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ABSTRACT 

Due to the increase of non-linear loads in utility systems, the quality of power has attracted 

much attention in resent years. The low power factor and large harmonics line currents generated by 

rectifiers are well known problems that can lead to voltage distortion, and increase losses in the 

transmission and distribution lines. To overcome these problems active current wave shaping 

techniques have been developed to provide nearly sinusoidal source current. A SVMbased HCC for 

the three-phase PWM rectifier is proposed. This technique utilizes advantages of the HCC and SVM 

technique. This configuration reduces significantly the number of switching and at the same time 

gives the same state space vectors as those obtained from. the SVM technique. The proposal current 

controller confines state space vectors from a region detector and apply a proper space vector 

selected according to the HCC for better current shape. A set of state space vectors including the 

zero vectors is determined from the region detector made up of three comparators. Hard ware 

implementation circuits and software development have been discussed. Simulation and 

Experimental results have been discussed. 

iii 



Contents 

Page No. 

Candidate's declaration i 

Acknowledgement ii 
Abstract iii 
Contents iv 

Chapter 1 Introduction 
1.1 General 1 

1.2 Statement of problem - 2 
1.3 Organization of this dissertation 3 

Chapter 2 Background Of Power actor Correction 
2.1 Nonlinear loads and their effect on the electricity 4 

distribution network 

2.2 Standards regulating line current harmonics 5 

2.3 Power Factor Correction (PFC) Basics 7 

Chapter 3 High Power Factor Rectifiers 
3.1 Basic operation of High power factor rectifiers 13 

3.1.1 Discontinuous mode operation 16 
3.2.2 Continuous mode operation 20 

3.2 Force Commutated Three-Phase Controlled Rectifiers 25 
Chapter 4 Proposed Control Technique 

4.1 Existing Control Technique 35 
4.1.1 Hysteresis Current Control 36 
4.1.2 Space Vector Modulation 38 

4.2 Proposed Control Technique 41 
Chapter 5 Simulation Results 

5.1 Simulation Results of Experimental Prototype 48 

iv 



Page No. 

Chapter 	6 System Development 

6.1 Hardware development 57 

6.1.1 Power circuit 57 

6.1.2 Pulse Amplification and Isolation Circuit 58 

6.1.3 Power Supplies 59 

6.1.4 Circuit Protection 61 

6.1.5 Current Sensor Circuit 62 

6.1.6 Control circuit 63 

6.1.7 Generation of Reference Current 65 

6.2 Software development 66 

Chapter 	7 Experimental Results 72 

Chapter 	8 Conclusion 83 

References 84 

Appendix-A 86 

Appendix-B 88 

v 



CHAPTER-1 

INTRODUCTION 

1.1 General 
Traditionally, three phase- Controlled or diode rectifiers perform three-phase AC-

to-DC conversions. Since these rectifiers draw non-sinusoidal currents or reactive power 

from the source, the power quality of the distribution network is greatly deteriorated, 

resulting in low efficiency of utilities. Recently, more and more stringent limits on the 

level of harmonics promote the growth of power factor correction techniques in frontend 

power converters. Among three-phase ac-to-dc pwm rectifiers, boost-type topologies are 

frequently used because of continuous input currents and high output voltages. Most 

popular topology is: a six switch full-bridge boost rectifier. This converter uses six 

switches to achieve sinusoidal input current control and to share the output power. The 

inductors and capacitor filter the high-frequency switching harmonics, and have little 

influence on the low frequency ac components of the waveforms. So its features include 

continuous input current, excellent power factor, and low switch current rating [1]. 

The dissertation deals with development of high input p.f converter. The SVM 

based HCC will be used to control the converter. Current control plays most important 

role in current controlled pwm converter. In a conventional current control scheme, due 

to easy implementation, fast dynamic response, maximum current limit, and insensitivity 

to load parameter variations, the 3 independent hysteresis current controls (HCC) are 

used. But due to lack of coordination among the individual HCC's of these phases, high 

switching frequency at lower modulation may happen. In addition the current error is not 

strictly limited. [3] 

On the other hand, the space vector modulation (SVM) scheme has two excellent 

features in that its maximum out put voltage is larger and the no of switching is less at the 

same carrier frequency as compared to sinusoidal pwm method. In this a set of space 

vectors including the zero voltage vectors for changing the current direction can be 

utilized to reduce the no of switching greatly. 
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The SVM technique confines state space vectors to be applied according to the 

region where the output voltage vector is located. To minimize the current error between 

the current command and line current, the SVM technique requires a considerable 

calculation burden. The space vector approach can provide fast dynamic control, but is 

quite complicated to implement and requires significant computational resources. High 

speed microprocessors or digital signal processors are required. [2] 

On the other hand, the HCC can be utilized to make the line current vector track 

the command vector with almost negligible response time and insensitivity to line voltage 

and parameter variation. However, the HCC generates other vectors besides the state 

space vectors required according to the region in the SVM technique and increases the 

number of switching. If the zero vectors are applied to reduce the magnitude of the line 

current vector, the line current is decreased with slow slope and the number of switching 

is decreased. Thus the utilization of non-zero vectors instead of the zero vectors for 

decreasing the line current increases the number of switching. Therefore, a SVMbased 

HCC utilizing all features of the HCC and SVM technique needs to be developed. 

In the space vector based hysteresis current controller configuration the no of 

switching reduces, significantly and at the same time gives the same state space vectors 

as those obtained from the SVM technique. The current controller confine state space 

vectors from the region detector and applies a proper space vector selected according to 

the HCC for better current shape. In the dissertation work, SVM based HCC was 

designed and developed. 

1.2 Statement of problem 

° Development of three-phase AC-to-DC converter 

° Design and development of SVM based HCC control scheme 

° Simulation of the High input power factor converter applying space vector 

modulation using MATLAB 
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1.3 Organization of this dissertation 

• Chapter 2 defines driving concepts behind requirement of power factor correction. 

• Chapter 3 presents the basic operation and different topologies of a high power 

factor rectifier. 

• Chapter 4 discusses about the existing and proposed control techniques to achieve 

unity power factor input current waveform for a converter. 

• Chapter 5 presents the simulation results for the proposed high power factor 

converter. 	 - - 

• Chapter 6 discusses about the development of hardware setup for the proposed 

high power factor converter. 

• Chapter 7 presents the experimental results form the hardware setup. 
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CHAPTER-2 

BACKGROUND OF POWERFACTOR CORRECTION 

2.1 Nonlinear loads and their effect on the electricity distribution 

Network 

The equipment connected to an electricity distribution network usually needs 

some kind of power conditioning, typically rectification, which produces a non-sinusoidal 

line current due to the nonlinear input characteristic. The most significant examples of 

nonlinear loads- are reviewed next. -Line-frequency diode rectifiers convert AC input 

voltage into DC output voltage in a un controlled manner. Single-phase diode rectifiers 

are needed in relatively low power equipment that need some kind of power conditioning, 

such as electronic equipment (e.g. TVs, office equipment, battery chargers, electronic 

ballasts) and household appliances. For higher power, three phase diode rectifiers are 

used, e.g. in variable-speed drives and industrial equipment. In both single- and three-

phase rectifiers, a large filtering capacitor is connected across the rectifier output to 

obtain DC output voltage with low ripple. As a consequence, the line current is non 

sinusoidal. Line-frequency phase-controlled rectifiers are used for controlling the transfer 

of energy between the AC input and the adjustable DC output. They are applied, for 

example, in some DC and AC motor drives with regenerative capabilities, or the 

temperature in resistive heaters. In every case, the line current is non sinusoidal. Gas 

discharge lamps with line-frequency ballast are nonlinear loads, as well. Hence, their fine 

current is non sinusoidal. 

Line current harmonics have a number of undesirable effects on both the 

distribution network and consumers. These effects include: 

• Losses and overheating in transformers shunt capacitors, power cables, AC 

machines and switchgear, leading to premature aging and failure. 

• Reduced power factor, hence less active power available from a wall outlet 

having a certain apparent power rating. 
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• Electrical resonances in the power system, leading to excessive peak voltages and 

RMS currents, and causing premature aging and failure of capacitors and 

insulation. 

• Telephone interference, Errors in metering equipment, increased audio noise. 

• Cogging or crawling in induction motors, mechanical oscillation in a turbine` 

generator combination or in a motor-load system. 

2.2 Standards regulating line current harmonics 

The previously mentioned negative effects of line current distortion have 

prompted a need for setting limits for the line current harmonics of equipment connected 

to the electricity distribution network 

Standard IEC 1000-3-2 applies to equipment with a rated current up to and 

including 16Arms per phase, which is to be connected to 50Hz or 60Hz, 220L24OVrms 

single-phase, or 380-415Vrms three-phase mains. Items of electrical 

equipment are categorized into four classes (A, B, C and D), for which specific limits are 

set for the harmonic content of the line current.[7] 

Harmonic order Maximum permissible 
Harmonic current 

Odd harmonics 
3 2.30 
5 1.14 
7 0.77 
9 0.40 

11 0.33 
13 0.21 

15. n. 39 0.15*15.n 

Even harmonics 
2 1.08 
4 0.43 
6 0.30 

8.n.40 0.23*8.n 
Table 2.1 
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Class A includes: balanced three-phase equipment; household appliances, 

excluding equipment identified as Class D, tools, excluding portable tools, dimmers for 

incandescent lamps; and audio equipment. Equipment not specified in one . of the other 

three classes should be considered as Class A equipment. The limits for Class A are 

presented in Table 2.1. 

Class B equipment includes: portable tools; and nonprofessional are welding 

equipment. The limits for this class are those shown in Table 2.1 multiplied by a factor of 

1.5. 

Harmonic order Maximum permissible harmonic current 
Expressed as a percentage of the input 
Current. at the fundamental frequency 

% 
2 2 
3 30.PF 
5 10 
7 7 
9 5 

11. n. 39 3 
PF * is the circuit power factor 

Table 2.2 

Class C includes lighting equipment. For an active input power greater than 25W, 

the harmonic currents should not exceed the limits resented in Table 2.2 the harmonic 

limits for Class D are presented in Table 2.3. They are defined in both power related and 

absolute terms. These include personal computers, personal computer monitors, and 

television receivers, equipment having active input power less than or equal to 600W. 

Harmonic order Maximum permissible 
Harmonic current per 

Watt 

Maximum permissible 
Harmonic current 

3 3.4 2.30 
5 1.9 1.14 
7 1.0 0.77 
9 0.5 0.44 
11 0.35 0.33 

13. n. 39 3.85. n As in Class A 
Table 2.3 



The limits for the line current harmonics are given as a percentage of the 

maximum demand load cu rent I1 (fundamental frequency component) at the Point of 

Common Coupling — PCC at the utility. They decrease as the ratio IJIi decreases, where 

'Sc is the maximum short-circuit current at the PCC. 

2.3 Power Factor Correction (PFC) Basics 

Reduction of line current harmonics is needed in order to comply with the 

standard. This is commonly referred to as the Power Factor Correction — PFC, which may 

be misleading. Therefore, some clarification is needed. 

The power factor, PF, is defined as the ratio of the active power P to the apparent 

power S: 	PF = P PF = P  
S 	S 

For purely sinusoidal voltage and current, the classical definition is obtained: 

PF = cos cp 	 2.1 

Where cos. is the displacement factor of the voltage and current. In a classical 

sense, PFC means compensation of the displacement factor. 

We assume the line voltage to be sinusoidal, since in most cases the total 

harmonic voltage distortion is quite low, e.g. the total harmonic distortion of the line 

voltage shown in Fig. 2..1 is THDe=2 . . However, the line current is non sinusoidal 

when the load is nonlinear. Therefore, the classical definition of the power factor does not 

apply. For sinusoidal voltage and non-sinusoidal current, P.F can be expressed as: 

PF =  V'" s in Cos cp  =  I  cos cp = K cos (p V T 	I 	 P 	2..2 

I lrms K P  = I  , K P  E [0,1] 	 2.3 
rms 

The factor Kp describes the harmonic content of the current with respect to the 

fundamental. In this case, the power factor depends on both harmonic content and 

displacement factor. It appears that there is no standard term, which can be used to denote 

the factor defined by (2.3). Some authors refer to it as the `purity factor', while others as 

the `distortion factor'. We believe that `purity factor' describes its meaning more 
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accurately, as the factor is unity f or a pure sinusoidal current, and it decreases as the 

harmonic content increases. Moreover, defining it as `distortion factor' is in contradiction 

with the definition given by the IEEE Standard Dictionary on Electrical and Electronics 

Terms, which considers it as a synonym for the total harmonic distortion factor, the latter 

being defined for the line current as: 

rms

THD i  =  421  
2.4 

I 1rms 

It is straightforward to show that the relation betweenKp and THDI is: 

K= 	 2.5 
r  1+THDl 2  

Standard IEC 1000-3-2 sets limits on the harmonic content of the current but does 

not specifically regulate the purity factor Kp or the total harmonic distortion of the line 

current THDI. The values of Kp and THDI for which compliance with IEC 1000-3-2 is 

achieved depend on the power level. For low power level, even a relatively distorted line 

current may comply with the standard. In addition to this, it can be seen from (2.5) that 

the distortion factor Kp of a waveform with a moderate THD1 is close to unity (e.g. Kp = 

0.989 for THD1  =15%)[8]. 

