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Abstract 
AC-to-DC converters have been dominated by uncontrolled rectifiers or line commutated 
phase controlled rectifiers followed by a bulk capacitor. These rectifiers are inexpensive, 

highly reliable. Passive filters are often used to filter the low order harmonics as they 

have a simple circuit configuration. Pulse width modulated (PWM) AC-to-DC voltage 

source converters or current controlled rectifiers (CCR's) have the merits of nearly 

sinusoidal-  input current, good power factor and regeneration ability. A significant 

improvement in converter behavior has been achieved by means of closed loop control 

techniques. 

This thesis aims at the comparative analysis of various PWM control strategies for AC-to 

DC converters some of which include Hysteresis Current Control, Sinusoidal Pulse 

Width Modulation, Space Vector modulation, Indirect Current Control, Average 

Predictive Current Control for four wire rectifiers etc. 

Simulation models are developed in MATLAB for different control strategies to compare 

the results and obtain a performance evaluation. The performance of an AC-to-DC 

converter controlled by each control strategy has been evaluated under various conditions 

by varying the load, switching frequency, changing the operating mode from generative 

to regenerative. The performance parameters are calculated for all the converters and then 

compared with each other. A tabulation of all the performance measures is made. 
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CHAPTER 1 

Introduction and Literature Survey 

1.1 Introduction 

AC/DC power converters are extensively used in various applications like power supplies, dc 

motor drives, front-end converters in adjustable-speed ac drives, slip power recovery control 
of induction motors, HVDC transmission, SMPSs, UPSs, utility interface with non-
conventional energy sources such as solar PVs, wind, etc., in process technology like 
welding, power supplies for telecommunications systems, aerospace, military environment 
and so on. 

Up to now AC-to-DC converters have been dominated by uncontrolled rectifiers or line 

commutated phase controlled rectifiers followed by a bulk capacitor. These rectifiers are 

inexpensive, highly reliable. The problems related to these uncontrolled rectifiers can be 

summarized as follows: 
(i) Large reactive power drawn by the rectifiers from the power system which requires that 
the distribution equipment handle large power, thus increasing its volt-ampere ratings. 
(ii) Voltage drops at the buses. 
(iii) Higher input current harmonics resulting in the distorted line current which tends to 

distort the line voltage waveform. This often creates problems in the reliable operation of 

sensitive equipment operating on the same bus. 

(iv)Increased losses in the equipments (due to harmonics) such as transformers and motors 
connected to the utility. 
(v) Deteriorated—performance of induction motors in terms of poor efficiency and torque 
pulsations. 
(vi) Electromagnetic interference with the nearby communications circuits. 

(vii) Blown-fuses on power factor correction capacitors due to high voltages and currents 
from resonance with line-impedance and capacitor bank failures. 

(viii) Nuisance operation of protective devices including false tripping of relays. 

(ix) Damaging dielectric heating in cables. 
(x) Lower rectifier efficiency due to large rms values of input current. 
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Passive filters are often used to filter the low order harmonics as they have a simple circuit 
configuration. The main drawbacks of passive filters are bulk passive elements, fixed 
compensation characteristics and series and parallel resonance with the system impedance. 
Nowadays more and more applications require that the front AC-to-DC converters have both 
rectifying and regenerating abilities with fast response to improve the dynamic performance 
of the whole system. To fulfill this bidirectional requirement a dual converter (12 thyristor) 
structure with circulating current control may be used. This results in both complicated power 
circuit and control. A better solution is to use pulse width modulated (PWM) AC-to-DC 
voltage source converters or current controlled rectifiers (CCR's) which have the merits of 
nearly sinusoidal input current, good power factor and regeneration ability. A significant 
improvement in converter behavior has been achieved by means of closed loop control 
techniques. A number of control strategies have been applied to three phase AC-to-DC 
converters some of which include sinusoidal pulse width modulation (SPWM), hysteresis 

current control (HCC), indirect current control (IDC), SPWM with instantaneous current 

control, space vector modulation (SVM). All these control strategies achieve-the same steady-

state characteristics, but with different implementations, dynamic response, PWM patterns 

and harmonic Contents. This new breed of converters has been made possible mainly because 
of the use of modern solid-state, self-commutating power semi-condifeting devices such as 

Power MOSFETs, IGBTs, GTOs, etc. 

1.2 Harmonic Standards 

Different standards that are followed are listed below 
> IEEE 519: Harmonic control Electrical power systems. 

> IEEE Harmonic's working group. 

> IEC Norm 555-3, prepared by the International Electrical Commission. 

> IEC Power quality standards. 

> US Military Power Quality Standards 
> EN 50 006, "The limitation of disturbances in electricity supply networks caused by 

domestic and similar appliances equipped with electronic devices", European standard 
prepared by CENELEC. 

> West German Standards VDE 0838 for household appliances, VDE 0160 for 

converters, and VDE 0712 for fluorescent lamp ballasts. 

In the thesis IEEE-519 standards is taken for comparison with the obtained simulation results. 
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This is common standard which is used, briefly the total harmonic distortion of current drawn 
must be below 5% and individual harmonic components shouldn't be greater than 3%. 

1.3 Literature Survey: 

PSPICE has been the most popular tool for the simulation of electronic circuits. However 
some of the aspects like controller design, system linearization pose a problem with this 
software package7TO-  handle such problems, the MATLAB/SIMULINK tool has been 
reported as the best choice. By Tarasantisuk and Tunyasrirut [16]. The authors suggest that 
many of the converters like buck, boost, buck-boost, fly back and cuk converters can be 

simulated in SIMULINK and the control system design also becomes simpler. 

Hysteresis Current Control is one of the best control strategies for AC-to-DC converters. It 

can be applied to either single phase rectifiers [2] or three phase rectifiers. Green and Boys 
[3] have clearly explained the principle of HCC for a three phase AC-to-DC converter. The 
converter has been modeled to derive the switching states of the six power devices. This three 
phase converter controlled can be used as a DC voltage source for a voltage source inverter 
fed variable speed AC drive whose load is regularly overhauling. 

In HCC, the switching frequency does not remain constant. Therefore, to restrict the 

maximum available converter frequency, Gatlan C. and Gatlan L. [1] have proposed the 
concept of lock out circuits which restrict the frequency. An alternative solution to 

maintaining constant switching frequency in HCC has been suggested by Dewan and Slemon 
[4]. They proposed a new control strategy called the "Predictive Current Control with fixed 
switching frequency (PCFF)" which is a modification of the HCC scheme. By modeling and 
simulating a three phase AC-to-DC converter under this control, it has been found that the 
switching frequency remains constant while retaining all the advantages of HCC. 

The implementation of HCC in three phase AC-to-DC converters requires three current 

sensors. This causes an increase in the cost of the converter. As an alternative to this, Dixon 
and Ooi [5] have introduced the "Indirect Current Control (IDC)" scheme which eliminates 
the need for current sensors. The contro law of IDC can be derived using Space Vector 
Modulation [6]. The modeling and implementation are easier as compared to the 
conventional method. 
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Space Vector Modulation (SVM) is an advanced and computational intensive technique for 
control of AC drives. It is the best among all the PWM techniques. SVM can be implemented 
bthe representation of voltages in the a-f3 plane [8]. The authors have given a step by step 
procedure of generating the PWM pulse pattern for a voltage source inverter in detail. The 
SIMCOUPLER module that provides an interface between PSIM software package and 
MATLAB/SIMULINK tool is used for simulation. 

The SVM control algorithm can be simplified by eliminating the need for calculating the 
angle a which decides the sector [9]. Instead timings are used to decide the sector through the 
use of counters. Mao, Yunping and Huiming have used the PE-PRO VC33 experimental 
platform for experimentation. 

Single switch DCM boost rectifier has the problem of large number of harmonics in the input 
current. Jang and Jovanovic [11] have designed a fifth harmonic trap filter for this rectifier as 

this is the major order harmonic. A comparative analysis of the performance of a single 

switch three phase DCM boost rectifier, a multi resonant switching buck rectifier and three 

phase DCM boost rectifier is detailed. 

