Power Electronics 06EC73

POWER ELECTRONICS

Subject Code: 06EC73 IA Marks: 25

No. of Lecture Hrs/Week: 04 Exam Hours: 03

Total no. of Lecture Hrs: 52 Exam Marks: 100
PART - A

UNIT -1

Introduction, Applications of power electronics, Power semiconductor devices, Control

characteristics, Types of power electronics circuits, Peripheral effects. 5 Hours

UNIT -2

POWER TRANSISTOR: Power BJT’s, switching characteristics, Switching limits, Base
derive control, Power MOSFET’s, switching characteristics, Gate drive, IGBT’s, Isolation of

gate and base drives. 6 Hours

UNIT -3

INTRODUCTION TO THYRISTORS: Principle of operation states anode-cathode
characteristics, two transistor model. Turn-on Methods, Dynamic Turn-on and turn-off
characteristics, Gate characteristics, Gate trigger circuits, di / dt and dv / dt protection,

Thyristor firing circuits. 7 Hours

UNIT -4
CONTROLLED RECTIFIERS: Introduction, Principles of phase controlled converter
operation, 1¢ fully controlled converters, Duel converters, 1 ¢ semi converters (all converters

with R & RL load). 5 Hours

SJBIT/Dept of ECE Page 1



Power Electronics 06EC73

PART —B

UNIT -5

COMMUTATION: Thyristor turn off methods, natural and forced commutation, self
commutation, class A and class B types, Complementary commutation, auxiliary
commutation, external pulse commutation, AC line commutation, numerical problems.

7 Hours

UNIT -6
AC VOLTAGE CONTROLLERS: Introduction, Principles of on and off control,
Principles of phase control, Single phase controllers with restive loads and Inductive loads,

numerical problems. 7 Hours

UNIT -7
DC CHOPPERS: Introduction, Principles of step down and step up choppers, Step down
chopper with RL loads, Chopper classification, Analysis of impulse commutated Thyristor

chopper (only qualitative analysis). 8 Hours

UNIT -8
INVERTORS: Introduction, Principles of operation, Performance parameters, 1¢ bridge
inverter, voltage control of 1¢ invertors, current source invertors, Variable DC link inverter.

7 Hours

TEXT BOOKS:
1. “Power Electronics” - M. H. Rashid 3rd edition, PHI / Pearson publisher 2004.
2. “Power Electronics” - M. D. Singh and Kanchandani K.B. TMH publisher, 2nd Ed. 2007.

REFERENCE BOOKS:

1. “Thyristorized Power Controllers” - G. K. Dubey S. R. Doradla, A. Joshi and Rmk
Sinha New age international (P) Itd reprint 1999.

2. “Power Electronics” - Cynil W. Lander 3rd edition, MGH 2003.

SJBIT/Dept of ECE Page 2



Power Electronics 06EC73
UNIT TOPIC PAGE NO.
UNIT - 1: INTRODUCTION TO POWER ELECTRONICS 05
1.1 | Brief History of Power Electronics 05
1.2 Power Electronic Application 05
1.3 | Power Semiconductor Devices 06
1.4 | Control Characteristics Of Power Devices 10
1.5 | Types of Power Converters or Types of Power Electronic Circuits 12
1.6 | Peripheral Effects 17
UNIT-2: POWER TRANSISTOR 19
2.1 | Bipolar Junction Transistors 19
2.2 | Transistor as a Switch 23
2.3 | Transient Model of BJT 27
2.4 | switching Limits 32
2.5 | power MOSFET’S 39
2.6 | switching Characteristics a4
2.7 | IGBT 47
2.8 | di/dtand dv/dt Limitations >0
2.9 | |solation of Gate and Base Drives 52
UNIT -3: INTRODUCTION TO THYSISTORS 56
3.1 | silicon Controlled Rectifier (SCR) 56
3.2 | Thyristor Gate Characteristics 60
3.3 | Quantitative Analysis 61
3.4 | switching Characteristics (Dynamic characteristics) 63
3.5 | Resistance Triggering 69
3.6 | Resistance Capacitance Triggering 1
3.7 | Uni-Junction Transistor (UJT) 3
3.8 | UJT Relaxation Oscillator 5
3.9 | synchronized UJT Oscillator 80
84
3.10 d—\t/ Protection
di 87
3.11 ™ Protection

SJBIT/Dept of ECE

Page 3



Power Electronics 06EC73
UNIT-4 CONTROLLED RECTIFIERS 89
4.1 | Line Commutated AC to DC converters 89
4.2 | Applications of Phase Controlled Rectifiers 89
4.3 | Classification of Phase Controlled Rectifiers 90
4.4 | Principle of Phase Controlled Rectifier Operation 90
Control Characteristic of Single Phase Half Wave Phase Controlled Rectifier
4.5 : - 92
with Resistive Load
16 Single Phase Full Wave Controlled Rectifier Using A Center Tapped 102
" | Transformer
4.7 | Single Phase Full Wave Bridge Controlled Rectifier 109
4.8 | Single Phase Dual Converter 120
UNIT-5 COMMUTATION 126
5.1 | Introduction 126
5.2 | Self Commutation or Load Commutation 128
5.3 | Resonant Pulse Commutation 140
5.4 | Complementary Commutation 154
5.5 | Impulse Commutation 158
5.6 | External Pulse Commutation 165
UNIT-6 AC VOLTAGE CONTROLLER 168
6.1 | Phase Control 168
6.2 | Type of Ac Voltage Controllers 169
6.3 | Principle of On-Off Control Technique (Integral Cycle Control 170
6.4 | Principle Of Ac Phase Control 178
Single Phase Full Wave Ac Voltage Controller (Ac Regulator) or Rms Voltage
6.5 . . 188
Controller with Resistive Load
Single Phase Full Wave Ac Voltage Controller (Bidirectional
6.6 Controller) With RL Load 194
UNIT-7 DC CHOPPER 216
7.1 | Introduction 216
7.2 | Principle of Step-down Chopper 216
7.3 | Principle of Step-up Chopper 224
7.4 | Classification of Choppers 230
7.5 | Impulse Commutated Chopper 236
UNIT-8 INVERTERS 242
8.1 | Classification of Inverters 242
8.2 | Principle of Operation 242
8.3 | Half bridge inverter with Inductive load 243
8.4 | Fourier analysis of the Load Voltage Waveform of a Half Bridge Inverter 245
8.5 | Performance parameters of inverters 248
8.6 | Single Phase Bridge Inverter 250
8.7 | Single Phase Bridge Inverter with RL Load 252
8.8 | Comparison of half bridge and full bridge inverters 258
8.9 | Principle of Operation of CSI: 258
8.10 | Variable DC link Inverter 261

SJBIT/Dept of ECE

Page 4




Power Electronics 06EC73

UNIT-1
INTRODUCTION TO POWER ELECTRONICS

Power Electronics is a field which combines Power (electric power), Electronics and
Control systems.

Power engineering deals with the static and rotating power equipment for the generation,
transmission and distribution of electric power.

Electronics deals with the study of solid state semiconductor power devices and circuits for
Power conversion to meet the desired control objectives (to control the output voltage and
output power).

Power electronics may be defined as the subject of applications of solid state power
semiconductor devices (Thyristors) for the control and conversion of electric power.

1.1 Brief History of Power Electronics

The first Power Electronic Device developed was the Mercury Arc Rectifier during
the year 1900. Then the other Power devices like metal tank rectifier, grid controlled vacuum
tube rectifier, ignitron, phanotron, thyratron and magnetic amplifier, were developed & used
gradually for power control applications until 1950.

The first SCR (silicon controlled rectifier) or Thyristor was invented and developed by Bell
Lab’s in 1956 which was the first PNPN triggering transistor.

The second electronic revolution began in the year 1958 with the development of the
commercial grade Thyristor by the General Electric Company (GE). Thus the new era of
power electronics was born. After that many different types of power semiconductor devices
& power conversion techniques have been introduced.The power electronics revolution is
giving us the ability to convert, shape and control large amounts of power.

1.2 Power Electronic Applications

1. COMMERCIAL APPLICATIONS

Heating Systems Ventilating, Air Conditioners, Central Refrigeration, Lighting,
Computers and Office equipments, Uninterruptible Power Supplies (UPS), Elevators, and
Emergency Lamps.

2. DOMESTIC APPLICATIONS

Cooking Equipments, Lighting, Heating, Air Conditioners, Refrigerators & Freezers,
Personal Computers, Entertainment Equipments, UPS.

3. INDUSTRIAL APPLICATIONS

Pumps, compressors, blowers and fans. Machine tools, arc furnaces, induction furnaces,
lighting control circuits, industrial lasers, induction heating, welding equipments.
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4. AEROSPACE APPLICATIONS

Space shuttle power supply systems, satellite power systems, aircraft power systems.
5. TELECOMMUNICATIONS

Battery chargers, power supplies (DC and UPS), mobile cell phone battery chargers.
6. TRANSPORTATION

Traction control of electric vehicles, battery chargers for electric vehicles, electric
locomotives, street cars, trolley buses, automobile electronics including engine controls.

1.3 POWER SEMICONDUCTOR DEVICES

The power semiconductor devices are used as on/off switches in power control circuit. These
devices are classified as follows.

Power Devices
|
| * |
Diades Thyristors Transistors

1. General purpose 1. SCRs 1.BJT
2. High speed 2. GTO 2. MOSFET
3. Schottky 3.RCT 3, IGBT

4. 5ITH 4 51T

5. GATT

6. LASCR

T.MCT

8. TRIAC

A. POWER DIODES

Power diodes are made of silicon p-n junction with two terminals, anode and cathode.
Diode is forward biased when anode is made positive with respect to the cathode. Diode
conducts fully when the diode voltage is more than the cut-in voltage (0.7 V for Si).
Conducting diode will have a small voltage drop across it.

Diode is reverse biased when cathode is made positive with respect to anode. When reverse
biased, a small reverse current known as leakage current flows. This leakage current
increases with increase in magnitude of reverse voltage until avalanche voltage is reached
(breakdown voltage).
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Fig.1.1 V-1 Characteristics of diode.
POWER DIODES TYPES
Power diodes can be classified as
e General purpose diodes.
e High speed (fast recovery) diodes.
e Schottky diode.
General Purpose Diodes

The diodes have high reverse recovery time of about 25 microsecs (usec). They are
used in low speed (frequency) applications. e.g., line commutated converters, diode rectifiers
and converters for a low input frequency upto 1 KHz. Diode ratings cover a very wide range
with current ratings less than 1 A to several thousand amps (2000 A) and with voltage ratings
from 50 V to 5 KV. These diodes are generally manufactured by diffusion process. Alloyed
type rectifier diodes are used in welding power supplies. They are most cost effective and
rugged and their ratings can go upto 300A and 1KV.

Fast Recovery Diodes

The diodes have low recovery time, generally less than 5 ps. The major field of
applications is in electrical power conversion i.e., in free-wheeling ac-dc and dc-ac converter
circuits. Their current ratings is from less than 1 A to hundreds of amperes with voltage
ratings from 50 V to about 3 KV. Use of fast recovery diodes are preferable for free-wheeling
in SCR circuits because of low recovery loss, lower junction temperature and reduced di/dt .

For high voltage ratings greater than 400 V they are manufactured by diffusion process and
the recovery time is controlled by platinum or gold diffusion. For less than 400 V rating
epitaxial diodes provide faster switching speeds than diffused diodes. Epitaxial diodes have a
very narrow base width resulting in a fast recovery time of about 50 ns.

Schottky Diodes

A Schottky diode has metal (aluminium) and semi-conductor junction. A layer of
metal is deposited on a thin epitaxial layer of the n-type silicon. In Schottky diode there is a
larger barrier for electron flow from metal to semi-conductor. Figure shows the schotty diode.
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Anode

Junction

|

Cathode

When Schottky diode is forward biased free electrons on n-side gain enough energy to flow
into the metal causing forward current. Since the metal does not have any holes there is no
charge storage, decreasing the recovery time. Therefore a Schottky diode can switch-off
faster than an ordinary p-n junction diode. A Schottky diode has a relatively low forward
voltage drop and reverse recovery losses. The leakage current is higher than a p-n junction
diode. The maximum allowable voltage is about 100 V. Current ratings vary from about 1 to
300 A. They are mostly used in low voltage and high current dc power supplies. The
operating frequency may be as high 100-300 kHz as the device is suitable for high frequency
application.

Comparison Between Different Types Of Diodes

General Purpose Diodes | Fast Recovery Diodes Schottky Diodes

Upto 5000V & 3500A Upto 3000V and 1000A Upto 100V and 300A

Reverse recovery time — | Reverse recovery time — | Reverse recovery time —

High Low Extremely low.

t, ~25us t, =0.1usto5us t,, = a few nanoseconds

Turn off time - High Turn off time - Low Turn off time — Extremely
low

Switching  frequency - | Switching frequency — | Switching frequency —

Low High Very high.

V.=0.7Vto 1.2V V. =0.8Vto 1.5V V. ~0.4V to 0.6V

B. Thyristors
Silicon Controlled Rectifiers (SCR):
The SCR has 3- terminals namely:
Anode (A), Cathode (k) and Gate(G).
Internally it is having 4-layers p-n-p-n as shown in figure (b).
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Fig.1.2 (a). Symbol Fig.1.2 (b). Structure of SCR

The word thyristor is coined from thyratron and transistor. It was invented in the year 1957 at
Bell Labs.

The Thyristors can be subdivided into different types
e Forced-commutated Thyristors (Inverter grade Thyristors)
e Line-commutated Thyristors (converter-grade Thyristors)
e Gate-turn off Thyristors (GTO).
e Reverse conducting Thyristors (RCT’s).
e Static Induction Thyristors (SITH).
e Gate assisted turn-off Thyristors (GATT).
e Light activated silicon controlled rectifier (LASCR) or Photo SCR’s.
e MOS-Controlled Thyristors (MCT’s).

C. POWER TRANSISTORS

Transistors which have high voltage and high current rating are called power
transistors. Power transistors used as switching elements, are operated in saturation region
resulting in a low - on state voltage drop. Switching speed of transistors is much higher than
the thyristors. And they are extensively used in dc-dc and dc-ac converters with inverse
parallel connected diodes to provide bi-directional current flow. However, voltage and
current ratings of power transistor are much lower than the thyristors. Transistors are used in
low to medium power applications. Transistors are current controlled device and to keep it in
the conducting state, a continuous base current is required.

Power transistors are classified as follows
e Bi-Polar Junction Transistors (BJTs)
e Metal-Oxide Semi-Conductor Field Effect Transistors (MOSFETS)
e Insulated Gate Bi-Polar Transistors (IGBTs)
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e Static Induction Transistors (SITs)

1.4 CONTROL CHARACTERISTICS OF POWER DEVICES

The power semiconductor devices are used as switches. Depending on power requirements,
ratings, fastness & control circuits for different devices can be selected. The required output
is obtained by varying conduction time of these switching devices.

Control characteristics of Thyristors:

A VG
1
Gate
signal t
',Cl t!G
+0 - + —lp——————————
Thyristor b Vs
Input Output V,
voltage Ré voltage
Vi L
—o - 0 > 1

(a) Thyristor switch
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(b) GTO/MTO/ETOAGCT/MCT/SITH switch (For MCT, the polarity of V; is reversed as shown)
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Figl.3: Control Characteristics of Power Switching Devices

Classification of power semiconductor devices:
e Uncontrolled turn on and turn off (e.g.: diode).
e Controlled turn on and uncontrolled turn off (e.g. SCR)

e Controlled turn on and off characteristics (e.g. BJT, MOSFET, GTO, SITH,
IGBT, SIT, MCT).

e Continuous gate signal requirement (e.g. BJT, MOSFET, IGBT, SIT).
e Pulse gate requirement (e.g. SCR, GTO, MCT).
e Bipolar voltage withstanding capability (e.g. SCR, GTO).

e Unipolar voltage withstanding capability (e.g. BJT, MOSFET, GTO, IGBT,
MCT).

e Bidirectional current capability (e.g.: Triac, RCT).

e Unidirectional current capability (e.g. SCR, GTO, BJT, MOSFET, MCT,
IGBT, SITH, SIT & Diode).
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1.5 Types of Power Converters or Types of Power Electronic Circuits

For the control of electric power supplied to the load or the equipment/machinery or
for power conditioning the conversion of electric power from one form to other is necessary
and the switching characteristic of power semiconductor devices (Thyristors) facilitate these
conversions.

The thyristorised power converters are referred to as the static power converters and
they perform the function of power conversion by converting the available input power
supply in to output power of desired form.

The different types of thyristor power converters are
e Diode rectifiers (uncontrolled rectifiers).
e Line commutated converters or AC to DC converters (controlled rectifiers)
e AC voltage (RMS voltage) controllers (AC to AC converters).
e Cyclo converters (AC to AC converters at low output frequency).
e DC choppers (DC to DC converters).

e Inverters (DC to AC converters).

1. AC TO DC Converters (Rectifiers)

+
AC Line DC Output
Input Commutated Voo
\bltage Converter @9

These are AC to DC converters. The line commutated converters are AC to DC power
converters. These are also referred to as controlled rectifiers. The line commutated converters
(controlled rectifiers) are used to convert a fixed voltage, fixed frequency AC power supply
to obtain a variable DC output voltage. They use natural or AC line commutation of the
Thyristors.
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Fig: 1.5 A Single Phase Full Wave Controlled Rectifier Circuit (using SCRs) using a Center Tapped
Transformer

Different types of line commutated AC to DC converters circuits are
e Diode rectifiers — Uncontrolled Rectifiers
e Controlled rectifiers using SCR’s.
o Single phase controlled rectifier.
o Three phase controlled rectifiers.
Applications of Ac To Dc Converters
AC to DC power converters are widely used in

e Speed control of DC motor in DC drives.

SJBIT/Dept of ECE Page 13



Power Electronics 06EC73

e UPS.
e HVDC transmission.

e Battery Chargers.

2.a. AC TO AC Converters or AC regulators.

\/O(RMS
————————»
AC \ariable AC
\bltage RMSO/P\bltage
Controller
" f

The AC voltage controllers convert the constant frequency, fixed voltage AC supply into
variable AC voltage at the same frequency using line commutation.

AC regulators (RMS voltage controllers) are mainly used for
e Speed control of AC motor.

e Speed control of fans (domestic and industrial fans).

e AC pumps.
LAY
Vo Lo
2, = V, sinwt
wl
TRIAC
o
T K +
. Resistive ol
3'31 v, = Vi, sinwt Yy load
supply '
R
- - /) S
(a) Circuit diagram (b) Voltage waveforms

Fig.1.6: A Single Phase AC voltage Controller Circuit (AC-AC Converter using a TRIAC)

SJBIT/Dept of ECE Page 14



Power Electronics 06EC73

2. b. AC TO AC Converters with Low Output Frequency or CYCLO CONVERTERS

Vo o
Cyclo \ariable Fequency
Converters AC Output
f,<f

The cyclo converters convert power from a fixed voltage fixed frequency AC supply to a
variable frequency and variable AC voltage at the output.

The cyclo converters generally produce output AC voltage at a lower output frequency. That
is output frequency of the AC output is less than input AC supply frequency.

Applications of cyclo converters are traction vehicles and gearless rotary kilns.

3. CHOPPERS or DC TO DC Converters

+ \/O(dc)

L
DC Variable DC
-,: Chopper Output \Wbltage

The choppers are power circuits which obtain power from a fixed voltage DC supply and
convert it into a variable DC voltage. They are also called as DC choppers or DC to DC
converters. Choppers employ forced commutation to turn off the Thyristors. DC choppers are
further classified into several types depending on the direction of power flow and the type of
commutation. DC choppers are widely used in

e Speed control of DC motors from a DC supply.
e DC drives for sub-urban traction.

e Switching power supplies.
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Fig.1.7: A DC Chopper Circuit (DC-DC Converter) using IGBT

4. INVERTERS or DC TO AC Converters

DC +___ Inverter AC
Supply (Forced Output \bltage
- l Commutation) P g

The inverters are used for converting DC power from a fixed voltage DC supply into an AC
output voltage of variable frequency and fixed or variable output AC voltage. The inverters
also employ force commutation method to turn off the Thyristors.

Applications of inverters are in
e Industrial AC drives using induction and synchronous motors.

e Uninterrupted power supplies (UPS system) used for computers, computer labs.
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Fig.1.8: Single Phase DC-AC Converter (Inverter) using MOSFETS

1.6 Peripheral Effects

The power converter operations are based mainly on the switching of power
semiconductor devices and as a result the power converters introduce current and voltage
harmonics (unwanted AC signal components) into the supply system and on the output of the
converters.

Power o
Input > Power > Output > > Output
Source filter converter filter
h
Switching
control signal <
generator

Fig.1.9: A General Power Converter System

These induced harmonics can cause problems of distortion of the output voltage, harmonic
generation into the supply system, and interference with the communication and signaling
circuits. It is normally necessary to introduce filters on the input side and output side of a
power converter system so as to reduce the harmonic level to an acceptable magnitude. The
figure below shows the block diagram of a generalized power converter with filters added.
The application of power electronics to supply the sensitive electronic loads poses a
challenge on the power quality issues and raises the problems and concerns to be resolved by
the researchers. The input and output quantities of power converters could be either AC or
DC. Factors such as total harmonic distortion (THD), displacement factor or harmonic factor
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(HF), and input power factor (IPF), are measures of the quality of the waveforms. To
determine these factors it is required to find the harmonic content of the waveforms. To
evaluate the performance of a converter, the input and output voltages/currents of a converter
are expressed in Fourier series. The quality of a power converter is judged by the quality of
its voltage and current waveforms.

The control strategy for the power converters plays an important part on the harmonic
generation and the output waveform distortion and can be aimed to minimize or reduce these
problems. The power converters can cause radio frequency interference due to
electromagnetic radiation and the gating circuits may generate erroneous signals. This
interference can be avoided by proper grounding and shielding.

Recommended questions:

1. State important applications of power electronics

2. What is a static power converter? Name the different types of power converters and
mention their functions.

3. Give the list of power electronic circuits of different input / output requirements.

4. What are the peripheral effects of power electronic equipments? What are the remedies
for them?

5. What are the peripheral effects of power electronic equipments? What are the remedies
for them?
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UNIT-2

POWER TRANSISTORS

Power transistors are devices that have controlled turn-on and turn-off characteristics.
These devices are used a switching devices and are operated in the saturation region resulting
in low on-state voltage drop. They are turned on when a current signal is given to base or
control terminal. The transistor remains on so long as the control signal is present. The
switching speed of modern transistors is much higher than that of Thyristors and are used
extensively in dc-dc and dc-ac converters. However their voltage and current ratings are
lower than those of thyristors and are therefore used in low to medium power applications.

Power transistors are classified as follows
e Bipolar junction transistors(BJTs)
e Metal-oxide semiconductor filed-effect transistors(MOSFETS)
e Static Induction transistors(SITs)

e Insulated-gate bipolar transistors(IGBTS)

2.1 Bipolar Junction Transistors

The need for a large blocking voltage in the off state and a high current carrying
capability in the on state means that a power BJT must have substantially different structure
than its small signal equivalent. The modified structure leads to significant differences in the
I-V characteristics and switching behavior between power transistors and its logic level
counterpart.

2.1.1 Power Transistor Structure

If we recall the structure of conventional transistor we see a thin p-layer is
sandwiched between two n-layers or vice versa to form a three terminal device with the
terminals named as Emitter, Base and Collector. The structure of a power transistor is as
shown below.
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Fig.2.1: Structure of Power Transistor

The difference in the two structures is obvious.

A power transistor is a vertically oriented four layer structure of alternating p-type and n-
type. The vertical structure is preferred because it maximizes the cross sectional area and
through which the current in the device is flowing. This also minimizes on-state resistance
and thus power dissipation in the transistor.

The doping of emitter layer and collector layer is quite large typically 10 cm™. A special
layer called the collector drift region (n") has a light doping level of 10*.

The thickness of the drift region determines the breakdown voltage of the transistor. The base
thickness is made as small as possible in order to have good amplification capabilities,
however if the base thickness is small the breakdown voltage capability of the transistor is
compromised.

2.1.2Steady State Characteristics

Figure 3(a) shows the circuit to obtain the steady state characteristics. Fig 3(b) shows
the input characteristics of the transistor which is a plot of 1 versus Vg, . Fig 3(c) shows the

output characteristics of the transistor which is a plot I.versus V... The characteristics
shown are that for a signal level transistor.

The power transistor has steady state characteristics almost similar to signal level transistors
except that the V-1 characteristics has a region of quasi saturation as shown by figure 4.
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Fig 2.2. Steady State Characteristics of Power Transistor

There are four regions clearly shown: Cutoff region, Active region, quasi saturation
and hard saturation. The cutoff region is the area where base current is almost zero. Hence no
collector current flows and transistor is off. In the quasi saturation and hard saturation, the
base drive is applied and transistor is said to be on. Hence collector current flows depending
upon the load.

Quasi-saturation

Hard - 1/Rd
Saturation

Second breakdown

I,.>1,,,etc.
___
S P
I, _
I,
1,=0

A BVeo P Ve

BVgys BV eo

Fig. 2.3: Characteristics of NPN Power Transistors
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The power BJT is never operated in the active region (i.e. as an amplifier) it is always
operated between cutoff and saturation. The BV is the maximum collector to emitter

voltage that can be sustained when BJT is carrying substantial collector current. The BV ., is

the maximum collector to emitter breakdown voltage that can be sustained when base current
is zero and BV, is the collector base breakdown voltage when the emitter is open circuited.

The primary breakdown shown takes place because of avalanche breakdown of collector base
junction. Large power dissipation normally leads to primary breakdown.

The second breakdown shown is due to localized thermal runaway.

Transfer Characteristics

b VE'E
Cutoff |
|

- Active — =— Saturation

VEE[sat] _____ T
0

05 1i‘f'rElEl_s:n_u

Fig. 2.4: Transfer Characteristics
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2.2 Transistor as a Switch
The transistor is used as a switch therefore it is used only between saturation and cutoff.
From fig. 5 we can write the following equations

R
{l V.j:‘ i_
}E RE +
—ANN—
+ ) Ve
— VB VeE I
Fig. 2.5: Transistor Switch
| = VB _VBE
B R,
Vc :VCE :Vcc - IcRc
Rc VB _VBE
Vc :Vcc - p
RB
VCE :VCB +VBE
VCB =VCE —VBE ]

Equation (1) shows that as long as V.. >V, the CBJ is reverse biased and transistor is in

active region, The maximum collector current in the active region, which can be obtained by
setting V. =0and V. =V is given as

V. -V, ey

| — CC CE . | —

CM c BM
R PBe
If the base current is increased above lg,,,Vy: increases, the collector current increases and

V. falls belowV,. . This continues until the CBJ is forward biased with V,. of about 0.4 to

0.5V, the transistor than goes into saturation. The transistor saturation may be defined as the
point above which any increase in the base current does not increase the collector current
significantly.

In saturation, the collector current remains almost constant. If the collector emitter voltage is

Ve o the collector current is
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Vcc _VCESAT

Re

Normally the circuit is designed so that 1 is higher that 1, . The ratio of I, to I is called
to overdrive factor ODF.

ODF =&

BS

The ratio of I to I is called as forced S .

_ "Cs
ﬂ forced — ;

I B
The total power loss in the two functions is

PT :VBEIB +VCEIC

A high value of ODF cannot reduce the CE voltage significantly. However V. increases due

to increased base current resulting in increased power loss. Once the transistor is saturated,
the CE voltage is not reduced in relation to increase in base current. However the power is
increased at a high value of ODF, the transistor may be damaged due to thermal runaway. On

the other hand if the transistor is under driven |, <, it may operate in active region, V..
increases resulting in increased power loss.

Problems

1. The BJT is specified to have a range of 8 to 40. The load resistance in R, =11€Q2. The

dc supply voltage is Vcc=200V and the input voltage to the base circuit is Vg=10V. If
VCE(sat):]..OV and VBE(sa[):]..SV. Find

a. The value of Rg that results in saturation with a overdrive factor of 5.
b. The forced g, .

c. The power loss P+ in the transistor.

Solution
Ve =V, _
(@) |y = ceerta _200°10 0
R- 110
Therefore lgs = le, _181_ 2.2625A
ﬁmin
Therefore I, =ODF x I, =11.3125A
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| = VB _VBE(sat)
g=——~
B

VB _VBE(sat) _ 10_1.5
I, 11.3125

(b)  Therefore B, = les _ 181
I, 11.3125

Therefore Rg = =0.715Q

=16

PT :VBEIB +VCEIC
(c) P =1.5x11.3125+1.0x18.1
P, =16.97+18.1=35.07W

2. The pof a bipolar transistor varies from 12 to 75. The load resistance is R. =1.5Q.

The dc supply voltage is Vcc=40V and the input voltage base circuit is Vg=6V. If

a. The overdrive factor ODF.
b. The forced pBs.
c. Power loss in transistor Pt

Solution
V.. -V _
ICS — CcC CE((sat) — 40-1.2 = 25.86A
Re
I = les 2580 _; 15
ﬂmin 12
V, -V _
Also |, =2 B0 _8716_ 5 o8a
RB
@) Therefore ODF = Jg 628 2.92
s 2.15
Forced g, = les 2586 411
I, 6.28
(© Pr =Veelg +Veelc

P, =1.6x6.25 + 1.2x25.86
P =41.032Watts
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3. For the transistor switch as shown in figure
a. Calculate forced beta, f, of transistor.

b. If the manufacturers specified g is in the range of 8 to 40, calculate the
minimum overdrive factor (ODF).

c. Obtain power loss P; in the transistor.

V,=10v, R, =0.750
R V,. .. =15V, R, =110,
I Voo — V =1V, VCC =200V

- CE sat

BE sat

Solution
V., -V _
(i) |B= B RBE sat =100 7:;5=1133A
5 )
V..-V _
I, = cc _ CE sat _ 200-1.0 _18.09A
C
Therefore l.. = los =@=2.26A
BS ﬂ
g e 1809
I, 11.33
(i) ODF=-te_1138 g5y
le 226

(i) P =V, +Vgl. =1.5x11.33+1.0x18.09 = 35.085\

4. A simple transistor switch is used to connect a 24V DC supply across a relay coil,
which has a DC resistance of 200Q2. An input pulse of 0 to 5V amplitude is applied
through series base resistor R, at the base so as to turn on the transistor switch.

Sketch the device current waveform with reference to the input pulse.
Calculate

a. .

b. Value of resistor R, required to obtain over drive factor of two.
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c. Total power dissipation in the transistor that occurs during the saturation state.

+ V=24V
2000 l
Relay ZF D
Coil
R
I/p ,\MB'. I: 5 =25 to 100
5V > Vg =0-2V
J Vee(san=0.7V
0
[
Ve A
5 - om om
B O [] —> t
IC 1 ]
Iesp---1- '
T=L/R—4—1,/ \
: — t
i : .
p ﬂr =L/R +R;

Solution

To sketch the device current waveforms; current through the device cannot
rise fast to the saturating level of | since the inductive nature of the coil opposes any

change in current through it. Rate of rise of collector current can be determined by the

time constant z, =%. Where L is inductive in Henry of coil and R is resistance of coil.

Once steady state value of | is reached the coil acts as a short circuit. The collector
current stays put at I till the base pulse is present.

Similarly once input pulse drops to zero, the current 1. does not fall to zero

immediately since inductor will now act as a current source. This current will now
decay at the fall to zero. Also the current has an alternate path and now can flow
through the diode.
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V..-V _
Q) I, = cc _ CE sat _ 24208.2 _0.119A
c
(i)  Valueof R,
lgs = I‘!CS :—0'1;9 =4.76mA

|, =ODF x I =2x4.76 =9.52mA

_VB _VBE sat 5-0.7
I 9.52

R, = 4500

(i) R =V x1g+V, X 1o =0.7x9.52+0.2x0.119 = 6.68W

BE sat CE sat

Switching Characteristics

A forward biased p-n junction exhibits two parallel capacitances; a depletion layer
capacitance and a diffusion capacitance. On the other hand, a reverse biased p-n junction has
only depletion capacitance. Under steady state the capacitances do not play any role.
However under transient conditions, they influence turn-on and turn-off behavior of the
transistor.

2.3 Transient Model of BJT

|

& r{ |
B +

Crb

Thg Vi T Cl‘lE'

: i
I i =
E: 8m = ¥
I E E be

ia) Model with current gain (b} Model with transconductance

Fig. 2.6: Transient Model of BJT
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kT (1— k)T

—Igz

I
0.9 Trg

0.1 Ics

Fig. 2.7: Switching Times of BJT

Due to internal capacitances, the transistor does not turn on instantly. As the voltage
Vg rises from zero to V; and the base current rises to lgs, the collector current does not
respond immediately. There is a delay known as delay time td, before any collector current
flows. The delay is due to the time required to charge up the BEJ to the forward bias voltage
Vge(0.7V). The collector current rises to the steady value of Ics and this time is called rise
time t,.

The base current is normally more than that required to saturate the transistor. As a result
excess minority carrier charge is stored in the base region. The higher the ODF, the greater is
the amount of extra charge stored in the base. This extra charge which is called the saturating
charge is proportional to the excess base drive.

This extra charge which is called the saturating charge is proportional to the excess base
drive and the corresponding current Ie.

I, = |B—%=ODF.|BS —lg =1, ODF-1

e

Saturating charge Qs =r7,l, = 71, (ODF —1) where z_is known as the storage time constant.

When the input voltage is reversed from V; to -V, the reverse current —Ig, helps to discharge
the base. Without —Ig, the saturating charge has to be removed entirely due to recombination
and the storage time ts would be longer.

Once the extra charge is removed, BEJ charges to the input voltage —V, and the base current
falls to zero. t; depends on the time constant which is determined by the reverse biased BEJ
capacitance.
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t, =t +t
ty =t +1;

Problems

1. For a power transistor, typical switching waveforms are shown. The various
parameters of the transistor circuit are as under V,, =220V, V¢, =2V, I =80A,

td=0.4us, t =1us, t =50us, t =3us, t, =2us, t,=40us, f =5Khz,
lceo = 2mMA. Determine average power loss due to collector current during te, and ty.