Considering (2.2) as well, the following statements can be made: 

• A high power factor can be achieved even with a substantial harmonic cone'nt. The 

power factor PF is not significantly degraded by harmonics, unless their amplitude is 

quite large (low Kp, very large THD1). 

• Low harmonic content does not guarantee high power factor (Kp close to unity, but low 

cos. ). 

The supply power factor is critical for an economical design, and efficient and 

reliable operation of power system. Some of the disadvantages of low power factor are 

• Because of large current, the losses in the generators and transmission lines 

increase causing over heating of the system components. 

• It causes poor voltage regulation at the load. 



• As the load voltage decreases due to poor voltage regulation the power transfer 

capacity is adversely affected 

• The investment in system facilities per KW of load supplied increases with 

decrease in supply power factor Improving the power factor brings three benefits: 

• Power distribution costs for the electric company are reduced, making the power 

company much happier. A side benefit is to reduce the tendency of the current 

peaks to "flatten" the tops of the input voltage sinusoidal waveform. 

• More power can be drawn from a line of a given current rating, allowing more 

powerful equipment to be connected without having to re-wire a building, saving 

time and money. 

• Various governmental and quasi-governmental agencies are passing laws 

requiring improved power factors on certain types of equipment, especially those 

which draw a lot of power. These laws make it illegal to sell certain types of 

equipment without testing and certification of a minimum power factor. To 

continue to sell medium-to high power supplies in the future, power supply 

manufacturers will have to deal with power factor correction.[6] 

Although the first reason is nice and the second reason saves money, it is the third 

reason that has given all the impetus to power factor correction development. 

Most of the research on PFC for nonlinear loads is actually related to the 

reduction of the harmonic content of the line current. Methods for limitation and 

elimination of disturbances and harmonic pollution in the power system have been widely 

investigated. This problem rapidly intensifies with the increasing amount of electronic 

equipment (computers, radio set, printers, TV sets etc.). This equipment, a nonlinear load, 

is a source of current harmonics, which produce increase of reactive power and power 

losses in transmission lines. The harmonics also cause electromagnetic interference and, 

sometimes, dangerous resonances. They have negative influence on the control and 

automatic equipment, protection systems, and other electrical loads, resulting in reduced 

reliability and availability. Moreover, nonlinear loads and non-sinusoidal currents 

produce non sinusoidal voltage drops across the network impedances, so that non- 
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sinusoidal voltages appear at several points of the mains. It brings out overheating of line, 

transformers and generators due to the iron losses. 

Many of harmonic reduction method exist. These techniques based on passive 

components, mixing single and three-phase diode rectifiers, and power electronics 

techniques as: multi pulse rectifiers, active filters and PWM rectifiers (Fig. 2.1). They can 

be generally divided as: 

A) Harmonic reduction of already installed nm-linear load. 

B) Harmonic reduction through linear power electronics load installation. 

I Harmonic reduction techniques ~ 

Fig. 2.1 Harmonic reduction techniques 

The traditional method of current harmonic reduction involves passive filters LC, 

parallel-connected to the grid. Filters are usually constructed as series-connected legs of 

capacitors and chokes. The number of legs depends on number of filtered harmonics (s", 

7 h̀, 11th, and 13th). The advantages of passive filters are simplicity and low cost[9]. 

The disadvantages are: 

• Each installation is designed for a particular application (size and placement of 

the filters elements, risk of resonance problems), 

• High fundamental current resulting in extra power losses, 

• Filters are heavy and bulky. 



In case of diode rectifier, the simpler way to harmonic reduction of current is 

additional series coils used in the input or output of rectifier (typical 1-5%). The other 

technique, based on mixing single and three-phase non-linear loads, gives a reduced THD 

because the 5th and 7th harmonic current of a single-phase diode rectifier often are in 

counter-phase with the 5th and 7th harmonic current of a three-phase diode rectifier [10]. 

The other already power electronics techniques is use of multi pulse rectifiers. 

Although easy to implement, possess several disadvantages such as: bulky and heavy 

transformer, increased voltage drop, and increased harmonic currents at nonsymmetrical 

load or line voltages. 

An alternative to the passive filter is use of the active PWM filter (AF), which 

displays better dynamics and controls the harmonic and fundamental currents. Active 

filters are mainly divided into two different types: the active shunt filter (current filtering) 

and the active series filter (voltage filtering). 

The three-phase two-level shunt AF consists of six active switches and its 

topology is identical to the PWM inverter.AF represents a controlled current source iF  

which added to the load current IL011d yields sinusoidal line current IL  (Fig. 2.2). 

AF provides: 

• Compensation of fundamental reactive components of load current, 

• Load symetrization (from grid point of view), 

• Harmonic compensation much better than in passive filters. 

In spite of the excellent performance, AF's possess certain disadvantages as 

complex control, switching losses and EMC problems (switching noise is present in the 

line current and even in the line voltage). Therefore, for reduction of these effects, 

inclusion of a small low-pass passive filter between the line and theAF is necessary. 

load 

Fig.2.3 PWM rectifier 
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The other interesting reduction technique of current harmonic is a PWM (active) 

rectifier (Fig. 2.3). Two types of PWM converters, with a voltage source output (Fig. 

2.4a) and a current source output (Fig. 2.4b) can be used. First of them called a boost 

rectifier (increases the voltage) works with fixed DC voltage polarity, and the second, 

called a buck rectifier (reduces the voltage) operates with fixed DC current flow. 

U~ 

LJ 

6 

a 

Fig. 2.4 Two basic topologies of PWM rectifier: a) boost with voltage output b) buck 

with current output 

Among the main features of PWM rectifiers are: 

• Bi-directional power flow, 

• Nearly sinusoidal input current, 

• Regulation of input power factor to unity, 

• Low harmonic distortion of line current (THD below 5%), 

• Adjustment and stabilization of DC-link voltage (or current), 

• Reduced capacitor (or inductor) size due to the continues current. 

Furthermore, it can be properly operated under line voltage distortion and 

notching, and line voltage frequency variations. Similar to the PWM active filter, the 

PWM rectifier has a complex control structure; the efficiency is lower than the diode 

rectifier due to extra switching losses. A properly designed low-pass passive filter is 

needed in front of the PWM rectifier due to EMI concerns. 

The last technique is most promising thanks to advances in power semiconductor 

devices (enhanced speed and performance, and high ratings) and digital signal 

processors, which allow fast operation and cost reduction. It offers possibilities for 

implementation of sophisticated control algorithm. 
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CHAPTER-3 

HIGH POWER FACTOR RECTIFIERS 

3.1 Basic operation of High power factor rectifiers 
The high power factor rectifiers can be categorized as single phase and three 

phases or based on the fact whether the inductor current is continuous or disconthuous. 

S 	D 

a)  

Fig. 3.1 Second-order switching converters and their application for high-frequency 

active PFC, assuming operation in CICM: a) First-order switching cell, from which 

second-order switching converter are generated; b) Buck converter, with c) 

waveforms; d) Boost converter, with e) waveforms; f) Buck-Boost converter, with g) 
waveforms. 
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The first-order switching cell is shown in Fig. 3.1 a). The active switch S is 

controlled by an external control input. In a practical realization, this switch would to 

implemented, for example, by a MOSFET or an IGBT. The state of the second switch, 

which is diode D, is indirectly controlled by the state of the active switch and other 

circuit conditions. The switching cell also contains a storage element, which is the 

inductor L {7}. In a PFC application, the input voltage is the rectified line voltage 

Vi(t) =Vi.sin. Lt. . 	3.1 

The output voltageV2 is assumed to be constant. The first characteristic, which is 

determined by the conversion ratio of the converter, is the relation between the obtainable 

output voltage V2 and the amplitude Vi of the sinusoidal input voltage. 

The second characteristic refers to the shape of the filtered (line-frequency) input 

current. If the converter is able to operate throughout the entire line-cycle, a sinusoidal 

line current can be obtained. Otherwise the line current is distorted, being zero in a region 

around the zero-crossings of the line voltage where the converter carrot operate. 

The third characteristic is related to the high-frequency content of the input 

current. We consider that the input current is continuous if it is not interrupted by a 

switching action. This means that the inductor is placed in series at the input and only the 

inductor current ripple determines the high-frequency content of the input current. For 

CICM operation, the inductor current ripple can be relatively low, a situation in which the 

input current has a reduced high-frequency content. Conversely, the input current is 

discontinuous if it is periodically interrupted by the switching action of a switch placed in 

series at the input. In such a case, the high-frequency content of the input current is large, 

even in CICM operation. The terms continuous/discontinuous input current should not be 

confused with CICMIDICM, which refer to the inductor current 

We now briefly characterize second-order converters in the light of these 

topology-specific characteristics. The converters are shown in Fig. 3.1 towther with 

waveforms relevant for a PFC application, assuming operation in CICM. We need to 

clarify here that the given waveforms are only for supporting the explanation of the 

topology-specific characteristics. In reality, the switching frequency is much higher than 

the line-frequency and the input current waveform is dependent also on the type of 

control that is used 
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The Buck converter, shown in Fig. 3.1b), has step-down conversion ratio. 

Therefore, it is possible to obtain an output voltage V2 lower than the amplitude VI of the 

input voltage. However, the converter can operate only when the instantaneous input 

voltage Vi is higher than the output voltageV2, i.e. only during the interval 

V 
cvlte (a, JZ - a), where «= sin-1  ? 

Vi  

Hence, the line current of a power factor corrector based on a Buck converter has 

crossover distortions, as illustrated in Fig. 3.1c). Moreover, the input current of the 

converter is discontinuous. Consequently, even in CICM, the input current has a 

significant high-frequency component that has to be filtered out. 

The Boost converter is shown in Fig. 3.1d). It has a step-up conversion ratio; 

hence the output voltage V2 is always higher than the amplitudeV1 of the input voltage. 

Operation is possible throughout the line-cycle so the input current does not have 

crossover distortions. As illustrated in Fig. 3. le), the input current is continuous, because 

the inductor is placed in series at the input. Hence, an input current with reduced high-

frequency content can be obtained when operating in CICM. For these reasons, the 

Boost converter operating in CICM is widely used for PFC 

Conversion characteristics Crossover distortions Input current 

Yes, because operation is 

Buck Step-down, VZ<Vl Possible only for Discontinuous 

V awlts (a,7r - a ), «= sin '- 

Boost Step-up, V2>Vl NO Continuous 

Buck-Boost Step-down/up, V2 	'Vl NO Discontinuous 

Table 3.1 
The Buck-Boost converter, shown in Fig. 3.1f), can operate either as a step-down 

or a step up converter. This means that the output voltageV2 can be higher or lower than 

the amplitude VI of the input voltage, which gives freedom in specifying the output 

voltage. Operation is possible throughout the line-cycle and a sinusoidal line current can 

3.2 
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be obtained. However, the output voltage is inverted, which translates into higher voltage 

stress for the switch. Moreover, similar to - the Buck converter, the input current is 

discontinuous with significant high-frequency content, as illustrated in Fig. 3.1g). The 

topology-specific characteristics are summarized in Table 3.1 

One common principle that applies to all three topologies, regardless of 

operational mode or control method is: In steady state operation, the voltage across the 

inductor, averaged over each switching cycle, must equal zero. Otherwise, the average 

inductor current would change, violating the steady state premise. Each of the three basic 

circuit families has a unique set of relationships between input and output voltages, 

currents, and duty cycle. For example, the basic buck regulator functions only with output 

voltage, V0, less than V;,, and with the same polarity. The basic boost circuit requires Vo  

greater than V;n  with the same polarity. The fly back topology functions with Vo  either 

greater or less than Vi ,, but the polarity must be opposite. 

3.1.1 Discontinuous mode operation: 

In the discontinuous inductor current mode, or "discontinuous mode", buck, boost 

and fly back circuits behave in a similar way. The inductor current is zero (hence 

discontinuous) during the last part of each switching cycle. During the first part of the 

cycle, the inductor current increases from zero, storing energy taken from the input. 

During the second part, all of this stored energy is discharged into the load, pumping 

energy from input to output. 

Three States: 

There are three distinct operational states during each switching cycle: 

1. During the switch `S', "on" time, ton, inductor current IL rises from zero to the peak 

value Ip. This peak current equates to energy stored in the inductor, L12/2, at the end of 

ton. During this time the inductor current is drawn from the input, and this energy stored 

in the inductor each cycle is power taken from the input source. 

