Silicon Controlled Rectifier

SCRis a Four layered device

SCR is a Three junction device

SCR is a Three terminal device

SCR is a half controlled device

SCRisa DC switch i.e in an SCR current only

flow in one direction

» Anode(A) and Cathode(K) are Power terminals

and Gate(G) is a Controlled terminal.



Silicon Controlled Rectifier




Silicon Controlled Rectifier

P+ and N+ represents highly doped
N- represents lightly doped
P represents Moderately doped

Highly doped elements contribute less in
forming the depletion region and lightly doped
elements contribute more in forming the

depletion region.




Modes of Operation of SCR

» The three modes of operation of SCR are
1. Reverse Blocking Mode
2. Forward Blocking Mode

3. Forward Conducting Mode



Reverse Blocking Mode

« The Anode is connected to the negative
terminal of the battery and the cathode is
connected to the positive terminal of the

battery, then it is said to be Reverse Biased.

e In this Condition, Junctions J1 and J3 are
Reverse biased and Junction J2 is Forward

biased.




Reverse Blocking Mode

The voltage across J2 = 0 v ( Short circuited)

As the Junctions J1 and J3 are reverse biased,
there will be an Open circuit at the junctions
and hence ideally the current flowing in the

circuit will be equal to zero i.e. I= 0 Amps.

But in Practical, there exists a little reverse

leakage current( very less).

As the Junction J2 cannot block the voltage in
the circuit, the entire voltage will be blocked

by two remaining junctions J1 and J3.




Reverse Blocking Mode

* In Reverse blocking mode, J1 has more depletion
width when compared to J3 and hence large

amount of voltage will be blocked at Junction J1.

« When we increase the reverse voltage, at a

critical breakdown level called Reverse VER)

Breakdown voltage(VBR), an avalanche —

breakdown will occur at the junctions J1 and J3
Increasing the current sharply as shown in the

figure..

« Under reverse Blocking mode, SCR behaves as

an OFF switch.




Forward Blocking Mode

* In this region, the Anode is made positive with

respect to the cathode.

e J1 and J3 are forward biased and J2 Is reverse

biased.

» The anode current is a small leakage forward

current.




Forward Conduction Mode

When the Anode to Cathode voltage is increased with the gate
circuit kept open, avalanche breakdown occurs at Junction J2 at

critical forward break-over voltage(\VBO).

The SCR now switches into a low impedance condition (high

conduction mode).

When a gate signal is applied, the SCR turns —ON before VBO is

reached.

The forward voltage at which the device switches to ON state

depends upon the magnitude of gate current.

Higher the gate current, lower is the forward breakover
voltage(VBO).




SCR V-1 Characteristics




SCR V-1 Characteristics




Switching Characteristics

The Static characteristics gives no indication as to the speed at which the SCR is capable of being

switched from the forward blocking voltage to the conducting state and vice-versa.

However, the transition from one state to other does not take place instantaneously, it takes a finite

period of time.

The total turn-on time, ton of the SCR is subdivided into three distinct periods, called the Delay

time, Rise time and Spread time.

These time periods are defined in terms of the waveforms of the anode voltage and current

obtained in a circuit in which the anode-load consists of pure-resistance.



Turn-ON Characteristics of SCR

These characteristics are also called Dynamic
Characteristics.

These characteristics deals with Turn-ON and Turn-
OFF times.

To Turn-ON the SCR, a forward biased voltage has
been applied between Anode and cathode as shown
In the figure.

If we increase the gate current lg, then SCR can
reach the conduction state before reaching forward

breakover voltage,VBO.

To increase the gate current, an voltage of Vg is
applied between cathode and cathode terminals.




Turn-ON Characteristics of SCR

When we apply a gate voltage Vg, gate current

lg will start flowing.

At this condition, initially the anode current la is

very low and anode voltage Va is very high.

As gate current increase from 90% to 100%, la
Increase from leakage current to 10% of its final
value whereas the anode voltage falls from Va
to 90% of Va.




Delay Time, td

From the characteristics, Delay time can be defined

as follows.

It is the time during which the gate current

reaches from 90% to its final value of Ig.

It is the time during which the anode current

reaches10% of its final value.

It is the time during which anode voltage falls
from Va to 90% of Va, where Va is the initial

value of the anode voltage.




Rise Time, tr

From the characteristics, Rise time can be defined

as follows.

It is the time required for the anode current to
rise from 10% to 90% of its final value.

It is the time required for the anode voltage to
fall from 90% to 10% of its initial value.

This time is inversely proportional to the
magnitude of the gate current and its build up

rate.

The rise time tr can be minimized if high and
steep current pulses are applied to the gate.




Spread Time, ts

From the characteristics, Spread time can be defined

as follows.

It is the time required for the anode current to rise
from 90% to 100% of its final value.

It is the time required for the anode voltage to fall
from 10% to forward conducting voltage(1 to
1.5v).

Turn-ON time is the sum of the delay time, rise
time and spread time.

This is typically of the order of 1 to 4 micro
seconds and depends upon the anode current
circuit parameters and the gate signal wave shapes.




Turn-OFF Characteristics of SCR

Once SCR Turn-ON, there will be charge

carriers present at all the three junctions.

To Turn-OFF the SCR, we need to remove the
complete charge carriers across the three

junctions.

The time required to remove the charge carriers
from the junctions J1 andJ3 is called Reverse

Recovery time(trr).

The time required to remove the charge carriers
from the junction J2 is called Gate Recovery

time(tgr).




Turn-OFF Characteristics of SCR

Turn OFF time is the sum of the reverse

recovery time and the gate recovery time.

To turn-OFF the SCR, the anode current should

be decreased below the holding current.

The anode current decrease with a rate of dl/dt
and reaches to a negative maximum value and
then increase to reach steady state value and

finally attain zero value.

It reaches negative maximum because of the
presence of charge carriers at the junctions J1,
J2 and J3.




Turn-OFF Characteristics of SCR

As the anode current reaches negative
maximum, the anode voltage has a spike and
after the removal of charge carriers at the
junctions J1 and J3, it reaches to zero as shown
In the figure.

The SCR is OFF but there are some charge
carriers present at the junction J2.

To make it completely OFF, we have to remove
the charge carriers present at the junction J2 and
the time required for removing the charge
carriers at the junction J2 is called Gate
recovery time(tgr).




Turn-OFF Characteristics of SCR

« The time required from anode current reaches to
zero to anode voltage reaches to zero is called the
Circuit Turn-OFF time(tc).




Gate Characteristics of SCR

* In an SCR, the gate Is connected to the cathode through a PN junction and resembles a diode.

Therefore, the V-1 characteristics of a gate Is similar to a diode but varies considerably in units.
 The circuit which supplies firing signals to the gate must be designed :
1. To accommodate these variations
2. Not to exceed the maximum voltage, and power capabilities of the gate
3. To prevent triggering from false signals or noise, and
4. To assure desired triggering.

