT and its value is

less than unity (typical value varies between 0.5 and 0.85).



* The U]JT is highly efficient switch; its switching time is in the

range of nanoseconds

* Since UJT exhibit negative resistance characteristics, it can

be used as a relaxation oscillator
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Fig. 4.72. UJT oscillator (a) Connection diagram and (b) Voltage waveforms.



The external resistance R1 and R2 are small in comparison
with the internal resistances RB1 and RB?2

The charging resistance R should be such that its load line
intersect the device characteristics only in the —ve resistance
region

When source voltage VBB is applied, capacitor C begins to
charge through R exponentially towards VBB

The time constant of the charge circuit is

71 = RC

When this emitter voltage reaches peak-point voltage Vp, the

uni-junction between E-B1 breaks down



® As aresult, UJT turns on and capacitor C rapidly discharges

through low resistance R1 with a time constant

Tz — Rlc

® When emitter voltage decays to the valley-point voltage Vv,
emitter current falls below Iv and UJT turns off

® Thetime T l*equjred for the capacitor C to charge from initial
Voltage Vv to peak-point \-’oltage Vp through large resistance

R can be obtained as

T
V, = nVss + Vp = V, + Vgg (1 — e~ /RC)






The charging of the capacitor starts from each zero crossover

instant only.

The first pulse in each half-cycle that triggers the thyristor is
synchronized with v, and therefore & becomes equal in each

cycle.

By controlling R, the time period of oscillator (7), or the
delay period of the first pulse (T), & can be adjusted.

The UJT trigger circuit may also be energized from a
e - L.

separate transtformer (for biasing) and the same performance

can be achieved.



Natural and forced commutation

e A thvrlstor can be turned ON b1 apph ing a positive 101'[.-106 of
about a volt or a current of a few tens of mllhamps at the crate-
cathode terminals.

®* However, the amphﬁ ing gain of this regenerative device bemcr in
the order of the 10”8, the SCR cannot be turned OFF via the crate

terminal.

e It will turn-oft 0111}? after the anode current is annulled either
naturall}-* or using torced commutation tec:hniques.

¢ These methods of turn-off do not refer to those cases where the
anode current is crra,dualh reduced below Holdmcr Current level
manualh or throucrh a slow process.

® Once the SCR is turned ON, it remains ON even after removal of
the gate signal, as long as a minimum current, the Holding
Current, Ih, is maintained in the main or rectifier circuit.



Natural and forced commutation

Turn off d}rnamics of SCR




In all practical cases, a negative current tlows through the device.

This current returns to zero only after the reverse recovery time
trr, when the SCR is said to have regained its reverse blocking
capability.

The device can block a forward voltage only after a further tfr, the

forward recovery time has elapsed.

Consequently, the SCR must continue to be reverse-biased for a

minimum of tfr + trr = tq, the rated turn-oft time of the device.

The external circuit must therefore reverse bias the SCR for a
time totf > tq. Subsequently, the reapplied forward bieming voltage

must rise at a dv/dt < dv/dt (reapplied) rated.



® SCRs have turn-oft times rated between 8 - 50 Lisecs.

® The faster ones are populaﬂ}r known as 'Inverter grade'

and the slower ones as 'Converter grade' SCRs.

® The latter are available at higher current levels while the

faster ones are expectedl}r costlier



The six distinct classes by which the SCR can be turned off are:

® Class A Self commutated by a resonating load

® Class B Self commutated by an L-C circuit

® (Class C C or L-C switched by another load carrying SCR
® Class D C or L-C switched by an auxiliary SCR

® Class E An external pulse source for commutation

® Class F AC line commutation




Class A Commutation:
Load commutation
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R is load resistance
For low values of R, - R, L and C can be connected in series
For high values of R — L and R are connected in parallel

Essential requirement for both the circuit — overall circuit must be
Lmder-damped

When energized from dc source, current builds up like sinusoidal
wave form

Current first rises to maximum value and then decreases

When current decays to zero and tends to reverse, SCR T is
turned off

Possible only in dc circuit

Also called - resonant commutation, self commutation or load
commutation



Class B: Resonant pulse commutation

Y, e 1 v, []Lnud




Source Yoltage Vs charges capacitor C to \*o]t:a,ge Vs with left

hand plate +ve

Main thyristor as well as auxiliary thyristor are off

When T1 is turned on at t=0, constant current lo is is
established in the load circuit

Up till time t1;ic=0, ve=Vs,io=lo iT1=Io

For initiating the commutation of main thyristor T1, auxiliary
thyristor TA is gated at t=t1

With TA on, a resonant current ic begins to flow from C

through TA, L and back to C



C
. = —WV Isinmﬂt

-ve sign is due to the fact that, this current tlows opposite to the

reference +ve direction chosen for ic

Attl:ic=0, vce=-Vsand iT1=Io

Just after t2, ic tends to reverse , TA is turned oft at t2
With vc=-Vs, right hand plate has +ve polarity

Resonant current ic now builds up through C,L,DandT1

As this current ic grows opposite to forward thyristor current of

T1, net forward current iT1=Io-ic begins to decrease

Finally when ic in the reversed direction attains the value Io,
forward current in T1 is reduced to zero and the device T1 is

turned off at t3



Class C, C or L-C switched by another
load-carrying SCR




This configuration has two SCRs.
One of them may be the main SCR and the other auxiliary.
Both may be load current carrying main SCRs.

The configuration may have four SCRs with the load across
the capacitor, with the integral converter supplied from a
current source.

Assume SCR?is conducting. C then charges up in the polarity
shown.

When SCR!is triggered, C is switched across SCR?via SCR!
and the discharge current of C opposes the flow of load
current in SCR?Z.



Class D, L-C or C switched by an
auxiliary SCR

SCR 3

o= o H




Class C can be converted to Class D if the load current is
carried by only one of the SCR’s, the other acting as an
auxiliary turn-off SCR.

The auxiliary SCR would have a resistor in its anode lead of

say ten times the load resistance.

SCRA must be triggered first in order to charge the upper
terminal of the capacitor as positive.

As soon as C is charged to the supply voltage, SCRA will
turn off.



It there is substantial inductance in the input lines, the capacitor

may charge to voltages in excess of the supph' voltage.
- L L o L

This extra Toltage would discharge through the diode-inductor-

load circuit.

When SCRM is U‘iggered the current tlows in two pa,ths: [ oad

current tlows through the load and the commutating current tlows

through C- SCRM -L-D network.
The charge on C is reversed and held at that level b}' the diode D.

When SCRA is re—triggered, the Toltage across C appears across

SCRM via SCRA and SCRM is turned off.



Class E - External pulse commutation
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A pulse of current is obtained from a separate 1'oltage source to
turn off the conducting SCR

The peak value of the current pulse must be more than the load
current

Vs is the voltage of main source and V1 is the voltage of auxiliary
supply

Thyristor T1 is conducting and load is connected to Vs

When T3 is turned on, V1,T3, L and C form an auxiliary circuit

Therefore C is charged to a voltage +2Vland auxiliary current
falls to zero T3 gets commutated

For turning oft T1,T2 is turned on

With T2 on, T1 is subjected to a reverse t'oltage, Vs-2V1and T1 is
therefore turned off

After T1 turned off, capacitor discharges through load



| Class F : Line commutation




Can occur Ollh'r \-"Vh&l’l source 1s ac

When SCR is energized from ac source, current has to pass

through its natural zero at the end of every +ve half cycle
Then ac source apply a reverse x’o]tage across SCR
automatically