In a single switch DCM boost rectifier, power factor correction is achieved by operating the 
switch at constant frequency [10]. The authors explain the design procedure for all the 

parameters of the rectifier circuit. 

Four wire rectifiers are mainly used in UPS systems and AC-DC-AC converters. The control 
strategy of four wire rectifiers can be designed either in the stationary reference frame or 
rotating reference frame. Fraser and Manning [12, 13] have described the control strategy of 
four wire rectifier in stationary and rotating reference frames. In [13] the authors explain the 

design of a predictive average current controller that controls a four wire,rectifier digitally. 

This is definitely an improvement over the analogue controller as it reduces the component 

count and improves the reliability. DSP's can be used for implementation. 

Three-level PWM rectifiers are [14,19] an advantage over two-level rectifiers as they 

generate high voltage pattern with low voltage rating power switches, reduces dv/dt stresses 

and decreases the voltage harmonic content on the AC side. 
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The other control schemes reported in literature are Slope Generated Hysteresis (SGH) 
current control [15] and Power balance control [17]. 

In [20], author M.H.Rashid has briefly presented different ideas about control strategies. The 
control method of boost regulators is clearly explained. In [21], B.K.Bose has explained the 
principle of HCC, Sinusoidal PWM with instantaneous current control and SVM in detail. 
This greatly helps in the design of closed loop control system. 

The aim of this thesis is to make a comparative analysis of some of the control strategies of 

AC-to-DC converters discussed in literature. The converter is modeled and simulated in the 

MATLAB/SIMULINK program. The performance of the converter controlled by these 
schemes has been evaluated under varying conditions of load, switching frequency and 
change of the operating mode. Finally all the schemes are compared by means of some 
external performance measures and graphs. 
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CHAPTER 2 

High Power Factor Rectifiers 

2.1 Introduction 

AC to DC converters controlled by PWM methods have the merits of nearly sinusoidal input 
current, high power factor and regeneration capability. However non PWM methods have 
also been used for the control of these converters. These converters can be classified in a 
number of ways based on the number of switches used, the control scheme adopted etc. 
Based on the number of switches used in the converter, the three phase converter can be 
classified as: 
1. Single switch high power factor rectifier 

2. Six switch rectifier 

The single switch rectifier consists of a three phase diode bridge followed by a single switch 
whereas the six switch rectifier consists of six power switches that have to be controlled. The 

control schemes that are available for the control of the three phase converter are enlisted 
below: 

> Amplitude and Phase Control 
> Sinusoidal Pulse Width Modulation 
> Hysteresis Current Control 

> Indirect Current Control 

> Space Vector Modulation 

> Predictive Current Control 
> Average Current Control 

This chapter discusses the basic principle of each of the above schemes and gives a detailed 
description of the method of implementation for a three phase AC-to-DC converter. The 
method of generation of gate pulses for the power devices is explained. 

2.2 Single Switch High power factor rectifiers: 

HPF rectifiers can be classified as multi- or single-switch rectifiers. Generally, the 

rectification performance of the multi-switch rectifiers is superior to that of the single- 

switch rectifiers since the multiple-switch rectifiers can achieve higher power factors 
and lower harmonic distortions of the line currents. Specifically, —siksWitch rectifiers have 
been extensively used in a variety of HPF applications While the use of multi-switch 

rectifiers is quite justified in high-power, high-performance applications, the increased 

number of switches and the complexity of their control make multi-switch rectifiers too 
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expensive in lower power, cost sensitive applications. For example, today's HPF 
telecommunication rectifiers, which only need to reduce the total harmonic distortion 
(THD) of the line current to below 10-15%, are exclusively implemented either with 

passive LC filters or active, single-switch rectifiers. Three phase rectifiers employed have a 
single active switch and perform HPF rectification naturally without a need for a complex 
control circuitry; they are very suitable for the low-cost, low-power three phase ac-dc 

applications [11] 
The circuit diagram of the power stage of the single-switch, three-phase, PWM, DCM 

boost rectifier is shown in Fig 2.1. Since the boost rectifier in Fig 2.1 (a) is operated in 

DCM with a constant frequency and constant duty cycle, all three-phase input currents, ia, ib, 

and ic, are zero at the end of a switching period, immediately before boost switch S is turned 

on. After switch S is turned on, ia, ib, and ic, increase linearly to the peak values, which are 

proportional to the line to- neutral voltages as shown in Fig 2.1(b). Therefore, during the 

switch7on period, each line current forms a triangular pulse with the peak value proportional 

to the associated line to-neutral voltage. As a result, during the switch-on period, the average 

line currents are proportional to the line-to neutral voltages. When the switch is turned off, 

the input currents start decreasing because output voltage Vo is higher than the peak of the 

input voltage. In DCM, the input currents reach zero before the end of the switching period. 

Since the rate of the input-current decrease is proportional to the difference between output 

voltage Vo and line-to-neutral voltage, the average line currents during the off period of the 

switch are not proportional to the line voltages, i.e., even if the line voltages are perfectly 

balanced and sinusoidal, the line currents are distorted. The normalized harmonic content of 
the rectifier input current is a function of the voltage-conversion ratio M, which is defined as 

M = Vo/'I3 Vm 

where Vo is the rectifier output voltage and Vm, is the peak line-to-neutral voltage. The 

rectifier input-current spectrum, which contains only odd harmonics, is dominated by the 5th-

order harmonic, i.e., the lowest order harmonic.[11] 
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Fig 2.1 Single-switch three-phase DCM boOst rectifier (a) circuit diagram (b) input current 

waveforms during switching cycle [11] 

2.2.1 Control Strategy: [20] 
The control signals for the single device in three phase boost rectifier are generated by 
comparing a control voltage with a saw tooth waveform of fixed frequency i.e. the device is  
switched at constant frequency. The control voltage can be obtained by comparing the output 
voltage with its desired value. The control and power circuit of the three phase boost rectifier 
are as shown in the figure 2.2: 
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Fig 2.2 Control Circuit of a three phase boost rectifier 

2.3 Six Switch Rectifiers 
The six switch rectifiers can be controlled by any of the methods listed earlier. However the 

phase and amplitude control strategy is a non PWM method and is the oldest control scheme. 

2.3.1Amplitude and Phase Control [22] 
The circuit of a six pulse bridge converter is as shown in the figure 2.3. It consists of six 
thyristors. The thyristors T1, T3, T5 are called the positive group since they are turned on 

when the supply voltages are positive. Similarly the thyristors T4, T6, T2 which conduct 

when the supply voltages are negative form the negative group. . The firing angle for positive 

group of thyristors (T1, T3, T5) is measured from 30° with reference-to-the positive half cycle 

of the phase voltage. The negative group of thyristors are turned on 180° after the positive 

group thyristors. In each input cycle there are six pulses in the output voltage. The thyristors 

conduct for a period of 120° each and each phase conducts the positive current for 120° and 

negative current for 120°. The output voltage is obtained byconduction of two phases at any 

time. Because of the higher pulse number, the distortion factor of the supply current improves 
significantly and the output voltage ripple is considerably reduced. 
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Fig 2.3 Six Pulse Bridge Converter 

The six thyristors need to be triggered in a sequence so as to make the supply currents 
balanced. If the output current is assumed to be constant, the output voltage at any instant is 
equal to one of the six line voltages. This requires that two thyristors two in the positive 
group and one in the negative group be gated together simultaneously. In order to vary the 
average value of output voltage, the gate pulses to the thyristor pairs are to be controlled. The 
earliest instant at which each thyristor can be turned on is taken as the datum for measuring 

the firing angle of each thyristor i.e. the instants at which the phase voltages crossover are the 

reference points for the measurement of firing angles. Thus by proper generation of the firing 
pulses for the six thyristors the output voltage of the converter can be controlled. 