 The design specification pertaining to gate characteristics are usually provided by the

manufacturers.



Gate Characteristics of SCR

Let

« Vs= Gate sourse voltage

» Is= Gate source current

« Rs= Gate source resistance

» \Vg= gate voltage or Trigger voltage

* |g= Gate current

- Pg(avg)=Vg*lg




Gate Characteristics of SCR

« Figure shows an SCR in forward blocking
mode and to trigger the SCR, an voltage
“Vg” is applied between the gate and
cathode terminals and hence a current, “Ig”
flow in the circuit.

« As the Junction “ J3” is present in between
the gate and cathode, the gate
characteristics are related to this junction

only.

* Hence we need to draw the forward bias
characteristics of a PN junction at J3.




Gate Characteristics of SCR

* In a highly doped junction, the breakdown
strength is low and thereby fast breakdown
occurs and hence Maximum amount of

current will flow.

« Hence the change in the current is fast and

the change in the voltage is slow (curve-1).

« For a lightly doped junction, the change in
the current is slow and the change in the
voltage is fast (curve-2).




Gate Characteristics of SCR

Represent Ig(max) and Vg(max) values in

the characteristics.

Gate power, Pg= Vg*lg= constant. This
represent a characteristic of Rectangular

Hyperbola.

In order to provide the power to the gate

circuit, a practical voltage source is needed.




Gate Characteristics of SCR

Draw the Load line:

From the circuit,

We can draw the load line by using the

equation (3).




Gate Characteristics of SCR

Draw the Load line:

Case 1:

Put Vg=0 BIE) V5= Ig=Rs
- lg= Vs/Rs....(4)

P represent the “Vs/Rs” in equation (4).

Case 2:

Q represent the value of “Vs” in equation

(5).




Gate Characteristics of SCR

Draw the Load line:
« Now join the points P and Q.
e The line obtained is called “Load Line”.

 The slope of the line is negative and is

equal to Rs.
Vg= Vs-lg*Rs...... (6)

The above equation is compared with the line

equation

y=mx+C

Slope = -Rs



Gate Characteristics of SCR

The SCR will operate in between the

minimum and maximum limits.

Hence Vg(min) and Ig(min) shown in the
figure represent the minimum values of
voltage and current below which the device

cannot operate.

If the device operates above the maximum

limits, then the device will be damaged.

The operating region is shown in the

diagram with shaded lines.




Power MOSFET

Power MOSFET : Power Metal oxide semiconductor Field effect
transistor

It has high switching frequencies of about 100 KHz

Low input current

\oltage controlled device

High switching speed

They do not have the problem of second breakdown

High input impedance



Power MOSFET

Three terminals i.e., Gate , Drain and
Source.

S102 layer creates the Capacitance.

Source and Drain are connected to the “n+”
layers which are highly doped.

The drift layer (n- region) improves
switching speed and voltage handling
capacity.




Working of Power
MOSFET:

When we apply the voltage Vgs,
Si02 layer acts as a Capacitor and
hence induces +ve charge and —ve
charge on the plates as shown in
the figure.

If we increase Vgs, -ve charge
generation increases and finally it

forms a channel.

This channel is called Induced

channel or Inversion layer.




Working of Power MOSFET
Contd..,,:

* Now connect the drain and source
to a battery with the polarities as
shown in the figure.

e |n that case, drain current flow

from the drain to the source.

« If there is no channel i.e., Induced
channel which is formed due to
increase in Vgs voltage, then there
will be a depletion region in
between both n+ layers and hence
it does not allow the drain current
to flow.




Working of Power MOSFET
Contd..,,:

 Hence for the flow of drain
current, there should be the
Induced channel and for
this, we should increase

Vgs voltage.

 Hence Power MOSFET is a
\oltage Controlled

device.




Characteristics of Power MOSFET

Transfer Characteristics Output Characteristics




Characteristics of Power
MOSFET contd..,,

In output characteristics, as we
increase Vds voltage, initially
drain current increases and this
attains a constant value and after
breakdown, there will be a high
amount of flow of drain current.

It was repeated for different

values of Vgs voltage as shown

in the figure.




Power IGBT

It has the best combination quality of BJT and MOSFET
It has high input impedance like MOSFET
It has low ON state power loss as in BJT

Three terminals i.e. Gate , Emitter and Collector




Power IGBT Contd..,,

The space In the figure
represents “Si02” layer which

creates a Capacitor.

It is because, it is insulated and
hence it is a capacitor between
gate and the semiconductor

material.

\oltage between Gate and
Emitter is Vg volts.

\oltage between Emittor and the

collector is Vce volts.




Power IGBT Contd..,,

Initially connect the gate and the
emitter terminal with a battery
(Vg) and connect collector and
emitter with a battery(\Vce).

Because of Vce voltage, i.e., as
the collector is +ve with respect
to the emitter, Junction J1 is
forward biased and J2 is
reverse biased.

As J2 iIs reverse biased, the
current will not flow from

collector to the emitter.




Power IGBT Contd..,,

As we increase Vg b voltage ,
then the capacitor is formed
inside the “SiO2” layer and it
Injects a negative charge over the
regions as shown in the figure
and hence the channel will be
formed which gives a path to
flow of current from collector to

emitter.




Characteristics of Power IGBT

Transfer Characteristics Output Characteristics




Turn-On Methods of an SCR

An SCR can be switched from a non conducting state to a conducting state in several ways

and are described as follows.
1. Forward voltage triggering
2. Thermal triggering(Temperature triggering)
3. Radiation triggering( Light triggering)
4.dv/dt triggering

5. Gate triggering



Forward Conduction Mode of SCR




Static V-1 Characteristics of SCR




Forward Voltage Triggering

* When anode-to-cathode forward voltage is increased with gate circuit open, the reverse biased

junction J2 will have an avalanche breakdown at a voltage called Forward break over voltage VBo.

At this voltage, the SCR changes from OFF state( high voltage with low leakage current) to ON

state characterized by a low voltage across it with large forward current.

« The forward voltage drop across the SCR during the ON state is of the order of 1 to 1.5V and

Increases slightly with the load current.



Thermal Triggering( Temperature Triggering)

Like any other semiconductor, the width of the depletion layer of an SCR decreases on increasing

the junction temperature.

Thus, in an SCR, when the voltage applied between the anode and cathode is very near to its

breakdown voltage, the device can be triggered by increasing its junction temperature.

By increasing the temperature to a certain value( within the specified limits), a situation comes

when the reverse biased junction collapses making the device conduct.

This method of triggering the device by heating is known as the Thermal triggering method.



Radiation Triggering( Light Triggering)

In this method, as the name suggests, the energy is imparted by radiation.
The SCR is bombarded by energy particles such as Neutrons or Photons.

With the help of this external energy, electron-hole pairs are generated in the device, thus

Increasing the number of charge carriers.
This leads to instantaneous flow of current within the device and the triggering of the device.

For radiation triggering to occur, the device must have high value of rate of change of

voltage(dv/dt).