As a result SCR turned off

This is called natural commutation, because no external

circuit is employed to turn off the thyristor



Optocouplers

* Consist of a light emitting diode (LED), the output transistor

and a built in schmitt trigger

o A +ve signal from the control 10gic causes the LED to emit
1ight that is focused on the opticaﬂ}r sensitive base region of a

photo transistor Vi,

o Isalated
de supply

Light-emitting E T Input te

o y dinde O remainder of isolated
! drive circuit
Signal from . ¥ LWL . -
cartrol I{IEI[: w
Fowier switch
/ O reference node
= Photo-transistor o {emiter or saurce)
Control logic

ground



The light talling on the base region generate a signitficant number
L L L b L

of electron hole pair in the base region that causes the photo

transistor to turn on

The resulting drop in 1'oltage at the photo transistor collector
causes the schmitt trigger to change state
[ b

The output of the schmitt trigger is the optocoupler output and
can be used as the control input to the isolated drive circuit

The capacitance between LED and the base of the receiving
transistor within the optocoupler should be as small as possible to
avoid retriggering at both turn on and turn off of the power
transistor due to the jump in the potential between the power
transistor emitter reference point and the ground of the control
electronics



® To reduce this problem optocoup]ers with electrical shield

between the LED and the receiver transistor should be used

® As an alternative, fiber optic cables can be used to completely
eliminate this retriggering problem and to provide very high
M . * L

electrical isolation and creepage distance

® When using fiber optic cables, the LED is kept on the printed
circuit board of the control electronics, and the optical fiber
transmits the signal to the receiver transistor which is put on

the drive circuit printed circuit board



Pulse transformer

® Instead of using optocouplers or fiber optic cables, the

control signal can be coupled to the electricaﬂ}-' isolated drive

circuit by means of a transformer

Input to remamder

| of isolated drive
- -
Logic level ’
control crcuils
i )
| Fower switch reference
r _I_ o node (BJT emitter,
— MOSFET source)
Logic ground
l'ﬂ- #
Fast signal [nput 10 =edated
QOscillator . X
Signal dwodes dnve circuit
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® If the Sﬁ-*itching frequency is high and the duty ratio D varies
only slightly around 0.5, a baseband control signal of
appropriate magnitude can be applied directly to the primary
of a relatively small and light weight pulse transtormer as in
(a)

* And the secondary output can be used to either directly drive
the power switch or used as the input to an isolated drive
circult

® As the switching frequency is decreased below the tens of
kilohertz range, a baseband control signal directly applied to
the transtormer primary becomes impractical because the
size and \-—'x-*eight of the transformer becomes increasingl}r

]arger



Modulation of a high frequency carrier by a low frequency
control signal enables a small high frequency pulse
transformer to be used for even low frequency control signal

In fig.b. the control signa] modulates a high frequency
oscillator output before being app]ied to the primary of a

high frequenc}r sigm] transformer

Since a high frequency transformer can be made quite small,
it is easy to avoid stray capacitance between the input and
output winding and the transtormer will be inexpensive

The transtormer secondary output is rectified and filtered

and then applied to the comparator and the rest of the

1solated drive circuit



Controlled rectifiers -

Principles of phase control

the firing angle may defined as the angle between the instant
th}-'ristor would conduct if it were a diode and the instant it is

‘rriggered

[s measured form the angle that gives the largest average

output \--'oltage or the highest load Voltage

[t is also defined as the angle measured from the instant that

gives the largest output \--'oltage to the instant it is triggeret.

Angle measured from the instant SCR gets forward biased to

the instant it is ‘rriggered



Single phase half controlled

Sing:.e phase half controlled rectifier with R load

Sing:.e phase half controlled rectifier with R L load

Sing:.e phase half controll

freewheeling diode

led rectifier with R L load and

Single phase half controlled rectifier with R L E load

Single phase half controll

freet-vheeling diode

ed rectifier with R L E load and



Single phase full controlled

Single phase full controlled rectifier with R load

Single phase full controlled rectifier with R L load (Continues
conduction)

Single phase tull controlled rectifier with R L load (Discontinues
conduction)

Smcrle phase full controlled rectifier with R L load and
ﬁ”E‘E“ﬁ heelmcr diode

Single phase full controlled rectifier with R L E load (Continues
conduction)

Single phase full controlled rectitier with R L E load (Discontinues
conduction)

Smcrle phase full controlled rectifier with R L E load and
ﬁ’eeu heelmcr diode



Single phase semi converter

Single phase semi-converter with R load

Single phase semi-converter with R L load (Continues
conduction)

Single phase semi-converter with R L load (Discontinues
conduction)

Single phase semi-converter with R L load and ﬁ’eewheeling diode

Single phase semi-converter with R L E load (Continues
conduction)

Single phase semi-converter with R L E load (Discontinues
conduction)

Single phase semi-converter with R L E load and freewheeling

diode



Single phase half wave circuit with R
load

® The source voltage is Vs = Vin Sinwt

® An SCR can conduct only when anode voltage is +ve and a gate
signal is applied

* At some delay angle &, a +ve gate signal applied between gate and
cathode turns on the SCR

* Immediately full supply voltage is applied across the load

* At the instant of angle o, Vo rises from zero to V, sinwt

® Thyristor remains on from wt=o to T, (2T+) to 3T etc...

® During this interval voltage across thyristor =0

* [isoff from T to (2TTT ), 3T to (4T T+ Q) etc..

® During this interval xoltaﬁe aACT 0SS thwlstor has the wave shape of
511])])11 noltacre



Single phase half wave circuit with R
load

..+. .‘
Ty, L T .
0
V,=
v,

v2v, sin ot
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(a) '

:

(a) Circuit diagram
(b) Waveforms
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Fig. 10.1: Single phase fully controlled half wave rectifier supplying a resistive load



Single phase half wave circuit with R
load

It may be observed that v, = v, + v,

As the thyristor is reverse biased for w radians, circuit turn of f time

3
,Where w = 2nf and f is the supply frequency

tc=5

Average voltage across load R is given by

V= 1fnv inwt. d( t)—V’" 1+
°_27ra ' Sinwt. d(w _Zn( COS @)

The maximumvalue of average output voltage occurs ata =0

V. Vv

m I o.m
= — 2 =— O i ) i
- > 2 Also,V, > (1+ cos a)



Sin
loa

le phase half wave circuit with R

g

Q.

Average load current, [, =

[

® R.m.s. value of Voltage is given by

1 T /2.
V, = l— f szsinzwt.d(wt)]

27
1,

= %[(}T —a)+ %sin 2:1:]

® The value of r-m.s current is

V.

or

R

Iar =



® Power delivered to resistive load = (rms load voltage)(rms

load current) _, , _ Vor” _ [ 2R
or-or R or

® Input volt amperes = (rms source voltage) (total rms line

current) V.22 1 '/
=V, =— \/_[(?I— @) + = sin 20:]
2RVT 2

* Input power factor

_ power delivered totheload VI, V,,

input VA WL, W
1fr2

1 1
pf = E[(ﬂ—af) +§sm2a:]



Single phase half wave circuit with RL
load

p Ot
v, = 2y, sin ot <~

(a) Circuit diagram _/\ ” N
(b) Waveforms | ol

Fig. 10.2: Single phase fully controlled half wave rectifier supplying a resistive inductive load




At wt=a thyristor is turned on by gate signal
The load t'oltage Vo at once become equal to the source I'OItage Vs

But the inductance L forced the load, or output current io to rise
oradually
g )
After some time io reaches maximum value and then begin to

decrease

At wt=m, Vo is zero but io is not zero because of the load
inductance

After wt=m, SCR is subjected to reverse anode Yoltage but it will
not be turned off as load current io is not less than holding current

At some angle B}TE, io reduces to zero and SCR is turned off as it
is already reverse biased



After U)t=B , vo=0 and i0=0
At wt=2T+«, SCR is triggered again, vo is applied to the

load and load current develops as before

Angle is called the extinction angle and is called the

conduction angle
2m—
(1]

