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Three Phase AC-DC Improved Power Quality Converters

Welcome to the course on Power Quality. We will cover three phase AC-DC improved

power quality converters (IPQCs).
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OUTLINE

* Introduction

+ Classification of Three Phase IPQC'’s

* Principle of Operation and Control of Three Phase IPQC’s
+ Analysis and Design of Three Phase IPQC’s

* Numerical Examples

+ Summary

* References

Coming to the outline, we would like to introduce three phase IPQCs; then we will talk
about classification, operation, control, analysis, and design of three phase improved

power quality converter (IPQCs). We will also have some numerical examples.
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OBJECTIVES

« Requirements and Applications

» Configurations of Three Phase IPQC’s

» Control of Three Phase IPQC’s

+ Analysis and Design of Three Phase IPQC'’s

Now, coming to the objective, first we will like to discuss requirement and the
application of these improved quality converters and then we will talk about

configurations, control, design and analysis of the three phase IPQCs.
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Introduction

* Parallel to the development of single-phase IPQC’s,
numerous concepts for three-phase IPQC’'s have been

proposed and analyzed over the last two decades.

+ Three phase improved power quality converters offer
excellent performance characteristics both from input and

output side perspective at high power level.

« Such converters have been extensively utilized in various

applications from few kW to hundreds of kW power rating.

Now, coming to the introduction part. Parallel to the development of single-phase
improved power quality converter, numerous concepts for three phase Improved power
quality converters have been proposed and analyzed over the last two decades. The

three-phase improved power quality converters offer excellent performance



characteristic, both from input and output perspective at high power level. And such
converters are extensively utilized in various application from few kW to hundreds of

KW power rating.
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Introduction

+ Similar to single phase IPQC’s, the essential performance
characteristics for three phase IPQC’s can be summarized as,

v Sinusoidal input current according to regulations regarding the
mains behavior of three-phase systems (EN 61000-3-2 if < 16A, 61000-3-
4if>16A).

v High power factor operation at supply side.

v Regulated output voltage; depending on the required level of the
output dc voltage, a system with boost, buck, or buck-boost-type
characteristic has to be provided.

v EMI compliance

v Mastering of a mains phase failure, ie., for interruption of one
mains phase, continued operation at reduced power and unchanged
sinusoidal current shape should be possible.

Similar to single phase improved power controller, the essential performance
characteristic for three phase improved quality converters are also summarized as with
the supply input current, sinusoidal supply input current according to the various

regulation regarding the mains behavior of three phase system.

With EN 61000 and typically for less than 16 ampere 61000-3 for more than 16 ampere
and a high power factor operation also AC mains, regulated output voltage depending
upon the required level of output DC voltage at system with boost, buck and buck boost
type characteristic and of course, with the EMI electromagnetic interference compliance
and mastering of AC mains failure that is for interruption of one mains phase continued

operation at reduce power or unchanged sinusoidal current shape should be possible.
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Application

Solar Energy Conversion
Systems

Wind Energy Conversion

« Systems
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[FL] These are typical applications in of these converter like maybe solar grid interface
system, Solar Energy Conversion System, Wind Energy Conversion Systems where
these converters are taking really big application. [FL] We like to have a given latter the

case studies of them.
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Application
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And then the other application like AC Microgrid where you are | mean connecting
because you are including the DC sources also similar to like a fuel cell than solar PV

generation variable, speed wind power generation and including the battery energy



storage for making the microgrid. It means you are using several such converters which

really does not test by power quality problems on the AC side.

I mean because you have a AC bus [FL] AC bus will not be affected by power quality
problem either by these renewable power generation or conventional generation of DC
set as well as the connected load on the this AC bus. Then other of course, they are also
important for DC microgrid also where the you are connecting this with the AC grid for
transferring the power [FL], power quality problems will not be either on DC side as
well as AC side like.
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Application
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HVDC Transmission
Systems

Electric Vehicle Charging §

f) Stations

Then coming to applications like HVDC system, |1 mean as HVDC system is quite old
applications even for since 1954 [FL] earlier we were using the thyristor converter
typically with the passive filters, but nowadays we start using voltage source converters.
I mean with the benefit of that you are able to eliminate, there is no need of reactive
power virtually you are able to generate the reactive power by voltage source converter

required on AC side during contingencies.

Or otherwise and moreover it does not draw harmonics and there is no need of bulky
passive filters. You require very small ripple filter similar to what we discussed already
voltage source converter [FL] new breed of HVYDC system using the different names we
call it as HVDC light or we call it as HVYDC plus [FL] their concept by the industry had

put by these converter which have a good power quality without filters like I mean.



With the bidirectional power flow in HVDC system they are developed for many
applications for like a wind form and solar form also. Another major applications is
coming electric vehicle charging station. I mean which even now for these converter. So,
that the you are not having a power quality problem on the grid because you are drawing
the power from the grid, | mean like and you make sure that neither the reactive power
burden is on the supply as on AC mains as well as harmonics are also not injected by this
electric reacting charging stations like or charges like.
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Application

Well coming to another application to Traction System. | mean traction system also now
we start putting like a typically traction not only include like electric traction, but it also
include the metro [FL] we start putting now typically voltage source converters on the
grid side, I mean typically so, that neither the harmonics nor the reactive power burden is

put on the grid.