2. When the switch turns off, the inductor voltage reverses and its stored energy forces 

the same peak current to flow through the diode. During the diode conduction time, td, 

the inductor current drives the output and linearly decreases to zero. At the end of td, all 

the energy that was stored in the inductor has been delivered to the output. 
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1 a  Iz Id Id 

It 

10 

Fig 3.2 Inductor, Switch and Diode current wave 

forms under discontinuous current mode 

3. When the current reaches zero, the inductor has no more energy. The current in all 

switching circuit elements is zero for the remainder of the switching period. During this 

idle time, t;, the circuit waits for the next clock pulse to turn the transistor back on and 

begin the next cycle. 

r 

d 

T 

Discontinuous Mode Boundary: 

When load current is increases, the control circuit causes switch `S', ton (duty 

cycle) to increase. Peak inductor current then becomes greater and diode conduction time 

td must also increase. Consequently, an increase in load current causes a steady state 

reduction in the idle time, ti. When load current increases to a certain level, ti becomes 

zero, and the discontinuous mode boundary is reached. If the load current is further 

increased, the inductor current will no longer discharge to zero every cycle, and 

continuous mode operation results. The circuit will become unstable because the loop 

gain compensation required for stable discontinuous mode operation is not adequate to 

prevent oscillation in the continuous mode. It is imperative for the control circuit to sense 

and limit the inductor current to prevent crossing this mode boundary [11]. 
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Excellent Closed Loop Response: 

In the discontinuous mode, it is easy to obtain excellent response in correcting 

disturbances that result from large step changes in line voltage and load current, because 

the inductor always starts each switching cycle with zero stored energy. This makes it 

possible for the control circuit to obtain any energy level (and power output) required, 

from zero to full output, on a cycle-by-cycle basis. The inductor "vanishes" from the 

small signal closed loop characteristic, leaving only the output capacitor with its 90-

degree phase lag. The resulting single-pole characteristic is inherently stable and easy to 

deal with in closing the loop. The right half plane zero that severely limits closed loop 

response in continuous mode boost and flyback circuits is not present in the 

discontinuous mode topologies. 

High Peak Current: 

The one main disadvantage of the discontinuous mode is the high peak current 

through the transistor, diode and output filter capacitor. This requires semiconductors 

with higher current capability and puts an extreme burden on the output filter capacitor 

ESR (equivalent series resistance) and RMS current rating requirements. For example, in 

both boost and fly back circuits, the diode is in the output, and therefore the average 

diode current, Id, must equal the OC output current, Io. Under full load conditions, if 

diode time td is 50% of the switching period, the peak current is 4 times the full load Io. 

In the buck circuit the inductor current with its better form factor drives the output, so the 

peak current is somewhat less in proportion to the output current. However, the buck 

topology is seldom used in the discontinuous mode because the continuous mode 

provides much better performance. 

Poor Open Loop Line and Load Regulation: 

The basic OC equation for the fly back topology operated in discontinuous mode is 

given below. The boost regulator has a similar but more complex formula. For the fly 

back circuit 

V o  = 1/MDrR 3.3 



It can be seen from this equation that if the duty cycle is fixed (open control loop), 

V. varies directly with V;n  and the square root of the output load resistance, Ro. In other 

words, the open loop line and load regulation is quite poor, and duty cycle D must be 

changed considerably by the control circuit to maintain the desired out put voltage under 

the full range of line and load conditions. 

Control Method: 

In all three constant frequency control methods (direct duty cycle, voltage feed 

forward, and current mode), the output voltage is compared with a fixed reference 

voltage. The resulting error voltage is amplified and used as the closed loop control 

voltage, V. 	 - 	- 

Direct Duty Cycle Control: 

Transistor duty cycle D = 	is varied in proportion to control voltage V. Poor' 

open loop line and load regulation requires fairly high loop gain for correction. The 

output filter capacitor is part of the closed loop system and introduces a phase lag, which 

delays correction of V;,, changes. 

Voltage Feed forward Control: 

A sample of the input voltage is fed directly into the control circuit and causes the 

duty cycle to vary inversely with Vi,, as well as directly with Vc  

D = K V,  

V in 

If V;,, increases, D decreases automatically so that the input volt-seconds (V;,,D) 

remains constant for a fixed V. Thus, Vc  controls input volt-seconds directly. Open loop 

line regulation is good, so that less closed loop gain is required to meet DC regulation 

requirements. Equation 3.3 becomes 

V0  = KV, 2L° 	 3.4 
f 

Where K is the feed forward ratio = V̀ n  D  
Vc  
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Current Mode Control: 

An inner, second control loop compares the peak inductor current, It,, to the 
control voltage, V. In the outer loop, Vc now controls I, directly. The inner loop provides 

good inherent line regulation, similar to voltage feed forward. Equation 3.3 becomes: 

V o = KV~ I 
1R

°
L f 

2 
3.5 

max!  p 
Where K is the inner loop current control factor K = 

max V~ 

Either voltage feed forward or current mode control is recommended. They both have 

essentially the same good effect --improved open loop line regulation, providing 

instantaneous correction to line changes and requiring less closed loop gain. 

3.1.2 Continuous mode operation: 

In the continuous inductor current mode (continuous mode), the inductor current 

is never zero during any part of the switching cycle. Compared to the discontinuous mode 

for the same application parameters, the continuous mode requires much greatar 

inductance. The inductor ripple current is small compared to the full load output current. 

Current Waveforms 

Continuous mode waveforms are shown in Figure 3.3 Just as with the discontinuous 

mode, the inductor, transistor and diode current waveforms are exactly the same for the 

buck, boost or fly back circuits, but the input and output waveforms differ according to 

which of the three elements are in series with input and output. The boost and fly back 

circuits have similar behavior. In both cases, the output current is the diode current, Id, 

which is discontinuous. The peak output current is slightly more than half the value 

encountered in the discontinuous mode. This reduces the burden on the output capacitor. 

The buck regulator behaves very differently. Its output current is the inductor current, 

which is not discontinuous, but has a relatively Figure 3.3 gentle slope and small ripple 

amplitude. This waveform is easy to filter, substantially reducing the output capacitor 

ESR and current rating requirements. For this reason, the continuous mode buck regulator 

is the most popular switching power supply configuration; particularly at higher power 
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levels where the much higher peak current encountered with all other configurations put 

an intolerable burden on the output filter capacitor. [11] 

IdL RE. Fig 3.3 Inductor, Switch and Diode current 

wave forms under continuous current mode 

Two States: 

Because the inductor current is never zero, there is no idle time in the continuous 

mode and only two operational states during each switching cycle. 

1. During transistor "on" time, ton, inductor current IL  increases from an initial value 

(greater than zero) to a higher value, replacing the inductor energy given up during the 

"off" time. Current (and power) is drawn from the input. 

2. When the transistor is off, the diode conducts for the rest of each cycle. IL declines to 

the initial value, never reaching zero but giving up energy to the output. 

In continuous mode operation, the up slope and down slope of inductor current 

are dependent only upon the input and output voltage levels and totally independent of 

the average inductor current or output load current. Without the flexibility provided by 

the third (idle) state of the discontinuous mode, V;, Vo and duty cycle D are related 

differently for each topology. In the buck regulator, for example, the average voltage at 

the input side of the inductor is Vinton/T, or V1 D, while the voltage at the inductor 

output is Vo. In the steady state, the average voltage across the inductor must be zero, so 

Vo  = V;0D. This is the basic DC equation for the buck regulator. There are no terms 

relating to load current or resistance, which indicates excellent open loop load regulation. 
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When Io changes, steady-state IL  also changes, but the inductor ripple current and Vo  do 

not change. 

Continuous Mode Boundary: 

Minimum Load Current, when the load current decreases, the duty cycle and 

inductor ripple current do not change (except momentarily), but the average inductor 

current declines proportionately. 

For the buck regulator Jo = IL, 

For boost and fly back L, = (1-D) IL. 

At a certain critical load current level, the inductor current reaches zero at the 

minimum of the ripple waveform. This is the boundary for continuous mode operation. If 

the load current further decreases, the third state idle time appears, and the circuit 

operates discontinuously, with completely different operating characteristics. DC 

regulation degrades radically. In a continuous mode regulator, the load current must not 

be allowed to drop below the critical level where this boundary is crossed. This minimum 

load requirement is a disadvantage of continuous mode systems. 

Poor Closed Loop Response: 

Small signal response of continuous mode regulators is much worse than 

discontinuous mode circuits because of the two pole second order characteristic of the 

resonant LC filter. Boost and fly back circuits also have a right half plane zero in their 

loop gain characteristic. While it is theoretically possible to compensate for the two filter 

poles, the capacitors used in the compensation network charge to unusual voltage levels. 

during periods of large signal limited operation, when inductor current cannot keep up 

with changes in load current. This causes output voltage offset errors, which take 

considerable time for correction. Current mode control overcomes this problem in 

continuous mode buck regulators by eliminating the inductor pole. Only the single first 

order filter capacitor pole remains, the same as in the discontinuous mode circuits. 

The RHP zero associated with boost and fly back continuous mode circuits is 

much more difficult to deal with. In buck regulators, output current 10 equab inductor 

current IL, but in boost and fly back circuits, Jo = IL[1-D]. Consider the process in a fly 

22 



back regulator. When load current increases, the output capacitor voltage immediately 

starts to drop. The resulting error voltage temporarily increases the duty cycle, D, causing 

the inductor current to rise to accommodate the increased load. However, it may take 

many cycles for the inductor current to complete its rise. During this time, increased D 

makes [1-D] smaller, so the output current is temporarily decreased, the opposite of what 

is desired. This additional lag because of the RHP zero inevitably forces the loop gain 

crossover frequency to be much lower than otherwise desired. There is in addition a large 

signal problem with continuous mode circuits--the inability to rapidly slew the inductor 

current as desired with large step changes in load. This is because of the large inductor 

values used in continuous mode circuits. The problem is most severe when attempting to 

increase the inductor current when operating near minimum V;,,, especially if the circuit 

has been designed with input volt-second capability, V;,, D, only slightly greater than 

required for steady state operation. 

Good Open Loop Load Regulation & Poor Line Regulation 

The basic DC equations for the continuous mode are: 

Fly back Boost Buck 

V,, D V 	= V`" V  = V°  =V10 D 
° 1-D 1-D 

... 3.6 

Unlike the discontinuous mode, the above equations reveal that the DC output 

voltage, V0, is totally independent of output current or resistance, depending only upon 

V;n  and D. The duty cycle does not change with steady-state changes in load current, but 

D must be changed to make correction for changes in M. 

Direct Duty Cycle Control 

Moderately high loop gain is required to correct the inherent poor open loop line 

regulation. It is difficult to design the closed loop, and many problems cannot be 

overcome. See earlier comments under "Poor Closed Loop Response." 
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Voltage Feed forward. Voltage feed forward applied in the same way as the 

discontinuous mode topologies provides good open loop line regulation in the continuous 

mode buck regulator. Equation 3.6 (buck) becomes: 

Vo  = KVV  K=  VD 	 3.7 
K 

Open loop line and load regulation are both good. Closed loop gain is now 

required only for good dynamic response to changes in load. Boost and fly back 

topologies in the continuous mode are only partially compensated by this simple feed 

forward technique. Methods that are more complex will achieve compensation, but they 

are beyond the scope of this paper. 

Current Mode Control 

Applied to continuous mode buck regulators, current mode control provides 

greatly improved performance. First, the inner current control loop provides inherent 

good line regulation, even with the outer loop open. Second, the inner loop eliminates the 

filter inductor pole so that the outer loop no longer has a two-pole second order resonant 

characteristic, but only the single filter capacitor pole. The gain characteristic becomes 

very easy to compensate. Third, compensation capacitors at the error amplifier input 

[which cause output voltage errors after large signal limited operation) are not required 

because the inductor pole is eliminated. Current mode control has the single disadvantage 

that it introduces load current dependency, which does need closed loop correction. Buck 

regulator Equation 4 becomes: 

max I 
V,,=KVV R0 	K= 	 P 	 3.8 

max V, 

Current mode control also facilitates the paralleling of several individual power 

supply modules. The current control loop insures that each module will always deliver its 

assigned proportion of the total load current. In the continuous boost and fly back 

topologies, the performance improvements from current mode cmtrol are less dramatic. 

Only partial voltage feed forward compensation is accomplished. When V changes, the 

inner current control loop maintains IL constant, but 10 will change because the (1-D) 

factor relating IL to Io in boost and fly back circuits changes with V. Current mode 
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control does eliminate the inductor pole and thereby simplifies the closed loop design, but 

it does not eliminate the RHP zero, which is the worst limitation of the continuous mode 

boost and fly back circuits. 
In this operating mode, the inductor current never reaches zero during one 

switching cycle and there is always energy stored in the inductor. The volt seconds 

applied to the inductor must be balanced throughout the line-cycle by continuously 

changing the duty-cycle of the converter using an appropriate control method. 

3.2 FORCE-COMMUTATED THREE-PHASE CONTROLLED 
RECTIFIERS 

Force-commutated rectifiers are built with- •semiconductor devices with -gate turnoff 	- 

capability. The gate turn-off capability allows full control of the converter, because 

valves can be switched ON or OFF whenever required. This allows commutation of the 

valves hundred of times in one period which is not possible with line commutated 

rectifiers where thyristors are switched ON or OFF only once a cycle. 

Figure [3.4]: Basic topologies for force-commutated PWM rectifiers 

A) Current Source Rectifier, B) Voltage Source Rectifier 
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Advantages of Force-commutated rectifiers: 

a) The current or the voltage can be modulated (Pulse Width Modulation or PWM), 

generating less harmonic contamination; 

b) Power factor can be controlled; it can be made leading also; 

c) They can be built as voltage or current source rectifiers; 

d) The reversal of power in thyristor rectifiers is by reversal of voltages at the DC link. 

Instead, the force-commutated rectifiers can be implemented for both reversal of voltage 

and reversal of current. 

