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ABSTRACT

HIGH PERFORMANCE STATIC CONVERTERS
FOR SERIES COMPENSATION OF INDUSTRIAL POWER SYSTEMS

Alexandre Campos, Ph.D.
Concordia University, 1994.

Increased loading on installed resources and the proliferation of non-ideal loads are
turning power systems into weak networks, for which the assumption of an ideal infinite bus
is no longer applicable. This results in the presence of undesirable system characteristics such
as harmonic contamination, increased reactive power flow, voltage and current unbalance,
and voltage instability. This thesis proposes a number of high performance single and three-
phase series compensators capable of eliminating or reducing some of these negative impacts
of weak systems on the power supply quality at the user level. It deals specifically with
voltage unbalance compensation, ac voltage regulation, and load power factor compensation
in industrial power systems. PWM voltage source inverters connected in series with the ac
supply through transformers form the core of the proposed compensators. Their operation
is based on the control of the amplitude and phase of the output voltage of the PWM
inverters. Voltage unbalance compensation in three-phase systems is performed by controlling
three single-phase inverters independently, cancelling the negative sequence voltage
component; the positive sequence component can then be adjusted to regulate the voltage.
Voltage regulation is achieved by controlling the amplitude of the compensating voltage to
reduce source voltage variations. Input power factor correction is obtained by phase-shifting
the compensating voltage with respect to the source voltage when operating with reactive
loads. The principles of operation, design equations, design examples and implementation
procedures are included to demonstrate the validity of the proposed compensation methods.
Simulation and experimental resuits on § kVA laboratory prototypes confirm the validity of
the theoretical considerations and feasibility of the proposed compensators.
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CHAPTER1

INTRODUCTION

1.1 General

In standard power systems analysis it is assumed, in most applications, that the source
can be represented as an ideal three-phase source. A source is considered ideal if it produces
balanced three-phase voltages with constant amplitude and frequency, for any load condition.
This defines what is known as an infinite bus. This assumption is less and less valid as power
systems reach their loading limits and non ideal loads proliferate. These include nonlinear
loads (static power converters) and large single-phase loads {1-2).

This exploitation of the system closer to its limits, which results in a reduction of the
operational safety margin, is the consequence of a variety of problems. The oil crisis during
the seventies created economic conditions for a major shift toward the use of electricity as the
primary energy source. Also, the fast industrialization, urbanization and population growth,
particularly in developing countries, has increased the demand for electrical energy. Added
to these problems is the fact that new electrical energy sources are becoming scarce and more
expensive. The immediate consequence is the added load on the existing power system,
resulting in a weaker power system, for which the infinite bus assumption is no longer valid.

The high equivalent impedance that characterizes weak power systems creates an ideal
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environment for harmonic propagation, and the presence of reactive power flow, voltage
unbalances, current unbalances, and voltage instabilities [4-8].

Traditionally these problems have been solved at two levels: (a) the utility level, by
the addition of new resources such as power stations, shunt and series capacitor
compensation, and new transmussion lines, and (b) at the user level, by adding voltage
regulation equipment, load power factor correction devices, passive harmonic filters and
unbalance compensators. The first solution, the addition of new resources, is becoming less
attainable due to the following: (a) the available sites for hydroelectric plants are farther and
farther removed from major loads; (b) the society exercises pressures against the installation
of new nuclear or thermoelectric power plants; (c) obtaining right-of-way allied with concerns
of health safety are making the construction of new transmission lines an almost
unmanageable task [4-8]. At the user level the traditional techniques are no longer capable
of solving the problems they were designed to solve. Examples of these are: (a) the use of
tapped transformers to regulate the load voltage are becaming insufficient mostly due to the
fast voltage variations experienced by ‘ndustrial power system; (b) the presence of harmonics
in the line currents and voltages are turning the use of capacitors in power factor
compensation into a very expensive and complex scheme due to the potential of low
frequency resonance.

The origin of the problem, for both utility and user levels, resides in the fact that
power systems are mostly controlled by mechanical devices, and cannot act fast enough to
reduce the effects of the switching of large loads, the penetration of harmonics, and fast

unbalance and reactive power variations.
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1.2 Effects of Power Quality on Industrial Loads

The above mentioned problems result in the industrial customers seeing more and
more a low quality power supply, deviating from the ideal infinite bus concept, and having a
variety of effects on the load. Two of the main effects are (a) the appearance of voltage
unbalances due to the presence of single phase loads, and (b) voltage variations due to the
increase in the power supply equivalent impedance. Furthermore, the customer is still
constrained to reflect back onto the ac system a high power factor load.

The quality of ac voltage sources is an important, if not critical, aspect for most of the
loads present in today's power systems. The specialization and selectiveness of the loads are
increasing their vulnerability to power quality problems. This reflects into a restricted range
of acceptable input characteristics, such as input voltage variation and maximum voltage
unbalance. These restrictions are forcing the sources to be constrained to very narrow margins
of operation. As an example, large voltage variations are not generally tolerable in power
systems, and most utilities define a maximum acceptable margin of £ 20% of voltage
variation. Undervoltage causes degradation in the performance of electrical motors by
increasing their line currents, and overvoltages caa drive motors and transformers into
saturation, which causes harmonic generation.

Unbalance is usually classified in two categories, voltage (or source) unbalance, and
current (or load) unbalance, despite the fact they do not occur separately. An uncompensated
unbalanced load, when supplied by a balanced voltage source, will create an unbalanced set
of currents, which can appear throughout the power system causing unbalanced voltage

drops. The magnitude of such unbalances in the power system increases as the system




4
equivalent impedance becomes larger, which is one of the main characteristics of a power
system exploited closer to its limits.

Voltage unbalance has not yet been standardized at the power system level, and the
only mention to voltage unbalarice limits is the NEMA standard MG-1 for ac sources, which
specifies a maximum of 1% of voltage unbalance when supplying ac motors [2]. The
consequences on ac motors of an unbalanced source are severe. For example, a 3.5% voltage
unbalance can result in a 25% increase in the operating temperature, and a shortening by half
of the insulation life span of induction motors [2]. Synchronous machines are generally more
sensitive to voltage unbalance. Very large generators can tolerate very little sustained
unbalance, and they are usually equipped with negative sequence alarms set for 5% of current
unbalance.

These three constraints at the customer supply level, which are voltage unbalances,
voltage regulation, and load power factor, leave the customer with the following choices: (a)
design his equipment to take into account these deviations from the ideal source, which
usually translates into a much higher installation and maintenance cost, or (b) take corrective
actions to guarantee a high quality ac source. This last solution can be met either through
series connected control devices or through VAR injection [8-11].

The main objective of the thesis is to address the problem of voltage regulation and
unbalance compensation at the industrial load level. Although VAR injection is used to
achieve these goals, power factor correction remains a secondary issue, and VAR

compensation to achieve unity power factor is therefore not analyzed in depth in this work.




1.3 Literature review

1.3.1 AC Controllers

The simplest and most common method of obtaining a regulated and balanced ac
voltage source uses phase-controlled thyristor ac-ac controllers, as shown in Fig.1.1. The line
voltage is first increased by means of a transformer and its output voltage is then reduced by
modifying the ac waveform to obtain the required load voltage [12,13]. The chopping
procedure is done by line-commutated thyristors. By controlling symmetrically the firing angle
of both switches, as shown in Fig. 1.2.(a), it is possible to vary the rms value of the oﬁtput
voltage V, (Fig. 1.2.(b)). This line-commutated approach produces a large amount of
harmonics (Fig. 1.2.(c)), which might require a large output filtering stage. Due to the current

harmonics and the phase-shift of the fundamental current component, the input power factor

L sws

Vs vi RS [Vo

Fig. 1.1 - Typical single-phase ac-ac converter.
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is very low, and a power factor correction network might be required to increase it. Because
all the load power is controlled by the converter, its power rating is always higher than 1 pu.
Also, the cycle by cycle control scheme gives the converter a small bandwidth, and poor
dynamic response.

Three phase versions of these ac controllers have also been proposed. Voltage

regulation is achieved by the same procedure as described for the single phase converter.
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Fig. 1.2 - a) Output voltage waveform, b) rms value of the load voltage, and c) total
harmonic distortion for a single phase line-commutated ac-ac converters.
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Besides voltage regulation features, Muljadi ef al presented a static compensator for
unbalanced sources using this scheme, Fig 1.1 [14]. The unbalance compensation of the
source voltage is achieved by using unsymmetrical control of each phase. The drawbacks
presented for the single phase configuration are all applicable to this case.

With the appearance of high power controllable switches such as bipolar transistors,
GTO's and MOSfets, it became possible to improve the performance of ac controllers by
using pulse width modulation (PWM) techniques. Fig. 1.3.a shows the output voltage
waveform of a typical PWM controlled single phase ac-ac converter. By controlling the duty-
cycle of the gating signals it is possible to vary the rms value of the output voltage (Fig.
1.3.b). The spectrum of the load voltage contains the desired fundamental and harmonic
components of the same order as the switching frequency. This results in a reduction in the
low frequency harmonics injected into the power system and in the size of the required
input/output filters, as shown in Fig. 1.3.c. The dynamic performance of the system is
improved when compared to line-commutated schemes. Most of applications do require a
transformer in order to regulate output voltage with low input voltages. Furthermore, these
ac choppers require bidirectional switches, in which high reliability is difficult to achieve. The

total power rating for the system is still larger than 1 pu [15,16].
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Fig. 1.3 - a) Output voltage waveform, b) rms value of the load voltage, and c) total
harmonic distortion for a single phase PWM controlled ac-ac converters.