But actually you should be able to support the reactive power if required and then cold
storage plant you are using large number of variably speed drive as well as DC set into
typically in cold storage as well as energy storage [FL] So, that you should not have on
AC grid the power quality problem [FL]. You are selecting the right converter in power

quality converter for these applications like.
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Application
High Power Electric Drive Systems for various industrial
applications. Like.. | 7
+ Cement Industries .
| ’ Bl no

* Mining and Minerals Industries

+ Metal Industries p—
+ Marine and Chemical Industries

+ Oil and Gas Industries ,”—‘
+ Water Industries m=l

0 Many More....

[FL] High Power Electric Drive System for various applications where you would use
the medium voltage drive with the power quality improvement like in cement industry,
mining and minerals industry, metal industry, marine and chemical industry, oil gas

industry and of course, water industry and many more applications.
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Classification of Three Phase IPQC’s

Improved Power Quality
Converters
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Boost  Buck Buck-Boost Multilevel Multipulse

Now, coming to the classification these of three phase improved power quality
converters, we classified into them into like a based on power flow like a unidirectional

power flow and bidirectional power flow. Unidirectional power flow the example, | can



talk about typically like a medium voltage drive for large air conditioning system or
refrigeration system where the power flows into the one direction.

But typical example may be of bidirectional power flow of these converter are the
typically like a traction the active load where we are connecting them and of course, we
classify unidirectional further into like a category of boost where you are having a boost
operation, buck operation, buck boost operation, multilevel operation as well as we have

multipulse converters also.

That is also coming as a big way. We like to discuss in a typically in separate lecture like
I mean similarly for bidirectional also we have a boost buck and buck boost and
multilevel and multipulse like [FL] you have a typically these 10 category of these
improved power quality converter in three phase connected supply system.
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Three Phase Unidirectional Boost IPQC

[FL] Coming to like a typically three phase unidirectional boost converters so improved

power quality converter, this is the first that we want unidirectional.
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Three-Phase Single Switch Unidirectional Boost Converter
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Three-Phase Two Switch Unidirectional Boost Converter using
Zigzag Injectlon Transformer (Mlnnesota Rectifier)
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In the sense that we have here typically three phase diode rectifier with the boost
converter of course, it cannot give a too good power quality on the supplies wide and that
is the reason we connect typically a this you can call it T filters on input which are able
to provide the harmonic reduction into this and you get almost like a closer to unity

power factor on the supply system which is normally used in lower rating like I mean or.

So, then we have a typically another converter three phase, two switch unidirectional
boost converter using zigzag injection transformer. This is also known as Minnesota
Rectifier. | mean this was virtually invented in Minnesota University and that is the name
they put like a Minnesota Rectifier [FL] you can see AC with the your you can call it like
injection transformer here and you have a two boost converter to regulate the output

voltage.

This is | mean you can have a harmonics quite here of course, and unity power factor on
this side and of course, if load needs only DC, you can have this it provide the boosting
feature because you are having a boost converter here. Apart from that, it has a very
interesting feature that if you have a require a load like 2 equal voltage across the load
DC load like similar to like a switched reluctance motor drive midpoint converter, you

can provide this also from this converter like.
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Three-Phase Three Switch Unidirectional Boost Converter
(Vienna Rectifier)

Three-Phase Unidirectional Boost Converter using Isolated
Scott Connection Transformers.

Then coming to like a Vienna Converter. This is again by invented by Professor Kolar
who has been in the Vienna University [FL] in the Vienna capital of Austria. He put the
name on the city [FL] called Vienna Rectifier and this is with the 3 switch PFC

Converter.

It also boost converter and give a almost good power quality on the supply side. This
converter has become very popular many versions are there we will discuss in detail and
you can use of course, on load side if, but if you want 2 equal voltage across for load,
which | will already mention that similar to like a midpoint point converter switched
reluctance motor drive, you can use this converter of course, it is very much used in

telecommunication industries like | mean or so.

[FL] Another your unidirectional is that you can take a Scott connection of three phase
supply and then you can have a 2 converter PFC with the equal power sharing to get
output voltage [FL] you have a of course, the isolation and if you have a balanced load
on this Scott connection, you have a balance current in the supply system as well as you
get of course, the power factor correction because of this PFC boost converter operating

in this case like.

[FL] You are able to regulate the output voltage the good quality THD, but only the

drawback is that you are using power frequency is Scott connected transformer which are



not in other circuit like, but of course, you are getting isolation [FL] depends on a

application requirement if you are using this like.
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Three Phase Bidirectional Boost IPQC
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Now, coming to three phase bidirectional boost improve power quality converter.

(Refer Slide Time: 09:44)

Four Switch Three-Phase Bidirectional Boost Converter
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I mean this is three phase bidirectional boost converter. One leg each | mean replaced by
midpoint capacitor [FL] because of whole current of this phase move through this
capacitor, value of capacitor is very large [FL]. This is not considered quite good and

voltage output have to be very high and of course, this is the very well justified converter



which can have a bidirectional power flow and this is used of course, with a bidirectional
power flow, in the sense | can say normally used for solar grid interface, | mean like and

sometime we have a energy storage like a battery and solar grid interface on the DC side.

