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Abstract

Nonlinear devices, such as power electronics converters, inject harmonic currents
in the AC system and increase overall reactive power demanded by the equivalent load.
Also, the number of sensitive loads that require ideal sinusoidal supply voltages for their
proper operatibn has increased. In order to keep power quality under limits proposed by
standards, it is necessary to include some sort of compensation. Different types of power
quality compensafors of higher or lower complexity have been reported. This dissertation
thesis deals with the shunt APF, series APF and the unified power quality conditioner

(UPQC) which aims at the integration of series and shunt active filters. The main purpose

of a UPQC is to compensate for voltage flicker/imbalance, reactive power, negative -

sequence current and harmonics. In other words, the UPQC has thé capability of
improving power quality at the point of installation on power. distribution systems or
industrial power systems.

In this dissertation Wofk the modeling of shunt APF, series APF and the UPQC has
been carried out and different topologies of shunt APF, series APF and the UPQC have
been discussed briefly. The shunt APF is suitable for compensation against source current
harmonics and the series APF is suitable against load voltage harmonics while the UPQC
can corhpensate for source current and load voltage simuitaneously and hence more
suitable for improving the power quality. The shunt APF, series APF, and the UPQC have
been simulated for different loads using the SIMPOWERSYSTEM (SPS) of
MATLAB/SIMULINK models in this dissertation work. The simulation results show that
these filters are good choice for improving the power quality of an electrical power
_system. : .

Key words- Active Power Filter (APF), UPQC, Harmonics, Power Quality, SPS
MATLAB / SIMULINK. '
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CHAPTER 1
Introduction |

. ————— —————— ——————— ————————————————————|

1.1 Introduction
The present power distribution system is usually configured as a three-phase three-
wire or four-wire structure featuring a power-limit voltage source with significant source
impedance, and an aggregation of various types of loads. Ideally, the system should
provide a balanced and pure sinusoidal three-phase voltage of constant amplitude to the
loads; and the loads shoﬁld draw a current from the line with unity power factor, zero
harmonics, and balanced phases. To fou;—wire systems, no excessive neutral current
should exist. As a result, the maxunum power capacity and efficiency of the energy
delivery are achieved, minimum perturbation to other appliances is ensured, and safe
- operation is warranted. However, with a fast increasing number of applications of
industry electronics connected to the distribution systems today, including nonlinear,
switching, reactive, single-phase and unbalanced three-phase loads, a complex problem of
power quality evolved characterized by th;e voltage and current harmonics, unbalances,
low Power Factor (PF). | _
In reéeht years active mefhods for power quality control have become more attractive
compared with passive ones due to their fast response, smaller size, and higher
performance. 'For example, Static VAR Compensator (SVC) have been reported to
improve the power factor; Power Factor Corrector (PFC) and Active Power Filters (APF)
have the ability of current harmonics suppression and power factor correction; some active
circuits were developed to compensate unbalanced currents as well as limit the neutral
current. In general, parallel-connected converters have the ability to improve 'the current

quality while the seriés-conneptg_d_»’regulators inserted between the load and the supply,

improve the voltage quality. For voltage and current quality control, both séries and shunt

converters are necessary, which is known as Unified Power Quality Conditioner (UPQC)
and have beén analyzed in this thesis. UPQC was presented during 1998. Such solution
can compenéate for different power quality phenomena, such as: sags, swells, voltage
imbalance, flicker, harmonics and reactive currents. UPQC usually consists of two
voltage-source converters sharing the same capacitive DC link. One of the converters is an
active rectifier (AR) or shunt active filter while othér is a series active filter (SF). Also, at

the point of the load connection, passive filter banks are connected. In UPQC the series



active power filter eliminates supply voltage flicker/imbalance from the load terminal
voltage and forces an existing shunt passive filter to absorb all the current harmonics
produced by a nonlinear load. The shunt active filter performs dc link voltage régulation,
thus leading to a significant reduction of capacity of dc link capacitor. This seminar
discusses various power quality problems and solutions with an emphasis on the UPQC.
1.2 Power Quality and Its Problems

Modern semiconductor technology is a tool for achieving productivity and profit. It
is designed to run on clean electrical power. The irony is as this technology increases in
sophistication, so does it's susceptibility to power disturbances because nonlinear devices,
such as power electronics converters, inject harmonic currents in the ac system and
increase overall reactive powef demanded by the equivalent load. Also, the number of
sensitive loads that require ideal sinusoidal supply voltages for their proper operation has
increased. In order to keep power quality under limits proposed by standards, it is
necessary to include some sort of compensation. Clean power for technology is like clean
fuel for automobiles. | 7 A

The term electric power Quality broadly refers to maintaining a nearly sinusoidal power
distribution bus voltage at rated magnitude and frequency. In addition, the energy supplied
to a consumer must be uninterrupted from reliability point of view. Though power quality
is mainly a distribution system problem, poxlver transmission system may also have impact
on quality of power. Caﬁses for power quality deterioration are explained in next section.

With the ever-increasing use of sophisticated controls and equipment in
industrial, corﬁrhercial, institutional, and governmental facilities, the continuity, reliability,
and quality of electrical service has become extremely crucial to many power users.
Electrical systems are subject to a wide \;ariety of power qliality problems which can
interrupt production processes, affect sensitive equipment, and cause dow_ntime, scrap, and
capacity losses. Momentary voltage fluctuations can disastrously impact production. . .
extended outages have a greater impact.

Many power quality problems are easily identified once a good description of the
problems is obtained. Unfortunately, the tehsions caused by power problems often result
in vague or overly dramatic descriptions of the problem. When power problems happen,
one must try to note the exact time of the occurrence, its effect on electrical equipment,

and any recently installed equipment that could have introduced problems to the system.
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A power quality audit can help determine the causes of one’s problems and provide
a well-designed plan to correct them. The power quality audit checks one’s facility's
wiring and grounding to ensure that it is adequate for one’s applications and up to code.
The auditor will check the quality of the AC voltage itself, and consider the impact of the
utility's power system. The findings will be-included in a report outlining problems found
during the audit and recommend solutions. Many businesses and organizations rely on
computer systems and other electrical equipment to carry out mission-critical functions,
but they aren't safeguarding against the dangers of an unreliable power supply. The power

quality problems are-
1.2.1 Voltage Sags

Voltage sags are the most common power problem encountered. Sags are a short-
term reduction in voltage (that are 80-85% of normal voltage), and can cause interruptions
to sensitive equipment such as adjustable-speed drives, relays, and robots. Sags are most
often caused by fuse or breaker operation, motor starting, or capacitor switching. Voltage
sags typically are non-repetitive, of repeat only a few times due to recloser operation. Sags
can occur on multiple phases or on a single phase and can be accompanied by voltage

swells on other phases.

1.2.2 Power Interruptions

NN VY

Power interruptions are zero-voltage events that can be caused by weather,
equipment malfunction, recloser operations, or transmission outages. Interruptions can
occur on one or more phases and are typically short duration events, the vast majority of

power interruptions are less than 30 seconds.

1.2.3 Voltage Flicker

Voltage flicker is rapidly occurring voltage sags caused by sudden and large

increases in load current. Voltage flicker is most commonly caused by rapidly varying



loads that require a large amount of reactive power such as welders, rock-crushers,
sawmills, wood chippers, metal shredders, and amusement rides. It can cause visible
flicker in lights and cause other processes to shut down or malfunction.
1.2.4 Power Surges

A power surge takes place when the voltage is 110% or more above normal. The
most common cause is heavy electrical equipment being turned off. Under these
conditions, computer systems and other high tech equipment can experience flickering

lights, equipment shutoff, errors or memory loss.

1.2.5 High-Voltage Spikes |
High-voltage spikes occur when there is a sudden voltage peak of up to 6,000
volts. These spikes are usually the result of nearby lightning strikes, but there can be other
causes as well. The effects on electronic systems can include loss of data and burned
circuit boards.
1.2.6 Switching Transients
| Switching transients take place when there is an extremely rapid voheige peak of ‘
up t0-20,000 volts with duration of 10 microseconds to 100 microseconds. Switching
transients take place in such a short duration that they often do not show up on normal
electrical test equipment. They are commonlyA caused by rflachinery starting and stopping,
arcing faults and static discharge. In addition, switching disturbances initiated by utilities
to correct line problems may happen several times a day. Effects can include data errors,
memory loss and component stréss that can lead to breakdown.
1.2.7 Frequency Variation
A frequency variation involves a change in frequency from the normally stable
utility frequency of 50Hz.This may be caused by erratic operation of emergency
generators or unstable frequency power sources. For sensitive equipment, the results can
be data loss, program failure, equipment lock-up or complete shut down.
1.2.8 Electrical Line Noise
Electrical line noise is defined as Radio Frequency Interference (RFI) and
Electromagnetic Interference (EMI) and causes unwanted effects in the circuits of
computer systems. Sources of the problems include motors, relays, motor control devices,
broadcast transmissions, microwave radiation, and distant electricallstorms. RFI, EMI and

other frequency problems can cause equipment to lock-up, and data error or loss.



1.2.9 Brownouts

A brownout is a steady lower voltage state. An example of a brownout is what
- happens duriné peak electrical demand in the summer, when utilities can't always meet the
requirements and must lower the voltage to limit maximum power. When this happens,
systems can experience glitches, data loss and equipment failure.
1.2.10 Blackouts

A power failure or blackout is a zero-voltage condition that lasts for more than
two cycles. It may be caused by tripping a circuit breaker, power distribution failure or

utility power failure. A blackout can cause data loss or corruption and equipment damage.

1.3 Causes and Effects of Power Quality Problems

Power Problems Causes Effects

Lightning, Utility grid; o ,
Voltage  Spikes ) . . 1Equipment failure, System lock-
switching, Heavy industrial )
and Surges up, Data corruption, Data loss

equipment

Arc Welders etc..., Switch |Data  corruption, Erroneous

mode power supplies, Faultcommand functions, Loss of

Electrical Noise _ : .
clearing devices, Ground not command functions, Improper
dedicated or isolated wave shapes etc...
High neutral currents,
) . 1Overheated neutral conductors,
. Switch mode power supplies, |
Harmonics - ) i Overheated transformers,
Nonlinear loads : ) ]
i Voltage distortion, Loss of
- system capacity
Brownouts, Unstable | System lock-up, System
Voltage generators, - Overburdened  shutdown, Data cérruption, Data
Fluctuations distribution systems,. Start-up | Loss, Reduced performance,
of heavy equipment i Loss of system control
Blackouts, Faulted or System crash, - System lock-up,

Power Outage & . . .
. overload, conditions, Back-up | Power supply damage, Lost data,
Interruptions i :
generator start-up : i Complete shutdown loss of




| control

Stable AC ﬁoﬁl

DC source

DC power plant available,

Remote areas

Unavailable AC pbwer

Emergency power

Back-up generator start-up, .

_:System crash, System lock-up,

Power supply damage, Lost data,

source  transfer, | Power interruption transfer of '
, L {Complete shutdown loss of
Peak shave power | utility source = :
control
Distribution - ] o
_ Lack of understanding of | Unstable distribution system,
Systems and i
system problems or ; Lost productivity and
Power quality o :
) coordination { profitability.
questions
High energy cost / { Need for energy savings and _
Power factor jpay back for equipment;Lost profits increased cost.
correction investment.

Table 1.1 Causes and e]febts of power quality pr;obléms o

1.4 Harmonic Standards

Different standards that are followed are listed below
e IEEE 519: Harmonic control Electrical power systems [24].
. )

IEEE Harmonic’s working group.
IEC Norm - 555-3,

] prepared by the International Electrical
commission.