1.3.2 VAR Compensators
Voltage regulation in unconstraint buses by shunt VAR compensation has been

commercially used mostly in power transmission systems. The reactive energy required for
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the operation of the power system is supplied by compensators placed at specific points in the
system, allowing the regulation of the bus voltage. The utility is required to supply mostly real
power, which improves the utilization of the systems' resources, and reduces the risks of
instability. There are three basic approaches to VAR compensation based on: (a) passive
components; (b) thyristor-switched reactors combined with capacitors, if required; and (c) the

solid-state PWM converters.

1.3.2.1 Series Passive Devices

VAR compensation by means of passive devices has been used for a long time. The
method consists in connecting in series with the ac line a bank of capacitors to compensate
the equivalent inductive reactance of the source [3,4,6]. A typical configuration of a series
capacitive compensator is shown in Fig. 1.4. The capacitors can be inserted or removed by

the bypass switches. With a proper adjustment of the degree of compensation (the number
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Fig. 1.4 - Simplified diagram of a passive capacitive compensation.
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of capacitors) it is possible to maintain the load voltage in a required value. This technique
is basically a steady state solution due to the intrinsic low speed of the switching approach,
which is usually a mechanical one. When high power thyristors are used in this function, a
slightly faster switching action can be achieved. The main disadvantages of this technique are
(a) the minimum switching interval is half cycle, giving to the system a poor dynamic
response, (b) there is the risk of series resonances between the capacitors and the system
inductances, which requires special protective devices, (c) the variation of the degree of
compensation is not continuous but discrete and fixed by the number of capacitors used, and

(d) voltage unbalance compensation cannot be achieved.

1.3.2.2 Shunt Passive Devices

The most common approach for voltage regulation with VAR compensation is by
means of shunt connected devices, such as thyristor switched reactances. It is a well-known
technique, and has been widely used since the appearance of high-power SCR's [17-21]. At
the user level, it has mostly been used in power factor control. These devices act as a variable
shunt impedance by synchronously inserting or removing shunt capacitors and controlling the
effective value of inductors connected across the network. Using an appropriate control
approach, the VAR injection can be controlled to achieve the voltage regulation.

Fig. 1.5 shows the three main topologies of thyristor switched reactances, which are
(a) the thyristor-controlled reactor (TCR), (b) the thyristor-switched capacitor (TSC), usually

employed with TCR, and (c) the fixed capacitor TCR (FC-TCR).
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The first topology (Fig. 1.5.a), the thyristor-controlled reactor (TCR) consists in a
fixed reactor in series with a bidirectional switch (two back-to-back connected thyristors).
Variable inductance can be achieved by delaying the firing angles of the switches. This
configuration can only provide a variable inductive reactance, thus it is limited to applications
where only voltage reduction is needed. Due to the fact that in most cases a voltage boost is
the required corrective action, a variable capacitive reactance is the only possible solution to
achieve voltage regulation[18-20].

The topology shown in Fig. 1.5.b, the thyristor-switched capacitor (TSC), can provide
a switched capacitive reactance. It consists in a fixed capacitor that can be inserted or

removed from the network by switching the thyristors at appropriate angles. A small

L
;%gs ;

TCR TSC FC-TCR
(a) (b) (c)

XL XL

Y|
N

Fig. 1.5 - Common topologies for thyristor-controlled reactive elements used in
power system compensators.
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inductor is usually used in series with the capacitor to limit overcurrents during turn-on
transients. The switches are fired when the difference between the capacitcr and the line
voltages is minimum, in this way reducing potentially harmful current surges in the TSC. This
restriction eliminates the possibility of controlling the TSC by delaying the firing angle, as
used in the TCR case. Therefore, the TSC can only provide a discrete control given by its
total insertion or total removal of the network. An approximate continuous variation of the
reactance can be achieved by grouping in parallel a number of units identical to the one shown
in Fig. 1.5.b, and the smoothness of the control is solely limited by the number of units in the
bank [19,20].

The FC-TCR shown in Fig. 1.5.c can provide a continuous variable
capacitive/inductive reactance, therefore combining the advantages of both the TCR and the
TSC. The equivalent reactance can vary from the maximum capacitive value of XC when the
TCR is off, to the maximum inductive reactance given by XL - XC when the TCR in fully
inserted.

The main drawbacks of switched reactance compensators are the large size of the
reactive elements, the large amounts of harmonics injected in the line (TCR and FC-TCR),
and the unavailability of a smooth control (TSC). Also, due to the cycle-by-cycle switching
approach they do not provide a good dynamic response.

Voltage unbalance compensation can be achieved by means of switched reactances
by controlling independently the injection in each phase. These compensators however have
been used only in load unbalance compensator. For example, a dynamic compensation of the

load unbalance by means of a static converter was proposed by Grandpierre et al in 1977 [21].
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A shunt line-commutated thyristor controlled reactor (TCR's) was used to balance the line
current of an unbalanced load. The control technique was based on a detection of the
symmetrical components of the line current and their use to generate the appropriate firing

angles to the converter.

1.3.2.3 Static VAR Compensators

With the advent of high-power/high-speed semiconductor controllable switches,
several high-performance shunt connccted static VAR compensators have been proposed,
achieving a much better performance than their predecessors, the switched reactors and
capacitors. By using a high-frequency high-performance modulation technique with an
appropriate control strategy these compensators can provide high efficiency, very fast
dynamical response, and a considerable reduction in number and volume of the magnetic
elements [10,22-25].

Fig. 1.6 shows the two main topologies used in static VAR compensators, the voltage
source (VS-VAR) and the current source VAR (CS-VAR) compensators. The VS-VAR type
is implemented with a voltage source inverter or a current source inverter with a voltage
control loop, which gives to the compensator the voltage-source characteristics. The CS-
VAR type is implemented with a current source inverter or a voltage source inverter with a
current control loop, which gives to the compensator the current-source characteristics.
Voltage regulation can be achieved with either type of VAR compensator. However due to

the shunt connection, they require careful control and protection when operating with an



14

unbalance source. Moran ef al. presented a series of high performance CS-VAR
compensators and a detailed analysis of their operation under unbalanced voltage conditions
[22-24). The negative sequence impedance to the ground is normally very low, unless a large
reactance is placed in series with the converter or with the source.

Moran ef al. show that a VS-VAR compensator, in addition to performing power
factor correction and harmonic suppression, can intrinsically compensate for voltage

unbalances [25]. This can be seen in Fig. 1.6.b: the voltage in the load is clamped by the

7777
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Fig. 1.6 - Main topologies of shunt VAR compensators. a) Current source, and b) voltage
source types.
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compensator's output voltage, and if the compensator generates only positive sequence
voltages, it will act as a short-circuit for negative sequence components, buffering the load
from the source unbalance. This feature however imposes penalties on the compensator,
because it requires ratings capable of supporting the extra current generated by the negative
sequence component of the source, which is only limited by the line reactance X;. For
example, for an unbalance of 0.1 pu and a source reactance of 0.1 pu, the additional current

passing through the compensator is a negative sequence component of 1 pu.

1.3.3 Active series devices

Arrillaga ef al. proposed a series connected converter for voltage control in
transmission lines of three phase power systems. It is based on line-commutated
thyristor-controlled ac-ac converters [26]. The converter is connected to the line by means
of a series transformer, as shown in the Fig. 1.7. The amplitude and phase of the voltage
across the secondary of the series transformer T1 is controlled by combining two voltage
sources, one in-phase (V,) and the other in quadrature (V,) with the line voltage. The
disadvantages of such a system are the high levels of harmonic injection and the high cost of
the quadrature source, which has to be obtained from the power system through a costly and
complex transformer configuration, shown in the Fig. 1.7 as T2. The same authors suggested,
in more recent papers, a simplification to this scheme for cases where only one of the voltage
components is required. As an example, they have shown that the use of a in-phase voltage

boosting in substitution to the transformer on-load tap-changer, improves :he operation of
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HVDC links. The regulation of the dc link voltage is done in the ac side, and the ac/dc
converter can be replaced by a diode rectifier.

High performance PWM-based series connected compensators have also been
proposed in recent papers. In particularly Ooi ef al. have presented series VAR compensators
for power systems transmission lines. These compensators are based on a voltage source or
current source inverter topo'ogy. Their principal aim is power system transmission and
stability enhancement.

However these schemes have not been applied at the industrial level, for voltage

unbalance compensation and voltage regulation. These applications, as presented in this

Vr®
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Fig. 1.7 - Circuit diagram of a four-quadrant voltage injector.
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thesis are therefore new applications of series connected PWM converters.

The table 1.1 shows a qualitative comparison of the compensation techniques

presented above, where their main characteristics are summarized.