LASCR and LASCS are the examples of this type of triggering.



dv/dt Triggering

We know that with forward voltage across the anode and cathode of a device, the junctions J1 and J3 are

forward biased, whereas the junction J2 becomes reverse biased.
This J2 has the characteristics of a capacitor due to charges existing across the junction.
If a forward voltage is suddenly applied, a charging current will flow tending to turn the device ON.

If the voltage impressed across the device is denoted by V, the charge by Q and the capacitance by C;j,
then

Ic= dQ/dt=d(Cj*V)/dt=Cj*dV/dt+V*dCj/dt

The rate of change of junction capacitance may be negligible as the junction capacitance is almost
constant.

Therefore, if the rate of change of voltage across the device is large, the device may turn-on even though
the voltage appearing across the device is small.



Gate Triggering

« By applying a positive signal at the gate terminal of the device, it can be triggered much before the

specified break over voltage.

» The conduction period of the SCR can be controlled by varying the gate signal within the specified

values of the maximum and minimum gate currents.

 For gate triggering, a signal is applied between the gate and the cathode of the device.



Turn-Off Methods of an SCR

The two methods by which an SCR can be turned off are as follows.
1. Natural Commutation

2. Forced Commutation



Commutation

The term Commutation is basically means the transfer of current from one path to another.

In SCR, this term is used to describe the process of transferring the current from one SCR to

another.

In general, it is not possible to for an SCR to turn itself OFF; the circuit in which it is connected

must reduce the SCR current to zero to enable it to turn off.

Commutation is the term to describe the methods of achieving this.



Natural Commutation

The simplest and most widely use of method of commutation makes use of the alternating,
reversing nature of ac voltages to effect the current transfer.

We now that in ac circuits, the current always passes through zero every half cycle.

As the current passes through natural zero, a reverse voltage will simultaneously appear across the

device.
This immediately turns-off the device.
This process is called Natural commutation since no external circuit is required for this purpose.

This method may use ac mains supply voltages or ac voltages generated by local rotating machines

or resonant circuits.

The line commutated converters and inverters comes under this category.



Forced Commutation

Once SCRs are operating in the ON state, carrying forward current, they can only be turned OFF
by reducing the current flowing through them to zero for sufficient time to allow the removal of

charge carriers.

In case of DC circuits, for switching off the SCRs, the forward current should be forced to zero by

means of some external circuits.

The process is called Forced Commutation and the external circuits required for it are called

Commutation circuits.

The components (inductance and capacitance) which constitutes the commutating circuits are

called Commutating components.

A reverse voltage is developed across the device by means of a commutating circuit that

immediately brings the forward current in the device to zero, thus turning off the device.



Class A commutation

Class A commutation is also called Load
Commutation and the commutation is
Done by the load current.

The circuit consist of ,

» Supply voltage ,Vs

 SCR

* Load Resistance, R

« Commutating elements L and C



Working of Class A commutation Circuit
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Working of Class A commutation Circuit
* Initially SCR is OFF.
« When we apply gate pulse, SCR will turn ON.
» The voltage across the capacitor will charge to supply

voltage,Vs.

 Load current will flow in the circuit and increase till
the capacitor will charge to supply voltage,Vs.
« Asthe SCR is ON, the voltage across the SCR will be

Zero.




Working of Class A commutation Circuit

 Once the capacitor charge upto Vs, the polarities of the inductor
will change and the energy stored in the inductor will discharge
as like shown in the figure and hence it energize the capacitor
and the capacitor will charge upto some extent further.

» The output current will start to decrease and reaches to zero and
until it reaches zero,the SCR is in ON position and hence the
voltage across the SCR will be zero.

« When the output current goes below the holding current, the SCR

becomes OFF and the capacitor starts discharge and voltage

across the SCR will start increase.



Output Waveforms of Class A commutation Circuit

* Initially SCR is OFF.

» When we apply gate pulse, SCR will turn ON.

» The voltage across the capacitor will charge to supply
voltage,Vs.

 Load current will flow in the circuit and increase till
the capacitor will charge to supply voltage,Vs.

« Asthe SCR is ON, the voltage across the SCR will be

Zero.




Output Waveforms of Class A commutation Circuit

* Once the capacitor charge upto Vs, the polarities of the inductor
will change and the energy stored in the inductor will discharge
as like shown in the figure and hence it energize the capacitor
and the capacitor will charge upto some extent further.

« The output current will start to decrease and reaches to zero and

until it reaches zero,the SCR is in ON position and hence the
voltage across the SCR will be zero.
* When the output current goes below the holding current, the SCR

becomes OFF and the capacitor starts discharge and voltage

across the SCR will start increase.



Class B Commutation
Also called Resonant Pulse Commutation or Current
Commutation.
« T1= Main SCR
« Ta=Auxiliary SCR

« For resonant pulse generation, capacitor and inductor
are connected.

« D=Diode

Assumptions:

« Load current is constant

« LC circuit is resonant in nature

» Capacitor is initially charged by supply voltage, Vs.




Working of Class B
Commutation

 Initially both SCRs are OFF.

« The flow of current in the circuit will be like as

shown in the figure.




Working of Class B
Commutation

As the capacitor charges up to supply voltage, the
diode will comes into reverse biased and diode will
get turn off and at this condition the polarities of

the capacitor will be like as shown in the figure.

The capacitor does not have any path to get

discharge.




Working of Class B
Commutation

SCR 1 is given a trigger signal to make it turn ON.

The flow of current will be like as shown in the

figure.

But there i1s no path for the capacitor to get

discharged.




Working of Class B
Commutation

SCR Alis given a trigger signal to make it turn ON.

The flow of current which is due to capacitor

voltage Vs will be like as shown in the figure.

The polarities of the capacitor will change as like
shown and hence the auxiliary SCR will come into
Reverse bias and hence SCR A will turn OFF.




Working of Class B
Commutation

« As the polarities of the capacitor voltage is reversed
and hence the auxiliary SCR will come into Reverse
bias and hence SCR A will turn OFF.




Working of Class B
Commutation

At this condition diode D will be forward biased
and the flow of resonant current is like as shown in

the figure.

This current of capacitor will flow till the difference
In the load current and the capacitor current will get

ZEro.

At this condition, the anode current in the SCR 1
will go below the holding current and hence SCR 1
will turn OFF.




Output Waveforms of Class B Commutation
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Class C Commutation

* Itis also called Impulse Commutation.

* [t is also called Complementary Commutation
as to turn off one SCR, we should give gate

signal to another SCR.




Working of Class C Commutation

« SCR1isON
* Current will flow in two loops as shown in the

figure.




Working of Class C Commutation

« SCR2isON
 Current will flow in two loops as shown in
figure.

 To turn off SCR 2, gate signal is applied to SCR 1.




Output Waveforms of Class C Commutation




Class D Commutation

* [tis also called Voltage Commutation as the SCR commutation is done by voltage.
* [t is also called Auxiliary Commutation.