2.3.2 Sinusoidal Pulse Width Modulation with instantaneous Current Control: [21] 

The sinusoidal PWM technique is very popular for industrial converters. . In this, 
isosceles triangle carrier wave of frequency fc is compared with the fundamental frequency f 

sinusoidal modulating wave, and the points of intersection determine the 
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PI Vdcref 

Gating. signals for one leg 

Fig 2.4 SPWM Controlled converter 

switching points of power devices. The notch and pulse widths vary in sinusoidal manner so 

that average or fundamental component frequency is same as f and its amplitude is 

proportional to the command modulating voltage. The same carrier wave can be used for all 3 

phases. Fig 2.5 illustrates the SPWM method based on using the intersection points of the 

modulation signal and the triangle carrier signal as the time instants for turning the switches 

in a given phase, complementarily ON and OFF This method of encoding the modulating 

signal through the pulse width is accurate when the frequency of the carrier is sufficiently 

high. The modulation signal is amplified with a constant gain, without delay. 

vto; 

Ifirtirettirir 
vO0 

. Fig 2.5 Principle of SPWM [21] 
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Modulation Index (M.I): [20] 
Amplitude _of _ modulating _wave 

M= 

	

	  
Amplitude _ of _ carrier _ wave 

➢ M.I. determines the fundamental component output voltage 
D If O<M.I<1 , VI = M.I (Vm) where VI,Vm are the fundamental of the output 

voltage and input DC voltage respectively 

Modulation Ratio (Freq Ratio), MR:  [20] 

M R = 	Frequency _ of _ carrier _ wave 
Frequency _ of _ modulating _ wave 

> Modulation ration determines the incident of harmonics in the spectra 

(fm), where fm  is the frequency of modulating signal and k is integer 

(1, 2, 3....) 

Total Harmonic Distortion (THD) : [20] 

If Vn  is voltage of nth  harmonic voltage; 

THDv = 
E(11n,RMS 
„=2  

_ 	
„ 41/2 RMS

2 _,_ 
v  3,RMS

2 
 " 	2,RMS  

2 
 

V1,RMS 

The selection of a carrier frequency depends on the trade-off between converter loss and the 

system loss. Higher carrier frequency increases converter switching loss but decreases the 

system harmonic loss. An optimal carrier frequency should be selected such that the total 

system loss is minimal. An important effect of PWM switching frequency is the generation of 
acoustic noise (known as magnetic noise) by the magnetostriction effect when the converter 
supplies power to a machine. The effect can be alleviated by randomly varying the switching 
frequency, or it can be completely eliminated by increasing the switching frequency above 
the audio range. Modern high-speed IGBT's easily permit such acoustically noise-free 

variable-frequency drives. Low-pass line filters can also eliminate this problem. 
If SPWM is applied in open loop, the results are not satisfactory. In order to control the input 
current, a feedback current loop is applied. In such cases the converter operates as a 

programmable current source. Fig 2.6 shows an instantaneous current control scheme with 
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sinusoidal voltage PWM in the inner loop. The error in the sinusoidal current loop is 
converted to sinusoidal voltage command through a proportional-integral (P-I) controller. 
This voltage is the compared with the carrier wave to generate the gating pulses. For a 

SPWM:  

Fig 2.6 Control block diagram for instantaneous control SPWM [21] 

three phase converter, three similar controllers are used. The control is simple but there are a 
few problems. Due to limited band-width of the control system, the actual current will have a 

phase lag and magnitude error which will increase with frequency. Such phase deviation is 

very harmful in high-performance drive systems. The sinusoidal voltage command generated 

by the current control loop may contain ripple, which may create a multiple zero crossing 

problem in the SPWM comparator. 

2.3.3 Hysteresis Current Control 
Hysteresis-band PWM is basically an instantaneous feedback current control method of 

PWM where the actual current continually tracks the command current within a hysteresis 
band. This is a simple current control method where hysteresis comparators are used to 
impose a dead band or hysteresis around the-reference current. This control scheme provides 

excellent dynamic performance because it acts quickly. Also, an inherent peak current 

limiting capability is provided. This technique does not need any information on system 

parameters. [21] 

The hysteresis current control generates an asymmetrical pulse pattern. The hysteresis band 

can be fixed or variable over a fundamental period. 
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2.3.3.1 Fixed band control: [1] 

In this scheme the hysteresis bands are fixed over the fundamental period. 
The algorithm for this scheme is: 

iref = 'max sinwt 

upper band iu = iref+H/2 

lower band ii = irerH/2 

where 1-1--  hysteresis band limits 

2.3.3.2 Variable or sinusoidal band control: [1] 

In this scheme the hysteresis band varies sinusoidally over a fundamental period. The upper 

and lower bands are given as: 

iref = imax sinwt 

upper band i. = (im.„+H/2) sinwt 

lower band ii = (i„,.„-H/2) sinwt 
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The hysteresis current controlled converter is as shown below (Fig 2.7): 

Jd c 

Vdcref 

Fig 2.7 Hysteresis Current Controlled Converter 

Fig 2.8 explains the operation principle of hysteresis-band PWM for one leg of the three 

phase converter. 

Upper Band 
HB 

Fig 2.8 Principle of operation of HCC controlled converter [21] 
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The control circuit generates the sine reference current wave of desired magnitude and 

frequency, and it is compared with the actual phase current wave. As the current exceeds a 

prescribed hysteresis band, the upper switch of the leg is turned of and lower switch is turned 

on. As the current crosses the lower band limit, the lower switch is turned off and the upper 

switch is turned on. The actual current wave is thus forced to track the sine reference wave 

within the hysteresis band by back-and-forth (or bang-bang) switching of the upper and lower 

switches. The peak-to-peak current ripple and switching frequency are related to the width of 

the hysteresis band. A smaller band will increase the switching frequency and lower the 

ripple. So, an optimum band that maintains a balance between the harmonic ripple and 

switching loss should be chosen. [21] 

The control block diagram for implementation of hysteresis band PWM is shown in the figure 

2.9. The error in the current control loop is impressed at the input of a comparator with a . 

hysteresis band as shown. The bandwidth of hysteresis band is given as 

HB = V * R2 / (R1+R2) 

Where V= Comparator supply voltage. 

Fig 2.9 Control block diagram for Hysteresis band PWM [21] 
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The conditions for switching devices are: 

Upper switch on: 

(i*-i)>HB 

Lower switch on: 

(i*-i)<HB 

For the three phase converter, a similar control circuit is used in all the phases. 
The advantages of the hysteresis current control scheme can be enlisted as below: 

1. The scheme generates nearly sinusoidal current waveform with unity power factor. 

2. Implementation is simple. 

3. Fast transient response. 

4. Direct limiting of device peak current. 

5. Practical insensitivity of Dc link voltage ripple that permits a-lower filter capacitor. 

However this scheme suffers from some disadvantages. The fundamental current suffers a 
phase lag that increases at higher frequency. The major problem of HCC is that its average 
frequency Fs varies with the DC load current [4]. At heavy loads, frequency increases 
substantially. The switching pattern is uneven and random and the instantaneous switching 
frequency is higher than the average value as shown in the figur—e-'2.10 below causing 
excessive stress on switching devices. 

4K 

r"... 2K 

  

   

rewriting 	T 	fectifYins 

Laid 

1 	0 	0.1 	0.2 IL 	. 

(c/q4) 

Fig 2.10 Variation of load with switching frequency under HCC [4] 
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2.3.4 Indirect Current Control: 
Many PWM control schemes for voltage source converters usually employ two or three 
current sensors to implement the instantaneous current control and to limit the line currents 
for the protection of the switching devices. But these current sensors bring some additional 
hardware such as A/D converters in case of digital implementation in its train and cause the 
system complexity, cost-up and reduction of system reliability. In the indirect control as the 
name implies, the function of the inner hysteresis current control feedback loop is mimicked 
and implemented by hardware representing transfer function blocks. The ac currents are 

indirectly controlled by standard sinusoidal PWM, which essentially modulates the 

fundamental harmonic component of voltage. In eliminating the inner hysteresis current 

feedback loop, one dispenses with the need for at least two high-quality broad band-width 

current measuring transducers. This method falls back on the well-known sinusoidal PWM 

control in which the switching instants are determined by the intersections of the triangular 
wave carrier and the modulating sine wave. [6] 

2.3.4.1 Principle of Indirect Current control: [5] 

The objective is to be able to operate the rectifier so that the fundamental harmonic 

component of the phase current, which is represented by the phasor I in Fig, makes a constant 

power angle 0 . As the rectifier becomes more heavily loaded, it is the current magnitude I 

that increases. For inverter operation I takes a negative value (180° phase reversal). 