1.4 Contributions

The scope of this thesis is to present, analyze, design, and verify by simulation and

experimentally high-performance series-connected compensators for single and three-phase

power systems. The compensators are based on voltage source inverter topology. Specific

contributions are the following:

(a)

(b)

©)

(d)

The concept of ac voltage regulation using high-perfformance PWM-
controlled static converters connected in series is introduced (chapter 2).
The use of series compensators to obtain an easy and fast control of the
power factor of reactive loads is demonstrated. This is a by-product of voltage
regulation (chapter 2).

An unbalance compensation technique using three single-phase series
compensators with independent controls is introduced. It is shown that the
load voltage can be regulated as well as balanced (chapter 3).

A three-phase series compensator is shown to perform voltage unbalance
compensatiots, by means of unbalanced switching function (chapter 4).

A closed-form approach to calculate the required gating signals for unbalance
operation of voltage source inverters is presented, and it is shown to be

implementable with any carrier-based PWM technique (chapter 4).
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A method to control a three-phase compensator is described, with a

mathematical analysis and implementation techniques based on a high

performance digital signal processor (chapter 5).

(g)  The concept of an instantaneous symmetrical components transformation is
introduced, and used in the controller design in the unbalance compensators
(chapter 5).

(h)  The dynamic analysis of unbalanced three-phase systems is described, based

on the instantaneous symmetrical transformation (chapter 5).

1L.S_Summary of the thesis

This thesis is organized as follows.

Chapter 2 presents an alternative to the series ac voltage controller consisting of a low
power series connected controlled auxiliary voltage source. It is implemented using a voltage
source inverter connected in series with the ac supply through a transformer. A pulse-width
modulation technique is used to provide a high quality output voltage, to reduce the size of
the required filter, and to achieve a fast dynamic response. The proposed method is applicable
when output voltage control over a wide range is not required, but rather voltage
stabilization, and when a range for the input voltage can be specified. The use of a series
connection allows a considerable reduction in the total power required to perform the
regulation. However, four quadrant operation is necessary. The total kVA rating of the

system is dependent on the maximum range allowed for the input voltage variations. When
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the maximum compensation voltage is not required, and the system is supplying a reactive
load, the remaining voltage regulation capacity can be used to improve the input power
factor. This is achieved by injecting a voltage component in quadrature with the source
voltage. This chapter includes a description of the principles of operation of two modes of
operation, as a voltage regulator, and as a voltage regulator with power factor i~ ~rovement.
Simulation and experimental results of a 1.2 kV A prototype are presented to demonstrate the
feasibility of the proposed system.

Chapter 3 proposes a series connected vollage compensator, for unbalanced three
phase sources, consisting of three single phase voltage source inverters. The inverters are
connected to the power system through a transformer. The negative sequence component of
the supply line voltage is extracted and eliminated from the source. The amplitude of the
positive sequence is then adjusted to obtain a regulated output. The use of pulse-width
modulation (PWM) results in a system with faster dynamic response than the ac controllers.
Also because of the high switching frequency used, the system allows a considerable
reduction in the power rating of the required filter. Another advantage of the proposed
method is the low power rating of the inverters.

Chapter 4 presents an alternative topology for the unbalance compensator of Chapter
3.1Itis based on series connected force commutated three phase converter. It overcomes the
disadvantages of conventional thyristor compensators, and at the same time it reduces the
number of switches and the magnetic volume, compared to the compensator presented in
Chapter 3. The voltage unbalance present in three phase ac supplies is eliminated with a low

kVA series connected compensator, consisting of one three-phase voltage source inverter
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connected to the power system through a transformer. The negative sequence component
of the supply line-to-line voltage is extracted and eliminated from the input voltage,
reducing the load voltage to a balanced system with amplitude given by the positive
sequence. It is shown that by having the inverter operate with unbalanced switching functions
it is also possible to control the amplitude of the positive sequence component. This allows
the system to also perform load voltage regulation. The use of pulse-width modulation
(PWM) results in a system with fast dynamic response, and the possibility of using a high
switching frequency allows a considerable reduction in the power rating of the required filter.

Chapter 5 describes a method for the dynamic analysis of unbalanced networks and
the design of controllers working in such conditions. The first step consists in partitioning the
system under analysis in its symmetrical sequence equivalents. The result is a set of balanced
networks corresponding to the zero, the positive and the negative sequence components,
which are then analyzed using a dq transformation. In order to implement this technique, it
is necessary to define of a time-domain (instantaneous) symmetrical sequence transformation,
which is based in the concept of space-vectors used for some time in the ac machines control.
The method is applied to the analysis of the dynamic response of a series-connected voltage
unbalance compensator, and to the design of its control loops.

Appendix A describes a digital calculator capable of extracting the positive and the
negative sequence components of the line-to-line voltages of ac systems in real-time. The
calculator's hardware implementation consists of a fast Digital Signal Processor connected to
a 16 bits A/D, both using one PC as a development station. The software responsible to the

calculation procedure implements a reduced radix-2 DIF FFT algorithm to extract the
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fundamental time-varying phasors related to the line-to-line voltages. These values are used
to calculate the symmetrical sequence components. Enough processing free time is left to
allow the implementation of almost any control procedure. The algorithm, allied with some
special implementation techniques, give the system a faster transient response than techniques
mentioned in the literature. The transient response time is within one cycle of the ac supply.
The standard FFT algorithm is simplified in order to reduce the processing time, requiring

only one complex multiplication per sample.




CHAPTER 2

SERIES CONNECTED PWM VOLTAGE REGULATOR

FOR SINGLE PHASE AC SOURCES

2.1, Introduction

This chapter presents an alternative to the series ac voltage controller, combining
some advantages of the methods mentioned in the introduction. The system consists of a low
power series connected controlled auxiliary voltage source, which is implemented by using
a voltage source inverter (VSI) connected in series to the ac supply through a transformer.
A pulse-width modulation (PWM) technique is used to provide a high quality output voltage,
to reduce the size of the required filter, and to achieve a fast dynamic response.

The proposed method is applicable when output voltage control over a wide range is
not required, but rather voltage stabilization is important and the range of the input voltage
can be specified. This is not a limitation in a wide range of applications like ac stabilizers for
computer systems, sensitive laboratory instruments, and biomedical equipment, where the
main concern is voltage stabilization and not voltage control. This constraint and the use of
a series connection allow a considerable reduction in the total power required to perform the
regulation. Thus, the total kVA rating of the system is dependent on the maximum range
allowed for the input voltage variations where 20% is a commonly accepted range.

When the maximum compensation voltage is not required, and the system is supplying

a reactive load, the remaining voltage can be used to improve the input power factor. This is
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achieved by injecting a voltage component in quadrature with the source voltage.
This chapter describes two modes of operation of the proposed circuit: as a voltage
regulator, and as a voltage regulator with power factor improvement. Also presented are
design curves, design equations, and a design example. Simulation and experimental results

ofa 1.2 kVA prototype are presented to demonstrate the feasibility of the proposed system.

2.2, Pringiple of Qperation

In order to describe the principle of operation of the proposed compensator, its
topology is simplified to an ideal single-phase ac voltage source, that allows independent
control of its amplitude and phase. The compensator is placed in series with the systems,
between the ac mains and the load, as shown inFig. 2.1.

With the compensator placed as shown, and with total control over its amplitude and
phase, it is possible o make it perform a variety of tasks, among them load voltage control

for both active and reactive voltage drops, input power factor control (source side), VAR

Vs LS Vc ZL
Vs VL =
SOURCE COMPENSATOR LOAD

Fig. 2.1 - Simplified diagram of a series compensator.
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compensation, inrush current limitation in reactive loads, and buffering transients for electrical
machines. As .n example, by synchronizing the compensator with the source voltage Vg, and
maintaining its phase zero, it is possible to regulate the load voltage V; to a required reference

value.

2.2.1 Voltage Regulation

The basic concept of the proposed system is illustrated by means of a simplified model
where the series connected compensation voltage source is assumed ideal, without harmonics
and null impedance, as shown in Fig. 2.1.The compensation voltage source V. is placed in
series with the ac supply, between the source and the load. With this procedure, voltage
regulation in the load can be achieved by controlling the amplitude and the phase of the

voltage of the auxiliary source V..

For a given source voltage l’s and a required load voltage ¥ L » & correction voltage

V. canbe obtained by,

Vee Vo -Vy=(1- MF)« V, @
where MF is the magnitude factor. given by,

v
MF = —2 = (1 - ME .0 pu (2.2)
v,
and ME is the magnitude error in voltage.
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Fig. 2.2 - Principles of voltage regulation.

A phasor diagram for this technique is shown in Fig. 2.2. For a given source voltage,
it is required a load voltage of one pu. The locus of solutions for this compensation is the
circle of one pu, where two of the infinite solutions are shown as A and B. The solution B
requires a minimum of voltage injection, which is translated in to a minimal apparent power

from the compensator. This solution requires the synchronization of the compensator to the

ac source, by maintaining the compensation voltage 7, in-phase with the line voltage 7, .

This approach simplifies the control of the system by reducing the equation (2.1) to the

following scalar expression.