Find also the peak instantaneous power loss, due to collector current during turn-on
time.

Solution

During delay time, the time limits are 0 <t <td . Figure shows that in this time
i, t =l and Vo t =V, . Therefore instantaneous power loss during delay time is

Pt =iV = logVee =2X107°X220 = 0.44W

Average power loss during delay time 0<t <td is given by
l td
Pd=?ch t v tdt

1 td
Pd == [1ceoVecdt

0

Pd = f.l oV td

Pd =5x10° x2x107° x220x0.4x10°° = 0.88mW
During rise time 0<t <t,

it =St

r

V.-V
VCE t :|:Vcc_( = —t CE(sat)]t:|

t
Vee T =Vee +[VCE(sat) —Vee ]t_

r

Therefore average power loss during rise time is
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1%] t
P== J‘%{Vcc + Vee s ~Vec t_:|dt

0 r r

P=fl.t |:Vcc _Vcc _VCES}
r CS*r 2 3

P =5x10°x80x1x10°® [%O— 220-2

} =14.933W

Instantaneous power loss during rise time is

V..-V.. sat
Pt ='t£{vcc——cc tCE t}

r

r r

| oo,
Pr t :%tvcc_ ,fszt [Vcc _VCE sati|

r r

Differentiating the above equation and equating it to zero will give the time t, at
which instantaneous power loss during t, would be maximum.

dP t I Ve 1o 2t
Therefore . Cstr == iiz cc ~Versar
dP t
Att=t_, =0
dt
| 21t
Therefore 0= tLrSVCC —E—i[vcc ~Vee s }
Xes 2)st
Vcc — CS™m V _V “
fr rrz [ cc CE sat :|
tV
2CC _tm |:VCC _VCE sat :|
Therefore t =— tVee
2 _VCC VCE sat
-6
Therefore  t =— Yoo 220x2x10 =0.504645
2 Vcc _VCE sat 2 200-2

Peak instantaneous power loss P, during rise time is obtained by substituting the
value of t=tm in equation (1) we get
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2
P = I& VCCZtr _Iﬂ VCCt" |:VCC _VCE sat :|
m > >
tr Z[VCC _VCE sat :I t,. 4|:VCC _VCE sat i|
2
4 220-2

Total average power loss during turn-on
P, =Pd+P. =0.00088+14.933 =14.9339W

During conduction time 0<t<t,

e t =l &V t =V,

CE sat
Instantaneous power loss during t, is

Pt =iVee =gV o, =80Xx 2=160W

Average power loss during conduction period is

tn
P =% ficVeedt = flegVoest, =5x10°x80x 2 x50x10™° = 40W
0

2.4 Switching Limits
1. Second Breakdown

It is a destructive phenomenon that results from the current flow to a small portion of
the base, producing localized hot spots. If the energy in these hot spots is sufficient the
excessive localized heating may damage the transistor. Thus secondary breakdown is caused
by a localized thermal runaway. The SB occurs at certain combinations of voltage, current
and time. Since time is involved, the secondary breakdown is basically an energy dependent
phenomenon.

2. Forward Biased Safe Operating Area FBSOA

During turn-on and on-state conditions, the average junction temperature and second
breakdown limit the power handling capability of a transistor. The manufacturer usually
provides the FBSOA curves under specified test conditions. FBSOA indicates the I, -V,

limits of the transistor and for reliable operation the transistor must not be subjected to
greater power dissipation than that shown by the FBSOA curve.
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log (ic) Idealized switching trajectory

T.
of diode-clamped inductive Lo
load 7ircuit
Iem
’77 [
105 sec
2nd
breakdown
1074 sec
103 sec
dc
A log (vcE)
BVceo

The dc FBSOA is shown as shaded area and the expansion of the area for pulsed
operation of the BJT with shorter switching times which leads to larger FBSOA. The second
break down boundary represents the maximum permissible combinations of voltage and
current without getting into the region of i, — v, plane where second breakdown may occur.

The final portion of the boundary of the FBSOA is breakdown voltage limit BV ., .

3. Reverse Biased Safe Operating Area RBSOA

During turn-off, a high current and high voltage must be sustained by the transistor, in
most cases with the base-emitter junction reverse biased. The collector emitter voltage must
be held to a safe level at or below a specified value of collector current. The manufacturer
provide I, -V, limits during reverse-biased turn off as reverse biased safe area (RBSOA).

VBE(off) =0 \>E

BlVCEO f - VCE

Fig.2.8: RBSOA of a Power BJT

The area encompassed by the RBSOA is somewhat larger than FBSOA because of the
extension of the area of higher voltages than BV, upto BV y,at low collector currents.
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This operation of the transistor upto higher voltage is possible because the combination of
low collector current and reverse base current has made the beta so small that break down
voltage rises towards BV g, .

4. Power Derating
The thermal equivalent is shown. If the total average power loss is P, ,

The case temperature is T.=T,-RT.

The sink temperature is T, =T, -R T

The ambient temperatureis T, =T, -PBRy, and T, -T, =B R;, +R +R,
R;. : Thermal resistance from junction to case %) :

Res : Thermal resistance from case to sink O% .

R, : Thermal resistance from sink to ambient O% :

The maximum power dissipation in P; is specified at T, = 25°C.

Fig.2.9: Thermal Equivalent Circuit of Transistor

5. Breakdown Voltages

A break down voltage is defined as the absolute maximum voltage between two
terminals with the third terminal open, shorted or biased in either forward or reverse
direction.
BV, : The maximum voltage between the collector and emitter that can be sustained across
the transistor when it is carrying substantial collector current.

BV.eo: The maximum voltage between the collector and emitter terminal with base open
circuited.

BVgo : This is the collector to base break down voltage when emitter is open circuited.

6. Base Drive Control

This is required to optimize the base drive of transistor. Optimization is required to
increase switching speeds. t,, can be reduced by allowing base current peaking during turn-
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I L I

on, (ﬂF :% forced g J resulting in low forces B at the beginning. After turn on, . can
B

be increased to a sufficiently high value to maintain the transistor in quasi-saturation region.

t, can be reduced by reversing base current and allowing base current peaking during turn

off since increasing 1, decreases storage time.

A typical waveform for base current is shown.
I
.4

Tesfp-=-q4-----

Fig.2.10: Base Drive Current Waveform
Some common types of optimizing base drive of transistor are

e Turn-on Control.
e Turn-off Control.
e Proportional Base Control.

e Antisaturation Control

Turn-On Control

C,
— lc Ac
V8 R| Rz
Vi [ OTWWh—J
e T— I I lg +
0 : t Vg + Vc| - e VOC _‘[
-v,J. S N |

Fig. 2.11: Base current peaking during turn-on

When input voltage is turned on, the base current is limited by resistor R, and

therefore initial value of base current is 1, = ViVee l o _ ViV
R R +R,
. R,
Capacitor voltage V. =V, .
R +R,
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Therefore 7, = RR, C,

R+R,
Once input voltage v, becomes zero, the base-emitter junction is reverse biased and C;
discharges through R,. The discharging time constant is 7, =R,C,. To allow sufficient
charging and discharging time, the width of base pulse must be t, > 5z, and off period of the

pulse must be t, > 57,. The maximum switching frequency is f :% 1 _ 02

_t1+t2 _T1+T2.

Turn-Off Control

If the input voltage is changed to during turn-off the capacitor voltage V. is added to
V, as reverse voltage across the transistor. There will be base current peaking during turn off.
As the capacitor C, discharges, the reverse voltage will be reduced to a steady state value, V,

. If different turn-on and turn-off characteristics are required, a turn-off circuit using
C,,R; &R, may be added. The diode D, isolates the forward base drive circuit from the

reverse base drive circuit during turn off.

C,
——' D|
Rz
1 Rc
4ve R, Ra
1 ] Nl v
Ve

_vz+ —

Figure 8-16 Base current peaking during turn-on and turn-off.

Fig: 2.12. Base current peaking during turn-on and turn-off

Proportional Base Control

This type of control has advantages over the constant drive circuit. If the collector
current changes due to change in load demand, the base drive current is changed in
proportion to collector current.

When switch S, is turned on a pulse current of short duration would flow through the base of
transistor Q, and Q, is turned on into saturation. Once the collector current starts to flow, a
corresponding base current is induced due to transformer action. The transistor would latch

on itself and S, can be turned off. The turns ratio is N% = I% = [ . For proper operation
1 B

of the circuit, the magnetizing current which must be much smaller than the collector current
should be as small as possible. The switch S, can be implemented by a small signal transistor
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and additional arrangement is necessary to discharge capacitor C,and reset the transformer
core during turn-off of the power transistor.

Fig.2.13: Proportional base drive circuit

Antisaturation Control

o

s - S

[l
+ VQ o |c

Fig:2.14: Collector Clamping Circuit

If a transistor is driven hard, the storage time which is proportional to the base current
increases and the switching speed is reduced. The storage time can be reduced by operating
the transistor in soft saturation rather than hard saturation. This can be accomplished by
clamping CE voltage to a pre-determined level and the collector current is given by
Il :Vcc —Vewm )

RC

Where V., is the clamping voltage and V,, >V ., -

The base current which is adequate to drive the transistor hard, can be found from

VB _VDl -V

l,=1,= BE and the corresponding collector currentis I. =1, = fgl;.

B
Writing the loop equation for the input base circuit,

Vo =Vp, +Vee
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Similarly Vi =Vp, +Vee
Therefore Vee =Vee +Vp, —Vp,
For clamping V, >V,

Therefore Vg =07+,

This means that the CE voltage is raised above saturation level and there are no excess
carriers in the base and storage time is reduced.

—VCE _ Vcc _VBE _VD1 +VD2
Rc RC
B

with clampingis 1o =gl =4 I, -1 +1, =17
+

. V
The load current is I =—<¢ and the collector current

L+,

For clamping, V, >V, and this can be accomplished by connecting two or more
diodes in place of D,. The load resistance R. should satisfy the condition gl >1,
BlR. > Vo =V —VDl +VDZ .

The clamping action thus results a reduced collector current and almost elimination of
the storage time. At the same time, a fast turn-on is accomplished.

However, due to increased V.., the on-state power dissipation in the transistor is
increased, whereas the switching power loss is decreased.

ADVANTAGES OF BJT’S
e BIJT’s have high switching frequencies since their turn-on and turn-off time is low.
e The turn-on losses of a BJT are small.

e BJT has controlled turn-on and turn-off characteristics since base drive control is
possible.

e BJT does not require commutation circuits.

DEMERITS OF BJT

e Drive circuit of BJT is complex.
e |t has the problem of charge storage which sets a limit on switching frequencies.

It cannot be used in parallel operation due to problems of negative temperature coefficient.
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2.5 POWER MOSFETS

MOSFET stands for metal oxide semiconductor field effect transistor. There are two
types of MOSFET

e Depletion type MOSFET
e Enhancement type MOSFET

2.5.1 Depletion Type MOSFET

Construction

«—

S

Fig.2.15 Symbol of n-channel depletion type MOSFET

It consists of a highly doped p-type substrate into which two blocks of heavily doped
n-type material are diffused to form a source and drain. A n-channel is formed by diffusing
between source and drain. A thin layer of SiO, is grown over the entire surface and holes are

cut in SiO, to make contact with n-type blocks. The gate is also connected to a metal contact
surface but remains insulated from the n-channel by the SiO, layer. SiO, layer results in an

extremely high input impedance of the order of 10™°to 10°Q) for this area.

¥ ID‘
) Metal substrate
Drain(D)e— ,+ “
Metal p-type b
gate (G) substrate +
" n =

—1— Channel

Basic structure B Symbol
(a) n-Channel depletion-type MOSFET

Fig.2.16: Structure of n-channel depletion type MOSFET
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Operation

When Vg, =0V and V is applied and current flows from drain to source similar to

JFET. When V  =-1V , the negative potential will tend to pressure electrons towards the p-

type substrate and attracts hole from p-type substrate. Therefore recombination occurs and
will reduce the number of free electrons in the n-channel for conduction. Therefore with
increased negative gate voltage |, reduces.

For positive values,V,

additional electrons from p-substrate will flow into the channel and

establish new carriers which will result in an increase in drain current with positive gate

voltage.

Drain Characteristics

iy, (MA)

IDss b

Vgs =2V T

1y Enhancement

ov_|

Sy

_py Depletion

Vel

<=3V » Vs (V)

Transfer Characteristics

<+— Depletion mode ——*

ip (MA)

F 3

<—L Enhancement mode —*

IDSS =12
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2.5.2 Enhancement Type MOSFET

Here current control in an n-channel device is now affected by positive gate to source voltage
rather than the range of negative voltages of JFET’s and depletion type MOSFET.

Basic Construction

A slab of p-type material is formed and two n-regions are formed in the substrate. The source
and drain terminals are connected through metallic contacts to n-doped regions, but the
absence of a channel between the doped n-regions. The SiO, layer is still present to isolate

the gate metallic platform from the region between drain and source, but now it is separated
by a section of p-type material.

Metal substrate
n RD

p-Type +
substrate

Oxide /|

Basic structure \ Sy'mbol
(a) n-Channel enhancement-type MOSFET

Fig. 2.17: Structure of n-channel enhancement type MOSFET

Operation

If Vos =0V and a voltage is applied between the drain and source, the absence of a
n-channel will result in a current of effectively zero amperes. With V set at some positive
voltage and V set at OV, there are two reverse biased p-n junction between the n-doped
regions and p substrate to oppose any significant flow between drain and source.

If both Vs and V. have been set at some positive voltage, then positive potential at the gate
will pressure the holes in the p-substrate along the edge of SiO, layer to leave the area and

enter deeper region of p-substrate. However the electrons in the p-substrate will be attracted
to the positive gate and accumulate in the region near the surface of the SiO, layer. The

negative carriers will not be absorbed due to insulating SiO, layer, forming an inversion
layer which results in current flow from drain to source.
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The level of V that result in significant increase in drain current is called threshold voltage
V; . As Vg increases the density of free carriers will increase resulting in increased level of
drain current. If Vis constant V., is increased; the drain current will eventually reach a
saturation level as occurred in JFET.

Drain Characteristics

ip(mA) Pinch-Off Locus
ry
B — | Vgs =4V
r
Linear |
/ | Saturaticn Region
25 (— / Region |
."If o I|I 35V
20 _f.'"/ /
||'Il|,.n"lllr _'__,_——J'f v
10 4,/ ;,f’
5 L,_ /__/ 2.5V
/ 2V
I Cut-Off <14V,
0 vps(V)
Transfer Characteristics
Ip
A
» Vs
7
\ T

Power MOSFET’S

Power MOSFET’s are generally of enhancement type only. This MOSFET is turned
‘ON’ when a voltage is applied between gate and source. The MOSFET can be turned ‘OFF’
by removing the gate to source voltage. Thus gate has control over the conduction of the
MOSFET. The turn-on and turn-off times of MOSFET’s are very small. Hence they operate
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at very high frequencies; hence MOSFET’s are preferred in applications such as choppers
and inverters. Since only voltage drive (gate-source) is required, the drive circuits of
MOSFET are very simple. The paralleling of MOSFET’s is easier due to their positive
temperature coefficient. But MOSFTS’s have high on-state resistance hence for higher
currents; losses in the MOSFET’s are substantially increased. Hence MOSFET’s are used for
low power applications.

Silicon Source Gate O Source

dioxide / Metal
road § =7 /m

VDD —_ n- n
+ +
n /l | n substrate
v4 L7
Current path—/ % Drain \ Metal layer

Construction

Power MOSFET’s have additional features to handle larger powers. On the n*
substrate high resistivity n-layer is epitaxially grown. The thickness of n~ layer determines
the voltage blocking capability of the device. On the other side of n*substrate, a metal layer
is deposited to form the drain terminal. Now p~ regions are diffused in the epitaxially grown

n- layer. Further n* regions are diffused in the p~ regions as shown. SiO, layer is added,
which is then etched so as to fit metallic source and gate terminals.

A power MOSFET actually consists of a parallel connection of thousands of basic MOSFET
cells on the same single chip of silicon.

When gate circuit voltage is zero and V,, is present, n* — p~ junctions are reverse biased and

no current flows from drain to source. When gate terminal is made positive with respect to
source, an electric field is established and electrons from n~ channel in the p~ regions.
Therefore a current from drain to source is established.

Power MOSFET conduction is due to majority carriers therefore time delays caused by
removal of recombination of minority carriers is removed.

Because of the drift region the ON state drop of MOSFET increases. The thickness of the
drift region determines the breakdown voltage of MOSFET. As seen a parasitic BJT is
formed, since emitter base is shorted to source it does not conduct.
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2.6 Switching Characteristics

The switching model of MOSFET’s is as shown in the figure 6(a). The various inter
electrode capacitance of the MOSFET which cannot be ignored during high frequency
switching are represented by C,C , &C,, . The switching waveforms are as shown in figure
7. The turn on time t,is the time that is required to charge the input capacitance to the
threshold voltage level. The rise time t, is the gate charging time from this threshold level to
the full gate voltageV, . The turn off delay time t, is the time required for the input
capacitance to discharge from overdriving the voltage V, to the pinch off region. The fall

time is the time required for the input capacitance to discharge from pinch off region to the
threshold voltage. Thus basically switching ON and OFF depend on the charging time of the
input gate capacitance.

D D
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(a) Parasitic biploar (b) Internal diode
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Fig2.19: Switching waveforms and times of Power MOSFET
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Gate Drive

The turn-on time can be reduced by connecting a RC circuit as shown to charge the
capacitance faster. When the gate voltage is turned on, the initial charging current of the
capacitance is

I, = ZQ_ .
S
The steady state value of gate voltage is
__ RVe
R +R +Ry

Where Ry is the internal resistance of gate drive force.

<
Ip
R
_ C, P
Gate Signal " -
----------- I -+
+ W : Al Voo
O—W—Ilb—w—< — -
1 L Rl
1 TVG 1 RG
. o : ¢

Vp = Vpp - IpRp, Vg = V- VDSbong’ Vs & Vp

Fig.2.21: Fast turn on gate drive circuit 2

The above circuit is used in order to achieve switching speeds of the order of 100nsec or
less. The above circuit as low output impedance and the ability to sink and source large
currents. A totem poll arrangement that is capable of sourcing and sinking a large current is
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achieved by the PNP and NPN transistors. These transistors act as emitter followers and offer
a low output impedance. These transistors operate in the linear region therefore minimize the
delay time. The gate signal of the power MOSFET may be generated by an op-amp. Let Vi,
be a negative voltage and initially assume that the MOSFET is off therefore the non-inverting
terminal of the op-amp is at zero potential. The op-amp output is high therefore the NPN
transistor is on and is a source of a large current since it is an emitter follower. This enables
the gate-source capacitance Cgys to quickly charge upto the gate voltage required to turn-on the
power MOSFET. Thus high speeds are achieved. When V;, becomes positive the output of
op-amp becomes negative the PNP transistor turns-on and the gate-source capacitor quickly
discharges through the PNP transistor. Thus the PNP transistor acts as a current sink and the
MOSFET is quickly turned-off. The capacitor C helps in regulating the rate of rise and fall of
the gate voltage thereby controlling the rate of rise and fall of MOSFET drain current. This
can be explained as follows

e The drain-source voltage Vs =V — IR, -

e If Ip increases Vps reduces. Therefore the positive terminal of op-amp which is tied
to the source terminal of the MOSFET feels this reduction and this reduction is
transmitted to gate through the capacitor ‘C’ and the gate voltage reduces and the
drain current is regulated by this reduction.

Comparison of MOSFET with BJT

e Power MOSFETS have lower switching losses but its on-resistance and conduction
losses are more. A BJT has higher switching loss bit lower conduction loss. So at high
frequency applications power MOSFET is the obvious choice. But at lower operating
frequencies BJT is superior.

e MOSFET has positive temperature coefficient for resistance. This makes parallel
operation of MOSFET’s easy. If a MOSFET shares increased current initially, it heats
up faster, its resistance increases and this increased resistance causes this current to
shift to other devices in parallel. A BJT is a negative temperature coefficient, so
current shaving resistors are necessary during parallel operation of BJT’s.

e In MOSFET secondary breakdown does not occur because it have positive
temperature coefficient. But BJT exhibits negative temperature coefficient which
results in secondary breakdown.

e Power MOSFET’s in higher voltage ratings have more conduction losses.

e Power MOSFET’s have lower ratings compared to BJT’s . Power MOSFET’s —
500V to 140A, BJT — 1200V, 800A.
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2.7 1IGBT

The metal oxide semiconductor insulated gate transistor or IGBT combines the advantages of
BJT’s and MOSFET’s. Therefore an IGBT has high input impedance like a MOSFET and
low-on state power loss as in a BJT. Further IGBT is free from second breakdown problem

present in BJT.

Collector

Gate ~{

Emitter

2.7.1 IGBT Basic Structure and Working

m

Emitter
Metal

Load (_V/AI ,,,,,,, Silicon

+ -z S + dioxide
n d— n
I3
p p

7 NG

O Emitter ) Gate

VCC _ l n_ n
]
+ +
{ p substrate /"l | p !
|4 LILLLLIGLL L L (V4 LLL
Current path \ Metal layer

CY Collector

It is constructed virtually in the same manner as a power MOSFET. However, the substrate is
now a p”layer called the collector.

When gate is positive with respect to positive with respect to emitter and with gate emitter
voltage greater than Vg, , an n channel is formed as in case of power MOSFET. This n~

channel short circuits the n~region with n*emitter regions.
An electron movement in the n~ channel in turn causes substantial hole injection from p”

substrate layer into the epitaxially n~ layer. Eventually a forward current is established.

The three layers p*, n~ and p constitute a pnp transistor with p* as emitter, n~ as base and
p as collector. Alson™ , pand n"layers constitute a npn transistor. The MOSFET is formed
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with input gate, emitter as source and n~ region as drain. Equivalent circuit is as shown
below.

E G

+
p substrate
L

C

o

C
o}

Rpon
> —%KFNP

'_
6o 5 S

mo

(b) Equivalent (c) Simplified
circuit circuit

Also p serves as collector for pnp device and also as base for npn transistor. The two pnp and
npn is formed as shown.

When gate is applied Vg >V, MOSFET turns on. This gives the base drive to T,.
Therefore T, starts conducting. The collector of T, is base of T,. Therefore regenerative

action takes place and large number of carriers are injected into the n~drift region. This
reduces the ON-state loss of IGBT just like BJT.

When gate drive is removed IGBT is turn-off. When gate is removed the induced channel
will vanish and internal MOSFET will turn-off. Therefore T, will turn-off it T, turns off.
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Structure of IGBT is such that R, is very small. If R, small T, will not conduct therefore
IGBT’s are different from MOSFET’s since resistance of drift region reduces when gate
drive is applied due to p*injecting region. Therefore ON state IGBT is very small.

2.7.2 Static Characteristics

Grate signal

—_————————_———

Fig.2.22: IGBT bias circuit

Static V-1 characteristics (1. versusV.;)

Same as in BJT except control is byV,.. Therefore IGBT is a voltage controlled
device.

Transfer Characteristics (1. versusVg)

Identical to that of MOSFET. When V. <V, , IGBT is in off-state.

Collector Current (A)
Collector Current (A)

T T T T VCE 0 T T T T I T VGE
0 2 4 6 & 10 12 0 2 4 6
Collector—emitter voltage Gate—emitter voltage
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Applications

Widely used in medium power applications such as DC and AC motor drives, UPS systems,
Power supplies for solenoids, relays and contractors.

Though IGBT’s are more expensive than BJT’s, they have lower gate drive requirements,
lower switching losses. The ratings up to 1200V, 500A.

238 di/dtand dv/dt Limitations

Transistors require certain turn-on and turn-off times. Neglecting the delay time t,
and the storage time t, the typical voltage and current waveforms of a BJT switch is shown
below.

= 1

le=Ilpsf————— :—— ——
|
|
|

= 1

f

During turn-on, the collector rise and the di/dt is

di 1. |
L= (1
dt t @

r

During turn off, the collector emitter voltage must rise in relation to the fall of the
collector current, and is

[oX

v V. V
—===- (2
t ot ot

The conditions di/dt and dv/dt in equation (1) and (2) are set by the transistor
switching characteristics and must be satisfied during turn on and turn off. Protection circuits
are normally required to keep the operating di/dt and dv/dt within the allowable limits of
transistor. A typical switch with di/dt and dv/dt protection is shown in figure (a), with
operating wave forms in figure (b). The RC network across the transistor is known as the
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snubber circuit or snubber and limits the dv/dt. The inductor L, which limits thedi/dt, is
sometimes called series snubber.

- .‘u-"E
YT - Wy
+ L, i |
0 | = |
|
; |
]L.u_]_ |
I :\
) | |
Vs 0 f— ! -t
| —
| |
" s? | Y
DS | |
- | |
v, 0 =
(a) Protection circuits (b) Waveforms

Let us assume that under steady state conditions the load current I _is freewheeling through
diode D,,, which has negligible reverse reco very time. When transistor Q, is turned on, the
collector current rises and current of diode D, falls, because D, will behave as short
circuited. The equivalent circuit during turn on is shown in figure below

{a) Mode 1 (b) Mode 2 {c) Mode 3

The turnon di/dt is

di V
—=-= (3
dt L ®)

S

Equating equations (1) and (3) gives the value of L,

LV

S

(4)

IL
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During turn off, the capacitor C, will charge by the load current and the equivalent
circuit is shown in figure. The capacitor voltage will appear across the transistor and the
dv/dt is

av_ 1
dt C

S

..(5)

Equating equation (2) to equation (5) gives the required value of capacitance,

..(6)

Once the capacitor is charge to V., the freewheeling diode will turn on. Due to the
energy stored in L, there will be damped resonant circuit as shown in figure . The RLC
circuit is normally made critically damped to avoid oscillations. For unity critical damping,
6 =1, and equation § = 2 =§\/§ yields

Wy

R=2|=
C

S

The capacitor C, has to discharge through the transistor and the increase the peak

current rating of the transistor. The discharge through the transistor can be avoided by placing
resistor R across C, instead of placing R, acrossD, .

The discharge current is shown in figure below. When choosing the value of R,, the
discharge time, R,C, =7 should also be considered. A discharge time of one third the
switching period, T, is usually adequate.

3RC, =T, =~
fS
R =
3f,C

s$TS

2.9 Isolation of Gate and Base Drives
Necessity

Driver circuits are operated at very low power levels. Normally the gating circuit are digital in
nature which means the signal levels are 3 to 12 volts. The gate and base drives are connected
to power devices which operate at high power levels.

Illustration

The logic circuit generates four pulses; these pulses have common terminals. The terminal g,
which has a voltage ofV;, with respect to terminal C, cannot be connected directly to gate
terminal G, therefore V, should be applied between G, &S, of transistorQ, . Therefore there

is need for isolation between logic circuit and power transistor.
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There are two ways of floating or isolating control or gate signal with respect to ground.
e Pulse transformers
e Optocouplers

Pulse Transformers

Pulse transformers have one primary winding and can have one or more secondary
windings.

Multiple secondary windings allow simultaneous gating signals to series and parallel
connected transistors. The transformer should have a very small leakage inductance and the
rise time of output should be very small.

The transformer would saturate at low switching frequency and output would be distorted.

<
Ic
R
Rg > Re
Wy Q1
Logic ® ¢ Vv, +
drive \V} —
circuit 0 cc -
— -V,

Optocouplers

Optocouplers combine infrared LED and a silicon photo transistor. The input signal is
applied to ILED and the output is taken from the photo transistor. The rise and fall times of
photo transistor are very small with typical values of turn on time = 2.54s and turn off of
300ns. This limits the high frequency applications. The photo transistor could be a darlington
pair. The phototransistor requires separate power supply and adds to complexity and cost and
weight of driver circuits.

Optocoupler
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Recommended questions:

1.

w

Explain the control characteristics of the following semiconductor devices

1) Power BJT 3) MOSFET 4) IGBT
Give the comparison between MOSFET and BJT.
Draw the circuit symbol of IGBT. Compare its advantages over MOSFET
Draw the switching model and switching waveforms of a power MOSFET, define the
various switching applications.
With a circuit diagram and waveforms of base circuit voltage, base current and collector
current under saturation for a power transistor, show the delay that occurs during the turn-
ON and turn — OFF.
Explain the terms Overdrive factor (ODF) and forced beta for a power transistor for
switching applications?
Explain the switching characteristics of BJT.
Explain the steady and switching characteristics of MOSFET.
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UNIT-3
THYRISTORS

A thyristor is the most important type of power semiconductor devices. They are
extensively used in power electronic circuits. They are operated as bi-stable switches from
non-conducting to conducting state.

A thyristor is a four layer, semiconductor of p-n-p-n structure with three p-n junctions. It has
three terminals, the anode, cathode and the gate.

The word thyristor is coined from thyratron and transistor. It was invented in the year 1957 at
Bell Labs. The Different types of Thyristors are

e Silicon Controlled Rectifier (SCR).
e TRIAC

e DIAC

e Gate Turn Off Thyristor (GTO)

3.1 Silicon Controlled Rectifier (SCR)

K

The SCR is a four layer three terminal device with junctions J,,J,,J, as shown. The

construction of SCR shows that the gate terminal is kept nearer the cathode. The approximate
thickness of each layer and doping densities are as indicated in the figure. In terms of their
lateral dimensions Thyristors are the largest semiconductor devices made. A complete silicon
wafer as large as ten centimeter in diameter may be used to make a single high power
thyristor.
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Fig.3.1: Structure of a generic thyristor

Qualitative Analysis
When the anode is made positive with respect the cathode junctions J, & J, are

forward biased and junction J, is reverse biased. With anode to cathode voltage V,, being

small, only leakage current flows through the device. The SCR is then said to be in the
forward blocking state. If V,, is further increased to a large value, the reverse biased junction

J, will breakdown due to avalanche effect resulting in a large current through the device.
The voltage at which this phenomenon occurs is called the forward breakdown voltage Vg, .
Since the other junctions J, & J, are already forward biased, there will be free movement of

carriers across all three junctions resulting in a large forward anode current. Once the SCR is
switched on, the voltage drop across it is very small, typically 1 to 1.5V. The anode current is
limited only by the external impedance present in the circuit.

A? Anode
P
Ji
n
G Js
© P
Gate JA
n ‘
K&a Cathode

Fig.3.2: Simplified model of a thyristor
Although an SCR can be turned on by increasing the forward voltage beyondV,,, in practice,
the forward voltage is maintained well below V., and the SCR is turned on by applying a
positive voltage between gate and cathode. With the application of positive gate voltage, the
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leakage current through the junction J, is increased. This is because the resulting gate

current consists mainly of electron flow from cathode to gate. Since the bottom end layer is
heavily doped as compared to the p-layer, due to the applied voltage, some of these electrons
reach junction J, and add to the minority carrier concentration in the p-layer. This raises the

reverse leakage current and results in breakdown of junction J, even though the applied
forward voltage is less than the breakdown voltageV,,. With increase in gate current
breakdown occurs earlier.

V-1 Characteristics

RL
* MW
A
-V AA r} K
\ele '|'
@
Fig.3.3 Circuit
it 1
Forward volt-drop
1 (conducting )
Latching
current Gate Forward
Rc'ricrsc_ triggered breakover
breakdown Holding voltage
voltage current [ _|
/ \ Iy
| )
I
[ Forward
Reverse leakage
leakage current
current

Fig 3.4: V-I Characteristics

A typical V-I characteristics of a thyristor is shown above. In the reverse direction the
thyristor appears similar to a reverse biased diode which conducts very little current until
avalanche breakdown occurs. In the forward direction the thyristor has two stable states or
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modes of operation that are connected together by an unstable mode that appears as a
negative resistance on the V-l characteristics. The low current high voltage region is the
forward blocking state or the off state and the low voltage high current mode is the on state.
For the forward blocking state the quantity of interest is the forward blocking voltage V,,

which is defined for zero gate current. If a positive gate current is applied to a thyristor then
the transition or break over to the on state will occur at smaller values of anode to cathode
voltage as shown. Although not indicated the gate current does not have to be a dc current but
instead can be a pulse of current having some minimum time duration. This ability to switch
the thyristor by means of a current pulse is the reason for wide spread applications of the
device.

However once the thyristor is in the on state the gate cannot be used to turn the device off.
The only way to turn off the thyristor is for the external circuit to force the current through
the device to be less than the holding current for a minimum specified time period.

[1- F 3
lga=lg =g
ez Ie 14
I F— [/ / | L Ig=0
_d | !
D D S s
0 [ | | [ TAK
VeV, W, Vio
VJ = 1".'?3 = Vﬂ

Fig.3.5: Effects on gate current on forward blocking voltage

Holding Current 1,

After an SCR has been switched to the on state a certain minimum value of anode
current is required to maintain the thyristor in this low impedance state. If the anode current
is reduced below the critical holding current value, the thyristor cannot maintain the current
through it and reverts to its off state usually 1, is associated with turn off the device.

Latching Current I,

After the SCR has switched on, there is a minimum current required to sustain conduction.
This current is called the latching current. I, associated with turn on and is usually greater

than holding current.
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3.2 Thyristor Gate Characteristics

Fig. 3.6 shows the gate trigger characteristics.

Gate voltage

Reliable turn-on

".l"g{min}

Gate
current

iu{min'_i Ig{max]

Fig 3.6 Gate Characteristics

The gate voltage is plotted with respect to gate current in the above characteristics. lgmax)
is the maximum gate current that can flow through the thyristor without damaging it
Similarly Vgmax is the maximum gate voltage to be applied. Similarly Vg (min) and lgmin) are
minimum gate voltage and current, below which thyristor will not be turned-on. Hence to
turn-on the thyristor successfully the gate current and voltage should be

lg(min) < lg < lg(max)
Vg (miny < Vg < Vg (max)

The characteristic of Fig. 3.6 also shows the curve for constant gate power (Pg). Thus for
reliable turn-on, the (Vg lg) point must lie in the shaded area in Fig. 3.6. It turns-on thyristor
successfully. Note that any spurious voltage/current spikes at the gate must be less than Vg
miny @nd lgmin) to avoid false triggering of the thyristor. The gate characteristics shown in Fig.
3.6 are for DC values of gate voltage and current.