* Itis also called Parallel capacitor commutation



Class D Commutation

« T1=Main SCR

« TaA=Auxiliary SCR

« D=Diode

* L=Inductor

» C=Capacitor

« Vs= Supply Woltage
Assumptions:

« Load current is constant

« Capacitor is initially charged by Vs.




Class D Commutation

 Initially both SCRs are OFF. 6

e As the diode D i1s In Reverse biased v’

condition, the capacitor cannot charge.




Class D Commutation

TAis ON.

The flow of current is like as shown in the

figure.

The capacitor will charge due to the loop current
flowing in the circuit with the polarities (+,-) and
with the voltage Vs as shown in the figure.

As soon as the capacitor is fully charged, TA
turns OFF. It is due to the fact that as the voltage
across the capacitor increases, the current
through the TA decreases since capacitor C and
TA forms a series circuit.




Class D Commutation

T1is ON.

The flow of current will be in two loops as

shown in the figure.
Loop 2 is meant for discharging.

In loop 2, Commutation current( capacitor

discharges through) flows.

After the capacitor has completely discharged, its

polarity will be reversed(-,+) .

As the reverse discharge of the capacitor C will
not be possible due to the blocking diode D. Here
in this mode, T1 —ON, TA-OFF and Vc=-Vs.




Class D Commutation

To turn OFF T1, TA will be ON.

The capacitor voltage with polarities(-,+) will
appear across T1 and hence it get reverse

biased and T1 turns OFF.

The flow of current is like as shown in the

figure.

This current will flow until the capacitor

voltage charges from —Vs to =Vs.




Class D Commutation

« As soon as the voltage polarities of the
capacitor changes to (+,-) as shown in the

figure, the TA turns OFF.




Output Waveforms of Class D Commutation
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Class D Commutation in one diagram




Class E Commutation

 In this commutation, a reverse voltage is applied to the current carrying SCR from ana external

pulse source.

» Here the commutating pulse is applied through a pulse transformer which is suitably designed to

have tight coupling between the primary and secondary.



Class E Commutation




Class E Commutation

When the SCR T is triggered, the
current flows through the load

and the pulse transformer.

When a pulse voltage is applied
to the primary of the pulse
transformer, the voltage induced
in the secondary appears across
the SCR T as a reverse voltage
and turn it OFF.




Class E Commutation

e Since the induced pulse is of
high frequency, the capacitor

offers almost zero impedance.

o After SCR T is turned OFF, the

load current decays to zero.




Class F Commutation

It is also called Line Commutation.

If the supply is an alternating voltages, the load current will flow during the positive half cycle.
During the negative half cycle, the SCR will turn off due to negative polarity across it.

The duration of the half cycle must be longer than the turn off time of the SCR.

The maximum frequency at which this circuit can operate depends on the turn off time of SCR.



Class F Commutation




Snubber Circuits

In most Power electronic circuits, protection is necessary against the effects of excessive rate of
rise of forward voltage(dv/dt) across the devices, which can otherwise cause unintended breakover,

leading to malfunction of the circuit and possible failure of the devices.

The tendency to excessive dv/dt may arise from external cause such as the closing of main supply

contactor, or from the operation of the circuit itself.
dv/dt suppression is achieved by means of snubber circuits.

The snubber circuit basically consists of a series connected resistor and capacitor placed on shunt
with an SCR.

A capacitor C across the SCR means that any high dv/dt appearing at the SCR terminals will set up

an appropriate current(=Cdv/dt) in the capacitor.



Snubber Circuits

The inductance in the circuit will severely limit
the magnitude of the current to the capacitor

and hence limit dv/dt.

When the SCR turn-off, there is a brief pulse of
reverse recovery current that rises to peak

value, at which the device blocks.

In the absence of RC snubber, the abrupt
interruption of the reverse recovery current in
the series inductance L, will cause transient
Ldi/dt over voltages that may destroy the
device itself or other semi conductors in the

converter circuit.




Snubber Circuits

If an RC Snubber circuit is connected across the SCR, the reverse recovery current can transfer to the

RC path when the device blocks.
The voltage across the RC path appears as an oscillatory reverse voltage across the semiconductor.

A correctly designed Snubber will limit the amplitude of this reverse recovery voltage and will also limit

it rate of rise.

By delaying the build-up of reverse voltage across the semiconductor, the recovery losses in the device

are also reduced.

If the Snubber resistance is too small, excessive ringing will occur in the LCR circuit, and the reverse

blocking voltage capability of the semiconductor may be exceeded.

When the SCR turns On, the Snubber capacitor, C discharges into the SCR but the resistor R limits the

discharge current and prevents excessive di/dt at turn-on.



Design of Snubber Circuit
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Rectifiers

Rectification is a process of converting an alternating current or voltage into direct current or

voltage.
This conversion can be achieved by a variety of circuits based on and using switches.
The widely used switching devices are diodes, thyristors, power transistors, power MOS etc.

The rectifier circuits can be broadly classified into three classes : Uncontrolled, Fully-controlled,

and Half-controlled.

An uncontrolled rectifier uses only diodes and the dc output voltage is fixed in amplitude by the

amplitude of the ac supply.



Rectifiers

» The fully controlled rectifiers uses Thyristors as the rectifying elements and the dc output voltage
Is a function of the amplitude of the ac supply voltage and the point on wave at which the thyristors

are triggered(called Firing angle Alpha).

* The half controlled rectifier contains a mixture of diodes and thyristors, allowing a more limited

control over the dc output voltage level than fully controlled rectifier.



Single Phase half wave controlled rectifier with R-Load




Single Phase half wave controlled rectifier with R-Load




Single Phase half wave controlled rectifier with R-Load
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Single Phase half wave controlled rectifier with R-Load




Single Phase half wave controlled rectifier with R-Load




Single Phase half wave controlled rectifier with RL-Load without Free
Wheeling Diode




Single Phase half wave controlled rectifier with RL-Load without Free
Wheeling Diode




Single Phase half wave controlled rectifier with RL-Load without Free
Wheeling Diode
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Single Phase half wave controlled rectifier with RL-Load with Free Wheeling
Diode
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Single Phase half wave controlled rectifier with RL-Load with Free Wheeling
Diode




Single Phase full wave controlled rectifier




Single Phase full wave controlled rectifier-Center Tapped Configuration with
R-Load




Single Phase full wave controlled rectifier-Center Tapped Configuration with
R-Load
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Single Phase full wave controlled rectifier-Center Tapped Configuration with
R-Load
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Single Phase full wave controlled rectifier-Center Tapped Configuration with

R-Load
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Single Phase full wave controlled rectifier-Center Tapped Configuration with
RL-Load without Free wheeling Diode and Continuous Conduction Mode




Single Phase full wave controlled rectifier-Center Tapped Configuration with
RL-Load without Free wheeling Diode and Continuous Conduction Mode