Considering the fundamental harmonic of the supply frequency only, if the phase circuit 

impedance is 

Z.= R + jwL= R + jX, 

one can indirectly control the current by the fundamental component of the voltage Vph at 
the terminals of the rectifier.. Based on Kirchhoff s Voltage Law, the required voltage Vph is 
obtained from the equation 

VPh  = v-iz 	(1) 

The above equation is represented in the phasor diagram of Fig. In the time-domain, one sees 
that if 
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"S' 
In-phase 

xi 

R-I 

Va(t) =42 V sinwt (2) 

then the requisite control voltage has to be 

where the in-phase component is 

and the in-quadrature component is 

Vph. (t) = 42 Vph [cos sin wt-sin cos wt] (3) 

Vph  cos 4= V+ (Xsin cp-R cos 9). I 	(4) 

Vph sin (Xcos 9+ R sin 9). I 	 (5) 

From (4) and (5) one sees that since V, R, and X can be measured beforehand from the ac 

circuit, one can operate at any power angle 9 for any demand of the current magnitude I 

provided the in-phase and the quadrature components of Vph are made to satisfy (4) and (5). 

In-quadrature 

Fig 2.11 Voltage phasor diagram of ac circuit [5] 
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2.3.4.2 Sinusoidal PWM Control [5] 

Fig. 2.12 (a) and (b) illustrates the waveforms of Va(t) and Vph(t) The voltage Vph(t) is the 

fundamental component of the voltage at the rectifier terminals, the rectifier being- under 
sinusoidal PWM control. If one imagines the capacitor C to have a center-tap, then the 
waveform of the voltage between the A-phase rectifier terminal and the center-tap consists of 
the square wave shown in Fig. 2.12 (c). This modulating waveform switches from +0.5Vc to 
-0.5Vc, and it is desired that the switching pattern is such that it yields as fundamental 

component the waveform of Vph (t). Fig. 2.12 (d) illustrates how the switching pattern is 

generated in the conventional sinusoidal PWM strategy. The switching instants are based on 

the intersections of the triangular waveform Vt and the modulating sinusoidal waveform Vm 

(t). 

Fig 2.12 (a) A-phase supply voltage (b) Fundamental component of A-phase voltage at 

rectifier terminal (c) Switched voltage (d) Carrier and modulating waveform [5] 
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2.3.4.3 Modulating Signal Vm [5] 

The generation of the modulating signal of the A-phase is illustrated in the block diagram of 

Fig.2.13. The input comes from the current magnitude demand I, which is based on the 

voltage error of the dc link voltage Vc, with respect to the voltage reference Vref . This signal 

is combined with proportional amplifiers of gains K 1, K2, and K3, -multipliers, and the 

generators of the in-phase and the in-quadrature waveforms. The in-phase waveform 

generator is taken from the voltage transformer across the line-to-neutral of the A-phase. 

After filtering its output is 

Vx = 42 Vs sin wt 	(6) 

The in-quadrature waveform generator is obtained from subtracting the B-phase from the C-

phase voltage, and multiplied by 1/43 factor so that its output is 

Vy = 42 Vs cos wt 	(7) 

For the Vm (t) prescribed by the functional blocks of Fig. 2.13, the output voltage at the 

rectifier terminal is 

Vmod  = Vs.Vc [(Ki+K20 sin wt - K3I cos wt]/42.Vtpeak + Bessel function harmonic (8) 

terms. 

The objective is to make the fundamental component in (8) identical to (3)-(5). This is done 

by choosing the values of the constants K1 , K2, and K3. 
Choosing Constants Ki, K2, K3: 

By comparing (8) with (3)-(5), the amplifier gains K1 , K2, K3  are determined as, 

KI---21(4VaNs 

Where K4  = V AT tpeak— C 

K2  = 21(4(X sin cp - R Cos 9) / VS 
K3  = 21(4  (X cos 9 + R sin 9)/ Vs 
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Fig 2.13 Block diagram implementing indirect current control [5] 

2.3.5 Four wire PWM rectifiers: 
In the last twenty years the voltage quality concept has become essential both for industrial 
applications and for daily life. Nowadays, electrical systems have become less and less 
tolerant as regards to power supply disturbances as harmonics, outages, fluctuation and 

transients. Moreover, solving the VAR compensation problem is essential in transmission and 

distribution systems design. The impact of non-linear loads on line harmonic voltages and 
neutral wire sizing is serious for distribution LV networks. [24] 
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A three-wire AC-boost rectifier has been utilized but its drawback is that the converter line 
currents cannot be regulated independently the one from the other because their sum must be 
zero. As a consequence: 

+ Any voltage disturbance, that is present on all the three supply lines with the same 
phase (i.e. a third harmonic voltage), cannot be eliminated by the converter. 

+ HCR control loop ensures that only two of three boost AC currents are within the 
hysteresis band. 

+ Voltages on phase to neutral loads cannot be regulated. 

+ Harmonic and inter-harmonic effects due to single-phase non-linear loads cannot be 
compensated. 

.The advantage of using a four wire rectifier is that the sum of line AC-currents is free, so 
they can be controlled independently the one from the other. As a consequence all kind of 
PCC (Point of Common Coupling) voltage disturbance can be compensated and harmonic 
and inter harmonic effect can be neutralized. However the price to pay using the rectifier as a 
multi functional converter is an oversizing of the device. One of the main applications of the 
four-wire rectifier is in the use of transformer less AC-DC-AC converters for uninterruptible 

power supplies (UPS). This allows the supply neutral and load neutral of the AC-DC-AC 

converter to be connected together without the requirement of a transformer where galvanic 

isolation is not required, without any supply neutral current flowing regardless of the load. 
The four-wire power factor corrected boost rectifier (PFCR) is shown in Fig. 2.14. This is 
similar to the three wire PFCR, but provides a neutral connection from the star point of the 
supply to the centre point of the DC bus using a centre-tapped capacitor. The topology is 
similar to a four-wire inverter using centre-tapped capacitors for the load neutral connection. 

Connecting the DC centre-point to the supply neutral can allow harmonic currents to flow in 
the supply neutral mainly third harmonic owing to the diodes in the bridge. This can be 
overcome for the four-wire PFCR if 

Vdc  > 160111÷ istgoostO 

To prevent any low-order harmonic currents flowing in the neutral it is now up to the switch 
controllers to shape the line currents accordingly. If the three sinusoidal line currents are 
controlled to keep the amplitudes equal and each with a phase of 120° apart, the neutral 
current will always be zero. 
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aha  = iQ  + it, + it  
= I(t)Isin(co0+sin(uot —1201 -1-sin(cot-240°)] 
=0 

The only neutral current flowing will be a switching frequency ripple current from the 
summation of the three phases set by the size of the boost inductance in the lines. 
This system requires current controllers with a 'good' steady-state and dynamic response to 
maintain three equally balanced sinusoidal currents during both steady-state and dynamic 
operation. [12] 

   

   

Vdc 

   

   

Fig 2.14 Three Phase Four Wire Rectifier 

2.3.5.1 PFCR control in stationary reference frame [12] 

A current-mode control scheme is required for the line currents. There are different forms of 
current-mode control including peak current-mode control, hysteresis control and average 
current-mode control. Average current-mode control has significant advantages over 
hysteresis and peak current-control including constant switching frequency, improved noise 
immunity and true average current-mode control afforded by sensing and controlling the 

average inductor current; thus average current-mode control of the line boost inductor current 
is used here. 
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Fig 2.15 Control Circuit of the four wire PFCR [12] 

The neutral connection in the four-wire PFCR decouples the three phases and allows 

individual control of each phase. Fig. 2.15 shows the average current mode control system. 