] 'IEC Power quality standards- numbering system (61000-1-X -
Definitions and methodology; 61000-2-X - Environment (e.g. 61000-
2-4 is compatibility levels in industrial plants); 61000-3-X - Limits
(e.g. 61000-3-4 is limits on harmonics emissions); 61000-4-X - Tests
and measurements (e.g. 61000-4-30 is power quality measurements);
61000-5-X - Installation and mitigation; 61000-6-X - Generic
immunity & emissions ‘standards; IEC SC77A: Low frequency EMC
Phenomena -- essentially equivalent of "power quality” in American

terminology).



e US Military Power Quality Standards (MIL-STD-1399, MIL-STD-
704E).

e 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.

e 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
results from simulation and practical. 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%..This also imposes restriction on supply voltage

harmonics which are to be maintained below 3% by the utility or supplier.
1.5 Power Quality Solutions

There are many solutions to power quality problems. But the most emerging

filters, series active power filters and series shunt active power filters that is unified power

quality conditioner.
1.5.1 Shunt Active Filter

The shunt active power filter, with a self controlled dc bus, has a topology similar
to that of a static compensator (STATCOM) used for reactive power compensation in
power transmission systems. §hunt active power filters compensate load current
_harm_g)_mgsi by injecting equal but opp(z_s,itp harmonic compensating current. In this casé jche :
shunt active power filter ope_r;;—sm;;a curré:nt source injecting the hanﬁ;)~rl_ic components
generated by the load but phase shifted by 180°. Fig 1.1 shows the connection of a shunt
active power filter and Fig 1.2 shows how active power filter works to compensate the

load harmonic currents.
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Fig 1.2 Filter current Irgenerated to compensate load current harmonics

1.5.2 Series Active Power Filter

- Series active power ﬁ‘lters were introduced by the end of the 1980s and operate
. mainly as a voltage regulator and as a harmonic isolator between the nonlinear load and
the utility system. The series connected filter protects the consumer from an inadequate
supply voltage quality. This type of} dpproach is especially recommended for _
compensation of voltage un;t-)a.lances and voltage sags from the ac supply and.for‘lgw

power applicatioqs and represents economically attractive alternatives to UPS, since no



-energy storage (battery) is necessary and tﬁe overall rating of the components is smaller.
- The series active filter injects a voltage component in series with the supply voltage and
therefore can be regarded as a controlled voltage source, compensating voltage sags and
swells on the load side. In many cases, the series active filters work as hybrid topologies
with passive LC filters. If passive LC filters are connected in parallel to the load, the series
active power filter operates as a harmonic isolator, forcing the load current harmonics to
circulate mainly through the paésive filter rather than the power distribution system.

The main advantage of this scheme is that the rated power. of the series active filter
is a small fraction of the load kVA rating, typically 5%. Howévér, the apparent power
rating of the series active power filter may increase in case of voltage compensation. Fig
1.3 shows the connection of a series active power filter, and Fig 1.4 shows how the series
- active filter works to compensate the voltage harmonics on the load side. Series filters can
also be useful for fundamental voltage disturbances. The series filter during an occasional
supply voltage drop keeps the loéd voltage almost constant and only small instabilities and

oscillations are observed during initial and final edges of disturbance.
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Fig 1.4 Filter voltage generation to compensate voltage disturbances

1.5.3 Series-Shunt Active Filter

As the name suggests, the series-shunt active filter is a combination of series active
filter and shunt active filter. The topology is shown in Fig 1.5. The shunt-active filter is
located at the load side and can be used to compensate for the load hafmonjcs. On the
ether hand; the series portion is at the source side and can act as a harmonic blocking
filter. This topoloéyis called as Unified Power Quality Conditioner. The series portion
compensates for supply voltage harmonics and voltage unbalances, acts as a harmonlc

'blocklng filter and damps power system oscillations. The shunt portion compensates load
current harmomcs, reactive power and load current unbalances. In addition, it regulates the
. dc link capacitor voltage. The power supplied or absorbed by the shunt portion is the

power required by the series compensator and the power required to cover losses.
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1.6 Literature Review

Ref [1]: In this reference the authors have presented a control technique for Unified Power
Quality Conditioner (UPQC), which is a combination of series APF and shunt APF. A
control strategy based on unit vector template generation is discussed in this paper with
the focus on the mitigation of voltage harmonics present in the utility voltage.

Ref [2]: This reference first describes the voltage and current qualities. The voltage
quality may contain amplitude errors, harmonics, phase unbalance, sag/dips, swells, flicks,
impulses and interrupt voltage. As far as the current quality is concerned harmonics,
reactive component, unbalance, excessive neutral zero-sequence current are- the Iﬁain :

issues. As a whole these problems can be listed as given in table 1.2.

Voltage quality problems

Duration Existing forms
Steady state >3s Under-voltage; over voltage; outage; unbalance;
harmonics
Momentary 10ms-3s Sag/dip; swell; interrupt
Transient <10ms Flick; impulse; e.g. switching and fault ﬁansients

Table 1.2 voltage quality problems

Current quality problems

Three phase | Reactive (inductive/capacitive) . Reactive power

load — Non-linear - Harmonics
Switching : Common-mode noise
Unbalanced . Excessive  neutral/zero

sequence current

Single  phase | Reactive (inductive/capacitive) Excessive  neutral/zero
(line-neutral or | Non-linear | Harmonics - sequence current
line-line) Switching | Common-mode noise/EMI

Table 1.3 current quality problems
Then this reference proposes an approach of One Cycle Control (OCC) for UPQC which
can deal with most of the problems identified above as a whole. This proposed OCC-
UPQC consists of a serial three-phase three-leg and a parallel three-phase four-leg
converter. The OCC-UPQC has the advantages of no reference calculation that results in

simplicity, vector operation for reduced losses, modular approach with the flexibility to
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work in both three-wire or four-wire systems, in addition to the inherent features of fast
transient response, high- précision, constant switching frequency, etc. Also, the proposed
UPQC provides a multifunctional, high performance, cost effective, and reliable solution
for total power quality control. The system configuration of this proposed OCC-UPQC is
given in figl.6.. ‘

) MT la, -
@ L&,__;l;i ,=.'__ Ic
) — M Loads
vyv Jl'
+ Va,b,c
Vca,ch,cot——
- Ica,ch,coca s &
- L 4
LF1 ' LF2
Va,b,c I I | | | I Ica,chb,ce
AF1 c AF2 *
Vea,ch,co| ©CC ™ 3-ph,d-leg ™ 3-ph,4-leg [# OCC (¥,
train circuit main circuit

Figl.6 Systerh configuration of OCC-UPQC
Ref [3]: Power quality of sensitive loads can be improved by a unified power quality
conditioner (UPQC) which consists of back-to-back connected series and shunt active
filters, and is modeled using state-spacé-averag.ing technique to analyze its behavior. The
UPQC is modeled with reference to a synchronously rotating d-q-0 reference axes. This
transformation technique reveals the negative sequence, zero sequence, under-voltage,
‘ over-vbltage and other harmonic components present in the power supply. These non-ideal
quantities are reflected as ac quantities having positive or negative sequence. A new
moving-window method is suggested in predicting the fundamental positive sequence
comiz)onents of the load current. Compared to the traditional low pass filtering methods,
the proposed method is seen to result in a more rapid dynamic response. The UPQC
considered in this scheme is a multi-function power conditioner which can be used to
compensate for various voltage disturbance of the power supply, to correct any voltage
fluctuation and to prevent the harmonic load current from entering the power system. The
proposed direcf compensation control method used in the series active filter and the
moving window current calculation method used in the shunt active filter make the UPQC
response very quickly to any sudden voltage change. The simulation results show that
| during the voltage sag period, the series active filter will supply an active power which is

drawn from the shunt active filter through the dc bus capacitors from the source. The
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control scheme used in the shunt.active filter not only keeps the voltage of the dc bus
capacitor to within a certain range but also causes the capacitor charging current to be
obtained from the active component of the supply current. Under normal operating
conditions, this capacitor charging current will be minimal.

Ref [4]: The combined system- of shunt passive and small rated series active ﬁltérs has
been proposed. The combined system can greatly reduce problems of using only shunt
passive or shunt active filters and is suitable for harmonic compensation for large VA
rated loads in power systems because the required VA rating of the series active filter used
is considerably smaller than that of a conventional shunt active power filter. A new control
method, which enables applicétion of the combined system to compensation for
cycloconverters, is proposed. The relations between the harmonic current extraction circuit
and the compensation characteristics have been develope.d.' As a result, the combined
system can be considered suitable for harmonic compensation. »

Ref [S]: A unified power quality conditioner (UPQC) that consists of two three-phase
current-source converters connected on the same inductive DC link has faster phase
voltage control loop than its voltage-source converter based counterpart, as well as the
inherent short circuit protection capability. Also, in this case passive filter connection
between UPQC and the load is not needed, which minimizes the cost of the system. Fig

1.7 shows the basic configuration.

sensitive
load

N p——
4 |2

ARI SF

Fig 1.7 UPQC topology using three-phase current-source converters

Ref [6]: A new control design of UPQC for harmonic compensation in a power
distribution system is introduced and the topology of this UPQC is based on two three
phase voltage source inverters (VSIs) which share two dc link capacitors with midpoint
grounded. The extraction circuit using an artificial neural network (ANN) controller with
improved weights updating algorithm is proposed. Linear quadratic regulator (LQR)
- control technique is used to coordinate the operation of the series and shunt VSIs of the

UPQC, LQR coordination ensures that the UPQC operates satisfactorily without depleting
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the limited energy of the dc link capacitor. Hysteresis control is used to generate accurate
switching signals for the two VSIs. The equivalent single phase representation of the ANN
with hysteresis controlled UPQC is shown in fig 1.8. The distorted supply voltage ¥ at the
PCC is represented by two voltage sources Vr (fundamental voltage) and 7}, (harmonic
voltage). V; denotes the voltage across the nonlinear load. The series active filter of the
UPQC is modeled by (Va./2)*u; with Ly and Cj, as the second order low pass interfacing
filter and R;. as the losses of the series voltage source inverter (VSI).(V4/2 )*u; represents
the switched voltage across the series VSI output of the UPQC. The injection voltage of
the series active filter is denoted‘ by Ve. As for the shunt active filter of the UPQC, it is
represented by (Vg /2)*u, with Lg, as the first order low pass interfacing filter and R, as
the losses of the shunt VSIL (V. /2)*u; represents the switched voltage across the shunt
VSI output of the UPQC. Besides eliminating the harmonic components successfully, it
can also correct the power factor of the supply current and mitigate. Hence, the designed
-UPQC is able to compensate for most of the power quality problems in industrial and
utility power distribution networks. However, the proposed design concept still needs to

be validated by experimental results in the future.

R L IC/: se
M | €
Lse ’ Lsh
Q¥
V .
R, Ry, VL Non-linear
: load
O v, Va
Zde Zdg,
5 u A 5 2

Fig 1.8 Equivalent single phase representation of UPQC

Ref [7]: This reference deals with the UPQC which aims at the integration of series active
and shunt active filters for power quality improvement. The control strategy focuses on the
flow of instantaneous active and reactive powers inside the UPQC. This reference presents
two types of UPQCs: One is a general UPQC for power distribution systems and industrial
power systems. The other is a specific UPQC for a voltage flicker/imbalance-sensitive
load, which is installed on the premises of an electric power consumer.

Ref [8]: The theory and modeling of UPQC that consists of thyristor controlled capacitor
banks, series acﬁve filter and shunt active filter. The series active and shunt active filters

are developed mainly to compensate negative sequence current and harmonics while the
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thyristor controlled capacitor bank is used to compensate the reactive power of power

frequency. Fig 1.9 represents the improved configuration of UPQC.

AT —i- p—
1
P — I - In
Ver T 2
Static Var I T
Compensator of
cl .
|1 sl
Jr Vs Seri Shunt
Active
Active Filter
Filter

Fig 1.9 Configuration of UPQC
Ref [9]: This reference has been taken from the IEEE power and energy magazine which
gives the basic concepts of the FACTS devices such as shunt APF, series APF, and UPQC
and has been briefly described in the introduction of this thesis.
Ref [10]: In this reference authors has controlled voltage source power converter as active
power filter to generate a compensating voltage that is converters into compensating
current via the series connected inductor and capacitor set. This is nothing but a hybrid
topology to improve the performance of the active power filter. Performance of different
topologies with hybrid topology is compared, in proposed. topology they claim that the
size of the inductor and capacitor are reduced.
Ref [11]: The shunt active filter has provéd to be useful device to eliminate harmonic
currents and to compensate reactive power for linear/nonlinear loads. This reference
| presents a novel approach to determine reference compensation currents of the three
phases shunt active pdwer filter (APF) under distorted and/or imbalanced source voltages
~ in steady state. The proposed approach is comj)ared with three reviewed shunt APF
reference compensation strategies. '
Ref [12]: Research into active power filter for medium voltage range is ongoing. This
paper presents general practical issues related to active power filters, specifically for
medium voltage range.
Ref [13]: The control strategies applied to active power filters play a ’very- important role
on the improvement of the performance and stability of APF; with the development of
control strategies. In this reference the control strategies applied to active power filters are

reviewed and analyzed.
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Ref [14]: The method used for current reference generation is simple by using newly

proposed algorithm. The method used is indirect method of estimation but in other

reference frame change the 3 phase supply in to 2 phase supply.

Ref [15]: Most of the references deal with compensation of both harmonic and reactive

power simultaneously. This reference paper has given newly proposed algorithm to

compensate harmonics and reactive power separately. It is mainly based upon the desired

capacity of the APF. Various simulation results are presented with ideal and distorted

mains voltage and-compared with other algorithms.

