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Part 1

Power Electronic Switches




Power Electronic circuits

Branch of electrical engineering devoted to conversion and control of electric
power using electronic converter based on semiconductor power switches. Power
conversion is changing the voltage and the frequency.

It is very important to study power electronics and its component because it is
now used in each field of industrial, to change voltage from one type to other
and control the speed of DC and AC motors.
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The basic element in power electronic circuit is the switch.
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Power Electronic Switches

There are three types of power electronics switches:

1- Uncontrolled switches: they are uncontrolled turn - on and off switches
(power Diode).

2- Fully-controlled switches: they are controlled turn - on and off switches
like power transistors (BJT, MOSFET, IGBT) and Gate Turn Of thyristor
(GTO).

3- Semi-controlled switches: they are controlled turn on but uncontrolled
turn-off switches like most of thyristors.

Advantages of semiconductor control switches:

1- Small size.
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Light weight.
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High speed.
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Low control power.
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Low drop voltage.
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No mechanical parts.
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Reliable operation.

Disadvantages:

1- Limited temperature range, so heat sinks or other materials are necessary.

2- Excess reverse voltage may damage the device.
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Diode as power switch

A diode has two terminals : a cathode and an anode, a diode conducts when its
anode voltage is higher than that of the cathode, and the forward voltage drop of
a power diode is very low, typically 0.5 and 1.2 V. if the cathode voltage is higher
than its anode voltage, a diode is said to be in blocking mode.

A . I K
The symbol of Power Diode

Power diodes are of three types:

1- General purpose diode.

The general purpose diodes are available up to 6000 V , 4500 A,

2- High speed (or fast recovery) diode.

The fast recovery diodes are rating up to 6000 V 1100 A and the reverse
recovery time varies between 0.1 and 5 ps. the fast recovery diodes are essential
for high frequency switch of power converters

3- Schottky diode.

The Schottky diodes have low on-state voltage and very small recovery time,
typically nanoseconds. The leakage current increases with the voltage rating and
their ratings are limited to 100 V, 300 A.
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Transistor as power switch

The bi-junction transistor (BJT):

The bi-junction transistor (BJT) consists of 2 p-n junctions with three layers
named as collector, base, and emitter.

C

E

The symbol of bi-junction transistor (BJT)

There are two categories of transistors PNP and NPN, the transistor is a current
operating device. The base controls the amount of majority carries which are
emitted from the emitter (E) to be collected in the collector (C). E and C are
doped more than B so base region has higher resistance.

The amount of current flow in the base-emitter circuit controls the amount of
current that flows in the collector circuit.
Small changes in base-emitter current yields a large change in collector-current.

The factor of this change is called beta

,3 _ IIC(sat)
B(min)
10 < B < 1000
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V I characteristic of transistor

Ic

(mA) Saturation Fegion

(transistor “fully-ON7)

60

50

Q-point
(active region)

40
30 Cut-off Region
(transistor “fully-OFF"
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10

Ip =0
ol
0 Ve (V)
1 2 3 4 5 6

Ex(1): In the following switching circuit B = 45, Vcgey = 0.15 V,
Vee = 0.65 V, find the value of Rp to get overdriven transistor switch.

VRL = VCC - VCE = 30 - 015 = 2985 V

Ve, 29.85

IC(sat) = RL = 2000 = 14.92 mA

IC(sat) 14‘92 X 10_3
Ig(min) = B = 45 =332 uA

To get overdriven Ig = 3 X Ig(nin)

=3x(332x107%) =996 uA ~ 1mA

Viy = Vinmax) — Ve = 1.5 — 0.65 = 0.85V
Va 0.85
B 1, T 1x1073
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Ex(2): Find the value of Rg if =50 and Vg = 0.65 V, Vi, = 1 V, the circuit is

overdriven.
Vee 15
=—=——=30mA
¢=R, T 500 m

; _legsary  30x 1073

= 600 uA

To get overdriven I = 3 X Ig(min)
Iz =3%x600x107%=1.8mA
Ip X Rp = Vi — Vpg

‘/i’fl - VBE 1 - 065

= = =194 0
B Ig 1.8 x 1073

Ex(3): Calculate the input voltage that make the transistor saturated

VBE(sat) = 0.7 V.