The Voltage equation for the circuit when'T is on

The circuit turn oft time ¢, =

_ ‘ di
V. sinwt=Ri, + L—
dt



0 A\--'erage load \-’oltage

1 (F %
V, = ) V. sinwt.d(wt) = ﬁ (cosa@ — cos B)

o A\--'erage load current

v,
I, = ﬁ(cosa — cos fB)

® Rms load \--'oltage

1 (F 72
Vv, = [—f szsinzmt.d(mt}]
21 J,

1/2
- %[(ﬁ —a) — % {sin2p —sin 2{}:}]



Single phase half wave circuit with RL
load and freewheeling diode

Single phase Half wave Control with /\ ‘/\I ”
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The wavetorm of load current io can be improved by connecting a
freewheeling diode across the load

A freewheeling diode is also called bypass diode or commutating

diode

At wt=0, source Yoltage becoming +ve

At some delay angle o, forward biased SCR is triggered and
source voltage Vs appears across the load as Vo

At Wt=T, source voltage Vs=0, and just after this instant as Vs
tends to reverse freewheeling diode FD is forward biased through

the conducting SCR

As a result load current io is immediately transterred from SCR
to FD as Vs tends to reverse



At the same time SCR is subjected to reverse \’o]tage and

zero current, it is therefore turned oft at wt=1

[t is assumed that during freewheeling period, load current

does not deca}rs to zero until the SCR is h‘iggered again at
(2T+)

Voltage drop across FD is taken as almost zero, the load

Voltage vo 1s therefore zero during the freewheeling period
SCR is reverse biased from wt=1m to wt=2T1T

Therefore circuit turn off time



Operation of the circuit can be explained in two modes

First mode — conduction mode

SCR conduct from o to 1, 21+ to 37 and so on and FD is
reverse biased

The duration of this mode is for [(Tt-ot)/ w] sec

For conduction mode the \-'oltage equation be
di,

V.,sinwt=Ri, +L It

Mode 11 —hﬁ'eerrhee]ing mode
[l to 2T+, 3T to 4T+ etc...

In this mode SCR is reverse biased from Il to 27T, 3TT to 4Tt
etc...




As the load current is assume continues, FD conducts from [1
to 2T+, 3T to 4T+ etc... and so on

The \--'Oltage equation for this mode

0—ri +1%e
— o dt

Average load voltage is given by
. L L. -

L . Vi
A = ) V.. sin wt.d(wt) =ﬂ(1+cnsaj

A&ferage load current

[ = Ym gy
“_R_ZHR( Cos @)




The advantages of using FD are
. L
¢ Input pf is improved
® | oad current waveform is improved
¢ | oad performance is better

® As energy is stored in the inductor L is transferred to R

during the freewheeling period overall converter efficiency

11m proves



Single phase half wave circuit with RLE load

Vin sin wt .
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The counter emtf in the load may be due to battery or dc
motor

The minimum value of firing angle is obtained form the

relation V. sinwt = E i
.. — ain—1
This is occur at an angle 6, =sin ( / Vm)

In case thyristor T is fired at an angle <01, then E>Vs, SCR
is reverse biased and therefore it will not turn on

Similarly maximum value of firing angle is O2=m-01

During the interval load current is zero and load Voltage

VO=L

And during the time io not zero, vo follows vs



_ _ di,
o Voltage equation Vmsinwt = Ri, + L—=+ £

@ 1 (P

V, =5 V.sinwt.d(wt) + EQu+a—f)
H &

= %[Vm(cosa —cosB)+ EQu+a— )]

1
® Average load current [, = — [V..(cosa + cos B,) — E(m — (6, + a))]
1L



Single phase fully controlled bridge
rectifier with R load

v, = ¥
Vo sin oo\ l Vo




® The output \--'oltage waveform for a controlled full-wave

rectifier with a resistive load is shown in Fig.

® The average component of this waveform is determined from

i[]
J.

I J

If;?z—/l-;? sin (wf) d(wf) =—(1 + cos a)

T, 0
L4 ]

¢ A\ferage output current

A
IG:Ej:ﬂ—';'E{I + cos o)

® Rms value of output \--'oltage

1 T 1/2 V 2 lfz
v, = [—f szsinzwt.d(wt)] = lzl (Tt — a) + (1 + cos 2a)]
T (4 n -

CC M0 Deaer--



® The power delivered to the load is a function of the input
voltage, the delay angle, and the load components; P =]"2

rms R is used to determine the power in a resistive load, where

(v, "
I'me \ / (—sm mr) d(wf)
™

8 o sin(2a)
—— -
2 2w 41

I|l'l‘l
R\



Single phase fully controlled bridge
rectifier with RL load

Discontinues conduction

fis 1IN /\

+ } P nta wf
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[Load current for a controlled full-wave rectifier with an RL
load can be either continuous or discontinuous, and a
separate analysis is required for each.

Starting the analysis at Wt = 0 with zero load current, SCRs
51 and 52 in the bridge rectifier will be forward-biased and
53 and 54 will be reverse-biased as the source voltage
becomes positive.

Gate signals are applied to ST and S2 at Wt=qQ, turning S1 and
S2 on.

With 51 and S2 on, the load voltage is equal to the source
voltage.



® Current function

4 . y
i () :? [sin (wf — 0) —sin(a — H}f"‘“‘*'“""m] fora =wl =P

where (4-26)

Z= VR +(wl) B = lan‘l(m—) and T=—
R R

® The above current function becomes zero at Wt=3.

o If B<T+d, the current remains at zero until Wt=T+q,
when gate signals are applied to S3 and S4 which are then

forward-biased and begin to conduct.
® This mode of operation is called discontinuous current,

) ﬂ'}-ﬂlich_ is iHustrated in Fig. b.

B<a+m — discontinuous current



Continues conduction

® If the load current is still positive at Wt=T+A, when gate
signals are applied to S3 and 54 in the above analysis, S3 and
$4 are turned on and S1 and S2 are forced oft

~7 7 7

0 4 T R+d o

/

/A

ol




® A\--'erage 011tput \--'oltage

1 T+ ZV
V, = —f V_sinwt.d(wt) = — (cos a)
T, s

¢ Rms value of \--'oltage

1 b 11’{2
v, = l—f V. *sinfwt.d(wt)
T (7 4



Single phase fully controlled bridge

rectifier with RLE load
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(Continues conduction)

—

e A\-’erage value of output \--'oltage is given by

1 [ 2V,
V, = —f V_sinwt.d(wt) = — (cos )
T/, /3

® Rms value (*square root of)

1 T+a V 2 1 V 5
Vo = —f V. “sin’wt.d(wt) = —— [mt — —|sin thl’;*“] =M
TJg T 2 2



Single phase semi converter

® A single phase semi converter bridge with two thyristor a

three diodes are shown
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® The two thyristor are T1 and T2, and the two diode D1, D2
and third diode is connected across load as free \-'x-*hee]ing

diode
® The load is of RLE type

* After wt=0, thyristor T1 is forward biased only when source
voltage exceeds E

® Thus T1is triggered at a firing angle o, such that Vi sinot >E
* WithT1 on load get connected to source througth and D1

® For the :)E‘llod Wt= o to T, load current io tlows thr oug}
RLE load, D1, source and T

® And the load terminal \-'oltage IS same as source \foltage




Soon after Wt=Trt, load \'oltage Vo tends to reverse as the ac source

voltage changes polarity
(9 (9 -
Just as Vo tends to reverse, FD gets forward biased and starts
conducting
(9

The load or output current io is transterred fromT1, D1 to FD

As T1 is reverse biased at wt=T+ through FD, T1 is turned off at
Wt=Tr+
The load terminal are short circuited through FD therefore load

or output TOlt&gG 1S ZE€TO dllI“iIlg < Wt< T[-I'C(

After wt= T, during —ve half cycle, T2 will be forward biased only

when the source x'oltage is more than E



® Semi converter with R load

| R Vi
Vo = - V., sinwt.d(wt) = ;(1 + cos «)