[FL] In the night we do not have a solar, you can charge the battery also from this at
unity power factor and you can put the solar power injection to the grid on the unity
power factor [FL]; such converters are also now becoming quite popular for renewable
energy interface with the energy storage on the DC link itself [FL]. We will like to
discuss that case study separately like I mean or so.
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Four Wire Three-Phase Bidirectional Boost Converter
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Then coming to of course, the fourth leg here, the midpoint I mean to improve the
performance of this similarly fourth leg is taken here for the sometime for neutral current

compensation kind of thing. We will discuss little later.
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Boost-Type PFC Rectifier System
VIENNA Rectifier
A- Switch Rectifier

[FL] Now coming to typically Boost Type Power Factor Correction Rectifier, Vienna
converter or it is also called Delta Switch Rectifier and this is the another version of
typically of Vienna rectifier where the bidirectional switch are connected here and by

modulating this you can make the three current sinusoidal.
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VIENNA Rectifier
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+ Low Switching Losses,
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= Higher Circuit Complexity
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Of course, in this case you are able to reduce the number of the devices and you are able
to get like a supply current in phase with the supply voltage with properly and of course,

with proper design you are able to get low input inductance requirement of these with if



you operate renewable switching frequency low switching losses and low EMI and
higher circuit losses [FL].

These have become very popular for telecommunication industries like because you have
to charge the battery virtually from the your either from DC set or from the grid, but
maintaining the power good power quality means good power factor and reduce

harmonics and no reactive power button on the supply system.
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Time Behavior of the Components of Voltages u7,u; , u;

These are the typical of course, the waveform that how we are able to get supply voltage
and supply current with the different kind of switching, I mean of the these device
bidirectional switches and how the different voltage and here able to even use the
typically sometime phase factor modulation for PWM switching. Of course these are the

different modes of operation.
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I mean like here you can have a typically 8 modes of operation of these converters for
the purpose of switching how you really are able to get boost operation as well as
maintain the power quality on the supply side like and these are typically the another
version of this till we call it delta switch converter virtually for the actual power flow, |
mean where this switch are not connected virtually they are connected in delta manner.

They are not connected star with the midpoint.
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A-Switch Rectifier
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[FL] The benefit that you do not need the two capacitor here on the DC side and it is able
to control the you can call it output to voltage regulator as well as you are able to get

sinusoidal current on input side like.
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And you can see the three phase supply voltage with three phase typically the voltage
and you have a three phase supply current from this converter. This is typically for 5
kilowatt converter, | mean how you look into the summarizes these. These are very
popular with the high power density you can think about | mean like for used for again
for telecommunication industry and many industry for with power factor correction on
the supply side like and how the PWM switching pulses are generated for those

bidirectional switches like.
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Three Phase Unidirectional Buck IPQC
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Single Switch Three-Phase Unidirectional Buck
Converter

[FL] Now, coming to Three Phase Unidirectional Buck Converter and this is simple buck
converter that you have a buck converter after diode rectifier and it is a replacement of
you can call it typically like semi converter of thyristor converter type and you have a
like of course, single switch cannot have a good power quality on input side, but you use
the LC filter to save the current of course, on input side of this converter or to get

renewable good power quality.
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Two Switch Three-Phase Unidirectional Buck

Converter
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But of course, we use the typically we call it this is two switch derive converter, similar
to like what we talk about another converter with the ripple injection similar to
Minnesota Rectifier but this is for buck operation, two converter operating in buck mode

for regulating output inductor.

And this ripple injection circuit you can of course, use the zigzag or you can use this star
with the closed path of the for ripple injection with the delta circuit [FL] these all of

course, provide the [FL] you can call it is a complementary of Minnesota rectifier for the

buck operation.
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Three Switch Three-Phase Unidirectional Buck
Converter.
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And you have again the buck converter corresponding to again complementary of your
Vienna rectifier for buck operation with the 3 switches and with the EMI filter [FL] it
also be buck operation at the output voltage.
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And similarly now this is what we call it the typically buck operation of the three phase
current source converter with the only feeding diode at out with the filter and you are
able to get of course, the well shaping of the current on the input like. [FL] These are the
version of unidirectional buck converter.
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Three Phase Bidirectional Buck IPQC
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Now, coming to Three Phase Bidirectional Buck Converter.

(Refer Slide Time: 14:43)

GTO Based Three-Phase Bidirectional Buck Converter
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I mean this is typically you can think about is a we are using the GTO here the switches
with the input LC filter because the reason being these currents are the PWM current
here because you will be operating this converter in PWM mode and this is the

replacement of thyristor converter.

The benefit compared to thyristor converter of this is that there is no reactive burden as

well as no harmonics on the supply side and you are able to get a control voltage at the



output of course, why you selecting a GTO? GTO have a gate turn off thyristor have a
reverse voltage blocking capability which is this current source converter needs here.