The inductor current is measured and compared to a reference. The current error is passed 

through a proportional and integral (PI) controller providing high gain at low frequencies, but 

having a filtering effect on the high-frequency ripple current. This signal is compared to a 

triangular carrier wave to generate the required pulse width modulated (PWM) signal to 

control the switches. The average current-mode controllers form the inner current loops. The 

DC bus voltage is controlled by measuring the. DC bus voltage and comparing it to a 

reference. This error signal is passed through a PI controller which then forms the current 

amplitude reference required for all three inner current loops. The current amplitude reference 

is multiplied by three sinusoidal templates each with a phase 120° apart to form the true 

current references. As a unity power factor system is required each sinusoidal reference is in 

phase with the respective supply phase voltage. The constants of the PI controllers are set to 

produce a stable system with good steady-state and dynamic response. 

Boost inductance 

The switching action of the PWM rectifier gives a ripple current in the boost inductors. For 

an average current mode control scheme the ripple current varies over the cycle of the mains, 
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the worse case being when the supply voltage e = 0. By approximating the boost inductor 
current ripple to a triangular wave it can be shown that the worse case ripple is 

Vde  =   	(pk-pk) 
W

• 

eLPbooet 	 (1) 

The ripple current is set by the value of the boost inductance and the switching frequency, but 
independent of load. The required boost inductance is obtained from eqnl . 

DC bus capacitance 

The DC bus is inherently free from low-order harmonics during steady-state resistive loading 

apart from the high-frequency ripple voltage. The ripple voltage requires only a relatively 

small amount of DC capacitance for smoothing. A larger DC capacitance is used though to 
hold up the DC bus during transient loading and to absorb cyclic power ripple from, say, an 
inverter load. [12] 

The control schemes for three phase single switch rectifier, three phase multi switch rectifier, 
three phase four wire rectifier have been discussed. The basic principle, control circuit and 

implementation of the scheme for a three phase AC-to-DC converter are described. The 

advantages and disadvantages of each strategy are stated and the area of application is given. 
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CHAPTER 3 

Space Vector Modulation 

3.1 Introduction 
This chapter describes the basic principle of space vector modulation and gives the 
methodology of generating gate pulses for the power devices of a three phase AC to DC 
converter. 

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

pulse-width modulation (PWM) for three-phase inverters. It is a more sophisticated technique 

for generating sine wave that provides a higher voltage to the motor with lower total 

harmonic distortion. It confines space vectors to be applied according to the region where the 

output voltage vector is located. A different approach to PWM modulation is based on the 

space vector representation of voltage in the a-I3 plane. The a-f3 components are found by 

transformations. The determination of switching instant may be achieved using space vector 

modulation technique based on the representation of switching vectors in a-I3 plane. The 

Space vector modulation technique is an advanced, computation intensive PWM technique 

and is possibly the best among all the PWM techniques for drives applications. Because of its 

superior performance characteristics, it is been finding wide spread application in recent 
years. [9] 

3.2 Features of Space Vector PWM [8] 
The main aim of any modulation technique is to obtain variable output having a maximum 

fundamental component with minimum harmonics. During the past years many PWM 

techniques have been developed for letting •the inverters to posses- various desired output 
characteristics to achieve the following aim: 

❖ wide linear modulation range 
❖ Less switching loss. 

❖ Lower total harmonic distortion. 

The space vector modulation (SVM) technique is more popular than conventional technique 
because of the following excellent features: 

❖- It achieves the wide linear modulation range associated with PWM third-harmonic 
injection automatically. 
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It has lower base band harmonics than regular PWM or other sine based modulation 

methods, or otherwise optimizes harmonics. 

+ 15% more output voltage then conventional modulation, i.e. better DC-link 

utilization. 

• More efficient use of DC supply voltage. 

• SVM increases the output capability of SPWM without distorting line-line output 

voltage waveform. 

• Advanced and computation intensive PWM technique. 

+ Higher efficiency. 

+ Prevent un-necessary switching hence less commutation losses. 

• A different approach to PWM modulation based on space vector representation of the 

voltages in the a-13 plane. 

3.3 Space Vector concept 
The concept of space vector is derived from the rotating field of AC machine which is used 

for modulating the inverter output voltage. In this modulation technique the three phase 

quantities can be transformed to their equivalent 2-phase quantity either in synchronously 
rotating frame (or) stationary frame. From this 2-phase component the reference vector 

magnitude can be found and used for modulating the inverter output. The process of 
obtaining the rotating space vector is explained as below, considering the stationary reference 
frame. 

Let the three phase sinusoidal voltage component be, 

Va  =Vm  sin cot 

Vb =V„, sin (cot-27t/3) 

Vc  =Vm  sin(a)t-47E/3) 	 (1) 

When this 3-phase voltage is applied to the AC machine it produces a rotating flux in the air 

gap of the AC machine. This rotating flux component can be represented as single 

rotating voltage vector. The magnitude and angle of the rotating vector can be found by mean 
of Clark's Transformation as explained below in the stationary reference frame. The 
representation of rotating vector in complex plane is shown in Figure 3.1. 

28 



V4 

VS 	 VS 2 zero vectors V7, V8 

Fig 3.1 Representation of Rotating Vector in Complex Plane [8] 

Fig 3.2 Voltage Space Vector and its components in d-q [8] 
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3.4 Space vector representation of the three phase quantity 

V* = Va + jVp = 2(Va+aVb+a2Vc)/3 	 (2) 

Where, 
a = e j271/3  

IVI = Vat  + Vp2, tan a = Vp/Va 	 (3) 
Va + jVP = 2/3{ Va+ e j27̀ /3Vb+ e -'1271/3  Vc} 	 (4) 

Va + jVP = 2/3 { Va+ cos 27c/3Vb+ cos 27r/3Vc}+j2/3 {sin 271/3Vb-sin 27c/3Vc} 

Equating real and imaginary parts: 

Va = 2/3{ Va+ cos 27t/3Vb+ cos 27c/3Vc} 	 (5) 
= 2/3 {O.Va+sin 21c13Vb-sin 27c/3Vc} 	 (6) 

[ Va 

vp 
= 2/3 

1 cos 27r./3 cos 27c/3 	Va 

0 sin 27c/3 -sin 27c/3 	Vcl 

	(7) 

Va 

VP 0 	3/2 	4 3/2 	Vc 

1 -0.5 -0.5 	Va 

Vii 	
Vb 

(8) 
= 2/3  

3.5 Principle of Space Vector PWM 
Treats the sinusoidal voltage as a constant amplitude vector rotating at constant 

frequency. 

This PWM technique approximates the reference voltage Vref by a combination of the 

eight switching patterns (VO to V7). 

Coordinate Transformation (abc reference frame to the stationary d-q frame): A three= 
_phase voltage vector is transformed into a vector in the stationary d-q coordinate 
frame which represents the spatial vector sum of the three-phase voltage. 
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3.6 Realization of Space Vector PWM 

The space vector PWM is realized based on the following steps: 
Stepl. Determine Vd, Vq, Vref, and angle (a). 
Step2. Determine time duration T1, T2, TO. 
Step3. Determine the switching time of each transistor (S1 to S6). 

3.6.1 Determine Vd, Vq, Vref, and Angle (a): 
Coordinate transformation: abc to dq 

The Voltage Space vector and its components in dq plane is shown in Figure 3.2 

Vd = Van - Vbn cos 60° - Vcn cos 60° 

= Van - Y2 Vbn - 'A Vcn 

Vq = O+Vbn cos 30° - Vcn cos 30° 

= Van + .N13/2 Vbn - '43/2 Vcn 	(9) 
]  Vd 	

t"  
1 -1/2 -1/2 Van

-, 
 

= 2/3 - 	 Vbn 
Vq 	0 	'0/2 43/2 • Vcn (10) 

.. , 
IVrefl ='4 Ve;Vq2 	

-1 
 

tan a = VqNd = cost = 2icfst 

(where, fs = fundamental frequency) 

The voltage Vd, Vq, Vref, and angle a are calculated using the above equation. 