Vee 10

IC(Sat) =R_L=_1OOO =10 mA

Icsary  10x 1073

IB(min) = ’8 30 = 0.125mA

Vin = Ip X Rp + Vpg

=0.125%x 1073 x 47 x 103+ 0.7 = 6.575V
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BJT switching time

kT

(1 — k)T—>

ton = tqg + ¢,

tq : delay time ; 0 to 0.1 Le(sap).

t; : rising time ; 0.1 to 0.9 I¢gsar).
tOff = ts + tf

ts : storage time ; 1 t0 0.9 I¢gsar).

tr: fall time ; 0.9 to 0.1 Le(sap).
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A capacitor (C) across the base used to give impulsive current may reduce
tr and tr to a value near to zero by vanishing saturation charge excess, choosing
value of C near to 100 pf is expected either decided experimentally or by
calculation depending on transistor characteristics.

Ex(4): In an overdriven transistor as switch circuit, Vcc = 10 V, Vi = 7.7 V,
Rg = 7 kQ, B = 30, calculate the value of speed up capacitor to reduce
rise time (t;) from 25 psec to 12 pusec, and R¢, Vgg = 0.7 V.

Vi = IgRp + Vg (san

Iy = BE Ip=———" =1mA
B~ TR, B= %108 "

Overdriven : Ig = 3lgyip)

Iy 1x107%
IB(min) = ? = T = 0.33mA
I _ IC(sat)
B(min) — T

Ieesaty = Blagminy = 30 X 0.33 x 103 = 10 m4

VCC

Rc = = =1k

7 I, T 10x1073

Iczt2 Q=Ixt, & Q=CxV,
T

CIeXt, 10x1073x12x107°
-V, 7.7

= 15.5 X 107 °F = 15.5 nF

HW (1): For transistor switch circuit, if Rg = 20 KQ, Rc = 1.2 k, B = 45,
[g(mim)= 0.5 mA, t: = 15 ps, Vgg = 0.7 V.

1- Write input & output equations ?
2- Calculate Vi, to make the transistor on as overdriven ?
3- Calculate value of speed up capacitor to make t, = 10 ps ?
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MOSFET as power switch

The MOSFET (Metal Oxide Semiconductor Field Effect Transistor) is a one kind
of FET (Field Effect Transistor), which consists of three terminals namely gate,
source and drain. Here, the drain current is controlled by the voltage of gate
terminal Therefore, these transistors are voltage controlled devices.

D

S

The symbol of n-channel enhancement mode MOSFET

These transistors are available in 4 different types such as P-channel or
N-channel with either in enhancement mode or depletion mode. The source and
Drain terminals are made of N-type semiconductor for N-channel MOSFETSs and
equally for P-channel devices. The gate terminal is made of metal and detached
from source & drain terminals using a metal oxide. This insulation roots low
power consumption & it is a benefit in this transistor. Therefore, this transistor is
used where P and N channel MOSFETSs are used as building blocks to reduce the
power consumption like digital CMOS logic.

Source (S) Drain (D)

Metal Electrode
Metal Oxide Insulator

M-y pe Channel

_____________ ‘ Depletion
Layer

Substrate
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MOSFETs are classified into two types which are enhancement mode and
depletion mode, the most type which used is enhancement mode type .

And enhancement mode is classified into P-channel and N-channel type.

The switching table for enhancement mode type MOSFETs:

M-Channel Enhancement ON OFF OFF

P-Channel Enhancement QOFF OFF oM

Working Principle of MOSFET

The working of MOSFET depends upon the MOS (metal oxide semiconductor)
which is the essential part of the MOSFET. The oxide layer presents, among the
two terminals such as source and drain. By applying +ve or -ve gate voltages, we
can set from P-channel to N-channel. When +ve voltage is applied to the gate
terminal, then the holes existing under the oxide layer with a repulsive force and
holes are pushed down through the substrate. The deflection region occupied by
the bound -ve charges which are associated with the acceptor atoms.

MOSFET characteristic

Vos = IoRosiong

Saturation Fegion Breakdown

I Voo (mosfet “ON") A
~ Rps
Vias = Voo
IDI:I'I'I.-E\:I
Cut-off Region
(mosfet "0OFF7)
Ioss
# Wies =0
0 -
- When Ip=10 0=
Voz = Voo
( |
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Difference between BJT and MOSFET

1-

2.

The BJT is a bipolar junction transistor whereas MOSFET is a metal
oxide semiconductor field effect transistor.

A BJT has three terminals namely base, emitter and collector, while a
MOSFET has three terminals namely source, drain and gate.

3- Nowadays, in analog and digital circuits, MOSFETSs are used more than

4-

BJTs.

The BJT is a current controlled device and MOSFET is a voltage
controlled device.

The structure of the MOSFET is more complex than BJT

'
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Thyristor as power switch

It is a multi-layer semiconductor device, The thyristor is a three-terminal device
labelled: “Anode”, “Cathode” and “Gate” and consisting of three PN junctions
which can be switched “ON” and “OFF”, and is represented by the symbol as
shown.