® Semi converter with RL load (continues conduction)

V—lfﬂav inwt. d( t)—ZV”""
0= ) m SInwt. d(wt) = — (cosa)

® Semi converter with RL load and free wheeling diode

1t v,
V, = —J V. sinwt.d(wt) = —(1+ cosa)
T), i3



® Semi converter with RLE load (continues conduction)

1 m+a ZV
V, = —f V. sinwt. d(wt) = ?m (cos a)
(ir

® Semi converter with RLE load and free whee:_ing diode

1 (" V
V, = —f V. sinwt.d(wt) = — (1 + cosa)
), T
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Module 3

3-phase half-wave controlled rectifier with R load — 3-phase fully controlled &
half-controlled converter with RLE load (continuous conduction, ripple free) —
output voltage equation-waveforms for various triggering angles (no analysis) —
1-phase & 3-phase dual converter with & without circulating current — four-

quadrantoperation



4 )

3phasehalf-wavecontrolledrectifier with Rload

| The half-controlled bridge, or ,,,,semi-converter,* is analyzed by considering it as
a phase-controlled half-wave circuit in series with an uncontrolled half-wave
rectifier.

| Theaverage dc voltage is given by the following equation:
3. N‘j_ sec

Vip = f=f (1 + cosa)
2n
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3phasehalf-wavecontrolledrectifier with Rload

| Then, the average voltageVVD never reaches negative values.

| The output voltage waveforms of the half-controlled bridge are similar to those
of a fully controlled bridge with a freewheeling diode.

~ The advantage of the free-wheeling diode connection, shown in Fig is that there is
always a path for the dc current independent of the status of the ac line and of the
converter.

| This can be important if the load is inductive-resistive with adarge time constant,
and there is an interruption in one or more of the line phases.



3phasefullycontrolledrectifierwith RLE load

| The output of the three-phase rectifier can be controlled bysubstituting SCRs for
diodes.

| Figure a shows a controlled six-pulse three-phase rectifier.

| With SCRs, conduction does not begin until a gate signal isapplied while the
SCR isforward-biased.

o

S.i SE, Zfﬁ:
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3phasefullycontrolledrectifierwith RLE load

[

Thus, the transition of the output voltage to the maximum instantaneous line-to-
line source voltage can be delayed.

The delay angle Is referenced from where the SCR would begin to
conduct if itwere a diode.

The delay angle is the interval  between when the SCR
becomes forward-biased and when the gate signal is applied.

Figure b shows the output of the controlled rectifier for alelay angle of 45.
Average output voltage
3 |:E+2Trlﬂr3

3V
V, = —f V. sin wt.d(wt) = — (cos a)
T L‘-r+’-r|f3 FIA



Dual converters

Semi-converters are single quadrantconverters

this means that over the entire firing angle range, load voltage and current have
one polarity

In full converters direction of current cannot reverse, because of the uni-
directional property of the SCRs but polarity of output voltage can be reversed

Thus a full converter operate as a rectifier in 15t quadrantand as an

inverter in 4th

This shows that a full converter can operate as a two quadrant converter

quadrant.

In the 15t quadrant power flow from ac source to dc load and in 4t quadrant power
flow from dc crcuit to ac source



Dual converters

In case four quadrant operation is required without any mechanical change over
switch, two full converter can be connect back to back to the load circuit

_ Such an arrangement using two full converters in anti- parallel and connected to
the same dc load is known as a dual converter

| There are two functional modes of a dual converter Circulating
current mode

Non-circulating current mode



Dualconverterwithoutcirculating current

| With non-circulating current dual converter, only one converter is in operation at
a time and it alone carries the entire load current

~ Only this converter receives the firing pulses from thetrigger control
~ The other converter is blocked from the conduction
| This is achieved by removing the firing pulses from this converter

| Thus only one converter is in operation at a time where asthe other converter is
idle



Dualconverterwithoutcirculating current
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Dualconverterwithoutcirculating current

Three phase

Positive Converter

Negative Converter
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Dualconverterwithoutcirculating current

Suppose converter 1 is in operation and is supplying the load
current

For blocking converter 1 and switching on converter 2, first firing
pulses to converter 1 are immediately removed

Or the firing angle of converter 1 is increased to maximum value and then its
firing pulses are blocked

With this load current would decay to zero and then only
converter 2 is made to conduct by applying the firing pulses to it

Now the current in converter 2 would build up through the load in the reverse
direction

As long as converter 2 is in operation converter 1 is idle asfiring pulses are
withdrawn fromit



Dualconverterwithoutcirculating current

[

It should be ensure that during changeover from one converter to another the
load current must decays to zero

After the outgoing conductor has stopped conducting, a delay time of 10 to 20
msec is introduced before the firing pulses are applied to switch on the incoming
converter

This time delay ensure reliable communication of SCRs in the outgoing
converter

If the incoming converter is triggered before the outgoing converter has been
completely turned-off, a large circulating current would flow between two
converters



Dualconverterwithcirculatingcurrent

Single phase

Tyl —= Ty3
TL6006 A\ TL6006
AC supply

Tyd —p= Ty2
TL6006 A\ TL6006
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Ty7
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Ty8
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Dualconverterwithcirculatingcurrent

Three phase

L Avm

L2 A

4 L 4 . 4 L
Ln/2 Ln/2
Ty8 Ty12 Ty10
Ty T3 Ty5 TL6006 ! TL6006 ! TL6006
TL6006 g TL6006 g TL6006
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AC supply . 0 AC supply
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Tyd Ty6 Ty2 Ty11 V9 Ty7
TL6006 ZX TL6006 S TL6006 TL6006 ! TL6006 TL6006 !
L L

www.electriceasy.in






Dualconverterwithcirculatingcurrent

~In the circulating current mode of dual converter, a  reactor is
inserted in-between converter 1 and?2

~ This reactor Ilimit the magnitude of circulating current to a
reasonable value

~ The firing pulses of the two converter is adjusted that=180

If firing angle of converter 1 is 60 then firing angle of converter 2 is 120

Therefore  for these firing angle the converter 1 is working as
rectifier and converter 2 asinverter

Though the output voltage at terminals of both converter 1 and 2 has same
polarity and also same average value

- However the instantaneous  output voltage wave form is not
similar



Dualconverterwithcirculatingcurrent

- Asaconsequence of it circulating current flows between two converters

. If the load current IS to be reversed, the role of two
converters is interchanged

| The main disadvantages of this converter are
» Areactor is required to limit the circulating current
» Circulating current give rise to more losses

> As the converter has to handle load as well as circulating current the thyristor
for the two converters are rated for higher current
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Module 4

Inverters—voltage source inverters— 1-phase half-bridge &

full bridge inverter with R & RL loads — THD in output
voltage — 3-phase bridge inverter with R load — 120° & 180°
conduction mode — current source inverters.




Inverters

~ Inverters are circuits that convert dc to ac. More precisely,
Inverters transfer power fromadc sourcetoanac load.

- Inverters are used inapplications such as adjustable-speed ac
motor drives, uninterruptible power supplies (UPS), and
running ac appliances from an automobile battery.

. For sinusoidal ac outputs, the magnitude, frequency, and
phase should be controllable. According to the type of ac
outputwaveform,thesetopologiescanbeconsideredas

' voltage source inverters (VSIs),
 current source inverters (CSls),




Voltage source inverters —single phase

. Single-phase voltage source inverters (VSIs) can be foundas
> half-bridge and

> full-bridge topologies.

. Although the power range they cover is the low one, they are
widely used in power supplies, single-phase UPSs, and
currently to form elaborate high-power static power
topologies, suchasforinstance, the multi-cellconfigurations




Single phase half bridge VSI

Two large capacitors are required to provide a neutral point N,
suchthateach capacitor maintainsaconstant voltage vi=2.