Ref [16]: This reference analyses general active filters that can be applicable to EMI filter,

active power ﬁiter, etc. It gives generalized equations presenting insertion losses and input

impedances of various kinds of active power filters, from which the requirements and

limitations of active power filters can be identified. A

Ref [17, 20]: These are the IEEE magazines deals with the applications of active power

filters and different topologies. In the reference [17] different topologies that are

developed till now are compared and tabulated in the proper manner. Application issues of
these active power filters have been discussed elaborately. |
Ref [18]: In practical variable frequency drive is the main source of non-linearity which

gives raise to problem of power quality. These are mostly found in industries. All the

papers referred the compensation using a non-linear load only. This paper also deals with

the effect on the performahce of the drive after compensation.

Ref [19, 21]: As it is common that all the three phases are not balanced in industries
simultaneously. The same active power filtf:r can be used to operate for compensation as

well as to balance the load currents in all phases. This referencé refers to all kind of
control strategies that are used. It basically provides review of all the control techniques.

Ref [22]: An active power compensator is preseﬁted by employing voltage pulse wi;lth

modulated inverter to suppress ac harmonics by injecting compensating currents to the ac

system. The control strategy using switching devices is proposed on the basis of
instantaneous power theory. |

Ref [23, 24]: These are the books -that have been referred to understand the basic

principles of control and pulse width modulation.

Ref [26]: In this PhD thesis author Shailendra Kumar Jain has investigated different

topologies fdr compensation of active and reactive p(;wer simultaneously. New control

algorithm is proposed for handling harmonic and reactive power separately. Improvement

in the performance of APF operation is obtained from hybrid filter. This acts as the base
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reference for shunt APF in this dissertation; in which compensating current is derived with
capacitor voltage sensing and the controller only.

Ref [27]: In this reference a new control algorithm for a three-phase three-wire series
active power filter is proposed. With the proposed control algorithm, the series active
power filter compensates for the harmonics and reactive power that are generated by non-
linear loads, such as diodes or thyristdr rectifiers. The.proposed_control algorithm is based
on the generalized p—q theory. It may be applied to both harmonic voltage sources and
harmonic current sources. In this algorithm, the compensation voltage references are
extracted directly. Therefore, the calculation of the compensation voltage reference will be
much simpler than for other control algorithms. In addition, the difficulty of finding the
voltage reference gain di"'sappears. The compensation principle of the proposed control
algorithm is presented in detail. .

Ref [28]: A protection scheme for series active power filters is presented and analyzed in
this reference. The proposed scheme pi'otects series active power filters when short-circuit
faults occur in the power distribution syétem. The principal protection element is a
varistor, which is connected in parallel to the seconda.fy of each current transformer. The
current transformers used to connect in series with the active power filter present a iow-
magnetic saturation cﬁaracteristic. The combination of low saturation magnetic
characteristic of the current transformers with the use of antiparallel thyristors helps to
reduce the power dissipated by the varistor. After a few cycles of short-circuit currents
ﬂoWing through the varistor, the gating signals applied to the active power filter switches
are removed and the pulse-width-modulation (PWM) voltage-source inverter (VSI) is
short circuited through a couple of antiparallel thyristors.

Ref [29]: In this reference the basic operation principle of the series active power filter for
compensating the voltage type harmonic source was analyzed. A control approach for
detecting source current, based on the instantaneous reactive theory, was studied for APF
to obtain the reference signal. In addition, the control methods of PWM inverter and its dc
side voltage were proposed.

Ref [30]: This reference first discusses the control approach of detecting source current in
terms of the basic operation principle of a series APF, then developing a control approach
of detecting load voltage. On the basis of these, a hybrid control approach is proposed. In
this the reference signal of the compensation voltage needed by the series APF is obtained
by detecting both source current and load voltage. Thus, this approach has the advantages

of the first and the second approaches and it can overcome their respective drawbacks.
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Therefore, the performance of the series APF is much better improved when adopting the
hybrid control approach 7

Ref [31]: In this reference the authors devélc_)ped and tested a series active power ﬁl;ter
working as a sinusoidal current source, in phase with the mains voltage. The amplitude of
the fundamental current in the series filter was controlled through the error signal
generated between the load voltage and a pre-established reference. The control allows an
effective correction of power factor, harmonic distortion, and load voltage regulation.
Compared with previous methods of control developed for series active filters, this method
is simpler to implement, because in this approach the only thing required is to generate a
sinusoidal current, in phase with the mains voltage, the amplitude of which is controlled
through the error in the load voltage. |

Ref [32]: In this reference, 3-phase series active power filter to compensate harmonics
current, voltage drop and unbalanced voltage in the power distribution system was studied.
The main circuit of the APF consisted of voltage source inverter with a space vector
modulation and high pass filter connected in parallel t o the power system. APF was
connected in series to the transmission line through a single phase transformer with turn’s
ratio of 1:1. The phase angle detected in ;)rder to generation reference voltage at load
terminal was synchronized with the positive sequence component of the unbalanced
source by using symmetrical component transformation. The proposed system had a
function harmonic isolation between source and load, voltage regulation, and unbalance
compensation. Therefore, the source current is maintained as a nearly sinusoidal waveform
and the load voltage is regulated with a rated voltage regardless of the source variation
condition.

Ref [33]: In this reference, a novel control scheme compensating for source voltage
unbélance and current harmonics in series active power filter systems combined with
shunt passive filters is proposed, which focuses on reducing the delay time effect required
to generate the reference voltage. Using' digital all-pass filters, the positive voltage
sequence component out of the unbalanced source voltage is derived. The all-pass filter
can give a desired phase shift and no-magnitude reduction, unlike conventional filters.
Based on this positive-sequence component, the source phase angle and the reference
voltage for compensation are derived. ‘This method is easier to implement and to tune
controller gains. In order to reduce the delay time effect in the voltage control loop, the

reference voltage is predicted a sampling period ahead.
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Ref [34]: In this reference, the stabilities of the series type active power filter and the
whole power system arc analyzed respegtively. The factors that affect the filter
performance of the conventional series active power filter (SAPF) and the series hybrid
active power filter (SHAPF) are studied in detail. Based on these, a new leading
compensating control strategy for series type active power circuit is presented which can
enhance the stability of the whole power system, improve the filter's performance and
decrease the power rating of the active part.

Ref [35]: In the reference, firstly the authors present the compensating principle of the
~ three-phase series active power filter. Then, discuss the basic principle of biological
immune system. For improving the controlling result of the SAPF, the authors propose a
" - nonlinear self-tuning immune feedback controller. The new nonlinear immune controller
is designed by combining the immune feedback mechanism with the conventional PID
control. '

Ref [36]: The basic definitions of power quality, power quality problems and solutions
which have been mentioned in the introduction part of this thesis were searched from

internet websites google.éom and http://www.power-solutions.com.

1.7 Organization of the Thesis

Chapter 1: In this chapter the background of power quality issues, power quality
problems and the available solutions are discussed briefly. Also certain active power filters
topologies have been briefly discussed. Moreover, this chapter includes the brief detailé of
references which have been referred for this thesis work.

Chapter 2: In this chapter the shunt active power fiiter is discussed in detail. In this the
basic compensation principle of shunt active power filter, power flow, estimation of
reference source current, control scheme, design of dc link capacitor, selection of
reference capacitor voltage, selection of filter induétor, PI controller and hysteresis
controller have been discussed.

Chapter 3: In this chapter the series active power filter has been discussed in detail. In
this the basic compensation principle of series active power filter, estimation of reference
voltage and control scheme.

Chapter 4: In this chapter the unified power quality conditioner (UPQC) has been
discussed in detail. In this the Mathematical Modeling, Operating Principle and Control
scheme of the UPQC have been discussed in detail.
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Chapter S: In this chapter the hardware development of the UPQC has been discussed. In ‘
this the power circuit requirements, the details of switch (MOSFET), pulse amplification

and isolation circuit, power supplies required, protection of switches, current sensing

circuit and voltage sensing circuit have been discussed.

Chapter 6: In this chapter the simulation blocks and their respective results of shunt and

series active power filters and unified power quality conditioner have been shown. The

simulation has been performed for RL load and DC machine load for each of the filters

and UPQC. ,

Chapter 7: This chapter concludes the whole dissertation work and the scope of future of

this dissertation work.
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CHAPTER 2
Shunt Active Power Filter

In the recent years of development the requirement of harmonic and reactive power
has developed, causing power quality problems. Many‘ power electronic converters are
used in industries as well as in domestic purpose. The power converter loads offer highly
nonlinear characteristic in their input currents. These currents drawn by power converters
have a wide spectrum that includes: fundamental reactive power, third, fifth, seventh,
eleventh and thirteenth harmonics in large quantities and other higher frequency harmonic
are in small percentage. These currents at the consumer bus further distort the voltage
spectrum thus becoming troublesome problems in AC power lines. As passive power
filters doesn’t reaches the desired performance a power electronic solution has emerged.
Most of the common loads that can watched in daily life at industries are balanced three
phase loads and single-phase loads with different loading on them making the system
unbalance. '

This chapter basically deals with the modeling and design of shunt active power
filter for compensation of harmonics and reactive power. Designs of different parameters
like power circuit, control circuit, control strategies, EMI / Ripple filters are discussed.

The three leg topology shown in fig 2.1 is basically used for three-phase balanced loads.

T =3

Ccf
S

|

¥ =3 =

Fig 2.1 Three leg topology of shunt active power filter
2.1 Basic compensation principle
Fig 2.2 (a) shows the basic compensation principle of shunt active power filter. A
voltage source inverter (VSI) is used as the shunt active power filter. This is controlled so
as to draw or supply a compensating current I, from or to the utility, such that it cancels
current harmonics on the AC side i.e. this active power filter (APF) generates the

nonlinearities opposite to the load nonlinearities. Fig 2.2 (b) shows the different
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waveforms i.e. the load current, desired source current and the compensating current

injected by the shunt active power filter which contains all the harmonics, to make the

source current purely sinusoidal. This is the basic principle of shunt active power filter to

eliminate the current harmonics and to compensate the reactive power.

Nou-Linear Load

Active Power FHfer

Fig 2.2 (a) Basic compensation principle

&

—
\
-~4..,

Fig 2.2 (b) Waveforms for the actual

load current, desired source current

and the compensating current (filter

current)

Fig 2.3 shows the single line diagram of the shunt active power filter showing

power flow.

Non-Linear Lowml
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Active Poaver Fllter

Pc=Ph - Ploss
Qc=Qf+Qh

PL=Pf+Ph
QL = Qf+ Qh

Fig 2.3 Single line diagram of the shunt active power filter showing power flow

Total instantaneous power drawn by the nonlinear load can be represented as:-

pL () = p:(O+ p,(O)+ p, ()
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Where, .

p(t) - instantaneous fundamental (real) powéi* absorbed by the load,

p:(t) — instantaneous reactive power drawn by the 16ad,- and

pa(t) — instantaneous harmonic power drawn by the load: In order to achieve unity power
factor operation and drawing sinusoidal currents from the utility, active power filter must
supply all the reactive and harmonics power demand of the load. At the same time, active
filter will draw real component of power (Pross) from the utility, to supply switching losses
and to maintain the DC link voltage unchanged.

Hence for the ideal compensation following conditions should be fulfilled —

Real power supplied by the source Ps = Py
Reactive power supplied by the source Qs=0

Real power drawn by the load PL=Ps+ Py
Reactive power drawn by, the load - QL = Qe+ Qn

Real power supplied by the active filter ‘Pe=Pp~PrLoss -
Reactive power supplied by the active power filter Q.= Q¢+ Qp
Where, |
P;, Ps, Py — are the total real power, fundamental real power and harmonic real
péwer demand of the load.
Qw, Qs, Qn — are the total reactive power, fundamental reactive power and harmonic
réactive power demand of the load, and
P, Pross — are the total power supplied and loss component of the active power
filter. |
2.2 Estimation of Reference Source Current
From the single line diagram shown in fig 2.3 7
is(Y) = iL(t) +ic(t) (2.1
Where,
is(t), iL(t), ic(t) are the instantaneous value of source current, load current and the
filter current.
And the utility voltage is given by
Vg(t) = Vmsinot (2.2)
Where,
vg(t) — is the instantaneous value of the source voltage, and

Vm - is the peak value of the source voltage.
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If non-linear load is connected then the load current will have a fundamental component

and the harmonic components which can be represented as —

i = 3 T sin(not + gn)

n=1

= Iisin(ot + ¢1) + i I sin(nwt + ¢n) 2.3)

n=2
Where,
I; and ¢ are the amplitude of the fundamental current and its angle with respect to

the fundamental voltage, and

I, and ¢ ,, are the amplitude of the nth harmonic current and its angle.