The symbol of Thyristor

The Thyristor is a unidirectional device, like the diode, which is only conduct
current in one direction. In other words, thyristors can operate only in the
switching mode and cannot be used for amplification like transistor.

A Thyristor's Two Transistor Analogy

Anode iy Anode (A)
e ILoap
1 i ‘
TR,

p P TH: PMP (

N — N N —

P G P P Gat

Gate EEJE'—

N TR, N rﬂ&ﬁ
T Y
Cathode K Cathode (K)
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Thyristor I-V Characteristics Curves

Forward current
:

Latching current |

Forward bias

o

Cathode (K)

Anode (A)

Gae(G)

——

Corventional Current Flow

le;>le;  Gate triggered ON

Reverse _
Breakdown voltage Holding current -
I
Vix < : ; - . — Vi Forward voltage
Reverse voltage E \ v \ Vi Vg
! Breakover voltage
Reverse voltage Off state forward
blocking voltage blocking

Reverse bias
b

reverse current

—
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Static Characteristics of a Thyristor

e Thyristors are semiconductor devices that can operate only in the
switching mode.

e Thyristor are current operated devices, a small Gate current controls a
larger Anode current.

e Conducts current only when forward biased and triggering current applied
to the Gate.

e The thyristor acts like a rectifying diode once it is triggered “ON”.

e Anode current (I5) must be greater than holding current (In) to maintain
conduction.

e There is no current flow when reverse biased, no matter even gate current
is applied.

e Once the thyristor is triggered “ON”, it will be latched “ON” conducting
even when a gate current is no longer applied, if Anode current is above
latching current (Ip).

Thyristors are high speed switches that can be used to replace electromechanical
relays in many circuits as they have no moving parts, no contact arcing or suffer
from corrosion or dirt. But in addition to simply switching large currents “ON”
and “OFF”, thyristors can be made to control the mean value of an AC load
current without dissipating large amounts of power. A good example of thyristor
power control is in the control of electric lighting, heaters and motor speed.

'
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Thyristor turn on methods
The SCR can be made to conduct or switching into conduction mode is
performed by any one of the following methods.
1. Forward voltage triggering
2. Temperature triggering
3. dv/dt triggering
4. Light triggering

5. Gate triggering

1. Forward Voltage Triggering (undesirable)

By increasing the forward anode to cathode voltage, the depletion layer width
is also increasing at junction J2. This also causes to increase the minority charge
carriers accelerating voltage at junction J2. This further leads to an avalanche
breakdown of the junction J2 at a forward breakover voltage Vgo.

At this stage SCR turns into conduction mode and hence a large current flow
through it with a low voltage drop across it. During the turn ON state the forward
voltage drop across the SCR is in the range of 1 to 1.5 volts and this may be
increased with the load current.

In practice this method is not employed because it needs a very large anode to
cathode voltage. And also, once the voltage is more than the Vpo, it generates
very high currents which may cause damage to the SCR. Therefore, most of the
cases this type of triggering is avoided.

2. Temperature Triggering (undesirable)

The reverse leakage current depends on the temperature. If the temperature is
increased to a certain value, the number of hole-pairs also increases. This causes
to increase the leakage current and lead to the breakdown of the junction.

'
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3. dv/dt Triggering (undesirable)

In forward blocking state junctions J1 and J3 are forward biased and J2 is
reverse biased. So, the junction J2 behaves as a capacitor (of two conducting
plates J1 and J3 with a dielectric J2) due to the space charges in the depletion
region. The charging current of the capacitor is given as

[=Cdv/dt

where dv/dt is the rate of change of applied voltage and C is the junction
capacitance. From the above equation, if the rate of change of the applied voltage
is large, the charging current will be increased. So, the SCR becomes turned ON
without a gate signal.

4. Light Triggering

An SCR turned ON by light radiation is called Light Activated SCR (LASCR).
This type of triggering is employed for phase controlled converters in HVDC

transmission systems. In this method, light rays with appropriate wave length and
intensity are allowed to strike the junction J2.

These types of SCRs are consisting a niche in the inner p-layer. Therefore,
when the light struck on this niche, electron-hole pairs are generated at the

junction J2 which provides additional charge carriers at the junction leads to turn
ON the SCR.

5. Gate Triggering

This is the most common and efficient method to turn ON the SCR. When the
SCR is forward biased, a sufficient voltage at the gate terminal injects some
electrons into the junction J2. This result to increase leakage current and hence
the breakdown of junction J2 even at the anode voltage (V) lower than the Vgo.