Single Phase full wave controlled rectifier-Center Tapped Configuration with
RL-Load without Free wheeling Diode and Discontinuous Conduction Mode
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Single Phase full wave controlled rectifier-Center Tapped Configuration with
RL-Load without Free wheeling Diode and Discontinuous Conduction Mode
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Single Phase full wave controlled rectifier-Center Tapped Configuration with
RL-Load with Free wheeling Diode and Discontinuous Conduction Mode




Single Phase full wave controlled rectifier-Bridge Configuration with R-Load




Single Phase full wave controlled rectifier-Bridge Configuration with R-Load




Single Phase full wave controlled rectifier-Bridge Configuration with RL-Load
without Free wheeling Diode and Discontinuous Conduction Mode




Single Phase full wave controlled rectifier-Bridge Configuration with RL-Load
with Free wheeling Diode and Discontinuous Conduction Mode




Single Phase full wave controlled rectifier-Bridge Configuration with RL-Load
without Free wheeling Diode and Continuous Conduction Mode




Effect of Source Inductance in single phase Fully controlled bridge Rectifier
with Continuous Conduction




Effect of Source Inductance in single phase Fully controlled bridge Rectifier
with Continuous Conduction




Effect of Source Inductance in single phase Fully controlled bridge Rectifier
with Continuous Conduction




Effect of Source Inductance in single phase Fully controlled bridge Rectifier
with Continuous Conduction




Effect of Source Inductance in single phase Fully controlled bridge Rectifier
with Continuous Conduction




Three Phase Woltages




Three Phase Woltages




Three Phase Woltages




Three Phase Half wave Uncontrolled Rectifier




Three Phase Half wave Uncontrolled Rectifier




Three Phase Half wave Uncontrolled Rectifier




Three Phase Half wave Controlled Rectifier




Three Phase Half wave Controlled Rectifier




Three Phase Half wave Controlled Rectifier




Three Phase Half wave Controlled Rectifier




Three Phase Half wave Controlled Rectifier




Three Phase Half wave Controlled Rectifier




Three Phase Half wave Controlled Rectifier with RL Load
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Three Phase Half wave Controlled Rectifier with RL Load




Three Phase Half wave Controlled Rectifier with RL Load
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Three Phase Half wave Controlled Rectifier with RL Load with Free Wheeling
Diode




Common Cathode Configuration




Three Phase Woltages







Three Phase Fully Uncontrolled Bridge Rectifier
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Three Phase Fully Controlled Bridge Rectifier with R-Load




Three Phase Fully Controlled Bridge Rectifier with R-Load




Three Phase Fully Controlled Bridge Rectifier with R-Load




Three Phase Fully Controlled Bridge Rectifier with R-Load




Three Phase Fully Controlled Bridge Rectifier with R-Load




Three Phase Fully Controlled Bridge Rectifier with R-Load
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Three Phase Fully Controlled Bridge Rectifier with R-Load




Three Phase Fully Controlled Bridge Rectifier with R-Load




Three Phase Fully Controlled Bridge Rectifier with R-Load




Three Phase Fully Controlled Bridge Rectifier with R-Load




Three Phase Fully Controlled Bridge Rectifier with R-Load




Three Phase Fully Controlled Bridge Rectifier with R-Load
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Three Phase Fully Controlled Bridge Rectifier with RL-Load




Three Phase Fully Controlled Bridge Rectifier with RL-Load




Three Phase Fully Controlled Bridge Rectifier with RL-Load




Three Phase Semi Converter




Three Phase Semi Converter




Three Phase Semi Converter




Three Phase Semi Converter




Three Phase Semi Converter




Three Phase Semi Converter




Three Phase Semi Converter




Three Phase Semi converter




Three Phase Semi converter




Three Phase Semi converter
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Three Phase Semi converter




Three Phase Semi converter




Three Phase Semi converter




Three Phase Semi converter




Three Phase Semi converter




Three Phase Semi converter




Three Phase Semi converter




Three Phase Semi converter




Three Phase Semi converter








































* PIV or PRV = 2* Vm . Center Tapped Rectifier
= 2*50*sqrt(2)
= 100*sqrt(2).
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For a Resistive load, the RMS current through the Free wheeling diode
Is 0 Amp.
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Three Phase Fully Uncontrolled Bridge Rectifier
Thnes pone Redifiens
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Each SCR conducts for 120 degree

Each SCR pair conducts for 60 degree

Each Phase conducts for 240 degree

Average value of Thyristor current, lo(Avg)=Peak value*(120/360)= lo/3 Amperes
RMS value of Thyristor current, lo(rms)=Peak value*Sqrt(120/360)=lo/sqrt(3) Amperes

Average value of Source current, Is(Avg)= 0 Amperes

RMS value of Source current, Is(rms)=lo*sqrt(120/180)= |o*sqrt(2/3) Amperes
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» Average value of Thyristor current, lo(Avg)=Peak value*(120/360)

= lo/3 Amp
=100/3 = 33.33 Amp

* RMS value of Thyristor current, lo(rms)=Peak value*Sqrt (120/360)
=Io/vV'3 Amp

= 100/v/3 =57.73 Amp
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 Average value of Source current, Is(Avg)= 0 Amp

The wave is a symmetrical waveform. The average value will be equal to Zero.

« RMS value of Source current, Is(rms)= Io*,/ (120/180)

=Io0™/(2/3) Amp

=100 = ./(2/3) Amp.
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P output = 50 kw= 50*1000 watts
Output voltage = 420 v
Po=Vo*lo
50 *1000 =420 * lo
lo= (50*1000)/420 = 119.05 Amps

IT(rms)= lo*(1/sqrt(3)) = (119.05)/1.732 = 68.73 Amps.

I T(Avg)= lo/3 = 119.05/3= 39.68 Amps



lo= (50*1000)/420 = 119.05 Amps

I T(rms)= lo*(1/sqrt(3)) = (119.05)/1.732 = 68.73 Amps.

I T(Avg)= lo/3 = 119.05/3= 39.68 Amps

Is(Avg) = 0 Amps

IS(rms) = lo™sqrt(2/3)= 119.05*(1.414/1.732) = 97.19 Amps



For a Three Phase fully controlled Thyristor bridge converter (R, RL/RLE load) with continuous

conduction and constant current,

Vo(avg) = STvVml COS «
7T
3*/2*VI(rms)
= COS &

7C
3*./2*/3*Vph
_ cos

(04
7T

= 3*V2* V3 Vmp COS«

V2 * 7

B 3*./3*Vmp

7T

COS«x




In the given sum, it is a line commutated inverter
l.e., =90" and Vo = Negative = -420 V
3*Vml
Vo(avg) = COS«
7C

x x
—420 = 37415 \/5 COS &
3.14

o = —138.5°
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i= > 4*"’*sin(n?ﬂ)*sin(nwt—na)....(l)

n-1.35. NT

i, = > 4*IO’"sm( ) *sin(nwt)....(2)

n-1.35. N7T 3

Equation (1) represents the fourier series representation for a controlled rectifier and Equation(2)

represents the the fourier series representation for a Unontrolled rectifier



srl

srl

47* | . IT
°© *sin(—)
T 3
A/ 2
Isri= Fundemental RMS source current
V3

4> > *IO_Z*\/§*|O*\/§

z*2 oz */2 V2
J6 J6

=2 x| _Amp =Y 2*119.05 =

7C 7C

2.4494

*119.05 =92.82Amp



Current Distortion Factor,

srl

CDF =

Sr

where

L = lormey = | * |2 —119.05* |2 —97.19 Amp
3 3

CDF = 92.82 _ 0.95

97.19




Distortion Factor,

DF =CoS«
= DF =co0s(-138.5)
=0.7439



Input Power Factor or Supply Power Factor = CDF*DF
=0.95*0.7489

=0.7114









V,, (1) =V, *sin(wt + 30)