Instantaneous load power p.(t) can be expressed as —
pu(t) = vs(t) it)
= Vmsinot Lisin(ot + @)+ Vmsinot i L sin(nwt + @)
n=2
= Vmsinot ( lisinwt cosgr +11 cosmt singr )
+ Vmsinot i I sin(nowt + @)
n=2

=Vm i sin*wt cosg + V_I sinwt cosot sing

+V, sinot Y I sin(not +4¢,)

= p(O)+ p,(O)+ p,(®) : (2.4)
=p(O+ p. () (2.5)

In the equation (2.4) the term p,(¢) is the real power (fundamental), the term
p,(f)represents the reactive power and the term p,(#) represents the harmonic power

drawn by the load. For ideal compensation only the real power (fundamental) should by
supplied by the source while all other power components (reactive and the harmonic)

should be supplied by the active power filters i.e. p (¢) = p,(f) + p, (")

Current supplied by the source is determmed from the following equations:

Since ' B.(1) = Vm Ii sin’t cosg
= v(t) 15(t)
ie. i) = p.()/ vs(®)
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=]; cos¢ sinwt
= Igm sinmt |
Where, _
Lm = I; cosgh ' (2.6)

Also, there are some switching losses in the inverter. Therefore, the utility must
supply a small overhead for the capacitor leaking and inverter switching losses in addition
to the real power of the load.

Hence, total peak current supplied by the source

Imax = Ism + IsL 2.7)
Where I, is the loss component of current drawn from the source.

If active power filter provide the total reactive and harmbnic power, then ig(t) will
be in phase with the utility and pure sinusoidal. At this time, the active filter must provide
the following compensation current:

(1) = Iu(D) — is(®) | 2.8)

Hence, for the accurate and instantaneous compensation of reactive and harmonic
power it is very necessary to calculate the accurate value of the instantaneous current
éupplied by the source,

I(6) = Tne sinoot 2.9)

The peak value of the reference current.I . can Be estimated by controlling the DC
link voltage. The ideal compensation requires the mains current to be sinusoidal and in
phase with the source voltage irrespectivé of load current nature. The desired source
currents after compensation can be given as

Lea = Imax sinot

La = Imax sin(ot-27z/3)

Lsa = Imax sin(ot - 47/ 3) (2.10)
Where Inmax (= I; cosgr + ) is the amplitude of the desired source currents. The phase

angleé can be obtained from the source voltages. Hence, the waveform and phases of the
source currents are known and only the ﬁagﬂtude of the source currents needs to be
determined.

The peak value or the reference current I is estimated by regulating the DC link
voltage of the inverter. This DC link voltage is compared by a reference value and the

error is processed in a PI controller. The output of the PI controller is considered as the
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amplitude of the desired source currents and the reference currents are estimated by -
multiplying this peak value with the unit sine vectors in phase with the source voltages.
2.3 Design of Shunt Active Power Filter

The shunt active power filter mainly consists of DC link capacitor, filter inductor,

PI controller and the hysteresis controller.

2.3.1 DC Link Capacitor
The DC link capacitor mainly serves two purposes-

1) It maintains almost a constant DC voltagé

ii) It serves as an energy storage elément to supply real power difference between

load and source during transients.

In steady state the real power supplied by the source should be equal to the real power
demand of the load plus some small power to compensate the losses in the active filter.
Thus the DC link voltage can be maintained at a reference value.

However, when the load condition changes the real power balance between the mains
and the load will be disturbed. This real power difference is to be compensated by the DC
link capacitor. This changes the DC link voltage away from the reference voltage. In order
to keep the satisfactory operation of the active filter the peak value of the reference current
must be adjusted to proportionally change the real power drawn from the source. This real
power charged/discharged by the capacitor compensates the real power consumed by the
load. If the dc link voltage is recovered and attains the reference voltage the real power
supplied by the source is supposed to be equal to that consumed by the load and also the
losses.

Thus the peak value of the reference source current can be obtained by regulating
| the average voltage of the DC link capacitor. A smaller DC link voltage than the reference
voltage means that the real power supplieq by the source is not enough to supply load
demand. Therefore the source current (i.e. the real power drawn from the source) needs to
be increased. While a larger DC link voltage than the reference voltage tries to decrease
thé reference source current. This change in capacitor voltage is verified from the
simulation results shown later in this thesis. |

The real/reactive poWer injection may result ripples in the DC link voltage. A low
pass filter is generally used to filter these ripples, which introduce a finite delay. to avdid
the use of this low pass filter the capacitor voltage is sampled at the zero crossing of the

source voltages. A continuously changing reference current makes the compensation non-
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instantaneous during transient. To make the compensation instantaneous it is proposed to
sample this voltage at the zero crossing (positive going) of one of the phase voltage. It
makes the compensation instantaneous in Single phase systems, but not in three phase
systems. Also, sampling only once in a cycle as compared to six times in a cycle has a
little higher DC capacitor vbltage rise/dip during transients. Hence capacitor voltage
sampling at zero crossing of the voltages (six times in a cycle) is preferred here.
2.3.2 Design of DC Link Capacitor |

In this scheme the role of the DC link capacitor is to absorb/supply real power
demand of the load during transient. Hence the design of the DC link capacitor is based on -
the principle of instantaneous power flow. Equalizing the instantaneous power flow on the
DC and AC side of the inverter conéidering only fundamental component

Vo Tao = Vealt) fca®) + Ven(®) ict(®) + Voolt) fec® (211)

Assuming that three phase quantities are displaced by 120° with respect to each other, ¢ is

the phase angle by which the phase current lags the inverter phase voltage, and J2 V. and

J2 1 are the amplitudes of the phase voltage and current, respectively of the input side of

the inverter ‘
Ve Lic = 2Vea Iea Sin o1t sin (@1t~ @ a) + 2V Iep sin (o1t-120°) sin (o1t -120°- o)

+ 2V o Lo sin (1t +120°) sin (o1t +120°- ¢ . (212
Case I: If the three phase system is balanced-
Then, ‘
Vea= V=V =V,
Iea=Ip=1cc=1, and
$a=bv=po= ¢
Hence, ‘ Ve Ige=3 Ve I cos ¢ (2.13)

i.e. the DC side capacitor voltage is a DC quantity and ripple free. However, it consists of
high frequency switching components, which have a negligible effect on the capacitor _
voltage. ' o |
Case II: If the three phase system is unbalanced-
Ve Lie= (Vealcacosgat Vep Iy cosgp+ Ve Ic cos @ o) - [Vealea cos Cat- gq +
Vb Iep €08 (207t - 240° - $ ) + Vo I cos (201t +240° - )]
=(Vegleq éos¢q+ Veqlegcosd gy +

[- Vg Ieq cOs a1t - b+ Vealea cos 2ot - 4.g)] (2.14)
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The above equation shows that the first term is a dc component, which is
responsible for the power transfer from dc side to the AC side. Here if is résponsible for
the loss component of the inverter and to maintain the DC side capacitor voltage constant.
Hence the proposed active power filter supplies this loss component. The second term
contains a sinusoidal component at twice the fundamental frequency (éecond harmonic
power) that the active power filter has to compensate. This ac term will cause the second
harmonic voltage ripple superimposed on the DC side capacitor voltage.

The peak to peak ripple voltage is given by —
Vop=m* Ipp* X,
=@* L)/ (@*C) ~ - @15)
Where, Ip, is the peak to peak second harmonic ripple of the DC side current. Assuming
that Vp, is much less than Vg then using equations (2.14) and (2.15) the maximum value

of the V;,, can be obtained as —

Vpp= (@ * L1, rated) / (3 @ * Co) (2.16)
Which occurs at the extreme case, for example ¢ = ¢4— =, Veq= Vea= Vae/2, and I = 0.
Case I1I: Since the total load power‘ is sum of the source power and compensator power
(i.e. PL = P; + Py), so that when load change takes place, the changed load power must be
absorbed by the active power filter and the utility.
ie. APL= AP, + AP; 2.17)
Due to the term AP, there will be fluctuations in the DC link voltage. The magnitude of
this voltage fluctuation depends on the closed loop response, and can be made smaller by a
suitable design of controller parameters. _ _ |
Hence selection of capacitor value C¢ can be governed By reducing the voltage
ripple. As per the specification 6f Vgp max and ILci, raeed the value of the capacitor can be
found from the following equation — |
. Ce= (0 * Lot rated) / (3 © * Vi mm) @.18)
It is observed that the value of Cr depends on the maximum possible variation in_
load and not on the steady state value of the load current. Hence, proper forecasting in the
load variation reduces the value of C¢
2.3.3 Selection of Reference Capacitor Voltage
The reference value of the capacitor voltage Ve rer is selected mainly on the basis
of reactive power compensation capability. For satisfactory operation the magnitude of

Ve rer should be higher than the magnitude of the source voltage V. By suitable operation
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of switches a voltage V. having fundamental component V; is generated at the ac side of
the inverter. This results in flow of fundamental frequency component I;, as shown in fig
(2.4). The phasor diagram for V>V, representing the reactive power flow is also shown

in this figure. In this I5; represent fundamental component.

v(ic ‘ ‘fcl ‘ys

T~ Cr | PWM Converter p—————yf ¥ Y ¥ N

jwlLclel

Fig 2.4 Single line and vector diagrams for shunt APF
Let us consider that the load is drawing a current Ir;, which lags the source voltage
by an angle ¢ and the utility voltage is sinusoidal and given by —
Vs = Vp-sin wt ’ (2.19)
As per the compeqsation principle active power filter adj-usts the current I to
compensate the reactive power of the load. In order to maintain I in phase with Vj, active
filter should compensate all the fundamental reactive power of the load. The vector

diagram represents the reactive power flow in which I is in phase with V; and L is

orthogonal to it.
Form the vector diagram
i.e. to know Vy; it is necessary to know I
I — Vcl-Vs
ol wLs
- Vcl [1 - Vs) (2.21)
oLt Va

Now the three phase reactive power delivered from the active power filter can be
calculated from the vector diagram as —
Q1 =Qr1=3 Vi I
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=3 Vs v (1- VS) (2.22)
oLt Vel

From these equations

If Ve > Vs, Q) is positive, and

If Ve <V, Qg is negative.
i.le. active power filter can compensate the lagging reactive power from utility only when
Ve > V. For Vg <V, it will draw reactive power from the utility. The upper limit of V;
is calculated on the basis of maximum capacity of the active power‘ filter determined as-

Maximum capacity of the active filter can be obtained by equating

. - 2
dch — 0 i.e. d (3Vchl _ 3Vs )= 0
st st (0] 3 (DLf
or Vo1 =2V (2.23)

i.e. the active power filter can supply maximum reactive power when V¢ = 2V, The
maximum capacity can be obtained by putting V.; = 2V; in the equation (2.22)

3Vs?
oLs

Hence, the V,; (and Vg4c) must be set according to the capacity requirement of the

(2.24)

ch,max=

system. From above discussion the range of the V; can be given as —

V< Vg <2V C(225)
Larger V¢ méans higher V4. and thus higher voltage stress on the switches.
If the inverter is assumed to operate in the linear modulation mode i.e. modulation index .
varies between 0 and 1, then the amplitude modulation index is given by-

_ 242Va
\

(2.26)

a

And the value 6f Vg is taken as
V=242 Va (2.27)
2.3.4 PI controller ’

The controller used is the discrete PI controller that takes in the reference voltage
and the actual voltage and gives the maximum value of the reference current depending on
the error in the reference and the actual values. The mathematical equations for the
discrete PI controller are:

The voltage error V (n) is given as: V (n) =V*1n)-V (n)
The output of the PI controller at the nth instant is given as:
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I(n)=I(n-1)+Kp[V(n)-V(n-1)]+Ki V(n)

The real/reactive power injection may result in the ripples in the DC link voltage.
The magnitude of these voltage ripples is insignificant for the compensatibn of linear load,
but it is significant for compensation of non-linear loads. When the DC link voltage is
sensed and compared with the reference -capacitor voltage, to estimate the reference
current, the compensated source current will also have sixth harmonic distortion for three-
phase system and second harmonic distortion for single-phase system. A low pass filter is
generally used to filter these ripples which introduce a finite delay and affect the transient
response. To avoid the use of this low pass filter the capacitor voltage is sampled at the

zero crossing of the source voltages.