And of course, the limitations of this is the GTO cannot operate the high switching
frequency [FL] you cannot have the size of filter lower, but you can use the IGBT with
series diode for this converter [FL] that allow higher switching frequency and you can
reduce the size of this typically of the EMI filter for output inductor also for three phase
respectively.
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IGBT Based Three-Phase Bidirectional Buck Converter
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And this is the circuit with the IGBT with series diode. The reason being this is a current
source converter and you have a PWM current here and it needs the reverse voltage
blocking capability across the switch that is the reason IGBT or MOSFET, | mean your
transistor phase bridge does not have a reverse voltage blocking capability. That is the

reason for reverse voltage you are connecting diode.

[FL] One of the major drawback of this is, that the now losses of the 2 devices are there
not one | mean like and you need of course, because it is a PWM current, you want here
continuous current [FL] you need the this capacitor shunt capacitor and value of shunt

capacitor certainly depends on the value of typically of your switching frequency like.

But of course, I mean here the drawback is that this is also mandatory and you need the

inductor filter where the boost converter do not need this inductor filter only capacitor is



enough like or they [FL] again this is again the you can say replacement of you can get a

bidirectional voltage at the output, but current will be unidirectional.

Because inductor is there similar to like a thyristor bridge like, but compared to your
thyristor converter, bridge converter the benefit here you have do not have a reactive
power button and you do not have a harmonics, that have a harmonics as well as reactive

power button I mean like or so.
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Four Pole Three-Phase Bidirectional Buck Converter
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Now, this is typically again with the fourth leg corresponding to take care of the typically
Improved characteristic corresponding to the with this fourth leg for corresponding to the

neutral leg.
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Buck-Type PFC Rectifier System
6S-Buck Rectifier
SWISS Rectifier
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Now, coming to buck type power factor correction rectifier systems.

(Refer Slide Time: 17:04)

6S- Buck Rectifier
65-Buck Rectifier
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Experimental Results
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This is how the converter look like for 5 kHz,

balanced sinusoidal at the supply side.
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Extensions / Modifications of 6S-Buck Circuit Topology
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And this is the extension of 6S buck boost topology.
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SWISS Rectifier
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Comparative Evaluation
* VIENNA/A - Switch Rectifier
*» SWISS / 6S - Buck Rectifier
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Now, a comparative evaluation is given here between the Vienna and delta as well as

between the SWISS and 6S converter.
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These are the typical performance indices corresponding to the VA ratings, losses for all
components i.e., for the transistors, diodes and passive components and the conducted

noise associated with each converter.
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Current Stresses - VIENNA Rectifier
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This is typically the current stresses calculations correspond to the Vienna rectifier.
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Current Stresses - A-Switch Rectifier
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Current Stresses - SWISS Rectifier
5 I.avg = 1DC vﬂ
IDurg =IpcM20 33
e 18, rms = ’MV_—
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Current Stresses - 65 Buck Rectifier (1)
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Three Phase Unidirectional / Bidirectional
Buck-Boost IPQC

()

NPTEL

Now, coming to the three phase unidirectional/bidirectional buck-boost converter
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Three-Phase Four Switch Unidirectional Buck-

Boost Converter
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Three-Phase SEPIC Derived Unidirectional
Buck-Boost Converter
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Three-Phase Flyback Derived Unidirectional
Buck-Boost Converter
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And this is typically a Vienna rectifier, where the buck boost feature is derived by a
single switch. This is an interesting circuit as you will get a shaped current wave only by

one switch.
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Three-Phase Isolated Cuk Derived
Unidirectional Buck-Boost Converter
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Three Switch Three-Phase Unidirectional Three
Level Converter

¥
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This is a 3 level unidirectional buck-boost AC-DC converter. In this, the multi-levels are
created for improving the power quality on the supply side and having a boosting

operation with the help of three bidirectional switch.
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Matrix Converter Based Three-Phase
Bidirectional Buck-Boost Converter
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And this is a bidirectional Buck-Boost converter. This is derived from the matrix
converter. The matrix converter is a very important converter which can do all 4
conversion AC to DC, DC to AC and AC to AC, but here it is derived for the AC to DC

conversion with the bidirectional power flow.
Now, coming to the numerical examples.
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NUMERICAL PROBLEMS
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1. Athree-phase bi-directional boost PFC converter draws 10kW

from 250V per phase, 50Hz mains for a resistive load. The

switching frequency is 20 kHz and ac inductor is 2.5mH. The
NG =

power-factor is corrected close to unity and PWM modulation

index i |s 0.8. Determine an output dc voltage value of resistance
of Ioad and phase shift in fundamental component of PWM

voltage and supply voltage.

My
g ’_b-—
e K

I " -
>

‘ Iy Lb

[ Ve ~

7 P
Rl

Coming to the first numerical example. A Three phase bidirectional boost PFC converter
draws 10 kW from 250 V per phase, 50 hertz, 3 phase AC mains for a resistive load. The
switching frequency 20 kHz and AC input inductor 2.5 mH. The power factor is
corrected close to unity and PWM modulation index is 0.8. Determine the output DC
link voltage, value of equivalent resistance of the load and phase shift between

fundamental component of PWM.