Depends on the size of the SCR the gate current varies from a few milli-amps
to 200 milli amps or more. If the gate current applied is more, then more electrons
are injected into the junction J2 and results to come into the conduction state at
much lower applied voltage.

'
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Dynamic Turn ON Switching Characteristics:

The dynamic processes of the SCR are turn ON and turn OFF processes in
which both voltage and currents of an SCR vary with time. The transition from
one state to another takes finite time, but doesn’t take place instantaneously.

There will be a finite transition time that SCR takes to reach the forward
conduction mode from blocking mode, which is termed as turn ON time of SCR.
The turn ON time of the SCR (T,,) can be subdivided into three distinct intervals

namely delay time tq, rise time t,, and spread time ts.
Ton=ta+t+ 1t

Tg: from 0 to 0.1 I

T from 0.1 Ip to 0.9 I

ts: from 0.9 I5 to Ia

Anode voltage va
4 and gate current ig

& j:l. N, &

\-"u: A ————09 Va2 0OA =Va= lmtial anode voltage
Iz
09 lal On state volatge

- | drop across SCR ! te I
t N

| | 01Vs 4 | B . | -
i ! T =

Anode current | | : ’ I{Lverﬁe Jo]tage due

| rla= Load Current
T

tc:| power ]:in::uit

0.91Ia ] Cmn]nl.lltation ﬂ| !
| | | ﬂn-:._-de current | | at | |
) 5 db:-f:::_s;? \I | Recovery | Recombination
|| | | | > | L4
0.1 1a] | | | ll. ID E-"' ly |E_-_.:J_,
orwa:d ——|td |'7t‘_"' is |'* ! | | i t
akage N ton ._| | | |
urrent r | .
Power loss | Steady state - r t”_-| |
i
J.

|
| |
(waia) operation _-I tq
|
]

Time in Microsec
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Dynamic Turn OFF Switching Characteristics:

The transition of an SCR from forward conduction state to forward blocking
state is called as turn OFF or commutation of SCR.

To turn OFF the SCR, the current must be reduced to a level below the holding
current (In) of SCR. SCR turn OFF is achieved by reducing the forward current
to zero. But if we apply the forward voltage immediately after the current zero
of SCR, it starts conducting again even without gate triggering.

This is due to the presence of charge carriers in the four layers. Therefore, it is
necessary to apply the reverse voltage, over a finite time across the SCR to
remove the charge carriers.

This process takes place in two stages. In a first stage excess carriers from outer
layers are removed and in second stage excess carriers in the inner two layers are
to be removed. Hence, the total turn OFF time(t.fr) 1s divided into two intervals;
reverse recovery time t, and gate recovery time t.

Totr = ter + tor

Anode voltage va
4+ and gate current ig

V;r_' A ———=09Va 0OA = Va= Initial anode voltage
0.9 el - ¢ On state volatge
| drop across SCR te I
tg :
| | 01Va ¥, | -
N ' 1\ A S

il _
,"f \‘l(Lverﬁe Jn]tage due

Anode current |
tul power ]".‘ircuit

1a

'y

|
I
|
| | ¢la= Load Current ] | [ &
1 ] Commutation Ty :
Anode current | | | |
| begins to \‘I
- decrease | R ecgvery l(ecnmbinat}(m
| | i
' || | |

| | t t2 t3 ]t;/ ts”
|

M

0.9 la

0.1 Ia|

_ t
* -
orward —Dltdl-l—[r—l-t5|-— | V_‘l ] T
vl | |
urrent I— | —l | trr ———weles—tor *I |
iy 7= | [ opermtion ta |
L . N
| | | | I 1
AU |
| | !
Time in Microsec t
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Thyristor's commutation methods

1. Natural (line) commutation

This is used to commutate the thyristor in AC circuits where the line voltage
changes polarity two times each cycle, so the thyristor terminal voltage is
reversed and switched — OFF each cycle (without any external helping circuit).

2. Forced commutation

This is used to commutate the thyristor in DC circuits. There are many types
of this commutations:

A) Class A Commutation:

This 1s also known as self-commutation, or resonant commutation, or load
commutation. In this commutation, the source of commutation voltage is in the
load. This load must be an under damped R-L-C supplied with a DC supply so
that natural zero is obtained.

The commutating components L and C are connected either parallel or series
with the load resistance R as shown below with waveforms of SCR current,
voltage and capacitor voltage.

Iz 4
¢ SCR \ i
I Ig Vex :
p— L
Vd >
£ Is CR, t
C
7 t
R Vscra —
-| Toff p’—
I/ %
Load in parallel with capacitor Load in series with capacitor

=
N
[EY
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B) Class B Commutation:

This is also a self-commutation circuit in which commutation of SCR is
achieved automatically by L and C components. The LC resonant circuit is
connected across the SCR but not in series with load as in case of class A
commutation and hence the L and C components do not carry the load current.