2.3.5 Hysteresis Controller

With the hysteresis control, limit bands are set on either side of a signal
representing the desired output waveform. The inverter switches are operated as the
generated signals within limits. Hysteresis-band PWM is basically an instantaneous
feedback control method of PWM where the actual signal continually tracks the command
_signal within a hysteresis band. Fig 2.5 shows the operation principle of hysteresis-band
PWM for a half bridge inverter. The control circuit generates the sine reference signal
wave of desired magnitude and frequency, and it is compared with the actual signal. As
the signal exceeds a prescribed hysteresis band, the upper‘ switch in the half-bridge is
turned OFF and the lower switch is turned ON. As a result the output transits from +0.5V

to -O.SVdc, and the signal start to decay. As the signal crosses the lower limit, the lower
switch is turned OFF and the upper switch is turned ON. A lock-out time (td) is provided

at each transition to prevent a shoot-through fault. The actual signal wave is thus forced to
track the sine reference wave within the hysteresis band limits. Assuming two-level

operation of the inverter, the voltage appearing across the filter inductance Lf is

The rate of change of inductor current is then given by
di _ ¥, £V, sin(at)
dr L,

(2.28)
Making assumption that the ac supply does not change during a cycle of switch operations,

the time taken t taken to cross a dead band is

L Ia
"V, -V, sin(w)

(2.29)

31



tipper Band
B

Hysterests .
Bawil 20B P . _
. e Lower Band
o X T HB
E " ) o~

Actual

m. ) l
‘Reference Wiave 1 i ~ Current
) i i : e
% 3 L
i g
! ; i
L
i i) N
S N
. ! oy , N
» § i {
¥ ; I : “‘i '\" '\\
4 A § ¢ bt W
¢ ' ; ¢ : b wi
e Upper Switch i 3t |
3. 8Vde g . ) ) . 1 ) )
¢ ul 1 =1 (]
. ' ' ; J wt
Lesvee L4 L) U L L.. EREREE

Towor Switch ¥
PWM Voliage
wave

Fig 2.5 Basic principle of hysteresis band control

The crossing times are, thus, functions of the instantaneous ac supply and if the
dead band has a proportional element, of the magnitude of the current demanded. The

switching frequency fsw is, therefore variable. Combining above two equations (2.28) and

(2.29) to obtain the switching period, and inverting, gives

;= V2 V2 sin*(wf) |
&+ 2l ATT
2LAIV, (2.30)

As the ratio Vcl / Vs1 is increased, the effect of supply voltage upon frequency is reduced

but the inductance required supplying any necessary di/dt increases. In practical active
filter systems, variable frequency operation makes compliance with EMI regulations more
difficult since the frequency of the dominant switching frequency ripple current is no
longer known, which, are two major disadvantages of hysteresis current control applying
to application of APF.

2.4 Control Scheme

The control scheme mainly comprises three parts which are- a PI controller, a three

phase sine wave generator and the generation of switching signals.
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The peak value or the reference currents is estimated by regulating the DC link
voltage. The actual capacitor voltage is compared with a predefined reference value. The
error signal is then processed in a PI controller, which contributes to zero steady state error
in tracking the reference current signal.. The output or tﬁe PI controller is considered as
peak value of the supply current (Imax), which is composed of two components. One is the
fundamental active power component of load current and other is the loss component of
the active power filter, to maintain average capacitor voltage to a constant value (i.e. Inax =
Igm + Lip)- |

Peak value of the current (Imax) so obtained is multiplied by the unit sine vectors in
- phase with the source voltages to obtain the reference compensating currents. Three phase
reference current tenip'lates can be detected by using only one voltage sensor followed by
a sine wave generator for generating a sinusoidal signal of unity amplitude, and in phase
of mains voltages. It is multiplied by the output of the PI controller to obtain the reference
current of phase ‘A’. The other two phase reference currents can be obtained b}; a 120°
phase shifter. In this way the desired reference currents can be obtained which is balanced
and sinusoidal, irrespectivé of the distorted mains. These estiméted reference currents and
the sensed actual source currents are given to a hysteresis controller to generate the
switching signals for the inverter. The difference of the reference current template and the
actual current decides the operation or the switches. To increase the current of a particular
phase the lower switch of the inverter if that particular phase is turned on while to
decrease the current the upper switch of the respective phase is turned on. A lockout delay
can be given between the switching of the upper and the lower device to avoid the shoot
through problem. These switching signals after proper isolation and amplification should
be given to the Switching devices. Due to these switching actions a current flows through
the inductor to compensate the harmonic current and reactive power of the load so that
only active power is drawn from the source. |
2.5 Conclusion |

In this chapter the basic compensation principle, the estimation of reference
currents and the design of shunt active power filter which constitutes the design of various -
parameters such as PI controller, the dc link capacitor and the hysteresis controller have
been discussed in detail. Also the hysteresis control scheme which has been used for

 controlling the shunt active power filter has been discussed in this chapter.
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, | CHAPTER 3
Series Active Power Filter

%

Recently, the use of semiconductor switching equipment, such as diodes and
thyristor rectifiers, has sharply increased. Power quality degradation generally results from
these and other non-linear loads. The more non-linear loads increase, the more complex
steps are required to avoid power quality degradation, such as harrnonic increase, power
factor degradation etc. Passive filters have traditionally been used to eliminate harmonic
currents,h which are generated by nonlinear loads. To eliminate the harmonics in |
broadband, too many passive filters would be required. In addition, the hazard of
resonance with the source unpedance would become quite difficult to avoid. Studies on
active power filters began in the late 1970s to overcome the defects of the passive filter.
The active power filter is more expensive than the passive, but the former has an
_ advantage in that .it can simultaneously eliminate the broadbaind harmonic at the source
~ stage. Active power filters are categorized as follows: the parallel active power filter,
Whlch injects compensation currents; the series active power filter, which injects
compensatlon voltages through a transformer; and the combined system of parallel passive
filters and series active power filter. Generally, if the DC smoothing inductor is
sufﬁciently large, nearly constant DC current flows in the DC link of a rectifier. So this
type of load can be called a harmonic current source. The parallel active power filter is
suuable for compensatmg for these harmonic current sources, while the series active
- power filter i is appropriate for compensating for the harmonic voltage source, which has— ‘

sufﬁcwnt capacrtance component in the DC link of the rectifier. In particular, the solution -
for a harmonic voltage source is critical because the loads that act as harmonic voltage
sources, such as coprers fax machines, ﬂuorescent lamps, air conditioners etc., have
contlnued to-rn‘crease In this chapter, the proposed control algorithm for series active
power filters is applicable to harmonic voltage source loads as well as to harmonic current
“source loads. This control algorithm is applied under the basic concept of the generalized
p—q theory. However, this generalized p—q theory is valid for compensating for the
-~ harmonics and reactive power using the parallel active power filter in the three-phase
- power system. To overcome such limits, a.revised p—q theory is proposed. This revised

algorithm may be effective not only for the three-phase three-wire series active power

filter with harmonic current voltage loads, but also for the combined system of parallel
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passive filters and active filter. Another drawback of the generalized p—q theory is that the
compensation voltage will be determined by multiplying the gain, which is dependent on
the value of current. To obtain the current, some computational efforts are needed using
the instantaneous real power and imaginary power. The proposed control algorithm
directly extracts compensation {foltage references without multiplying the gain, Therefore,
the calculation of the compensation voltage reference will turn out to be silnpler than for
other control algorithms. ‘
3.1 Basic compensation principle
Fig 3.1(a) shows the basic compensation principle of series active power filter. A
voltage source inverter (VSI) is used as the series active power filter. This is controlled so
as to draw or inject a comi)ensating voltage V; from or to the supply, such that it cancels
voltage harmonics on the load side i.e. this active power filter (APF) generates the
distortions opposite to the supply harmonics. Fig 3.1 (b) shows the different waveforms
i.e. source voltage, desired load voltage and the compensating voltage injected by the
_series active power filter which contains all the harmonics, to make the load voltage purely
sinusoidal. This is the bésic principle of series active power filter to eliminate the supply

voltage harmonics.

e e T K - 7d. 50
Vs A ﬂ\ ;" i " \ I } ,l
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Fig 3.1 (a) Basic compensation principle Vcb""f\i’v’\:-"*.-."\--"‘-f\,"v‘\.”v":’E‘w’-‘u"‘v"t"‘\-"cfk%"«’:\!’v"."v".'f\'-é
Fig 3.1 (b) Waveforms for the supply voltage,
Desired load voltage and the
Compensating voltage (filter voltage)
3.2 Estimation of Reference Voltage |
This Section introduces the control algorithm of the series active power filter,
which compensates for harmonics and reactive power. The three-phase voltages v,, v, and
Ve and currents i, ip and ic for the three-phase three-wire power distribution system is

shown in Fig. 3.2.
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Fig 3.2 Circuit configuration for series active power filter

The three-phase load voltages vip.c) and the three-phase source currents iggpb,c) are

represented as:
VLia isa
VL@, b,c) = | VLb |, is(a, b,c) = | 1sb - (3.1
VLic Isc

The load voltage vector viLab 9and the source current vector isab o of (3.1) are

transformed into 80 co-ordinates by the substituting (3.3) into (3.2) as

VLa qLa lsa ise
VL(a,p,0)=[T] Vb | =| qus |, is(a,B,O):[T] ish | = | isp (3.2)

VLc qLo isc is0
1 a2 -2
[T]=\E 0 V32 B2 (3.3)
/N2 1\ 12
The active power p can be expressed as (3.4) by the inner product of the load
voltage vector vie,p,0)and the source current vector isq,p, o) of (3.2), where the active power
p is the instantaneous active power at the load side of the CT .in Fig. 3.2.
' P = VL(e,,0) is(a, B, 0) = VLaisa + VLpisp + VLois0 - (B4
Also, the reactive power qu(,p,0)is represénted as (3.5) by the cross product of Vie,p.0and

is(a, ,0)

(¢) 9]
qL(, B, 0) = VL(,8,0) X is(a, B,0) =| qp

qro
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i VLp VLo i
Isp iso
VLo Via
B iso  isa 3-5)
VLa VLS
Jise oo
q =||qrca. 5.0 = | Vice. 5,0 ista,p. o (3.6)

Where, q is the instantaneous reactive power at the load side of the CT in Fig.3.2.

For a three-phase system without zero sequence voltage and current, i.e.va+vo+ve=0,
and fa+ib+ic=0 (vwo= %(Va +vb+ve)=0 andis = ‘;—(ia +iv+ic)=0), (3.4) and (3.5) can

be expressed as follows:

P = VL(a, B, 0)is(e, b, 0) = VLalsa + VLBisp (3.7)
JLa
qL(e. B, 0) = VL(0, B, 0) X is(e, B, 0) =| qup
qro
- -
0
= o] (3.8)
Via VLg '
L isa is,B i

From (3.1)-(3.5), the active voltage vector pep 0and the reactive voltage vector

Va(e, 8,0 are defined as follows:

— p .
Vp(e, B,0) = : 1, B, 0) 3.9
: i@ p,0) i, B,0) :

(e, B, 0 X i(a, B, 0)
Vq(@,p,0) = —; :
‘ i(a, B, 0)i(e, B, 0)

(3.10)

The active voltage. vector and the reactive voltage vector can be obtained by the
vector norm of the three-phase load voltage vector, which is known from (3.9), (3.10). In
other words, V(. 0yrepresents the parallel component of the load voltage vector vi(,s,0) to
the current vectorisqp,0); Vq@B0 represents the perpendicular component of the load .

voltage vector vie,p,0)to the current vectorisq,p 0. As a result, the load voltage vector is
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represented by the sum of the active voltage vector viw p,0yand the reactive voltage vector
Vq(e, 8,0) as follows:
VL(o, B, 0) = Vp(a, B, 0) T Vq(o, B, 0) (3.11)
The active voltage vector vi,p,0)is induced as follows, using the projection of the
load voltage vector vi,g,0)onto the current vectoris,g, o : '

VL(a, B, 0)ls(c, B, 0) .
1s(a, B, 0)

Vp(a, B, 0) = Projiviqa, p,0) = - 5
IS(U., Ba O)” 2

VLalso + VLBisB + VLoiso ,
= ) ) .2 1s(a, B, 0) (312)
+1,+1
lsu sf s0

= i
lsa + ls[i + lsO

The reactive voltage vector vg(,p,0), which is perpendicular to the active voltage
vector Vp(,8,0), is also induced through (3.13)—(3.16): ‘

qL(a, B, 0) = VL(a, B, 0) X is(a, B, 0)
o . o (3.13)
Is(a, B, 0) X L(a, B, 0) = is(a, B, 0) X (VL(a, B, 0) X is(a, B, 0))

= (ls(a, B, Ois(a, B, 0))VL(a, B, 0) - (is(a, B, 0)VL(a, B, 0) )is(as, B, 0)

“ =is@po)” Vi, ,0) - Pise, B, 0) (3.14)
VL(a,B,0) = G B’_O)X ngu’ P.9 - P —1s(a, B, 0) (3.15)
“ls(a,B,O)" "ls(a,ﬂ,o)"

After taking a cross product on both sides of (3.13),.(3.14) is obtained when the
right side of (3.13) is unfolded by means of the relations of inner and cross product. After
transposing the current vector component of the right-hand side to the left side in (3.14),
(3.15) can be obtained. The second term of the right-hand side of (3.15) is the active
voItage vector Vpe,p 0and the first term df the right-hand side of (3.15) becomes the
reactive voltage vector vq(,p,0): |
1s(a, B, 0) X L(a, B, 0) __ is(a,p, 0) X ]L(a,, 0)

fisepol st b, 0sce, B, 0)

Va(e, B,0) = (3.16)

Where que.p,0is equal to the reactive power, which is defined in the instantaneous
reactive power theory. The voltage compensation reference of the series active power filter

can be represented as (3.17), using vpwe.p.0and Vo, 0in (3.9) and (3.10):

38



x* . ) i . ’0 x L , ,O
Vs, ='._p.—ls(u,[5,0)+ s(_“ £.0) 'q (0, 8,0)
\ 1s(a, B, 0)1s(a, B, 0) ~ 1s(e, B, 0)1s(c, B, 0) .