Here are two ways to implement force-commutated three-phase rectifiers 

• As a current source rectifier, where the power reversal is by dc voltage reversal 

• As voltage source rectifier, where the power reversal is by current reversal at the 

dc link. 

Operation of the voltage source rectifier 

The voltage source rectifier is the most widely used rectifier and because of its 

duality with the current source rectifier only its operation will be described in detail. 

The basic operation principle of the voltage source rectifier consists on keeping 

the dc link voltage at a desired reference value, using a feedback control loop. To 

accomplish this task the voltage VD is measured and compared with a reference VREF• 

The error signal generated from this comparison is used to switch ON and OFF the six 

valves of the rectifier. In this way the power can come or return to the ac source 

according to the dc link voltage requirements. The voltage VD is measured at the 

capacitor CD. 

Figure [3.5]: Operation of the Voltage Source Rectifier 
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When the current  ID  is positive (rectifier operation), the capacitor CD is 

discharged, and the error signal ask the Control Block for more power from the ac 

supply. The Control Block takes the power from the supply by generating the appropriate 

PWM signals for the six valves. In this way, more current flows from the ac to the dc 

side, and the capacitor voltage is recovered. Inversely, when ID becomes negative 

(inverter operation), the capacitor CD is overcharged, and the error signal ask the control 

to discharge the capacitor and return power to the ac mains [12]. 

The PWM Control not only can manage the active power, but reactive power also, 

allowing this type of rectifier to correct power factor. Besides, the ac current waveforms 

can be maintained almost sinusoidal, reducing harmonic contamination to the mains. 

supply. 
 

The Pulse-Width-Modulation consists on switching the valves ON and OFF, 

following a pre-established template. Particularly, this template could be a sinusoidal 

waveform of voltage or current. For example, the modulation of one phase could be as 

the one shown in figure [3.6]. This PWM pattern is a periodical waveform whose 

fundamental is a voltage with the same frequency of the template. The amplitude of this 

fundamental, called VMOD in figure [3.6], is also proportional to the amplitude of the 

template. 

Figure [3. 6]: PWM Patten and its fundamental VMOD 

To make the rectifier works properly; the PWM pattern must generate a 

fundamental VMQD with the same frequency of the power source. Changing the amplitude 

of this fundamental, and its phase-shiftwith respect to the mains, the rectifier can be 

controlled to operate in the four quadrants: leading power factor rectifier, lagging power 

factor rectifier, leading power factor inverter, and lagging power factor inverter. The 

interaction between VMOD and V (source voltage) can be seen through a phasor diagram. 
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This interaction permits to understand the four-quadrant capability of this rectifier. In the 

figure [3.8], the following operations are displayed: a) rectifier at unity power factor, b) 

inverter at unity power factor, c) capacitor (zero power factor), and d) inductor (zero 

power factor)[13] . 
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Figure [3.8]: Four-quadrant operation of the force commutated rectifier 

a) The PWM force commutated rectifier 
b) Rectifier operation at unity power factor 
c) Inverter operation at unity power factor 
d) Capacitor operation at zero power factor 
e) Inductor operation at zero power factor 

V 
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Voltage Source Current Controlled Rectifier: 
This type of control as shown in figure [3. 9] is implemented by measuring the 

instantaneous phase currents and forcing them to follow a sinusoidal current reference 

template. The amplitude of the current reference template I 	is evaluated using the 

following equation. 

IMAx = Gc.e = Gc.(VREF-VD) 	 ......... 3.9 

.- 	I 	- 	- 	. 	- 	r 
-. 	---- 

to=-V sin Or Ls - 	It 
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	 + VM 

37P7 COf .~~a 
	 x 

Figure [3. 9]: Voltage Source Current Controlled Rectifier 

Where Gc has been shown in figure [3..9], and represents the controller 

such as fuzzy, PI, P, and other. The sinusoidal waveform of the template is obtained by 

multiplying I 	with a sine function, with the same frequency of the mains, and with the 

desired phase-shift angle 4 as shown in figure [3.9]. Besides, the template must be 

synchronized with the power supply. After that, the template has been created, and is 

ready to produce the PWM pattern. 
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Voltage source voltage controlled PWM rectifier 

The figure [3.10] shows a one-phase diagram from which the control system for a 

voltage source voltage controlled rectifier is derived. This diagram represents an 

equivalent circuit of the fundamentals, i.e., pure sinusoidal at the mains side, and pure dc 

at the dc link side. The control is achieved by creating a sinusoidal voltage template 

VMOD, which is modified in amplitude and angle to interact with the mains voltage V. In 

this way the input currents are controlled without measuring them. The template VMOD  is 

generated using the differential equations that govern the rectifier. 

11,110.D (t 

()_-twi'4ii_(E) i VD CD Lt D 

conversion 
[__ ____________ ____________ 

SOURCE 
	

RECTIFIER 
	

LOAD 

Figure [3. 10]: One-phase Fundamental diagram of the voltage source rectifier 

From figure [3.10] the following differential equation can be derived: 

V(t) = LS dt +R is  + VMQD (t) 

Assuming that v(t) = V n sin(wt) 

.........3.10 

, then the solution for i(t), to get a 

template VMOD  able to make the rectifier work at constant power factor should be of the 

form 

is (t) ='MAX (t) sin(wt + 0) 	..........3.11 

Equations (3.9) (3.11) and v(t) allows to get a function of time able to modify 

VMOD in amplitude and phase, which will make the rectifier work at fixed power factor. 

Combining these equations with v(t) it yields: 
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v,,(t)=Vr2+XJ„w sin0— R1 +LS J oos~ sinat— X~I„ ooso+ Ri,,, +LS 	sink Coact 

3.12 
The equation (3.12) allows getting a template for VMOD, which is controlled 

through variations of the input current amplitude Ix. The derivatives of 'MAX into 

equation (3.12) make sense, because IMAJ changes every time the do load is modified. The 

term Xs in eq. (3.12) is co Ls. This equation can also be written for unity power factor 

operation. In such a case cosh = 1, and sink = 0: 

VMOD (t) = V — RIM,X — Ls d m sin cot - X j cos cwt 
.........3.13 

With the Eq no. (3.13), a unity power factor, voltage source, voltage controlled 

PW1VI rectifier can be implemented as shown in figure 311]. It can be observed that 

equations (3.12) and (3.13) have an in phase term with the main supply (sin wt), and an 

in-quadrature term (cos wt). These two terms allow the template VMOD to change in 

magnitude and phase, to have full unity power factor cortrol of the rectifier. 

s Is R 

va  S 'nw ii 	 VDT r LOAD 

PWM generation 
v1 	1QD +f 

Synaar_. 

coot) J 	X )H -Xs 

Figure [3.11]: Implementation of the voltage controlled rectifier for unity power- 

factor operation 
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Compared with the control block of figure [3. 3], in the voltage source voltage 

controlled rectifier of figure [3.10], there is no need to sense the input currents. However, 

to ensure stability limits as good as the limits of the current controlled rectifier, the blocks 

`—R—sLs' and `—Xs' in figure [3.10], have to emulate and reproduce exactly the real 

values of R, XS and LS of the power circuit. However, these parameters do not remain 

constant, and this fact affects the stability of this system, making it less stable than the 

system showed in figure [3. 5]. 

Voltage source load controlled PWM rectifier 
A simple method of control for small PWM rectifiers (up to 10-20 kW) is based 

on the direct control of the dc current. The figure [3.11] shows the schematic of this 

control system. The fundamental voltage VMOD modulated by the rectifier is produced by 

a fixed and unique PWM pattern, which can be carefully selected to eliminate most 

undesirable harmonics. As the PWM does not change, it can be stored in a permanent 

digital memory (ROM). 

Figure 3.12: Voltage Source Load Controlled PWM Rectifier 
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The control is based on changing the power angle 8 between the mains voltage V 

and fundamental PWM voltage VMOD. When S changes, the amount of power flow 

transferred from the ac to the dc side changes. When the power angle is negative (VMOD 

lags V), the power flow goes from the ac to the dc side. When the power angle is positive, 

the power flows in the opposite direction. Then, the power angle can be controlled 

through the current ID. The voltage VD does not need to be sensed, because this control 

establishes a stable dc voltage operation for each dc current and power angle. With these 

characteristics, it is possible to find a relation between ID and 8, to get constant dc voltage 

for all load conditions. This relation is given by: 

V .cosO-- S sin6 —1 
ID= f(S)= R 

R 1+ 
R)

2 
 

 3.14 

From equation (3.14) a plot and a reciprocal function S = f(ID) is obtained to 

control the rectifier. The relation between ID and S allows leading power factor operation 

and null regulation. The leading power factor operation is shown in the phasor diagram of 

figure [3.12. he control scheme of the voltage source load controlled rectifier is 

characterized by the following: i) there is neither input current sensors nor dc voltage 

sensor; ii) it works with a fixed and predefined PWM pattern; iii) it presents a very good 

stability; iv) its stability does not depend on the size of the dc capacitor; v) it can work at 

leading power factor for all load conditions; and vi) it can be adjusted with eq. ( 3.14 ) 

to work at zero regulation. The drawback appears when R in equation ( 3.14 ) becomes 

negligible, because in such a case the control system is unable to find an equilibrium 

point for the dc link voltage. That is the reason why this control method is not applicable 

to large systems. 

The additional advantages of force-commutated rectifiers with respect to line-

commutated rectifiers make them better candidates for industrial requirements. They 

permit new applications such as rectifiers with harmonic elimination capability (active 

filters), power factor compensators, machine drives with four-quadrant operation, 

frequency links to connect 50 Hz with 60 Hz systems, and regenerative converters for 

traction power supplies. The modulation with very fast valves such as IGBTs permits to 
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get almost sinusoidal currents. The dynamics of these rectifiers is so fast that they can 

reverse power almost instantaneously. In machine drives, current source PWM rectifiers 

can be used to drive do machines from the three-phase supply. Four-quadrant 

applications, using voltage source PWM rectifiers, are extended for induction machines, 

synchronous machines with starting control, and special machines such as brushless-dc 

motors. Back-to-Back systems are being used in many countries to link power systems 

with different frequency. 

In this chapter I have discussed about basic types of high power factor converters 

and basic operations continuous and discontinuous current conduction modes in detail. 

After that I have discussed about types of forced commutated rectifiers and some of the 

topologies to get unity power factor and better performance. 
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CHAPTER-4 

PROPOSED CONTROL TECHNIQUE 

4.1 Existing control techniques 

Due to the increase of non-linear loads in utility systems, the quality of power has 

attracted much attention in resent years. The low power factor and large harmonics line 

currents generated by uncontrolled rectifiers are well known problems that can lead to 

voltage distortion, and increase losses in the transmission and distribution lines. To 

overcome these problems active current wave-shaping-  techniques have been developed to 

provide nearly sinusoidal source current. [14] 

Current control technique plays the most important role in current-controlled 

pulse-width modulated (PWM) rectifiers. Various techniques for the current controller of 

the PWM rectifier have been proposed. However, among these techniques, considering 

Easy implementation, fast dynamic response, Maximum current limit and insensitivity to 

load parameter variation. The HCC is a rather popular one. Nevertheless, due to lack of 

coordination among individual hysteresis current controllers of three phases, high 

switching frequency may happen and the current error is not strictly limited. Some 

hysteresis current control techniques applying the zero vectors to reduce the number of 

switching were reported recently. 

On the other hand, the space vector modulation (SVM) has been very popular in 

the past few years; the technique has gained ground as an effective means of generating 

PWM vector controlled drives. Space vector modulation offers many advantages, 

compared to the conventional pulse width modulation (PWM) method. 

Among these, the key benefits are: 

• 15% increase in the maximum line-to-line voltage obtainable, without over 

modulation, when compared to conventional PWM with Only 87% of the dc link 

voltage. 

• Reduced switching losses converter, and 

• Reduced harmonic distortion in the current. [15] 
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The SVM technique confines state space vectors to be applied according to the 

region where the output voltage vector is located. To minimize the current error between 

the current command and line current, the SVM technique requires a considerable 

calculation burden. The space vector approach can provide fast dynamic control, but is 

quite complicated to implement and requires significant computational resources. High 

speed microprocessors or digital signal processors are required. [16] 

On the other hand, the HCC can be utilized to make the line current vector track 

the command vector with almost negligible response time and insensitivity to line voltage 

and parameter variation. However, the HCC generates other vectors besides the state 

space vectors required according to the region in the SVM technique and increases the 

number of switching. If the zero vectors are applied to reduce the magnitude of the line 

current vector, the line current is decreased with slow slope and the number of switching 

is decreased. Thus the utilization of non-zero vectors instead of the zero vectors for 

decreasing the line current increases the number of switching. Therefore, a SVMbased 

HCC utilizing all features of the HCC and SVM technique needs to be developed. 

4.1.1 HYSTERESIS CURRENT CONTROL 

Hysteresis band current control method is used for the PWM rectifiers. Figure 4.1 

Shows the PWM rectifier with the hysteresis current controller. In this system, three line 

currents are sensed and compared with their respective reference line currents and 

resulting errors are amplified and send to their respective hysteresis current controllers. 