3.2.1 Pulsed Gate Drive

Instead of applying a continuous (DC) gate drive, the pulsed gate drive is used. The gate
voltage and current are applied in the form of high frequency pulses. The frequency of these
pulses is upto 10 kHz. Hence the width of the pulse can be upto 100 micro seconds. The pulsed
gate drive is applied for following reasons (advantages):
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i) The thyristor has small turn-on time i.e. upto 5 microseconds. Hence a pulse
of gate drive is sufficient to turn-on the thyristor.

i) Once thyristor turns-on, there is no need of gate drive. Hence gate drive in
the form of pulses is suitable.

iii) The DC gate voltage and current increases losses in the thyristor. Pulsed gate
drive has reduced losses.
iv) The pulsed gate drive can be easily passed through isolation transformers to isolate
thyristor and trigger circuit.
3.2.2 Requirement of Gate Drive
The gate drive has to satisfy the following requirements:

i) The maximum gate power should not be exceeded by gate drive, otherwise
thyristor will be damaged.

i) The gate voltage and current should be within the limits specified by gate
characteristics (Fig. 3.6) for successful turn-on.

iii) The gate drive should be preferably pulsed. In case of pulsed drive the following
relation must be satisfied: (Maximum gate power x pulse width) x (Pulse frequency) <
Allowable average gate power

iv) The width of the pulse should be sufficient to turn-on the thyristor successfully.

v) The gate drive should be isolated electrically from the thyristor. This avoids any
damage to the trigger circuit if in case thyristor is damaged.

vi) The gate drive should not exceed permissible negative gate to cathode voltage,
otherwise the thyristor is damaged.
vii) The gate drive circuit should not sink current out of the thyristor after turn-on.

3.3 Quantitative Analysis

Two Transistor Model

QA
Iy = Iy
A N Im=lIe
4 .:]:1 -
;h A0,
Q
I : Iy
n n -
g_’-_ ; .]3 ; .13 {c—; . . OEE;
Ig ] Ig In2
0]_ [1[ flK
K -
Ko ke
{a) Basic structure (b) Equivalent circuit
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The general transistor equations are,
lc =Blg+ 1+ 0 g
lo =al: + 10
le=1.+1;

=1 1-a -l

The SCR can be considered to be made up of two transistors as shown in above figure.

Considering PNP transistor of the equivalent circuit,

IE1 =lyle = Ic110‘:a1’|cao = ICBOl’IB = IB1

lg =1, 1~ —lcg ——-1

Considering NPN transistor of the equivalent circuit,
le=lc, lg=1g . lg, =l =1+
Ic2 =a,l + ICBo2

|c2=052 I,+1s +ICBOZ -2

From the equivalent circuit, we see that

le, =1,
a2|g +lcgor + lcgo2
= I, =
1- o +a,

Two transistors analog is valid only till SCR reaches ON state

Case 1: When Ig =0,

1- o, +a,

ceo, T leeo,

IA

The gain ¢, of transistor T, varies with its emitter current 1. =1,. Similarly varies with
lg =1,+1, =1l Inthis case, with |, =0, «, varies only with I, . Initially when the applied

forward voltage is small, o, +o, <1.

SJBIT/Dept of ECE Page 62



Power Electronics 06EC73

If however the reverse leakage current is increased by increasing the applied forward voltage,
the gains of the transistor increase, resulting in o+, —1.

From the equation, it is seen that when o, +¢«, =1, the anode current |, tends towardsco.
This explains the increase in anode current for the break over voltageVy, .

Case 2: With gate current | applied.

When sufficient gate drive is applied, we see that 1, =1 is established. This in turn results in
a current through transistorT,, these increases «,ofT,. But with the existence of
le, =51, =pB,1,, a current  through T, is  established.  Therefore,
le =Bl = BB, = BB, This current in turn is connected to the base ofT,. Thus the

base drive of T, is increased which in turn increases the base drive ofT,, therefore
regenerative feedback or positive feedback is established between the two transistors. This
causes o, +a, to tend to unity therefore the anode current begins to grow towards a large

value. This regeneration continues even if | is removed this characteristic of SCR makes it
suitable for pulse triggering; SCR is also called a Lathing Device.

3.4 Switching Characteristics (Dynamic characteristics)

Thyristor Turn-ON Characteristics

Fig.3.7: Turn-on characteristics

When the SCR is turned on with the application of the gate signal, the SCR does not conduct
fully at the instant of application of the gate trigger pulse. In the beginning, there is no
appreciable increase in the SCR anode current, which is because, only a small portion of the
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silicon pellet in the immediate vicinity of the gate electrode starts conducting. The duration
between 90% of the peak gate trigger pulse and the instant the forward voltage has fallen to

90% of its initial value is called the gate controlled / trigger delay time t, . It is also defined

as the duration between 90% of the gate trigger pulse and the instant at which the anode
current rises to 10% of its peak value. t,, is usually in the range of 1psec.

Once t,, has lapsed, the current starts rising towards the peak value. The period during which

the anode current rises from 10% to 90% of its peak value is called the rise time. It is also
defined as the time for which the anode voltage falls from 90% to 10% of its peak value. The
summation of t,; and t, gives the turn on time t,, of the thyristor.

Thyristor Turn OFF Characteristics
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When an SCR is turned on by the gate signal, the gate loses control over the device and the
device can be brought back to the blocking state only by reducing the forward current to a
level below that of the holding current. In AC circuits, however, the current goes through a
natural zero value and the device will automatically switch off. But in DC circuits, where no
neutral zero value of current exists, the forward current is reduced by applying a reverse
voltage across anode and cathode and thus forcing the current through the SCR to zero.
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As in the case of diodes, the SCR has a reverse recovery time t, which is due to charge
storage in the junctions of the SCR. These excess carriers take some time for recombination
resulting in the gate recovery time or reverse recombination time t,, . Thus, the turn-off time
t,is the sum of the durations for which reverse recovery current flows after the application of

reverse voltage and the time required for the recombination of all excess carriers present. At
the end of the turn off time, a depletion layer develops across J, and the junction can now
withstand the forward voltage. The turn off time is dependent on the anode current, the
magnitude of reverse V applied ad the magnitude and rate of application of the forward

voltage. The turn off time for converte grade SCR’s is 50 to 100usec and that for inverter
grade SCR’s 1s 10 to 20usec.
To ensure that SCR has successfully turned off , it is required that the circuit off time t, be

greater than SCR turn off time t, .

Thyristor Turn ON

e Thermal Turn on: If the temperature of the thyristor is high, there will be an increase
in charge carriers which would increase the leakage current. This would cause an
increase in «, & «, and the thyristor may turn on. This type of turn on many cause

thermal run away and is usually avoided.

e Light: If light be allowed to fall on the junctions of a thyristor, charge carrier
concentration would increase which may turn on the SCR.

e LASCR: Light activated SCRs are turned on by allowing light to strike the silicon
wafer.

e High Voltage Triggering: This is triggering without application of gate voltage with
only application of a large voltage across the anode-cathode such that it is greater than
the forward breakdown voltageV,, . This type of turn on is destructive and should be

avoided.

e Gate Triggering: Gate triggering is the method practically employed to turn-on the
thyristor. Gate triggering will be discussed in detail later.

. % Triggering: Under transient conditions, the capacitances of the p-n junction will

influence the characteristics of a thyristor. If the thyristor is in the blocking state, a
rapidly rising voltage applied across the device would cause a high current to flow
through the device resulting in turn-on. If i; is the current throught the junction j, and

C,, is the junction capacitance and V; is the voltage across j,, then

poode_d o GV 0C
odt dt ek dt odt
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From the above equation, we see that if % is large, 1; will be large. A high value of
charging current may damage the thyristor and the device must be protected against high %

. v
The manufacturers specify the allowable av :

A
It
Q
aj
+
O *
Thyristor Ratings
First Subscript Second Subscript Third Subscript
D — off state W — working M — Peak Value
T — ON state R — Repetitive
F — Forward S —Surge or non-repetitive
R — Reverse

VOLTAGE RATINGS

Vouww - This specifies the peak off state working forward voltage of the device. This specifies
the maximum forward off state voltage which the thyristor can withstand during its working.

Ve - This is the peak repetitive off state forward voltage that the thyristor can block
repeatedly in the forward direction (transient).
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Ve - This is the peak off state surge / non-repetitive forward voltage that will occur across
the thyristor.

Vauw - This the peak reverse working voltage that the thyristor can withstand in the reverse
direction.

Verw - I is the peak repetitive reverse voltage. It is defined as the maximum permissible

instantaneous value of repetitive applied reverse voltage that the thyristor can block in
reverse direction.

Voo - Peak surge reverse voltage. This rating occurs for transient conditions for a specified
time duration.

V; : On state voltage drop and is dependent on junction temperature.

V;, : Peak on state voltage. This is specified for a particular anode current and junction
temperature.

% rating: This is the maximum rate of rise of anode voltage that the SCR has to withstand

and which will not trigger the device without gate signal (refer % triggering).

Current Rating

I : This is the on state average current which is specified at a particular temperature.

Taverage

l1rus - This is the on-state RMS current.

Latching current, 1, : After the SCR has switched on, there is a minimum current required to
sustain conduction. This current is called the latching current. |, associated with turn on and
is usually greater than holding current
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Holding current, 1, : After an SCR has been switched to the on state a certain minimum

value of anode current is required to maintain the thyristor in this low impedance state. If the
anode current is reduced below the critical holding current value, the thyristor cannot

maintain the current through it and reverts to its off state usually 1, is associated with turn off
the device.

di rating: This is a non repetitive rate of rise of on-state current. This maximum value of rate

of rise of current is which the thyristor can withstand without destruction. When thyristor is
switched on, conduction starts at a place near the gate. This small area of conduction spreads

rapidly and if rate of rise of anode current % is large compared to the spreading velocity of

carriers, local hotspots will be formed near the gate due to high current density. This causes
the junction temperature to rise above the safe limit and the SCR may be damaged

permanently. The % rating is specified in A/usec.

Gate Specifications

Isr : This is the required gate current to trigger the SCR. This is usually specified as a DC
value.

Vs, @ This is the specified value of gate voltage to turn on the SCR (dc value).

Vo : This is the value of gate voltage, to switch from off state to on state. A value below this
will keep the SCR in off state.

Qs : Amount of charge carriers which have to be recovered during the turn off process.

Riic - Thermal resistance between junction and outer case of the device.

Gate Triggering Methods
Types
The different methods of gate triggering are the following

e R-triggering.
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e RC triggering.
e UJT triggering.
3.5 Resistance Triggering
A simple resistance triggering circuit is as shown. The resistor R, limits the current through

the gate of the SCR. R, is the variable resistance added to the circuit to achieve control over

the triggering angle of SCR. Resistor ‘R’ is a stabilizing resistor. The diode D is required to
ensure that no negative voltage reaches the gate of the SCR.

-~ VO —

Vs . vs A
Vipsine t
/\3: 4 R /\37[ 41 31 41
1 UZN U ot :UZn h ot T | 21 U ot
I I I I 1 1 1 1 1 1 1 I
1 I ] I | 1 1 I 1 1 1 I
S S T O e S
g /vgt i i i . E g ! {/ Vgp=Vgt ' g /Vgp>\llgt ' :
! 1 1 ! AN | ! !
.................... e IR 7250 DO IO
S 7 I o
; | . .
. Vop, L vgp! TV ot X T | ! P : : i P
Vo I I I ' Vo I | H I A ! ! | |
1 1 1 | ] H | I | | 1 1
: : : ! LN ! O | ' :
_ ! ! ! : ot _ ! ! r Dot : i ! oot
I Y N L PR N
A T N I LN
1 1 1 A 1 0, Y ! 1 1 g
| ot 1 270%1 ot | | ot
A I I I 1 I I 1
[P R N PR R O [ A R
I 1
/N s oo
VARV ! U\
90 & =90 +<90°
(@) (b) (©)

Fig.3.8: Resistance firing of an SCR in half wave circuit with dc load

(a) No triggering of SCR  (b) a. = 90° (c) a. < 90°
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Design

where | is the maximum or peak gate

gm

. \Y
With R, =0, we need to ensure that §m<l

current of the SCR. Therefore R, >

Vm
Ly
Also with R, =0, we need to ensure that the voltage drop across resistor ‘R’ does not exceed

V__, the maximum gate voltage

gm?

V.R
mZ
TR +R
V, R +V, RV R
ngR12 RV, —ng

R<_Jmf
Vm _ng
Operation

Case 1: V,, <V,

V., the peak gate voltage is less then V since R, is very large. Therefore, current ‘I’ flowing

through the gate is very small. SCR will not turn on and therefore the load voltage is zero and
V. is equal to V. This is because we are using only a resistive network. Therefore, output

will be in phase with input.

Case 2: Vgp =V

«» Ry —>optimum value.

When R, is set to an optimum value such that V=V

o We see that the SCR s triggered at

90° (since V,, reaches its peak at 90%only). The waveforms shows that the load voltage is
zero till 90° and the voltage across the SCR is the same as input voltage till it is triggered at
90°.

Case 3: V,, >V

o Ry —>small value.

The triggering value V, is reached much earlier than 90°. Hence the SCR turns on earlier

than V reaches its peak value. The waveforms as shown with respect to V, =V, sinot.

At ot=a Ny =V,,V, =V, -V, =V sina

gt!'m

| Vgt
Therefore a =Sin L—J
gp

But V VR

® "R +R, +R
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\/ +R,+R
Therefore a:sin‘l{ ax RtR, }

VR

Since V

o« Ry, Rare constants

3.6 Resistance Capacitance Triggering

A. RC Half Wave

Capacitor ‘C’ in the circuit is connected to shift the phase of the gate voltage. D, is used to

prevent negative voltage from reaching the gate cathode of SCR.

In the negative half cycle, the capacitor charges to the peak negative voltage of the supply
-V, through the diode D,. The capacitor maintains this voltage across it, till the supply

voltage crosses zero. As the supply becomes positive, the capacitor charges through resistor
‘R’ from initial voltage of -V, to a positive value.

When the capacitor voltage is equal to the gate trigger voltage of the SCR, the SCR is fired
and the capacitor voltage is clamped to a small positive value.

<—v04.|

LOAD

)

Vg=V Sino t

Fig.: RC half-wave trigger circuit

Vipsine t Visine t

Fig.3.9: Waveforms for RC half-wave trigger circuit
(a) High value of R (b) Low value of R
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Case 1: R — Large.
When the resistor ‘R’ is large, the time taken for the capacitance to charge from -V, to V, is

large, resulting in larger firing angle and lower load voltage.
Case 2: R — Small

When ‘R’ is set to a smaller value, the capacitor charges at a faster rate towards V,, resulting

in early triggering of SCR and hence V, is more. When the SCR triggers, the voltage drop

across it falls to 1 — 1.5V. This in turn lowers, the voltage across R & C. Low voltage across
the SCR during conduction period keeps the capacitor discharge during the positive half
cycle.

Design Equation

From the circuit V. =V, +V,,. Considering the source voltage and the gate circuit, we can
write v, =1,R+V.. SCR fires when v =1 R+V, that is vg >1 R+V, +V,,. Therefore
R< Ve =V =V

. The RC time constant for zero output voltage that is maximum firing angle
gt

for power frequencies is empirically givesas RC 21.3(%} :

B. RC Full Wave

A simple circuit giving full wave output is shown in figure below. In this circuit the
initial voltage from which the capacitor ‘C’ charges is essentially zero. The capacitor ‘C’ is
reset to this voltage by the clamping action of the thyristor gate. For this reason the charging
time constant RC must be chosen longer than for half wave RC circuit in order to delay the

v, -V,
triggering. The RC value is empirically chosen as RC > ? Also R<= %

gt

<—Vo—>
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szmsinm t szmsinm t

: : : B
Vdi : : :
Va : : : :
. ) ot
Vo ;
je— 0 i<—a
’. ot
VT -> i
(@ ot (b)
Fig 3.10: RC full-wave trigger circuit Fig: Wave-forms for RC full-wave trigger circuit
(a) High value of R (b) Low value of R
PROBLEM
1. Design a suitable RC triggering circuit for a thyristorised network operation on a
220V, 50Hz supply. The specifications of SCR are V., =5V, | ., =30mA.

v.-V_ -V
R= +D =7143.3Q

g

Therefore RC >0.013
R <7.143kQ
C>1.8199uF

3.7 UNI-JUNCTION TRANSISTOR (UJT)

B,

Eta-point T B,
o)

Fig.3.11: (a) Basic structure of UJT (b) Symbolic representation

(c) Equivalent circuit
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UJT is an n-type silicon bar in which p-type emitter is embedded. It has three terminals
basel, base2 and emitter ‘E’. Between B, and B, UJT behaves like ordinary resistor and the

internal resistances are given as R, and R, with emitter open R;; = R, + R, . Usually the

p-region is heavily doped and n-region is lightly doped. The equivalent circuit of UJT is as
shown. When Vg, is applied across B, and B, , we find that potential at A is

n is intrinsic stand off ratio of UJT and ranges between 0.51 and 0.82. Resistor R;, is
between 5 to 10KQ.

Operation

When voltage V,; is applied between emitter ‘E” with base 1 B, as reference and the emitter
voltage V. is less than V, +7Vy. the UJT does not conduct. V, +7Vy, Is designated as
V, which is the value of voltage required to turn on the UJT. Once V. is equal to
V, =1V +V,, then UJT is forward biased and it conducts.

The peak point is the point at which peak current 1, flows and the peak voltage V, is across

the UJT. After peak point the current increases but voltage across device drops, this is due to
the fact that emitter starts to inject holes into the lower doped n-region. Since p-region is
heavily doped compared to n-region. Also holes have a longer life time, therefore number of

carriers in the base region increases rapidly. Thus potential at ‘A’ falls but current I

increases rapidly. R, acts as a decreasing resistance.

The negative resistance region of UJT is between peak point and valley point. After valley
point, the device acts as a normal diode since the base region is saturated and R;, does not

decrease again.
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Negative Resistance

Region
Cutoff Vet . \ *  Saturation
region™ [ - region
V L}
BB | » '
‘@ line:
Vv .
Valley Point

P

0 1 i

p

Fig.3.12: V-I Characteristics of UJT

3.8 UJT RELAXATION OSCILLATOR

v

06ECT73

UJT is highly efficient switch. The switching times is in the range of nanoseconds. Since UJT
exhibits negative resistance characteristics it can be used as relaxation oscillator. The circuit
diagram is as shown with R, and R, being small compared to R, and R;, of UJT.

(a)

charging

Capacitor

Capacitor
discharging

v

Fig.3.13: UJT oscillator (a) Connection diagram and (b) Voltage waveforms

Operation

When Vg, is applied, capacitor ‘C’ begins to charge through resistor ‘R’ exponentially

towardsVg; . During this charging emitter circuit of UJT is an open circuit. The rate of
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charging is 7, = RC . When this capacitor voltage which is nothing but emitter voltage V.
reaches the peak pointV, =nVy, +V,, the emitter base junction is forward biased and UJT
turns on. Capacitor ‘C’ rapidly discharges through load resistance R, with time constant
7,=RC 7,0 7, . When emitter voltage decreases to valley pointV,, UJT turns off. Once
again the capacitor will charge towards Vg, and the cycle continues. The rate of charging of

the capacitor will be determined by the resistor R in the circuit. If R is small the capacitor
charges faster towards Vg, and thus reaches V, faster and the SCR is triggered at a smaller

firing angle. If R is large the capacitor takes a longer time to charge towards V, the firing
angle is delayed. The waveform for both cases is as shown below.

(i) Expression for period of oscillation‘t’

The period of oscillation of the UJT can be derived based on the voltage across the capacitor.
Here we assume that the period of charging of the capacitor is lot larger than than the
discharging time.

Using initial and final value theorem for voltage across a capacitor, we get

Vc =Vfinal +V, Vfinal e‘%zc

initial —

t=T\V.=V,V

initial —

Vv 1Vfinal :VBB

Therefore Vo =V + V, =V, €77

= T =RClog, (V—BB — ]
BB _VP
If
V, <Vgg,
T=RC In{ Voo j
VBB —Vp
=RClIn L
1= Ve
Ves
But Ve =1V +V,
If Vo U Vi Ve =1\Vgs
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Therefore T=RClIn [i}

1-n
Design of UJT Oscillator
Resistor ‘R’ is limited to a value between 3 kilo ohms and 3 mega ohms. The upper limit on
‘R’ is set by the requirement that the load line formed by ‘R’ and Vg, intersects the device
characteristics to the right of the peak point but to the left of valley point. If the load line fails
to pass to the right of the peak point the UJT will not turn on, this condition will be satisfied
if Vg — 1,R >V, , therefore R <Y Vo

P

At the valley point 1. =1, and V. =V,,, so the condition for the lower limit on ‘R’ to ensure
. Vs =V,
turn-off is Vg — I, R <V, , therefore R > —=——-.
\

The recommended range of supply voltage is from 10 to 35V. the width of the triggering
pulse t, =Ry C.
In general Rg, is limited to a value of 100 ohm and R;, has a value of 100 ohm or greater

4
and can be approximately determined as R;, = 10

Veg

PROBLEM

1. A UJT is used to trigger the thyristor whose minimum gate triggering voltage is 6.2V,
The UJT ratings are: 7=0.66, I, =0.9mA, I, =3mA, Rg, +R;, =5kQ, leakage

current = 3.2mA, V, =14v and V, =1V . Oscillator frequency is 2kHz and capacitor C
= 0.04uF. Design the complete circuit.

Solution

T=R.C In{i}

1-n
Here,

1 1 . :
T=-—=——=,since f=2kHz and putting other values,

f 2x10

1 i 1

———=R.x0.04x107 In =11.6kQ
2x10 1-0.66

The peak voltage is given as, V, =7mVgs +V,
Let V, = 0.8, then putting other values,

14 =0.66V,, +0.8
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V,, =20V

The value of R, is given by

R - 0.7 Ry, + Ry,
’ Vgs
0.7 5x10°
R=————
0.66x20
- R, =265Q

Value of R, can be calculated by the equation

Vg =1 R +R,+Rg +R;,

leakage

20=3.2x10" R, +265+5000
R, = 985Q

The value of R is given by equation

C max

. _ Ves =V,
C max Ip
_20-14
¢mx o 0.5x107
R ... =12kQ

Similarly the value of R is given by equation

c min

VBB _Vv
c min =
Iv
R 201
c min 3)(10_3
R =6.33kQ2

c min

2. Design the UJT triggering circuit for SCR. Given —Vg, =20V, n=0.6, 1, =10xA,
V,=2V, |,=10mA. The frequency of oscillation is 100Hz. The triggering pulse
width should be 50xs.

Solution
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The frequency f = 100Hz, Therefore T = : =

From equation T =R.C In(ij
1-n

Putting values in above equation,

i — RCC In Lj
100 1-0.6

. R.C =0.0109135
Let us select C =1uF . Then R, will be,

00109135
cmin 1)(10_6

R =10.91kQ2.

The peak voltage is given as,
V, =1V +Vp

Let V, =0.8 and putting other values,
V,=0.6x20+0.8=12.8V

The minimum value of R, can be calculated from

_ VBB -V,

cmin IV
20-2

cmn = 10x107 oK

Value of R, can be calculated from

4
R = 10
NVgg
4
R, = 10 =833.33Q
0.6x20

Here the pulse width is give, that is 50ps.

Hence, value of R, will be,
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7,=RC

The width 7, =50usec and C =1uF , hence above equation becomes,
50x107° =R, x1x10°°
- R =500

Thus we obtained the values of components in UJT triggering circuit as,

R =50Q, R, =833.33Q, R, =10.91kQ, C =1uF .

3.9 Synchronized UJT Oscillator

A synchronized UJT triggering circuit is as shown in figure below. The diodes rectify
the input ac to dc, resistor R, lowers V. to a suitable value for the zener diode and UJT. The

zener diode ‘Z’ functions to clip the rectified voltage to a standard level V, which remains
constant except nearV,, =0. This voltage V, is applied to the charging RC circuit. The

capacitor ‘C’ charges at a rate determined by the RC time constant. When the capacitor
reaches the peak point V, the UJT starts conducting and capacitor discharges through the
primary of the pulse transformer. As the current through the primary is in the form of a pulse
the secondary windings have pulse voltages at the output. The pulses at the two secondaries
feed SCRs in phase. As the zener voltage V, goes to zero at the end of each half cycle the

synchronization of the trigger circuit with the supply voltage across the SCRs is archived,
small variations in supply voltage and frequency are not going to effect the circuit operation.
In case the resistor ‘R’ is reduced so that the capacitor voltage reaches UJT threshold voltage
twice in each half cycle there will be two pulses in each half cycle with one pulse becoming
redundant.

Ry

D1 D3A

To SCR
Gates

Fig.3.14: Synchronized UJT trigger circuit
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Digital Firing Circuit

| |

Preset
U (‘N’ no. of counting bits)
5 Logic circuit
Fixed frequency | Clk . I . ———> + —» G
Oscillator ) n-bit max Flip - Flop 5 Modulator 1
() Counter min g (F/F) o+ —» G,
Driver stage

E
TReset Load . I R T Reset T

fc y('1" or *0")
Sync Carrier
Signal (~6V) | Frequency
ZCD — Oscillator
D.C. 5V ——P ¢ (= 10KHz)
supply l l
A A
Fig.3.15: Block diagram of digital firing circuit
A
e _--l-_
L. n VZ
T ot
y
Pulse
Voltage
CL »
—> TI(— ot

Fig.3.16: Generation of output pulses for the synchronized UJT trigger circuit
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To

A o—— G _
B 1 D.rlve_r
Circuit
G1=ABfC
A 0.14F
Bo— I
y _
Logic Circuit Modulator
I: >I< f j To
AB G,  Driver
Circuit
G2=KBfC
A o—
B o—

\7/

Fig.3.17: Logic circuit, Carrier Modulator

The digital firing scheme is as shown in the above figure. It constitutes a pre-settable
counter, oscillator, zero crossing detection, flip-flop and a logic control unit with NAND and
AND function.

Oscillator: The oscillator generates the clock required for the counter. The frequency of the
clock is say f. . In order to cover the entire range of firing angle that is from 0° to 180°, a n-

bit counter is required for obtaining 2" rectangular pulses in a half cycle of ac source.
Therefore 4-bit counter is used, we obtain sixteen pulses in a half cycle of ac source.

Zero Crossing Detector: The zero crossing detector gives a short pulse whenever the input ac
signal goes through zeroes. The ZCD output is used to reset the counter, oscillator and flip-
flops for getting correct pulses at zero crossing point in each half cycle, a low voltage
synchronized signal is used.

Counter: The counter is a pre-settable n-bit counter. It counts at the rate of f. pulses/second.

In order to cover the entire range of firing angle from 0 to 180° , the n-bit counter is required
for obtaining 2" rectangular pulses in a half cycle.

Example: If 4-bit counter is used there will be sixteen pulses / half cycle duration. The
counter is used in the down counting mode. As soon as the synchronized signal crosses zero,
the load and enable become high and low respectively and the counter starts counting the
clock pulses in the down mode from the maximum value to the pre-set value ‘N°. ‘N’ is the
binary equivalent of the control signal. once the counter reaches the preset value ‘N’ counter
overflow signal goes high. The counter overflow signal is processed to trigger the Thyristors.
Thus by varying the preset input one can control the firing angle of Thyristors. The value of

firing angle « can be calculated from the following equation

a=(2 _NJ180°=(1—%j180° forn=4

n
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Modified R-S Flip-Flop: The reset input terminal of flip-flop is connected to the output of
ZCD and set is connected to output of counter. The pulse goes low at each zero crossing of
the ac signal. A low value of ZCD output resets the B-bar to 1 and B to 0.

A high output of the counter sets B-bar to 0 and B to 1. This state of the flip-flop is latched
till the next zero crossing of the synchronized signal. The output terminal B of flip-flop is
connected with enable pin of counter. A high at enable ‘EN” of counter stops counting till the
next zero crossing.

Input Output Remarks
R |S |B |B-bar
1 |1 |1 |0
0 |1 |1 |0 Set
0 |0 |0 |1 Reset
1 |0 |0 |1 Last Stage
1 |1 |1 |0

Truth Table of Modified R-S Flip-Flop

Logic Circuit, Modulation and Driver Stage: The output of the flip-flop and pulses A and A-
bar of ZCD are applied to the logic circuit. The logic variable Y equal to zero or one enables
to select the firing pulse duration from « to ror «

Overall Operation

The input sinusoidal signal is used to derive signals A and A-bar with the help of ZCD. The
zero crossing detector along with a low voltage sync signal is used to generate pulses at the
instant the input goes through zeroes. The signal C and C-bar are as shown. The signal C-
bar is used to reset the fixed frequency oscillator, the flip flop and the n-bit counter. The
fixed frequency oscillator determines the rate at which the counter must count. The counter is
preset to a value N which is the decimal equivalent of the trigger angle. The counter starts to
down count as soon as the C-bar connected to load pin is zero. Once the down count N is
over the counter gives a overflow signal which is processed to be given to the Thyristors.
This overflow signal is given to the Set input S of the modified R-S flip flop. If S=1 B goes
high as given by the truth table and B —bar has to go low. B has been connected to the Enable
pin of counter. Once B goes low the counter stops counting till the next zero crossing. The
carrier oscillator generates pulses with a frequency of 10kHz for generating trigger pulses for
the Thyristors. Depending upon the values of A, A-bar, B, B-bar and Y the logic circuit will
generate triggering pulses for gatel or gate 2 for Thyristors 1 and 2 respectively.
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3.10 dt

The dv across the thyristor is limited by using snubber circuit as shown in figure (a) below.

If switch S, is closed att =0, the rate of rise of voltage across the thyristor is limited by the
capacitor C. When thyristor T, is turned on, the discharge current of the capacitor is limited

by the resistor Ry as shown in figure (b) below.

Fig.3.18 (a)
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(ol
-

Fig.3.18 (b)

0.632V,

0

Fig.3.18 (¢)

The voltage across the thyristor will rise exponentially as shown by fig (c) above. From fig.
(b) above, circuit we have (for SCR off)

. 1.
Vs =it RS+EI| tdt+V, 0

for t=0 °

. V. -}
Therefore it =—e /e , Where 7, =R,C,
S
Also Vi t =Vg—it R
Ve -Y
V, t =Vs—ysse /SRS

-t -t
Therefore V; t =V —Vse%s =V, [1—e%5}

Att=0, V, 0 =0

Att=z,, V, r, =0.632V,

SJBIT/Dept of ECE Page 85



Power Electronics 06EC73

Q_VT TS _VT o _0632\/5
t T R.C,

Therefore

S

And Ry =—.

I, is the discharge current of the capacitor.

. . . dv : . .
It is possible to use more than one resistor for Py and discharging as shown in the

figure (d) below. The z—\; is limited by R, and C,. R +R, limits the discharging current

such that I, = Vs
+R,

o—o/ o P P
+ Sl
D, v % R,
VT,
.—
VS
SR
—C,
o .
Fig.3.18 (d)

The load can form a series circuit with the snubber network as shown in figure (e) below.
The damping ratio of this second order system consisting RLC network is given as,

o _R+R | G , Where L stray inductance and L, R is is load inductance
v, 2 \L+L

and resistance respectively.

S =

To limit the peak overshoot applied across the thyristor, the damping ratio should be in the
range of 0.5 to 1. If the load inductance is high, Ry can be high and C4 can be small to retain

the desired value of damping ratio. A high value of R will reduce discharge current and a
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low value of Cg reduces snubber loss. The damping ratio is calculated for a particular circuit
R and C; can be found.

Fig.3.18 (e)
di
— PROTECTION
3.11 dt
1 Tl
O Y - >}
+ L,
Vg Load
o

. . . ., di .
Practical devices must be protected against high el As an example let us consider the

circuit shown above, under steady state operation D, conducts when thyristor T, is off. If T,

is fired when D, is still conducting %can be very high and limited only by the stray

inductance of the circuit. In practice the % is limited by adding a series inductor Lg as

shown in the circuit above. Then the forward % = V—S )
S
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Recommended questions:

o0 AW e

10.
11.

12.

Distinguish between latching current and holding current.

Converter grade and inverter grade thyristors

Thyristor turn off and circuit turn off time

Peak repetitive forward blocking voltage it rating

Explain the turn on and turn of dynamic characteristics of thyristor

A string of series connected thyristors is to withstand a DC voltage of 12 KV. The
maximum leakage current and recovery charge differences of a thyristors are 12 mA and
120 uC respectively. A de-rating factor of 20% is applied for the steady state and
dynamic (transient) voltage sharing of the thyristors. If the maximum steady sate voltage
is 1000V, determine 1) the steady voltage sharing resistor R for each thyristor. 2) the
transient voltage capacitor C1 for each thryristor

A SCR is to operate in a circuit where the supply voltage is 200 VDC. The dv/dt should
be limited to 100 V/ ps. Series R and C are connected across the SCR for limiting dv/dt.
The maximum discharge current from C into the SCR, if and when it is turned ON is to
be limited to 100 A. Using an approximate expression, obtain the values of R and C.
With the circuit diagram and relevant waveforms, discuss the operation of synchronized
UJT firing circuit for a full wave SCR semi converter.

Explain gate to cathode equivalent circuit and draw the gate characteristics. Mark the
operating region.

Mention the different turn on methods employed for a SCR

A SCR is having a dv/dt rating of 200 V/us and a di/dt rating of 100 A/us. This SCR is
used in an inverter circuit operating at 400 VDC and has 1.5€ source resistance. Find the
values of snubber circuit components.