Iz 4

—

SCR

S%I L

£ +
L

=

i

|
|
I
.
=
3]
&

Vde

§ R Vscr
F 3

Toff
-

4

)
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C) Class C Commutation:

In this commutation method, the main SCR is to be commutated is connected
in series with the load and an additional or complementary SCR is connected in
parallel with main SCR. This method is also called as complementary
commutation.

In this, SCR turns OFF with a reverse voltage of a charged capacitor. The figure
below shows the complementary commutation with appropriate waveforms.

Iglh
Ig2 4 t
t
L g R Ir1 4
+ S
e —I I +
Vde S C scr I 7;
SCR2 N_didt L=
SCR1 - S é % -
En i k
+Epc
/ RIC
/ 1
-Enc
( |
L 23 )



Thyristor triggering techniques

1- Resistance triggering:
The following circuit shows the resistance triggering.

y Ernux

/)

N

N_ ‘

In this method, the variable resistance R is used to control the gate current.

Depending upon the value of R, when the magnitude of the gate current
reaches the sufficient value (latching current of the device) the SCR starts
to conduct.

The diode D is called as blocking diode. It prevents the gate cathode
junction from getting damaged in the negative half cycle.

By considering that the gate circuit is purely resistive, the gate current is
in phase with the applied voltage.

By using this method, we can achieve maximum firing angle up to 90°.

'
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2- RC Triggering:

a) RC Half Wave Circuit

The following circuit shows the RC Half Wave Circuit triggering.

[

' LOAD

) )

Vo=V, sinot

0y -\:f HL, ot 0 T | 2n'§ 3T o
m —»a |4— 'Vm
(2n+a)

High Value of R Low Value of R

'
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b) RC full Wave Circuit

The following circuit shows the RC full Wave Circuit triggering

T

A D1 IDB

vg=Vsinmot 1— 5% % &5

Vs ‘/VmSin(ut Vg /Vmsi Nnot
: /\ _ /\

q

High Value of R Low Value of R

'
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By using this method, we can achieve firing angle more than 90°.

In the positive half cycle, the capacitor is charged through the variable
resistance R up to the peak value of the applied voltage.

The variable resistor R controls the charging time of the capacitor.

Depends upon the voltage across the capacitor, when sufficient amount
of gate current will flow in the circuit, the SCR starts to conduct.

In the negative half cycle, the capacitor C is charged up to the negative
peak value.

Diode D is used to prevent the reverse break down of the gate cathode
junction in the negative half cycle.

'
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3- Pulse Gate Triggering:

e In this method the gate drive consists of a single pulse appearing
periodically (or) a sequence of high frequency pulses.

e A pulse transformer is used for isolation.

e The main advantage is that there is no need of applying continuous
signals, so the gate losses are reduced.

UJT Triggering:

10V

m WYYV

B2

. N B "’"“m
nk 470 ;
1"' RE]

Advantages of pulse train triggering:

e Low gate dissipation at higher gate current.

e When the first trigger pulse fails to trigger the SCR, the following pulses
can succeed in latching SCR. This important while triggering inductive
circuits having back emf.

'
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Thyristor protection

Protection against voltage:

O

gn, § R

~C T

A
(X
L |

o
protection against over voltage

Protection over voltage take place
C charging
R> —used in discharging

R —used for damping

Protection against di / dt :

2R

€

protection agansit di / dt

o

L is used to protection the scr from increasing in di / dt.
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Protection against dv / dt (snubber-circuit):

Discharge
current

LOAD

.

Snubber circuit acroas SCR.

A snubber circuit consists of a series combination of resistance Rs and
Capacitance Cs In parallel with the thyristor as shown in figure.

Capacitor Cs in parallel with device is sufficient to prevent unwanted dv/dt
triggering of the SCR. When switch S is closed, a sudden voltage appears across
the circuit , capacitor Cs behaves like a short circuit, therefore voltage across
SCR is zero.

SCR protection
Short-circuit protection o Snubber network
= r PR | N

'
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Thyristor Family

TRIAC LASCF{ Dpto -TRIAC DIAC GTO
bl R T
e SCR and LASCR and GTO are (Unidirectional).
e TRIAC, DIAC and Opto-TRIAC are (Bidirectional).

TRIAC (Bidirectional Thyristor):

T MT,
MT,
. G
T, A Y T,
s
MT,
l MT,

TRIAC will remain off until the gate signal turns it on.

MT, to MT; resistance drops very low.