The hysteresis current controllers generate switching gate pulses for the switching 

devices of the converter as shown in figure 4.1 and 4.2. The hysteresis control is lost if 

error magnitude is smaller than the magnitude of the hysteresis band. The width of the 

hysteresis band is chosen sufficient small using trail and error method in order to operate 

the switching devices well below their maximum switching frequency capability, for a 

maximum line current operation. For narrow hysteresis band, the switching frequency is 

higher and current wave shape is more sinusoidal, hence using trai and error a 

compromise is done between switching frequency and quality of current wave shape. 

With narrow hysteresis band the possibility of loss of hysteresis control is avoided, hence 

devices having higher switching frequency range should be selected. 
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General features of switching table and hysteresis controllers 

• The switching frequency depends on the hysteresis wide of active and reactive 

power comparators. 

• Zero vectors decrease switching frequency but it provides shortcircuit for the 

line-to-line voltage. 

• Zero vectors Uo(000) and U7(111) should be appropriate chosen 

• Switching table with PLL sector detection guarantees a very stable and free of 

disturbances operation, even under distorted and unbalanced line voltages. 
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4.1.2 Space Vector Modulation 

Space vector modulation (SVM) was originally developed as a vector approach to 

pulse-width modulation (PWM) for three-phase inverters [14]. As SVM has developed, 

there appears to be some confusion about its characteristics and advantages. 

Typical claims made for SVM include the following. 

• It achieves the wide linear modulation range associated with PWM third-

harmonic injection automatically, without the need for distorted modulation. 

• It has lower base band harmonics than regular PWM or other sine based 

modulation methods, or otherwise optimizes harmonics. 

• Only one switch changes state at a time. 

• It is fast and convenient to compute [17] 

The general power circuit of the PWM rectifier with voltage link is shown in 

figure 4.2. The switching function for switchSk (k= 1, 2. . .  6) is defined as 

Sk*  =1 when switch Sk is on 

Sk*  =0 when switch Sk is off 

In the PWM rectifier with voltage link, either Sl or S4 (S3 or S6, 55 or S2) is 

conducting and only one of them is allowed to conduct in any moment, i.e. 

Sl * + S4*  =1 	 (4.1) 

S3*  + S6*  =1 	 (4.2) 

S2 + Ss =1 	 (4.3) 

In the PWM rectifier, the space vector Vn is represented as 

V. = 1/3  Vd [(Sl* - S4* ) + (S3*  - S6* ) era. /3 + (S5*  - S2* ) e2  /3 ] 	(4.4) 

Where Vd is the d.c. link voltage. Substituting the switching function, 1 or 0, of 

each phase into (4.4), the following discrete space vectors are obtained 
Vn =2/3 Vd  d(n-1). /3 , n=1,2,...,6 	(4.5) 

V, =0, 	 n=0 	 (4.6) 



DC output 

R 

Fig. 4.3 power circuit of PWM rectifier with link 

The available space voltage vectors according to eight switch states are shown in 

figure 4.4(a). Among these space voltage vectors, VO is the zero voltage vectors and it 

has two switching patterns Vo (0 0 0) and Vo (1 1 1). To obtain the required rectifier input 

space voltage vector v1(t) = V,,,, e' S`, The conduction times of the switches are 

modulated according to the amplitude and angle of Yr. Vim  and . s are the peak voltage and 

angular frequency of the space voltage vector Vr, respectively. The angle of yr  determines 

a region among six regions in the complex plane. The rectifier input space voltage vector 

yr  in figure4.4 (b) is modulated as: 

Vr  (t) = daVa  + d PVV 	 (4.7) 

This is called the space vector modulation. Then the duty cycles d. and d. of two 

state space vectors V and V adjacent to the required space vector Vr in a given region, 

and the duty cycle do of the zero vector are given by 

da =msin( 3 -0,) 

d,5  = msin0" 

do  =1—da  —d fi 	 (4.8) 

Where the modulation index m (m 0. m. 1) is defined as 

M=. 3Vrm  / Vd 	 (4.9) 
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Thus, the SVM technique utilizes three space vectors V, , V., and VO to generate 

the rectifier input voltage vector v, in the specified region. 

Using Kirchhoff's voltage law from figure 4.1, the following equation is obtained 

Ldi,/dt = VS -Vr 	 (4.10) 

Where is is the source line current vector, vs is the source voltage vector, L is the 

inductance of the input filter, and yr is the rectifier input space voltage vector. The current 

error vector ie is defined as 

ie =is*-is 	 (4.11) 

Where is# is the reference current vector. Substituting (4.11) into (4.10) produces 

Ldie/dt = V, -Vs+ Ldis"/dt (4.12) 

Thus, the line current error ie is influenced by the derivative of the current 

command, the source voltage and the rectifier input space voltage vector. To obtain the 

zero current error between the reference current vector is* and the line current vector is, 

the desired input voltage vector yr of the rectifier is as follows from (4.12) 

	

Vr* =VS - Ldis*/dt 	(4.13) 

V3 (010) 	V2 (110) 	 V 
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Figure 4.4 State space vectors and voltage components of the PWM rectifier with 

voltage link: (a) state space vectors (b) voltage components. 
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Since the rectifier input voltage Vr is modulated to generate the desired space 

voltage vector v,*, v, is represented by the quantized space vector V. Then equation 

(4.12) becomes 	Ldi~/dt = Vn - Vr* 	(4.14) 

Where Vr# is the reference space voltage vector required to generate the current 

reference vector is* without any current deviation. 

4.2 PROPOSED CONTROL TECHNIQUE 

SVM-based HCC for the three-phase PWM rectifier 

A SVM-based HCC for the three-phase PWM _ rectifier is proposed. This 

technique utilizes advantages of the HCC and SVM technique. This configuration 

reduces significantly the number of switching and at the same time gives the same state 

space vectors as those obtained from the SVM technique. The proposed current controller 

confine state space vectors from a region detector and applies a proper space vector 

selected according to the HCC for better current shape. A set of state space vectors 

including the zero vectors is determined from the region detector made up of three 

comparators. 

In general, the HCC can be utilized to make the line current vector track the 

command vector with almost negligible response time and insensitivity to the line voltage 

and parameter variation. However, due to lack of coordination among three individual 

hysteresis current controllers, high switching frequency may happen and the current error 

is not strictly limited. This problem in the HCC can be solved using the space vector 

concept. When the reference space vector Vr* is in Region I, the derivative vectors of the 

current error corresponding to the PWM phase voltage V are shown in figure 4.5. The 

proper state space vectors to generate the reference space voltage vector Vr* in this region 

are V1, V2, and V9. However, the general HCC generates other state space vectors 

including these vectors in fig 4.5(b). To reduce the number of switching, de /dt is the 

most important variable. In order to reduce the number of switching, it is necessary to 

choose a voltage vector V,, so .that. die /dt. n is as small as possible[17]. 

If the zero vectors is applied to reduce the magnitude of the current error vector 

except V1 and V2 in Region I, the line current is decreased with slow slope and the 
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number of switching is decreased, as shown in fig 4.5(c). The utilization of non-zero 

vectors instead of the zero vector gives steep slope for the current error due to large 

voltage difference v,*- V. as shown in figure 4. A set of state space vectors to be applied 

according to the region depends on the position of the reference space voltage vector in 

(4.1.3) 

V3  V2 
dr 

m 	« 

V4 	 V. 	 vl 

vn 
J \I 

Vs  V6 

°~u~ ti~wuJl!91h~4WWNVlV~ltll'lll~'194 
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(eec) 

Figure 4.5 Principle of the switching frequency reduction. (a) Derivative 
vectors of the current error in Sector L (b) Current waveform and space vectors 

when the HCC does not use the sector information. (c) Current waveform and space 
vectors when the HCC uses the sector information. 
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The region detector is proposed to detect the position of the reference space 

voltage vector. A region is detected from output signals of three comparators. The SVM 

based HCC is shown in figure 4.6(a), where a region detector is utilized to detect a region 

of the reference space voltage vector in (4.13) and it confines state vectors to be applied 

like the SVM technique. The region detector determines a set of spa w vectors to be 

applied according to the digital output signals (Sab, Sb,, Sca ) of comparators. The input of 

the comparators is the voltages via, v,b, and v,, which are the component of the reference 

space voltage vector vr#. Sab, Sb,, and Sca  are given as 

Sab=Sign (Vra*  -Vrb*) 	(4.15) 

Sbc=sign (Vrb*  -Vrc*) 	(4.16) 

Spa=sign (Vrc*  -Vra*) 	(4.17) 

Where sign (y) =1 if y>0 sign (y) =0 if y. 0 	(4.18) 

Vra 	Vrh 	Vr .i 

V *  r 

Sir? 

Sbc 

Sca 

region 

Figure 4.7 Determination of regions from the region detector. 



The signals Sab, Sbc, and Sca  include the information about the region of the 

reference space voltage vector vr*  as shown in figure 4.7. The logic equation to detect the 

region is given as: 

R 1= Sab Sbc Sca 

R 2=Sab Sbc Sca 

R3=Sab Sbc Sca 

R 4=  Sab Sbc Sca 

R 5= Sab Sbc Sca 

R 6= Sab Sbc Sca 	 (4.19) 

Where R means the region and 'is the logical NOT operator. From (19), Sab= 1, 
Sbc= 1, and Sca= 0 indicate Region I. 

The relation of the state space vector and the output of the region detector are 

shown in figure 4.6(b). Three hysteresis comparators are used to track the current 

command vector and limit the current error within the specified bound. Ba  denotes a 

status of the bound of the a-axis current error. The state space vectors Vo. V1, and V2 in 

Region I are utilized like the SVM technique as shown in figure 4.6(b). When the current 

error of the a-axis hits the upper bound of the hysteresis comparator and the current error 

of the b-axis hits the lower bound, Ba= 1 and Bb= 0. The voltage vector Vi is applied to 

increase the b-axis current lb and c axis current is simultaneously when Bb= 1 and Bc= 1. 

On the other hand, V2 is applied to decrease is  and ib simultaneously when Ba= 0 
and Bb= 0. In the other cases, the zero vector Vo is applied. The switching table for all 

regions is shown in table 4.1. Figure 6.6 shows the control circuit for the proposed 

current controller. Therefore, the gate logic of the programmable array logic (PAL) 

device is given by 

Y1= R1  (Ba  Bb Bc  + Ba  Bb' Bc) +R2Ba' Bb' Bc+ R5 Ba'Bb Bc' 

+R6 Ba  Bb Bc'+ Ba  Bb Bc  

Y2= R3Ba  Bb Bc+ R4 (Ba  Bb 'BC +Ba  Bb Bc) + R5 (Ba Bb Bc 
+Ba  Bb' Bc ) +R6Ba  Bb Bc  . 
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Y3= RiBQ  Bb ' B, '+ R2 (B a Bb ' B, ' +Ba  Bb Be ) + R3 (Ba  Bb B, 

+ BQ  Bb Bc' +R4Ba'BbB 

Sab Sbc Sca Ba Bb B, Vn  Region 

1 1 0 

0 1 0 V1 

1 0 0 1 V2  

Other Cases V0 

0 1 0 

0 0 1 V2 

2 1 0 1 V3 

Other Cases V0 

0 1 1 

1 0 1 V3 

3 1 0 0 V4 

Other Cases V0 

0 0 1 

1 0 0 V4  

4 1 1 0 V5  

Other Cases V0 

1 0 1 

1 1 0 V5 

5 0 1 0 V6  

Other Cases V0 

1 0 0 

0 1 0 V6 

6 0 1 1 Vl  

Other Cases Vo 

Table.4.1. Switching table for the proposed current controller. 

. The block diagram of the proposed SVM-based HCC for the PWM rectifier is shown 

in figure 4.8. To determine practically the region of the desired input voltage vector v1  in 

(4.13) by the region detector, the derivative of the current command vector i, is required. 

The peak current I of the current command vector is given by the d.c. link voltage 

controller and the variation of I depends on the dynamic characteristic of the voltage 

controller. 
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Figure 4.8 Block diagram of the proposed SVM-based HCC. 

The current command vector is obtained by the multiplication of the peak current 

and signals in phase with the source voltage vector via the normalizer as shown in figure 

4.7. In general, the differentiator is designed to have the characteristic of the low-pass 

filter to remove the high frequency noise. Then the bandwidth of the low-pass filter is 

designed to be greater than that of the voltage controller. 

In this chapter I have discussed about existing most popular control techniques to get 

unity power factor input current waveform. They are hysterisis current control and space 

vector modulation. These techniques are giving results satisfactorily, but they have some 

drawbacks. By investigation it can be shown that using other and vise verse can rectify 

one-control technique drawbacks. So a new technique SVM-Based HCC, which reduces 

switching frequency as well as gives same state space vectors as svrn technique has been 

proposed this chapter and it has explained in detailed. 
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CHAPTER 5 

SIMULATION RESULTS 

The High power factor converter applying space vector modulation consists of 3 

phase boost rectifier, voltage sensor, current sensor, normaliser circuit, region detector 

and svm-based hcc switching table execution circuit. The boost rectifier operates in 

continuous conduction mode. In order to theoretically investigate the performance of the 

proposed high power factor rectifier (LVHCR) the simulation of the proposed topology 

was done in MATLAB/ SIMULINK. The simulation parameters were taken as input 

source voltage is 50V ac, input boost inductor was 5mH, out put load resistance was 

10ohm and the output reference dc voltage is varied between 100 to 130V to show the 

performance of proposed high power factor converter for diffennt operating condition. 