V.= - |MF)) = ME pu (2.3)
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2.2.2 Power Factor Improvement
The use of a voltage source inverter to implement the auxiliary source V.. gives full
control over the amplitude of the correction voltage as well as its phase with respect to a

given reference. As shown in the previous section, voltage regulation requires a controlled

amplitude of ¥,, which means that any point over the circle of one pu, in Fig. 2.2, is a
solution for the regulation problem. Thus the input voltage phasor 7 can be phase-shifted

with respect to ¥, to any value, respecting the limitations in power. This procedure can be

used to correct or at least to improve the system's input power factor. When supplying a

reactive load and the full correction voltage is not used by the regulation procedure, it is

possible to use the remaining margin of ¥ o to perform input power factor improvement.

There are two possible operating conditions, depending on the load power factor
cos(¢,) and on the maximum value of the angle between the source and the load voltages
0, If cos (d,) 2 cos (6,,), it is possible to achieve total power factor correction, and if cos
(¢,) < cos (6,,) only power factor improvement can be achieved. The angle 0,,, is
calculated by the following expression.

1 + |[MF|? - ME2

cos(8_, ) = - = (2.4)
2 - |MF|

Where ME,,, is the maximum error in voltage the compensator can accept. Both

cases are shown in Figs. 2.3 and 2.4 with ME,,,=20% and MF=0.85.
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MEmax = 20 %I‘..

or1=0

N\

Fig. 2.3 -Voltage regulation & power factor correction ( MEmax = 20%, ME = 15%).

MEmax = 20%

Fig. 2.4 - Voltage regulation with power factor improvement
(MEmax = 20% and ME = 15%).
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The phase angle between the source and the load voltages is defined by,

0 = min( O_ ;d ) (2.5)
With the position of ¥ defined it is possible to calculate the components of the

required correction voltage with respect to the source voltage (used reference phasor).

Vex = c08(0) - [MF| pu (2.6)

Vo = sin(6) pu 2.7)

Finally, the input power factor is given by the following expression.

cos(d;) = cos(dp, - 6) (2.8)

1.0 f

09 t,

08 ¢}

cos (®s)

0.7

068,/ © 7 7 cos(er)= 08

0.5 Py 1 A I I P | P | 1 1
0.8 0.9 1.0 1.1 1.2

IMF|  (pu)

Fig. 2.5 - Source power factor as function of | MF|
and the load power factor (for ME,,, = 0.2).
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Fig. 2.5 shows the relation between the input power factor cos (¢s) and the magnitude

factor MF for some values of the load power factor cos (¢, ), and for ME_,, = £20%.

2.3, Power requirements

In order to understand the boundaries of the compensation scheme, consider the
system presented in Fig. 2.6, where a typical case of industrial power system is shown. The
source V; is assumed ideal (infinite bus) and the reactance of transmission lines, transformers,
etc, are represented by X,.

The PCC (point-of-commom-connection) bus supports two loads, the one given by
I, and the compensator branch. Between the PCC bus and the compensator a reactance (Xs)
is used to model transformers, transmission lines, etc. The compensator is required to
maintain the voltage at the load (V) constant and equal to one pu.

There are basically two control approaches to achieve this goal, through VAR

COMPENSATOR

PCC \
O - I N W
O}

Vs 147
vecc l,

SOURCE ILo LOAD

Fig. 2.6 - Simplified diagram of a series compensator.
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compensation and by using minimum apparent power, and both cases can be analyzed by
calculating the power requirements for the compensator. The apparent power required by the

regulator is calculated by,

L I0 - (1 - MF) (2.9)

c = S, (1 - MF) (2.10)
where §, is the compensator power and §, is the load power. This equation can be separated

into real and reactive power as follows.

P, = S, * [cos(d,) - |MF| * cos(by)] (2.11)

Q. = S, * [sin($,) - IMF| = sin(dg)] (2.12)

where cos (¢, ) is the load power factor and cos (&) is the ac source power factor.

By maintaining P, approximately zero the regulator can work as a self-controlled dc
bus reactive power compensator, which is an attractive setup since the regulator does not
require a dc supply. Fig. 2.7 presents an example of voltage regulation by reactive power
compensation for a load power factor equal to 0.8, lagging, and for two cases of source
voltage, 0.9 pu (point B) and 1.2 pu (point A).

The condition for reactive compensation is satisfied when, from (2.11),




32

cos(d,)
[MF|

cos(dg) = (2.13)

which has solutions in the real domain only for |MF] 2 cos (¢,). This means that for

undervoltage conditions the range of voltage regulation is limited by the load power factor.
In the example shown in Fig. 2.7 any voltage reduction to a value lower than 0.8 cannot be
corrected by means of reactive power only. This is the case of voltage drops caused by the
parallel current I, over the reactance X, in Fig. 2.6. Another major drawback of this

technique is the power rating of the regulator. Despite the fact the regulator has to supply

Fig. 2.7 - Voltage regulation by reactive compensation.
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only reactive power, its power rating can be large. For example, for ME,,, = 20% the

regulator power rating is 0.66 pu, for a unity load power factor and a source overvoltage of

20% (|MF = 1.2). Due to these limitations, voltage regulation by means of a series reactive

power compensator alone is feasible only for reactive voltage drops in the line leading directly
to the load (the compensator branch in Fig. 2.6); in general it cannot compensate for reactive
drops created in the line by currents drawn by loads connected in parallel with the
load/compensator system (I, in Fig. 2.6), unless this current is in phase with the
compensator's current, which is not the most probable situation. In this case real power
becomes necessary.

Thus when using the compensator with parallel paths, as in the case of an industrial
plant shown in Fig. 2.6, it will not be able to regulate the load voltage for any condition, if the
voltage at the point of common coupling (PCC) is not already regulated.

Because of these constraints, it is suggested a method that minimizes the total power
(both real and reactive) instead of zeroing only the real power. This procedure minimizes the
regulator power ratings and provides a way to regulate the load voltage for any condition of

voltage drop, provided it is inside the specified limits. This is obtained by maintaining the

phase of MF equal to zero, meaning that the load and the source voltages are in phase,

requiring a regulator capable of supplying reactive as well as real power. The advantage of
the method is that the rated power can be reduced to values in the range of the reactance Xg
(in pu), which is usually around 0.2 pu.

Also, because most of the voltage drop is reactive, it is possible to define different
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Scmax = 20%
Pcmax = 10% '

MEmax = 20 %

0.85 pu .. *

Fig. 2.8 - Voltage regulation with power minimization.

ratings for the reactive power and the real power the compensator can supply/absorb. The
minimization of the real power is an interesting approach , since this parameter defines the
size and the cost of the dc power supply (see item 2.5.4).

Fig. 2.8 shows the phasor diagram of a compensator with ME,,, = 0.2 and ME =
0.15, supplying a load with a power factor of 0.8, lagging. This diagram is similar to the one
in Fig. 2.4, but with one difference: the limit for real power (Pc,,,) is now reduced to 0.1 pu,
reducing the size and cost of the dc source. The shaded area in Fig. 2.8 is the locus of
operation of the compensator. Any voltage phasor inside this area can be compensated to

reach 1 pu.
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2.4, Circuit Description

Fig. 2.9 shows the power circuit of the proposed regulator. The main element is a
single phase voltage source inverter (VSI) with outputs connected to the ac supply through
a transformer. The inverter is built using a single-phase bridge configuration with bipolar
power transistors and anti-parallel diodes as main switches. The inverter is controlled using
a carrier-based sine PWM, but any modulation technique can be used. The output harmonics
generated by the inverter are attenuated by a second order LC filter, providing a low THD

voltage (less than 5%) to the series transformer. When voltage regulation alone is required,

SOURCE LOAD
- ve,
____> LAAAS
Xs i 2/
Vs L []
dc source Lf ;HE,;
CR Lgfv\ VSI =
|\ cat¥e 4|7
= ldc TT

Fig. 2.9 - Circuit diagram of the proposed ac regulator.
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the inverter is controlled by the modulaticn index, with the PWM pattern of the inverter
output being in phase with the ac source. In the case of power factor improvement, phase
control of V. is also necessary. The control subsystem (not shown) should provide the
required set of references to the modulator, according to (2.3) or (2.6) and (..7), tc maintain
the load voltage equal to a specified reference.

The dc power supply shown in Fig. 2.9 is only necessary when the compensator is
required to supply real power. It consists on a single-phase transformer, a rectifier, and a dc
bus filter. The ratings of this supply are defined in accord with the application requirements
for real power. The general case, to provide the required V. at any load power factor, the
compensator requires a dc source with current regeneration capabilities, which can be
implemented using a PWM rectifier. In the circuit presented as example, only one quadrant
operation was used, which simplifies the dc source to a diode rectifier. The dc bus second

order filter is designed to reduce the ripple in the voltage to less than 5%.

2.8, Circuit Design

The starting point for designing the compensator is the establishment of a maximum
source voltage variation (ME,,,,) which the regulator will be capable to compensate, and the
maximum real power it should be allowed to supply/absorb. The maximum voltage variation
ME,,, is defined by the utility standards, and by the application requirements. A common
value is £20%, which means the regulator can be designed to be capable of compensating for

undervoltages from 80% to overvoltages up to 120%. The maximum real power is defined
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by the application, as shown in the item 2.3. For design purposes it is considered the general
case of four quadrants operation (supply/absorb real and reactive power).