3.6.2 Determine Time Duration Ti, T2, TO: 

Fig 3.3 Reference vector as a combination of adjacent vectors at sectorl [8] 
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T2 	TI 	T1+T2 	T2 

I Vref = J V1dt+ J V2dt+ ,~VO 
0 	0 	 TI ' 	TI+T2 

therefore, Tz..Vref = (T1.V1+T2.V2) 
cos a 	 1 	 cosa./ 

Tz IVrefl = T1.2/3.Vdc 	+ T2.2/3.Vdc 
sin a 0 	

[1 

sin7r/3 
Where 0<a<60 
T1 = Tz.a.sin(r./3-a)/sin(763) 
T2 = Tz.a.sina/sin(n/3) 

TO = Tz-(T1+T2), (where Tz 1/fs and a = IVrefl/(2/3).Vdc) 

WhereTI,T2,TO represent the time widths for vectors VI,V2,VO.TO is the period in a 
sampling period for null vectors should be filled. As each switching period (half of sampling 
period) Tz starts and ends with zero vectors i.e. there will be two zero vectors per Tz or four 
null vectors per Ts, duration of each null vector is to/4. Figure 3.4 gives switching pattern for 
all sectors. 
Switching time duration at any Sector: 

T1 = 43.Tz.iVrefl/Vdc[si{n/3 — a + (n-1).7r/31 

\13.Tz.IVrefi/Vdc in nir/3 — a ) 

= \13.Tz.IVrefl/Vdc (sin mr/3cosa — cos nir/3sin4. 

T2 = -N13.Tz.IVrefl/Vdc( sir( a — (n-1)70 ) 

= q3.Tz.IVrefl/Vdc [cosasin (n-1)7r/3 + sinacos (n-1)7r1 

TO = Tz-T1-T2, (where n= 1 through 6 i.e. sector 1 to 6, 0<a<60°) 
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3.6.3 Determine the Switching time for each thyristor 181 

(a) Sector 1 
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(f) Sector 6 
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Fig 3.4 Switching pulse pattern for the three phase in the 6 different sectors 

3.6.4 Switching time table at each sector: 

Sector tipper Swatches IS,„ /13, So) Lower Switches iss, 52. 82) 

i 
St  • T.,+;+ 7.012 
S3= T24,  To /2 

St*To r2  

Sao T012  
S6="1, 4 ;I 
S2271+72+; d 
S4 272 +7012 
SO To /2 
S?= Ti+1-147,1 a 

2 
S0171 +702 
S2 •7,•72 +Te t2 
so= 7012 

3 
S,=70/2 
Sol 70 72+72 a 
SosT2+ TA 

SA  = Tis724T0  0 
So  2 T012 
Sam T, +Tod 

4 
S,270/2 
S3=1', • To 
So •T, + T2+702 

Si 2  7,42+70  a 
So.T2 + T012 
Se To2 

5 
5,272+70/2 
S22 TD  /2 
So=T,+ T2 + Ted 

S42;+17012 
So  2 TisTeT4  d 
S2= T0  12 

6 
St aTi+T2+Te r2 
S2  • T0/2 
S5 E71 .70/2 

%RID /2 
So  • TI+TroT0  d 
S2s 72  . To  a 

Table 3.1 Switching sequence table [8] 

The Switching pulse pattern for the three phases in the 6 different sectors are shown in the 

Figure 3 .4.The Switching sequence table for the lower and upper thyristors are shown in the 

table 3.1. 

The above construction of the symmetrical pulse pattern for two consecutive Tz intervals are 

shown and Ts = 2Tz = 1 / fs (fs = Switching frequency) is the sampling time. Note that the 

null time has been conveniently distributed between the VO and V7 vectors to describe the 

symmetrical pulse width. StUdies have shown that a symmetrical pulse pattern gives minimal 

output harmonics 

A new approach to the implementation of SVM by representation of the three phase voltages 

in the a-13 plane is described clearly and the gate pulse generation methodology is detailed. 

This procedure of generation of the pulses can be applied to a converter and inverter. 
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CHAPTER 4 

Simulation Study 

4.1 Introduction 

Extensive simulation is carried out to investigate the performance of the converter 
under each control strategy. A simulation model is developed for each of these schemes using 
MATLAB and its POWER SYSTEM BLOCKSET in SIMULINK. Simulation results are 

obtained under varying conditions of load, switching frequency and change of the mode of 

operation of the converter. The universal bridge block of the power -system block has been 

used as a common three phase converter for all the models. 

The different components that are used to develop the models are listed as follows: 
Power Supply, Three Phase universal Bridge, Three Phase Diode Bridge, Current 
Measurement, Voltage Measurement, Capacitor, Inductor, Multiplexers/De-Multiplexers, 
Scopes etc. Scopes are used to obtain the nature of currents and voltages at any point in the 

system. The THD of the voltages and currents can also be determined by the POWERGUI 
block of SIMULINK. 

4.2 Single Switch High Power Factor Rectifier: 
The SIMULINK model of the single switch high power factor rectifier is as shown 

below: 

Fig 4.1 SIMULINK model of the single switch high power factor rectifier 
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Fig 4.2 Output Voltage of the rectifier for fs = 1 KHz 

Fig 4.3 Phase A current for fs = 1 KHz for boost rectifier 
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Fig 4.4 FFT analysis of Source Current 
The output voltage of the single switch high power factor rectifier for a switching frequency 

of 10 KHz is shown in fig 4.2. The output voltage of this converter is very high as compared 
to other converters. However the ripples in the output voltage are also very high. The source 

current waveform is shown in fig 4.3. It can be clearly observed that the source current is 

sinusoidal and in phase with the source voltage. The FFT analysis reveals that the total 
harmonic distortion of the source current is 4.89% which satisfies the IEEE_519 standards. 
The major harmonics in the input current are the DC component and the fifth harmonic. 
The plots are shown below. 

Fig 4.5 Output Polker Vs THD for Single switch high power factor rectifier 
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Fig 4.6 Output Power Vs Input Current for Single switch high power factor rectifier 

Fig 4.7 Output Power Vs Input Power Factor for Single switch high power factor rectifier 
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Fig 4.8 Output Power Vs Input Harmonic factor for Single switch high power factor rectifier 

4.2 Sinusoidal Pulse Width Modulation 

The SIMULINK model of the converter under sinusoidal PWM with instantaneous current 
control is as shown in the figure (4.5): 

Fig 4.9 SIMULINK model of the converter under SPWM 
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Fig 4.10 DC Output voltage for a switching frequency of 1 KHz 

Fig 4.11 Phase A current for fs = 1KHz 
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Fig 4.12 FFT Analysis of source current for fs = 1KHz 

The DC output voltage of the converter under Sinusoidal Pulse- Width Modulation (SPWM) 

is shown in Fig 4.6. The switching frequency is 1KHz. The source current waveform is 

shown in fig 4.7. It can be seen that the source current is exactly in phase with the source 

voltage and when the converter operates in the regenerative mode from 0.2 sec, the source 

current is 90° out of phase with the source voltage. The FFT analysis of the source current is 

shown in fig 4.8. The total harmonic distortion of the source current is 8.61% and the major 

component of the source current is the DC component and some higher order harmonics (16 

and 18). 

Tone in secs 

Fig 4.13 Phase A current for fs = 10 KHz 
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Fig 4.14 FFT Analysis of source current for fs = 10 KHz 

The source current waveform for a switching frequency of 10 KHz is shown in fig 4.9. By 

increasing the switching frequency by ten times the wave shape of the source current is 

greatly improved. The FFT analysis of the source current for this switching frequency is 

shown in fig 4.10. The total harmonic distortion of the source current is 2.96% which satisfies 
the standards. 