Explain the following gate triggering circuits with the help of waveforms: 1) R —
triggering 2) RC — triggering.
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UNIT-4

Controlled Rectifiers

4.1 Line Commutated AC to DC converters

+

AC Line DC Output
Input Commutated Vi
\bltage Converter 0(dc)

« Type of input: Fixed voltage, fixed frequency ac power supply.
« Type of output: Variable dc output voltage
« Type of commutation: Natural / AC line commutation

4.1.1Different types of Line Commutated Converters
« AC to DC Converters (Phase controlled rectifiers)
« AC to AC converters (AC voltage controllers)
« AC to AC converters (Cyclo converters) at low output frequency

4.1.2 Differences Between Diode Rectifiers & Phase Controlled Rectifiers
« The diode rectifiers are referred to as uncontrolled rectifiers .
« The diode rectifiers give a fixed dc output voltage .
« Each diode conducts for one half cycle.
- Diode conduction angle = 180° or = radians.
« We cannot control the dc output voltage or the average dc load current in a diode
rectifier circuit

Single phase half wave diode rectifier gives an

Average dc output voltage V, . = Vi

T
Single phase full wave diode rectifier gives an
Average dc output voltage V, . = 2V

T

4.2 Applications of Phase Controlled Rectifiers
« DC motor control in steel mills, paper and textile mills employing dc motor drives.
« AC fed traction system using dc traction motor.
» Electro-chemical and electro-metallurgical processes.
« Magnet power supplies.
» Portable hand tool drives
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4.3 Classification of Phase Controlled Rectifiers
» Single Phase Controlled Rectifiers.
* Three Phase Controlled Rectifiers

4.3.1 Different types of Single Phase Controlled Rectifiers,
« Half wave controlled rectifiers.
» Full wave controlled rectifiers.
» Using a center tapped transformer.
» Full wave bridge circuit.
« Semi converter.
» Full converter.

4.3.2 Different Types of Three Phase Controlled Rectifiers
» Half wave controlled rectifiers.
» Full wave controlled rectifiers.
» Semi converter (half controlled bridge converter).
» Full converter (fully controlled bridge converter).

4.4 Principle of Phase Controlled Rectifier Operation

Single Phase Half-Wave Thyristor Converter with a Resistive Load

-
) =
||
& !
|1
f—————Rr————3
=]
<M
&

8
- ‘l —_————
e
3

@l

<
=] E

T

| =

|

wt

[=]
i |
/‘q
=
Q.
=

o

|
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3
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Equations:

v, =V, sinot = i/p ac supply voltage

V,, = max. value of i/p ac supply voltage
Vm —
ﬁ =

V, =V, = output voltage across the load

Vs = RMS value of i/p ac supply voltage

When the thyristor is triggered at ot =«
Vo =V, =V, sinot; ot=a tor

Y
i, =i =—=Load current; ot=«a to =
(0] L R

..V sinot .
|o:|L=m—Ra):Imsma)t;wt:at07r

V
Where |, = Em = max. value of load current

4.4.1 To Derive an Expression for the Average (DC) Output Voltage across the Load

0w =Vae = Ivod ot |
0
Vo =V, sinwt for ot =a to z
17 .
=V, =— |V_sinotd ot
O dc dc 272_0_!‘ m

O dc

\Y L ij sinotd ot
2r ;]

O dc

V = V—m J‘Sin otd ot
2r ;]

V T
\V/ =-—| —coswt
O dc 27Z-|: /a:|

\Y

Vog == —COSm+COSar ; cosm=-1
2m
Vm . \/_

0w =5 1+cosa ;V, =2V
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Maximum average (dc) o/p

voltage is obtained when o =0

and the maximum dc output voltage

\Y

dc max

:Vd

m

"V =V

** Tdc max dm

Vv,

O dc

_Vn

=\2/—m 1+cosO ; cos 0 =1

Yo 14 cosa LV, =~/2V,
27

The average dc output voltage can be varied
by varying the trigger angle « from 0 to a

maximum of 180° r radians

We can plot the control characteristic

V,

O dc

vs « by using the equation for VO@)

4.5 Control Characteristic of Single Phase Half Wave Phase Controlled Rectifier with

Resistive Load

The average dc output voltage is given by the

expression

V

O dc

V
=—" 1+cosc

27

We can obtain the control characteristic by
plotting the expression for the dc output
voltage as a function of trigger angle«

Trigger angle « e .
in degrees Ofde) Yo
v,
0 Vi = 100% V7,
T
30" 0933V, | 933%V,
60" 0.75 ¥, 75 % V,
90" 05V, 50% V7,
120° 0.25 ¥, 25% V,,
150" 0.06698 V,,, | 6.69% V,
180" 0 0
Vdm == p:i‘ctmax)

4.5.1 Control Characteristic
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———— ]

y

Vo(de)
Vdm

0.6Vyp,

0.2 Vg

>
»

180

60 120
Trigger angle « in degrees

Normalizing the dc output
voltage with respect to V,, the
Normalized output voltage

Vm
vV —M 1+4+COoSax
Vo= Ve _ 27
" Vdm \h
T
V, =\\//d° == 1+cosa =V,

4.5.2 To Derive an Expression for the RMS Value of Output Voltage of a Single Phase
Half Wave Controlled Rectifier with Resistive Load

The RMS output voltage is given by

VO RMS

5 ot ot
=|— |Vv’:.d wt
2r °

Output voltage v, =V_sinwt ; for ot=a to 7

By substituting sin® ot = —

\Y/ =|—|V?

V

O RMS

- 3
:[i jansinzwt.d ot }
2r ;

1-cos2mt
we get

17 1-cos2mt
| 27 ;] m 2

1
2
d ot

_VZ T
= —mjl—coszm d ot }
47ra

2 [n

<

_ 1
T 2
Vy s = ﬁ{jd ot — [cos20td ot H

v,[1 ”_(sinZa)t) |
b4 2
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4.5.3 Performance Parameters of Phase Controlled Rectifiers

Output dc power (avg. or dc o/p
power delivered to the load)
P .=V ie, P, =V xlg

O dc O dc

Where

V, & =V =avg./ dc value of o/p voltage.
I

><IOdc '

oa = lg =avg./dc value of o/p current

Output ac power
P, =V

O ac O RMS

Efficiency of Rectification (Rectification Ratio)

><IO RMS

d I:)O dc

P
0% . o Efficiency 7 =
O ac O ac

The o/p voltage consists of two components

The dc component V, .

Efficiency = x100

The ac /ripple component V. =V, ¢

Output ac power
P, =V

O ac ORMS><I

O RMS

Efficiency of Rectification (Rectification Ratio)

d

P P
9% . 9% Efficiency 7 = —=x100
O ac O ac

The o/p voltage consists of two components

The dc component V,, .

Efficiency n =

The ac /ripple component V. =V, ¢
4.5.4 The Ripple Factor (RF) w.r.t output voltage waveform
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r rms I ac

Current Ripple Factor r, = =
IO de Idc
2

Where 1, e =1, = /15 s

—1?

r rms O dc

V., = peakto peak ac ripple output voltage
V. =V

rpp _ YOmax VO min

I, ,, =Peakto peak ac ripple load current
I =1 — 1

rpp ~ 'O max O min

Transformer Utilization Factor (TUF)

PO dc

TUF =

x|

S S

Where
V; = RMS supply (secondary) voltage
I, = RMS supply (secondary) current

s Input current

/ I

wl

Input voltage
Fundamental current

Where

Vs = Supply voltage at the transformer secondary side

issBifpappplcETent — Page9%
(transformer secondary winding current)

Is, = Fundamental component of the i/p supply current

1 — DPaal vvaliie af the inniit crinnhys c1irrant
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¢ = Displacement angle (phase angle)
For an RL load
¢ = Displacement angle = Load impedance angle

¢= tan‘l(%l'j for an RL load

Displacement Factor (DF) or
Fundamental Power Factor
DF =Cos¢

Harmonic Factor (HF) or

Total Harmonic Distortion Factor ; THD
1

1 =
HE = S - S1 — _S -1
ISl ISl

Where

I, = RMS value of input supply current.

I, = RMS value of fundamental component of
the i/p supply current.

Input Power Factor (PF)
A |
PF =—=2Slcosg =L cosg
S'S IS

The Crest Factor (CF)

Is pea _ Peak input supply current
8 RMS input supply current

For an Ideal Controlled Rectifier

FF =1 n=100%; V,, =V, . =0; TUF =1,

RF=r,=0; HF =THD=0; PF =DPF =1
4.5.5 Single Phase Half Wave Controlled Rectifier with an RL Load

CF =
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Y
/
o
[

o > >
1 1g T 14 =+ 1,
R
Vg Vo
L
- e

Input Supply Voltage (Vs) & Thyristor (Output) Current Waveforms

Jl. V‘S
Vﬂ'.l T
I
i I
0 ! > wt
| T | 2m
| [ |
| | |
I . !
h Gate pulse of T, M
0 { T i | = i
. I | ' '
Iy | I | :
I | I
I | |
m | :/
0 L | - wt
c 7T Bata e W ta

Output (Load) Voltage Waveform

0 t
o ﬂ'w 2ar “ @

4.5.6 To derive an expression for the output (Load) current, during ot = a to § when
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thyristor T, conducts

Assuming T, is triggered ot = «,
we can write the equation,
L(%} Ri, =V_sinot ; a <ot<p

General expression for the output current,
VA -
o :7’“S|n ot—¢ +Ae-

V. =2V, = maximum supply voltage.

Z =«/R2+ oL ? =Load impedance.

¢ =tan™" (%Lj = Load impedance angle.

T = % = Load circuit time constant.

.. general expression for the output load current
-R

.V =t
|O:?msm ot—¢ +Aet

Constant A is calculated from

initial condition i, =0 at ot = ; t= (gj

@
. V_ . Ry
Io =O=?msm a—¢ +Aet

-R

Aet =_Zﬁsin a—¢

We get the value of constant A as

A =e7i {_Zﬁsin a—¢ }
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Substituting the value of constant A in the

general expression for i,
V. Rota [V
=-sin ot—¢ +e°t Tmsm a—¢

lo

.. we obtain the final expression for the
inductive load current

. V . . R ot-a
Io=?m sin ot—¢ —sin a—¢ et ;
Where a <ot < g
Extinction angle S can be calculated by using
the condition that i, =0 at ot = 8
- V - . R ot-a
|O=?m sin ot—¢ —sin a—¢ et =0

Ry
~.sin f—¢ =ect xsin a—¢
p can be calculated by solving the above egn.

4.5.7 To Derive an Expression for Average (DC) Load Voltage of a Single Half
Wave Controlled Rectifier with RL Load

1 27
Vo =V =7— |V.d ot
27

a B 27
V =VL=i J.Vo-d ot +Ivo.d ot + _[Vo-d ot
2r | J 5
Vo=0forot=0t0 o & for ot = to 27

1 [
RAVAS :VL:Z jvo.d ot |;

Vo =V, sinot for ot =« to S

[ 5
Vou =Vi ==—| [Vasinotd a)t}

[ B
Vo ae :VL:\Z/_:; —cosa)'/ }

V... =V :V—”‘ COSa —COoS 8
T

~Vy e =V :\2/—:; Cosa —Cos 8
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Effect of Load Inductance on the Output

During the period wt = II to 3 the instantaneous output voltage is negative and this reduces
the average or the dc output voltage when compared to a purely resistive load.

4.5.8 Average DC Load Current

| =| _VOdc . Vm

Ood L A - —
c W R 27R,

COS«a —Cos f

4.5.9 Single Phase Half Wave Controlled Rectifier with RL Load & Free Wheeling

Diode
T .
N Lo
N i +
N
Vo
R
+
Vs<~> FwD /\
L
Vs
Supply voltage
0 ; 7 11
L0 !
icp ! |
. Gate pulses |
0 :
it :
io o | Load current
: L/(o t=}
0 ) 7
(0 !
— |
Vo I I
Load voltage l
; r’d
/|
/ /
/ /
d 1 11/ In
0 m S — ! S >0t
! \ / , \
| \ / | \
| \ / ! \
! N /7 N
! N Ve , N
S o _ P \ S o
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The average output voltage

V e

V,. === 1+cosa which is the same as that
T

of a purely resistive load.

The following points are to be noted

For low value of inductance, the load current

tends to become discontinuous.

During the period « to 7

the load current is carried by the SCR.
During the period 7 to g load current is
carried by the free wheeling diode.

The value of S depends on the value of
R and L and the forward resistance

of the FWD.

For Large Load Inductance the load current does not reach zero, & we obtain
continuous load current.

\4
N
=
O
\

/
(2}
O
gy

M
{
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4.6 Single Phase Full Wave Controlled Rectifier Using A Center Tapped Transformer

0 o 11 Y1 .

(o) (D)

(i) To derive an expression for the output (load) current, during ot = o to p when
thyristor
T1 conducts

Assuming T, is triggered ot =,
we can write the equation,
L(%J+ Ri, =V, sinot ; a<ot<p

General expression for the output current,
A =
[ =?msm ot—¢ +Aer’
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Constant A is calculated from

initial condition iy =0 at ot = ; t= (zj
(4

: (A Ry

o =O:?msm a—¢ +Aet

-R

Aet‘ =_Zﬁsin a—¢

We get the value of constant A as

R «a
A=ect {_Zﬁsin o—¢ }

V. =+/2V, = maximum supply voltage.

Z=R*+ oL ° =Load impedance.

¢ =tan™" (%L) = Load impedance angle.

L L
T= e Load circuit time constant.
.. general expression for the output load current
-R
t

.V, =
|O:?msm ot—-¢ +Aet

Substituting the value of constant A in the
general expression for i,

V. Rota [V
i, =-"sin ot—¢ +e*t —"sin a—
o ot 0 (Lo |

.. we obtain the final expression for the
inductive load current

- Vv . f j(ut—oz
|O=?m sin ot—¢ —sin a—¢ e°* ;

Where a <ot <

Extinction angle S can be calculated by using
the condition that i, =0 at ot = f

V iwt—a
io:?“[sin ot—¢ —sin a—¢ et }:0

-R
. == p- .
~.sin f—¢ =ect “ xsin a—¢

[ can be calculated by solving the above egn.
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(i1) To Derive an Expression for the DC Output Voltage of A Single Phase Full Wave
Controlled Rectifier with RL Load (Without FWD)

b i i
i o 1 i1
(t<e)  (14h)

1 #
Voi =Vee =— | Vod ot
ﬂ'wt=a

<
I

1%
0 de Vdc=; .fvmsina)t.d ot

B
Vou =Vee :Vm [—COSa)t/ }

T
Vm
Vo e = Ve - cosa —cos f

When the load inductance is negligible i.e.,L~0
Extinction angle £ = x radians
Hence the average or dc output voltage for R load

V
=-1 cosa —CoSw

VO dc T
V

Vo =— Cosa— -1

O dc T
Vm

Vo, = 1+cosa ;forRload, when g=x
T
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(i1i) To calculate the RMS output voltage we use the expression

vV

O{RAMSY

1§ 2 s
— | r.d I
ﬂ_lmmnﬁo (a::)

(iv) Discontinuous Load Current Operation with FWD

,  Thyristor T, is triggered at ot = a;

I T, conducts from ot =« to 7
¢ Thyristor T, is triggered at ot = 7+« ;
. T, conducts fromot= 7+ to2rx

Lo FWD conducts from ot =7 to f &
V, ~ 0 during discontinuous load current.

(v) To Derive an Expression for the DC Output Voltage for a Single Phase Full
Wave Controlled Rectifier with RL Load & FWD

V. =V, =+ [ vod ot
ﬂ-a)t=0
1%, .
Vo i =Vee :—jvm sinotd ot
ﬂ-a
V a
Vo i :Vdcz—m{—coswt/ ]
7 o
Vm
Voo =V =—" —COST+COScxr ; cOSmr =-1

T

Vo . =V Vo 1+cosa
T
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* The load current is discontinuous for low values of load inductance and for large
values of trigger angles.

» For large values of load inductance the load current flows continuously without
falling to zero.

» Generally the load current is continuous for large load inductance and for low trigger
angles.

4.6.2 Continuous Load Current Operation (Without FWD)

; ¥ ¥
(1+0) Q1+0)

(i) To Derive an Expression for Average / DC Output Voltage of Single Phase Full
Wave Controlled Rectifier for Continuous Current Operation without FWD

1) T
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T+a

1
Vou =Vee == [ Vod ot
3 ot=a
1 T+
Vou =Vae=—| [ Vysinotd ot
7[ o
T+
— — m
Vo, =V, =" —coswt/
72- (04
VO dc =Vdc
\/
=—m[005a—cos T+a ] :
T
COS T+a =—COoSa
V., =V, =
o w =V =" CcOSa +CoSa

T

2V,
Vo g =V4 =—HC0Sx
T

« By plotting VO(dc) versus «, we obtain the control characteristic of a single phase
full wave controlled rectifier with RL load for continuous load current operation

without FWD
Trlgger angle o Voc'm Remarks
in degrees ‘
(27 ) Maximum de output voltage
I/a‘m = - / 2]7 A
0 NI S —mJ
de(max) am
’ \ i
30° 0.866 V,,
60° 057,
900 0 ‘Vdm VdC — Vdm < COS
1200 -0.5 I/:fm
150° -0.866 V,,
20 )
180° ~Van = —( — J
T
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-0.2Vyn

'0 -6 Vdm

_Vdm

Trigger angle « in degrees

By varying the trigger angle we can vary the
output dc voltage across the load. Hence we can
control the dc output power flow to the load.

For trigger angle «, 0t0 90° ie., 0<ar <90° ;
cosa is positive and hence V. is positive

Vy, & |, are positive ; P, = @ x 1, )6 positive
Converter operates as a Controlled Rectifier.
Power flow is from the ac source to the load.

For trigger angle «, 90° to 180°
ie, 90° <o <180° ,
cos« is negative and hence
V,. is negative; 1, is positive ;
P. = V4, xl, Isnegative.
In this case the converter operates
as a Line Commutated Inverter.
Power flows from the load ckt. to the i/p ac source.
The inductive load energy is fed back to the
i/p source.

Drawbacks of Full Wave Controlled Rectifier with Centre Tapped Transformer
« We require a centre tapped transformer which is quite heavier and bulky.
» Cost of the transformer is higher for the required dc output voltage & output power.
« Hence full wave bridge converters are preferred.
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4.7 Single Phase Full Wave Bridge Controlled Rectifier
2 types of FW Bridge Controlled Rectifiers are
. Half Controlled Bridge Converter (Semi-Converter)

. Fully Controlled Bridge Converter (Full Converter)

The bridge full wave controlled rectifier does not require a centre tapped transformer

4.7.1 Single Phase Full Wave Half Controlled Bridge Converter (Single Phase Semi

Converter)
T oyip =1,
+ ~—[oad
R
Vp v,
_ AD,, L

Trigger Pattern of Thyristors
Thyristor T, is triggered at

ot=a, at ot= 27+a ,...
Thyristor T, is triggered at

ot= 7+a ,at wt= Ir+ao ,...
The time delay between the gating
signals of T, & T, = radians or 180°
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Waveforms of single phase semi-converter with general load & FWD for a > 900

A Vg
Vm —— — = v =V, sin wt
|
i | i
0 L TEX . et
& o = 1 277
o |
b ! Vo
' | l dc
: 1
I
A
0 . (IN ™ T+ « 2ar ot .
1 ' > 1
1 I > 1o
| 0 Iy
0 P s > ot
Single Quadrant Operation
\iTl I - _I‘-
1.4 :
I
O (84 e : wt
. i |
112 | I
I I
0= : : wt
“lDl | | T+ «@ 271'
In_‘ | |
I I
O | | wt
) o T I
T1D2 I
I
0 } 1 wt
' T+ o 2
Ia_“_ls i
T+ a 2
0 Eal t
o Tr
tio L
| I I I
If\ I | | |
| | | |
| I I I
0 } } } — wt
. | | I I
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Thyristor T1 and D; conduct from ot = o to 7
Thyristor Toand D; conduct fromot =(t+a)to 2«
FWD conducts during ot =0to a, tto (T + ), .....

Load Voltage & Load Current Waveform of Single Phase Semi Converter for a. < 90°
& Continuous load current operation

! : 311

(n+lot) (QTEIHX)

) T

(i) To Derive an Expression for The DC Output Voltage of A Single Phase Semi
Converter with R, L, & E Load & FWD For Continuous, Ripple Free Load Current
Operation

1 V3
Vou =Vie == [ Vod ot
ﬂ.a)t:O
1%, .
Vou =Vee=— ajvmsm otd ot
V v
Vo g :Vdc:—’“{—coswt/ }
T a
Vm
Vo g =Vge =— —COST+COSexr ; CcOSm=-1

T

\
Vo s =Vge =— 1+cosa
T
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V,, can be varied from a max.

value of 2V to 0 by varying « from 0 to 7.
/A

For o =0, The max. dc o/p voltage obtained is

V. oy =2V

dc max dm

T
Normalized dc o/p voltage is

Vm
Vv -M™ 1+cosax 1 -
den :Vn: e — % —:—GCOSOZ
V, (vaj 2 -

Vy aus = %J.V,fsinza)t.d a)t}

V|1 sin 2«
Vo rus zﬁ pn T-a+ 5

4.7.2 Single Phase Full Wave Full Converter (Fully Controlled Bridge Converter) With
R, L, & E Load

- 1
V27T 2
Vo aws = ijl—cosZa)t d a)t}
1
2

=Ia

+Yo
- b=
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Waveforms of Single Phase Full Converter Assuming Continuous (Constant Load
Current) & Ripple Free Load Current.

LENY T,.T> T;.T,
gn,.vs | | |
m
! v =V, sin wt !
: :
0 + + + wt
o ™\ T+ « 20T :
| | |
| | |
| |
RO | |
_
2ar
0 wt
le9 11'\11' + o \
th 1 |
L, — — :
| | Load current
() : ]' > !
1
I'il [
.
Tta =V
0 l : > i
it ™
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Constant Load Current

A / iO:Ia
la ' y
| ! ot
nta >
Iy laf-- - -
&iTZ ot
e 21t >
I3 Lo - - - ey - -
& iy ot
1o lr+e 31t

(i) To Derive An Expression For The Average DC Output Voltage of a Single Phase Full

Converter assuming Continuous & Constant Load Current

The average dc output voltage

can be determined by using the expression

1 2r
Vo e =Vee =E[ Ivo.d ot };
0

The o/p voltage waveform consists of two o/p
pulses during the input supply time period of
0 to 2z radians. Hence the Average or dc

o/p voltage can be calculated as

\Y

Il
=<

i{ J. V_sinotd ot

0 dc c 2t J
_ m Tta
Vo e = Ve . coswt
V,
— m
Vo ae =V . cosa

|

Maximum average dc output voltage is

calculated for a trigger angle = 0°
and is obtained as

Vdc max :Vdm = 2Vm X COs 0 = va
T T
'.'Vdc max :Vdm = 2Vm
T
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The normalized average output voltage is given by

Vou V
Vdcn:Vn:VOd :V_dc
dc max dm
Vm
cosa
2V, =V, = ”T = COSc
T

By plotting VO(dc) versus a, we obtain the control characteristic of a single phase full
wave fully controlled bridge converter (single phase full converter) for constant &
continuous load current operation.

To plot the control characteristic of a
Single Phase Full Converter for constant
& continuous load current operation.
We use the equation for the average/ dc
output voltage

Voo =V =—-COSx
T
Trlgger angle o Vo(m Remarks
in degrees )
(2V ) Maximum de output voltage
Vd _l = I A
0 " T 1 — 2K}z
de(max) Idm - —J
: \ T
30° 0.866 V,,
600 0.5 Vn‘m
900 0 p:'fm
120° -057,,
150° -0.866 7,
21, )
180° Vg = ( ] J
T
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-0.2Vym

'0 -6 Vdm

-Vdm

Trigger angle « in degrees

* During the period from ot = o to = the input voltage vS and the input current iS are
both positive and the power flows from the supply to the load.

» The converter is said to be operated in the rectification mode Controlled Rectifier
Operation for 0 < o < 900

* During the period from ot = n to (n+a), the input voltage vS is negative and the
input current iS is positive and the output power becomes negative and there will be
reverse power flow from the load circuit to the supply.

« The converter is said to be operated in the inversion mode.

Line Commutated Inverter Operation for 900 < o < 1800

Two Quadrant Operation of a Single Phase Full Converter

A VO

N\

o&lm ’

Vdc
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(i1) To Derive an Expression for the RMS Value of the Output Voltage

The rms value of the output voltage
is calculated as

1 2z
VO RMS =\/g|: JVéd a)t:|
0

The single phase full converter gives two
output voltage pulses during the input supply
time period and hence the single phase full
converter is referred to as a two pulse converter.
The rms output voltage can be calculated as

VOEMS)=\/ ﬁ’av d @%

The single phase full converter gives two
output voltage pulses during the input supply
time period and hence the single phase full
converter is referred to as a two pulse converter.
The rms output voltage can be calculated as

Y/

o@vls):\/ ﬁav d@%

1 F.

— .Vf* sin’ .:m..:f{mﬁ]}

G(R!xﬁ} B

F.L o]

— \/ sin® @t d {mﬁ]}

“-‘:1 sﬁg

kﬂ 31?_?
u

'5'(%} h

2

{1-cos 2t ) J :|
(eos2er) o

)
b
A

'5'(%} h

" .. dfat)- ’]."‘ cos 2at.d (mﬁ]}

L o G

2

4
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1
G(RM‘-}_ E

rﬁ sin mﬁ..:i{mﬁ}}

Vﬁ .a'-l:nx
c.(ms} = |2 sin’ @t d {mﬁ]}
7|
pra [ s {l—n::os 2&35}
= |-= - “dlw
e J T ]
Vﬂ _Z-I;ﬂ X+
oy == | d{o)- [ cosEmﬁ.d{mﬁ}}
|

V2 B T+a Sin 2wt T+a
V = || ot -
O RMS \/27[_ / 3 ( 2 )/ 3 j|
v vl . sin2 7+a —sin2a
= || Tra-a -
V2| sin 27 +2a —sin2a )|,
Vors =450 7 ~ '
2 | 2

sin 2z +2a =sin2a

V

O RMS

: Jvz

m

Sl

V2 V2
Vo rws

Y

O RMS

S

= ﬁ =
Hence the rms output voltage is same as the
rms input supply voltage
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4.7.3 Thyristor Current Waveforms

Constant Load Current

lo o
IA i0=ly
a i i i i
! I | ! t
| | : 1 ‘(D
o Tt | ! g
. ! ' | |
Ity LI-- ---- .
& Iy ot
o Tto 21+t ! g
1 1
- I ] I
Irs L s e
& Iy ot
Tta 21+ dnto g

The rms thyristor current can be
calculated as

I _ ORMS

T RMS ?

The average thyristor current can be
calculated as
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4.8 Single Phase Dual Converter
Lr Ll’
Converter 1 — — Converter 2
Cyi Ty
ao0——eo
+
VS
TR
ATy
A V. -
L v, - ~
A (a) Circu
v =V, sin wt
0 i i > Wt
o TN\T + oy 2ar
Vol —V,, sin wt
// Converter 1
/ output
0 2 > wt
oy T T oy 297
r
/A“* Vi, sin wt
A — WV A ~ — g
Vol =V, sin ot
// Converter 1
/ output
0
o T T 27T
/ V,, sin wt
v \_~
o \ — —V,, sin ot
\\ \\ Converter 2
V-« \ 27 output
0 wt
T v
vam —
\\ V,, sin wt
Vr(t) + Voo = o
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o2 «— —V, sinot
\\\ \\ Converter 2
m—a \ o output
0 A — > i
\\277 — oy .
\ V,, sin wt

\{oltage. generating
circulating current

0 > ot
T o \IZW—al \I

The average dc output voltage of converter 1 is

2V
V,, =—"C0sa,
T
The average dc output voltage of converter 2 is

2V
V,, =—"C0S,
T

In the dual converter operation one
converter is operated as a controlled rectifier
withe <90° & the second converter is
operated as a line commutated inverter

in the inversion mode with o >90°

Vdcl = _Vdcz
Y AY AY
L Ccosq, =—"C0Sa, = —™" —CO0Sq,
T T T
Cosa, =—C0Sq,
or

Cosa, =—C0Sq, =CO0S 7 —a,
a,= rt—a; Oor
o, +a, = radians

Which gives

o,= 1T-a
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(1) To Obtain an Expression for the Instantaneous Circulating Current

* Vo1 = Instantaneous o/p voltage of converter 1.

* Vo = Instantaneous o/p voltage of converter 2.

» The circulating current ir can be determined by integrating the instantaneous voltage
difference (which is the voltage drop across the circulating current reactor Lr),
starting from ot = (27 - o).

» As the two average output voltages during the interval ot = (7+al) to (27- 1) are
equal and opposite their contribution to the instantaneous circulating current ir is zero.

.1
I, =—— I v.d ot |; V.=V, -V,
ol,

270y
As the o/p voltage v, is negative
Vi = Vo1 Voo
1 ot
L= _[ Vo, Vg, d ot |;
ol,

2o

Vo, =V sinot for 27 —a; 1o ot

) V ot ) ot )
I =—" _f —sinotd ot — j sinot.d ot
ol,

2r-ay 2r-oy

A
i, = coswt —Ccosa,

r
ol,

The instantaneous value of the circulating current
depends on the delay angle.

For trigger angle (delay angle) o, =0,

the magnitude of circulating current becomes min.
when ot =nz, n=0,2,4,.... & magnitude becomes
max. when ot =nz, n=1,3,5,....

If the peak load currentis I ,, one of the

converters that controls the power flow

may carry a peak current of

( 4va
Ip+ ,
ol,
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4V ) )
=—™ = max. circulating current
ol

II‘ max
r

The Dual Converter Can Be Operated In Two Different Modes Of Operation

Non-circulating current (circulating current free) mode of operation.
Circulating current mode of operation

Non-Circulating Current Mode of Operation

In this mode only one converter is operated at a time.
When converter 1 is ON, 0 < o1 <900

V. is positive and lqc IS positive.

When converter 2 is ON, 0 < o2 < 900

Ve IS negative and lgc is negative.

Circulating Current Mode Of Operation

In this mode, both the converters are switched ON and operated at the same time.

The trigger angles a1 and o2 are adjusted such that (a1l + o2) = 1800 ; o2 = (1800 -
al).

When 0 <al <900, converter 1 operates as a controlled rectifier and converter 2
operates as an inverter with 900 <a2<1800.

In this case V4 and lq, both are positive.

When 900 <a1 <1800, converter 1 operates as an Inverter and converter 2 operated as
a controlled rectifier by adjusting its trigger angle o2 such that 0 <a2<900.

In this case Vdc and Idc, both are negative.
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4.8.1 Four Quadrant Operation

Conv. 2 Vg Yo Conv. 1
Inverting \ Rectifyin
N /
o, > 90° \ g
\* i<

_Idc \k Idc °

Conv. 2 / \ '& N\, Conv. 1

Rectifyin N ‘:Vd Inverting

d . ¢ oty > 907

O’:E < QD

Advantages of Circulating Current Mode of Operation

» The circulating current maintains continuous conduction of both the converters over
the complete control range, independent of the load.

« One converter always operates as a rectifier and the other converter operates as an
inverter, the power flow in either direction at any time is possible.

« As both the converters are in continuous conduction we obtain faster dynamic
response. i.e., the time response for changing from one quadrant operation to another
is faster.

Disadvantages of Circulating Current Mode of Operation

« There is always a circulating current flowing between the converters.

*  When the load current falls to zero, there will be a circulating current flowing
between the converters so we need to connect circulating current reactors in order to
limit the peak circulating current to safe level.

» The converter thyristors should be rated to carry a peak current much greater than the
peak load current.

Recommended questions:

1. Give the classification of converters, based on: a) Quadrant operation b) Number of
current pulse c) supply input. Give examples in each case.

2. With neat circuit diagram and wave forms, explain the working of 1 phase HWR
using SCR for R-load. Derive the expressions for V4. and lgc.

3. With a neat circuit diagram and waveforms, explain the working of 1-phase HCB for
R-load and R-L-load.

4. Determine the performance factors for 1-phase HCB circuit.

5. With a neat circuit diagram and waveforms, explain the working of 1-phase FCB for
R and R-L-loads.
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10.

11.
12.

13.

14.

15.

16.

17.

18.

Determine the performance factors for 1-phase FCB circuit.

What is dual converter? Explain the working principle of 1-phase dual converter.
What are the modes of operation of dual converters? Explain briefly.

With a neat circuit diagram and waveforms explain the working of 3 phase HHCB
using SCRs. Obtain the expressions for Vg and lgc.

With a neat circuit diagram and waveforms, explain the working of 3-phase HWR
using SCRs. Obtain the expressions for V4. and lgc.

With a neat circuit diagram and waveforms, explain the working of 3 phase FCB
using SCRs. Obtain the expressions for Vg and .

Draw the circuit diagram of 3 phase dual converter. Explain its working?

List the applications of converters. Explain the effect of battery in the R-L-E load in
converters.

A single phase half wave converter is operated from a 120V, 60 Hz supply. If the
load resistive load is R=10C2 and the delay angle is o=n/3, determine a) the efficiency
b) the form factor c) the transformer utilization factor and d) the peak inverse voltage
(PIV) of thyristor T1

A single phase half wave converter is operated from a 120 V, 60 Hz supply and the
load resistive load is R=10(1. If the average output voltage is 25% of the maximum
possible average output voltage, calculate a) the delay angel b) the rms and average
output current c) the average and ram thyristor current and d) the input power factor.
A single half wave converter is operated from a 120 V, 60Hz supply and freewheeling
diodes is connected across the load. The load consists of series-connected resistance
R=10Q, L=mH, and battery voltage E=20V. a) Express the instantaneous output
voltage in a Fourier series, and b) determine the rms value of the lowest order output
harmonic current.

A single phase semi-converter is operated from 120V, 60 Hz supply. The load current
with an average value of la is continuous with negligible ripple content. The turns
ratio of the transformer is unity. If the delay angle is A= n/3, calculate a) the
harmonic factor of input current b) the displacement factor and c) the input power
factor.

A single phase semi converter is operated from 120V, 60Hz supply. The load consists
of series connected resistance R=10Q, L=5mH and battery voltage E=20V. a)
Express the instantaneous output voltage in a Fourier series, b) Determine the rms
value of the lowest order output harmonic current.