5.1: Simulation Results of Experimental Prototype 

Case 1: Figures below show the simulation results for the experimental setup providing 

110V output voltage, input ac voltage=50v (rms) 

F 
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Fig.5.1: 3-phase input current drawn from the supply when Vo  =110V 
(.02sec/div, 5A/div, 20V/div) 
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Fundamental (BDHz) = 13.5. THD= 2.55% 
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Figure: 5.4: Harmonic Spectrum of Input Current 
Figure 5.1) shows the waveforms of 3-phase input currents as drawn from the ac- 

mains. From the figure 5.1 it is evident that the currents drawn are quite close to 

sinusoidal thus yielding high power factor. Figure 5.2 shows input voltage and current 

wave forms of one phase, from this it is clear that the input power factor is unity. Figure 

5.3 shows the output voltage and output current waveforms, the dc component of output 

voltage is 107V which is very close to reference voltage 11OV. Figure 5.4 hows harmonic 

spectrums of input current. The main contributors to the total harmonic distortion (THD) 

are the 5 h̀ and the 7 h̀ harmonics. Same explanation can be given for next two cases also. 

Case 2 Figures below show the simulation results for the experimental setup providing 

120V output voltage, input ac voltage=50v (rms) 
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Case 3 Figures below show the simulation results for the experimental setup providing 

130V output voltage, input ac voltage50v (rms) 
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Fundamental (+,MHz) = 21.8®. THD= 1.07% 
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Figure: 5.14: Harmonic Spectrum of Input Current 

In simulation the input- rms phase voltage applied was of 50v.This voltage applied 

to boost rectifier, so by considering boost effect output voltage must be 122.45 V. From 

the simulation results it is clear that whenever output reference voltage approaches this 

boost voltage, the input current waveform is approximated to sine wave with very low 

harmonic content(THD is low). From simulation results, it has been shown that whenever 

output reference voltage equals to 122±. V the harmonic content in input current 

waveform is increased. However in all the cases the input power factor equals to unity. 

Case 4 Step response (100-125V) of the proposed high power factor converter 
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Fig 5.16 Input Voltage and Input Current waveforms (.02sec/div, 1OA/div, 20V/div) 
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Case 5 Step response (125-10Y) of the proposed high power factor converter 
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From figures (5.16), (5.17), (5.18), (5.19) it is clear that step response is 

acceptable for proposed control technique. First two figures shows step response of a 

converter from 100V out put voltage to step up by 25V. Converter performance under 

this condition is very much satisfactory. Next two figures shows step response of a 

converter from 125V out put voltage to step down by 25V. Converter performance under 

this condition is also very much satisfactory. 

In this chapter the simulation results of the proposed high power factor rectifier 

have been presented. From the results it is evident that the proposed configuration works 

satisfactorily as high input power factor converter. 

56 



CHAPTER 6 

SYSTEM DEVELOPMENT 
The realization of a high input power factor converter can be divided into two parts 

• Hardware development 

• Software development 

6.1 Hardware development 
The system hardware can be divided in the following blocks: 

Power circuit 

• Pulse amplification and isolation circuit 

• AC current measurement circuit 

• Power supplies 

• Circuit protection 

• Reference current waveform generation 

6.1.1 POWER CIRCUIT: 
Figure6.1 shows the power circuit of the PWM inverter. It consists of six IGBT 

switches. Each IGBT switch is used in the circuit consists of an inbuilt anti parallel free 

wheeling diode. No forced commutation circuits are required for IGBTs because these 

are self commutated devices (they turn on when the gate signal is high and turn of when 

the gate signal is low). An RCD (resistor, capacitor and diode) turnoff circuit is 

connected to protect the circuit against high dv/dt and is protected against power voltage 

by connecting MOV (Metal Oxide Varistor). 

Insulated gate bipolar transistors (IGBT's) are widely used in switching power 

conversion applications because of their distinctive advantages, such as easiness in drive 

and high frequency switching capability. The performance of IGBT's has been 

continuously improved, and the latest IGBT's can be operated at 10-20 KHz without 

including any snubber circuit. Moreover, IGBT's are replacing MOSFET's for the 

several or several tens of kilowatts power range applications since IGBT's can handle 

higher voltage and power with higher power density and lower cost compared to 
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MOSFET's. The maximum operating frequency of IGBT's, however, is limited to 20-30 

KHz [1] because of their tail-current characteristic. To operate IGBT's at high switching 

frequencies, it is required to reduce the turn-off switching loss. Zero-voltage switching 

(ZVS) with a substantial external snubber capacitor or zero current switching (ZCS) can 

be a solution. The ZCS, however, is deemed more effective since the minority carrier is 

swept out before turning off [6]. 

DC output 

R 

Figure 6.1: PWM rectifier with voltage link 

6.1.2 Pulse Amplification and Isolation Circuit: 

The pulse amplification and isolation circuit for IGBT is shown in figure 9 The 

opto-coupler (MCT-2E) provides the necessary isolation between the low voltage 

isolation circuit and high voltage power circuit The pulse amplification is provided by 

the output amplifier transistor 2N222. 

When the input gating pulse is at +5V level, the transistor saturates, the LED 

conducts and the light emitted by it falls on the base of phototransistor, thus forming its 

base drive. The output transistor thus receive no base drive and, therefore remains in cut 

off state and a +12 v pulse (amplified) appears across it's collector terminal 

(w.r.t.ground). When the input gating pulse reaches the ground level (OV), the input 



switching transistor goes into the cut-off state and LED remains off, thus emitting no 

light and therefore a photo transistor of the opto-coupler receives no base drive and, 

therefore remains in cut-off state .A sufficient base drive now applies across the base of 

the output amplifier transistor .it goes into the saturation state and hence the output falls 

to ground level. Therefore circuit provides proper amplification and isolation. Further, 

since slightest spike above 20v can damage the IGBT, a 12 V zener diode IC connected 

across the output of isolation circuit It clamps the triggering voltage at 12 V. 
+12 V 

+12 V 

FIRING f 

GATE 

SOURCE 

0 

Figure 6.2: PULSE AMPLIFICATION AND ISOLATION CITCUIT 

6.1.3 POWER SUPPLIES 
D.0 regulated power supplies (t12 V and +5 V) are required for providing the 

biasing to various ICs, etc. the system development has in-built power supplies for this 

purpose. The circuit diagram for various dc regulated power supplies are shown in figure 

10. As, shown the single phase AC voltage is stepped down and the rectified using diode 

bridge rectifier. A capacitor of 1000microfarad, 50V is connected at the output of the 

bridge rectifier for smoothing out the ripples in the rectified dc voltage of each supply. IC 

voltage regulated chips, 7812, 7912,7805 are used for obtaining the dc-regulated 

voltages. A capacitor of 0.lmicrofarad, 50 V is connected at the output of the IC voltage 

regulator of each supply for obtaining the constant, ripple-free dc voltage. 
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DC VOLTAGE IC REGULATOR 

+5V 7805 (TO-3) 

+12V 7812 (TO-3) 

±12V 7812 (220Type), 7912 (220Type) 

Table.6.1 

705 	+ 

Qill~ 	JV 

(a) 

+ 12V 

-12V 

(b) 

Figure 6.3: Power supplies (a) +5V supply (b) ±12V supply 
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6.1.4 Circuit Protection 
(A) Snubber Circuit for IGBT protection 

IGBTs are increasingly the switch of the choice for pwm rectifiers for used in 

power electronics application, because of hard switching applications and lower 

conduction losses. Most of the IGBTs are used in hard switching applications up to 20 

kHz, beyond that switching losses in IGBTs becomes very significant. 

Switching such high currents in short time gives rise to voltage transients that 

could exceed the rating of IGBT especially if the bus voltage is close to the IGBT's 

rating. Snubbers are therefore needed to protect- the -switch from.- transients. Snubber 

circuit for IGBT as shown in Figure 

Snubbers are employed to: 

• Limit di/dt or dv/dt. 

• Transfer power dissipation from the switch to a resistor. 

• Reduce total switched losses. 

RCD snubbers are typically used in high current application. The operation of RCD 

snubber is as fallows: The turn-off makes the voltage zero at the instant the IGBT turn-

off. At turn-off, the device current is transfer through the diode L and the voltage across 

the device builds up. At the turn-on, the capacitor CS  discharges through the resistor R. 

The capacitor energy is dissipated in the resistor F, at turn-on. 

Figure6.4. Snubber circuit of IGBT 
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(B) Over voltage protection 

An additional protective device Metal oxide-varistor (MOV) is used across each 

device to provide protection against the over voltages. MOV acts as a back-to-back zener 

and bypass the transient over voltage across the device. In general the voltage rating of 

MOV is kept equal are below the rating of IGBT to protect it from the over voltages. 

(C) Over heating protection 

Due to the ohmic resistance of IGBT and anti - parallel diode, I2  R loss takes 

place as a result of the current conduction, which results the heat generation, thus raising 

the device temperature, this may be large enough to destroy the device. To keep device 

temperature within the permissible limits, all IGBTs are mounted on aluminum heat sink 

and is then dissipated to the atmosphere. 

(D) Short circuit protection 

The thermal capacity of semiconductor device is small. A surge current due to a 

short circuit may rise device temperature much above its permissible temperature rise 

limit which may instantaneously damage the device. I+nce, the short circuit protection is 

provided by fast acting fuses in series with each supply line. 

6.5 Current Sensor Circuit 

Closed loop Hall Effect current transducer is used to sense the current. The 

transducer use the ampere turn compensation method to enable the measurement of 

current from DC to high frequency with an ability to follow rapidly changing level or 

wave shapes. The application of primary current (Ip) causes a change in flux in the air 

gap. This in turn produces a change in output from hall element away from the steady 

state condition. This output is amplified to produce a current (Is), which is passed through 

a secondary winding causing a magnetizing force to oppose that of the primary current, 

thereby reducing the air gap flux. The secondary current is increased until the flux is 

reduced to zero. At this point the hall element output will return increased until the flux is 

reduced to zero. At this point the hall element output will return to steady state condition 

and the ampere-turn product of secondary circuit will match that of primary. The scaling 
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of the current measurement is such that for 1 amp current at the input of the circuit their 

will be 1 volt voltage at the output of the circuit. 

+12V 12 k0 	 -t2v +tart 
74'1 '12V 

1 	a r 	oar% 741 
tko 

-12 -121' 
sriput buffer ~ ~, ~ ~ sur bu~'er -12~ ~ 

Halte~'eet 

trans 	cer 

Figure 6.5: Current sensor circuit 

The current that passes through the secondary winding is the output current. The 

transformation ratio is calculated by the standard current transformation equation 

NPIP=N,I, 

Where 

Np= primary current, Ns= secondary current 

Ip= primary current, Is = secondary current. 

6.1.6 control circuit: 

Three hysteresis comparators are used to track the current command vector and 

limit the current error within the specified bound. Ba denotes a status of the bound of the 
a-axis current error. The state space vectors Vo, V1, and V2 in Region I are utilized like 

the SVM technique as shown in figure 4.5(b). When the current error of the a-axis hits 

the upper bound of the hysteresis comparator and the current error of the b-axis hits the 
lower bound, BQ= 1 and Bb= 0. The voltage vector V1 is applied to increase the b-axis 
current ib and c axis current is simultaneously when Bb= 1 and B,= 1. 

On the other hand, V2 is applied to decrease is and ib simultaneously when BQ= 0 
and Bb= 0. In the other cases, the zero vector Vo is applied. The switching table for all 

regions is shown in table 4.1. Figure 6.6 shows the control circuit for the proposed 
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current controller. The gate logic of the programmable array logic (PAL) device is 

designed using EPROM 

Figure6.6 Control circuit for the proposed current controller. 



6.1.7 Generation of Reference Current: 

I 

Ii 

W 

Figure6.7: current reference circuit 

The peak amplitude wave and rectified wave is obtained by using isolation 

amplifier AD202, which provides isolation between the output and input stages through 

the use of internal transformer coupling. The divider circuit divides the rectified wave 

with peak amplitude of the wave. The output of divider circuit is negative in nature and 

hence it is inverted with the help of inverting circuit. Now the output is a unit-rectified 

signal. This unit rectified signal is now multiplied with the peak reference current value 

by making use of IC AD633 which gives us reference current la*.The scaling for AD202 

isolation amplifier was adjusted as for 10V input, their will be 1V output. 
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6.2 Software development 

Pc Interfacing And Control 

Pentium 80486 Processor based PC with clock frequency 2 MHz along with the 

Timer I/O card and ADC has been used for this application. This card provides two 8255 

each having three I/O ports A, B, C.. The card has two timer chips 8253-1 and 8253-2. 

Each chip has three counters out of which TIMER2 1, TIMER2 2 from 8253-2 have 

been used to generate time delays. TIMER2 1 from 8253-2 has been used to generate 

1ms interrupt. 2MHz clock from this card has been used as clock signal to all counters. 

Four bits from PORTC are being used as GATES of four counters. The interrupt used is 

IR3. The source code has been written in `C' language. 