Because the current harmonics injected by the operation of the
Inverter are low-order harmonics, a set of large capacitors (C+
and C-) isrequired.

It is clear that both switches S+ and S- cannot be on
simultaneously because a short circuit across the dc link voltage
source vi would beproduced.

state State v Components
Conducting

Ft”

J1sonand _ 15 off 1 p/2 L if =
if -
if >
if =
and _ are all off 3 -/ if =

‘ ) /2 i -
&

fh
S S

_sonand . s off

[
I
=
-

("

&l g




Single phase half bridge VSI

. There are two defined (states 1 and 2) and one undefined
(state 3) switch state as shown in Table.

.~ Inordertoavoidthe short circuit across the dc bus and the
undefined ac output voltage condition, the modulating
technigue should always ensure that at any instant either the
top or the bottom switch of the inverter leg is on.

Vo1 Vi +

1
2
L over- i
2 : modulation i
: region

: square

linear i
i wave

region™|
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g
Single phase full bridge VSI

- Thisinverter is similar to the half-bridge inverter; however, a
second leg provides the neutral point to the load.

. Asexpected, both switches S1+ and S1- (or S2+ and S2-)
cannot be on simultaneously because a short circuit across
the dc link voltage source vi would be produced.

[ - )_
[
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Single phase full bridge VSI

~ There are four defined (states 1, 2, 3, and 4) and one
undefined (state 5) switch states as shown in Table

Slate Sate i N 4 Components Conducting
|~ and ,_areonand _and ,. areoff | b /2 -t /2 b | and 5_ if =0
o and 5 if <0
_and , areonand |, and ,_areoff 2 —u/2 b /2 -1 _and . if =0
- and 5. if <0
| and 5. areonand _and ,_ areoff 3 b /2 b2 0 |« and 5. if =0
and 5. if <0
i—and ,_areonand . and ,. areoff 4 —u/2 -1 /2 0 - and 5_ f =0
- and 5_ if <0
=y 2-s jesdnd 5. areall off 5 —u/2 b /2 -1 - and 5. if =10

v /2 - /2 v oand ,_ if <0




Single phase full bridge VSI

- The undefined condition should be avoided so as to be always
capable of defining the ac output voltage.

~ In order to avoid the short circuit across the dc bus and the
undefined ac output voltage condition, the modulating technique
shouldensurethateitherthetoporthebottomswitchofeachleg
IS on at any instant.

~Itcan be observed that the ac output voltage can take values up to
the dc link value vi, which is twice that obtained with half-bridge
VSl topologies.

- Several modulating techniques have been developed that are
applicable to full-bridge VSis.

- Amongthemarethe PWM (bipolarand unipolar) techniques






Three phase bridge inverter

Single-phase VSIs cover low-range power applications and
three-phase VSIs cover the medium- to high-power
applications.

The main purpose of these topologies isto provide a three-
phase voltage source, where the amplitude, phase, and
frequency ofthevoltagesshouldalwaysbe controllable.

Although most of the applications require sinusoidal voltage
waveforms (e.g.,ASDs, UPSs, FACTS, var compensators),

Arbitrary voltages are also required in some emerging
applications(e.g.,activefilters, voltage compensators).



Three phase bridge inverter

~ The standard three-phase VSl topology is shown in Fig. and
the eight valid switch states are given in Table




Three phase bridge inverter

]

Asinsingle-phaseVSls, theswitchesofanylegofthe inverter
(SlandS4,S3and S6,or S5and S2)cannotbeswitchedon
simultaneously because this would result in a short circuit
across the dc link voltage supply.

[
4]
i
4
5
[}

|»

State State Ugh b b, Space Vector
wand ¢ areonand 4 s and 5 areoff l b 0 -1 Vi=1+03
wand areonand g and 4 areoff 2 0 p -0 V, =j1.155
pand s areonand g ,and s areoff 3 -1 1= 0 Vi=—1403
pand jareonand |, ,and ,areoff 4 —1 0 L V,=-1-J05
gand 4 areonand 5, 5 and | areoff 5 0 -t t V.= —jL.153
pand sareonand 5, 4 and 5 areoff 6 p -1 0 V=103
pand gareonand , oand ,areoff 7 i 0 0 V,=10
gand 5 areonand |, 5 and sareoff B 0 0 0 Vy=10

4




Three phase bridge inverter

|

Similarly, in order to avoid undefined states in the VSI, and
thus undefined ac output line voltages, the switches of any
leg of the inverter cannot be switched off simultaneously as
this will result in voltages that will depend upon the
respective line currentpolarity.

The eight valid states, two of them (7 and 8 in Table) produce
zero ac line voltages.

In this case, the ac line currents freewheel through either the
upper or lower components.



Three phase bridge inverter

|

The remaining states (1 to 6 in Table) produce nonzero ac
output voltages.

In order to generate a given voltage waveform, the inverter
moves from one state to another.

Thus the resulting ac output line voltages consist of discrete
values of voltages that are vi , 0, and -vi for the topology
shown in Fig.

The selection of the states in order to generate the give
waveform is done by the modulating technique that should
ensure the use of only the valid states.
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Three phase bridge inverter

5y I i

o w0 1?]:] 7 i o

Sy — i

11 [LLIL.. T
h)

Pm"m' FHJEUE*EHFIL” AN .

'ﬂ. F

R e 0.8.0.866,
]‘,i.u.u I EPTEUOU W 1 |1 A [ 100

5 T 'B"'I‘I'Il-l‘llﬂl'lf'l'ﬂi1ﬂ-x|2?3:!'l ‘ad 180 > ME
€) iy
FHURE 14.14 The three-phase WVSL [deal wavelorms e the SPWh [, =100 = k(&) carfer and modulsting sgmals (b)) switch | state; ()

switch 5 state; (d) ac oupu volage; (€] a0 ot voltzge spectram; (f) 2 owput cureent; (g) de coremt; (h) de curremt spectnam; (i) switch

L el I_iJ i i 5 | Currenl.



Current sourceinverters

- The main objective of these static power converters is to produce
acoutputcurrentwaveforms fromadc current power supply.

~ For sinusoidal ac outputs, its magnitude, frequency, and phase
should be controllable.

- Duetothefactthattheaclinecurrentsioa,iob,andioc (Fig.CSlI)
feature high di=dt, a capacitive filter should be connected at the ac
terminals ininductive load applications (such as ASDs).

Thus, nearly sinusoidal load voltages are generated that justifies
the use of these topologies in medium-voltage industrial
applications, where high-quality voltage waveformsarerequired.

~Although single-phase CSls can in the same way as three-phase
CSls topologies be developed under similar principles,



Current sourceinverters
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State state u b Space Vector
y and , areonand 3, 4, 5, and g are off 1 0 — I, = 14j0.5
;and ;areonand ,, 4, 4 and | are off 2 0 - I, =j1.155
jand 4 areonand 5, 4 |, and , are off 3 — 0 I; = —1 4.5
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gand , areonand , ,, j,and , are off 9 0 0 0 I, =10




Current sourceinverters

- Onlythree-phase applicationsare of practical use and are analyzed
In the following.

- Inordertoproperly gatethe powerswitches of athree phase CSl,
two main constraints must always be met:

(a) the ac side I1s mainly capacitive, thus, it must not be short

circuited; thisimpliesthat,atmostonetopswitch (1,3,0r5)and
one bottomswitch (4,6, or 2) should be closedatanytime;and

(b) the dc bus is of the current-source type and thus it cannot be
opened; therefore, there must be at least one top switch (1, 3, or
5) and one bottom switch (4, 6, or 2) closed at all times.