(Refer waveforms)
The peak instantaneous output voltage can be obtained when wt= 60°
Vml= Maximum line voltage
At wt = 60°,

V.. (t) =V, *sin(60+30) =V, *sin(90) =V _

V. =~/2*V__ =400/2V









Number of pulses in a cycle =3

The ripple frequency at the output = fo= n*fs

Where fs= 400 Hz

fo= 3*400= 1200 Hz.



Number of pulses in a cycle =3
Output Time period, To = (2*p1)/n=(2*p1)/3
Supply Time period, T= 2*pi

To/T=1/3
To=T/3 f=1/T fo=3/T=3*fs=3*400=1200 Hz
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DC-DC Converters
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DC-DC Converters

D¢ - D& power (avweshuay
o oA ] o ot o o

A de cheppe i a Shale duwies (niten)
Vsl to obtam Vasajl. dec Velteye Facts
. Apploweli

o Sounce § Constanl de Volteyo
coofee \y G
: ©O Trelly
} i @ Baltey oru\d'h\ vehicle,
e G Tnackm -Met8] Cotnel
Edg a
r @ Gtrel ¢ dc waot\S
l ffm a Guavaen s
: ) G-tael g, Jududiv iy
; @ Manriue hoists

Fak b b thucks
® Miue haulwnys



DC-DC Converters




DC-DC Converters




Step down Converter




Step down Converter
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Step down Converter




Step down Converter




Step down Converter




Step down Converter
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Step down Converter(DCM)
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Step down Converter(DCM)
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Step down Converter(DCM)




Step down Converter(DCM)




Step up Converter(CCM)

Dc-0D¢ Convestny

Wt aN -— e o

S‘h.r -up Gvestes 2~ (cem™)
SV = 2

"sz'\-ﬂ -
L o

9

1~ <.

Vol -3¢¢ Belawuca 3~

Ve ¢e) OT # Ve ¢oy) G-9)Tz0

=>» Ve OT + Vy(-DT —
Vot -0)7T =0

) Voll-9) = Vg

Yo = X5

Ng

Gdopr

. L : A’ﬂ’ kvl , A"" kel, (=0

] T B el [eow--3.)| Stsiitansy
~s g > Vicom) = Vs ~/ Tetow) 0T +Teqtrr -

T G-0) V=0
= > -Jo OT +(Tu-To) -
— Ay, ApPts ka1, off i

gkl - s b SO

'v; "Lw!:" i’t‘ = Vet CHYE - Ir= Jton) +Jo )L =
T DV =Vs-ve | D[ Tecomd » 3, =




Step up Converter(CCM)

Dc-0D¢c Convestn)y

— e ah ™ o>

Rippls im 5 Sududh) Gamest, OLe - 1 o o Cament, T :- o .
o Owaiy Tom , o= Peort = 3
> L-dIem - >[35 = V.:I.J 5o » i ’
=> L d;; v = L + ?
A
e AT 5
=D AT, = Ys5° o7 E‘““‘?’ s 11.(9';) -.91 =
L T T do(av) =T, - -2)F
= (A.‘I; = VJ'DJ Gl So §.(-0T
i e )
| ' i‘“"“"‘”‘gttﬂ'w@ &)=
- b £ - 10
itwman) = EL"'A_gl‘ 5 3—°—' i A_:_ =, Se —
= . ('..p ) .ﬁ 30(’*") h—~ 3‘,0 ‘4Q':.’1_
J > = .! = A;‘. - Jo = mb 2




Step up Converter(CCM)

Dc-0D¢ Convesteny

—-— o, -—— e o W=

R:P';ls " Attt ou&r\.l- \00“"; » Ove 2% OV o~ PR ) Jnduttanc , Le :~

Dunivgy Ton , 5% Cg.',gg.'ln 3 dc-lﬂuztg T (mind=o =D IL — O8Je =0
Peven (B -tk (oad . => 2o . V4D =
Je =—To v o7 =0 24Lc
- = - 30 .dt gl Vo . Y0 35 .Y 1 =B
=>edve = I =¥ Jch J = =2 AGe) e (o ke e
avr \Y) o
gt > [L D(1-0> R
= ¢ = =
> Vi = Vwex = -.'.I_.;'DT [ 24
[ &

CarlieA cﬂ»rm:huu » Cc :~

Ve Cuaivn) =0 => Ye - ave _ o

&
=D Vo t .': (!.D - D veo
f< 2efc

=D (g - L2
==




Step up Converter(DCM)

[Boos & Conveiten ( D.'JCOJ"‘“MM Crducion Mode) .-

L

Switch-onN Volt -Sce balauc, theny
v Vi (or) Toy 4 Vi Capg T Fgh 2 o 2> vg-pT = Vg Ri— Vo OT
Ten = D7 > VsOT 4 (Vs-ve)(R-0)T=0 = Vg -p¥ = Vo7(F’°’
SurAtch - o FF

To;; = ,;f— oT

s Cp -0)T

2 V3 0T + (Vs -Ve) (pT-07) =¢ =>Fo s GF ]

— Vo RT + Vo OV =0



Buck-Boost Converter(CCM)

- wh, W a ws =

Ruck - Bead b Gnuvesten :— (cem)

volt-3ce Ralawe - -

L 4

B <3
Jec 2o
‘ +
by . g

Vo () OT +
Vi (e43) (-0)T =0

=> VDT + Yo (-0)T=0o

=> Po -( __) v,?
= -0
Switch -0oN Swrdeh, - OFF A“"“‘-’“ . o
= . lamce i
4 Je Scon) OT :
Vg 5'-1, Ve ‘l y L Vo T (i) G-0)T =0
= - k L => -IQW — (1;'1.)("»7.‘1
Apply &Vt - Ape'y kvi. .
"'——VJ 4+ Vi len) O Vi (o)) -VYo = © = .'!., = -
2 [Ve Conr = v J 2 [Veton ) = vo C-0)
Apply ker, AppYH kel aF A",

[.!c. (o) = -13) Xe Cosp) = —(1'.,4_‘!'.3)




Buck-Boost Converter(CCM)