The AC1-8316 data acquisition card was used to read two voltages and two 

currents from hardware setup and to send two voltages out. The software part was used to 

generate reference voltages for region detection in space vector modulation. This 

reference voltage V*  is given as V*  ==VS  - Ldis*/dt where Vs  is input voltage and i t  is 

reference current. 

The formula between A/D data and analog value is 

Voltage = AD - data x 1 x  10 
K gain 

Where gain is the value of A/D gain control register. The K is a coefficient and is 

equal to 32767. Input is 16 bit . 

The formula between analog value and A/D data is 

DAn 
V  Oitt  = — V  ref X 4096 

Where Vref  is reference voltage, the Vo„t  is output voltage, and the DAn is the 

digital value in D/A registers. Output is 12 bit. 



Implementation of reference voltage generation though pc: 
The complete Software for implementation of reference voltage 

generation is divided into following modules. Each module is explained briefly with the 

flowcharts given below. 

• Main_Programe. 

• SAMPLING_ISR Interrupt Service Subroutine. 

The flow chart for the Main Program is given in Fig 6.8. Program starts 

with the initialization of local variables, global variables, I/O ports, AD card and 8253. 

Load the master timer (_TIMER2 -2) with the -count value corresponding to Ts. After that 

wait for the interrupt to come. Same process is repeated until any key presses to stop the 

programme. 

The Flowcharts for the SAMPLING_ISR module is given in fig 6.9. Program 

starts with the initialization of channel no to zero, then select a channel to read the data, 

then give start of conversion signal after conversion read the data and store it, repeat 

same procedure 4 times to read 4 channels. Calculate the Viact  and  V2act  as per the 

equation given in 4.13. Send Vlact  and V2act  out though 2 output channels, repeat same 

when ever interrupt comes. 

67 



START 

Initialization of Variables and Set the 
Sampling Time (Ts) and i1 prev=O, i2prev=0 

Disable interrupt Structure 

Set the Interrupts to the 
User defined Function 

Initialize the TIMER2_2 in 
Mode3 for Ts Interrupt 

Initialize AID card and set 
the Range -10V to +10V 

Make the Gate of 
TIMER2 2low 

Load the TIMER2_2 with the count 
value corresponding to Ts Interval 
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I1 

Make the Gate of TIMER2_2 high 

Unmask the Interrupts and 
Enable Interrupt Structure 

Wait For Key Pressed 

Any Key Is 
Pressed 

YES 

Make The Gate of TIMER2_2 Low 
and Mask the. Interrupt Structure 

END OF 
MAIN 

Fig. 6.8 Flow Chart for Main Programme 
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SAMPLING_ISR 	I START 

Set Channel=O 

Select Channel 

Issue Start of 
Conversion Signal 

Read the Status Register 

Is 
Conversion is 

YES 

Read Channel Data 

IF Channel=O Store In V1 
IF Channel=1 Store In I1 
IF Channel=2 Store In V2 
IF Channel=3 Store In 12 

Increment Channel by 1 

A 

W, 
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C NO  
Is Channel<4 

YES 

Find V1 act and V2act 
Using Equation (4.13)  

Issue V1 act and V2act to 
Analog output channels 0 and 1 

Set 	11 prey=l1 
i2prev=i2 

Issue Automatic End of Interrupt 

END 

Fig.6.9 Flow Chart For sampling ISRsubroutine 
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CHAPTER 7 

EXPERMENTAL RESULTS 

The High input power factor converter applying space vector modulation consists 

of 3 phase boost rectifier, voltage sensor, current sensor, normaliser circuit, region 

detector and svm-based hcc switching table execution circuit. 3 phase boost rectifier is 

one whose output is always greater than input source voltage. A new topology SVM 

Based HCC which combines advantages of both space vector modulation and hysterisis 

current control and rectifies drawbacks of both topologies have been explained in 

previous chapter. New on this chapter Jet_ us _discuss -about how is it's performance-

experimentally  under open loop. In this chapter the results of the experimentation carried 

on High input power factor converter are presented. 

Specifications 
• Filter inductor = 6mH 

• Output resistance =50. 

• Output capacitor =2200pF, 450V dc 

Reference current generation 
The reference current for hysterisis current control operation is generated by 

multiplying dc reference voltages with the unit sine wave vectors which are in phase with 

the source voltages, and which are generated by using AD 202 isolation amplifier and 

AD633 multipliers and this circuit has already explained in previous chapter. These 

references current are shown in fig. 7.1. These reference currents are of sinusoidal 

waveform and are in phase difference of 120 degrees. These reference currents are in 

phase with their respective source voltage waveform. This shows this circuit is working 

satisfactorily. 
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Fig. 7.1 Reference current wave forms (10ms/div, 2V/div) 

Reference voltage generation 
Reference voltage is generated by interfacing hardware and software circuits. 

These voltages have been generating by using the data acquisition card. The input voltage 

vectors VR , VY  , iR* and iy* are sensed though 4 input channels of the data acquisition 

card. These voltages and currents are continuously sensed each time whenever an 

interrupt comes at a sampling period Ts By using these voltages, currents and sampling 

time reference voltages can be generated according to eq. 4.13. The waveforms of 

reference voltages are shown in fig.7.2. These reference voltages are of sinusoidal 

waveform and are in phase difference of 120 degrees. This shows this circuit is working 

satisfactorily. 
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Fig.7.2 Reference voltage wave forms (10ms, 10v) 

Now after generating reference currents for hysterisis current control and 

reference voltages for region detection in space vector modulation. We discuss the 

performance of high input power factor converter experimertally under various operating 

conditions explained in the form of different cases. In each case input voltage, input 

current and output voltage waveforms are recorded. I have shown all these waveforms 

under various cases, which are recorded under open loop operation of 3-phase boost 

converter 

Waveforms for 

Case 1) 

Input source voltage = by 

Output resistance = 50. 

Reference current = 3.5V 
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Fig.7.3 Input line currents (10ms/div, 5V/div) 

Fig. 7.4 Output Voltage (10ms/div, .5V/div) 
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Fig. 7.5 Input voltage and input line current (10ms/div, 10V/div, 1V/div) 

From case 1 result it is clear that by using new proposed control technique 

the input line currents are sinusoidal with phase difference of 120 degrees 

between each other and they have unity power factor. The switching frequency of 

the converter is calculated as 8 KHz which is very less compared to conventional 

hysterisis current control technique in which the switching frequency may go up 

to 25-30 KHz. The voltages at the input of switches are applied according to 

space vector modulation with out using any high-speed microprocessor. So by 

using this new technique we are able to solve draw backs of both SVM as well s 

HCC. This shows proposed control works very well with unity power factor at the 
input side. 

Case 2 

Input source voltage = 13V 

Output resistance = 50. 

Reference current = 3.5V 



Fig.7.6 Input line currents (10ms/div, 5V/div) 

Fig. 7.7 Output Voltage (10ms/div, .5V/div) 
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Fig. 7.8 Input voltage and input line current (10ms/div, 5V/div,1V/div) 

From easel and case 2 it has been observing that the proposed technique is 

working properly. The input line currents are sinusoidal with unity power factor, and are 

in phase with input voltages. The output voltage in both cases is do with very low ripple. 

Case 3 

Step response of a three-phase boost rectifier in open loop condition for step-

down operation. 

Input voltage =12V 

Output resistance = 50. 

First reference current = 3V 

Step down reference current = 2 V 



Fig.7.9 Input line currents (200ms/div, 5V/div) 

Fig. 7.10 Output Voltage (200ms/div, .5V/div) 
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Case 4 
Step response of a three-phase boost rectifier in open loop condition for step- 

up operation. 
Input voltage =12V 

Output resistance = 50. 

First reference current = 1.7V 

Step down reference current = 3 V 

Fig.7.11 Input line currents (200ms/div, 5V/div) 
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Fig. 7.12 Output Voltage (204ms/div, .5V/div) 

From case 3 and case 4 results it has clear that step change in reference is allowed 
in this setup. When out put reference changes the current waveform is almost similar with 
change in magnitude. 

Thus with all these results which have been recorded under open loop operation 
of 3 phase boost rectifier, shows that the proposed control technique working correctly 
with unity power factor input currents coming from source. Thus the converter operates 
satisfactorily under open loop. 
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CHAPTER 8 

CONCLUSIONS 

In this thesis a new control technique for three-phase a.c to d.c converter is 

proposed. By using this control strategy combining space vector modulation and 

hysterisis current control, the switching numbers can be reduced and inpit current can be 

made to follow Source voltage wave form. 

A SVM-based HCC for the three-phase PWM rectifier has been presented. This 

technique utilizes all advantages of the HCC and SVM technique. This configuration 

reduces significantly the number of_s_witching _than the conventional HCC and at the same - 

time gives the same state space vectors as those obtained from the SVM technique. The 

proposed current controller gives the same maximum voltage as the SVM technique, 

almost negligible response time of the current error and insensitivity to line voltage and 

load parameter variation. The current controller confine state space vectors from the 

region detector and applies a proper space vector selected according to the HCC for better 

current shape. 

The simulation of the High input power factor boost rectifier has been carried out 

and the response of the system is quite satisfactory. The control circuits for the generation 

of reference current and reference voltage for the boost rectifier have beendeveloped and 

tested. The waveforms of the control circuit obtained experimentally have also been 

shown. The power circuit waveforms have also been shown 

All the results shown above have been carried under open loop operation of 3 

phase boost rectifier. 

As a future scope the converter can be run under closed loop operation for better 

operation, the control circuit can be still reduced if we can use pc to execute SVM-Based 

HCC switching table. Instead of pc control we can use DSP kit execute the control circuit 

and switching table, this may give fast response 
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APPENDIX A 

INFORMATION OF DATA ACQUISITION CARDS 

The following two cards have been used for this application. 

(1) NUDAQ ACL-8316: The ACL-8316 is a high performance, high speed, multi-

function data acquisition card for IBM PC/XT/AT and compatible computers. The 

key features of this card are given below. 

• 16 single-ended and 8 differential analog input channels 

• An industrial - standard- 12-bit -successive- approximation converter 

(ADC574 or equivalent) to convert analog input. The• maximum A/D 

sampling rate is 30 KHz in DMA mode. 

• Switch selectable versatile analog input ranges. 

Bipolar: ±1V, ±2V, ±5V, ±10V 

• Three A/D trigger modes: Software trigger 

Programmable pacer trig~r 

External trigger pulse trigger 

• The ability to transfer A/D converted data by program control interrupt 

handler routine, EOC interrupt, FIFI polling, FIFO or DMA transfer 

• An INTEL 8253-5 Programmable Timer/Counter provides pacer output 

(trigger pulse) at the rate of 0.5 MHz to 35 minutes/pulse to the A/D. The 

timer time base is 2 MHz. One 16-bit counter channel is reserved for user 

configurable applications. 

• Two 12-bit monolithic multiplying D/A output channels. An output range 

from 0 to ±10V can be created by using the onboard -10V reference 

• 16 TTL/DTL compatible digital input, and 16 digital output channel. 

• Auto scanning channel selection 

• Up to 100KHz A/D sampling rates 

• 3 independent programmable 16-bit down counter. 



(2) VYNITICS TIMER I/O CARD: The key features of this card are shown below. 

➢ 48 programmable Input/Output using two 8255. 

➢ Six channel of 16 Bit Timer/Counter. 

➢ 8 optically isolated Input. 

➢ 8 optically isolated Output. 

➢ Jumper selectable I/O addressing. 

➢ Hardware clock selection for Tirner/Counter. 



APPENDIX B 

IC DATA SHEETS 

1. Low Cost, Miniature Isolation Amplifiers AD 202 

FEATURES 
Small Size: 4 Channels 
Low Power: 35 mW (AD204) 
High Accuracy: _0.025% Max Nonlinearity (K Grade) 
High CMR: 130 dB (Gain = 100 V/V) 
Wide Bandwidth: 5 kHz 1111--Power(AD204) 
High CMV Isolation: 2000 Vpk Continuous (K Grade) 
(Signal and Power) 
Isolated Power Outputs 
Uncommitted Input Amplifier 
APPLICATIONS 
Multi channel Data Acquisition 
Current Shunt Measurements 
Motor Controls 
Process Signal. Isolation. 
High Voltage Instrumentation Amplifier 

GENERAL DESCRIPTION 

The AD202 and AD204 are general purpose, two-port, transformer-coupled isolation 
amplifiers that may be used in a broad range of applications where input signals must be 
measured, processed, and/or transmitted without a galvanic connection. These industry 
standard isolation amplifiers offer a complete isolation function, with both signal and 
power isolation provided for in a single compact plastic SIP or DIP style package. The 
primary distinction between the AD202 and the AD204 is that the AD202 is powered 
directly from a 15 V dc supply while the AD204 is powered by an externally supplied 
clock, such as the recommended AD246 Clock Driver. The AD202 and AD204 provide 
4n4Hl rrflhtrnnin 1C non*inri 'woh,iacf +I u in-n,,4 nncl n,.fr+..+ donne. of +fin ienln4nn nmnli4n- v 4 bNl. t Ktaav 1VV114 .iV 11 MVUvy %V11 L11V 111 JUL LL11U VLlL1JLLL OLUCVV Vl F11V lUV1U 1.1V 11 U111 LJ11L1 V~. 

through the use of internal transformer-coupling. The functionally complete AD202 and 
AD204 eliminate the need for an external, user-supplied dc-to-dc converter. This permits 
the designer to minimize the necessary circuit overhead and consequently reduce the 
overall design and component costs. The design of the AD202 and AD204 emphasizes 
maximum flexibility and ease of use, including the availability of an uncommitted op 
amp on the input stage. They feature a bipolar ±5 V output range, an adjustable gain 
range of from 1V/V to 100 V/V, ± 0.025% max nonlinearity (K grade), 130 dB of CMR, 
and the AD204 consumes a low 35 mW of power. 