Note that both constraints can be summarized by stating that at
any time, only one top switch and one bottom switch must be
closed.

~ There are nine valid states in three-phase CSls.



Current sourceinverters

- Thestates 7, 8, and 9 produce zero ac line currents.

~ Inthis case, the dc link current freewheels through either the
switchesS1and S4,switchesS3and S6,orswitchesS5and S2.

- Theremaining states (1 to 6 in Table 14.4) produce nonzero ac
output line currents.

Inordertogenerateagivensetofac line current waveforms, the
Inverter must move from one state to another.

- Thus, the resulting line currents consist of discrete values of
current, which are 1i, 0, and -ii.

- The selection of the states in order to generate the given
waveformsisdone by the modulating technique thatshouldensure
the use of only the valid states.






MODULE-5
AC VoltageControllers

* Converts Fixed AC Voltage to Variable AC Voltage
* Thyristor based controller

* Two Types of Control

e Phase Control

* Conduction take place in a portion of each half cycle, starting
from a specific phase angle (firing angle)

* Integral Cycle Control

e Conduction takes place for integral number of full cycles and
turn off for further number of cycles.

* Used in systems with large time constant
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Basic Controller with RL Load

(\/Vs \I'g VOR

L

e Qutput current extends beyond the
zero crossing point of input voltage

* Output voltage follows input as long L H fl
as current is present i o\ L
* Control may not be possible with Vel

highly inductive loads LI
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Controller Types

* Thyristors connected in

antiparallel
!L e Each SCR conducts forone
» half cycle

h)

Cathodes are not
connected to a common
point; so isolated trigger
circuit is needed

®
=
—
\e]
o

[ LOAD |
([ ]

 Efficient, since only one SCR
conducts during turn on
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Controller Types

T T2 Cathodes of thyristors
P4 connected together; so
gL isolated trigger circuit is not
O L necessary
* Each SCR conducts forone
half cycle along with a
diode
4 BARE * Less efficient, since one SCR
—K— D <P and one diode conduct

@ VS | D2 D1

0
<[
o]
|

(\, A D2 D1 Vo

<
@]
—m—l

during turn on

Conduction in Conduction in
Positive Half Cycle Negative Half Cycle
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Controller Types

* Employs four diodes and
one thyristor

D1

* Less expensive

* Since there is only one
thyristor, isolated trigger
circuit is not necessary

* Low efficiency since one
SCR and two diodes
conduct during turn on


http://ktuqbank.com/
http://ktuqbank.com/
http://ktuqbank.com/
http://ktuqbank.com/
http://ktuqbank.com/
http://ktuqbank.com/
http://ktuqbank.com/
http://ktuqbank.com/
http://ktuqbank.com/
http://ktuqbank.com/
http://ktuqbank.com/
http://ktuqbank.com/
http://ktuqbank.com/

Controller Types

ur2 g s * Employs one triac only
. e * Suitable for low power
Qv ° applications

* |solated trigger circuit is not
necessary
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Sequence control of AC Voltage

g Voltage Variation  Voltage Variation
L — s fromOtoV from V to 2V
A y Pk T1, T2 Off T3, T4 On
= ;R T3, T4 controlled  T1, T2 controlled

S\
/\

May be of two stage or more

Can work with resistive or
inductive load

Reduces waveform distortion in
current for full range of control

Improves average input power
factor

)
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6 Module
DC-DC converters—stepdown and step up choppers—single-quadrant, two-quadrant& four quadrant chopper—
pulse width modulation &current limit control in dc-dc converters.Switchingregulators—buck,boost&buck-boost-
continuousconductionmodeonly—waveforms—designoffilterinductance&capacitance

DC-DC converter (Chopper)
e Many industrial applications require power from dc voltage source

e E.g.:subwaycars, trolleybuses ,batteryoperatedvehicles, batterychargingetc...

e Theconversionoffixeddcvoltagetoanadjustabledcoutputvoltagethroughtheuseofsemiconductor devices
can be carried out by the use of two types dc to dc converter given below

e AC link chopper
e DC chopper

AC linkchopper: Dc first converted to ac by using an inverter
® D¢ first converted to ac by using an inverter

® Acis then ste_pped up or down by using a transformer
e Which is then converted back to dc by using a diode rectifier

® As the conversion is in two stages, dc to ac and then ac to dc,
[

ac link Choljljer is costly, bulky and less efficient

DC AC DC

Inverter Rectitier

|

DC -:hup}}m'
® Chopper is a static device that convert fixed dc input voltage to a
variable dc output voltage
L -
e Dc equivalent of an ac transformer

b In‘voh’es o< stage conversion — 1more efficient
-

DC DC

|

Chopper
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Step-down chopper

e A Chopper is a high S})eed on/ off semiconductor switch

® [t connect source to load and disconnect the load from

source at a fast speed

® Chopper is I*epresented bv a switch SW inside a dotted

rectangle )
= k: V.
ANNINENIANER, ‘70
[ . | . L TVr——----- -t —"—- -
H 51 Switch T
+ PN ‘
i H T T w ¢ I Tox
L — l—— 1 1 i —_—
S R I =S R
Ds A ) o [ .
| | v 110 B - |
! | 1 1 1 1
. I - t
-

During the period Ton, chopper is on and load voltage is

equal to source voltage Vs
g

During the interval Tof, chopper is off, load current flows
through the freeu’heeling diode FD
As a result load terminal are short circuited b}-’ the FD and

load Voltage is therefore zero during Tosr

In this manner a chopped dc Toltage is Produced at the load

terminal

During Ton, load current rises whereas during To#, load
e =

current decavs

T, T,

v, = on_y _teny _ oV
T T +Toyy ° T “vs
Ton — on-time; Toff = off-time

T =Ton + Toff = Chopping period
Dut}' C}‘Cle Ta"ﬂ
o =

T

Thus load voltage can be controlled by varying duty cycle

Vo - f'Ton'p;

Where fis the Chopping frecluenc:}'

Average output 1'@1&156 is always less than the input voltage hence called as
step dovwn chopper



Step-up chopper

° _-JI'eanle output ro]hztje greater than input 1'013‘(1&9 can obtained by

using a d;ropper known as step-up c‘hoppm'

* A large inductor L in series with the source voltage is
o “

essential
>k L D -> L
- w H + I,
T rll llls.l~. T L Il
v AN N L
H : A
L-.I lll.ll' D l l ]
l Switch l 0 Tox T T

- - b= Tore -
e When chopper is on, inductor stores energy

e When -::‘.hopper is off as the inductor current cannot die down

instantaneously, this current is forced to flow through the

diode and load for a time Toff

® As the current tends to decrease polarity of the emf induced
in the L is reversed
* As a result voltage across the load become
N di

Vo=V, + Lo

exceeds the source voltage

® In this manner circuit act as a step up ChOl)P'E‘.I‘

® Assunling linear variation of output current the energy input

to inductor from the source during Ton is
o

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

B I, + rz)
- IIS'( 2 Ton

® During Toff, when chopper is off, the energy released by the

inductor to the load is

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

— (=) (252 Topr



Considering the system to be lossless, these two energies will

be equal

I’.’s" Ton e I'::--7‘0)"f = I/.5"'7‘off

Vs

Vo-Tors = Ve(Ton + Topg) = Vo T

V, = L = V = VL 1

Tvpes of chopper circuit

Power semiconductor devices used in chopper circuit are

unidirectional devices

Polarities of output Toltage and direction of output current is

theretore restricted

A chopper can however operate in any of the four quadrant,
by an appropriate arrangements of the semiconductor devices
This characteristics of their operation in any of the four
quadrant form the basis of their classification as type-A, type-

B etc... or class A, class B etc. ..