TRIAC conducts until current drops below holding current.

+1 %Y
__ High current < Ry
=~ “on condition” |’

Holding current ‘

Reverse blocking current
“off condition™

/ +¥eo _
\ A %
=N e = ——— +N

—Vao Forward blocking current
v “off condition™
Holding current

.::'

- RI

<
- High current _—

1_.-':‘ “on condition™




DIAC

PNP 3-layer device

Anode 1 Ancde 1
Switching device
Bilateral Diode i
Conducts both ways S VA
Typical Breakover voltage is about 32 V "’

Remains off at low voltages.

As voltage increases to the breakover voltage it conducts.
Quick voltage drop results in a quick current spike.
Useful for triggering signals.

I A
B
Conduction state for
positive half-cycle
;1) IS——————— V. |

. >
IBo T VBo1

Blocking State

Conduction state for
negative half-cycle
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DIAC improves symmetry of control (bidirectional switch)

LOAD

Dy

Triac triggering circuit using a diac.

TRIAC can be used as follows:

e As a high power lamp switch.

(8

-

T

|

|

|

|

|

|
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|

|

|
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|
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|
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|
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e Electronic changeover for transformer taps.

e Light dimmer.

e Speed controls for electric fans and other electric motors.

SCR TRIAC
1 | Operate in one direction Operate in Bi-directions
2 | Input AC & output DC Input AC & output AC

3 | Natural and forced commutation

Natural commutation

—
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Gate Drive Circuits

The gating circuit is an integral part of a power converter that consists of
power semiconductor devices. The output of a converter that depends on how the
gating circuit drives the switching devices is a direct function of the switching.
The design of gating circuit requires knowledge of gate characteristics and needs
of power devices such as thyristors (SCR), bipolar junction transistor (BJT),
metal oxide semiconductor field-effect transistor (MOSFET), and insulated-gate
bipolar transistor (IGBT).

Because power electronics are increasingly used in application that require gate
drive circuits with advance control, high speed, high efficiency, and
compactness, gate drive integrated circuits (IC) are becoming commercially
available.

There are various circuits that are used to drive the power switches, like:

1- Unijunction Transistor (UJT).

2- Operational Amplifier (OP Amp).

'
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Unijunction Transistor (UJT)

This device can trigger larger thyristors with a pulse at base B1. A unijunction
transistor is composed of bar of N-type silicon having a P-type connection in the
middle. The connections at the ends of the bar are known as bases B; and B;; the
P-type mid-point is the emit Rgg ranges from 4-12kQ for different device types.

The stand-off ratio m is the ratio of Rg; to Rgg. It varies from 0.4 to 0.8 for
different devices.

PN B2
*52 Junction
B
E (Basez) \H.':l Channel
: o—P
(Emitter) > Emitter E
N
B-
®(Base;)
B-
UJT : Simplified
Symbol Construction Equivalent Circuit

'
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Cs

UJT Characteristics

Cut Off Region MNegative Resistance Region Saturation Region
e e e e - —

Ve beeees <

Valley Point

Emitter Voltage Ve in Volts)

Vv beessmmminnmmmmssiemmnrmcasinenssnnanssssansmnnsasaanie?

L
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UJT as relaxation oscillator

Capactor
Waveform

|||+

-
0 Ty Ta t(S}
HTII—-'
V2 — \ Sawtoothed Waveform
Vi L
— | Yoltage
B I across Ry
|
|
-
0 tis)
Circuit diagram waveforms

1
T=RC><ln1
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Ex(6): For relaxation oscillator: calculate maximum and minimum frequencies,

and calculate the maximum capacitance voltage, Vp = 0.6 V.

1
T =RC XIn +Vee
1—n va
R = Ry + Ry o Ry
470 Q
R =2.2kQ + 100k = 102.2 k1 R
max 22 kQ
= 0.65
T =102x103x0.1x10~® X In ———— E 1:”
e =102 %103 %0 078 X In m—— iy
C
= 10.708 ms 0.1yF —— Rs
100 Q
F. = —1 =9338H
min — T - . z J=_
Roin = 2.2k + 0 = 2.2 k0
T, : =22x103x01x10_6xln;=023m5
min ' ' 1—0.65 '

= 4329 kHz

I max
min

H.W. (2): In relaxation oscillator circuit, calculate Fi, , Fnax and Vg, if:

Vp = 0.6 V,Ry; = 3.3k, Ryo =95k, 1 =0.6,C = 0.2 uF, Voc = 15 V.

'
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Operational Amplifier

An integrated circuit (IC) DC amplifier with high open loop gain. It basically has
2 input terminals: Inverting input & Non inverting input (the inverting input
inverts the input signal 180° phase shift) with one output terminal.