The following assumptions are used in this design.

i) The switches are assumed ideal.

ii) The filter components are ideal.

ili)  The base value for the power (Sg,s;) is the rated load power.

iv) The base value for the voltage (Vg,ge) is the infinite bus line-to-neutral

voltage.
v) The base voltage in the inverter side (Vig,g;) is calculated using the series

transformer turns ratio.

2.5.1. Series Transformer Design
The basis for designing the main transformer is the maximum source voltage variation
(ME,,.). With this parameter defined, the transformer power rating, primary and secondary

voltage are given in pu by,

Sp=Vp _=Vg =ME pu (2.14)

The actual value of the primary voltage is given by the dc bus voltage (V) and by the

gain of the PWM technique (G,) being used in the VSI. Using the actual value for V,, the

transformer turns ratio is calculated by,
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ME,,; * Vi

V.G (2.15)

N!
A= — =
Nl

The rated transformer current is 1 pu.

2.5.2. Inverter's Design

The design of the inverter consists in the specification of the topology to be used, the
modulation technique, the type and parameters of the switches.

With respect to the topology, a single-phase full-wave bridge voltage source inverter
was chosen, basically due to its simplicity and reasonable performance. The inverter is
controlled using a sine pulse-width modulation technique (SPWM). This is an arbitrary choice

because any modulation technique can be applied to this compensator.

Assuming the filter is properly designed no current harmonics will pass through the

inverter, thus the current in any switch is very close to sinusoidal. The current ratings for the

switches are then,

A

“sw -1
= 2
Lw,, = V2 | pu (2.16)

1
Iow wp -

3 s

The voltage rating is given by the dc bus voltage as follows.
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1
v - o—
Ve A Z;(v"): pu 2.17)

VSW# ° vk

The apparent power required from the inverter is higher than the one in the

transformer due to the presence of harmonics in the output voltage, and it is given by,

s, - Ig vif pu (2.18)

2.5.3. Inverter's Filter Design
The inverter's output filter is designed taking as constraints the total harmonic

distortion for the current in the inductor and the voltage in the load, defined as follows.

- 2
D, . . N T (2.19)
I I

Where I, is the rms value of the fundamental component, 1, is the rms value of the

harmonics, and L, is the rms value of the n-th harmonic of the line current.

THD, - 5. L%_l_v_']_: (2.20)
vl vl

Where V, is the rms value of the fundamental component, Vy, is the rms value of the
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harmonics, and V, is the rms value of the n-th harmonic of the line-to-neutral voltage.

In order to design the filter, the system shown in Fig. 2.9 is simplified to the equivalent
shown in Fig. 2.10. The inverter's output voltage and the load current are modelled by their
harmonic component, specified by the index ».

Using the Norton equivalent for the inverter and inductor L, the equivalent current
harmonic is given by,

v
o S T 2.21)

I,
l. n‘th

Taking into consideration that most of the voltage harmonics generated in the inverter

(V1. ) will appear across the inductor Ly, the total rms of the harmonics components of I, is,

L, - _x;_‘ g [Y;i) (2.22)
n-XLf
\L i
VIa l ILa
XCst/n

Fig. 2.10 - Equivalent circuit used for designing the inverter's output filter.
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Substituting in (2.22) the definition of THD,, it is possible to get the expression for

the reactance of L;, as follows.

- (V, 2
L. = A _z;["n') pu (2.23)
f THD,

In order to calculate XC; it is assumed that all current harmonics pass through C,. The

harmonics of the voltage across the capacitor are then,

* —2 n=2,. (2.24)

Using this expression it is possible to calculate the total rms value for these harmonics.

2
. XC E(i’.) (2.25)

% XL, N\az\ a?

Substituting this expression in the definition of THD and using the relation between

THD,c and THD,, given by (2.26), an expression for XC; is obtained, as shown in (2.27).

Ve Ve THD
THD,, = —2= = —= « L (2.26)
C, MEm MEII!
XL, » THD
XC, = —= ‘;‘
as=2 n2

Figs. 2.11and 2.12 present the design relations for XL, and XC; (equations (2.23) and
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(2.27)) obtained for ME,,,= 20% and for a SPWM bridge voltage source inverter at unity

modulation index.

The kVA ratings for both C; and L; are calculated from (2.28) and (2.29),

respectively.
ME - (v, )?
SC, = —=2 |(1 + THD{ — pu (2.28)
‘ XL, \J( ' VL)IEI [ “)
2 -
SL, = \[(l + THD, )E(vm2 pu 2.29)

Fig. 2.13 shows (2.28), for the same conditions given for Fig. 2.11. For low values
of THD, and THD,,; (2.29) is approximately constant, and for the same conditions, is equal

to 0.096 pu.

10° f
XCt F
(pu) }
10° |
E ’ . . .
AR THDvL = 10%
10 F
[ R
| [ o ' THDvL'= 1%
0 2 4 6 8 10

THDi (%)
Fig. 2.11 - Inverter’s filter design - Capacitor reactance
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1L
XLf |
(pu)
0.1
E
|
0.01 [TUTIN VTS FUUTS FUUUR TS PUVIN TUUTIN DUU TOUA
0 2 4 6 8 10

THDi (%)

Fig. 2.12 - Inverter’s filter design - Inductor reactance.

0.1}

SCf
(pu)

0.01}

THDi (%)

Fig. 2.13 - Inverter's filter design - Capacitor power ratings.
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2.5.4. Dc Source Design

The dc source consists of a transformer, a rectifier and a filter, conected as shown in
Fig. 2.14,

The design of the dc source depends on the desired mode of operation of the
compensaior. The general case, operating in four quadrants (supply/absorb real and reactive
power), the compensator requires a dc source capable of operate in two quadrants.

The starting point for the design of such a circuit is the definition of the amount of real
power the compensator will be allowed to provide to the system (Pc,,). As already
mentioned in the item 2.3, if the real power is made zero, the compensator becomes a series
var compensator, and the dc source is not necessary. In this case the dc bus can be supported
by the inverter using slight phase-shifts of the voltage with respect to the load current. The
real power necessary to maintain the dc bus is supplied/absorbed from the ac mains.

When real power is required to perform the compensation, the dc source becomes

Ldc 19.}
AV L 7 Yy¥|m .
. . f\} T l
Vs NaSeNs | /| 'VR CuT Tv«c
SOURCE RECTIFIER FILTER INVERTER

Fig. 2.14 - Equivalent circuit used for designing the dc scurce.
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necessary, and its power ratings is defined by the value and the phase with respect to the line
current of the error voltage the compensator should eliminate. For the worst case, the
maximum real power is given by the kV A ratings of the compensator (eqn. (2.14)).
If the compensator is required only to supply real power, as in the proposed example,

the dc source does not need to regenerate current, thus a diode rectifier can be used to

implement it. In this case the ratings for the rectifier are,

pu (2.30)

(2.31)

Where P is the required real power (equal to Pc_,,), V. is the rated dc bus voltage,

and K is the maximum current ripple in the inductor L 4.

The apparent power required from the rectifier is,

LI #Kf + 1
—_—t P, (2.32)

s =
R 2\5
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The transformer ratings are,
S o5 u ¥ K2+ 1 "
" = hd do
T R 2 ﬁ
n
Vo = Va= V.
4 22 & (2.33)

Vi, = Vs
Ny, 2 Ve

A 2 \5 8 J

2.5.5. Dc bus Filter Design
The design of the dc bus filter is similar of the inverter's output filter. The major
difference is that the parameters used as basis for are the ripple factor in the dc bus voltage

and the break frequency of the filter. The ripple factor is defined as,

K,= — (2.34)
! Where V,, is the rms value of the harmonics of the dc bus voltage, and V. is the dc

bus average voltage.

First, using the Norton theorem on the rectifier and the inductor, the equivalent

current source can be calculated as,
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IL B e — n = 2,,.,& (2.35)

Where I, is the rms value of the n-th harmonic of the current passing through the
inductor L, , Vi, is the rms value of the n-th harmonic of the output voltage of the rectifier,
and XL 4 is the value of the inductor reactance.

Assuming that the capacitor acts as an ideal short circuit for all harmonics, most of
the current harmonics pass through it. The effect of this current harmonics in the voltage

across the capacitor is given by,

A =1, * = * n=2,..,* 2,36
‘G‘ C. n XLdn nz ( )

Where I, is the rms value of the n-th harmonic of the current passing through the
capacitor C, ( the sum of the inverter plus the rectifier currents), Vy, is the rms value of the
n-th harmonic «f the output voltage of the rectifier, XC,, and XL, are the values of the
capacitor and the inductor reactances.

From this expression it is possible to obtain the rms value of the harmonics of the

capacitor's voltage (dc bus voltage) as,

V, =XC,: |¥ |—2+—2 (2.37)




- (1o v, | pu (2.38)

=2 | D n? XL,
This expression is independent of the type of rectifier and modulation technique being
used. The value of V, is given by theitem 2.5.1.
In order to calculate both reactances, a second parameter is required. The most useful

one in this case is the natural frequency of the filter, which is given by,

XC
f = |—% u 2.39
o l XL, P 2.39)

In order to exemplify the use of these equations, they are applied to a system with a
single-phase full-wave diode rectifier and a single phase SPWM voltage source inverter, and

the result is shown graphically in Fig. 2.15.