First guadrant or Tvype-A Chopper

Chopper First Quadrant

r=t=q
L
Yo

L b+

Chopper FD

ED I i LOAD @ 3




® When chopper CH1 is on, Vo=Vs and current io flows in the

direction as shown

® When CH1 is off, Vo—0, but io in the load continues to

flowing in the same direction through freewhe eling diode FD

® [t is thus seen that average value of both load Yoltage and

current are alwavs +ve
® The power flow is alwwavs from source to load

® This choppc—:r is also called step dowmn chopper

Second quadrant or Type-B Chopper

Chopper Second Quadrant

I io
?1- H -+ ‘ R - 'y VO‘
"3
. w— . Chopper, D2
| . N
Vs I ' Vo \ Io
Chopper! : - S >
pper | -Io 0
| I
-I- E
O— - -Vo¥

® [ oad must contain a dc source like a batterv in this CllDPpE‘l’

® When CH2 is on, vo=0 but load Yoltage E drives current through
L and CH?2

® Inductance L store energy during Ton of CH2
® When CH2 is off, vo=E+L(di/dt), exceeds source voltage Vs

® Agsaresult diode D2 is forward biased and begins conduction, thus
aﬂmving power to flow to the source

. Ch{:pper CH2 mav be on or off, current Io flows out of the load,
current o is ther efore treated as —ve

® Since Vo is always +ve and Io is —ve power flow is from load to
source

* As load Toltage Vo = E+L(di/dt) is more than source Toltage Vs,
type B chﬂpper is known as step-up chopper



Two-quadrant type-A or Type—-C
® Obtained by connecting Type-A and Type-B in parallel

L Ou‘rput Yoltage Vo is a,l“-’a}-'s +ve because of the presence of

free“-*heeling diode FD across the load

® When CH2 is on, or freewheeling diode FD conducts output
voltage Vo=0

Chopper Two Quadrant

E-E-I— o £ i1
e et |
| H D2

CH2,D2 CH1,FD»

-

o

®* When CH2 is on or diode D2 conducts, output Toltage Vo=Vs
® The load current Io can however reverse its direction
® [ oad currentis +ve when CH1 is on or FD conducts
® [ oad current is —ve when CH?2 is on or D2 conducts

® In other words, CH1 and FD operate together as type-A chopper
in first quadrant

e CH2 and D2 operate tog_ether as type—B chopper in second
quadrant

® Average load voltage is always +ve, but average load current can
be +ve or —ve

® Th.lS t"&-‘l)e Of C'}.lDI)IJE'.l’ Dperation is llSE'.d fDl' lnotor]'_ng and

regenerative braking of dc motors
A _

In short

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



Average load voltage is always positive but average load current may be positive or
negative as explained above. Therefore, power flow may be from source to load (first-quadrant
operation) or from load to source (second-quadrant operation). Choppers CH1 and CH2 should
not be on simultaneously as this would lead to a direct short circuit on the supply lines. This
type of chopper configuration is used for motoring and regenerative braking of dc motors.
The operating region of this type of chopper is shown in Fig. 7.8 (b) by hatched area in first
and second quadrants. ‘

Two-quadrant Tvype-B or Type-D

Two Quadrant Type B-chopper or D-chopper Circuit

o > & A Vo
*+ s
!’;J". L
CH1} i D2 ‘\0}> 0.5
-
o ; N
Vs LOAD - o N » 1o
+ - \
Vo L sl |
D1 A& : ¥ ichz \a <05
- -
o— v -Vo

www.CircuitsToday.com

e Ton>Toff, ¢t>0.5,Vo is +ve
e Ton<Toff, x<<0.5,Vo is —ve
e Ton=—Toff, =0, Vo=0

® The out put \'oltage Vo=Vs when both CH1 and CH2 are on
® And Vo=-Vs, when both choppers are off but both diodes D1

and D2 conducts

® Average output \'oltage Vo is +ve \-’Vhell ChOPl)CI‘ turn on time
(- “

is more than their turn off time

® The direction of load current is always +ve, because
choppers and diodes can conduct current only in one

direction

® As average values of both Vo and lo are +ve, chopper

operation in first quadrant is obtained



Four quadrant chopper, Tvype-E

E-type Chopper Circuit Diagram With Load emf E and E Reversed

Is Is
o—p—p + . Q ¢
r W +
U ol g1 = . r-f1 4
CHLI S | AD1 CH3 1 /! A D3 P AD1 ciig L 1 AD3
L-f-1 E|.. -1 L-f-1 L__-:
io L io E
Vs +——4>—"000 —{+—9 Vs +—>—4>—"000 —iI|—¢
+ Va ._/: L— Vo _/f_
o 5 e B B
cH21 ¥+ D2 cHa!¥ | &Kpa 1V RD2 cHa' ¢ ' D4
[ . | i B | o | T B, |
t‘."- s - 5 (o1 &
® Consist of four semiconductor switches, CH1ltoCH4 and

four diodes from 121 to D4 in anti—paralle]

quadrant of operation
First quadrant:
-
-

begins to flow

Vo and Io are +ve giving first cluadrant operation
[ —_— L -

CH#4 is kept on, CH3 is kept off and Chl is operated
With CH1 and CH4 on, load voltage Vo=Vs and load current

® CHT1 is off, +ve current freewheels through CH4, D2

Second quﬂdrant:

* CH2 is operated, CH1, CH3 and CH# are keptoff

* With CH2 on, reverse current flows through L, CH2, D4
and E

¢ Inductance L stores energy during the time CH2 on

* When CH2 is turned off, current is fed back to source
through D1, D4

* Vo is +ve but Io is —ve, second quadrant operation of

chopper

® For second quadrant operation load must contain emf E

LTOZ/TZ/E SMonIaT

Nunlbering of chopper is corresponds to their respective



Third quadrant: :
® CHI1 is kept off, CH2 is kept on and CH3 is operated

. PD]a:rit}-' of load emf must be reversed for this quadrant of
Dperation

A ‘

F ¥AT T &S SATITA

® When CH3 is on, load gets connected to source Vs so that
both Vo and Io are —ve ]eadjng to 3xd quadrant of operation

® When CH3 is turned off, -ve current freewheels through
CH2, D4

Fourth quadrant:
e CH+4 is Dperated and other devices are kept off
* With CH#4 on, tve current flows through CH4, D2, L andE,

FOUR QUADRANT CHOPPER, TYPE-E

® Inductance L stores energy dlu'ing the time CH#4 is on

MEAAATE PAALA Y A

¢ When CH#4 is turned off, current is fed back to source

through diodes D2, D3

e [oad voltage is —ve but load current is +ve

Type-E chopper or the Fourth-Quadrant Chopper

Ftype Chapeer Cooust Duagram Wan Lasd ond £ and [ Beversed

J :-I;}': ““‘

F o

Cwe ki Yty o

Four Quadrant Operation

b
CH,-D,Conducts CH,-CH,ON
D,-D,Conducts CH,-D,Conduchs

CH,-CH, ON D,« D, Conduen
CH,-D,Conducts CH, D, Conducis

WA N o~



Quadrant

Description

Forward motoring or

T,‘ﬂdecondudsloOd
consumes the power from
the source.

Forward motoring.

T4 tumed off but 7, conducts
Hence current i,

through 7, and D4 Load
inductor induces voltage as
shown freewheeling action

takes place.

Inverting operation /i, positive
negative.

Vo

7> is tumed off. Hence
inductance forces current
through D5 and Dy4. This
current flows through supply.
load energy is fed to the
supply.

Rectifying operation motor
rotates in opposite direction.

To reverse the direction of
rotation of the motor, 75 and
T, are tumed on. v, and /,
both are negative, E is
shown negative since motor
rotates in opposite direction.