(3.17)

The active power and the reactive power can be divided into DC components
P and 9, which are generated from the fundamental components of the load voltages

and the source currents, and AC components B and 4 , which are generated from the
negative sequence components and the harmonic components of the load voltages and the

source currents. If the reactive power q is replaced by the AC component of reactive

power %, a new voltage compensation reference compensates for the AC component of

e -

the active power P and the reactive power 4 .

The compensation voltage reference in a0 co-ordinates is obtained from (3.17)

and the final compensatioﬁ voltage reference by transforming this compensation voltage

reference in aB0 co-ordinates into the compensation voltage reference of three-phase co-

ordinates. Equation (3.19) is the a,B, O/thrée-phase transformation matrix:

Ve | | Vea
* -1 * *
Veaso =1TT | Ve | =] Ve | (3.18)
Voo | | Voo
1 0o 12
[T]" =§ -1/2 B3/2 12 (3.19)

-1/2 32 12
The entire algorithm can be explained as: First, three-phase load voltages and

source currents are transformed into PO co-ordinates. Then, the active power and the

it

reactive power can be calculated. The AC component of the active power P is extracted
by simple filtering. The compensation voltage reference in aff0 coordinates is calculated
by substituting the obtained AC‘ component of the active power, the reactive power and the
- three-phase currents into (3.17). The final voltage compensation reference for the
harmonics and the power factor cdmpensation are obtained by transforming the voltage

compensation reference in af0 co-ordinates into the voltage compensation reference in

three-phase co-ordinates.
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3.3 Control Scheme

The control scheme mainly comprises three phase sine wave generator and the generation
of switching signals. | '

First the peak value of the fundamental component of the supply voltage is
multiplied by the unit sine vectors in phase with the source voltages to obtain the reference
voltages. Three phase reference voltages templates can be generated by using only sine
wave generator for geﬁerating a sinusoidal signal of unity amplitude, and in phase of
mains voltages or it can be generated using the PLL circuits. In this way the desired
reference voltages can be obtained which is balanced and sinusoidal, irrespective of the
distorted mains. These estimated reference voltages and the sensed actual load voltages are
given to a hysteresis controller to generate the switching signals for the inverter. The
difference of the reference voltages and the actual voltages dec_ides the operation or the
switches. To increase the voltages of a particular phase the lower switch of the inverter of
that particular phase is turned on while to decrease the voltage the upper switch of the
- respective phase is turned on. A lockout delay can be given between the switching of the
upper and the lower device to avoid the shoot through problem. These switching signals
after proper isolation and amplification should be given to the switching devices. Due to
these switching actions a voltage is injected through the series transformers to compensate
the harmonic voltage so that only sinusoidal voltage is available to the load.

3.4 Conclusion | |

In this chapter the basic compensation principle, the estimation of reference
voltage and the modeling of series APF have been discussed in detail. Also the hystéresis
control scheme used for controlling the series active power filter has been discussed in this

chapter.
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CHAPTER 4
Unified Power Quality Conditioner (UPQC)

The aim of a unified power quality conditioner (UPQC) that consists of series
active and shunt active filters is to comﬁcnsate for supply voltage flicker/imbalance,
reactive power, negative sequence current and harmonics. In other words, the UPQC has
the capability of improving poWer quality at the point of installation on power distribution
systems or industrial power systems. The UPQC, therefore, is expected to be one of the
most powerful solutions to large capacity loads sensitive to supply voltage
flicker/imbalance. The UPQC can be divided into two parts i.e. general UPQC, for power
distribution systems and industrial povs}er systems; and specific UPQC for a supply voltage
flicker/imbalance sensitive load, which is installed by electric power consumers on their
own premises. In UPQC t;he series active power filter eliminates supply voltage
flicker/imbalance from the load terminal voltage and forces an existing shunt passive filter
to absorb all the current harmonics produced by a nonlinear load. Elimination of supply
voltage flicker, however, is accompanied by low frequency fluctuation of active power

- flowing into or out of series active filter. The shunt active filter performs dc link voltage

regulation, thus leading to a significant reduction of capacity of dc link capacitor.

4.1 General UPQC
' Fig 4.1 shows the basic configuration of a general UPQC consisting of the

combination of a series active and shunt active filter.
PCC

Oy -
{15 T [Bf

Series Shunt
Active Active
Filter Filter

Fig 4.1 General UPQC
The main purpose of the series active filter is harmonic isolation between a sub
transmission system and a distribution system. In addition the series active filter has the -

capability of voltage flicker/imbalance compensation as well as voltage regulation and
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harmonic compensation at the utility-consumer point of common coupling (PCC). The
main purpose of the shunt active filter is to absorb current harmonics, compensate for
reactive power and negative sequence current, and regulate the dc link voltage between

both active filters.

4.2 Specific UPQC
Fig 4.2 shows the configuration of a specific UPQC. The aim of specific UPQC is
not only to compensate for the current harmonics, but also to eliminate the voltage

flicker/imbalance contained in the receiving terminal voltage Vg from the load terminal

voltage V1. v“ 0'9

Vs Y

@_(Ym Y Lt VR : lbbu.

T 1EHE
@oH %

f= L 7]
T_ ‘ ‘ Thyristor
| o ' Existing Rectifier
S : Passive ’
Flicker/Imbalance . ; Shunt Series Filter
Generator . Active Active
S Filter Filter

Unified Power Quality Conditioner
Fig 4.2 Specific UPQC

" The receivingterminal in fig 4.2 is often corresponding to the utility-consumer
point of common couplmg in high power applications. The operatlon of series active filter
greatly forces all the current harmonics produced by the load into an ex1st1ng shunt passwe“ _
ﬁlter It also has the capablhty of damping series/parallel resonance between the supply
1mpedance and the shunt passive filter. The shunt active filter is connected in parallel to
the supply by the step up transformer. The only obJectlve of the shunt active ﬁlter is to
reg}llate the dc link voltage between boﬁi active filters. Thus, the dc link is kept at a
~ constant voltage even when a large amount of active power is flowing into or out of the
series active filter during the flicker compensation. Although the shunt active filter has the
capability of reactive power éompensation, the shunt active filter in fig 4.2 provides no
reactive power compensation in order to achievé the minimum required rating of the shunt

‘active filter. There is noticeable difference in the installation point of shunt active filters of

figures 4.1 and 4.2. The reason is as follows: In fig 4.1, the shunt active filter compensates
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for all the current harmonics produced by nonlinear loads downstream of the PCC.
Therefore, it should be connected downstream of the series active filter acting as a high
resistor for harmonic frequencies. In fig 4.2, the shunt active filter draws or injects the
active power fluctuating at a low frequency from or into the supply, while the existing
shunt passive filter absorbs the current harmonics. To avoid the interference between the
shunt active and passive filters, the shunt active filter should be connected upstream of the

series active filter.

4.3 Mathematical Modeling of UPQb

In this study, the power supply is assumed to be a three-phase, three-wire system.
The two active filters are composed of two 3-leg voltage source inverters (VSI).
Functionally, the series filter is used to compensate for the voltage distortions while the
shunt filter is needed to provide reactive power and counteract the harmonic current
injected by the load. Also, the voltage of tﬁe DC link capacitor is controlled to a desired
value by the shunt active filter. There can be negative and zero sequence components in
the supply when a voltage disturbance occurs. The DC link capacitor bank is divided into
two groups connected in series. The neutrals of the secondary of both transformers are
‘directly connected to the dc link midpoint. In this way, as the connection of both three-
phase transformers is Y/Yo, zefo 'sequence ifoltage appears in the primary winding of the
series connected transformer in order to compensate for the zero sequence voltage of the
supply system. No zero sequence current flows in the primary side of both transformers. It
ensures the system current to be balanced when the voltage disturbance occurs. Assuming
that the load is non-linear, the power system model considered can be divided into
following units: the power supply system, series active filter and shunt active filter. These
constituent members of the UPQC are modeled separately in this section. First consider

the power supply system. By Kirchhoff’s law:

- Rslis - Van _ (4 1)

iis = iiL - Lin 4.2)

Where, subscript i refers to a, b and ¢ phases in the power system; Ls and R, are the

inductance and resistance of the transmission line; €; is source voltage; vi is the output

voltage of the series active ﬁlter iis is the line current; ij.. is the load current and ijs 1s the
output current of the shunt of the shunt actlve filter respectively. |

For the series active filter,
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vih = L1 % + Ruiis + diiver + (1 - dui)ve “4.3)

Where, L; and R; are the leakage inductance and resistance of the series
transformer, v¢; and v, are the voltages of dc link capacitors; dj; is the switch duty ratio of
the series active filter. Without loss of generality, the turn’s ratio of the transformer is
assumed to be unity.

For shunt active filter:
Lo S~ Rain vir + dava + (1 - ) v | (4.4)

Where L; and R; are the leakage inductance and resistance of the shunt-connected
transformer, d; is the switch duty ratio of the shunt active filter. The turn’s ratio of this
transformer is also assumed to be unity.

The two dc bus capacitor voltages can be described by the equations (5) and (6):

chl _ ic) _

1
=—=_ dhifis - daii .
o= (i;;c i ;: i) | (4.5)
dve . iz _ 1 [ Z (1 dl')i Z (.1 d )ih] (4 6)
= —_—=— ‘ = dl1i)lis - = {12i))1i -
dt ¢ c %3, i=a,b,c

4.4 UPQC Operating Principle
Distorted voltages in a 3-phase system may contain negative phase sequence, zero

phase sequence as well as harmonic components. The voltage of phase "a" can be

expressed as, in general:
Va = Vipa+ Viga + Vloa"'z Viesin(kwt + Gxa) 4.7)
Where, vy, is the fundamental frequency’s positive sequence component while vip, and
Vioa 1S the negative and zero sequence components. The last term of equation
4.7), Z Viesin(kwt + Gxa) represents the harmonics in the voltage. In order for the

voltage at the load terminal to be perfectly sinusoidal and balanced, the output voltages of

the series active filter should be:
Vah = Vina + Vieat ), Viasin(kwt + i) (4.8)

In a later section, it will be shown how the series active filter can be designed to
operate as a controlled voltage source whose output voltage would be automatically

controlled according to equation (4.8). The shunt active filter performs the following

functions:
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a) To provide compensation of the load harmonic currents to reduce voltage distortions
b) To provide load reactive power demand
¢) To maintain the DC-link voltage to a desired level. o »
To perform the first two functions, the shunt active ﬁltef; acts as a controlled current
source and its output current should include harmonic, reactive and negative phase
sequence components in order to compensate these quantities in the load current. In other
words, if the load current of phase "a" is expressed as:

lar = I1pm cos(®t-01) +larn + X Tark

= Lipm cOs®t oSO+ pmsinat sin 01+ Iarn + 3 Tark “4.9)

It is clear that the current output of the shunt active filter should be:

iah = Iipm sinwt sin 01+ Tarn + X Tark 4.10)
Hence, the current from the source terminal will be:

1as = a1, — 1an = I1pm cOS®t COSO; “.11)
This is a perfect, harmonic-free sinusoid and has the same phase angle as the phase "a"
voltage at the load terminal. The power factor is unity. It means that the reactive power of

load is not provided by the source.

4.5 UPQC Control Scheme

It is clear from the above discussion that UPQC should first separate out the
fundamental frequency positive sequence from the other components. Then it is necessary
to control the outputs of the two active filters in the way shown in equations (4.8) and
(4.10) in order to improve overall power quality at the load terminal.
To solve the first problem, a synchronous d-q-0 reference frame is used. If the 3-phase

voltages are unbalanced and contain harmonics, the transformation to the d-g-0 axes

results in
Vd cos(wt) cos(wt-120°) cos(ot+120°) |[ va
vq [= % -sin(wt) -sin(ot-120°) -sin(cot +120%) || v
" DU v
L V2 V2 «/— ]
Vomcosdp| [ VamcosQot+gn)] [ 3 Vicos(k -1)(wt +¢¥)
= \/g Vemsingp |+| -Vimsin(2ot + @) |+ Z VkSln(k -1)(@t+¢x)

0 0 V0mcos((ot + o)

45



Vip Vin 0 Vik
=A| vep [+| Van |+] O |+]| v (4.12)

0 0 Vo0 0
Equation (12) shows that the fundamental positive sequence components of voltages are
represented by dc values in the d-q-0 frame. Here, ¢p is the phase difference between the
positive sequence component and the reference voltage (phase "a”). For the proper
functioning of a power suppI); system, it is desirable that the voltages at .the load terminal
should be perfect sinusoids with constant amplitude. Even under a voltage disturbance, the
Joad still requires a constant voltage. This means that when transformed to the d-q-0 axis,

the load voltage become:

VdE 3 Vm
VqF. = E 0 (4 13 )
VO . 0

Where, Vy, is the rated or desired voltage at the load terminal. Only one value, Vp, in the

d-axis would be sufficient to represent the balanced, perfect sinusoidal, 3-phase voltages
in the abc frame. Therefore V4, should be maintained at, J3/2Vm while all the other

components should be eliminated by the series active filter.