2.6. Design Example

In order to illustrate the use of these equations an example is presented with the
following requirements: the maximum variation of the source voltage that the system is
required to correct is ME,,, = 20%; the compensator is required to supply real power up to
the full rated power (Pc,.,,, = Sc,,,); a sine PWM with switching frequency of 31 pu is used
to control the single phase full bridge VSI (G, = 0.707); the transformer has a turns ratio a =
1:4.25; the total harmonic distortion for both current and voltage should be < 5%, the load

power factor is equal to 0.75, lagging,
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fo (pu)
]
0.025 0.5
XCdec
(pu)
0.02 A 0.45
0.015 104
~.10.35
0.01
-10.3
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0.15
0.0 =T -10.1
0.0 0.02 0.04 0.06 0.08 0.1

XLdc (pu)

Fig. 2.15 - Dc bus filter design. Capacitor and inductor reactance as functions of the dc
bus voltage ripple and the filter's break frequency.

The base values are S, = 1.2 kVA, on the ac source side V.= 110 V and on the
inverter side V,,=467.5V.

The tables 2.1 to 2.6 summarize the results.
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Table 2.1 - Transformer Ratings

Par.meter Equation Value (pu) Value (actual)
St 2.14 0.2 240 VA
Vipin 2.14 0.2 93.5V
lk 2.14 1 2.57 A
\/. 2.14 0.2 22V il'
| (N 2.14 1 10.9A
NN, 2.15 1:4.25 "

Table 2.2 - Filter Ratings

Parameter Equation Value (pu) Value (actual)
" Sie 2.29 0.096 1152 VA
X, 223 0.027 436Q "
Ser 2.28 0.01 12 VA
2.27 8.95 144390 |
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Table 2.3 - Inverter Ratings (Switches Ratings)

[[ Parameterr Equation Value (pu) Value (actual)
| S 2.18 0.2 240 VA
Vi 0.283 13223V
fow 31 1.86 kHz
Viswek 2.17 0.283 13223 V
Viwens 2.17 0.157 734V
Tswek 2.16 1.41 3.64 A
Lswag 2.16 0.318 082A
Lowens 2.16 0.707 1.82 A

Table 2.4 - Dc Source - Filter Ratings

Parameter Equation Value (pu)

Value (actual)

> 2.37 0.02

3.65Q

241 0.002

091 Q
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Table 2.5 - DC Source - Rectifier Ratings

Il Parameter Equation Value (pu) Value (actual)
Si 232 0.223 26724 VA

Vswa 23 0.445 20782V
Vswime 23 0.222 10391V
Vsweg 23 0.142 66.15V
Tswpx 231 1 2.57A
Lswems 231 0.5 1.285A

| Loweg 231 0.353 0.908 A

Table 2.6 - Dc Source - Transformer Ratings

Parameter Equation Value (pu)

Value (actual)

S 2.33 0.223 267.24 VA
\' 2.33 1 110V
Vi 2.33 0.314 146.95 V
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2.7, Simulated and Experimental Results

To confirm feasibility, this method was applied to the system shown in Fig. 2.9 with
parameters described in the tables I to VI. Simulation of the complete system has been
performed to verify and confirm the operating principles and characteristics. An 1.2 kVA
experimental unit has than been built. The results of both simulation and experimentation
indicate that the proposed method performs as expected. In particular:

- Figs. 2.16, 2.18 and 2.20 show the source voltage, the load voltage and the load
current from both simulation and experimental results, respectively. The comparison between

the simulated and the experimental results confirms that the power factor is improved: the

200 + + + i 4 - + -+
VL & VS
) 100} ]
oL |
IL (A) b s
: /
-1001 \
2000,

184 186 188 190 152 154 196 198 200

Time (ms)

Fig. 2.16 - Simulation results. Voltage regulation with power factor improvement.
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angle between the source voltage and the current is reduced.
- Figs. 2.17, 2.19, 2.21 and 2.22 present the simulated and the experimental spectra,
respectively, of the source and the load voltages. These figures indicate that the harmonic

content is very low, and that the load voltage has been increased to the required value (110

V).

200 ' ' —
VL& Vs Fundamental Frequency

V)
1007

4'.0 5.0
Frequency (kHz)

200
VL& Vs
V)

1007

0 100 200 300 400 500
Frequency (Hz)

Fig. 2.17 - Simulation results - Spectra of the source and load voltages.
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v -
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' v
i p
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0.0 : .01 ] 0.02 Seconds "
Fig. 2.18- Experimental results
Source voltage, load voltage (100 V/div) and load current (20 A/div)
U v 4
T Vs q:

e A AAN I
0.0 1000 2000 3000 4000 Hertz

Fig. 2.19 - Experimental results. Source and load voltage spectra (100 V/div).
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Fig. 2.20 - Experimental results with filter
Source voltage, load voltage (100 V/div) and load current (20 A/div).
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Fig. 2.21- Experimental results with filter. Source voltage and load voltage spectra (100
V/div)
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Fig. 2.22- Experimental results with filter. Source voltage and load voltage spectra (100
V/div)

2.8, Conclusions

The feasibility of a series voltage regulator for single phase ac voltage sources was
demonstrated in this chapter. The use of a series transformed coupled voltage source inverter
is shown to perform load voltage regulation and input power factor correction in single phase
ac system. The use of a PWM voltage source inverter results in only very low harmonic
injection in the ac system. Furthermore only a low kVA rating is required, that can however
be either real or reactive, or both, depending upon the load power factor and ac line voltage
level. Typically, a low kVA (0.2 pu) was required to perform voltage regulation in an ac
source with a maximum of 10% of undervoltage. The power factor for the ac source was

improved (cos (P,) =0.75 and cos ($5)=0.84) by phase-shifting the regulator voltage.




CHAPTER 3

A SERIES VOLTAGE COMPENSATOR

FOR THREE-PHASE UNBALANCED SOURCES

3.1, Introduction

This chapter proposes a method to elimirace the voltage unbalance present in three
phase ac supplies using a series connected compensator with a low kVA rating. The
compensator consists of three single phase voltage source inverters connected to the power
system through a transformer. The negative sequence component of the line-to-line supply
voltage is extracted and eliminated from the source, thus reducing the voltages to a
balanced system with an amplitude dictated by the positive sequence. This component can
then be adjusted in order to obtain a regulated load voltage. The use of pulse-width
modulation (PWM) results in a system with fast dynamic response, and the possibility of
using a high switching frequency allows a considerable reduction in the power rating of the

required filter.

3.2, Principle of Unbalance Compensation

A three phase unbalanced delta connected voltage source shown in Fig. 3.1, with line
voltages given by (3.1), can be decomposed into two balanced three phase systems using the

symmetrical components transformation shown in (3.2).
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Vs,
Vs = Vs @.1)
Vs,
Vs,
Vs, = [Vs | = A « Vs, (3.2)
Vs,
Where A is the transformation matrix, given by:
11 1
At=Lll o
3
1 a? )
; 3.3)
1 1 1
A=[l o® «
1 « o
and o = ¢ 120,
BALANCED
BALANCED AND
Ve, REGULATED
UNBALANCED » ZL
—Yeury YRy T
vslb Vcb VLO§
» L,

Vs
\'/

e e I R i |

SOURCE

. Ve, Vi
" Veay Veagy [ Thin, P |
A B C

COMPENSATOR LOAD

Fig. 3.1 - Simplified -epresentation for an unbalance compensator.
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If line-to-line voltages are used as in (3.1) or assuming there is no neuiral path in the

system, the zero sequence component Vs, is zero. The positive and the negative sequence

components ( Vs, and Vs, ) define two sets of balanced line-to-line voltages. Only the

positive sequence component is desired while the presence of the negative sequence
component is due to the unbalanced source. Therefore with the elimination of the negative
sequence component a balanced three phase source is obtained.

In order to quantify the unbaiance in the system a parameter must be defined. Among
the several parameters that have been proposed to this date, the most common is the NEMA
unbalance factor, defined in the MG1-14.34 standard (1980) as: the maximum deviation of
the line voltages from their average divided by this average, as show in (3.4).

NEMA UF < _rtlax(Vs.bc) - avg(Vs, )
avg(Vs,.)