(Refer Slide Time: 22:25)

Solution: Given data, P =10000 W, V. =250V, L, =2.5 mH
e —~ e

A0 g

I =

3%V, *cos§ 3*250*1

x =0°L,=314.15*25" 103@
Vo= =X, "1, =104)

V.= (V2 +V2)=25022V
(2N2)*V,,

—

V.=

dc

=884.6V

m
p_ NV Vm1 sind .~

L N

The solution of this problem is given in the abovemention slides.
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2. A three-phase voltage source converter feeds a power of 25
kW to 415V(L-L) rms, 50Hz, three-phase ac mains from 720V

DC bus. The switching frequency is 10 kHz and ac inductor is

-~

2.50mH. The power-factor is corrected close to unity. Determine

PWM modulation index, rms ac current and phase shift in

fundamental component of PWM ;/oltage and supply voltage.

Now, coming to second numerical, a three phase voltage source converter feeds a power
of 25 kW to 415 V line to line RMS 50 hertz three phase ac mains from 720 V DC bus
voltage. The switching frequency is 10 kHz and the AC inductor is 2.5 mH. The power
factor is corrected close to unity. Determine the PWM modulation index, RMS supply ac

current and phase shift between fundamental component and PWM voltage and supply

voltage.

(Refer Slide Time: 24:51)

Solution: Given data , P =25000 W, V, = 415:‘\5 =2396V, [, =25mH
[, = i . 34.78A

3*V. *cosp 3*239.6*1
X, =o*L[ =31415*25*10 * = 7850
V=X *1,=273V
Vo = (V) +V5) = 241,15V

(2V,2 ) i Vcomﬂ

m

m =0.947

P- S*IVS ' nunn*SinD‘
X

&

de

*
§=sin ‘(#) =6.5°

s eomvd

(Refer Slide Time: 25:31)




Solution: Given data, P =25000 W, V, =415V, L, =5 mH
e e

I B B

~ 37V, "cosg 3415/1 »

Xs,:")*Ls=31ﬁ15*§,'103=-7§59

vconv1 = \J’(VSZ +VL21) =241.15V

i L e
_22)V,,,,

et

m=0.947

/_ Xs o

; P*X
() [d=sin(-=—2—)=829
% (,. sin (3*V *V )

s “convi =2

NPTEL

The solution of this problem is given in the abovemention slides.
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3. A three-phase twelve-pulse bi-directional boost AC-DC
converter (IGBT based Voltage Source Convéngrmw
flom 254V per phase, 50z, 3phase ac mains with and
sinusoilg\ wave voltagi The ac inductor is 15 mH. The|
displacement factar/is' corrected close to unity. The »\QC_is
operated in a QWC

output voltage. Determine (i) value phase shift in fundamental

component of VSC ac voltage and supply vo/ltgge_ (ii)

fundamental p‘hase current, (iii) 11th harmonic current, (iv) THD

in VSC ac voltaée and (v) THD inac curent.

— e ———

Now, coming to next numerical problem. A three phase twelve pulse bidirectional boost
converter draws 10 kW from 250 V per phase, 50 Hz three phase AC mains. The AC
inductor is 15 mH. The displacement factor is corrected close to unity. The VSC is
operated in mode to cancel 5" and 7™ harmonics in output voltage of VSC. Determine
the value of phase shift in fundamental component of VSC AC voltage and supply
voltage, fundamental phase current, 11" harmonic current, total harmonic distortion in
VSC AC voltage and THD in AC current.
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Solution: Given data , P=10000 W, V, =254V, L, =15 mH

=t o 10000 43493
3*V,*cosg 3*254*1

X, =0*L,=314.15*15*107 = 4710, V=
Vconv1 = V(VSZ +VLZ1) =2614V

X, *1,=61.84V

st

P*X
5 =sin" (s —) =13.677°
sin (3*V5*Vconv1)
Transformer
@;—‘IL vy } \ l_ - W_j[
7 i I Ly + -
“' Jﬁ,_» - Lo Y
NPTEL ) kL g \Jr [:} - ‘
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P
VL l =¥—/
v, =V 93 7645w 7 DX
! =t _0.4586A
V] =—-=VU.
V, = - 20.10846Y 121°471  ——
v,
V- qeetioesey — oV gpopuqs
: 169°471 —
Vis = g5 = 10484 20.1049A
Vo= L-74888V < |, =0.0888A ~
Vg, = ;/—7 7.0651V ’ 'as=0-0453A /-
N e |y =0.0405A
I, =0.0251A
. v, 47
B LU |, =0.0231A /
NPTEL
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7
THD, = j-m 1

L

o VEHVE VGV VG VG VGV
"y v,
THD, ~14.17%

THD 0.1417

THD, ~ 4.456%

The solution of this problem is given in the abovemention slides.
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4. A three-phase twelve-pulse quasi-square bi-directional boost
AC-DC converter (IGBT based Voltage Source Converter
coupled with transformers having primaries connected to ac
mains star/delta and delta/delta with common dc bus) with
fundamental frequency switching and feeding 50 kW from a dc
battery of 720 V to a 254V per phase, 50Hz, 3-phase ac mains.
The 5™ harmonic current is to be limited 20% of fundamental ac
current in each converters. The displacement factor is corrected
close to unity. The VSCs are operated in a mode to cancel 5%
and 7™ harmonics in ac mains current. Determine (a)
transformer turns ratios, (b) value phase shift in fundamental
component of VSC ac voltage and supply voltage, (c)
fundamental phase current, (d) THD in the ac current and (e)
the value of leakage inductance of the transformer.