The plots of various parameters of the converter with a variation in the output power are 
shown below. 

Outpal Power 

Fig 4.15 Output Power Vs THD for SPWM 

42 



Outpte Power 

Fig 4.16 Output power Vs Input current for SPWM 

Output Power 

Fig 4.17 Output power Vs Input power factor for SPWM 
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Fig 4.18 Output power Vs Input harmonic factor for SPWM 

4.3 Hysteresis Current Control 

The SIMULINK model of the converter under HCC is as shown in Fig 4.11. The converter is 

simulated with hysteresis bands of 5Amps and 0.5Amps 

Fig 4.19 SIMULINK model of HCC controlled converter 

44 



0 OBS 

Phase A 
Current 

F•ig 4.20 DC output voltage of HCC converter where HB=+5Amps 

Fig 4.21 A Phase Current of the converter where HB=+5Amps 
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Fig 4.22 FFT Analysis of Source current where HB=+5Amps 

The waveform of output DC voltage of the AC-to-DC converter under hysteresis current 

control strategy with a hysteresis band of 5Amps is as shown in the figure 4.12. It can be seen 

that the output voltage reaches the reference voltage in a time period less than 0.1 sec. The 

input -current waveform of the converter is shown in Fig 4.13. It can be seen that the input 

current is exactly in phase with the input voltage. At 0.2 sec, a DC voltage source of 350V is 

introduced into the load. As a result the converter operates in the regenerative mode. So the 

source current is 90° out of phase with the input voltage. The FFT analysis of the source 

current is as shown in Fig 4.14. It can be seen that the total harmonic distortion in the source 

current is 6.49%. From the harmonic spectrum it can be observed that the major harmonics 

are the DC component, third, fifth and seventh. 
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Fig 4.23 Phase A Current where HB--=+0.5 Amps 
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Fig 4.24 FFT Analysis of Source current 

The source current waveforthe converter for a hysteresis band of 0.5amps is as shown in 

Fig 4.15. It can be seen that when the hysteresis band is reduced by ten times, the current 

waveform is greatly improved. The FFT analysis of the source current is depicted in fig 4.16. 

The total harmonic distortion of the input current is 0.46%. According to IEEE-519 

standards, the total harmonic distortion must be less than 5%, where the individual harmonics 
should not be more than 3%. The above results thus satisfy these standards. 
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The output power of the converter is varied and various parameters are plotted against 
the output power. These plots are shown in the graphs below. 

Output Power 

Fig 4.25 Output power Vs Total Harmonic Distortion for HCC 

I 

Fig 4.26 Output power Vs Input current for HCC 
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Fig 4.28 Output power Vs input harmonic factor for HCC 

Output Power 

Fig 4.27 Output power Vs input power factor for HCC 
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4.5 Indirect Current Control 

The SIMULINK model of the PWM converter under indirect current control is shown in fig 
4.17: 

UhMessillealse 

A 

t) 

SIsen 

wire. 
Caessbotos 

Fig 4.29 SIMULINK model of the converter under IDC 

Fig 4.30 Output Voltage for fs = 1 KHz under IDC 
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Fig 4.31 Phase A current for fs = 1KHz 
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•Fig 4.32 FFT analysis of source current for fs = 1KHz 
The output voltage waveform of the converter under indirect current control for a switching 

frequency of 1 KHz is shown in fig 4.18. The source current is in phase with the source 

voltage when the converter operates in the generative mode. As soon as the converter 

changes to regenerative mode at 0.2 sec, the source is 90° out of phase with the source 

voltage. It can be observed from the source current waveform that the current takes longer 
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Fig 4.33 Phase A Current for fs = 10KHz 
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time to align with the source voltage as compared to HCC and SPWM. Also the FFT analysis 
reveals that the total harmonic distortion of the source current is high in this scheme and does 
not comply with the standards. 

100 

iao 

-50 

Fig 4.34 FFT analysis of source current for fs = 10 KHz 
The source current waveform of the converter for a switching frequency of 10 KHz is shown 

in fig.4.21. The FFT analysis of the source current gives the total harmonic distortion to be 

4.11% which is less than 5%. So the converter under indirect current control satisfies the 

IEEE standards for higher switching frequencies. 
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The graphs of various parameters of the converter as the output is varied are depicted below. 

Wool Power 

Fig 4.35 Output Power Vs THD for IDC 

1 

Output Power 

Fig 4.36 Output Power Vs Input Current for IDC 
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Output .Power 

Fig 4.37 Output Power Vs Input Power Factor for IDC 

Fig 4.38 Output Power Vs Input Harmonic Factor for IDC 
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4.6 Space Vector Modulation 
The SIMULINK model of the converter control by Space Vector modulation is as shown 
below (Fig 4.23): 

CArrotal 

— Fig 4.39 SIMULINK Model of the converter under SVM 

0.1 	 0.15 02 	025 

Time In sec 
0.3 	0.35 0 4 

Fig 4.40 Output Voltage for fs = 1KHz for SVM 
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Fig 4.42 FFT Analysis of the source current for fs = 11(Hz under SVM 
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Fig 4.41 Phase A Voltage for fs = 1KHz under SVM 

The output voltage and source current waveforms of SVM controlled converter for a 

switching frequency of 1 KHz are shown in figs 2.34 and 2.35 respectively. The source 

current comes in phase with the source voltage only after the output voltage settles to its 

reference value (250V). The FFT analysis of the source current is depicted in fig 2.36. The 

total harmonic distortion of the source current is 6.63% which is better as compared to 
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SPWM for the same switching frequency. Also the magnitude of input current is higher in 

SVM. The FFT analysis reveals that the major order harmonics in the input current are of 

very high order viz. 10, 12, 16 and 18. The shape of the input current is improved when the 

converter is controlled by SVM. 

Fig 4.43 Phase A Current for fs = 10 KHz under SVM 

Fundamental (50Hz) = 1468 ,11-1D=  1,48% 

10 

: 1.0 . 	12. 
:1-ferMoriicotder: 

Fig 4.44 FFT Analysis of the source current for fs = 10KHz under SVM 

The source current waveform of the converter under SVM for a switching frequency of 10 

KHz is shown in fig 2.37. The current is in phase with the source voltage and when the 

converter changes to regenerative mode at 0.2 sec, the current is 90° out of phase with the 

voltage. The FFT analysis of the source current is depicted in fig 2.38. The total harmonic 
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distortion of the current comes out to be 1.48% as compared to 2.96% for SPWM for the 

same switching frequency. Hence SVM is a better control strategy when compared to 

SPWM. The THD results show that the converter satisfies the standards. 

The various graphs of the converter for different values of output power are given below. 

Fig 4.45 Output Power Vs Total Harmonic Distortion for SVM 

Outwit Power 

Fig 4.46 Output Power Vs Input Current for SVM 
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Fig 4.47 Output Power Vs Input power factor for SVM 

4.7 Four Wire Rectifiers 
Two schemes have been used in the simulation of four wire rectifiers. These are 

1. Average Predictive Current Control 

2. Hysteresis Current Control 

4.7.1 Average Predictive Current Control 

The SIMULINK model of the converter is shown in fig 4.29. 

Fig 4.48 SIMULINK model of the converter under APCC 
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Fig 4.49 Output Voltage of the converter for fs = 10 KHz 

Time in sec 

Fig 4.50 Phase A current for fs = 10 KHz 
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Fig 4.51 FFT Analysis of source current for fs = 10 KHz 

The Output voltage of the four wire rectifier under APCC for a switching frequency of 10 

KHz is shown in fig 2.42. The waveform reveals that the four wire rectifier responds quickly 

when_the operating mode changes as compared to a three wire rectifier. The source current 

wave shape is also better when compared to three wire rectifiers. The FFT analysis gives the 

total harmonic distortion of the source current to be 0.95% whereas the THD of the source 

current for a three wire rectifier with the same control strategy and the switching frequency 

came out to be 2.96%. However the response time is more in four wire rectifier as compared 
to its three wire counter part. 