+ 100% 3.4)

Despite the fact that this is the preferred practical parameter, its usefulness is limited
due to its nonlineariy; . The International Electrotechnical Commission defines another and
more usable unbalance factor, as the ratio between the negative and the positive sequence
components [33]:

Vs,
UF = —= = [UF|tdye 3.9
§

The relation between this and the NEMA factor is given by the following equation:
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NEMA UF - 3 -1
{,le+ UF ¢+ |1+a + UF| (3.6)

|11 + UF|

When voltage control is re\ uired, it becomes necessary to define a second parameter
to quantify the error between the load voltage and the required reference. This is defined as

the magnitude factor MF, and is the ratio between the positive sequence of the line-to-line

voltage and the required load line-to-line voltage ( Vm )

v
MF = —L = |MF|dye = (1 - MEXGpg  pu @.7)
VREF

Once these two parameters are defined, the required set of line-to-line voltages

necessary to perform the unbalance compensation can be obtained by:

Ve,
Ve, = [Vepol= - Vs, » T, pu (3.8)
vcmZ
where
1
T, =|a (3.9)
o2

Substituting Vs, from (3.5) and (3.7) into (3.8), we have:
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Ve,, =~ UF+» MFx T, pu : (3.10)

The direct subtraction of the negative sequence from the source line voltages is

performed by the first set of series voltage sources shown in Fig. 3.1 by the line-to-neutral

voltages V¢, , Vc,, and Ve, , leaving a balanced system of line-to-line voltages at

the coupling point B. The value of the line-to-neutral voltages are given by the following

equation.
Ve,
v T
Ve, |= —22 - - UF . MF . —2 pu @.11)
- -
Ve,

The second set of voltage sources in Fig. 3.1, Vc,, , Ve, and Ve, ,isusedto

perform the load voltage control. The required line-to-line voltage to be added to Vs,, to

obtain V. is given by:

where
1
T, = |a2 (3.13)
44

Substituting (3.7) in (3.12),
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Ve, = (1 - MF) » T, pu 3.14)

The necessary line-to-neutral voltages to perform the voltage control are given by:

Veu Ve T
Ve |= —=% = (1 - MF) - —— pu (3.15)
Ve I -a 1 - o

From (3.11) and (3.15) it is possible to calculate the total required set of phasc

voltages to perform the unbalance compensation and voltage control, as follows:

Ve, ! Ve, | [Ve,

Ve, | = Ve, | + [Vey, (3.16)
Ve | Ve, Ve,

pu (3.17)

3.3. System Description

Fig. 3.2 shows the circuit used to implement the proposed method. It consists of three
single phase PWM voltage source inverters connected in series with the line through three
single phase transformers. Second order filters are connected between the inverters and the

transformers to reduce the harmonic content of the injected voltage.
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Fig. 3.2 - Block diagram of the proposed unbalance compensator.
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The line-10-line load voltages are decomposed into their symmetrical components
by a filtering stage. These values are used by the controller to generate the appropriate gating

signals for the inverters in order to achieve the set of voltages given by (3.17).

4 m n

The main parameters for designing the proposed compensator are the maximum

unbalance factor |UF|_,. ,and the minimum magnitude factor [MF|_;, of the source.

They are both defined by the utility standards and by application requirements. A common
minimum value for the magnitude factor is 80%, which means the compensator is capable
of adjusting voltage errors from undervoltages of 80% to overvoltages up to 120%. The
maximum unbalance allowed in the utility line has not been standardized. The only reference
in the literature to unbalance constraints is the one from NEMA, where a maximum of 5%
of unbalance (NEMA UF) is recommended when supplying induction motors. Whe
designing AC systems, a maximum of 20% unbalance in the supply voltages is gencrally

assumed.

The magnitude of the maximum allowed unbalance factor ( |UF)_,, ) can be

chosen based on the NEMA factor (more commonly used and known) as a starting point and

then determining UF from (3.6) or Fig. 3.2. The phase of UF should be assumed 60

degrees ( worst case - gives the largest |UF] ).
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The use of transformers in both sides of the compensator gives complete freedom
to choosing the value of the dc bus voltage V., which can be specified by a cost evaluation
of the switches and filter capacitors.

The following assumptions are used in this design.

i) The switches are ideal.

ii) The filter components are ideal.

iii)  The base value for the power (Sp,¢¢) is the rated load power.

iv)  The base value for the voltage (Vpaqe) is the infinite bus line-to-line voltage.

v) The base voltage in the inverter side ( VIg, ) i calculated using the series

transformer turns ratio.

3.4.1. Power Requirements

The power required to perform the compensation is defined in pu by the maximum

compensation voltage Vc_.. , which occurs when the negative sequence component to be

climinated is in phase with the positive sequence to be corrected. The magnitude of this

apparent power is calculated by (3.18). Fig. 3.3 shows the relationship between these

parameters ( |UF|_,, . |MF| . ) and the NEMA unbalance factor in the calculation of

the compensator rated power (in pu), which is expressed by:

Sc = V3-Ve,,, = V3:(1 - [MF|,, * (1 - |UF|_)) pu (3.18)
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The real power supplied or absorbed at any moment by the compensator is r.<1 ned
by the load power factor and by the value of the positive sequence component o1 the
compensation voltage (Ve ). If voltage regulation is not needed for a particular application
(i.e. if only unbalance compensation is desired), then no real power is required and the dc
source can be eliminated. In this case the dc bus can be supported by the inverter using
slight phase-shifts of the voltage with respect to the load current. The real power necessary
to maintain the dc bus is absorbed from the ac mains. Under the worst case, for unity load
power factor and maximum positive sequence component (full voltage regulation), the

compensator's real power is given by,

Po = S¢ = V3-Ve . pu (3.19)

This expression establishes the extreme situation where it is assumed that the voltage
error is solely dve to drops on resistive elements. This case almost never occurs because
most of the voltage drops, as shown in Chapter 2, are due to reactive elements such as
transformer leakage reactances, inductances of filters, etc. In applications where a limit for
the voltage drop on resistive elements can be specified, the rated real power can be reduced

to a minimum value, which minimizes the size and cost of the dc source.

3.4.2. Series Transformer Design
With the maximum unbalance factor and the minimum magnitude factor defined, the

maximum secondary voltage of the transformer is given, by the following equation.
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1 - |MF|. «( - |UF
A\ IME | * € [OF e pu (3.20)

max ﬁ

The transformer turns ratio and primary voltage depend on the maximum output
voltage of the inverter, which is defined by the dc bus voltage and the modulation technique
used to control the inverter. Assuming that the inverter gain for the fundamental component

of the line-to-line voltage is G, and the dc bus voltage is V., the transformer turns ratio is:

_ Ve, .
T Gi -V,

pu (3.21)

Because of the series connection, the rated current in the transformer is one pu, and

the total apparent power is given in pu by the maximum secondary voltage, as follows.

1 max
St = 3 SCruas = pu (3.22)

3.4.3. Design of the Voltage Source Inverters.

The usc of three independent single-phase voltage source inverters allows a complete
freedom in the choice of configuration and modulation technique. A high performance
compensation system can therefore be easily achieved. Designing the inverters involves the
snecification of the topology to be used, the modulation technique, and the switches to be

uscd and their ratings.
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Single-phase half-bridge voltage source inverters, with bipolar transistors as switches
are used. The inverters are controlled using a carrier-based sine pulse-width modulation

technique (SPWM), which is an arbitrary choice since any modulation technique could be

applied to this compensator.

( : i -—1— )
SWoems ﬁ
1 Low, = V2 ot pu (3.23)
1
| Iowag = 7 |

Assuming the filter is properly designed, no current harmonics will pass through the

inverter, thus the current in any switch will be very close to sinusoidal. The current ratings

for the switches are then given by:  The voltage rating is given by the following equations.

r 5
1 -
szm == Z (Vln)z
1 ﬁ n=] }' pu (3.24)
‘ VSka = Vi J

The apparent power required from the inverter is higher then that of in the

transformer due to the presence of harmonics in the output voltage, and it is given by:

S, = % . lz (Vl,,)z pu (3.25)
nel
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Fig. 3.3 - Unbalance factors and compensator power rating.
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3.4.4. Design of the Inverter Output Filter.

The method used to design the filters for the output of each inverter is approximately
the same as the one already presented in Chapter 2, except for the fact that the voltage
harmonics injected by the inverters in the present case are higher than the previous. Analysis
of such a system can be done on a per phase basis due to the use of independent inverters.
The equivalent circuit is shown in Fig. 3.4, where the inverter output voltage and the load
current are modelled by their harmonic component, specified by the index ».

Using the method described in the previous chapter, the value of the inductor

reactance is calculated as follows.

K
XL, = ..—.l.._
f THD, pu (3.26)
where
Iln n~Xx.f

—= . l
A4 I p
h@‘i T&C—f l
n

Fig. 3.4 - Equivalent circuit used for designing the inverter output filter.
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= Vi, 2 pu (3.27)
K, = |5 .

The rms value of the voltage across the capacitor due to the harmonics is:

2

XC =(V
Ve, = — E(i pu (3.28)

C XL, N3\ n?

Thus, the capacitor reactance is calculated by taking info account that the relationship

between the total harmonic distortion of the load voltage and the capacitor voltage is given

by:
Ve Ve THD.
THD,, = —% = —* = 4 (3.29)
Vc, Ve, 2Vc.,,
Substituting (3.28) in this last equation, XC, can be obtained, as shown in the
following equation.
XL, - TF'D
XC, = —f "W .
f 2K, pu (3.30)
where
- (V. \?
K,= || —= pu (3.31)
ne2 n2

Figs. 3.5 and 3.6 present the relationship between XC, and XL, ( (3.30 and (3.26))

obtained for a SPWM half bridge voltage source inverter at unity modulation index with

|UF| 0, =20%, |MF| =80%.
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The kV A ratings for C, and L, are calculated from (3.32) and (3.33), respectively.