Now, coming to the 4" problem. A three phase 12 pulse quasi-square bi-directional AC
DC converter with the fundamental frequency switching and feeding 50 kW from a DC
battery of 720 V to a 254 V per phase, 50 hertz, 3 phase AC main. The 5" harmonic
current is to be limited by 20 % of fundamental AC current to each converter. The

displacement factor is corrected close to unity. The VSCs are operated in a mode to



cancel 5" and 7" harmonics in AC mains current. Determine (a) transformer turns ratio
(b) value of the phase shift in fundamental component of VSC AC voltage and supply
voltage (c) the fundamental phase current (d) total harmonics distortion of AC mains

current and then (e) the value of leakage inductance of the transformer.

(Refer Slide Time: 31:06)

Solution:- |;; = 50000/ (3*254) = 65.616 A

~i

(a) Transformer turns fatio (k) secondary to primary
k{(720%0.816)+(720°0.816)/\3}= 254

Turns ratio (k)=0.274

i,
The 5th harmonic current is to be limited 20% of fundamental ac

current in each converters then X=0.2pu__

N S
=25 gno < )
6516

3Phase [
AV = VA XY =29900V N
EECR = |
O |
H#7EL

(Refer Slide Time: 32:04)

(b)Value phase shift in fundamental component of VSC ac
voltage and supply voltage, =
=

[ PX,
§sin’| — | g=11310
| 3xV,xV,

s -

(c) Fundamental phase current, = 65.616A
(d) THD in the ac current, THD = 5.36%

L, = V,I(I1*X ) = 27654, I, =V, /(13X ) = 1.9794,
A = - ~
237*X.)=0.6324A, 1, = V,[25°*X.) = 0.53334,
, s = V(25X ) = 05353
I = V/35°*X) = 027314, I, = V,/(37°*X ) =0.24439A
—  [EmRiRiRiE
Vltr I:5 I:.‘ 1::+15: I,‘ =536%

THD=
I, —

() The value of leakage inductance of the transfarmer,
L = (XJw)=0.7742/2*m*50 =2.46mH

The solution of this problem is given in the abovemention slides.
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5. Design a three-phase unidirectional boost PFC AC-DC
converter operating at 20 kHz using three identical single-phase
PFC AC-DC converters Tor a power of 12kW from 254V per
phase, 50Hz mains for a battery charging application. The
displacement -factor is corrected close to unity. Determine (a/)ﬁ
output capacitance sufficient to make output DC voltage of 400V
with the ripple of 2 percent, and (b) value of the inductor of PEC.

Solution: Given, P,=12 kW, V=400V, V;;=146.65V per phase,
f=50 Hz, Switching frequency f,=20 kHz

Rms input current (I,,) =12000/(3*146.65)=27.28 A per phase
— N —_—

|, = Py/ Vg = 12000/ 400 = 30A

R = (Vi 2IP,= 4002112000 = 13.33 ohms

Coming to 5" example. Design a three phase unidirectional boost PFC AC DC converter
operating at 20 kHz using 3 identical single phase PFC AC DC converter for a power
rating of 12 kW from 254 V per phase and 50 hertz AC mains for a battery charging
application. The displacement factor is corrected to unity. Determine (a) output
capacitance sufficient to make output DC voltage of 400 V with the ripple of 2 %, and

the value of inductor for PFC.

(Refer Slide Time: 34:02)

(a) Output capacitance (C)
D=1-(}1}.ﬂ:\/ﬂ Vi) = 1- (1.41% 146.64 / 400) =M
Considering output dc voltage ripple equal to 2%.
Output Capacitor,
C=(l,/ 2w AVy) = (30 /2*2*3.14*50*0.02°400) = 5.97 mF
i —
(b) Value of the inductor of PFC (L)
Considering 2% input current ripple.
Aly, =0.02*1.41°27.28
e A
L =(VgD(1-D)) / (fAl;) = 6.5 mH

NPTEL Y

The solution of this problem is given in the abovemention slide.
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8. A three-phase six-pulse bi-directional boost AC-DC converter
(GTO based Voltage S %ﬁcg Converter connected hroug a
star/star transformer) feeds 2° 25 KW from a battery of 760V to a
254V per phase, 50Hz, 3gase AC mains with and sinusoidal
wave voltage. The 5% harmonic current is to be limited 10% of |
fundamental AC current. The VSC is operated in a mode to
cancel 3¢ hal harmonic in VSC output voltage. The displacement
factor is corrected close to unity. Determine (a )turnsraw
transformer, (b) value phase shift in fundamental component of
VSC AC voltage and supply voltage, (c) fundamental phase
current, (d) 13" harmonic current, (e) THD in VSC AC voltage,
(f) THD in the AC current and (g) the value of AC inductor

Solution: Given data- P = 25 kW, f = 50 Hz, V; = 254 V, |5 =

g sy
#~ |10% of |;; and Let m=1

&) -
o [1y=PhVsoosh =328

Coming to next example. A three phase 6 pulse bi-directional boost AC-DC converter
feeds a 25 kW from a battery of 760 V to 254 V per phase, 50 hertz, 3 phase AC mains.