The graphs of the converter are shown below. 

Output Power 

Fig 4.52 Output Power Vs THD for 4wire APCC 
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Output Power 

Fig 4.53 Output Power Vs Input Current for 4wire APCC 

Output Power 

Fig 4.54 Output Power Vs Input Power Factor for 4wire APCC 
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Fig 4.55 Output Power Vs Input Harmonic factor for 4wire APCC 

4.6.2 Hysteresis Current Control 
The SIMULINK model of the four wire rectifier is as shown in fig 4.33. 

Fig 4.56 SIMULINK model of the 4 wire rectifier under HCC 
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Fig 4.57 Output Voltage for fs = 10 KHz for 4wire rectifier under HCC 

Fig 4.58 Phase A Current for fs = 10KHz for 4 wire rectifier under HCC 
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Fig 4.59 FFT Analysis of Source Current for fs = 10 KHz 

The output voltage of the four wire rectifier under HCC with a hysteresis band of 

+0.5 Amps is shown in fig 2.46. As compared to the three wire rectifier under the same 

conditions the output voltage recovers soon when the rectifier changes its operating mode 

from generative to regenerative. The source current waveform is shown in fig 2.47. The FFT 

analysis gives the total harmonic distortion of the source current to be 0.34% as compared to 

0.46% for three wire rectifier. 

The graphs of the converter for various parameters with a variation in the output power are 

given below. 

04pul Power 

Fig 4.60 Output Power Vs THD for 4 wire rectifier under HCC 
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Fig 4.61 Output Power Vs Input Current for 4 wire rectifier under HCC 

Outpte Power 

Fig 4.62 Output Power Vs Input Power Factor for 4 wire rectifier under HCC 
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Output Power 

Fig 4.63 Output Power Vs Input Harmonic Factor for 4 wire rectifier under HCC 

Hence from the above analysis of the four wire rectifiers, it can be concluded that four wire 
rectifiers are better than three wire rectifiers with respect to the output voltage wave shape 

and the THD of the source current. 

The simulated results of all the control strategies discussed in the previous chapters are 

presented here. The results are taken for different switching frequencies, for different loads 

and for different operating modes. The output power is varied and some performance 

measures are plotted against it for each of these converters. 
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CHAPTER 5 

Comparative Analysis of Control Strategies Studied 

5.1 Introduction 
This chapter mainly aims at the comparative analysis of control strategies whose performance 

evaluation has been done in the previous chapter. Some performance measures are specified 
and calculated for all the rectifiers and finally the results are tabulated. 

The various control strategies of AC-to-DC converters that have been studied are: 

1. Hysteresis Current Control 

2. Sinusoidal PWM with Instantaneous Current Control 

3. Indirect Current Control 

4. Average Predictive current control 

5. ContrOl of Boost rectifier with single switch 

Normally the input voltage to an AC-to-DC converter is sinusoidal but the input current is 

non-sinusoidal i.e. harmonic currents are present in the ac lines. This has two main adverse 

effects. These harmonic currents conduct through the ac lines and interfere with other 

equipment connected to the same lines. Furthermore they cause electromagnetic interference 

to nearby telephone and communication lines. However the input current can be made nearly 

sinusoidal with the above control strategies and unity power factor operation can also be 

achieved. Even though the input current is controlled there is a ripple in the output voltage 

which in turn generates ripple in the output current. This ripple current has several adverse 

effects. Therefore there are some external performance measures that are defined for these 

converters. These are: 

➢ Total Harmonic Distortion of Output Voltage 

> Total Harmonic distortion of Input Current 
> Input Displacement Factor 

> Input Power Factor 

> Input Current Distortion Factor 

> Input Harmonic Factor 

> Voltage Ripple Factor 

> Crossover time 

> Response time 
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5.2 External Performance Measures [22] 

Input Displacement factor (IDF): This is defined as the cosine of the input displacement 
angle Cf• which is the angular displacement between the fundamental component of the ac 
supply current and the associated line .to neutral voltage. It is also known as the fundamental 
power factor (FPF). 

Input Power Factor (IPF): This is defined as the ratio of the total mean input power to the 
total rms apparent power input to the converter. Since only the fundamental component 
contributes to the mean input power, the PF may be defined as 

PF = VIII  cow/V. I. = (IifIrms) cosy) 

Where 	 VI = 	= Phase Voltage 

= Fundamental component of the supply current 

CD = Input displacement angle 

I.= Supply rms current 

Input current distortion factor: It is defined as the ratio of the rms amplitude of the 

fundamental component to the rms amplitude. It is a measure of the distortion present in the 
supply current. 

Input Harmonic factor: It is the ratio of the total harmonic content to the fundamental 
component 

IH = (I.2 — Ii2)1/2/11 
Voltage Ripple factor: It is defined as the ratio of the net harmonic content of the output 
voltage to the average output voltage. 

Kv = (VOrms2  VOav2)1/2N0av 

Crossover time: This is defined as the time taken by the input current to reach a steady state 

value when the operating mode of the AC-to-DC converter changes from generating to 
regenerative. 

Response time: It is defined as the time taken by the output DC voltage of the converter to 
reach a steady state value. 

For a comparative analysis of the control strategies studied, all the above parameters have 

been calculated for each strategy under different load conditions and switching conditions. 
These are enlisted in the tables below. 
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The above tables give the various parameters of the converter for each control strategy for 
different load conditions. It can be observed from the table that the hysteresis current control 
strategy is the best one in all the respects. However in this scheme the switching frequency 
does not remain constant which increases the switching losses of the converter. The space 

vector modulation technique is definitely an improvement over the sinusoidal pulse width 
modulation technique as the THD of the source current is reduced and the magnitude of input 

current is very high in SVM as compared to SPWM. Though the indirect current control 
scheme has a higher THD in the source current, the output DC voltage is high. The boost 

rectifier with single switch has the highest magnitudes of both the input current and the 

output voltage when compared to all other schemes. However this converter suffers from the 

disadvantage of higher THD in the input current and more ripple in the output DC voltage. 

The four wire rectifiers have proven to be better than the three wire rectifiers with respect to 

the THD of the source current, THD of output voltage, response time and crossover time. 
However the ripple factor of the output voltage is high in these rectifiers as compared to their 

three wire counterparts. 

These control schemes are also compared on the basis of some plots which give the variation 

of output power with various parameters like THD of input current, magnitude of input 

current, input power factor, input harmonic factor. These graphs are shown below. 

Output Power 

Fig 5.1 Output power Vs THD 
74 



Output Power 

Fig 5.2 Output power Vs Input current 

Output Power 

Fig 5.3 Output Power Vs Input power factor 
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Output power 

Fig 5.4 Output power Vs Input harmonic factor 

From graph 5.1, it can be observed that the THD is the highest for indirect current control 

scheme whereas it is the lowest fro 4 wire rectifier under HCC. The magnitude of input 

current is the highest for SVM (Graph 5.2). 

All the control schemes have been compared on the basis of a number of parameters. At the 

end graphs are plotted and compared to decide the best scheme. Each scheme has its own 

advantages and disadvantages. The selection of the control strategy to be used depends upon 
the application and requirements of the system. 
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Future Scope 

Many new PWM control schemes are being developed which improve the performance of the 

converter. The predictive current control with fixed switching frequency is an improvement 

over the hysteresis current control scheme as the switching frequency remains constant and 

all the advantages of HCC are retained. Artificial Intelligence techniques are being developed 

for the implementation of control techniques in power electronics. Some of these are fuzzy 

logic control, artificial neural networks. Space vector modulation implementation is much 

easier using neural network training method as compared to the one that employs the d-q 

transformation. 
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APPENDIX A 

Parameters used for Simulation 

AC input voltage = 100V 
Supply frequency = 50Hz 
Source resistance = 0.2 ohms 
Source inductance = 2mH 

Output filter capacitance = 2500g 

Load resistance = 40 ohms 

Load inductance = 2 mH 
DC reference voltage = 250V 
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