Equivalent Circuit of an Ideal Operational Amplifier

*+Vauppiy

Inverting o

Input 1j
+ +

Maon-inverting V2

O
Input <
i ~Vsuppiy

Op-amp Parameter and Idealized Characteristic
e Open Loop Gain, (Avo):

The ideal gain is infinite but typically real values ranged from 20,000 to 200,000.
e Input impedance, (Zin):

Input impedance is the ratio of input voltage to input current and is assumed to
be infinite to prevent any current flowing from the source supply into the
amplifiers input circuitry ( Iy = 0). Real op-amps have input leakage currents

from a few pico-amps to a few milli-amps.
e QOutput impedance, (Zour):

The output impedance of the ideal operational amplifier is assumed to be zero.

Real op-amps have output impedances in the 100-20k< range.

'
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IC 741 Op Amp (Operational Amplifier)

The 741 Op Amp IC is an integrated circuit, comprising of a general purpose
Operational Amplifier. It was first manufactured by Fairchild semiconductors in
the year 1963. The number 741 indicates that this operational amplifier IC has 7
functional pins, 4 pins capable of taking input and 1 output pin.

IC 741 Op Amp can provide high voltage gain and can be operated over a wide
range of voltages, which makes it the best choice for use in integrators, summing
amplifiers and general feedback applications.

[ =
Input Offset NC
npuLTSE 1| 18 Input
Inverting Input | 2 [ | +Vce Supply Output
| A
Non-inverting Input | 3 + | 6 | Output Inout
npu
| T P
Ve Supply | 4 5 |Input Offset

 owm T - Ve

741 Op-amp Symbol

a) Inverting Voltage Amplifier

Input Waveform

Output Waveform

'
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This arrangement is named as inverting because it amplifies and reverses the
polarity of input signal (Observe the waveforms at the input and output). Resistor
R2 is the feedback resistor. Gain of the amplifier is given by the formula:

R,
Gain (Ay) = —(—
Ry

Negative sign indicates that the polarity of the output waveform is reversed. By
adjusting the values of R1 and R2 desired amplification can be achieve

Vout Rf
Gain (Ay) = = —(—)
v Vin Rin

b) Non-Inverting Voltage Amplifier

Qutput Waveform

Input Waveform

im

This arrangement is named as non-inverting because it amplifies the input signal,
while retaining the same polarity. Gain of the amplifier is given by the formula:

. R;
Gain (Ay) = 1+ —
R,

By adjusting the values of R; and R, desired amplification can be achieved. If
the value of feedback resistor R, is made 0, the gain equals 1 and the Op-Amp
configuration behaves as a “unity gain buffer” or a voltage follower.

Ry

Gain (Ay) = 1+
Rin
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IC 741 Op Amp Applications

Below are the applications of IC 741 Op Amp across different use cases:

Amplifiers: 741 IC is mostly used to amplify signals of varying
frequencies ranging from DC to higher radio frequencies. It is also used in
frequency selective amplifiers which filter out signals of unwanted
frequencies.

Computational: Many electronic circuits that perform mathematical
operations like integration, differentiation, summers etc. use 741 Op-Amp.

Oscillators: Op-Amp IC 741 is used as an oscillator in function generators
to create different output waveforms like sinusoidal, square, triangular etc.
It is also used in Pulse Width Modulators (PWM generators)

Comparators: The 741 IC can be used to compare voltage signals and
determine if they are almost of the same voltage. This can be used in
voltage regulators and signal comparators.

41 |

—



a) IC 741 Op-Amp as a Comparator

Non-inverting Comparator Circuit

R1

Vin

Iﬁ+
=)

NANEVAS
' \ / \

Vin oV ' ¥ " '
“Vp —\/ Time, & ——

Vin = Vref
| +Vsat = =
Vout oV
= VWsar | L
il
— Time,t —
Vin = Vref

Input and Output Waveforms
For Positive Vref

Vin > Vref

Vin < Vref

—

A +Vphee-
Vin oY \ I \
- \ref X av
-Vp \_/II Tlme,t—-—h-:
i‘hl'll'l = ".l'rel‘i :
i +\=at
Vout oV
- Vsat
— Time, —
Win < Vref
Input and Output Waveforms
For Negative Vref
Vout =+ Vsat
Vout = - Vsat
|
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Inverting Comparator Circuit

-VrEF= 1 R1

“(®

L +Vp A /\ 4 +Vp pess
Vref o 1y

S N

vin oV Vin
-Vp ---------- L ins : Time,t-_i—p- _\,rp\._/ Tm-,e‘t__i_..