The three phase half wave converter is operated from a three phase Y connected
220V, 60Hz supply and freewheeling diodes is connected across the load. The load
consists of series connected resistance R=10Q, L=5mH and battery voltage E=120V.
a) Express the instantaneous output voltage in a Fourier series and b) Determine the
rms value of the lowest order output harmonic current.
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UNIT-5

THYRISTOR COMMUTATION TECHNIQUES

5.1 Introduction
In practice it becomes necessary to turn off a conducting thyristor. (Often thyristors

are used as switches to turn on and off power to the load). The process of turning off a
conducting thyristor is called commutation. The principle involved is that either the anode
should be made negative with respect to cathode (voltage commutation) or the anode current
should be reduced below the holding current value (current commutation).

The reverse voltage must be maintained for a time at least equal to the turn-off time of
SCR otherwise a reapplication of a positive voltage will cause the thyristor to conduct even
without a gate signal. On similar lines the anode current should be held at a value less than
the holding current at least for a time equal to turn-off time otherwise the SCR will start
conducting if the current in the circuit increases beyond the holding current level even
without a gate signal. Commutation circuits have been developed to hasten the turn-off
process of Thyristors. The study of commutation techniques helps in understanding the
transient phenomena under switching conditions.

The reverse voltage or the small anode current condition must be maintained for a
time at least equal to the TURN OFF time of SCR; Otherwise the SCR may again start
conducting. The techniques to turn off a SCR can be broadly classified as

e Natural Commutation

e Forced Commutation.

5.1.1 Natural Commutation (CLASS F)

This type of commutation takes place when supply voltage is AC, because a negative
voltage will appear across the SCR in the negative half cycle of the supply voltage and the
SCR turns off by itself. Hence no special circuits are required to turn off the SCR. That is the
reason that this type of commutation is called Natural or Line Commutation. Figure 5.1
shows the circuit where natural commutation takes place and figure 1.2 shows the related
waveforms. t. is the time offered by the circuit within which the SCR should turn off

completely. Thus t, should be greater thant, , the turn off time of the SCR. Otherwise, the

SCR will become forward biased before it has turned off completely and will start conducting
even without a gate signal.
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A

v,( RSy,

Fig. 5.1: Circuit for Natural Commutation

N
Supply voltage v, Sinusoidal
— pply ge v, Y
| |
| |
: 1 /\Sn .
of | T et
| |
| 1
| |
N : }
—] ¢ :4_ ; >0t
| |
| |
\ i A/Load voltage v, i
r\ Turn off r\
occurs here
[ 4 | >0t
| |
| 1
N : }
| |
1 3n S0
0 \/ZE \/ ) t
\
\oltage across SCR
ot —n

Fig. 5.2: Natural Commutation — Waveforms of Supply and Load Voltages (Resistive Load)

This type of commutation is applied in ac voltage controllers, phase controlled
rectifiers and cyclo converters.

5.1.2 Forced Commutation

When supply is DC, natural commutation is not possible because the polarity of the
supply remains unchanged. Hence special methods must be used to reduce the SCR current
below the holding value or to apply a negative voltage across the SCR for a time interval
greater than the turn off time of the SCR. This technique is called FORCED
COMMUTATION and is applied in all circuits where the supply voltage is DC - namely,
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Choppers (fixed DC to variable DC), inverters (DC to AC). Forced commutation techniques
are as follows:

e Self Commutation

e Resonant Pulse Commutation

e Complementary Commutation

e Impulse Commutation

e External Pulse Commutation.

e Load Side Commutation.

e Line Side Commutation.

5.2 Self Commutation or Load Commutation or Class A Commutation: (Commutation
By Resonating The Load)

In this type of commutation the current through the SCR is reduced below the holding
current value by resonating the load. i.e., the load circuit is so designed that even though the
supply voltage is positive, an oscillating current tends to flow and when the current through
the SCR reaches zero, the device turns off. This is done by including an inductance and a
capacitor in series with the load and keeping the circuit under-damped. Figure 5.3 shows the
circuit.

This type of commutation is used in Series Inverter Circuit.

V.(0)

—‘—DI;‘*’\A/VJ@W@’@HI—

Load

Fig. 5.3: Circuit for Self Commutation

(i) Expression for Current

At t=0, when the SCR turns ON on the application of gate pulse assume the current
in the circuit is zero and the capacitor voltage is V. 0 .

Writing the Laplace Transformation circuit of figure 5.3 the following circuit is
obtained when the SCR is conducting.
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1 V0
T RSS2
AN~

-

»|<
|

Fig.: 5.4.

[v—vc o]
ls =—— S

R+sL+i
S

Cs[V-V. 0]
_ S
RCs+s°LC +1

C[V-V, 0]

Lc|s2+sRil
L LC

oteie(a) a)
STHS—+—+| — | -| —
L LC (2L 2L

el
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B A
5+ “+a?
Where
V-V, 0 2
A= C , 523, = i_ i)
L 2L LC (2L
o is called the natural frequency
S :é+
0 s+5  +o’

Taking inverse Laplace transforms

it :ée“St sin wt
(0]

Therefore expression for current

. V-V, 0 R

it =———e? sinwt
ol

V-V, 0

ol

Peak value of current =

(i1) Expression for voltage across capacitor at the time of turn off
Applying KVL to figure 1.3
v, =V -v, -V,

v, =V —-iR— Lﬂ
dt
Substituting for i,
v, =V - Rée*‘st sinowt — Ldi(ée‘st sin a)tJ

0] t\w

A . A .
v, =V -R—esinot-L— e "wcosat—se " sinot
[ [

A . .
v, =V ——e™ Rsinot+olLcosot—LSsinwt
(0]
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v, =V _Aea| Rsinot+ oL cosot—L—sin a)t}

v, =V A gsin ot +a)Lcoswt}

Substituting for A,

V-V, 0 i
vt =V-——5 ¢ Bsina)t+chosa)t}
oL | 2
V-V. 0 i
vt =V———5 ¢ isina)t+cocosa)t}
1) 2L

SCR turns off when current goes to zero. i.e., at ot =

Therefore at turn off

V,=V-———F——e° O+wcosz

-on

V=V +[V-V, 0 e

-Rz

Therefore v, =V J{V -V, 0 ]efw

Note: For effective commutation the circuit should be under damped.

2
That is EJ < i
2L LC

e With R =0, and the capacitor initially uncharged that is V. 0 =0

) V /
Therefore LC sin E_V ,_

and capacitor voltage at turn off is equal to 2V.
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e Figure 5.5 shows the waveforms for the above conditions. Once the SCR turns off
voltage across it is negative voltage.

e Conduction time of SCR =Z.
(4]

"N
V\F _______ _
L Current i
- t
O T /2 s 0
2\//\
VE-———— Capacitor voltage
ot
N\
Gate pulse
/
> o0t
N\
> o0t
-V
Volta‘g>across SCR

Fig. 5.5: Self Commutation — Wave forms of Current and Capacitors Voltage

Problem 5.1 : Calculate the conduction time of SCR and the peak SCR current that flows in
the circuit employing series resonant commutation (self commutation or class A
commutation), if the supply voltage is 300 V, C = 1uF, L =5 mH and R|_ = 100 Q. Assume

that the circuit is initially relaxed.

T R, L C
+ -
DA
1000 ©°mMH 1. F
vV
=300V
Fig. 5.6

Solution:
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1 (RY
w=,—-|—
LC 2L

1 ( 100 jz
o= -
5x10°%x1x10°° 2x5x107°

@ =10,000 rad/sec

Since the circuit is initially relaxed, initial voltage across capacitor is zero as also the
initial current through L and the expression for current i is

i :Le"“ sinwt , where § = i
2L

ol
.V
Therefore peak value of j=—
ol
- 300 __6A
10000x5x10
Conducting time of SCR =2 -7 __0.314msec
o 10000

Problem 1.2: Figure 1.7 shows a self commutating circuit. The inductance carries an initial
current of 200 A and the initial voltage across the capacitor is V, the supply voltage.
Determine the conduction time of the SCR and the capacitor voltage at turn off.

L

i
_ (T000\ ~J >
+ g “h
101 H
i C_1+
vV 504 F - Ve(0)=V
=100V

Fig. 5.7
Solution:

The transformed circuit of figure 5.7 is shown in figure 5.8.
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The governing equation is

Therefore

Taking inverse LT

06ECT73
s IoL
(R0 i
1(S) ~ t V(0
C) C( ) =V
> h S
- 1
CS
Fig.5.8: Transformed Circuit of Fig. 5.7
V. 0
Vois sL—l,L+—=—+1 S L
S S S
V.
v_Ye 0 +1L
| s =25
sL+i
Cs
V. 0
{\g_ r }CS I,LC
I S = - +=2 >
s°LC +1 s°LC +1
V-V, 0|C
- Vv 1] N |O|_cs1
LC|s°+—| LC|s*+—
LC LC
V-V. 0 sl
I S = € —_—4+—20
L[sz+(o2] s’ +o’
V-V. 0 |@
| S =[ - :2| + ZSIOZ Where o =
ol[s’+0’| s’+o JLC

it =[V-V, 0 ]\/%sina)tﬂocoswt

The capacitor voltage is given by
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t
v, t =1ji t dt+V, 0
CO

t
v, t :éj{[v -V, 0 ]\/%sina)tﬂocosa)t}duvc 0
0

V-V, 0 t t
vt =% —C,,E _cosot 419 sinot +V, 0]
C w L 0 o 0

[0 0]

V-V, 0
v, t :% —C\/g 1-cosot +-2 sinwt +V, 0]

v, t =|on\/LCsinwt+é V-V, 0 \/LC\/% 1-coswt +V. O
v, t =IO\/gsina)t+V -V cosot-V. 0 +V. 0 coswt+V. O

v, t =IO\/gsinwt— V-V, 0 cosmt+V

In this problem V., 0 =V

Therefore we get, it =1,cosmt and

v, t = Io\/gsina)uv

he waveforms are as shown in figure 1.9
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_i®

>0t

V()

112

Fig.: 1.9

Turn off occurs at a time to so that wt, =%

Therefore t, = 057 _ 0.57+/LC
(0]

t, =0.5% 74/10x10° x50x10°°

t, =0.5x 7 x107°4/500 = 35.1useconds

and the capacitor voltage at turn off is given by

v, t, = Io\/gsina)tO +V

10x107°

076

=200 sin90° +100

<
—+
(@]

X

V. t, =200x0.447xsin 35.12
22.36

j +100

v, t, =89.4+100=189.4V
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Problem 5.3: In the circuit shown in figure 1.10. V =600 volts, initial capacitor voltage is
zero, L = 20 pH, C = 50uF and the current through the inductance at the time of SCR
triggering is 15 = 350 A. Determine (a) the peak values of capacitor voltage and current (b)

the conduction time of T1.

v i(t)

Fig. 5.10

Solution:
(Refer to problem 5.2).

The expression for i t is given by

it =[V-V, 0 ]\/gsina)tﬂocoswt

It is given that the initial voltage across the capacitor V. O is zero.

Therefore It =V\/§sina)t+locoswt

i t can be written as

it =,/I§+V2%sin ot+a

where a=tan™

and O =—F
JLC

The peak capacitor current is

C
/I§+V2f

Substituting the values, the peak capacitor current
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6
= \/3502 +600° x% =1011.19 A

X

The expression for capacitor voltage is

v, t =IO\/gsinwt— V-V, 0 cosmt+V

with V. 0 =0, v, t :Io\/gsina)t—VcostV

This can be rewritten as

v, t :,/\!—/2+I§%sin ot-pB +V

v.[©
L

Where B=tan™!

IO

The peak value of capacitor voltage is

L
= /\F/2+|2_+V
°C

Substituting the values, the peak value of capacitor voltage

20x10°°

—6

+600

= \/6002 +350° x

50x10

=639.5+600 =1239.5V

To calculate conduction time of T,
The waveform of capacitor current is shown in figure 5.11.When the capacitor current
becomes zero the SCR turns off.
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Capacitor
&~ current

«<— 1-0 —

Fig. 5.11

Therefore conduction time of SCR = r—a

S

Substituting the values

b= tan-2 320 [20x10°
600 \ 50x10°

a =20.25° i.e., 0.3534 radians

1 1

o= = =31622.8 rad/sec
JLC  20%x107° x50%x10°

Therefore conduction time of SCR

 7-0.3534

=88.17 usec
31622.8
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5.3 Resonant Pulse Commutation (Class B Commutation)
The circuit for resonant pulse commutation is shown in figure 5.12.

L
T i
%_l_C

I
\V A -
Load

FWD

Fig. 5.12: Circuit for Resonant Pulse Commutation

This is a type of commutation in which a LC series circuit is connected across the
SCR. Since the commutation circuit has negligible resistance it is always under-damped i.e.,
the current in LC circuit tends to oscillate whenever the SCR is on.

Initially the SCR is off and the capacitor is charged to V volts with plate ‘a’ being
positive. Referring to figure 5.13 at t=t, the SCR is turned ON by giving a gate pulse. A

current I _flows through the load and this is assumed to be constant. At the same time SCR

short circuits the LC combination which starts oscillating. A current ‘i’ starts flowing in the
direction shown in figure. As ‘i’ reaches its maximum value, the capacitor voltage reduces to
zero and then the polarity of the capacitor voltage reverses ‘b’ becomes positive). When ‘1’
falls to zero this reverse voltage becomes maximum, and then direction of ‘i’ reverses i.c.,
through SCR the load current I, and ‘i’ flow in opposite direction. When the instantaneous

value of ‘i’ becomes equal to 1, , the SCR current becomes zero and the SCR turns off. Now

the capacitor starts charging and its voltage reaches the supply voltage with plate a being
positive. The related waveforms are shown in figure 5.13.
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ate pulse
[\/Gof SCR

—F\Capacitor voltage /(——
|
i >t

v
—

| 4
SCR

v

|
\oltage across
»~ SCR

Fig. 1.13: Resonant Pulse Commutation — Various Waveforms

(i) Expression Fort,, The Circuit Turn Off Time

Assume that at the time of turn off of the SCR the capacitor voltage v, ~-V and
load current 1, is constant. t, is the time taken for the capacitor voltage to reach 0 volts from
—V volts and is derived as follows.

15
V :EOJ.ILdt

VvC
t, = T seconds
L
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For proper commutation t; should be greater thant,, the turn off time of T. Also, the
magnitude of I , the peak value of i should be greater than the load current I and the

expression for i is derived as follows

The LC circuit during the commutation period is shown in figure 5.14.

| g

T .
Al
[ ]
+
C = V(0)
Fig. 5.14
The transformed circuit is shown in figure 5.15.
1(S)
sL
[
T - 1
* Cs
+
o
- S

Fig. 5.15
v
| S =—3
sL+i
Cs
(VJCS
| _\s
s’LC +1
s - VC
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LC
Taking inverse LT
it =V Esina)t
L
Where a)=i
JLC
Or it =Lsina)tzlpsinwt

ol

Therefore I, :V\/§ amps.
L

(ii) Expression for Conduction Time of SCR
For figure 5.13 (waveform of i), the conduction time of SCR

=T At

Alternate Circuit for Resonant Pulse Commutation
The working of the circuit can be explained as follows. The capacitor C is assumed to

be charged to V. 0 with polarity as shown, T, is conducting and the load current 1 is a

constant. To turn offT,, T, is triggered. L, C, T, and T, forms a resonant circuit. A resonant
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currenti, t , flows in the direction shown, i.e., in a direction opposite to that of load current

I

c

i, t = I sinwt (refer to the previous circuit description). Wherel, =V, 0 ,[— &
L

and the capacitor voltage is given by

v, t =£IVC 0 \/Esina)t.dt.
C L

v, t ==V, 0 coswt

c

UGS I
L < i
S L i T
—
V(0)

~J
L
o>»Oor

T3
]
“h FWD

Fig. 5.16: Resonant Pulse Commutation — An Alternate Circuit

When i, t becomes equal to I, (the load current), the current through T, becomes
zero and T, turns off. This happens at time t, such that

b

I =1, sin——

JLC

C

t,=+/LCsin™ Wk
V. 0 \C

and the corresponding capacitor voltage is
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v, t, =-V,=-V, 0 cosat,

Once the thyristor T, turns off, the capacitor starts charging towards the supply
voltage through T, and load. As the capacitor charges through the load capacitor current is
same as load current I, which is constant. When the capacitor voltage reaches V, the supply

voltage, the FWD starts conducting and the energy stored in L charges C to a still higher
voltage. The triggering of T, reverses the polarity of the capacitor voltage and the circuit is

ready for another triggering of T,. The waveforms are shown in figure 5.17.

Expression For t,
Assuming a constant load current I, which charges the capacitor

V,
t. = S seconds
L

Normally V, V. 0

For reliable commutation t should be greater thant, , the turn off time of SCRT,. It is

to be noted that t, depends upon |, and becomes smaller for higher values of load current.
A Current i(t)

Capacitor
voltage v,

Vi

Ve(0)

Fig. 5.17: Resonant Pulse Commutation — Alternate Circuit — Various Waveforms
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Resonant Pulse Commutation with Accelerating Diode

D, .
o i®
<<
B >
Tl"" _f I
C L i T
__| lem@m_;_

T

VT Ky AR
“h FWD D
Fig. 5.17(a)

Vc(0)

Fig. 5.17(b)

A diode D, is connected as shown in the figure 5.17(a) to accelerate the discharging
of the capacitor ‘C’. When thyristor T, is fired a resonant current i. t flows through the
capacitor and thyristorT,. At time t=t,, the capacitor current i. t equals the load current
I, and hence current through T, is reduced to zero resulting in turning off of T,. Now the

capacitor current i. t continues to flow through the diode D, until it reduces to load current
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level I, attimet,. Thus the presence of D, has accelerated the discharge of capacitor ‘C’.

Now the capacitor gets charged through the load and the charging current is constant. Once
capacitor is fully charged T, turns off by itself. But once current of thyristor T, reduces to

zero the reverse voltage appearing across T, is the forward voltage drop of D, which is very

small. This makes the thyristor recovery process very slow and it becomes necessary to
provide longer reverse bias time.
From figure 5.17(b)

t,=7JLC -t
Ve t, ==V, O cosat,
Circuit turn-off time t. =t, -t

Problem 5.4: The circuit in figure 5.18 shows a resonant pulse commutation circuit. The
initial capacitor voltageV, , =200V , C = 30uF and L = 3uH. Determine the circuit turn off

timet,, if the load current 1, is (a) 200 A and (b) 50 A.

N >
T I,
C L it T,
| | oo )
% >
1 T —
VT 4y AR
“’ FWD D
Fig. 5.18

Solution
(@  When I, =200A

Let T, be triggered at t =0.

The capacitor current i, t reachesavalue 1, at t=t , when T, turns off

t, =JLCsin™ L
V. 0 \C

6
t, = v/3x10° x 3010 sin"* @,/&0_6
200 \30x10
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t, =3.05usec.

1 1
= =
JLC  /3x10°x30x10°

@ =0.105x10°rad /sec.
Att =t , the magnitude of capacitor voltage is V, =V, 0 cosat,
Thatis  V, =200c0s0.105x10° x3.05x10°
V, = 200%0.9487

V, =189.75 Volts

and t =—21

_ 30x10°x189.75
i 200

=28.465€ecC .

(b)  When I, =50A

6
t, = v/3x10° x 3010 sin"* 2,/&0_6
200 \(30x10

t, =0.749usec.

V, = 200c0s0.105x10° x0.749x10™°

V, = 200x1 =200 Volts.

. 30x10°x200

~120456C .
c 50 #

It is observed that as load current increases the value of t, reduces.
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Problem 5.4a: Repeat the above problem for |, =200A, if an antiparallel diode D, is

connected across thyristor T, as shown in figure 5.18a.

D
I 2| IC(t)
<
By >
T va I
c L i T
- | |+
VvV S N\ Q
S FWD D
Fig. 5.18(a)
Solution
|, =200A

Let T, betriggeredat t=0.
Capacitor current i t reaches the value I, att=t, when T, turns off

Therefore t =+LC sin‘l[ l, L}

V. O \C
-6
t1=\/3><10'6><30><10‘6 sin”™ @\/EO_G
200 3010
t, =3.05u5€cC.
1 1

= =
JLC  /3x10°x30x10°
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@ =0.105x%10° radians/sec

Att=t,
Ve tp =V, ==V, O cosat,

V. t, =-200cos 0.105x10°x3.05x10°°
V. t, =-189.75v

ic t flows through diode D, after T, turns off.

ic t current falls back to I, att,

t,=7JLC -t

t, = 74/3x10° % 30x10° —3.05x10°°
t, =26.75usecC.

1 1
w = =
JLC  /3x10°x30x10°

@ =0.105x10° rad/sec.

Att=t,
V. t, =V, =-200c0s0.105x10" x 26.75x10"°

V. t, =V, =189.02V
Therefore  t.=t, -t =26.75x10°-3.05x10°

t. = 23.7 usecs
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Problem 5.5: For the circuit shown in figure 5.19. Calculate the value of L for proper
commutation of SCR. Also find the conduction time of SCR.

— 4uF
Vi El}
=30V L
R, |
AYAVAY, <
300 I
Fig. 5.19
Solution:
vV 30

The load current |, =—=—=1Amp
R 30

For proper SCR commutation| , the peak value of resonant current i, should be

greater than |,

Let I, =21, Therefore I, =2 Amps.
Also Ip:L:L:V ¢
ol 1 L L
JLC
-6
Therefore 2=30x 4Xi0

Therefore L=0.9mH .
1 1

o= = =16666 rad/sec
JLC  J0.9x10°x4x10°

sin l[:LJ
Conduction time of SCR= Z 4+ —~*/
w w

ﬁn4(1)
T 2
+

" 16666 16666

_ 7+0523
16666

radians

=0.00022 seconds
=0.22 msec
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Problem 5.6: For the circuit shown in figure 5.20 given that the load current to be
commutated is 10 A, turn off time required is 40psec and the supply voltage is 100 V. Obtain
the proper values of commutating elements.

=100V L

Fig. 5.20
Solution

: C .
I, Peak value of i :V\/E and this should be greater thanl, . Letl =15I .

Therefore 1.5x10 :100\/§ .. a

Also, assuming that at the time of turn off the capacitor voltage is approximately
equal to V (and referring to waveform of capacitor voltage in figure 5.13) and the load
current linearly charges the capacitor

\
t, = v seconds
L

and this t_ is given to be 40 psec.
Therefore 40x10° =Cx %

Therefore C=4uF

Substituting this in equation (a)

6
1.5><10=1004/4X]|;0

10* x4x10°°

1.5 x10% =

Therefore L=1.777x10"*H
L=0.177mH .
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Problem 5.7: In a resonant commutation circuit supply voltage is 200 V. Load current is 10
A and the device turn off time is 20us. The ratio of peak resonant current to load current is
1.5. Determine the value of L and C of the commutation circuit.

Solution

. |
Given I—p =15
Therefore Ip =151 =1.5x10=15A.

That is IP:V\/§:15A .. a
L

It is given that the device turn off time is 20 psec. Thereforet,, the circuit turn off
time should be greater than this,

Let t, =30usec.
And t. = v
I L
Therefore 30x10° = 205; c

Therefore C=15uF.

Substituting in (a)

6
15 =200 /%

15° = 2007 x 22X10”

Therefore L =0.2666 mH
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5.4 Complementary Commutation (Class C Commutation, Parallel Capacitor
Commutation)

In complementary commutation the current can be transferred between two loads.
Two SCRs are used and firing of one SCR turns off the other. The circuit is shown in figure
5.21.

Fig. 5.21: Complementary Commutation

The working of the circuit can be explained as follows.
Initially both T, and T, are off; now, T, is fired. Load current | flows throughR,. At

the same time, the capacitor C gets charged to V volts through R, and T, (‘b’ becomes
positive with respect to ‘a”). When the capacitor gets fully charged, the capacitor current i

becomes zero.
To turn offT,, T, is fired; the voltage across C comes across T, and reverse biases it,

hence T, turns off. At the same time, the load current flows through R, and T, . The capacitor
‘C’ charges towards V through R, and T, and is finally charged to V volts with ‘a’ plate

positive. When the capacitor is fully charged, the capacitor current becomes zero. To turn off
T,, T, is triggered, the capacitor voltage (with ‘a’ positive) comes across T, and T, turns off.

The related waveforms are shown in figure 5.22.

(i) Expression for Circuit Turn Off Time t,
From the waveforms of the voltages across T, and capacitor, it is obvious that t, is the

time taken by the capacitor voltage to reach 0 volts from — V volts, the time constant being
RC and the final voltage reached by the capacitor being V volts. The equation for capacitor

voltage v, t can be written as
v, t =V, + V-V, e

Where V, is the final voltage, V; is the initial voltage and 7 is the time constant.
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r=RC,V, =V, V,=-V,

_tC

Therefore 0=V + -V -V e®°

—t

0=V —2veR©

_tC

Therefore V = 2veh©

~t

0.5=g"C

Taking natural logarithms on both sides

IN0.5= %

t =0.693RC
This time should be greater than the turn off time t_ of T,.
Similarly when T, is commutated
t =0.693R,C
And this time should be greater than t, of T,.

Usually R =R,=R
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Gate pulse Gate pulse
& of T, & of T, .
p T -
I A V l
) Current thiough R, . »,
urrent throug R,
LR v »
R T n
erent through T, 2V
/ 1 RZ
v ¥
R, t
v 4
A 2V Current through T,
R »
* \
R2
T > 1
AV
\oltage across
v capacitor v,
>t
| |
A | |
"V [
> t: - > te -
\Voltage across T, i
I >
|
I<—
I te |
Fig. 5.22
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Problem 5.8: In the circuit shown in figure 1.23 the load resistances R, =R, =R =5Q and
the capacitance C = 7.5 pF, V = 100 volts. Determine the circuits turn off timet, .

03 73

Tl% T, Sl

Fig. 5.23

Solution
The circuit turn-off time t, = 0.693 RC seconds

t =0.693x5x7.5x10°
t, =26 sec.

Problem 5.9: Calculate the values of R, and C to be used for commutating the main SCR in

the circuit shown in figure 1.24. When it is conducting a full load current of 25 A flows. The
minimum time for which the SCR has to be reverse biased for proper commutation is 40usec.
Also find R, given that the auxiliary SCR will undergo natural commutation when its forward

current falls below the holding current value of 2 mA.

=100V

Auxiliary Main
SCR SCR

Fig. 5.24
Solution

In this circuit only the main SCR carries the load and the auxiliary SCR is used to turn
off the main SCR. Once the main SCR turns off the current through the auxiliary SCR is the
sum of the capacitor charging current i, and the current i, throughR,, i, reduces to zero after
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a time t.and hence the auxiliary SCR turns off automatically after a time t_, i, should be less

than the holding current.

Given

That is

Therefore

That is

Therefore

| =25A
o5p- Y 100

I:\>L RL
R, =4Q

t., =40usec =0.693R C

40x10° =0.693x4xC

o 40x10°°
" 4x0.693
C =14.43uF

L= v should be less than the holding current of auxiliary SCR.

Therefore

Therefore

That is

@ should be < 2mA.

1

100

>—
R 2x1073

R, >50KQ

5.5 Impulse Commutation (CLASS D Commutation)

The circuit for impulse commutation is as shown in figure 5.25.

T \/ V.(0) ;:: c

vV — L Tz /\

\
A
.
2
V]
o>or]

Fig. 5.25: Circuit for Impulse Commutation

The working of the circuit can be explained as follows. It is assumed that initially the
capacitor C is charged to a voltage V. O with polarity as shown. Let the thyristor T, be
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conducting and carry a load current I, . If the thyristor T, is to be turned off, T, is fired. The
capacitor voltage comes acrossT,, T, is reverse biased and it turns off. Now the capacitor
starts charging through T, and the load. The capacitor voltage reaches V with top plate being
positive. By this time the capacitor charging current (current throughT, ) would have reduced
to zero and T, automatically turns off. Now T, and T, are both off. Before firing T, again,
the capacitor voltage should be reversed. This is done by turning onT,, C discharges through
T, and L and the capacitor voltage reverses. The waveforms are shown in figure 5.26.

Gate pulse Gate pulse Gate pulse
& ofT, k/ of T, l\/ of T,

t
' Capacitor
! & voltage
1
1
1
/ ! \
! 1
! 1
! 1
1
1
!
1
1

<
0

)

tc <

Voltage across T,

Fig. 5.26: Impulse Commutation — Waveforms of Capacitor Voltage, Voltage across T, .

(i) Expression for Circuit Turn Off Time (Available Turn Off Time) t,
t. depends on the load current 1, and is given by the expression

1"
VC :E 6[|Ldt

(assuming the load current to be constant)

For proper commutation t, should be >t_, turn off time ofT, .
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Note:
e T, is turned off by applying a negative voltage across its terminals. Hence this is

voltage commutation.
e t._depends on load current. For higher load currents t, is small. This is a disadvantage

of this circuit.
e When T, is fired, voltage across the load isV +V.; hence the current through load

shoots up and then decays as the capacitor starts charging.

An Alternative Circuit for Impulse Commutation

Is shown in figure 5.27.

Al
T, +
I,y V.(0)—_—C
1 -
AN
T, —
D
V—— L
Iy
R, ?

Fig. 5.27: Impulse Commutation — An Alternate Circuit

The working of the circuit can be explained as follows:
Initially let the voltage across the capacitor be V. O with the top plate positive. Now T, is
triggered. Load current flows through T, and load. At the same time, C discharges throughT,,

L and D (the current is ‘i’) and the voltage across C reverses i.e., the bottom plate becomes
positive. The diode D ensures that the bottom plate of the capacitor remains positive.
To turn offT,, T, is triggered; the voltage across the capacitor comes acrossT,. T, is

reverse biased and it turns off (voltage commutation). The capacitor now starts charging
through T, and load. When it charges to V volts (with the top plate positive), the current
through T, becomes zero and T, automatically turns off.

The related waveforms are shown in figure 5.28.
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Gate pulse Gate pulse
k/ of T, k/ of T,
t / t
! 1
! 1
! 1
! 1
V¢ \ :
X Capacitor ! !
.\ voltage X '
1
| | . t
1 1 X :
1
: | : |
! 1 X 1
! 1 X 1
-V | ; y ! :
: : —>: tc 1< \
! N This is due to i ! \ !
! |
) 1 1
|T1 |L 1 /1 T : :
Current through SCR Rl : !
L 1 |
! : 1 t
1 1 X :
! 1
1 : 1
1 X 1
1 \ 1
1 X ]
1 X ]
1 X ]
T~ 1
I !
Load current : !
I
N t
1 X :
I | |
1 X :
1
\% \oltage across T !
/ g 1 :
t

Fig. 5.28: Impulse Commutation — (Alternate Circuit) — Various Waveforms

Problem 5.10: An impulse commutated thyristor circuit is shown in figure 5.29. Determine
the available turn off time of the circuit if V = 100 V, R = 10 Q and C = 10 uF. Voltage
across capacitor before T, is fired is V volts with polarity as shown.

|y
+ ©
L
le"
C ==V(0)
\ * T, § R
N~
5
- O
Fig. 5.29

Solution
When T, is triggered the circuit is as shown in figure 5.30.
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- o
Fig. 5.30
Writing the transform circuit, we obtain
L Vc(o)
TSN ©
| U/ -

O Zr

»|<

Fig. 5.31

We have to obtain an expression for capacitor voltage. It is done as follows:

Voltage across capacitor Vo s =Is
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V. s = 1 V4V, 0 V. 0
RCS( 1j S
S+
RC

V+V. 0 V4V, 0 V. 0

V. s
¢ S ( 1 ) S
S+—
RC
V OV V.0
Ve S =51 1
S+— S+
RC ~ RC

-t -t
v, t =V 1-e’® _v_ 0 e’k
In the given problem V. 0 =V

Therefore v, t =V 1-2¢ R

The waveform of v, t is shown in figure 5.32.

V(0)
-

Fig. 5.32

Att=t v, t =0

_t%
Therefore o=V (1— 2e /RC )

1= 2e_%c
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1 — e_t%c
2

Taking natural logarithms
log lj "
‘\2) RC

t,=RCIn 2

t =10x10x107°In 2
t. =69.3usec.

Problem 5.11: In the commutation circuit shown in figure 5.33. C = 20 uF, the input voltage
V varies between 180 and 220 V and the load current varies between 50 and 200 A.
Determine the minimum and maximum values of available turn off time t_.

I
0
l\l > o

N —
Q

Fig. 5.33
Solution

It is given that V varies between 180 and 220 V and |, varies between 50 and 200 A.
The expression for available turn off time t, is given by

Therefore t = —mX

cmax
I

t, .. =20x10"° 220 _ 88..5€eC
50
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and t = CVonin

cmin
|

Omax

tcmin

=20x107° 80 =18 sec
200

5.6 External Pulse Commutation (Class E Commutation)

T, T, L T,
) I ]
l/l\, o({\l
—— + ——
V= R, § 2V aux _:: C Vaux —

Fig. 5.34: External Pulse Commutation

In this type of commutation an additional source is required to turn-off the conducting
thyristor. Figure 5.34 shows a circuit for external pulse commutation. V is the main voltage

source and V,, is the auxiliary supply. Assume thyristor T, is conducting and load R, is
connected across supplyVg . When thyristor T,is turned ON att=0,V,,, T,, L and C from
an oscillatory circuit. Assuming capacitor is initially uncharged, capacitor C is now charged
to a voltage 2V, with upper plate positive at t =7+/LC . When current through T, falls to
zero, T, gets commutated. To turn-off the main thyristor T,, thyristor T, is turned ON. Then
T, is subjected to a reverse voltage equal to V; —2V,, . This results in thyristor T, being
turned-off. Once T, is off capacitor ‘C’ discharges through the load R,

Load Side Commutation

In load side commutation the discharging and recharging of capacitor takes place
through the load. Hence to test the commutation circuit the load has to be connected.
Examples of load side commutation are Resonant Pulse Commutation and Impulse
Commutation.