Dc¢-D¢ Convestens

Ruck - Bead b Guwesten :—

e -

<} tu .
2 +
Vig

Cakca Jvdutanc , Le -~
e () =0
> ST -0TF. -0

&
3» -Jo - VYi-9

-0 2FLe
= =D =Vo _ = V-0
Rawls in Juduc) Caamet, &T,. - RC-9 “Ifio
A VD\Mh, Tow ,

V " - Mg o
> vy b __:C
R (-0)” fte

Vitow) = V3

=> L- diem) = v,

>[re= R C-0)"
dt of 2§
ATen >) )‘:‘:.. = :{'—- dt Cailkit (Ar-cMo Ce:i-
> L- 8% =vy b : Vetam™)z 0 "
. o7 e [&"‘ - LDJ z) Ve - OYe zo [ g—"OJ
- A = e . 3 . -2 fVYe'D
2. O3 = S de => Vo = {-("-;-:'-)'»(‘f'zi'
=> LAI., = V-0

. — Cc = D
1= , | 2 | €e ""_J




Buck-Boost Converter(DCM)

Ruck - Bear Covestin ( DUCRUMey Condiachivr Mede) ; —

—+— I‘ To

Cosiich —ON 3~ veolr- $cc balanc. Theas

- Vi (oe) Tom + Vi cops) Togs =0
= V0T <+ VYg (F-D)‘r Te
=D V50T + VAT — YedT =0
=> V50T = YoT(D-p)

Vi Cew) = Vs
Switeh -CFF : -

V- (044%) = Yo

Togg = BT-07=(g-0)7 => [Vo = —Dvg }
g-O




DC-DC Converters

23

Ruch Gor Mt — Ihf —cleam Chrepp~
NowiV Cc-ﬂh‘k—- SQ-T-M'D C\..r'g.
RBuek - Roe) ¢ Conrsthen




RBudk Gnveiian (-~
© Bt cheppus Cincait Shoun in de e Pl
e Juput e veltaye heo At 15 beundeay Condibhon .q, Gn 8
| v, " Qud iy Cribiuwns Cnduch ,

a Cuslant Value VY5 - M. ou!’,q&- 2
Vo ¢ face - dL (min) =0

Volhjq. Vo 9 OWMesseneS) 9‘:"'; te =

=> JI—(‘V,) - A__%_O— =©

T Swite S & o’m.-!q W (R
a S'w'c'hkhj Hnee F,‘-,“."-,-"M > Jdo = _A_Zl: = _‘io_ = VY ("D)EI
e d"'; svako D - Lialt o TRe velue 2 R 20
q “D " at e boundery 6. C@n‘!‘mcn‘, => _D_Y!_ = Vif(—o) BL

R 2L

Qnd dif Gfkuuay GConduclion 61
Juducts) Cunnent, ?L ?

oyl P
T

=> (1-0) = 2t

T
> o E
RT

L.







G A chopp? i ermpleyes Iz Chorfe e i B
a be OOO\M:MMM“‘J‘ARS- -— - '
Ta :\2‘«3 Curneat 3 S AP , © Voxy = Pearveliae x CrductinPiios

du\-:i. ,\&!}Po iy 6-2 e LV (ko"m -‘m P....‘
T lse AN HO = 6o X 290 Xle
Outrup va!!n!; 3y alse dhawn ¢ oxe
bedoo fGune - The Pk (5 peak . Coxo

® Raltuy pose = l?Jﬂ’:GouJ‘g_-_

@ Jhru\' ra-na - o..«trz.;m ;
e - T 6o ludy .
@ VT = vl =>I:T—V2_{g_
> 5= Lxc T
L

=







RBuck (avesien (~

@ e CinER Oheun, O Peare Conrenl i Sunlth “$s Y Con be
Sﬁi‘—"‘—"\“.’ ) | OPU"‘“’ ol loo k43 2 ' Ran “b d .! “,T-” -
Ll a duty nako & SO V- Gives ol =
teat Aic 3 6 Awp pakls puk = ( “"’lr-—h = J'-(“‘“’J
oud To :)Sﬁ‘*pd»‘o‘h‘r"“ AR =
Cnnest in Swideh S " of —— = rA c = Ai‘J
” :
| 5 ; Lo fpont = Te ey = &
¢+ Oic VTo pe (W) = (o t AT
con?
; .‘[ g T ] n'.:'" = To + O3 s
poisy
= 3 -
Ve (av) = P | T
= o.Fx2Yy T 52 Awp.
oy .‘Y__._ —

—






Ruek Gvesier i~

@ Fawm s She B Coesin SERTEEE
P c\ﬂft" e | % Sendh S n He 108V
v s Atrtde
Cipesit ™ e ‘5]“"‘('," 5
A et s el o S € 6-6f ©-) ©-% O-2 £ Cenger)
. hey 5 evesbepe A2 .
e o e () T i e 6
et 3 l < AO el o= Vo!k'. ACncny PL‘—k (= Pc«-k 9“‘7"&,
:i i3 e:',m 9| = Soiten"s b AG. = V5 (:-0)D T
] ° -
Gua ti cliode "D 0 Selenl, Tier D=Ten = 6-0r = 0-§
Hee peek [5 peote nipple (in Qmyp) <2 - e : -
; N3, = too % (l-¢-F) €y 2%0-\xte
Aece?S) (um!m! Y — , L | 3
e Haclen s A .Mﬂ L

| = 100 % 6.¥ X 0-F X O- 1|
looV l‘ o Z Vo z = 1°wa\P._ e




Buckk (pavetes (-
@) A buck Grvl Feskieg a voniasle

giplve load lo dhan ™ e e -
Te SuRehity fragunty § ¥ Seanler,"§ ©
is 100 k3 aued f0 Ju!;%dvo
0-6 - Ta Ou!”;ul- voltege , Vo = 3¢v-
Asmume thalt ah 5 Cmrom‘-u
age Jdeal, Qund frat e oniput
Vou'ajc ] | ,1",)."; '}hc& . T vakee
q " "R " (v ke ttal Will tacke

4t Judeuc ) canmet (5, ) peen b~
Gk Sl ‘ => R =2 - 2v--F
ARuuayy P — (-0)T C-0)
- 2y $%1§3 % (eo xlceo

t—o-¢

s




Roest Grveiten

In 5 Cianty> Nheawrn ™ e Kome,
45« Swiltch o')w""u' at a duly™

- Z cr
(gds &, 0-5S-A lc-a,.. (e-ra.c."fﬂ s "3' g
33 Gnns Crem locef - = —_—
o hey @ -".-t Su Q Beost C(oaveste .
T Juduc) Cnrpenl @ anunmd) Qo on = D —oFF =*Jp=
4o be Grhtruay . Thaa QVenoge \n(ﬁ,.. Sw-CFFE => D~-cN =2 ip#-‘_o
Qcrromm e load au) T& a¥Lacye ip