. . ’;/‘u'ln = -Wref..
— +Vzar e

]

i
=2
A
=
[

) Hsat

Vout oV Vout oV

- Vsat

= Vsat
\ 7L Time, b =— \ TIME, [ e—
Vin = Vref Vin = -\re

Input and Output Waveforms Input and Dutqu Waveforms
For Positive Vref For Negative Vref

Vin>Viyet Vout = - Ve

Vin<Vref Vout =+ VCC
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b) IC 741 Op-Amp as a Zero crossing detector

Non-Inverting Zero Crossing Detector

Inverting Zero Crossing Detector

T sat
«‘QUL 0
U Ii” + ) sat

ut

< —»

'
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¢) IC 741 Op-Amp as an Astable Multivibrator (signal generator)

1]
A
[
) shVAVAY
>
O

C apacitor
WVoltage

VANA'
VRV

+
<
i
fr

D_>|

Veer |
|
+Vaar — '
0 Vour
Vaar
-;
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Once the op-amps inverting terminal reaches the new negative reference
voltage, (-Vrer ) at the non-inverting terminal, the op-amp once again changes
state and the output is driven to the opposing supply rail voltage, (+Vsa ). The
capacitor now sees a positive voltage across its plates and the charging cycle
begins again. Thus, the capacitor is constantly charging and discharging creating
an astable op-amp multivibrator output.

The period of the output waveform is determined by the RC time constant of the
two timing components and the feedback ratio established by the R;, R, voltage
divider network which sets the reference voltage level. If the positive and
negative values of the amplifier's saturation voltage have the same magnitude,
then ( t; = t2 ) and the expression to give the period of oscillation becomes:

R,
R, +R,

B

T=2RCln(1t§)

Ex (7): An op-amp multivibrator circuit is constructed using the following
components. R; =35 kQ, R, =30 kQ, R =50 kQ and C =0.01 pF. Calculate the

circuits frequency of oscillation.

Ry 30 * 103 0462

ﬂ_R1+R2_35*103+30*103_ '

T = 2RC 1 (1+ﬁ) 2 %50 %103 % 0.01 %1076« [ (1+0'462)

= = 2 % * * (. * * _—
"\1-p "\1- 0462

T=2%50%103%0.01*10"°*[n(2.717) = 0.001 Sec or 1 mSec

1
=———=1000 Hz or 1 kHz

F_1
T 0.001
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d) IC 741 Op-Amp as a Monostable Multivibrator (one shot)

R
Ve, \
| ) Vour
+
—{+
Rz
= Vec
Vin
o P
R-
stable | unstable state stable state Vour
Vo=0 v t=0
0 TN Va
* / ]
Capacitor Vp=0&
V Vocf — | — Voltage
- Timing Pericd Ticharging) — -t
- |
(T)
0
Y negative going
Y trigger pulse
t=0

At initial power on (that is t = 0), the output (Vour) will saturate towards either
the positive rail (+V), or to the negative rail (-V..), since these are the only two
stable states allowed by the op-amp. Let's assume for now that the output has
swung towards the positive supply rail, (+V.). Then the voltage at the non-
inverting input, (V) will be equal to (+Vcc * B) where Bis the feedback
fraction.
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The inverting input is held at 0.7 volts which is the forward volt drop of diode Dy,
preventing it from going any more positive. Thus, the potential at V4 is much
less than that at Vi and the output remains stable at (+V..). At the same time, the
capacitor (C) charges up to the same 0.7 volts potential and is held there by the
forward-biased voltage drop of the diode.

This temporary meta-stable state causes the capacitor to charge up
exponentially in the opposite direction through the feedback resistor (R) from
(+0.7 volts) down to the saturated output which it has just switched to (V).
Diode (D;) becomes reverse-biased so has no effect. The capacitor (C) will
discharge at a time constant (t = RC).

As soon as the capacitor voltage at V4 reaches the same potential as Vg, that
is (-Vcec * B ), the op-amp switches back to its original permanent stable state
with the output saturated once again at (+V).

Then we can see that a negative-going trigger input, will switch the op-amp
monostable circuit into its temporary unstable state. After a time delay (T) while
the capacitor (C) charges up through the feedback resistor (R), the circuit
switches back to its normal stable state once the capacitor voltage reaches the
required potential.

This time delay period (T) of the rectangular pulse at the output (the unstable
state time) is given as:

H.W. (3): An op-amp multivibrator circuit is constructed using the following
components. R; = 10 kQ, R, =10 kQ, R =10 kQ and C = 0.1 pF. Calculate the

circuits frequency of oscillation.
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