The 5" harmonics current is to be limited 10 % of the fundamental AC current. The VSC

is operated in a mode to cancel 3" harmonic VSC output voltage. The displacement
factor is close to unity. Determine, (a) turns ratio of the transformer, (b) value of phase
shift in fundamental component of VSC AC voltage and supply voltage (c) the
fundamental phase current, (d) 13" harmonic current (¢) THD in VSC AC voltage, (f)
THD of AC mains current, and (g) value of AC inductor.

(Refer Slide Time: 35:32)

(a) Turns ratio of the transformer
k=V/(V"0.816) = 0.4096, 1;=0.1"I,; = 3.28 A
Vo= Ve mJ22) S 2687V —

(b) Phase shift in fundamental component of VSC AC voltage
and supply voltage

& =sin(P* X,/ 3* Vs* Vppq) = 23.578

(c) Fumﬂenﬁ{g A

l,=V4 /nZX / I5-anv1/(52*Xs) 3. 28 A, 1AV g (T7X) = 1.67 A
I11-anv1/(1 12X) = 0.67 A :
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(d) 13" harmonic current

|13=Voonv1/ (1 32*Xs)
|1 7=Vconv1/ (1 72*X5)
l1g=Veon(192°Xs)

=0.48A,
=0.28A,
=0.22A,

lps= Vognyl(232°X) = 0.15 A,
lps= Vognytl(252°X) = 0.13 A,

|29=Voonv1/ (292*Xs)
3= Vet (312°%,)
|35=Vconv1/ (352*)(5)
l57=Veonil(372°%)
|41=Vconv1/(412*xs)
|43=Vconv1/ (432‘)(5)
|47=Vconv1/ (472*X )
|49=Vconv1/ (492*)( )

S
S

=0.097A,
=0.085A,
=0.067 A,
=0.059A,
=0.048A,
=0.044 A,
=0.037A,
=0.034A

V,=Vy/n
Ve=Vyi/5 = 5374V
V7=V gel7 = 38.38 V
Viy= Vo 11 = 244V
Vig= Vegnyi/13 = 20.66 V
Vi= Vg7 = 15.80 V
Vig= Vegnyi/19 = 14.14 V
Vo= Viogny1/23 = 11.68 V
Vos= Vegnyt/25 = 10.74 V
Vog= Vegny1/29 = 9.26 V
Vo=V gnye/31 = 8.66 V
Vag= Vg (/35 = 767V
Vg™V onys/37 = 7.26 V
V= Vegnyi/d41 =655V
V= Vegny/43 =625V
V=V on/47 = 5717V
Vg™V /49 =548 V

(Refer Slide Time: 36:13)
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(e) THD in VSC AC voltage, THD,, =

IVE HVE 4V 1V VG Vi VRV Vi VLV VG ViV VG Ve

2 =30.02%

(f) THD in the AC current, THD, =

V'Z

f;lf ‘Ivz ’I:Z\ I|Zv "Iwzl ‘1129 ‘Izz? "725 "Izzg "321 ’1325 ‘1327 "'I121 "423 'Ilzl +i

£ -11.59%

V

(g) The value of AC inductor

L=XJw =10 mH

The solution of this problem is given in the abovemention slides.
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9. A three-phase twelve-pulse bi-directional boost AC-DC
converter (GTO based Voltage Source Converter coupled with
transformers haviﬁg’ﬁ?aries connected to AC mains star/delta
and star/star with common DC bus) feeding 30 kW from a DC
battery of 760 VV to a 240V per phase, 50Hz, 3-phase AC mains,
and sinusoidal wave voltage. The 11™ harmonic current is to be
limited 5% of fundamental AC current. The displacement factor
is corrected close to unity. The VSC is operated in a mode to
cancel 5% and 7" harmonics in VSC output voltage. Determine
(a) transformer turns ratios, (b) fundamental phase current (c)
an output AC RMS voltage, (d) value phase shift in fundamental
component of VSC AC voltage and supply voltage, (e) 11"
harmonic current, (f) THD in VSC AC voltage, (g) THD‘irﬁh\e AC
current and (h) the value of AC inductor.

Now, coming to next example. A three phase twelve pulse bi-directional boost converter
AC-DC converter feeding 30 kW from a DC battery of 760 V to a 240 V per phase, 50
Hz, 3 phase AC mains. The 11" harmonics current is to be limited 5% of the
fundamental AC current. The displacement factor is corrected close to unity. The VSC is
operated in the mode to cancel 5 and 7" harmonics in VSC output voltage. Determine
(a) transformer turns ratio, (b) the fundamental phase current, (c) an output AC RMS
voltage, (d) the phase shift in fundamental component of VSC voltage and the supply
voltage, (e) 11™ harmonic current, (f) THD in VSC AC voltage, (g) THD in AC current,

and (h) is value of AC inductor.