Similar expression can be obtained for the currents:

ia 5 cos(wt) . cos(wt—120°)  cos(@t+120%) {[ia
ig |= 3 —sin(wt) —sin(wt—120°) —sin(wt+120°) || is

i €L R T
| 2 N 2 |
Iipmcos 61 [1amcos(2wt + Gn) Z Ixcos(k - 1)(ot +65) |

= \[—:32: Ilpm siné |+ -IlnmSin(zo)t + Hn) + Z I Sin(k - 1)(0)t + 9k) (4 14) _
0 0 0 '

i
Unlike load voltage, load current can change according to the connected loads. Therefore,
it is not possible to assign it a reference value. Instead, a new "moving time window"
method is applied here to capture the active quantity of the fundamental positive sequence
component which is expressed as a dc value in the d-axis. Furthermore, from equation
(4.14), it is evident that the average of the other components, apart from [1;pmcosé:, in the
d-axis is zero in one fundamental cycle period because all of them are harmonics of the

fundamental. Therefore a time window with a width of 0.02 seconds (for 50 Hz system)
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maybe selected to calculate the dc value. The calculation for the first fundamental cycle

17 . : :
is— |iadt = Iipmcos &1 . After this, the window is moved forward. If the moving frequency
"0

is also 50 Hz, the delay caused by the calculation is 0.02s. However if the moving
frequency is n times of 50 Hz, the delay will be 0.02/n seconds. As the window moving
frequency increases, calculation delay becomes shorter but the frequency at which the data
moving into and out of the window is higher. It may need longer computation time.
Fortunately, in practical power systems, load current changes slowly. The two voltage-
source inverters (VSIs) are used as the series and shunt active filters. The series active
filter should behave as a controlled voltage source and its output voltage should follow the
pattern of voltage given in equation (4.8). This compensating vbltage signal can be
obtained by comparing the actual load terminal voltage with the desired value ve* Since
the desired ve* is already defined, it is-easy to calculate vy, (= ve* - v5 ) as vs is a known
quantity. After obtaining the voltage signal v, , the switching duty ratio of the series active
filter is obtained by giving this signal to the hysteresis controller. The shunt active filter
acts as a controlled current source. It means that the inverter operates in the current-

regulated modulation mode.

4.6 Conclusion
In this chapter the basic topologies of UPQC, the modeling, operating principle
and the control scheme of the UPQC have been discussed in detail. The estimation of -

reference voltage and the reference currents have been discussed in detail in this chapter.
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CHAPTER 5
Simulation and Performance Investigation

5.1 Introduction

In this chapter éxtensive simulation study is carried out to investigate the
performance of the shunt active power filter, series active power filter and the unified
power quality conditioner during transients as well as in steady states for different

configurations. The simulation models of the shunt APF, series APF and the UPQC have

been developed using MATLABTM and its POWER SYSTEM BLOCKSET in
SIMULINK. Simulation results are obtained using hysteresis control technique for diode
rectifier with (a) R-L Load and (b) dc machine with variable load torque, on its DC side as
its non-linear load. In power system block set we can find different variety of blocks
which represent inverters, passive elements and measurements.

The models developed in MATLAB, the corresponding results and their
performances are shown in this chapter.

The MATLAB models have been operated /run for different loads. First the R-L
load is applied and the output of the filters are seen and then the load is changed to dc
machine with variable load torque and all the other parametefs are kept unchanged. Then
the performance of these filters is compared /analyzed. For getting clear idea about the
total harmonic distortion (THD) the powér—gui block has been used so that the FFT
analysis could be carried out and the performance of the filters can be analyzed. The
different models and their respective outputs have been shown in this chapter. First the
simulation analysis of shunt active power filter is presented then the simulation analysis of
series active power filter is presented and then the simulation analysis of the unified power
quality conditioner is presented. '

5.2 Simulation and performance investigation of Shunt APF

In this section the simulation analysis of shunt APF is described, first for R-L load

and then for DC machine load and the FFT analysis has been carried out simultaneously.

5.2.1 Operation of Simulation Model

The operation of the simulation model shown below is described as — first the
capacitor voltage is sensed which is compared with the reference voltage and the error

signal is given to the PI controller for processing to obtain the maximum value (In) of the

48



reference current which is multiplied with the unit vector template i.e. sinwt to get the
reference current I, sinwt for phase a. This signal is now delayed by 120° for getting the
reference current for phase b, which is further delayed by 120° to get the reference current
for the phase c. these reference currents are now compared with the actual source currents
and the error is processed in the hysteresis controller to generate the firing pulses for the
S\Adtches of the inverter. And the switches are turned on and off in such a way that if the
reference current is more than the actual source current then the lower switch is turned on
and the upper sWitch is turned off and if the reference current is less than the actual source
current then the upper switch of the same leg is turned on and the lower switch is turned
off. The output of the shunt active power filter is suc'ﬁ that the source current is purely
sinusoidal and the harmonic current is drawn or supplied by the filter. This has been

verified in the simulation results shown in the later chapter of this thesis.
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Fig 5.1 MATLAB model for Shunt active power filter
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For RL Load
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Fig 5.3 Load current
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Fig 5.5 Source voltage, source current and filter current for phase A
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Fig 5.7 FFT Analysis for load current
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FFT window: 5 of 25.3 cycles of selected signal
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Fig 5.8 FFT Analysis for source current
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Fig 5.12 Source voltage, source current and filter current
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Fig 5.13 Capacitor voltage and capacitor current
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FFT window: § of 25.44 cycles of selected signal

4 ) o
.| T
o ]
21
-4 L 1 —_— — '
0.36 0.38 0.4 D.42 0.44
Time [s)
Fundamental (SU'HZ) = 2393 , THD= 1.52%
1o} » -
g eof | i
S
€ B0f :
=
= 40f .
= 2o} 1
a . s . . . .
0 5 10 15 20 25 3o 35
Harmonic order
Fig 5.15 FFT Analysis for source current
Load type THD (%) load current THD (%) source current
R-L load 21.83 ‘ 0.89
DC machine load 31.04 1.52

Table 5.1 THD arnalysis for different loads, for shunt active power filter

It is clear from the table 5.1 that the performance of the system improves and the
THD is reduced up to very large extent. Also, it is seen from the simulation results that the
source current and the source voltages are in same phase i.e. the input power factor is
unity and there is no reactive pdwer from the source. The values of different parameters

used in this model have been given in appendix L

S.2.2 Conclusion

A MATLAB based model of the shunt active power filter has been simulated for
RL and DC machine load using the hysteresis control technique. The simulation results
show that the current harmonics caused by non-linear load are compensated very

effectively by using the shunt active power filter.
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5.3 Simulation and Performance Investigation of Series APF

In this section the simulation analysis of series APF is described, first for R-L load |

and then for DC machine load and the FFT analysis has been carried out simultaneously.
5.3.1 Operation of Simulation Model

The operation of the simulation model shown below is described as — first the
reference voltages are generated and then these reference voltages are compared with the
actual load voltages and the error signal is given to the hysteresis controller to generate the
firing pulses for the switches of the inverter. The switches are turned on and off in such a
way that if the reference voltage is more than the actual load voltage then the lower switch
is turned on and the upper svﬁtch is turned off and if the reference voltage is less than the
actual load voltage then the upper switch of the same leg is turned on and the lower switch
is turned off. The output of the series éctive power filter is fed to the main lines through
series transformers so as to make the load voltage purely sinusoidal the harmonic voltage

is absorbed or injected by the filter.
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Fig 5.16 MATLAB model for Series active power filter
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Load type THD (%) source voltage THD (%) load voltage
R-L load 15 0.97

DC machine load 15 0.84

Table 5.2 THD analysis for different loads, for shunt active power filter

The table 5.2 shows the THD analysis for the source voltage and the load voltage.
It is clear from the table that the performance of the system improves and the THD is
reduced up to very large extent. The THD changes as the load is changed. The values of
. different parameters used for this mode] have been given in appendix I. |
5.3.2 Conclusion

A MATLAB based model of the series active power filter has been simulated for
RL and DC machine load using the hysteresis control technique. The simulation results
show that the input voltage harmonics are compensated very effectively by using the series

active power filter.

5.4 Simulation and Performance Investigation of UPQC

In this section the simulation analysis of UPQC is described, first for R—L load and
then for DC machine load and the FFT analysis has been carried out simultaneously. In
this two filters are used i.e. shunt active power filter and series active power filter. The
control circuits for these two filters are same as shown in sections 5.2 and 5.3. The shunt
active power filter compensates for the source current harmonics and also it maintains the
dc link voltage unchaﬁged in steady state, while the series active power filter compensates

for the load voltage harmonics.

5.4.1 Operation of Simulation Model

The operation of the simulation model shown below is described as — first the
reference voltages and the reference currents are generated and then the reference voltages
are compared with the actual load voltages and the reference currents are compared with -
~ the actual source currents and then the error signals are given to the hysteresis controllers
for generating the switching signals for the switches of series active power filter and the
shunt active power filter. And the generated pulses are then >given to the series and shunt
APF’s and accordingly the switches are turned on and off to compensate for the voltage

and current harmonics.
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Fig 5.31 Caacitof voltage

FFT window: 5 of 22.23 cycles of selected signal
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Fig 5.33 FFT analysis for load voltage
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Fig 5.34 FFT analysis for load current
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FFT window: 5 of 22.23 cycles of selected signal
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Fig 5.35 FFT analysis for source current
For DC Machine Load

i
L

-

L i R s
Fig 5.36 Load voltage before and after compensation

71



72



« e "

Fig 5.40 Comj)ensating current fb

73



Mag (% of Fundamental)

200

100

-100

~200

a.

100

B0

60

40

20.

Fig 5.41 Capacitor voltage

FFT window: 5 of 37.37 cycles of selected signal

B2 - 0.64 0.66 0.68 0.7
Time (s)
Fundamental (80Hz) = 141.1 , THD= 3.47%
I ]
L 1 AL 2 1 (o i 1
a 5 10 15 20 25 ao 35

Harmonic order

Fig 5.42 FFT analysis for load voltage
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FFT window: § of 37.37 cycles of selected signal
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Fig 5.43 FFT analysis for load current
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Fig 5.44 FFT analysis for source current
Load type THD (%) load current THD (%) source current
R-L load 14.91 0.93
DC machine load A 28.52 0.70

Table 5.3 THD analysis of load and source currents for different loads, for UPQC
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Load type THD (%) source voltage THD (%) load voltage
R-L load 15 3.47
DC machine load 15 3.47

Table 5.4 THD analysis of source and load voltages for different loads, for UPQC

The table 5.3 shows the THD analysis for the load current and the source current. It

is clear from the table that the performance of the system improves and the THD is

‘reduced up to very large extent. The table 5.4 shows the THD analysis for the source

voltage and the load voltage. The values of different parameters have used in the model of

UPQC have been given in appendix II.

5.4.2 Conclusion

A MATLAB based model of the UPQC has been simulated for RIL and DC

machine load using the hysteresis control technique. The simulation results show that the

input voltage harmonics and the current harmonics caused by non-linear load are

compensated very effectively by using the UPQC.
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CHAPTER 6

Hardware Development

In this chapter the hardware requirements for the development of the Shunt and
Series Active Power Filters along with the various design aspects have been discussed.
The protection of the switches to be used (MOSFETSs) and all the hardware requirements
have been discussed briefly in the following sections.

6.1 Power Circuit Requirements

The requirements for the development of the power circuit of the 3-Phase Shunt
Active Power Filter and Series Active Power Filter are discussed in this section.

The number of Bi-directional switching devices required is 12, and the switches
used are MOSFETs IRF P460. Each MOSFET switch/device used in these circuits
consists of an inbuilt anti parallel free wheeling diode. No forced commutation circuits are
required for MOSFETs because these are self commutated devices (they turn on when the
gate signal is high and turn off when the gate signal is low). Brief description of these

devices is given below.

6.1.1 IRFP460
'N-CHANNEL 500V- 0.22Q -20 TO-247 Power Mesh MOSFET
» Typical Rgs=0.22Q
» Extremely high dv/dt c.apability
» 100% avalanche tested
> very low intrinsic capacitances
» gate charge minimized

This power MOSFET is designed using the company’s consolidated strip layout-
based MESH OVERLAY process. This technology matches and improves the
performances compared with standard parts from various sources.