Line Side Commutation
In this type of commutation the discharging and recharging of capacitor takes place
through the supply.
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L T,
o (TOWI_o —DF >
A+ IL
T +
;Z 3 ——cC . 2
- FWD

Vg _m@,@ﬂ_‘ /Y 2
r D

Fig.: 5.35 Line Side Commutation Circuit

Figure 5.35 shows line side commutation circuit. Thyristor T, is fired to charge the

capacitor ‘C’. When ‘C’ charges to a voltage of 2V, T, is self commutated. To reverse the

voltage of capacitor to -2V, thyristor T, is fired and T, commutates by itself. Assuming that

T, is conducting and carries a load current I, thyristor T, is fired to turn off T,. The turning

ON of T, will result in forward biasing the diode (FWD) and applying a reverse voltage of

2V across T,. This turns off T,, thus the discharging and recharging of capacitor is done

through the supply and the commutation circuit can be tested without load.

Recommended questions:

ok wbdPE

What are the two general types of commutation?

What is forced commutation and what are the types of forced commutation?

Explain in detail the difference between self and natural commutation.

What are the conditions to be satisfied for successful commutation of a thyristor

Explain the dynamic turn off characteristics of a thyristor clearly explaining the
components of the turn off time.

What is the principle of self commutation?

What is the principle of impulse commutation?

What is the principle of resonant pulse commutation?

What is the principle of external pulse commutation?

. What are the differences between voltage and current commutation?
. What are the purposes of a commutation circuit?
. Why should the available reverse bias time be greater than the turn off time of the

Thyristor
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13. What is the purpose of connecting an anti-parallel diode across the main thyristor with or
without a series inductor? What is the ratio of peak resonant to load current for resonant
pulse commutation that would minimize the commutation losses?

14. Why does the commutation capacitor in a resonant pulse commutation get over
charged?

15. How is the voltage of the commutation capacitor reversed in a commutation circuit?

16. What is the type of a capacitor used in high frequency switching circuits?
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Unit-6
AC VOLTAGE CONTROLLER CIRCUITS

AC voltage controllers (ac line voltage controllers) are employed to vary the RMS
value of the alternating voltage applied to a load circuit by introducing Thyristors between
the load and a constant voltage ac source. The RMS value of alternating voltage applied to a
load circuit is controlled by controlling the triggering angle of the Thyristors in the ac voltage
controller circuits.

In brief, an ac voltage controller is a type of thyristor power converter which is used
to convert a fixed voltage, fixed frequency ac input supply to obtain a variable voltage ac
output. The RMS value of the ac output voltage and the ac power flow to the load is
controlled by varying (adjusting) the trigger angle ‘o’

\/O(RMS
AC \ariable AC
\bltage RMSO/P\bltage
Controller
fs

There are two different types of thyristor control used in practice to control the ac power
flow

e On-Off control
e Phase control

These are the two ac output voltage control techniques.

In On-Off control technique Thyristors are used as switches to connect the load circuit to
the ac supply (source) for a few cycles of the input ac supply and then to disconnect it for few
input cycles. The Thyristors thus act as a high speed contactor (or high speed ac switch).

6.1 Phase Control

In phase control the Thyristors are used as switches to connect the load circuit to the
input ac supply, for a part of every input cycle. That is the ac supply voltage is chopped using
Thyristors during a part of each input cycle.

The thyristor switch is turned on for a part of every half cycle, so that input supply
voltage appears across the load and then turned off during the remaining part of input half
cycle to disconnect the ac supply from the load.

By controlling the phase angle or the trigger angle ‘o’ (delay angle), the output RMS
voltage across the load can be controlled.
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The trigger delay angle ‘o’ is defined as the phase angle (the value of wt) at which the
thyristor turns on and the load current begins to flow.

Thyristor ac voltage controllers use ac line commutation or ac phase commutation.
Thyristors in ac voltage controllers are line commutated (phase commutated) since the input
supply is ac. When the input ac voltage reverses and becomes negative during the negative
half cycle the current flowing through the conducting thyristor decreases and falls to zero.
Thus the ON thyristor naturally turns off, when the device current falls to zero.

Phase control Thyristors which are relatively inexpensive, converter grade Thyristors
which are slower than fast switching inverter grade Thyristors are normally used.

For applications upto 400Hz, if Triacs are available to meet the voltage and current
ratings of a particular application, Triacs are more commonly used.

Due to ac line commutation or natural commutation, there is no need of extra
commutation circuitry or components and the circuits for ac voltage controllers are very
simple.

Due to the nature of the output waveforms, the analysis, derivations of expressions for
performance parameters are not simple, especially for the phase controlled ac voltage
controllers with RL load. But however most of the practical loads are of the RL type and
hence RL load should be considered in the analysis and design of ac voltage controller
circuits.

6.2 Type of Ac Voltage Controllers
The ac voltage controllers are classified into two types based on the type of input ac

supply applied to the circuit.
e Single Phase AC Controllers.
e Three Phase AC Controllers.
Single phase ac controllers operate with single phase ac supply voltage of 230V RMS
at 50Hz in our country. Three phase ac controllers operate with 3 phase ac supply of 400V
RMS at 50Hz supply frequency.
Each type of controller may be sub divided into
e Uni-directional or half wave ac controller.
e Bi-directional or full wave ac controller.

In brief different types of ac voltage controllers are
e Single phase half wave ac voltage controller (uni-directional controller).
e Single phase full wave ac voltage controller (bi-directional controller).
e Three phase half wave ac voltage controller (uni-directional controller).
e Three phase full wave ac voltage controller (bi-directional controller).

Applications of Ac Voltage Controllers
e Lighting / Illumination control in ac power circuits.
¢ Induction heating.
e Industrial heating & Domestic heating.
e Transformer tap changing (on load transformer tap changing).
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e Speed control of induction motors (single phase and poly phase ac induction motor
control).
e AC magnet controls.

6.3 Principle of On-Off Control Technique (Integral Cycle Control)

The basic principle of on-off control technique is explained with reference to a single
phase full wave ac voltage controller circuit shown below. The thyristor switches T, and T,

are turned on by applying appropriate gate trigger pulses to connect the input ac supply to the
load for ‘n” number of input cycles during the time interval t,, . The thyristor switches T,

and T, are turned off by blocking the gate trigger pulses for ‘m’ number of input cycles
during the time intervalt,.. . The ac controller ON time t,, usually consists of an integral
number of input cycles.

T

4{;&
iS
o S —
+ T, + )
i
A (o]
Vg v, R

O

Vs n > m >
N Nq
g
wit
igl’\ Gate pulse of T,
L
— 1
l w
igoq _rﬁat/e pU'_T of T, _|
wit

Fig 6.2: Waveforms
R = R, = Load Resistance
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Example
Referring to the waveforms of ON-OFF control technique in the above diagram,
n =Two input cycles. Thyristors are turned ON during t,, for two input cycles.

m=One input cycle. Thyristors are turned OFF during t,.- for one input cycle
Power factor, PF

r !

1.0 +

0.4 + PF = Vk

0 I I I I =k
02 04 06 08 1.0
Fig 6.3: Power Factor

Thyristors are turned ON precisely at the zero voltage crossings of the input supply.
The thyristor T, is turned on at the beginning of each positive half cycle by applying the gate

trigger pulses to T, as shown, during the ON time t,, . The load current flows in the positive
direction, which is the downward direction as shown in the circuit diagram when T, conducts.
The thyristor T, is turned on at the beginning of each negative half cycle, by applying gating
signal to the gate of T,, during t,, . The load current flows in the reverse direction, which is
the upward direction when T, conducts. Thus we obtain a bi-directional load current flow

(alternating load current flow) in a ac voltage controller circuit, by triggering the thyristors
alternately.

This type of control is used in applications which have high mechanical inertia and
high thermal time constant (Industrial heating and speed control of ac motors). Due to zero
voltage and zero current switching of Thyristors, the harmonics generated by switching
actions are reduced.

For a sine wave input supply voltage,

v, =V, sinot = \/Evs sin ot

V; =RMS value of input ac supply = Vi = RMS phase supply voltage.

N

If the input ac supply is connected to load for ‘n’ number of input cycles and
disconnected for ‘m’ number of input cycles, then

toy =nxT, tore =MxT

Where T :% = input cycle time (time period) and

f = input supply frequency.
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toy = controller ontime =nxT .
tOFF = controller off time =mxT .
= Output time period = ty, +t;er = NT +mT .

We can show that,

Output RMS voltage V, s =V rus /tO—N =V, /to_N
TO TO

Where V. is the RMS input supply voltage = V;

i RMS

(i) To derive an expression for the rms value of output voltage, for on-off control
method.

wloy
Output RMS voltage V, ., =\/i IVmZSinza)t.d ot

O wt=0

V 2 otoy
Vo s = I Sinwtd ot

Ty

Substituting for Sinzg = 1= C0520

VAR 1—C032wt}
V = m d ot
O RMS \/COTO 6" |: 2

V 2 | ooy oty
Vo rus \/Za)T { jd ot — ICOSZa)td a)t}

V 2 otoy - otoy
Vo RMS =\/2 mT |: a)t/ — szza)t/ }
@lg 0 0

A sin 2mt,, —sin0
Vo rus =\/2a)—T|: otoy =0 - OZN }
o

Now t,, = an integral number of input cycles; Hence
toy =T.2T,3T,4T,5T,..... & oty =27,47,67,87,107,......
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Where T is the input supply time period (T = input cycle time period). Thus we note that

sin 2oty =0
v, ZﬂtON Vm tON
Vo RMS — I
2007,
_ ’ ON / ON
O RMS |RMS
Where V. = Vi

. E =V, = RMS value of input supply voltage;

to_N _ ton nT

To  toy Hiome nT+mT  n+m

VORMS :Vsq/ o —V \/_

Performance Parameters of Ac Voltage Controllers

=k = duty cycle (d).

e RMS Output (Load) Voltage

%
VO RMS Z{m JV Sln a)td a)tj|

Vv,

Vm
O RMS :E m+n |RMS\/_ V‘/_

Vo rws =Vi rus \/E:Vs\/E
Where Vg =V, ... = RMS value of input supply voltage.

e Duty Cycle
K = ton _ ton _nT

To oy o m+n T

Where, k = _n - duty cycle (d).
m+n
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e RMS Load Current

I = = ;  Foraresistive loadZ =R, .

e Output AC (Load) Power
P, =12 o xR

O RMS

e |Input Power Factor

PE — P, _ outputload power R,
VA input supply volt amperes VI,
12 xR
PF=_—°% . I =1, o =RMS input supply current.

V.

i RMS I

in RMS
The input supply current is same as the load current I, =1, =1,

Hence, RMS supply current = RMS load current; 1, v =15 aus -

Ié rus X RL _Vo mms Virws \/E

PF = - = =Jk
Vi RMS X Iin RMS Vi RMS Vi RMS
PE =k = [—2
m+n
e The Average Current of Thyristor 1, ,

Waveform of Thyristor Current

0 1 21 3r ot

V3

_[Im sinotd ot
0

R L
TAS 27 m+n

SJBIT/Dept of ECE Page 174



Power Electronics 06EC73

nl
|+ aug —jsma)td ot
27 m+n
nl i
It pg =5 ———| —Cosat
27 m+n 0
nl,
It pg =5———— —C0sz+cos0
27 m+n
I --1+1
TS mAn [ ]
n
IT Ag o 2|m
27 m+n
| _ ki kg
TAY 7 m+n P s
t n
k = duty cycle = o =
ton T loee n+m
| _ ki kg
T Avg 1

T Mm+n T

Where | = Vi maximum or peak thyristor current.
L

e RMS Current of Thyristor |, .,

T . b
| =l ——— [I*sin*wtd ot
TRMS 27 n+m 5['" }
B n|2 T %
I =|——™  |sinwtd ot
TRMS 127 n+m Oj
| :_ nlZ ’]1—0032a)t d ot %
TR 27 nem 2

ni? %
IT RMS — m{jd ot —ICOSZa)td ot }:|
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ni? T (sin2wt) /" 7
IT RMS = (()t -
47 n+m 0 2 0

| o o0 [Sin2z—sin0 V2
TRYS Tl 4z n+m 2

i ni? %
e = g nam 7070
| __ nlZzx %_ ni? %
TRMS V47 n+m 4 n+m

I, n I,
'+ pws "2\ m+n 2 K

Im
7 rus =?\/E

Problem
1. Asingle phase full wave ac voltage controller working on ON-OFF control technique

has supply voltage of 230V, RMS 50Hz, load = 50Q. The controller is ON for 30
cycles and off for 40 cycles. Calculate

e ON & OFF time intervals.

e RMS output voltage.

e |nput P.F.

e Average and RMS thyristor currents.

Vi s =230V, V, = JE x230V =325.269V, VA =325.269V ,
T=1= 1 =0.02sec, T =20ms.
f 50Hz

n = number of input cycles during which controller is ON; n=230.
m=number of input cycles during which controller is OFF; m=40.
toy =NxT =30x20ms = 600ms = 0.6sec

toyn =NxT =0.6sec= controller ON time.

tore = MxT =40x20ms =800ms = 0.8sec
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tore =MxT =0.8sec = controller OFF time.

Duty cycle k=—1— —— 30 _ 04285
m+n 40+30
RMS output voltage
n
Vo rvs = Vi rus X m+n

/ 30 3
VO RMS — 230V X m = 230\/;

V, s = 230V 1/0.42857 = 230x0.65465
Vg aus =150.570V
Y Y
I o = orus _ Yo Rws :150.570V _3.0114A
Z R, 500
P, =12 o xR, =3.0114% x50 = 453.426498W

Input Power Factor P.F = Jk

PF= |0 _ /£=\/0.4285
m-+n 70

PF =0.654653

Average Thyristor Current Rating
| _I_m>< n o\ kxI,
T 2 "\ m+n)

where | Ve V2x230 _ 325.269
R, 50 50

I, =6.505382A = Peak (maximum) thyristor current.

| _ 6505382 x( gj
T Avg T 7
I, », =0.88745A

RMS Current Rating of Thyristor
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| N 6.505382 [3
TR T o Tmen 2 Jk 2 \7
I —2.129386A

T RMS

6.4 Principle of AC Phase Control

The basic principle of ac phase control technique is explained with reference to a
single phase half wave ac voltage controller (unidirectional controller) circuit shown in the
below figure.

The half wave ac controller uses one thyristor and one diode connected in parallel
across each other in opposite direction that is anode of thyristor T, is connected to the
cathode of diode D, and the cathode of T, is connected to the anode of D,. The output
voltage across the load resistor ‘R’ and hence the ac power flow to the load is controlled by
varying the trigger angle ‘o’ .

The trigger angle or the delay angle ‘a’ refers to the value of wt or the instant at
which the thyristor T, is triggered to turn it ON, by applying a suitable gate trigger pulse
between the gate and cathode lead.

The thyristor T, is forward biased during the positive half cycle of input ac supply. It
can be triggered and made to conduct by applying a suitable gate trigger pulse only during the
positive half cycle of input supply. When T, is triggered it conducts and the load current
flows through the thyristorT,, the load and through the transformer secondary winding.

By assuming T, as an ideal thyristor switch it can be considered as a closed switch
when it is ON during the period wt=«a to zradians. The output voltage across the load
follows the input supply voltage when the thyristor T, is turned-on and when it conducts from
ot=a to zradians. When the input supply voltage decreases to zero at wt=7x, for a
resistive load the load current also falls to zero at wt =7z and hence the thyristor T, turns off
at ot =7 . Between the time period wt=7x to 27, when the supply voltage reverses and
becomes negative the diode D, becomes forward biased and hence turns ON and conducts.
The load current flows in the opposite direction during ot =7z to 2z radians when D, is ON
and the output voltage follows the negative half cycle of input supply.
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I~
. 1
i T,
3 'Y
+ + +
LA lo
™~
D, ]
Vi vy Vo R

Fig 6.4: Halfwave AC phase controller (Unidirectional Controller)

VMm [T |
|
|
0 : i
| iy 2ar
|
. | \/
AVo :
Vm [T io
C 2
0] w
—
L
g1 4 Gate pulse ofv
(0]

n "——wt

Equations Input AC Supply Voltage across the Transformer Secondary Winding.

v, =V, sinot
V
V; =V, =—_ = RMS value of secondary supply voltage.

in RMS  — E
Output Load Voltage

Vv,

0

v, =0; for ot=0 to «

Vv,

0

v, =V, sinaot ; for ot =« to 27 .

Output Load Current

v, V,sinot

o =1 , for ot=a to 27 .
RL RL

i, =1, =0;for ot=0to « .
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(i) To Derive an Expression for rms Output VoltageV, ., -

11, 2
Vs aus =\/§[ jvmzsmza)t.d a)t}

V_2[22(1-cos 2t
VO RMS Z\/g I(Tjd a)t:|

a

\/ 27
Vo rws =45 jl—cosZa)t d a)t}

[2x 2
Vo rus =2\\/;‘; Id ot — J'COSZa)t.da)t}
V = Vi

|

[/ 2]
|
|

Vo rms = 2\\/7— 2r-«o _{sm247r_5|n22a} :sindzr =0
T
V., sin 2«
V5 ams =2\/; 2r—-o +
V. sin 2«
V5 aws Z«/E ,_27[\/275—05 +
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1 sin 2«
Vv =V, |—| 27— +
O RMS S\/Zﬂ'[ 2 :|
Where, V. ... =VS:% = RMS value of input supply voltage (across the

transformer secondary winding).

Note: Output RMS voltage across the load is controlled by changing '«' as indicated by the
expression for V, .

PLOT OF V, nus VERSUS TRIGGER ANGLE « FOR A SINGLE PHASE HALF-WAVE
AC VOLTAGE CONTROLLER (UNIDIRECTIONAL CONTROLLER)

vV, |1 sin 2«
VORMS :ﬁ z 2r—a + >

1 sin 2«
V5 aus :VS\/Z[ 2T —o + > }

By using the expression for V, ., We can obtain the control characteristics, which is

the plot of RMS output voltage V, ., Versus the trigger angle « . A typical control

characteristic of single phase half-wave phase controlled ac voltage controller is as shown
below

Trigger angle & Trigger angle @ \V}
in degrees in radians O RMS
\Y/
0 0 V, = Tr;
30° % ; 1% 0.992765 V
60° AR 0.949868 V/,
90° A 0.866025 V
120° 2my Ay 0.77314 V
150° 7 ALA 0.717228 V
180° A 0.707106 V,
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Vowrms) 4

100% Vg

60% Vg

20% Vg

0 60 120 180
Trigger angle o in degrees

Fig 6.5: Control characteristics of single phase half-wave phase controlled ac voltage controller

Note: We can observe from the control characteristics and the table given above that the
range of RMS output voltage control is from 100% of V, to 70.7% of V, when we vary the

trigger angle « from zero to 180 degrees. Thus the half wave ac controller has the drawback
of limited range RMS output voltage control.

(ii) To Calculate the Average Value (Dc Value) Of Output Voltage

O dc

2z
V. L jvmsinwt.d ot
2r ;]

V 27[
V =1 jsina)t.d ot
72- o

V 2z
Vs e =—”[—coswt/ }
2r .
V, _
Vs e = o —C0S 27 +C0Scx ; cos2z =1
T

Vi Yy cosa—-1 ;V, :«/EVS
27

Hence V, = JZEVS cosa —1
T

When '«'is varied from 0 to 7. V,, varies from 0 to ~Vn
T

Disadvantages of single phase half wave ac voltage controller.
e The output load voltage has a DC component because the two halves of the output
voltage waveform are not symmetrical with respect to ‘0’ level. The input supply
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current waveform also has a DC component (average value) which can result in the
problem of core saturation of the input supply transformer.

The half wave ac voltage controller using a single thyristor and a single diode
provides control on the thyristor only in one half cycle of the input supply. Hence ac
power flow to the load can be controlled only in one half cycle.

Half wave ac voltage controller gives limited range of RMS output voltage control.
Because the RMS value of ac output voltage can be varied from a maximum of 100%
of Vg at atrigger angle « =0 to a low of 70.7% of V, at « =z Radians.

These drawbacks of single phase half wave ac voltage controller can be over come by

using a single phase full wave ac voltage controller.

Applications of rms Voltage Controller

Speed control of induction motor (polyphase ac induction motor).
Heater control circuits (industrial heating).

Welding power control.

Induction heating.

On load transformer tap changing.

Lighting control in ac circuits.

Ac magnet controls.

Problem

1.

A single phase half-wave ac voltage controller has a load resistance R =50Q ; input ac
supply voltage is 230V RMS at 50Hz. The input supply transformer has a turn’s ratio

of 1:1. If the thyristor T, is triggered at o = 60°. Calculate

e RMS output voltage.

e Output power.

e RMS load current and average load current.
e Input power factor.

e Average and RMS thyristor current.

W

) 1
Ig T1
®
+ + _
L1 Lo
™
Vg D, Vo R
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Given,
V, =230V,RMS primary supply voltage.

f = Input supply frequency = 50Hz.
R, =50Q

a =60° =% radians.

V,; = RMS secondary voltage.

Therefore V, =V, =230V

Where, N, = Number of turns in the primary winding.
N = Number of turns in the secondary winding.
e RMS Value of Output (Load) Voltage V, qs

1% o
Vs aus :\/5 J'szsmza)t.d ot

We have obtained the expression for V, ., as

1 sin 2«

0 RMS :VS\/E[ 2T -« ]+ >
1 T sin120°

Vo rws :230\/5{(2”—5)} 5

V, s =230 /% 5.669 = 230x0.94986

V =218.4696 V ~218.47V

O RMS

e RMS Load Current I .

Vo rws _ 218.46966

ORMS RL 50

=4.36939 Amps
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e Output Load Power P,

P, =12 4 ¥R = 4.36939 ° x50 =954.5799 Watts

P, =0.9545799 KW

e Input Power Factor

o
Vg x|

PF =

V; = RMS secondary supply voltage = 230V.
I, = RMS secondary supply current = RMS load current.

o lg =y gy = 436939 Amps

= 954.5799 W 09498
230x4.36939 W

e Average Output (Load) Voltage

2z
Vy s :%{ IVmSina)t.d wt }

We have obtained the expression for the average / DC output voltage as,

Vo g _Vn cosa -1
2w

v, - J2 %230 [cos 50° _1] _ 325.2691193 05-1
2 2
V, o =m -0.5 =-25.88409 Volts
T

e Average DC Load Current

| _ Vo« _-25.884004

O dc RL 50

=-0.51768 Amps
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e Average & RMS Thyristor Currents

i1 4

Int

W
~+v=

21 '

']
| $ :
‘. ' (21 +0) 0
> ' " A
: —

Fig 6.6: Thyristor Current Waveform

Referring to the thyristor current waveform of a single phase half-wave ac voltage

controller circuit, we can calculate the average thyristor current 1., — as

I =— jlmsina)t.d a)t}

| =T Jsinwt.d a)t}

|
I = _cos x +005a]

T Ag o
Im
I+ A =5 1+cosa

Where, | = % = Peak thyristor current = Peak load current.
L

| _\2x230
" 50

I, =6.505382 Amps
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| =—"— 1+cosx
T Avg 27Z'RL
J2x230 0
IT Avg :m[l‘f-cos 60 :|
L N2x230, 0
o 1007
I+ pg =1.5530 Amps
e RMS thyristor current I, ., can be calculated by using the expression
1%, .
;o = E_&flrismza)t.d a)t}
12 [ 7 1—cos 2ot
| = [ d ot
T RMS \/ T _0;[ 2 }
|2 K3 V.4
I avs = —;‘r Jd wt —JCOSZa)t.d ot }
1] T (sin2wt) /"
ITRMSZIm E_wt a_ 2 }
1] sin 277 —sin 2«
It rus = I E_”—“ 1T
1] sin 2«
It rvs = In E_ - 2
| s . sin 2«
T RMS \/E 2 2
. _650538 |1 ”_1J+Sin 120°
T RMS \/E 20 3 2
SJBIT/Dept of ECE Page 187



Power Electronics 06EC73

1|(27) 0.8660254
IT RMS =46 g ? +T

=4.6x0.6342=2.91746A

T RMS

I =2.91746 Amps

T RMS

6.5 Single Phase Full Wave Ac Voltage Controller (Ac Regulator) or Rms Voltage
Controller with Resistive Load

Single phase full wave ac voltage controller circuit using two SCRs or a single triac is
generally used in most of the ac control applications. The ac power flow to the load can be
controlled in both the half cycles by varying the trigger angle '«".

The RMS value of load voltage can be varied by varying the trigger angle '«'. The
input supply current is alternating in the case of a full wave ac voltage controller and due to
the symmetrical nature of the input supply current waveform there is no dc component of
input supply current i.e., the average value of the input supply current is zero.

A single phase full wave ac voltage controller with a resistive load is shown in the
figure below. It is possible to control the ac power flow to the load in both the half cycles by
adjusting the trigger angle'«'. Hence the full wave ac voltage controller is also referred to as
to a bi-directional controller.

%

o—>—9 L

+ +
R .

Vg Vo R

Fig 6.7: Single phase full wave ac voltage controller (Bi-directional Controller) using SCRs

The thyristor T, is forward biased during the positive half cycle of the input supply
voltage. The thyristor T, is triggered at a delay angle of 'a' 0<a <7 radians . Considering
the ON thyristor T, as an ideal closed switch the input supply voltage appears across the load
resistor R, and the output voltage v, =V during ot=« to sradians. The load current
flows through the ON thyristor T, and through the load resistor R, in the downward direction

during the conduction time of T, from ot =« to z radians.
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At ot =7, when the input voltage falls to zero the thyristor current (which is flowing
through the load resistor R, ) falls to zero and hence T, naturally turns off . No current flows

in the circuit during wt=7 to 7+a .

The thyristor T, is forward biased during the negative cycle of input supply and when
thyristor T, is triggered at a delay angle 7+« , the output voltage follows the negative
halfcycle of input from wt= 7+a to 27. When T,is ON, the load current flows in the
reverse direction (upward direction) through T, during ot= 7+« to 2z radians. The time

interval (spacing) between the gate trigger pulses of T, and T, is kept at 7 radians or 180°. At

wt = 27 the input supply voltage falls to zero and hence the load current also falls to zero and
thyristor T, turn off naturally.

Instead of using two SCR’s in parallel, a Triac can be used for full wave ac voltage

control.
TRIAC
. D
+ < +
o Resistive
ac gy, =V, sinwt Yo load
supply lc:{ ‘

o}
Fig 6.8: Single phase full wave ac voltage controller (Bi-directional Controller) using TRIAC

Vin[~— 7
|
|
[) l /_\
: T > wt
: w\\/.?w
|
|
|
o |
L Vo I |
T |
Vin [~ ]
~ Lo |
|
I I 27
() T | = ot
T
L >
a |
|
14 [ |
| |
I-l Gate pulse of T I-I
0 ! > wt
224 Gate pulse of T,
1T+a—>“
0 > ot

Fig 6.9: Waveforms of single phase full wave ac voltage controller
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Equations
Input supply voltage

Vg =V, sinot = \/EVS sinot ;

Output voltage across the load resistor R ;
Vo =V, =V, sinat ;

forot=ator and ot= 7+a to2r

Output load current
vV, V_sin .
iy _Yo _VySiNet I,sinot ;
RL RL

forot=ator and ot= 7+a to2r

(i) To Derive an Expression for the Rms Value of Output (Load) Voltage

The RMS value of output voltage (load voltage) can be found using the expression

V2

O RMS

=V?2 —izjfv ’d wt ;
- L RMS — L ?
27§

For a full wave ac voltage controller, we can see that the two half cycles of output
voltage waveforms are symmetrical and the output pulse time period (or output pulse
repetition time) is z radians. Hence we can also calculate the RMS output voltage by using
the expression given below.

T

1 .
V2L aMs = — _[sz sin? wt.dwt
A
1 2
2 2 .
\/ L RMS :ga“VL d ot y

V. =V, =V, sinot; For ot=ato 7 and ot= 7+a to 27

Hence,

V2

L RMS

1y, o T
:—{J‘Vmsma)t *d ot + I V,, sinot ‘d ot }
27[ o n+a

4 27
:i{vm2 jsinzwt.d ot +V_? Isinza)t.d wt }
2r b

T+a
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Vi {jd ot —ICOSZa)td ot + Id ot — jcosZwtd a)t}

27Z-X2 T+o T+o
vl sm 2a)t sin2wt | %
=—"-| ot + ot —
47[ L a 2 T+o
-
=Vm T-a + T—-« —1 sin 2z —sin 2« —l sindrzr —-sin2 7+«
A7 2 2
-
=Vm 2 T-« —1 0-sin2« —1 0-sin2 7+«
A7 2 2
v 2[ sin2a SN2 r+a
=12 7-a + +
A7 | 2 2
v 2[ sin2a  sin 2742«
="\27-a + +
A i 2 2

V. ? sin 2«
T—a +

+% Sin 277.C0S 2¢ + C0S 277.5iN 2« }

sin2r=0 & cos2z=1

Therefore,
2 - -
Ve :VL[Z . +sm2a+sm22a}
2
V [2 T—Q +S|n2a]
2 Vm2 -
V2 s ZE[ 27 -2 +sin2q |

Taking the square root, we get
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Views = 2\\//"‘;\/[ 27 —2a +Sin 2a]
V| aws =\/§V\/”‘Z [27[—26( +Sin2a]

v, [1 .
L RMS :ﬁ\/g[ 27 -2« +S|n2a:|

v Ve [L[[ sin2a
L RMS _\/5 27 2

vV, |1 sin 2«
Vi rus =$ . Toa 2

1 sin 2«
VL RMS =Vi RMS \/;[ T-a + 2 :|

1 sin 2«
Views =Vs,|—| 7—a +
T 2

Maximum RMS voltage will be applied to the load when« =0, in that case the full
sine wave appears across the load. RMS load voltage will be the same as the RMS supply

voltage = Vo . When « is increased the RMS load voltage decreases.

2
\/1 -0 +Sln2x0}
Tl 2

v Vo 1) +9}
L RMS o L\ 7 I 2
V
V = =\ =V,
L RMS . [y~ ViRMS s

The output control characteristic for a single phase full wave ac voltage controller

with resistive load can be obtained by plotting the equation for V s
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Control Characteristic of Single Phase Full-Wave Ac Voltage Controller with Resistive
Load

The control characteristic is the plot of RMS output voltage V, .,,s Vversus the trigger

angle « ; which can be obtained by using the expression for the RMS output voltage of a full-
wave ac controller with resistive load.

1 sin 2«
Vo rws :Vs\/;{ T—a + 5 :| ;

Where V= Vo =RMS value of input supply voltage

{2
Trigger angle Trigger angle « V y
in degrees in radians O RMS 0
0 0 V, 100% V,
30° % ; 1% 0.985477 Vg 98.54% V,
60° % : 2% 0.896938 V 89.69% V,
180° T ; 6% 0V, 0V,
VO(RMS) A
VS

0 60 120 180
Trigger angle « in degrees
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We can notice from the figure, that we obtain a much better output control
characteristic by using a single phase full wave ac voltage controller. The RMS output
voltage can be varied from a maximum of 100% V, at ¢ =0 to a minimum of ‘0’ at

a =180°. Thus we get a full range output voltage control by using a single phase full wave
ac voltage controller.

Need For Isolation
In the single phase full wave ac voltage controller circuit using two SCRs or

Thyristors T, and T, in parallel, the gating circuits (gate trigger pulse generating circuits) of
Thyristors T, and T, must be isolated. Figure shows a pulse transformer with two separate
windings to provide isolation between the gating signals of T, and T, .

Gy
Gate
Trigger K,

Pulse

G2
Generator §
K,

Fig 6.10: Pulse Transformer

6.6 Single Phase Full Wave Ac Voltage Controller (Bidirectional Controller) With RL
Load

In this section we will discuss the operation and performance of a single phase full
wave ac voltage controller with RL load. In practice most of the loads are of RL type. For
example if we consider a single phase full wave ac voltage controller controlling the speed of
a single phase ac induction motor, the load which is the induction motor winding is an RL
type of load, where R represents the motor winding resistance and L represents the motor
winding inductance.

A single phase full wave ac voltage controller circuit (bidirectional controller) with an
RL load using two thyristors T, and T, (T, and T,are two SCRs) connected in parallel is
shown in the figure below. In place of two thyristors a single Triac can be used to implement
a full wave ac controller, if a suitable Traic is available for the desired RMS load current and
the RMS output voltage ratings.

SJBIT/Dept of ECE Page 194



Power Electronics 06EC73

-

Fig 6.11: Single phase full wave ac voltage controller with RL load

The thyristor T, is forward biased during the positive half cycle of input supply. Let
us assume that T, is triggered at wt = o, by applying a suitable gate trigger pulse to T, during

the positive half cycle of input supply. The output voltage across the load follows the input

supply voltage when T, is ON. The load current i, flows through the thyristor T, and through
the load in the downward direction. This load current pulse flowing through T, can be
considered as the positive current pulse. Due to the inductance in the load, the load current i,
flowing through T, would not fall to zero at wt =7, when the input supply voltage starts to

become negative.

The thyristor T, will continue to conduct the load current until all the inductive energy
stored in the load inductor L is completely utilized and the load current through T, falls to
zero at wt = 4, where g is referred to as the Extinction angle, (the value of wt) at which the
load current falls to zero. The extinction angle g is measured from the point of the beginning
of the positive half cycle of input supply to the point where the load current falls to zero.

The thyristor T, conducts from wot=cato g. The conduction angle of T, is

0= f—a , which depends on the delay angle « and the load impedance angle ¢. The

waveforms of the input supply voltage, the gate trigger pulses of T, and T,, the thyristor

current, the load current and the load voltage waveforms appear as shown in the figure below.
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L 'S
Vi [~
|
0 : T > (il
| T | 2
| [ |
| AN
LI I
h Gate pulse of T, M
0 ! T f I = i
| —
ol : Gate pulse of T, :
-
|
0 — — F—t—— wt
I
A : : : :
| I |
m | l/
0 | 1 > wt
e T Batw Ve 2 ta

Fig 6.12: Input supply voltage & Thyristor current waveforms

[ is the extinction angle which depends upon the load inductance value.