To(esy) =2 xT-07

Cungent Tanayb 4w ciode wil) 20

""‘”“f”‘b be — -
AP - 4 D







Reoost Gveitena

@ 90 15 F9un Sham bodes,
Choppen fets @ Syl load
Jorova O batteay Sowqes - MosFer
e QJ.. ." dhﬂ-"‘"“ at 250 k‘“"

wili- @ duly Fwtie & SXEEE
e elumusty ag, -t Clausi=

ax. anuuws [ b Ide

Ss@n) +4
v Q ““I g

e &
o) The OVeaey. Jource (racn b in Avps
ey St Stoks —

) = Joune Cornenl-










Roost Gwveiten

g) Fal ite Switthing Gnveten Shawm, .
amusas Steady stalc ormd.,‘,, . Iw a lzoo:l'@,._.gk' T isv |

Sw- ,

Also amuue that T5¢ Grasponsils g :’u.(:-.) =\ 13—4 >
— -3

G\ Adead, = Okcluo'q ClenPent => Vi(en) =V =Irv ——
7) a‘“‘?‘ P“’:‘;‘ Quad) Gn'ﬁuucug Sw-OFF, =
Od Switchiy posiod 3 Tg ™ vicam) = V3-Vo Vo= Vs ~Ve ()
I &< Vﬁ'{'ﬂjc" V" is as Akawm, => Vg = I — (-4¥) = boy
- ¢e ee V - v’
5. du(:, cydde o & Suatery S o —
=> €o




Ruck - Beort Grvesten

SRR

@ A fRe C'&s'l(u.ED- Sheun, all the Vo = V50 5. av)) Te
elemacasly e Aden) Qan) THT .S'wﬂu; g}e -0
“g i3 opecrten al l0ki] Qud 67/
dul;j atic - Tha tamcs S = CIvjent Thnegh &
lay. emayh Ao fThalt TR Jtpple 5 & Inductr, a,
Qtnens it B Mylytl. and ar [suf!:"’ = 2icmnid a3
p L
Steady Stals acyuineg @ veliegs 2> T(wewd = Ticavy) + S5
Pu\k Cuanngent ™ Vfo =VsD - Soxo-t _. Zyv
(—0-6

an Nhawwn - T

@A“‘-Fa -7 d’!@&wﬂ {"IQQ&’%‘ 1“ “V ‘-p

dc.Wgu ) — ~

KF . (N - 'y = 35 A“'
‘I s': l_ i (avy) = _'J.:-‘_-a- : e P
sovY = e-& SN AT, - V3D - gxo-CL = 5 Awp
'T v F £ to X000 >0 ¢€x15) 5




RBuck - Beo)t Gorwvecten

@) T Suput Vellege Va o buack-booy -
Conveteny Ahaam bl Varis Facen 32V
4o F2v - Amuna ihat all Core potacails
e Jdeal, Juducks]) Canqgealt i C-disvamsy,
Crees ou&rue— \7('»"‘1; (]} 7“?}"‘ Ffrce - Tha
Nawy. 9 duly satio" D" 6 T= Gorsten
£61 Which IRt wguihdc &l e
S«haslj stalc cus"—,..p vo lFege Nemeamy
al Ygv s ——
vg = 2av, Yo = Y&v
32%x P

N e

C“" LR
—

Vo‘.' Vs D => "": =
1-0 1—-D, '
=> Yg&-4so, =320 =

> D. = °°‘ —)@




Rouck - Beo) Grwvurten

@ A buck-bomp £ a0 Grvpiinaey Sw—0N =P $¢ = Vsu=0

4 LachA 4o vl 24V l"‘ﬂ":‘l Volleg< velteye acacsy 4t Suateh G be

4o 36v dc Volioge I3 fud a foad & otamey only Wivn i Suileh U oFF.
F21d- A% i cs’)u«dh' at 2o k. LLIv -
amn Huducdd] I 2 ml Qud ou{,ql- ‘«1 = * . T -
CaPa.u'Gana §]. 1000 MF - All duwiten ¥ ‘L Q o I :“
e Grrichiaca (T be Jdeal - T penk

\é_'oﬂrnj., a reny THS Sokd - stak Ml;' (s) AP

™ wvolls ¢y ——

P‘, kVL’
— Vg = Vsuteps) Vi =0
D =24 ~Yw(ep) ~3(=o

KT
—l. 2 9 I 2> Viw(ept) = TU+3¢C .
. ~ L < E 3ev -
e | i 2> Vulal




Buck - Roert @i.;f“

(V) Extne Quulion, -

O Vo = BP @Ek(ﬁvg)=j—_°.’_:_2:.__=$mup
(e > “'p ("0°‘ —
=3¢ = 2uxP @ TuCueap) = Dlavy) + Al
t—-P 2.

= S+ 03 _s+40-1°8

=> D= 3/; ~
O C“\Q\’; " 9\1’),"; < 5 2 '8M:':-_
DI, » V3D z2uxe-€ Lelwmin) = Eﬂ—(ava) — A%:
Fe 20 %t x 2xcied = § —02 = 5-0-1&
>
= 26 A‘:‘f_ = 4-82 Awp
®\ PL::VEO @ \/Zf..":, :\/}oio —
=> X = b -F2 -2 => 3‘J'Av'1"=1’_’.
N v, 36 A‘:_-.P_ Vs 2y
=> 1 = 3 Armp



Ve l%‘j « Ce M\Mtd-a'\LGA Cb\QPPm ;

@ trmcpusr = T+ [T
% e
@ g\'l'A (l)u-&) = 10
@ C&Pau'm (W\l‘gfd— J
Q, J-I-(Pu\k) = ‘LD(P‘“’ = Vg

@ Mwuwum Twunw N +\l~u. .
wa™m tRynister, Ty = AJLe

l

ga‘ rla

@ wawu‘tc{-un ""m; ¢
aut-\-o.g ‘k,’q.yln, 'A =R JC
s

@ Cinewit “tuan &, He (71
Cw“‘:t"""" T - wmaith

Jﬂ".’m |M 0 ‘tcu - CV,
Te



@ A VO“O-P. (ovamutethiy Choppea QP“‘,‘.‘:’
at |kHZ s Uiy o Mn,’%’s';".f?cq e o '_ -
6l a dc wct) ay dheun >t fJene. (@) Minivmuw oN T TR I
T l0ad Caovpent 2 OMuucg o be T AJL<S .
Gitont At 10 Avap- A Jﬁ‘oxﬁ"xlxﬁ"
= 140 MJSee

o

o=
-
-

(@) Tha Winimun Hiae i Msee —
£\ ‘ul"ni:h e SRV U Shewtd  (b) Vg (avy) = ijts +-":(3V:)Xﬂ-t¢w
be ON 3 —
Whane T
(b) Me Q.\NAA,; Gbu’Pul' \i@"‘,; ¢ -
5 @ Choppu il be — t3* Yo il
> _u‘;‘s T = Yf = Yixiceo
g : bl o | tewm = CVs - ixeéxare
e o
e . i I° e
250V N ‘P Fo = 25 MSec

= Ve(avy) = Y3-5Vv_