AD202/AD204-~"S EC I Fl 	 25°C and Vs = 15V unless othemise noted.) 
Model AI)2041 AD204K AD202J AD202K. 
GAIN 

P-,ngc I VNV-100 VN  
Error 30,5% typ (±4% max)  
vs. Temperature t20 ppm/'C typ (±45 ppaml'C max) s r r 

;-s, Tian ±50 ppmt 1000 Hours 
vs. Supply Voltage ±001%/ :0.01%V ±0,01%/V fQ.OY.°Ia1V 
Nonlinenrity(G= 1 V/V) t t0,45%amax t0,025%ntax t0.05?<max ±0,025%max 
Nonlinc,arity vo~ Isolated Supply load t0.0015%/JnxA r * 

INPUT VOLTAGE RATINGS 
Input Vahage Range ±5 V a 

Max Isolation Voltage (Input. to Output) 
AC, 60 I3z, Continuous 750 V Ira 1500 V rare 750 V vms 1500 V rma 
Continuous (AC and DC) ±1000 V Peak ±2000.V Peale t1000 V Peak ±2000 V Peak 

Isolation-}Mode Rejection Ratio (IMER) (l 60 Hz 
Rs 5 100 0 (IHI and LO Inputs) G = 1 WV 110 dB 110 dB 105 dB 105±2 

G=100V.N 130 dB 
R,51 kO (Input HI, LO, or Both) G = I VIV 104 dB min 104 dB min 100 dB min I00 dB min 

G=100VV 110dBntin a a 
Leakage Cuetest. Input to Output l 240 V rms, 60 Hz 2 aPa tens max M C M. 

INPUT IMPEDANCE 
Differential (G = I VIV) 1011 fd ' 
Cotatu.n-A4odc 	- 	- - - - - 	- - 2 GOI}Ic5 pF-- - -- - - - - - - - s .. 	-- 	- 	- 	-- 	- 	- 	- - 	--- 	- - --- 	- 

INPUT BIAS CURRENT 
Initial, (,yd" 25'C t30 pA s 
es. Tempexsture: (0'C to 70°C) t 10 nA e * 

INPUT DIFFERENCE CURRENT 
Initial, ( 	25'C t5 pA a r 1° 
vs.. Temperatutr (0°C to 70°C) ±2 nA 

INPUT NOISE 
Voltage, 0.1 Hz to 100131 4 uV p-p ' 

IF a 200 Hz 50 nV/' Hz a ' "' 
FREQUENCY RESPONSE 

Sandra dth (Vo K 10 V p-p, G= I V-50 V V) 5 kHz. 5 kHz 2 kHz 2 kHx 
SettlingTime,tot10mV(10VStep) I ma- a 

OFFSET VOLTAGE (RTI) 
Initial,, t®i 25°C Adjustnlle to Zero (±15 ±1S/G)3nV max (t 5 ± 510) mV max (±15 t 15:'G) mV max (±5 ±51G) mV max 

va„Tempen+ture(0°C: to70'Ct t10t 	JpV,tc a a s 

RATED OUTPUT 
Voltage (Out HI to Out LO) t5 V 
Voltage, st Out Hi or OntLO (Rd.,Pin'32) ±6,5 V • r * 
Output Resistance 3 KI 3 kG 7 k5! 7 Id) 
Output Ripple, 100 kHz Bandwidth 10 mV p-p a 4 r 

5 kHz Bandwidth 0.5 mV rnu t ” 
ISOLATED POWER OUTPUT' 

Voltage, No Load t75 V • r 
Accuracy t Id?$. a a 
Current 2 mA (Either Output)' 2 mA (Either Output)' 400 pA Total 400 pA Total 
Regulation, No Load to Full Load 5% 
Ripple 100 mV p-p 

OSCILLATOR DRIVE INPUT 
Input. V oltage 15V p-p Nominal 15 V p-p Nominal N/A N/A 
Input Frrquency 25 klh Nominal 251kHallominal. NIA N/A 

POWER SUPPLY (AD202. Only) 
Voltage, RatedPar&xma.ncu N/A N/A IS V± 5% 15 V± 5% 
Voltage, Operating N/A N/A 15 V ± 10% I S V ± 10% 
Current, No Load (Vs = 15 V) N/A N/A 5 mA 5 mA 

TEMPERATURE RANGE 
Rated Performance. o,C to 70'C 
Operating -40'C to +S5'C a ' a 
Storage -40°C to +85'C x r 

PACKAGE DIMENSIONS' 
SIP Package (V) 2,08" x 0.250" x 0.62' S" * 
DIP Package (N) 2,10" x 0.700" x 0.350" M r 

NOTES 	 °3 mA with too supply toad. 
Spoofications same at AD204J.. 	 'Width is 020' typ, 0.2&' max. 

INnntinearity It specified at n. % deviation from a bast smlgM En*. 	 Specificetit ne subject to change without notka. 1,0 salt min daeuupling inquired (sea teat). 



2. Low Cost Analog Multiplier AD 633 

FEATURES 
4-Quadrant Multiplication 

Low Cost 8-Lead Package 

Complete—No External Components Required 

Laser-Trimmed Accuracy and Stability 

Total Error within 2% of FS 

Differential High Impedance X and Y Inputs 

High Impedance Unity-Gain Summing Input 

Laser-Trimmed 10 _V Scaling Reference. 

APPLICATIONS 

Multiplication, Division, Squaring 

Modulation/Demodulation, Phase Detection 

Voltage Controlled Amplifiers/Attenuators/Filters 

PRODUCT DESCRIPTION 

The AD633 is a functionally complete, four-quadrant, analog multiplier. It includes high 

impedance, differential X and Y inputs and a high impedance summing input (Z). The 

low impedance output voltage is a nominal 10 V full scale provided by a buried Zener. 

The AD633 is the first product to offer these features in modestly priced 8-lead plastic 

DIP and SOIC packages. The AD633 is laser calibrated to a guaranteed total accuracy of 

2% of full scale. Nonlinearity for the Y input is typically less than 0.1% and noise 

referred to the output is typically less than 100 µV rms in a 10 Hz to 10 kHz bandwidth. 

A 1 MHz bandwidth, 20 V/µs slew rate, and the ability to drive capacitive loads make the 

AD633 useful in a wide variety of applications where simplicity and cost are key 

colicerns. The AD633's versatility is not compromised by its simplicity. The Z-input 

provides access to the output buffer amplifier, enabling the user to sum the outputs of two 

or more multipliers, increase the multiplier gain, convert the output voltage to a current, 

and configure a variety of applications. The AD633 is available in an 8-lead plastic DIP 

package (N) and 8-lead SOIC (R). It is specified to operate over the 0°C to 70°C 

commercial temperature range (J Grade) or the –40°C to +85°C industrial temperature 

range (A Grade). 



AD633—SPECIFICATIONS a._25°c,v =±15v,Rt~2in 
Model AD633j, AD633A 

W@ Xt-X2 Y-3s 
TRANSFER FUNCTION +Z 

l0 V 

Parameter Conditions Alin Typ Max Unit 
MULTIPLIER PERFORMANCE 

Total Error -10 V <_$, Y 5+10 V ±1 ±2 4/o Full Scale 
T 	to Trux ±3 % Full Scale 

Scale Voltage. Error SF = 10.00 V Nominal ±0.25% % Full Scale 
Supply Rejection VS = ± 14 V to ± 16 V ±0.01 % Full Scale 
Nonlineatity, X X =±10 V, Y = +10 V ±0.4 ±1 %° Full Scale 
Nonlinearity, Y Y =±1.0 V, X = +10 V ±0.1 e0.4 % Full Scale 
X Feedthrough. Y Nulled, X = ±l0 V ±0.3 ±1 % Full Scale 
Y Feedthrough X Nulled, Y = ±10 V ±0.1 ±0.4 % Full Scale 
Output Offset. Voltage ±3 tt50 mV 

DYNAMICS 
Small Signal BW Vo = 0.1 V rms 1 IMHZ 
Slew Rate Vo = 20 V p-p 20 VfEts - 
SettlingTimeto l% AV0 =20V 2 ps 

OUTPUT NOISE 
Spectral Density 0.8 PVAIT z 
Wideband Noise f = 10 Hz to 5 MHz I mV tins 

f=10Hzto10kHz 90 µVrms 
OUTPUT 

Output Voltage Swing ±-11 V 
Short Circuit Current Rh = 0 [ 30 40 mA 

INPUT AMPLIFIERS 
Signal Voltage Range Differential ±l0 V 

Common glade ±10 V 
Offset Voltage X, Y ±5 ±30 mY 
CMRRX,Y V 	=±10V,f=50I-Iz 60 80 dB 
Bias Current X, Y, Z 0.8 2.0 }tA 
Differential Resistance 10 MCI 

POWER SUPPLY 
Supply Voltage 

Rated Performance ±15 V 
Operating Range ±8 ±18 V 

Supply Current Quiescent 4 6 mA 
Specifications shown in Wd icc are tented on all.production units at electrical teat. Results from those testa ac used to cafeulate outgoing quality lcvcla. All rain and 
mu sprcifl,catwi ns are guaranteed, although only those shown in boldface are tested on all production units. 
Speei£aat oa, subject to change Without notice. 

ABSOLUTE MAXIMUM RATINGS' 
Supply Voltage . ....... 	...................... ±18 V 
Internal Power Dissipation? ......... . ......... 500 mW 
Input Voltages 3 ..... ........... . ............. ±18 V 
Output Short Circuit Duration ................ Isndefmite 
Storage i esnperaturc R uage ........... -i °C iv s 1 3°C 
Operating Temperature Range 

AD633J ..............................0°C to 70°C 
AD633A ...........................-40°C to +85°C 

Lead Temperature Range (Soldering 60 sec) .........300°C 
ESD Rating ..................................1000 V 
NOTES 
'Stresses above those Gated underAbsalute Minimum Ratings may cause permanent 
damage to the device. This is a stress rating only functional ©perstion of the dance at 
these of any otbee conditions above those indicated in the oprrstional section of this-
speu£aadon is not implied. 

t8-Lead Plastic. DIP Packages bN = (l0°CIW1 S-Lead Small Outline Package. 
155°CiW, 

'For supply vokages less than 318 V, the absolute maximum input voltage is equal to 
tha supply voltage. 

ORDERING GUIDE 

Model 
Temperature 
Range 

Package 
Description 

Package 
Option 

AD&33AN -40°C to +85°C Plastic DIP N-8 
Al)69: &K -esrC to +85°C ciasnic SOIC RN-8 
AD633AR REEL -40°C to +85°C 13" Tape and Reel RN-S 
AD633AR-RBEL.7 -40°C to +85°C 7° Tape and Reel RN-8 
AD633JN 0'C to 70°C Plastic DIP N-S 
AD633JR 0°C to 70°C Plastic SOIC RN-S 
AD633IR REEL 0°C to 70°C 13" Tape and Reel RN-8 
AD633JR REEL7 0°C to 70°C 7" Tape and Reel RN-8 
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3 M2764A (NMOS 64 K bit (8Kb x 8) UV EPROM) 

FEATURES 

' FAST ACCESS TIME: 180ns 

' EXTENDED TEMPERATURE RANGE 

• SINGLE 5V SUPPLY VOLTAGE 

• LOW STANDBY CURRENT: 35mA max 

• TTL COMPATIBLE DURING READ and PROGRAM 

• FAST PROGRAMMING ALGORITHM - - - - - - - - - - - - - 

' ELECTRONIC SIGNATURE 

• PROGRAMMING VOLTAGE: 12V 

DESCRIPTION 

The M2764A is a 65,536 bit UV erasable and electrically programmable memory 

EPROM. It is organized as 8,192 words by 8 bits. The M27C64A is housed in a 28 pin 

Window Ceramic Frit-Seal Dual-in-Line package. The transparent lid allows the user to 

expose the chip to ultraviolet light to erase the bit pattern. A new pattern can then be 

written to the device by following the programming procedure. 

Absolute Maximum Ratings 

Symbol Parameter Value Unit 

TA. Ambient Operating Temperature 	grade 1 
grade 6. 

0 to 70 
-40 to 85 

OC  

TB AS Temperature Under Bias 	 grade 1 
grade 6 

-90 to 80 
-50 to 95 

°C  

TSIG Storage Temperature -85 to 126 *C 
Vic  Input or Output Voltages -0.6 to 6.5 V 
VCC Supply Voltage -0.6 to 6.5 V 
VAo A9 Voltage -0.6 to 13.5 V 
Vpp Program Supply -0.6 to 14 V 
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