LS | |
| | |
| |
i | A
] t I s = il
o T T+ . 2 to
4 Il T
I I I
0 — | | > wt
[ | Ha : |
| | |
Sid | | | I
|
|1 '
0 || I wt
' ! :ﬂ' +a 2
| |
. C Annnm N
0 ol
7T owmto

Fig 6.13: Gating Signals
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Waveforms of single phase full wave ac voltage controller with RL load for a>¢.
Discontinuous load current operation occurs for a>¢ and f < 7+« ;

i.e., f—a <=, conductionangle <z .

(A

Sji b
3 o 1.5
10
T+a 2o
0 f = ol
/i o m\ B
| |
| |

Y e

1
TOJL

v,
B wmta
] - = wi
o T 2
Jl.th
VT
JE I o e
8] o wt
—¥T2

Fig 6.14: Waveforms of Input supply voltage, Load Current, Load Voltage and Thyristor Voltage across T,

Note

e The RMS value of the output voltage and the load current may be varied by varying
the trigger angle « .

e This circuit, AC RMS voltage controller can be used to regulate the RMS voltage
across the terminals of an ac motor (induction motor). It can be used to control the
temperature of a furnace by varying the RMS output voltage.

e For very large load inductance ‘L’ the SCR may fail to commutate, after it is triggered
and the load voltage will be a full sine wave (similar to the applied input supply
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voltage and the output control will be lost) as long as the gating signals are applied to
the thyristors T, and T,. The load current waveform will appear as a full continuous

sine wave and the load current waveform lags behind the output sine wave by the load
power factor angle ¢.

(1) To Derive an Expression for the Output (Inductive Load) Current, During
ot =a to f# When Thyristor T, Conducts

Considering sinusoidal input supply voltage we can write the expression for the
supply voltage as

Vs =V, sinwt = instantaneous value of the input supply voltage.

Let us assume that the thyristor T, is triggered by applying the gating signal to T, at
ot =« . The load current which flows through the thyristor T, during ot =« to S can be
found from the equation

L(%j+ Riy =V, sinot ;
dt

The solution of the above differential equation gives the general expression for the
output load current which is of the form

vV -t
iozfmsin ot—¢ +Ae’

Where V_ = \/EVS = maximum or peak value of input supply voltage.

Z=R*+ wL * = Load impedance.

p=tan™ (%Lj = Load impedance angle (power factor angle of load).

r =— = Load circuit time constant.

|-

Therefore the general expression for the output load current is given by the equation
V. Ry
o =?msm ot—-¢ +Aet

SJBIT/Dept of ECE Page 198



Power Electronics 06EC73

The value of the constant A can be determined from the initial condition. i.e. initial
value of load current i, =0, at ot =« . Hence from the equation for i, equating i, to zero
and substituting ot =« , we get

. V, . Ry
o 0:7m3|n a—¢ +Aet

L
Therefore Aet =7msm a—¢

1 |-V, .
_LRt[ 7 sin a—¢}

A :e?t [_Zﬁsin a-¢ }

A =

e

R ot
-V_ .
=e - | —=%sin a—
A=e | Srsin a-p |
By substituting wt = o, we get the value of constant A as
R a
A=ect [_Zisin a—¢ }

Substituting the value of constant A from the above equation into the expression for i, , we
obtain

.V, K RET
|o=?”‘sm ot—¢ telgot {Tmsm a—¢} ;

Vo Rl Re [y
|o:?'“sm ot—¢ +e °- eot [Tmsm a—¢}

.V Rota [V
|o=?msm ot—¢ +e°t t [ Z”‘ sin a—¢}

Therefore we obtain the final expression for the inductive load current of a single
phase full wave ac voltage controller with RL load as
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A : ot
|o=?m[sm ot—¢ —sin a—¢ et t } ; Wherea<ot<pg.

The above expression also represents the thyristor currenti.,, during the conduction
time interval of thyristor T, fromaot =« to S.

To Calculate Extinction Angle g
The extinction angle g, which is the value of @t at which the load current i,
falls to zero and T, is turned off can be estimated by using the condition that i, =0, at

ot=p

By using the above expression for the output load current, we can write

. V| . . R pa
|O=0=?”[sm p—¢ —sin a—¢ gt }
V )
AS ?m;to we can write

{sin B—¢ —sin a—¢ e;’%ﬂw }:0

Therefore we obtain the expression

Ry
sin f—¢ =sin a—¢ et

The extinction angle £ can be determined from this transcendental equation by using
the iterative method of solution (trial and error method). After g is calculated, we can

determine the thyristor conductionangle 6 = -« .

/3 is the extinction angle which depends upon the load inductance value. Conduction
angle ¢ increases as « is decreased for a known value of g .

For &6 <~z radians, ie., for pf—a«a <nxradians, for 7+« > f the load current

waveform appears as a discontinuous current waveform as shown in the figure. The output
load current remains at zero during wt= to 7+« . This is referred to as discontinuous

load current operation which occurs for f < 7+a .

When the trigger angle « is decreased and made equal to the load impedance angle ¢

i.e., when o =¢ we obtain from the expression for sin g—¢ |,

sin f—¢ =0 ; Therefore f—¢ = radians.
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Extinction angle p=rn+¢ = m+a ; forthe case when v =¢
Conductionangle 5= f—a =r radians=180° ; for the case when o =¢

Each thyristor conducts for 180° (7 radians) . T, conducts from wt=¢ to 7 +¢

and provides a positive load current. T, conducts from 7 +¢ to 27 +¢ and provides a

negative load current. Hence we obtain a continuous load current and the output voltage
waveform appears as a continuous sine wave identical to the input supply voltage waveform
for trigger angle a <¢ and the control on the output is lost.

VO A

Vi b2

~+V=

A UQTH(P) ot

Fig 6.15: Output Voltage And Output Current Waveforms For A Single Phase Full Wave Ac Voltage Controller
With Rl Load For @ < ¢

Thus we observe that for trigger anglea <¢, the load current tends to flow

continuously and we have continuous load current operation, without any break in the load
current waveform and we obtain output voltage waveform which is a continuous sinusoidal
waveform identical to the input supply voltage waveform. We lose the control on the output
voltage for o <¢ as the output voltage becomes equal to the input supply voltage and thus

we obtain

V =V—m:VS ; for a<¢

O RMS \/E

Hence,
RMS output voltage = RMS input supply voltage for a <¢
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(ii) To Derive an Expression For rms Output Voltage V,

orus Of @ Single Phase Full-Wave Ac
Voltage Controller with RL Load.

LY

B 7+

[ H/ L/

Whena > @ , the load current and load voltage waveforms become discontinuous as
shown in the figure above.

s
Vs aus :{% jvmzsinzwt.d ot }

Output v, =V, sinet, for ot =« to #, when T, is ON.

V2% 1-cos 20t 2
Vorws =| - J—— —d ot
%
2
V.o = V'

O RMS

i.d wt —ICOSZa)td wt H

=]
AN Al
g

_sin Zﬂ sin 2« H%

N
3

<

r\>
3

<

h
Q

O RMS 2

2

Vo RMS =Vm{i{ ;B_Ol +Sin2a—8in2ﬂ}i|%
2 2

Vo rus :V_m{i{ B-a +Sin2a_3in2ﬂ}}%
2 2

The RMS output voltage across the load can be varied by changing the trigger angle

For a purely resistive load L =0, therefore load power factor angle ¢ =0.
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4ol
¢ =tan (?j_o ;

Extinction angle B = r radians =180°

Performance Parameters of A Single Phase Full Wave Ac Voltage Controller with
Resistive Load

Vo |1 sin 2« Vv .
e RMS Output Voltage V, =—L |[—| 7—-a + ; —/ =V, = RMS input
p g O RMS \/E \/72' |: 2 :| \/E S p
supply voltage.
Vo RMS  _
o oo = = RMS value of load current.
L
e I,=1,., =RMSvalue of input supply current.
e Output load power
R = Ié rvs X R
e Input Power Factor
PF= PO _IéRMS ><I:2L=IORMSXRL
Vex g Vyxlgpys Vs
V -
PE _ _ORMS _ 1|: _ SIHZO{}
V, T 2

e Average Thyristor Current,

|T1 A

Im

Fig6.16: Thyristor Current Waveform

I ne =%jde ot =$j|msina)t.d ot
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I T I ”
I g :ij‘sma)t.d ot :i{—coswt/ }

a

I I
| =—" —coSr+CO0Sax =— 1+cCOScx
TAS on 2

e Maximum Average Thyristor Current, for « =0,
I

I —_m
T Ag

e RMS Thyristor Current

L s =\/%Dlnisin2a)t.d a)t}

| _I_m i . +sin2a
T RMS \/E o7 2

e Maximum RMS Thyristor Current, for a =0,

I Ly

TRMS — o
2

In the case of a single phase full wave ac voltage controller circuit using a Triac with
resistive load, the average thyristor current 1., -~ =0. Because the Triac conducts in both the

half cycles and the thyristor current is alternating and we obtain a symmetrical thyristor
current waveform which gives an average value of zero on integration.

Performance Parameters of A Single Phase Full Wave Ac Voltage Controller with R-L
Load

The Expression for the Output (Load) Current
The expression for the output (load) current which flows through the thyristor, during
ot =a to S is given by

V| : Rot-a
|O:|T1=?"[sm ot—¢ —sin a—¢ ewLt } ; fora<ot<p

Where,
V, = «/EVS = Maximum or peak value of input ac supply voltage.

Z=R*+ wL * = Load impedance.

o= tan{%} = Load impedance angle (load power factor angle).

a = Thyristor trigger angle = Delay angle.
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S = Extinction angle of thyristor, (value of wt) at which the thyristor (load) current
falls to zero.
/3 is calculated by solving the equation

Ry
sin B—¢ =sin a—¢ et

Thyristor Conduction Angle 6= -«

Maximum thyristor conduction angle § = -« =7 radians = 180° for a<g.
RMS Output Voltage
vV, |1 sin2a  sin2p
Vo rus :E\/Z[ p-a + 5 o :|

The Average Thyristor Current

1%
IT Avg :g I'Tld ot

/8 ﬂ(U—(zl(
I v 1 I\%{sin ot—¢ —sin a—¢ et t }d a)t}

a

24 a

V f ¢ i(ut—az
IT Avg = mZ J.Sln a)t—¢ d ot __[Sin a_¢ e(z)L d wt

Maximum value of 1., =~ occur at «=0. The thyristors should be rated for

, I V,
maximum I, :[—"‘ , Where |, ==,
© \z "z

RMS Thyristor Current |, ..

1%,
IT RMS — gJ.ITId ot

Maximum value of I, ... occurs at & =0. Thyristors should be rated for maximum

()
T RMS 2

When a Triac is used in a single phase full wave ac voltage controller with RL type of

. I
load, then 1., , =0 and maximum | =—1

T RMS E
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PROBLEMS

1. A single phase full wave ac voltage controller supplies an RL load. The input supply
voltage is 230V, RMS at 50Hz. The load has L = 10mH, R = 10Q, the delay angle of

thyristors T, and T, are equal, where o, =, = % Determine

a. Conduction angle of the thyristor T, .

b. RMS output voltage.
c. The input power factor.
Comment on the type of operation.
Given

V, =230V, f=50Hz,L=10mH, R=10Q, «a=60°, a=a,=a,==

w [N

radians,

V, =2V, =/2x 230 =325.2691193 V

Z = Load Impedancez\/R2+ ol =\/ 10 %+ ol °

oL= 27fL = 27x50x10x10° =7 =3.14159Q

ya :\/ 10 2+ 3.14159 = /109.8696 = 10.4818Q

= \i = M =31.03179 A

"7 104818

Load Impedance Angle ¢ = tanl(%l‘j

$=tan™! (%J =tan™ 0.314159 =17.44059°

Trigger Anglea>¢. Hence the type of operation will be discontinuous load current
operation, we get

< m+a

B < 180+60 ; S <240°

Therefore the range of A is from 180 degrees to 240 degrees.  180° < 3 < 24Q°

Extinction Angle g is calculated by using the equation
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Ry
sin f—¢ =sin a—¢ et

In the exponential term the value of « and g should be substituted in radians. Hence

-R
. - 7ﬁa70’a T
sin f—¢ =sin a—¢ et aRad=(§J

a—¢ = 60-17.44059 =42.5594°

0,
sin f—17.44 ° =sin 42.5594° e = ”

sin B—17.44 ° =0.676354¢ 3% /-«

. B xr
1800 —> T I‘adlanS, lBRad :W
Assuming £ =190;
0 0
B = B xm 190" xx 33161

180° 180

L.H.S: sin 190-17.44 ° =sin 172.56 =0.129487

—3.183(3.3161—1

R.H.S: 0.676354 x¢e 3] =4.94x10"

Assuming B =183";
B xr B 183° x 7

z_ —3.19395
180° 180

IBRad =

p—a = (3.19395—%) =2.14675

L.H.S: sin f—¢ =sin 183-17.44 =sin165.56° = 0.24936

R.H.S: 0.676354¢ 318217 _72876x10™

Assuming /S ~180°
B _180°><7r _

Pras = 807 = 180

e {r5(2)

L.H.S: sin f—¢ =sin 180-17.44 =0.2997
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T
3

—3.18?{7[ ] 4
R.H.S: 0.676354e =8.6092x10"

Assuming S =196°

Bxm 196°xrx
- = =3.420845
Praa 180° 180

L.H.S: sin f—¢ =sin 196-17.44 =0.02513

—3.183(3.420845—1

R.H.S: 0.676354¢ 3J =3.5394x10™*

Assuming g =197°

Bxr 197°xx
_ - =3.43829
Pras 180° 180

L.H.S: sin f—¢ =sin 197-17.44 =7.69=7.67937x10"°

—3.183(3.43829—1

R.H.S: 0.676354e 3] = 4.950386476x10™

Assuming B =197.42°

Bxr 197.42xx
= = = 3.4456
Pras 180° 180

L.H.S: sin f—¢ =sin 197.42-17.44 =3.4906x10™*
3 3.4456-7

-3.18.
RS 0.676350¢ %) _ 3.2700x10-

Conduction Angle 5= f—-a = 197.42°-60° =137.42°

RMS Output Voltage
1 sin2a sin2p
Vorus =Vs _|:ﬁ_a+ - }
V4 2 2

1 2\ sin2 60° sin2 197.42°
V, s =230 |= (3.4456—§j+ - >

VA
Ve s =23o\/%[ 2.39843 +0.4330-0.285640 |
V, aus = 230x0.9 = 207.0445 V
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Input Power Factor
I:)O
Vg x|

PF =

| _Vorws _207.0445

- - =19.7527 A
O RMS z 10.4818

P, =1 xR, = 19.7527 ®x10=3901.716 W

O RMS

V=230V, I =1, =19.7527

O RMS

P, 3901716

PF = =
Vo xl,  230x19.7527

=0.8588

2. A single phase full wave controller has an input voltage of 120 V (RMS) and a load
resistance of 6 ohm. The firing angle of thyristor is z/2 . Find

d. RMS output voltage

e. Power output

f.  Input power factor

g. Average and RMS thyristor current.

Solution
a=%=900, V, =120V, R=6Q

RMS Value of Output Voltage

1

' 2

V, =V, {1(ﬂ_a+sm ZaH
T 2

1

i 2

v, =120F(7rl+5'”18°ﬂ
V4 2 2

V, =84.85 Volts

RMS Output Current
lo =\i=@ =14.14 A
6
Load Power
P,=12xR

P, = 14.14 * x6=1200 watts
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Input Current is same as Load Current
Therefore I =1, =14.14 Amps

Input Supply Volt-Amp =Vl =120x14.14 =1696.8 VA

Therefore
Load Power 1200

Input Volt-Amp _ 1696.8

Input Power Factor = =0.707 lag

Each Thyristor Conducts only for half a cycle

Average thyristor current I, , -

1 7 .
T Avg =27T—RijSInmt.d ot

a

= Vi l+cosa ; vm=J§vs
27R

_V2x120 0 a5 A

27 x6

RMS thyristor current | .,

2r ] R
A ”J- 1—cos 2wt
= @
27R? 2

1
Vo1 sinZOzJ2
=L~ r—a+
2R| 7 2

(o]

2R |«

1

- 2

:ﬁxlzo 1 ”_z+5'”180j =10 Amps
2x6 | 7x 2 2

3. A single phase half wave ac regulator using one SCR in anti-parallel with a diode feeds 1
kW, 230 V heater. Find load power for a firing angle of 450,
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Solution
a =45° =%, V, =230V ; P, =1KW =1000W
At standard rms supply voltage of 230V, the heater dissipates 1KW of output power

Therefore
V. xV, V?2
P =\V.x|.=-0"% _ Yo
(0] (6] (@] R R
Resistance of heater
vE 230° 5000
PR, 1000

RMS value of output voltage
1

i 2
VooV | L[ oy _gySin2e : for firing angle o = 45°
(0] S 27[ 2

1

i 2
V, =230 i(zﬂ Iy S'”goj = 224.7157 Volts
2r 4
RMS value of output current
lo _Vo _2249 4.2479 Amps
R 529

Load Power
R, = ICZ, xR = 4.25 °x52.9 =954.56 Watts

4. Find the RMS and average current flowing through the heater shown in figure. The delay
angle of both the SCRs is 450,

N
L1 _
SCR1 iy
] o
<l
220V § heater
ac

Solution
a=45°=2 v =220V
4

Resistance of heater
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v2 220°
R=— = = 48.4Q)
R 1000

Resistance value of output voltage
Vo :Vs\/{l(ﬂ' -+ Sin 2&)
7 2 )]

vozzzoJ 1,z sn9%0 }

Vo = 220\/ —|\ 7 ——+Eﬂ =209.769 Volts

Vo _ 209769 _ , oos s
R 484

RMS current flowing through heater =

Average current flowing through the heater lpg =0

5. A single phase voltage controller is employed for controlling the power flow from 220 V,
50 Hz source into a load circuit consisting of R =4 Q and L = 6 mH. Calculate the following
a. Control range of firing angle
b. Maximum value of RMS load current
c. Maximum power and power factor
d. Maximum value of average and RMS thyristor current.

Solution

For control of output power, minimum angle of firing angle a is equal to the load
impedance angle 6

o =6, load angle

6 =tan (w—LJ =tan* (Ej =56.3°
R 4

Maximum possible value of « is 180°
Therefore control range of firing angle is 56.3° < o <180°

Maximum value of RMS load current occurs whenoa =6 =56.3°. At this value of « the
Maximum value of RMS load current
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o= Vo220 30.5085 Amps

Z 4 +6°
Maximum Power P, = I2R = 30.5085 * x4 =3723.077 W

Input Volt-Amp =V 1, =220x30.5085=6711.87 W

P, 3723077

= =0.5547
Input VA 6711.87

Power Factor =

Average thyristor current will be maximum when « =@ and conduction angle y =180°.
Therefore maximum value of average thyristor current

1 T+ - ]
T Avg :E J—Sln a)t—H d ot
. . V . . ia)t—oc
Note: i =iy =?’“ sin ot—6 —sin a—0 et
At =0,
A
L =lo =?sm ot -0
V T+
=—"m0_|—-cos wt—0
T Avg 272_2[ @ :I(x
=V—m[—cos T+a—0 +cos o—0 ]
T Avg 27Z-Z
But =86,
Vv \V \V/
=—0|-cos r +cos 0 |[=—— 2 ="
T Avg 2;:2[ ] 2nZ nZ
_ Y —M=13.7336 Amps

A =—"1 =
T a2 N4 +6°
Similarly, maximum RMS value occurs when ¢ =0 and y =r.

Therefore maximum value of RMS thyristor current

1 T+ Vm ) 2
I :\/E J{?Sln a)t—e} d wt

V2 "¢l 1-cos 2wt—20
I, = m d ot
™ \/27[22 J{ 2 } ¢

a
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V2 sin 20t-20 1
IT,\,I = m > ot —
AnZ 2

2

2

Vm
v = 277 r+oa—-a-0

L=V _ V2220 = 21.57277 Amps

™27 a6

Recommended questions:

1. Discuss the operation of a single phase controller supplying a resistive load, and
controlled by the on-off method of control. Also highlight the advantages and
disadvantages of such a control. Draw the relevant waveforms.

2. What phase angle control is as applied to single phase controllers? Highlight the
advantages and disadvantages of such a method of control. Draw all the wave forms.

3. What are the effects of load inductance on the performance of voltage controllers?

4. Explain the meaning of extinction angle as applied to single phase controllers supplying
inductive load with the help of waveforms.

5. What are unidirectional controllers? Explain the operation of the same with the help of
waveforms and obtain the expression for the RMS value of the output voltage. What are
the advantage and disadvantages of unidirectional controllers?

6. What are bi-directional controllers explain the operation of the same with the help of
waveforms and obtain the expression for the R<S value of the output voltage. RMS value
of thyristor current. What are the advantages of bi-directional controllers?

7. The AC Voltage controller shown below is used for heating a resistive load of 5 Q and
the input voltage Vs = 120 V (rms). The thyristor switch is on for n=125 cycles and is off
for m = 75 cycles. Determine the RMS output voltage Vo, the input factor and the
average and RMS thyristor current.

8. T1

D +Vo

R
b./ (load)
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in the problem above R=4Q, Vs =208 V (rms) if the desired output power is 3 KW,
determine the duty cycle ‘K’ and the input power factor.

9. The single phases half wave controller shown in the figure above has a resistive load of
R=5Q and the input voltage Vs=120 V(rms), 50 Hz. The delay angle of the thyristor is
Determine the RMS voltage, the output Vo input power factor and the average input
current. Also derive the expressions for the same.

10. The single phase unidirectional controller in the above problem, has a resistive load of 5Q
and the input voltage Vs = 208 V (rms). If the desired output power is 2 KW, calculate
the delay angle a of the thyristor and the input power factor.
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UNIT-/
DC Choppers

7.1 Introduction
« Chopper is a static device.
« A variable dc voltage is obtained from a constant dc voltage source.
» Also known as dc-to-dc converter.
»  Widely used for motor control.
» Also used in regenerative braking.
» Thyristor converter offers greater efficiency, faster response, lower maintenance,
smaller size and smooth control.

Choppers are of Two Types
e Step-down choppers.
e Step-up choppers.
e In step down chopper output voltage is less than input voltage.
e Instep up chopper output voltage is more than input voltage.

7.2 Principle of Step-down Chopper

—— = — — — -

« A step-down chopper with resistive load.

The thyristor in the circuit acts as a switch.

When thyristor is ON, supply voltage appears across the load
When thyristor is OFF, the voltage across the load will be zero.

SJBIT/Dept of ECE Page 216



Power Electronics 06EC73

V/R

V,. = Average value of output or load voltage.

l,. = Average value of output or load current.

t,y = Time interval for which SCR conducts.

toe = Time interval for which SCR is OFF.

T =t,, +t, = Period of switching or chopping period.

f= % = Freq. of chopper switching or chopping freq.

Average Output Voltage

Vdc =V ( tON j
Ton *+lore

V, =V (tO—Nj =V d
T

but [toTNj =d =duty cycle
Average Output Current

Iy = e

dc R
Y)Y
RUT R
RMS value of output voltage
1t0N
V, =, [= | Vidt
O T 6[ ¢}

But during tg,, v, =V

o

Therefore RMS output voltage

V., = lloTvzdt
o T ;

2
VO = \/?tON = to?NV
V, =+/dV
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Output power P, =V, 1,

V,
But l,=-2
° R
.. Output power
VZ
p. =_0
° R
dv?
P. =
° R

Effective input resistance of chopper

RV

Idc

R=—
d
The output voltage can be varied by
varying the duty cycle.

Methods of Control
« The output dc voltage can be varied by the following methods.
— Pulse width modulation control or constant frequency operation.
— Variable frequency control.

Pulse Width Modulation
* tON is varied keeping chopping frequency ‘f” & chopping period ‘T’ constant.

« Output voltage is varied by varying the ON time ton
Voo

\%

[etondfe— torr —

e— T —>|

< tON _>|<t0FF>|

Variable Frequency Control
» Chopping frequency 7" is varied keeping either ton Or torr constant.
« To obtain full output voltage range, frequency has to be varied over a wide range.

» This method produces harmonics in the output and for large tOFF load current may
become discontinuous
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A
\Y
<— Ty —dp¢—torr —
>t
T >|
Vo A
\%
<— 1,y et
> t
«— T —|
7.2.1 Step-down Chopper with R-L Load
Chopper i
0
L1 > )
R
v= /N L8 |V
E
1.1

e When chopper is ON, supply is connected across load.

e Current flows from supply to load.

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

e Load current can be continuous or discontinuous depending on the values of ‘L’
and duty cycle ‘d’

e For a continuous current operation, load current varies between two limits Imax
and Imin

e When current becomes equal to Imax the chopper is turned-off and it is turned-on
when current reduces to Imin.
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Vo Output
voltage
\Y4
tON tOFF —> t
T > -
oA . ' Output
| current

: Continuous
current

N

Output
current

: Discontinuous

current

>t

06ECT73

Expressions for Load Current lo for Continuous Current Operation When Chopper

iSON (0 <T < Ton)

<
| |

ViRt 3o, g

dt
Taking Laplace Transform
Vv . E
<=Rlo S N e

Att=0, initial currentiy, 0° =1

b s =—2—E _y lmn

B R
LS(S+R) S+—
L L
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Taking Inverse Laplace Transform
_ (R (RY
i t =V—RE lil—e [Lj ]+ l..e (Lj

This expression is valid for 0 <t <t,,
i.e., during the period chopper is ON.
At the instant the chopper is turned off,

load currentis i, € P |

When Chopper is OFF

When Chopper is OFF 0<t <t
0=Ri,+L 3,
dt
Talking Laplace transform
. E

0=RI, S +L|SI; S —-iy, O |[+—

(6] |: (6] (6] :| S
Redefining time origin we have at t =0,

initial currenti, 00 =1

max

I E

. — max
Sy S

= -
S+— LS (S + Rj
L L
Taking Inverse Laplace Transform

R R
iy t =1_.6 Lt—%{l—e Lt}

06ECT73
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The expression is valid for 0 <t <t
i.e., during the period chopper is OFF

At the instant the chopper is turned ON or at
the end of the off period, the load current is

lo lore = Imin

ToFindI , & I,
From equation

Substituting for 1, in equation

_dRT _dRT
| VRE{l e L}lmme ]

max

we get,
dRT
L _V|ie | E
"R SR
l1-e ¢t

Substituting for I, in equation

1-d RT 1-d RT
- E -
ln =l & ——|1-e ¢

min max R
we get
dRT
L Viet -1] E
min — E RT E
et -1
loax — e 1S KNOwn as the steady state ripple.
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Therefore peak-to-peak ripple current
Al =1 —1..
Average output voltage
V,, =dV
Average output current
. +1

— _max min
dc approx 2

Assuming load current varies linearly
from 1, tol_ instantaneous
load current is given by

Al t

o =1+ for 0<t<t,, dT

io=1 +(—' maxd_T'm‘" jt

RMS value of load current

1 "]
| = |=—= |iidt
O RMS dT ;
r 2
1 iy Imax_lmln t
0 RMS :\/EJ | in + qT } dt
1 Lo Vo, 20—t
| — = |2_ + max min t2+ min ' max min dt
O RMS \/dTé[ min ( dT J dT :|
T I 2
ICH :\/allriin-i_ = 3 = +Im|n Imax_lmm }
lew = \/alo RMS
Effective input resistance is
-

Is
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Where
I = Average source current

I =dl,,
RV
dl .

!
:
v

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

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

e When the chopper is ON, the inductor L is connected across the supply.

e The inductor current ‘7’ rises and the inductor stores energy during the ON time of
the chopper, tON.

e When the chopper is off, the inductor current I is forced to flow through the diode
D and load for a period, tOFF.

e The current tends to decrease resulting in reversing the polarity of induced EMF
inL.

e Therefore voltage across load is given by

A :vu% ie, V>V

* A large capacitor ‘C’ connected across the load, will provide a continuous output
voltage .

« Diode D prevents any current flow from capacitor to the source.

« Step up choppers are used for regenerative braking of dc motors.
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(1) Expression For Output Voltage

Assume the average inductor current to be

I during ON and OFF time of Chopper.

When Chopper is ON

Voltage across inductor L =V

Therefore energy stored in inductor
=V.lt,,

Where t,, =ON period of chopper.

When Chopper is OFF

(energy is supplied by inductor to load)
Voltage across L =V, -V

Energy supplied by inductor L= V, -V It
where t,.. = OFF period of Chopper.
Neglecting losses, energy stored in inductor
L = energy supplied by inductor L

Vlte, = Vo -V lto.,
VO — V tON +tOFF

L=

v, =v| T
T —t,,

Where
T = Chopping period or period
of switching.

T= ton *tore

1

o
T

1
V. =V| —
° 1—dj

Where d = t"?N = duty cyle
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Performance Parameters

» The thyristor requires a certain minimum time to turn ON and turn OFF.

» Duty cycle d can be varied only between a min. & max. value, limiting the min. and
max. value of the output voltage.

* Ripple in the load current depends inversely on the chopping frequency, f.

« To reduce the load ripple current, frequency should be as high as possible.

Problem
1. A Chopper circuit is operating on TRC at a frequency of 2 kHz on a 460 V supply. If
the load voltage is 350 volts, calculate the conduction period of the thyristor in each

cycle.
Solution:
V =460V, V, =350V, f=2kHz
Chopping period T =%
-1 — =0.5 msec
2x10
Output voltage V. = (to?'“ \Y
Conduction period of thyristor
T xV,,
ton = T
0.5x107°x 350
oy =——
460
toy = 0.38 msec
Problem

2. Input to the step up chopper is 200 V. The output required is 600 V. If the conducting
time of thyristor is 200 psec. Compute
— Chopping frequency,
— If the pulse width is halved for constant frequency of operation, find the new
output voltage.
Solution:

V=200V, t, =200us, V, =600V

Vdc =V T
T -t

600 = 200(;j

T -200x10°°
Solving for T
T =300us
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Chopping frequency
f==
.
B 1
30010
Pulse width is halved

6
t, = % 10045

= 3.33KHz

Frequency is constant
f =3.33KHz

T=%=300ys

.. Output voltage = V [T T j

tON

-6
— 200 300x10 .
300-100 10

] =300 Volts

Problem

3. A dc chopper has a resistive load of 20Q2 and input voltage VS = 220V. When chopper

is ON, its voltage drop is 1.5 volts and chopping frequency is 10 kHz. If the duty cycle is
80%, determine the average output voltage and the chopper on time.

Solution:
V, =220V, R=20Q, f = 10kHz
d= ton =0.80
T

V,, = Voltage drop across chopper = 1.5 volts
Average output voltage

t
Vdc = (%j VS _Vch

V, =0.80 220-1.5 =174.8 Volts
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Chopper ON time,  ty, =dT

Chopping period, T =%
1 -3
= 5 =0.1x10™" secs =100 psecs
10x10
Chopper ON time,
toy =dT

toy =0.80x0.1x107°
t,y =0.08x107° =80 psecs

Problem

4. In a dc chopper, the average load current is 30 Amps, chopping frequency is 250 Hz,

supply voltage is 110 volts. Calculate the ON and OFF periods of the chopper if the load
resistance is 2 ohms.

Solution:
I, =30 Amps, f = 250 Hz, V =110V, R=2Q
] ] 1 1
Chopping period, T=—==—=4x10"° =4 msecs
pping p =250 X

I, =Y g v, —dv

Chopper ON period,

toy =dT =0.545x4x107° = 2.18 msecs
Chopper OFF period,

torr =T —Toy

tore =4x107° -2.18x107°

torr =1.82x107° =1.82 msec

Problem

5. A dc chopper in figure has a resistive load of R = 10Q and input voltage of V = 200

V. When chopper is ON, its voltage drop is 2 V and the chopping frequency is 1 kHz. If
the duty cycle is 60%, determine

— Average output voltage
— RMS value of output voltage
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— Effective input resistance of chopper
— Chopper efficiency.

Chopper

NE
L1

A 5

Solution:

V = 200V, R=10Q, Chopper voltage drop V,, =2V

d =060, f = 1kHz=.
Average output voltage

Vdc =d V _Vch
V,, =0.60 200—-2 =118.8 Volts
RMS value of output voltage

V,=d V-V,
V, =+/0.6 200-2 =153.37 Volts

Effective input resistance of chopper is

_v_v
I IS Idc
l e :\% 118.8 ——=11.88 Amps
R =l_i_ﬂ=16_3gg
s 1, 11.88
Output power is
dT 2 dT \/ _y 2
PO:EJ‘V—Od :ij ch dt
T:R T R
dv-v,
Pp=—%—
R
0.6 200-2°
P, = ———— =2352.24 watts
10
Input power,
1 T
= jViOdt
1 T ch
OZ?J dt
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7.4 Classification of Choppers

Choppers are classified as
» Class A Chopper
» Class B Chopper
* Class C Chopper
» Class D Chopper
» Class E Chopper

1. Class A Chopper

O>Oor-

Y

\4

« When chopper is ON, supply voltage V is connected across the load.
* When chopper is OFF, vO = 0 and the load current continues to flow in the same

direction through the FWD.

» The average values of output voltage and current are always positive.
» Class A Chopper is a first quadrant chopper .
» Class A Chopper is a step-down chopper in which power always flows form source to

load.

« Itis used to control the speed of dc motor.
« The output current equations obtained in step down chopper with R-L load can be
used to study the performance of Class A Chopper.

ly

Thyristor
.~ gate pulse

CHON |

Output current

Fv:\/D Conduqts

Output voltage
rd

<— ton —
«— T —>
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2. Class B Chopper

» When chopper is ON, E drives a current through L and R in a direction opposite to

Chopper |

—
<
o

TE v

that shown in figure.
» During the ON period of the chopper, the inductance L stores energy.

« When Chopper is OFF, diode D conducts, and part of the energy stored in inductor L

is returned to the supply.
« Average output voltage is positive.
« Average output current is negative.

» Therefore Class B Chopper operates in second quadrant.

 Inthis chopper, power flows from load to source.