The load inductance restricts large di/dt through MOSFETs; hence only turnoff
snubber is required for protection. An RCD (resistor, capacitor and diode) turn-off circuit
is connected to protect the circuit against high dv/dt and is protected against power voltage
by connecting MOV (Metal Oxide Varistor).
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Fig 6.1 P460 (TO-247)

&by

Fig 6.2 Internal Schematic Diagram of IRF P460

6.2 Pulse Amplification and Isolation Circuit

Pulse amplification and isolation circuit is shown in fig 6.3 shown below.

SINGLE 1|12
PHASE AC = —
3 3 =] B
1 - A= A=
230v 12v 5 =
3 ] o
=) <
£ 32 <
221
10K 9
* |2N2222
Y 12k : L
. AN . 7
| MCT2E GATE
™ > .
g 12 K 12v
2N2222 m—;_
FIRING —* SOURCE

PULSE

Fig 6.3 Pulse dmpliﬁcation and isolation cirtuit

The opto-coupler MCT2E provides necessary isolation between the low volfage
circuit and high voltage circuit. The pulse amplification is provided by the output
amplifier transistor 2N2222. When the input gating pulse is at +5 volt level, the transistor
saturates, the LED conducts and the light emitted by it falls on the base of phototransistor

thus forming its base drive. The output transistor thus receives no base drive and therefore
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remains in4 cutoff state and a +12 volt pulse (amplified) appears across its collector
terminals. When the input gating pulse is low the input switching transistor goes into the
cutoff state and LED remains off thus emitting no lights and therefore a phototransistor of
the opto-coupler receives no base drive and, therefore remains in cut-off state. A sufficient
base drive now applies across the base of the output amplifier transistor it goes into the
saturation state and output becomes low. Since slightest spike above 20V can damage the
MOSFET, a 12V zener diode is connected across the output of isolation circuit. It clamps
the triggering voltage at 12V.

6.3 Power Supplies

DC regulated power supplies (£=12V and +5V) are required for providing the
biasing to various ICs, and components. The system development has in-built power

supplies for this purpose. The circuit diagram for various DC regulated power supplies are

shown in figure (6.4) below.
+5V
: 7805 o
230V / 12V A
A 4 |1000uF + | 100uF
oV 3V
230V, 50Hz e o~
AC Supply ;
G
o
Fig 6.4 (a) Circuit diagram for +5 volt power supply
~ +12V
7812 ©
230V / 12V
B I B - I
230V, 50Hz T~ T~
AC Supply , i i
— Y 3
| G
Q

Fig 6.4 (b) Circuit diagram for +12 volt power supply

79



-12V

12 o
230V 7 12V
1 . |1000uF _ { 100wF
____j ov 25V
230V, S0Hz ;;5 g
AC Supply - *
A
G
O

Fig 6.4 (c) Circuit diagram for -12 volt power supply

As shown the single phase AC voltage is stepped down and rectified using diode
bridge rectifier. A capacitor of 1000 puf, SOV is connected at the output of the bridge
rectifier for smoothing out the ripples in the rectified DC voltage of each supply. IC
voltage regulated chips 7812, 7912,. and 7805 are used for obtaining the dc-regulated
voltages. A capacitor of 0.1uf, S0V is connected at the oufput of the IC voltage regulator
of each supply for obtaining the constant, ripple free DC voltage.

DC voltage IC regulator
5V | 7805
12V 7812
-12V 7912

Table 6.1 Power supplies corresponding to ICs
6.4 Protection of MOSFET

An RC snubber circuit has been used for the protection of the main switching

devices circuit diagram is given below.

I DIODE "
—pn}
0] 1
2M v R s C

|

Fig 6.5 MOSFET with snubber circuit
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Energy stored in C, Ec = (1/2)*C*V 4

Power=E *fax

This is the power dissipated Py in the resistor R.

Where Vpc is the maximum DC level and fiax is the maximum frequency of the output
wave. ' ‘

This energy needs to be dissipated within Ton for the worst case i.e. Ton(min).
The time constant of the RC circuit is taken as one-fifth of Ton(min).
Therefore, Trc= 1/ (5*6*finax) =R*C

Constant losses in R for worst case are given by

P=Vx*R

Taking an averége value of Vg as 200V, P=5W

Also Pg for Vpc=400V and f,.x=100Hz is 0.8W.

The value of R is found from (3) for C=0.1uF and R comes out as 3.3 KQ.

A 3.3 KQ, 5W resistor has been used. '

6.5 Current Sensing Circuit
Closed .looi) Hall Effect current transformers use the ampere turn compensation

method to enable measurement of current from dc to high frequency with the ability to
follow rapidly changing level or wave shapes. The application of primary current (Ip)
. causes a change in the flux of the air gap. This in turn produces a change in output from
the hall element away from the steady state condition. This output is amplified to broduce
a current (I),which is passed trough a secondary winding causing a magnetizing force to
oppose that of the primary current, thereby reducing the air gap flux. The secondary
current is increased until the flux is reduced to zero. At this point the hall element output
will return to steady state condition and the ampere turn product of secondary circuit will
match that of the primary. The current that passes through the secondary wiﬁding is the
output current. The transformation ratio is calculated by the standard current
transformation equation:

Nplp=N;ls

Where, Np= Primary turns; I,= Primary current
Ng= Secondary turns; Is= Secondary current

81



-12v

Fig 6.6 Hall-effect Current sensor
A 10KQ resistor is used in the negative feed back path of the OP-AMP for gain
adjustment so as to obtain a voltélge of 1 volt corresponding to 1 Amp (DC current). The
current carrying conductors are passed in the reverse direction in the current sensor in

order to obtain right polarity current at the output of the inverting amplifier. Same circuit

is used for measuring other currents (Iy, I;).

6.6 Voltage Sensing Circuit

The line voltageé are sensed through the isolation amplifier AD202 for the voltage
control of the converter. The AD202 being used is of SIP configuration, although it is
available in DIP configuration. AD202 provide the total galvanic isolation bétween input
and output stages of the isolation amplifier through the use of internal transformer
coupling. It gives a bi-polar output voltage of +5V, adjustable gain range from 1V/V to
100V/V, +0.025% max non-linearity, 130db of CMR and 75 mw of power consumption.
Figure 6.7 shows the circuit diagram of the voltage sensing circuit for one phase, and three
similar circuits are used for three phases. In the shown figure output amplifier is made
using op-amp which will be helpful in calibration. The transient response will deteriorate
by using passive filter at the input side of AD202; but to reduce the ripples in

measurement and control purposes it cannot be avoided.
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Fig 6.7 Voltage sensing circuit diagram using AD202

6.7 ICPDAS 8438 Embedded controller
ICPDAS 8438 is a solution built in Ethernet and series interface with I/O

expansion slot for MATLAB development environment. For this application there are over
20 I/O bridges and system-level Simulink Blocksets have been developed. By using
simulink development environment and these matlab driver’s blocksets, control algorithm
can be easily constructed and verified without writing any code. Once the algorithm has
been verified, by pressing a build button, one can convert a model to executable code and
download it to controller for practical application via RS232. the 1-8438 series modules
software driver for MATLAB development perfectly and easily combines with
MATLAB/Simulink/Stateflow. With the support 6f library of many extended powerful
blocks for the 1-8438 module I/O hardware driver, the sophisticated tasks of creating,
analyzing, and simulating block diagram models can all be solved conveniently with
MATLAB/Simulink/Stateflow. The only thing to be performed is development of the
simulation model according to the 1-8438 embedded controller and then interfacing with
the computer to build the control circuit. Once the control circuit is verified it can be used
to drive the hardware circuit. The only limitation of this kit is that it works only in discrete
and single tasking mode. In this dissertation work this kit was' interfaced with the
computer and the simulation models according to this embedded controller were buildQup

but due to some technical problems this kit could not be operated properly.
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CHAPTER 7

Conclusion and Future Scope

7.1 Conclusion

With a fast increasing number of applications of industry electronics connected to
the distribution systems today, including nonlinear, switching, reactive, single-phase and
unbalanced three-phase loads, a complex problem of power quality evolved characterized

| by the voltage and current harmonics, unbalances, low Power Factor (PF).

In recent years active methods for power quality control have become more
attractive compared with passive ones due to their fast response, smaller size, and higher
performance. For example, Static VAR Compensator (SVC) has been reported to improve
the power factor; Power Factor Corrector (PFC) and Active Power Filters (APF) have the

_ability of current harmonics suppression and power factor correction. In general, parallel-
connected converters have the ability to improve the current quality while the series-
connected regulators inserted between the load and the supply, improve the voltage
quality. : |

In this dissertation thesis various power quality problems and the available
solutions have been discussed briefly while the shunt APF, series APF and the unified
power quality conditioner (UPQC), which consists of series and shunt active filters, have
been discussed in detail. The modeling of shunt APF, series APF and the UPQC has been
carried out. The shunt APF, series APF, and the UPQC have been simulated, using the
hysteresis control, for two types of loads oﬁe the RL type and the other is DC machine
with variable torque using the SIMPOWERSYSTEM (SPS) of MATLAB/SIMULINK
models. |

The simulation results show that shunt APF, series APF and the UPQC can be used
for effectively improving the power quality of an electrical power system. The shunt APF
has been used for compensating the source current harmonics and it reduces the source
current THD from 21.83 % to 0.89 % for RL load and from 31.04 % to 1.52 % for DC
machine load which shows that the quality of source current improves sharply. The series
APF has been used for compensating the load voltage harmonics and it reduces the load
voltage THD from 15 % to 0.97 % for RL load and 0.84 % for DC machine load which
shows that the load voltage quality improves sharply. Similarly, the UPQC which has been

used for compensating the source current and load voltage harmonics simultaneously
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reduces the source current THD from 14.91 % to 0.93 % for RL load and from 28.52 % to
0.70 % for DC machine load and the load voltage THD is reduced from 15 % to and 3.47
% for RL load and DC machine load which-shows that using the UPQC the power quality
improves effectively. And hence the UPQC can effectively be used for improving the
power quality. |

For this dissertation a hardware prototype of the UPQC was also developed and the
MATLAB kit ICPDAS 8000 embedded controller was also interfaced with the computer

but because of some technical problems it could not be operated.

7.2 Future Scope

In this dissertation work the hysteresis control technique has been used. There are
several other techniques which can improve the performances of these active power filters.
Artificial Intelligence techniques are developing for implementation of control techniques
in power electronics. Fuzzy logic controller can be used to control the dc link capacitor
voltage for compensation [FS1]. Another Al technique which is gaining more popularity
now-a-days in power electronics field is Artificial Neural Networks. Some authors have
implemented ANN for qompensation using active parallel and series filter forming UPQC
(Unified power quality conditioner) [FS2]. In hardware modules the embedded controllers
such as ICPDAS 8000 can be used to improve the performance of these filters. Also, DSP
techniques can be used to further improve the performance of active power filters. In
series filters the low pass interfacing circuits can be used in place of series transformers

which reduce the THD further [FS3].
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Appendix 1

The values of the different parameters

used for shunt active power filter

The values of the different parameters

used for series active power filter

Source voltage:3-phase, 100V, SOHz

Proportional gain K;: 0.5
» Integral gain K;: 10

Capacitor reference voltage: 300V
RL load parameters: 10 Q, 100mH .
DC machine load: 240V field
voltage, Rs=240 Q, Ra= 0.5 Q,
50Hz.

Line parameters.: 0.2 Q, 1.5mH
Filter inductor : SmH

Hysteresis band gap : -0.01 to 0.01

Source voltage: 3-phase, 100V, S0Hz.
Harmonics in the supply voltage:

5“‘, 0.2pu and 7 0.15pu.

Series transformer rating: 1kV, 50Hz,
240/24V

RL load parameters : 10 Q, 100mH
DC machine load: 240V field voltage,
R¢=240 Q, Ra= 0.5 Q, 50Hz.

Line parameters : 0.2 3, 1.5mH

Line parameters : 0.2 Q, 1.5mH

RC filter parameters : 16 2, 199.04pF
Hysteresis band gap : -0.01 to 0.01

Appendix II

The values of the different parameters used for UPQC

Source voltage: 3-phase, 100V, 50Hz.

Proportional gain K;: 0.5
Integral gain K;: 10
Capacitor reference voltage: 300V

RL load parameters = 10 , 100mH
DC machine load: 240V field voltage,
Line parameters : 0.2 Q, 1.5mH

Line parameters : 0.2 Q, 1.5mH

RC filter parameters : 16 Q, 199.04uF
Hysteresis band gap : -0.01 to 0.01

Harmonics in the supply voltage: 5™, 0.2pu and 7%, 0.15pu.

Series transfbrmer rating: 1kV, S0Hz, 240/24V

R¢=240 Q, Ra= 0.5 Q, 50Hz.
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