(Refer Slide Time: 37:24)

NPTEL

Solution: P =30 kW, V=240V, f=50 Hz, V=760V, PF=1,

(a) Transformer turns ratios

k=V/((V4"0.816)+(V,,*0.816)N3)= 0.245

(b) Fundamental phase current I, = P/(3*Vs*cosg) = 41.6667 A
(c) An output AC rms voltage

Voot = (Vge"m)/(242) = 268.7006 V

11,=0.05"]; = 2.0833 A, X;=Vy,1/(112*14) = 1.0659 ohms
L=X/w = 3.4 mH

(d) Value phase shift
6 = Sin_1((P* Xs)/ (3’t Vs* Voonv1)) = 950

(Refer Slide Time: 38:27)I

Vy =V11= 244273V
Vip=V/13= 206693V _
Vyy=V,23= 116826V
Vos=\V,25= 10748V
Vas=\,35= 7677V
Vyy=V,37= 726V

Vg =V,4T= 5117V
Vyo=V,49= 54837V

e mﬂ%}f
I, = V42110659 = 2.0833 A

|,y = V,/169"1.9= 14916 A
= 0477 A

lps = 0.403 A

ls=0206A
ly=0184A
ly=0.114 A

lg=0.105A
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(f) THD in VSC AC voltage, THD, =

e

2. y2 . v2 . y2 . y2 ., \2
vau +Vis +Va +V:s\;:vas Vg +Vg Ve — 1447 %
— 5 i

(g) THD in the AC current, THD, =

—

e e.p.p.p.2.2.2.p2
l’n”xﬁlza*ln"/ﬁ *I35+IJ7"I41+’49

= 6.37%

{ 12 =X

(h) The value of AC inductor=3.4 mH
e T

The solution of this problem is given in the abovemention slides.
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10. Design a three-phase, eighteen-pulse power-factor
corrected bidirectional boost AC-DC converter ((GTO based
Voltage Source Converter coupled with transformers having
primaries connected to AC mains with common DC bus) with
following specifications: input: Vi=254V rms per phase, 50Hz,
three-phase AC supply, DC output: V=240 V DC, P,=12kW with
output voltage-ripple less than 2%. The 17™ harmonic current is
to be limited 4% of fundamental AC current. The displacement
factor is corrected close to unity. The VSC is operated in a
mode to cancel up to 13" harmonics in VSC output voitage.
Determine (a) transformers tums ratios, (b) fundamental phase
current, (c) an output AC ms voltage, (d) value phase shift in
fundamental component of VST AC voltage and supply voltage,
(eulm harmonic current, (f) THD in VSC AC voltage, (g) THD in
the AC current and (h) the value of AC capacitor and AC

P

0 inductor.

MPTEL

Now, coming to next problem: Design a three phase eighteen pulse power factor
corrected bi-directional boost converter with the following specification: Supply voltage
per phase is 250 V RMS and 50 Hz, 3-Phase AC supply, DC output is 240 V, output
power 12 kW with output voltage ripple less than 2%. The 17" harmonic current is
limited to 4 % of fundamental AC current. The displacement factor is corrected to unity.

The voltage source converter is operated to cancel up to 13" harmonics in VSC output



voltage. Determine (a) transformer turns ratio, (b) fundamental phase current, (c) an
output AC RMS voltage, (d) value of phase shift in fundamental component of VSC AC
voltage and supply voltage, (€) 17" harmonic current, (f) THD in VSC AC voltage, (g)
THD in AC mains current and (h) value of a AC capacitor and AC inductor.

(Refer Slide Time: 39:58)

Solutions: f=50 Hz; w=2*m*f=314.15rad/s; V=254 V;
V,=V,.=240 V; P,=12 kW, PF=1;
(a) Transformers turns ratios

K=VJ/((V4.*0.816)+(V,,*0.816)N3)= 0.8223
(b) Fundamental phase current I, = P/(3*Vs*cosg) = 15.748 A

(c) An output AC rms voltage
Veonyt = (Ve m)/(212) = 84.8528 V

(d) Value phase shift in fundamental component of VSC
p= (3* vs’t Vconv1*sm6)/ Xs
0 =sin((P* X/ (3* V¥ Vigny1)) = 4.96

S
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(e) 17! harmonic current

Vo=Vin"~

V= V17 = 499V

Vig=V,19= 44659V

Vs =V,/35= 242V

Vy=V/37= 220V

|, = Vo2

l,;=06299A <

l= 0.5043A

ls= 0.1486 A~

ly= 0.133A_
AT

(f) THD in VSC AC voltage, THD, WTy = 882%

[ A
(g) THD in the AC current, THD, = \"—91—32—% =528%
== 1 e

=
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(h) The value of AC capacitor and AC inductor
17=0.04",=06299A ~

X2Vl (1721,) = 04661 ohms—
L=XJw=149mH ~

|dc=i Vo= 50A

Sl S
oo =lge MI2"\2/E 17,6777 A

- : =
b= J% = 10.7287 ohms
=\ an +In/ —

C1 k29669 F

Vy r=02'Vo=48V
Celad(2"wVy, ) = 1660 pF .
. de_r s

The solution of this problem is given in the abovemention slides.
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