» Class B Chopper is used for regenerative braking of dc motor.

» Class B Chopper is a step-up chopper.

7

—_ N

)

Thyristor
gate pulse
! | I ] > t
iO N tOFF m : :
> : I |
—T1— t
I I I | Output current
win [& D >i<—>
conducts: Chopper, I I
A rconducts | |
vy . . | : Output voltage
> t
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(1) Expression for Output Current

During the interval diode 'D' conducts
voltage equation is given by

v _ Ldis

+Ri, +E

For the initial condition i.e.,

b t =1, att=0
The solution of the above equation is obtained
along similar lines as in step-down chopper
with R-L load

R

R
o t :\%[1—e Lt]+Imine N 0<t <ty

At t=to, g t =1,

V-E(, & L
Imax — R 1_e L -OFF + Imine L -OFF

During the interval chopper is ON voltage
equation is given by

o Ldi;

+Ri, +E

Redefining the time origin, at t=0 iy t =1_,,
The solution for the stated initial condition is

: R E Ry
bt =1,6"—-——=|1-et" 0 <t <ty
R
At t=tg, i t=1
R
Im|n = Imaxe LtON _E[l_e LON]
R

SJBIT/Dept of ECE Page 232



Power Electronics 06EC73

3. Class C Chopper

Y

1

i

Jo Vo
2

+
v_— R
oY i Ao, gL ’%m
----- -E:-h-(l)pper <« —

TE | '°

» Class C Chopper is a combination of Class A and Class B Choppers.

»  For first quadrant operation, CH1 is ON or D2 conducts.

« For second quadrant operation, CH2 is ON or D1 conducts.

«  When CHL1 is ON, the load current is positive.

« The output voltage is equal to V" & the load receives power from the source.

« When CH1 is turned OFF, energy stored in inductance L forces current to flow
through the diode D2 and the output voltage is zero.

« Current continues to flow in positive direction.

« When CHZ2 is triggered, the voltage E forces current to flow in opposite direction
through L and CH2 .

« The output voltage is zero.

* On turning OFF CH2 , the energy stored in the inductance drives current through
diode D1 and the supply

« Output voltage is V, the input current becomes negative and power flows from load to
source.

« Average output voltage is positive

« Average output current can take both positive and negative values.

» Choppers CH1 & CH2 should not be turned ON simultaneously as it would result in
short circuiting the supply.

« Class C Chopper can be used both for dc motor control and regenerative braking of
dc motor.

» Class C Chopper can be used as a step-up or step-down chopper.
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4. Class D Chopper

« Class D is a two quadrant chopper.

* When both CH1 and CH2 are triggered simultaneously, the output voltage vO = V
and output current flows through the load.

*  When CH1 and CH2 are turned OFF, the load current continues to flow in the same
direction through load, D1 and D2 , due to the energy stored in the inductor L.

« Output voltage vO = - V..

« Average load voltage is positive if chopper ON time is more than the OFF time

« Auverage output voltage becomes negative if tON < tOFF .

» Hence the direction of load current is always positive but load voltage can be positive
or negative.
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5. Class E Chopper
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N
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Four Quadrant Operation

CH, - D, Conducts | CH, - CH, ON
D, - D, Conducts | CH, - D, Conducts

CH,;-CH, ON |D,- D, Conducts
CH, - D, Conducts | CH, - D, Conducts

» Class E is a four quadrant chopper

* When CH1 and CH4 are triggered, output current ip flows in positive direction
through CH1 and CH4, and with output voltage vo = V.

» This gives the first quadrant operation.

*  When both CH1 and CH4 are OFF, the energy stored in the inductor L drives io
through D2 and D3 in the same direction, but output voltage vo =-V.

» Therefore the chopper operates in the fourth quadrant.

«  When CH2 and CH3 are triggered, the load current io flows in opposite direction &
output voltage vo = -V.

« Since both ip and v are negative, the chopper operates in third quadrant.

*  When both CH2 and CH3 are OFF, the load current ip continues to flow in the same
direction D1 and D4 and the output voltage  vo = V.

« Therefore the chopper operates in second quadrant as Vo is positive but io is negative.

Effect Of Source & Load Inductance

« The source inductance should be as small as possible to limit the transient voltage.

« Also source inductance may cause commutation problem for the chopper.

« Usually an input filter is used to overcome the problem of source inductance.

« The load ripple current is inversely proportional to load inductance and chopping
frequency.

« Peak load current depends on load inductance.

« To limit the load ripple current, a smoothing inductor is connected in series with the
load.

. 5 Impulse Commutated Chopper
Impulse commutated choppers are widely used in high power circuits where load

fluctuation is not large.

This chopper is also known as
— Parallel capacitor turn-off chopper
— Voltage commutated chopper

\‘
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— Classical chopper.

Ls T Ity
o—(TTIT0__g > @ S
I/I 7 7
44 a |+ IL A +
__C
_ T -
e 2 /\ FwD
¢ ~L L
v ¢ LT ' ol 1,
S é 0
L D,
v -
O -

» To start the circuit, capacitor ‘C’ is initially charged with polarity (with plate ‘a’
positive) by triggering the thyristor T2.

« Capacitor ‘C’ gets charged through VS, C, T2 and load.

« As the charging current decays to zero thyristor T2 will be turned-off.

« With capacitor charged with plate ‘a’ positive the circuit is ready for operation.

» Assume that the load current remains constant during the commutation process.

« For convenience the chopper operation is divided into five modes.

*  Mode-1
*  Mode-2
*  Mode-3
*  Mode-4
*  Mode-5

Mode-1 Operation

L
o——TU000.—e >
Ve L
Vs 2
D
C_

e Thyristor T1 is fired at t = 0.

« The supply voltage comes across the load.

« Load current IL flows through T1 and load.

« At the same time capacitor discharges through T1, D1, L1, & ‘C’ and the capacitor
reverses its voltage.

« This reverse voltage on capacitor is held constant by diode D1.
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Capacitor Discharge Current

i t =V \/§ sin ot
L
Where o= 1
JLC
& Capacitor Voltage
V. t =V cosaot
Mode-2 Operation
’ IL
T+ L _ I
V.-=C L
+ O
Vg T, p A
[
LT D

Thyristor T2 is now fired to commutate thyristor T1.

When T2 is ON capacitor voltage reverse biases T1 and turns if off.
The capacitor discharges through the load from -V to 0.

Discharge time is known as circuit turn-off time

Capacitor recharges back to the supply voltage (with plate ‘a’ positive).
This time is called the recharging time and is given by

Circuit turn-off time is given by
V. xC
= N
Where I is load current.
t. depends on load current, it must be designed
for the worst case condition which occur at the

tc

maximum value of load current and minimum
value of capacitor voltage.

The total time required for the capacitor to discharge and recharge is called the
commutation time and it is given by

At the end of Mode-2 capacitor has recharged to Vs and the freewheeling diode starts
conducting.
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Mode-3 Operation

.
O—ﬂmﬂ— N
T+ L + I
Ve——C T, L
V S_l__ l\l’0 @)
S L1 A
FwD LD

e FWD starts conducting and the load current decays.

e The energy stored in source inductance LS is transferred to capacitor.

e Hence capacitor charges to a voltage higher than supply voltage, T2
naturally turns off,

The instantaneous capacitor voltage is

Ve t =V +1, /%sinwst

Where

O>Oor

FWD

v—
O

« Capacitor has been overcharged i.e. its voltage is above supply voltage.
« Capacitor starts discharging in reverse direction.

» Hence capacitor current becomes negative.

« The capacitor discharges through LS, VS, FWD, D1 and L.
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* When this current reduces to zero D1 will stop conducting and the capacitor voltage
will be same as the supply voltage.

Mode-5 Operation

>
IL

/\ FWD

O>Oor

» Both thyristors are off and the load current flows through the FWD.
» This mode will end once thyristor T1 is fired.

i Capacitor Current
I
L N
0 ' >t
| CN
|
i p“— ! Il
Tl I N
LV ;_K P~ Curreht through T4
0 ;
V11 4 | ,
V7 S T — 7~ Woltage across T,

| t
1 g
|
|
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<
+
< m< <
1
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I
I
|
I
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|
I
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Q
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v
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-= 71

|
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Disadvantages

» A starting circuit is required and the starting circuit should be such that it triggers
thyristor T2 first.

» Load voltage jumps to almost twice the supply voltage when the commutation is
initiated.

» The discharging and charging time of commutation capacitor are dependent on the
load current and this limits high frequency operation, especially at low load current.

« Chopper cannot be tested without connecting load.

Thyristor T1 has to carry load current as well as resonant current resulting in increasing its
peak current rating.

Recommended questions:

1.

Explain the principle of operation of a chopper. Briefly explain time-ratio control and
PWM as applied to chopper

Explain the working of step down shopper. Determine its performance factors, VA, Vo
rms, efficiency and Ri the effective input resistane

Explain the working of step done chopper for RLE load. Obtain the expressions for
minimum load current I1max load current 12, peak — peak load ripple current di avg value
of load current la, the rms load current lo and Ri.

Give the classification of stem down converters. Explain with the help of circuit diagram
one-quadrant and four quadrant converters.

The step down chopper has a resistive load of R=10ohm and the input voltage is
Vs=220V. When the converter switch remain ON its voltage drop is Vch=2V and the
chopping frequency is 1 KHz. If the duty cycle is 50% determine a) the avg output
voltage VA, b) the rms output voltage Vo c) the converter efficiency d) the effective input
resistance Ri of the converter.

Explain the working of step-up chopper. Determine its performance factors.
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UNIT-8

INVERTERS

The converters which converts the power into ac power popularly known as the inverters,.
The application areas for the inverters include the uninterrupted power supply (UPS), the ac
motor speed controllers, etc.

N 7 + SIH\["‘:'V:"-“
H( .",;‘1‘] \p — i e

R " A nverter AC
voilaye B
|

output voltage

S— —

Fig.8.1 Block diagram of an inverter.

The inverters can be classified based on a number of factors like, the nature of output
waveform (sine, square, quasi square, PWM etc), the power devices being used (thyristor
transistor, MOSFETSs IGBTS), the configuration being used, (series. parallel, half bridge, Full
bridge), the type of commutation circuit that is being employed and Voltage source and
current source inverters.

The thyristorised inverters use SCRs as power switches. Because the input source of power is
pure de in nature, forced commutation circuit is an essential part of thyristorised inverters.
The commutation circuits must be carefully designed to ensure a successful commutation of
SCRs. The addition of the commutation circuit makes the thyristorised inverters bulky and
costly. The size and the cost of the circuit can be reduced to some extent if the operating
frequency is increased but then the inverter grade thyristors which are special thyristors
manufactured to operate at a higher frequency must be used, which are costly.

Typical applications
Un-interruptible power supply (UPS), Industrial (induction motor) drives, Traction, HVDC.

8.1 Classification of Inverters

There are different basis of classification of inverters. Inverters are broadly classified
as current source inverter and voltage source inverters. Moreover it can be classified on the
basis of devices used (SCR or gate commutation devices), circuit configuration (half bridge
or full bridge), nature of output voltage (square, quasi square or sine wave), type of circuit
(switched mode PWM or resonant converters) etc.

8.2 Principle of Operation:

1. The principle of single phase transistorised inverters can be explained with the help of Fig.
8.2. The configuration is known as the half bridge configuration.

2. The transistor Q1 is turned on for a time To/2, which makes the instantaneous voltage
across the load Vo = V12.

3. If transistor Q. is turned on at the instant To/2 by  turning Q1 off then -V/2 appears across
the load.
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Load 1 +V/2
voitage
= - - » 1
0 To/2 To 2T,
/2
Conducting Q, Q, Q ——tft—— O, —s
devices o ; R
V/IZ2R
0 ! 1
4 0 '0 V/2R
. I_-—l r——-—-l
8 T
41 VZR
Load Vi<
( __Pv.’r\‘
)
V/2R
.
+V
\t‘ -
Q VeEisat
¥ B !
> -

O —

’(_
V/2 —1'— Q, {

Fig. Load voltage and current waveforms with resistive load for half bridge inverter.

8.3 Half bridge inverter with Inductive load.

Operation with inductive load:

Let us divide the operation into four intervals. We start explanation from the second lime
interval 11 to t2 because at the beginning of this interval transistor Q1 will start conducting.

Interval 11 (tl - t2): Q1 is turned on at instant t;, the load voltage is equal to + /2 and the
positive load current increases gradually. At instant t2 the load current reaches the peak
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value. The transistor Q1 is turned off at this instant. Due to the same polarity of load voltage
and load current the energy is stored by the load. Refer Fig. 8.3(a).

V, =+ V2

Fig.8.3 (a) circuit in interval 11 (tl - t2) (b) Equivalent circuit in interval 11 (t; - t3)

Interval 111 (t2- t3): Due to inductive load, the load current direction will be maintained
same even after Q1 is turned off. The self induced voltage across the load will be negative.
The load current flows through lower half of the supply and D2 as shown in Fig. 8.3(b). In
this interval the stored energy in load is fed back to the lower half of the source and the load

voltage is clamped to -V/2.

Interval 1V (t3 - t4):

Energy

= Energ,
Source [::"1> Load Y
= = Source ¢: Loal
Vo = V/2

o — ‘ ; Q
i ll_ X
. .
Vg =+ V2
(a) Interval IV (t; - 14) (b) Interval I (ty-t,)

Fig.8.4
At the instant t3, the load current goes to zero, indicating that all the stored energy has been
returned back to the lower half of supply. At instant t3 ' Q2 ‘is turned on. This will produce a
negative load voltage vO = - V/2 and a negative load current. Load current reaches a negative

peak at the end of this interval. (See Fig. 8.4(a)).
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Fig.8.5: Current and voltage waveforms for half bridge inverter with RL load
Interval | (t4to ts) or (to to ty)

Conduction period of the transistors depends upon the load power, factor. For purely
inductive load, a transistor conducts only for T0/2 or 90 0. Depending on the load power
factor, that conduction period of the transistor will vary between 90 to 180° ( 180° for purely
resistive load).

8.4 Fourier analysis of the Load Voltage Waveform of a Half Bridge Inverter

Assumptions:

* The load voltage waveform is a perfect square wave with a zero average value.
* The load voltage waveform does not depend on the type of load.

* an, bn and cn are the Fourier coefficients.

* 0, is the displacement angle for the nth harmonic component of output voltage.
* Total dc input voltage to the inverter is V volts.
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Load §
voltage +V/2

+ ot

0 T 2n

-Vi2
Fig.8.6

Refer to Fig. 8.6 . The instantancous load voltage v, can be expressed in the fourier series

form as follows :

v v ‘ZCnsin(non- On)

0 o(av)
n=1
172
. i 2 2 Ir 1
where C = (a +b) and® =tan '| a /b
n n n n l n nJ
The values of a, and b, can be found as follows :
Expression for a_ :
2%
a = ljv (t)cosnwtdnt
n - 0
0
but vn(t) = +V/2, for0<mt<nm
and vo(l) = -V/2, fornso(t)s2n
‘x 2%
| 7/ /9 g l
W V/2)cosnotdo t- (\.'~)c05nmtd(.‘)1l
n
{() r J
\" : _ \Y .
= [sinnm~sin0]-- [sin2an-sinnn]
271n 27®n
a = 0 for all value of n.
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Expression for h" -

&R
h" = _l' I v, (1) sin not dot
U
x 2R
| .., : P ‘
b = ) |(\' 2) sin not dot |(\‘ 2) sin not dot b
n . . ’
i 2
\Y /
- [cosnm—cos0]+ -[cos2an~-cosnn |
27N 27N
o Vv
- [cosna—1]+—[] cosn=m
2nn 27 n
[1-cosnn+ | ~cosnnm |
27 n
\/
.. - [l -cosnm |
n Tn
But cosnm + 1 forn = 2, 4, 6,...1.e. for n even
b = 0 for even values of n
n
and cCosSnNTm ] for n = 1.3.5..... i.e. for n odd
2V : .
b = = for odd values of n
n nn
Expression for C,,.
2V
c = b =—
n n n

This is the peak amplitude of "™ harmonic component of the output voltage and
Oh=tan’ 0=0

and Vo (av) =0

Therefore the instantaneous output voltage of a half bridge inverter can be expressed In
Fourier series form as,

]

: 2V
v (t) = X sin not

nm
n=135

= 0 for even values of n.
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Equation indicates that the frequency spectrum of the output voltage waveform consists of
only odd order harmonic components. i.e. 1,3,5,7 ....etc. The even order harmonics are
automatically cancelled out.

RMS output voltage

0 F

orms

{2 [(v/2) dot }
[ T

RMS value of fundamental component of output voltage

In order to find the value of fundamental component of output voltage substitute n = 1 in the

above equation
2V

we get J
€ ol ( peak ) P

As the fundamental component is a sinewave, its rms value is given by,
2V Y2V

al rm ~
ol ms v2 =n -

J

=045V

8.5 Performance parameters of inverters

The output of practical inverters contains harmonics and the quality of an inverter is normally
evaluated in terms of following performance parameters:

« Harmonic factor of n™ harmonic.

» Total harmonic distortion.

* Distortion factor.

» Lowest order harmonic.

Harmonic factor of n™" harmonics HF

The harmonic factor is a measure of contribution of indivisual harmonics. It is defined as the
ratio of the rms voltage of a particular harmonic component to the rms value of fundamental
component.

T

0On rms
Hl_ﬂ il
ol rms
Where V on Rms value of the n™ harmonic of output voltage.
On 1nmns
and V = Rms value of the fundamental component.

ol rms
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Total Harmonic Distortion

The total harmonic distortion is a measure of the total amplitude of the harmonics presesent in
the output of inverter except the fundamental component. In other words it is the measure of
closeness in shape between a waveform and its fundamental component

The THD defined as,

- 172
THD = 1 g
onms
ol rms S
1/2
= ’-[v%v}%v o ]

ol rms
where V, V5 ... are the rms voltages at second, third harmonic frequencies. THD thus gives
the total harmonic content.

Distortion Factor DF

THD gives the total harmonic content but it does not indicate the level of each harmonic
component.

If a filter is used at the output of the inverter, the higher order harmonics would be attenuated
more effectively. Therefore a knowledge of both the frequency and the magnitude of each
harmonic is important.

The distortion factor indicates the amount of harmonic distortion that remains in a particular
waveform after the harmonics of that waveform have been subjected to a second order

attenuation. (i.e. divided by n%).
Thus DF is a measure of effectiveness in reducing the unwanted harmonics without having to
specify the values of a second order load filter. DF is defined as

172
i :
= 2

B == o N (vonnns/n)

OIrms Ln:2,3,..

2 2 2 -1/2

i o [(V,12%) +(Vy/38) +(V,/4) +J

olrrnsL

Lowest order Harmonic

The lowest order harmonic is that harmonic component whose frequency is the closest to the
fundamental one and its amplitude is greater than or equal to 3 % of the fundamental component.
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8.6 Single Phase Bridge Inverter

A single phase bridge inverter is shown in Fig.8.7. It consists of four transistors.
These transistors are turned on and off in pairs of Q1, Q2 and Q3 Q4.

In order to develop a positive voltage + V across the load, the transistors Q1, and O2 are
turned on simultaneously whereas to have a negative voltage - V across the load we need to
turn on the devices Q3 and Q4.

Diodes D1, D2, D3, and D4 are known as the feedback diodes, because energy feedback
takes place through these diodes when the load is inductive.

Fig.8.7: single phase full bridge inverter
Operation with resistive load

With the purely resistive load the bridge inverter operates in two different intervals In one
cycle of the output.

Mode I (0 - T0/2):

The transistors 01 and O2 conduct simultaneously in this mode. The load voltage is
+ V and load current flows from A to B. The equivalent circuit for mode 1 is as shown in Fig.
8.8 (A). Att=To/2, 0, and Q2 are turned off and Q3 and Q4 are turned on.

Energy
T Source ez L oad
g
Ve
‘ Q, Qq ( Energy
Lt Source ez Load
(a) Mode I equivalent circuit (b) Mode Il equivalent circuit

Fig.8.8

Mode I1 (Ty/2-T, ) :
« Att=T0/2, Q3 and Q4 are turned on and Q1 and Q2 are turned off. The load voltage is —V
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and load current flows from B to A. The equivalent circuit for mode 11 is as shown in Fig.
9.5.1(b). Att =To, Q3 and Q4 are turned off and Q1 and Q2 are turned on again.

« As the load is resistive it does not store any energy. Therefore the feedback diodes are not
effective here.
» The voltage and current waveforms with resistive load are as shown in Fig. 9.5.2.

Load T +V
WAGE Lo = i e
0 To/2 To
| \
Load | S S
current VIR | 1
1 L — t
O ; 'I'Z‘l‘:‘? i“']‘IZV"Z-;I-:Vi AAAAA i.

V/R
Supply T V/R
CUITENT P
........ P
0
+
la1- a2 VIR
i I e e - o . t
0 T012 To
Transistor
currents 4
las las V/R i
3 |
L Interval | Interval 11

— _*_
0102 0304 _4

Fig.8.10:Voltage and current waveforms with resistive load.

The important observations from the waveforms of Fig. 8.10 are as follows:
(i) The load current is in phase with the load voltage

(ii) The conduction period for each transistor is 1t radians or 1800

(iii) Peak current through each transistor = V/R.

(iv) Average current through each transistor = V/2R

(v) Peak forward voltage across each transistor =V volts.
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8.7 Single Phase Bridge Inverter with RL Load

The operation of the circuit can be divided into four intervals or modes. The
waveforms are as shown in Fig. 8.13.

Interval I (t; — to):

At instant tl, the pair of transistors Q1 and Q2 is turned on. The transistors are
assumed to be ideal switches. Therefore point A gets connected to positive point of dc source
V through Q, and point B gets connected to negative point of input supply.

The output voltage Vo == + V as shown in Fig 8.11(a). The load current starts increasing
exponentially due to the inductive nature of the load.

The instantaneous current through Q1 and Q2 is equal to the instantaneous load current. The
energy is stored into the inductive load during this interval of operation.

Energy

Source ==> Load

Iy I+

(a) Interval I (t; - t;) (b) Interval I (t;, - t3)
Fig.8.11

Interval 11 (t2 - t3) :

« At instant t2 both the transistors Q1 and Q2 are turned off. But the load current does not
reduce to 0 instantaneously, due to its inductive nature.

* So in order to maintain the flow of current in the same direction there is a self induced
voltage across the load. The polarity of this voltage is exactly opposite to that in the
previous mode.

« Thus output voltage becomes negative equal to - V. But the load current continues to now in
the same direction, through D3 andD4 as shown in Fig. 8.11(b).

* Thus the stored energy in the load inductance is returned back to the source in this mode.
The diodes D1 to D4 are therefore known as the feedback diodes.

* The load current decreases exponentially and goes to 0 at instant t3 when all the energy
stored ill the load is returned back to supply. D3 and D4 are turned off at t3:

Interval 111 (t3—ty)

« At instant t3 ' Q3 and Q4 are turned on simultaneously. The load voltage remains negative
equal to - V but the direction of load current will reverse and become negative.

» The current increases exponentially in the negative direction. And the load again stores
energy) in this mode of operation. This is as shown in Fig. 8.12(a) .
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Energy

: 03 l T ZS D, Source <=3 Load

lll‘f'
<

Energy

Source =2 Load

(a) Interval II (t; - ty (b) Interval IV (tytots)or(t,~t;)
Fig.8.12

Interval IV (t4to ts) or (toto ty)

* At instant t4 or to the transistors Q3 and Q4 are turned off. The load inductance tries to
maintain the load current in the same direction, by inducing a positive load voltage.

* This will forward bias the diodes D) and D2. The load stored energy is returned back to the
input dc supply. The load voltage Vo = + V but the load current remains negative and
decrease exponentially towards 0. This is as shown in Fig. 8.12(b).

* At t5 ortl the load current goes to zero and transistors Q1 and Q2 can be turned on again.

Conduction period of devices:

* The conduction period with a very highly inductive load, will be T014 or 90 0 for all the
transistors as well as the diodes.

« The conduction period of transistors will increase towards To/2.or 180° with increase in thl
load power factor. (i.e., as the load becomes more and more resistive).
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(ta-13)

(t3—1ty)

Interval (t-1) (t-1)

Mode v I 1 m
Sl D; D, Q,Q; D D, i
Output Voltage +V +V -V -V
Output Current Negative Positive Positive Negative

Power Flow Load to source Source to Load Load to source Source to Load
Load ;
Voltage a4 Load voltage

Load current

Energy stored
by load

Energy returned
back

Fig.8.13. voltage and current waveforms for single phase bridge inverter with RL load.
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Analysis of Bridge Inverter :

The output voltage waveform is as shown in Fig. 8.13 .
RMS output voltage :

The rms output voltage can be found from the output voltage waveform of Fig.8.13 as

. 172
T2
R 0 N
Vous. = |55 Uk
0" o
. 172
v 12 v? To
e T ?-0 =V volts
[ "o

Fourier series representation :

1. Fourier series for output voltage of full bridge inverter is found on the same lines as that of a
half bridge inverter discussed in the previous section.

2. The shape of the load voltage waveform of a bridge inverter is same as that of a half bridge
circuit, except for the value of peak output voltage.

3. The peak output voltage is *“V” volts here therefore the expression for the output voltage in
terms of Fourier series is expressed on the same lines, i.c. substitute the value of
instantancous output voltage as + V instead of + V /2.

4, The instantancous output voltage can be expressed in Fourier series as follows :
o
4V .
v ) = — t
% (1) Z == sinn ®
n=1,3,§,...
That means v(ot) = ﬂsin(onﬂsinlCmu oy sinSot+...
° n in Sw

Conclusion :

This equation indicates following things :
(1)  The output voltage waveform contains only the odd order harmonic components i.c. 3,5,7..... .
The even order harmonics (i.e n = 2.4.6...) are automatically cancelled.

SJBIT/Dept of ECE Page 255



Power Electronics 06EC73

In this equation Z 6 = VR2+(nu)L)2 is the impedance offered by the load to the n

. 4V . ' 5
harmonic component and — is the peak amplitude of n™ harmonic voltage.
nm

And Gn = tan”! (nwL/R)

Prob 1 A single phase half bridge inverter has a resistive load of R = 3Q and the dc input
voltage V = 24 volts. Determine
(@) The rms output voltage at the fundamental frequency, V,

(b) The output power P,

(c) The average and peak currents of each transistor.

(d) The peak reverse blocking voltage Vg for each transistor

(e) Total harmonic distortion THD

() The distortion factor DF

(g) The harmonic factor and the distortion factor of the lowest order harmonic.

Soln. :
Data V = 24 volts. R=3Q
()  The rms output voltage at fundamental frequency = V,
2V
= —=— = 10.8 voits.
V2=
Vims = 10.8 volts.
(if)  The output power :
= 2 = v/
P, = Vi/R and V,=V/2
where V= rmms output voltage.

P, = (12)%/3 = 48 watt.
P = 48 watt

o

(i) The average and peak current of each transistor.
The average current

T2

s jl . il

bt (av) T /2R 7RT 4R
0
average transistor current
lT(av) = 24/3 x4 IT“w) 2 Amp
The transistor peak current
V2
== e =4 AMD

T(pcak) R
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(iv)  Peak reverse blocking voltage V. for each transistor.

VBR = 2 x% = 24 volts.

(v)  Total harmonic distortion (THD)
1/2

i

™D - ——| ¥ v2__
:2_

A"
lrmsn 3

\'

- 10.8 volts as already calculated in (i)

The rms harmonic voltage
1/2

™M
S

172
= (Vi-v )‘/2=[122-(|o.s)2] = 523 volts.
o ol ms

il

THD
(vi) The distortion factor DF

5.23/10.8 = 0.484 = 484 %

W Gl 3 Von rms
Vl n?
NI n=3.5.7

Vv
to find —*5™= we have to find V, _ first

I.\2
o0
v = > g!sinnml=0, for, n = 2,46 ;
o nmn
n= 135
= 2—Ysinwt+ﬂsin3mt+&sin5mt+»2vsin7ml+..
o 1 In 5n T=n
_ 2V _ _ 2V _
V3mi = 3.‘”5—3.6 volts. VSrms <G 2.16 volts.
L 1.54 volts. - VQrms = 1.2 volts.
1 = (.982 volts. Vv = 0.83 volts.
ms 13 rms
-1/2_

a

n=3 5.7

1/2
[(v3/32)2+(v5/52)2+(v7/72)2+ ]

-

|

172
[0.16 +00348 +23x 103 + ... ] = 0.4 volts.
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DF = 0.44/10.8 = 0.041 DF = 4.1 %,
(vii) The lowest harmonic is third harmonic

HF for the third harmonic = HF3 =V /V

3ms I rms

3.6/10.8 = 33.33%
DF the third harmonic DF; = (V,, ./3*)/V

3 rms I rms

(3.679)/10.8 = 0.037 or 3.7%

8.8 Comparison of half bridge and full bridge inverters

(Sr.No.|  Parameter | Halfbridge | Full bridge |
‘ 1 | Need of an output transformer | Not needed | Not needed
‘ 2 Number of transistors required | Two Four
1 | to be used. N i , ) '
3 | Efficiency | High ' High
4 Voltage across the V Volts V Volts
nonconducting transistor | ,
5 Output voltage waveform Square, Quasi Square, Quasi square or
square or PWM PWM
6 Current rating of power device | Equal to the load Equal to the load current |
| current | |
7 Number of devices conducting | One Two
} | simultancously , ) e ey
8 Necessity of dead band to Yes Yes

| avoid cross conduction ‘

8.9 Principle of Operation of CSI:

The circuit diagram of current source inverter is shown in Fig. 8.14. The variable dc voltage
source is converted into variable current source by using inductance L.

<
m
O
0
1]
Al
"

Variatie de voltage

Fig.8.14. CSl using Thyristor
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The current I supplied to the single phase transistorised inverter is adjusted by the
combination of variable dc voltage and inductance L.

The waveforms of base currents and output current io are as shown in Fig. 8.15. When
transistors Q1 and Q2 conduct simultaneously, the output current is positive and equal to + I..
When transistors Q3 and Q4 conduct simultaneously the output current io = - IL.

But io = 0 when the transistors from same arm i.e. Q( Q4 or Q2 Q3 conduct simultaneously.

of | Base
Oriving

lt 3 | I wavelorms

» (1

. 8N BE

[Ou(r\ut current i, l

—

27" o
Q biA
]I,
NN KT
e ———>i——}
Q; PG 1 Qi G

Fig.8.15: Waveforms for single phase current source

The output current waveform of Fig. 8.15 is a quasi-square waveform. But it is possible to
Obtain a square wave load current by changing the pattern of base driving signals. Such
waveforms are shown in Fig. 8.16.
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Input 1
current

9 3
Output
current

0

Output 1
current

0

Fig.8.16 Waveforms

Load Voltage:
* The load current waveform in CSI has a defined shape, as it is a square waveform in this

case. But the load voltage waveform will be dependent entirely on the nature of the load.

* The load voltage with the resistive load will be a square wave, whereas with a highly
inductive load it will be a triangular waveform. The load voltage will contain frequency
components at the inverter frequency f, equal to I/T and other components at multiples of
inverter frequency.

* The load voltage waveforms for different types of loads are shown in Fig. 8.17.

Output
current

0 + ot

Load voltage 1

(R load)

0 » ol

Load voltage

NN

Fig.8.17 Load voltage waveforms for different types of loads

v

mt
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8.10 Variable DC link Inverter

The circuit diagram of a variable DC-link inverter is shown in Fig.8.18. This circuit can be
divided into two parts namely a block giving a variable DC voltage and the second part being
the bridge inverter itself.

Constant

DC voltage ZS Ca
Vs D :

] PP ——— F—

s

Variable dc voltage

Fig.8.18. Variable DC link Inverter

The components Q, Dm, Land C give out a variable DC output. L and C are the filter
components. This variable DC voltage acts as the supply voltage for the bridge inverter.

T Vge=50V

0

Fig.8.19. Output voltage Waveforms for different DC input voltages
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The pulse width (conduction period) of the transistors is maintained constant and the
variation in output voltage is obtained by varying the DC voltage.

The output voltage waveforms with a resistive load for different dc input voltages are shown
in Fig. 8.19.

We know that for a square wave inverter, the rms value of output voltage is given by,

VO ( rms) = Vdc volts
Hence by varying Vg, we can vary Vo (rms)

One important advantage of variable DC link inverters is that it is possible to eliminate or
reduce certain harmonic components from the output voltage waveform.

The disadvantage is that an extra converter stage is required to obtain a variable DC voltage
from a fixed DC. This converter can be a chopper.

Prob 2 : The 1 ¢ half bridge inverter using transistors has a resistive load of 2 Q. The DC
supply is 24V. Calculate :
() RMS output voltage at fundamental frequency
(i) Output power
(i) Average and peak current

(iv) Peak reverse blocking voltage of each transistor

Soln, :
(1) Refer to Equation (9.3.12)
RMS output voltage at fundamental frequency is given by,
V., = 045xV =045%x24
o1 ms
0.8 volts
(1) Output power = V. R But V V/2 = 12 volts
Qs Qms
i ) —n
Output power (12)°/2 = 72 watt
V 24
(1i1) Peak load current R "
6 Amp
(iv) Average load current 0
(v)  Peak reverse blocking voltage of each transistor = V = 24 volts
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Recommended questions:

1.

What are the differences between half and full bridge inverters?

2. What are the purposes of feedback diodes in inverters?

©NOUAw

What are the arrangements for obtaining three phase output voltages?

What are the methods for voltage control within the inverters?

What are the methods of voltage control of I-phase inverters? Explain them briefly.
What are the main differences between VSI and CSI?

With a neat circuit diagram, explain single phase CSI?

The single phase half bridge inverter has a resistive load of R= 2.4 Q and the dc input
voltage is Vs=48V Determine a) the rms output voltage at the fundamental frequency
Vol b) The output power Po c) the average and peak currents of each transistor d) the
peak reverse blocking voltage Vbr of each transistor €) the THD f) the DF g) the HF
and DF of the LOH.

SJBIT/Dept of ECE Page 263