Ty is tumed off, but T,
remains on. To maintain the

- current in the same direction
Freewheeling operation inductance generates voltage
! motor rotates in the same | and /, flows in same
; direction. direction through D, and T,
’ This is freewheeling action.
T4 is tumed off. Hence
n inductance forces curmrent
IhmuﬂtD,andD,.Thb
Inverting operation /, current flows through supply
negative v, positive. load energy is fed to the

Table 4.5.3 Operation of four quadrant chopper

Four quadrant chopper has the capability to operate in all the four quadrants.
Hence it is used in reversible dc drives. The braking is regenerative. Hence four

quadrant chopper drives are highly efficient. Their dynamic response is also fast.




Control strategies
0 The average value of the  output voltagecan  be varied by opening and
closing the semiconductor switch
0 The two types of control strategies (schemes) are employed in all cases. These are:
(a) Time-ratio control, and
(b)Current limit control
Time-ratio Control
0 In the time ratio control the value of the duty ratio, TON/T=k is varied.
0 There are two ways, which are constant frequency operation, and
variable frequency operation.
Constant Frequency Operation
0 1In this  control strategy, the  ON time, is varied, keeping the frequency
(fF=1/T), or time period T is constant.
0 Thisis also called as pulse width modulation control (PWM).

Load-voltage
/ Te——

Variable Freguencv Operation

® In this control strategy the frequency ({=1/T),
periodT is varied, keeping either
®* (a) the ON time, constant, or

(b) the OFF time, constant.

o

=

E‘.
1102128 safRonsarg s

® This is also called as frequency modulation control.

®* Two cases with (a) the ON time, constant, and (b) the OFF
time, constant, with variable frequency or time period are
shown in Fig.

® The output voltage can be varied in both cases, with the
change in duty ratio, Ton/T
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There are major disadvantages in this control strategy. These are:

» The frequency has to be varied over a wide range for the control of output voltage in frequency
modulation. Filter design for such wide frequency variation is, therefore, quite difficult.

» For the control of a duty ratio, frequency variation would be wide. As such, there is a possibly of
interference with systems using certain frequencies, such as signaling and telephone line, in
frequency modulation technique.

» The large OFF time in frequency modulation technique, may make the load current
discontinuous, which is undesirable.

» Thus, the constant frequency system using PWM is the preferred scheme for dc-dc converters
(choppers).

Current-limit control
As can be observed from the current waveforms for the types of dc-dc converters described earlier, the
current changes between the maximum and minimum values, if it (current) is continuous.
In the current limit control strategy, the switch in dc-dc converter (chopper) is turned ON and OFF, so
that the current is maintained between two (upper and lower) limits..When the current exceed upper
(maximum) limit, the switch is turned OFF

During OFF period, the current freewheels in say, buck converter (dc- dc) through the diode, DF, and
decreases exponentially.

When it reaches lower (minimum) limit, the switch is turned ON.

This type of control is possible, either with  constant frequency, or constant
ON time
This is used only, when the load has  energy storageelements, i.e. inductance, L.

The reference values are load current or load voltage.

In this case, the current is continuous, varying between Imax and Imin, which decides the frequency used
for switching.

The ripple in the load current can be reduced, if the difference between the upper and lower limits is
reduced, thereby making it minimum.

This in turn  increases the  frequency, therebyincreasing the switching losses.
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Vo

I-_ T _.I — |
Switching regulators

0 DC converters can be used as switching mode regulators to convert a dc voltage, normally unregulated
to a regulated dc voltage

0 The regulation is normally achieved by PWM at a fixed frequency and the switching device is normally
BJT, MOSFET or IGBT

0 The ripple content is normally reduced by an LC filter
00 There are four basic topologies of switching regulators
Buck regulator
Boost regulator
Buck-boost regulator

Cuk regulator
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6.6 THE BUCK-BOOST CONVERTER

Another basic switched-mode conwverter is the buck-boost converter shown in
Fig. 6-11. The output voltage of the buck-boost converter can be either higher or
lower than the input voltage.

Woltage and Current Relationships
Assumptions made about the operation of the converter are as follows:

1. The circuit is operating in the steady state.

The inductor current i1s continuous.

The capacitor is large enough to assume a constant output voltage.
The switch 1= closed for ttime DT and open for (1 —00)T.

The components are ideal.

A

41

!
A

N

()]

Analysis for the Switch Closed When the switch is closed, the voltage across
the inductor is

di, _ ¥
dt L

The rate of change of inductor current 1s a constant, indicating a linearly increas-
ing inductor current. The preceding equation can be expressed as

Aip _Aip K
‘At DT L
Solving for Ai; when the switch is closed gives
oT
L

(Afp)closed = (6-45)



Analysis for the Switch Open  When the switch is open, the current in the
inductor cannot change instantaneously, resulting in a forward-biased diode
and current into the resistor and capacitor. In this condition, the voltage across
the inductor is

1J{_=I*;=L%
dip _ ¥,
dt L

Again, the rate of change of inductor current is constant, and the change in current is
Aiy _ Aij _ E
Ar (1-D)yvT L

Solving for Aij.
Vil —InT

- (6-46)

(‘if..r. }npcn =

Apgain, the rate of change of inductor current is constant, and the change in current is
Aip Aiy _ E
Ar (1-IhT L

Solving for Ai,,
KAl —DhT
L

For steady-state operation, the net change in inductor current must be zero over

one period. Using Eqgs. (6-45) and (6-46),

("i i }npcn = (6—46}

( "'j“:.r. Yelosed + {ﬁ'f.l'.}upcn =0

KDT | V(1 —D)T _
L L

= 1(125) (6-47)

0

Solving for V,

INDUCTOR CURRENT , DESIGN OF FILTER INDUCTANCE OR CRITICAL INDUCTANCE
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source voltage, Ourpur volfage magnitude of the buck-boost converter can be less
tharn that of the souwrce or greater than the source, depending on the duty ratio of the
swiitch, 1T = 0.5, the output voltage 1s larger than the mnput; and 170 = 0.5, the out-
put is smaller than the input. Therefore, this circuit combines the capabilities of the
buck and boost converters. Polarity rever=sal on the output may be a disadvantage in
some applications, howewer. Voltage and current wawveforms are shown in Fig. 6-12.

Mote that the source i1s never connected directly to the load in the buck-boost
converter. Energy i1s stored in the inductor when the switch is closed and trans-
ferred to the load when the switch is open. Hence, the buck-boost conwverter is
also referred to as an indirect converter.

Power absorbed by the load must be the same as that supplied by the source,
where

Iy

Closed . Oipemn

L

Vi

L&D

Figure ©-12 RBRuck-boost conwverter wawveformms.
() Imnductor current: (&) Inductor voltage: (o) DMode
current: (&) Capacitor current.

(c)

77 i

27 -

(d}

Figure 6-12 (continued)



Figure 0-12 (confinued)

Vl
p==2
R
F=VI
V2
2 —¥1,
R f
Average source current is related to average inductor current by
I.=1;D
resulting in
V 2
-2 —WI.D
R L

Substituting for ¥, using Eq. (6-47) and solving for /;, we find

K B KD
" WV,.RD ¥V,D R(l —D)?

I (6-49)

Maximum and minimum inductor currents are determined using Egs. (6-45) and
(6-49).

B Ai;, VD V.DT
]max - 11. + 2 — R(1 __D)z + 2L (6-50)
_ _Aip VD VDT
bnin =11 2 =~ R{1.— D)?_ 2L (6-51)
(1 —D)’R
(l:f)min =T (6'
or L W ) — DFR (6-
min 2f

where fis the switching frequency.

Output Voltage Ripple

The output voltage ripple for the buck-boost converter is computed from
capacitor current waveform of Fig. 6-124.

v
laQ| = (ﬁ)DT= CAV,

Solving for AV,
v,DT V,D
V = g = g
ak RC  RCf
AV, D
b S 6.
or v RC (

Refer your class notes for buck and boost regulator derivation