SC, = —mx L J] s THDE ) —mx i
Cf XL‘. ﬁ ( + Ve ) ﬁ pu (3-32)
Kq = K,
SL; = — - (1 + THD;) = — u 3.33)

where K, is defined as,

K, = lz’:(vldz pu (3.34)
n=2

For the case of a sine PWM half bridge voltage source inverter, the value of K, is
0.009. Also, for low values of THD, and THD,, the approximations shown in (3.32) and

(3.33) are valid, which makes the kVA ratings of the inductor equal to 0.207 pu.

10

XLf (pu)
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u
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Fig. 3.5 - Inverter filter design - Capacitor reactance.
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Fig. 3.6 - Inverter filter design - Inductor reactance.

3.4.5. Design of the dc Source.

The dc source consists of a transformer, a rectifier and a filter, connected as shown

in Fig. 3.7.

The design of the dc source depends on the desired mode of operation of the

compensator. For the general case, operating in four quadrants (supply or absorb real and

Ldc lg_’

%

Vs ) AW 1
gg v Tv _[_ T
R Cac Ve
1:Nx - T
SOURCE RECTIFIER FILTER INVERTERS

Fig. 3.7 - Equivalent circuit used for designing the dc source.
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reactive power), the compensator requires a dc source capable of operate in two quadrants.

The starting point for the design of such a circuit is the definition of the amount of
real power that the compensator is allowed to provide to the system (Pc,,,). As already
mentioned in the section 3.4.1, if the real power is made zero, the compensator becomes a
series var compensator, and the dc source is not necessary.

When real power is required to perform the compensation, the dc source becomes
necessary, and its power ratings are defined by the value and the phase of the compensator
voltage (Ve,,) with respect to the line current. Also, if the compensator is required only to
supply real power, as in the proposed example, the dc source does not need to regenerate
current, thus a diode rectifier can be used to implement it. In this case the ratings for the

rectifier are,

\Vs > pu (3.35)

p pu (3.36)




76
Where P, is the required real power (equal to Pc,,,). V. the rated dc bus voltage,
and Ki is the maximum current ripple in the inductor L.

The apparent power required from the rectifier is,

Sg = L1718 - P, pu 3.37)
The transformer ratings are,
’ ST = 1.178 ¢ Pdc ]
V. = Z_.v
| 7o T
? pu (3.38)
VTA = Vg
N s Ve
| Np 3y6 Vs

3.4.6. Design of the dc Bus Filter.

The design of the dc bus filter for the proposed compensator is similar to the one in
Chapter 2. Some diffferences are of notice: (a) the dc source is now implemented by using
a three-phase bridge rectifier; and (b) the harmonics injected by the inverters in the dc bus
current are increased.

The expression obtained in Chapter 2 for the capacitor reactance is still valid for the
present case. Only the harmonics of the rectifier output voltage and inverter input current

have a different value. The capacitor reactance is then,
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z": IOn an
—_—
a2l N n? Xde

where Ky is the ripple of the dc bus voltage V,, Io, is the n-th harmonic of the sum of the

2 pu (3.39)

input currents of all three inverters, VRn is the n-th harmonic of the output voltage of
therectifier, XL, and XC, are the inductor and the capacitor reactances (in pu).
In order to calculate both reactances a second parameter is required, and in this case

the natural frequency of the filter, given by,

ﬂ(:%/)' 10
6
s L1 ]
pu
45 // / //f’o’:u)/= (0] v
/ v
/e
gl ===
iy ———
0.0 0.04 0.08 0.12 0.16 0.2
XLdc (pu)

Fig. 3.8 - Dc bus filter capacitor and inductor reactances as functions of the dc bus
voltage ripple and the filter break frequency.
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P pu (3.40)

is used. These equations are applied to a system with a a three-phase bridge diode rectifier
and three single phase half bridge SPWM voltage source inverter, and the result is shown

graphically in the Fig. 3.8.

3.5. Design Example

In order to illustrate the use of the design equations, the following example is
presented. The requirements are: the rated power of the system is 2.2 kVA; the maximum
unbalance factor is 20%; the maximum magnitude error is 20% (IMFl = 0.8 ) ; the linc-to-
line load voltage is v3-110 volts ; a half-bridge voltage source inverter is used ; the
inverters are controlled with sine PWM modulation with switching frequency of 31 pu; the
compensator is required only to supply real power up to the full rated power (Pdc = Sc); the
transformer has a turns ratio of 1:4; the total harmonic distortion for both current and
voltage should be < 5%; the load power factor is equal to 0.75, lagging. The base values and

the result of the design are presented in the following tables.
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Table 3.1 - Base Values

Parameter Value (actual) "

" Spase 22kvA |

| Ve 19053V |

Vigass sov |

‘f Toase 667A |
' Tigse 167 A
Zonss 16,5 Q
ll' Zipss 264 Q
|| Gi 0354

Table 3.2 - Transformer Ratings.

Parameter Equation Value (pu) Value (actual)
i Power 3.22 0.12 264 VA
Primary voltage 3.2 0.208 396V
Secondary --- 0.36 158.4V
voltage

Primary current --- 1 1.67 A
Secondary current --- 1 6.67 A

Turns ratio --- |
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Table 3.3 - Inverter Ratings (Switches Ratings) - Each inverter

Parameter

Value (pu)

Value (actual)

0.17

373.2 VA

1.017

48V

31

1.86 kHz

1.017

448 V

0.36

158.2V

1.41

236 A

0.318

0.531 A

Parameter

0.707

Table 3.4 - Filter Ratings.

Equation

Valve (actual)

3.33

456 VA

3.26

47.5Q

3.32

13.2 VA

3.30
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Table 3.5 - DC Source - Rectifier Ratings.

Equation Value (pu) Value (actual)
3.37 0.424 932.97 VA

Vswix 3.35 1.047 460.8 V
Vswems 3.35 0.831 365.6 V
Vswavg 3.35 0.678 298.3 V
Tswp 3.36 0.371 0.619 A
Tswms 3.36 0.204 0.341 A
I 3.36 0.118 0.197 A

Table 3.6 - Dc Source - Filter Ratings.

Parameter Equation Value (pu) Value (actual)
f, 3.40 3.5 212 Hz
3.39 0.02 5.28Q “
3.39 0.25 66 Q
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0.424 932.97 VA
1 110V

0.435 191.3V

1:1.336

Experimen ]

In order to confirm the proposed voltage compensation method, it was applied to the
following system:

Total apparent load power - 2.2 KVA Required line voltage -v3*110 Volts

Load impedance - 16.9 Q Load power factor - 0.78

Unbalance factor - 13.8% Magnitude error - 7.7% (MF=0.923)

Tables 3.8 to 3.10 summarize the main results, and the principal stcady-state
waveforms are presented in the Figs. 3.4 to 3.11.

Figs. 3.9 and 3.10 show the supply line-to-line voltages with their respective

spectrum. The voltage unbalance is quite clear in both figures.
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Figs. 3.11 and 3.12 show the instantaneous load line-to-line voltages and their
respective spectrum. The spectra demonstrate that the balancing of the fundamental
component is achieved and the harmonics injected are reasonable low.

The same system was also tested with a filtering stage in order to reduce the THD
of the load voltages. Figs. 3.13 and 3.14 present the results obtained. The line-to-lin¢ load
voltages (Fig. 3.13) have a low THD, as can be seen ir their spectra (Fig. 3.14).

Figs. 3.15 and 3.16 show the instantaneous load line current and its spectrum without
and with filter. Due to the filtering effect of the load ( Power Factor = (.7¢, the harmonic

content in the current is negligible, as shown by its spectrum.

Table 3.8 - Experimental results summary - source .

165 V £0° Vs, ovze |

L3

Vs, 200V £-127.3° Vs, 1758 V £-1.3° Jl
Vs, 165 V £105.4° Vs, 24.23V £112.7°
0.138 pu £120° MF 0.923 pu £-7.3°
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Table 3.9 - Experimental results summary - load - no filter .

Fundamental

VL, 19531 V

190.71 V

VL4 19583 V

190.23 V

19439V

19071V

6.66 V

662V

SOURCE APPARENT POWER

2.05 kVA

COMPENSATOR APPARENT
POWER

0.317 kVA

LOAD APPARENT POWER

_225kVA

Table 3.10 - Experimental results summary - load - with filter.

Variable — Total Fundamental THD

VL, 191.92 vV 190.73 V 0.112

VL, 192.07V 19049 V 0.129

VL, 19149 V 190.59 V 0.097

I, 663V 6.62 V 0.055
SOURCE APPARENT POWER 2.04 kVA
COMPENSATOR APPARENT 0316 kVA

POWER
LOAD APPARENT POWER 2.20 kVA II
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Fig. 3.9 - Experimental Results. Supply line-to-line voltages - VS,,, Vs,  and Vs,
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Fig. 3.10 - Experimental Results. Spectrum of the supply line-to-line voltages - Vs,;,
VS, and Vs,
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Fig. 3.11 - Experimental Results. Load line-to-line voltages without filter - VL, Vi

and VL,
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Fig. 3.12 - Experiruental Results. Spectrum of the load line-to-line voltages without

filter- VL,,, VL,  and VL,
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Fig. 3.13 - Experimental Results. Load line-to-line voltages with filter - VL, VL and
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Fig. 3.14 - Experimental Results. Spectrum of the load line-to-line voltages with filter-
VL, VL, and VL,
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Fig. 3.16 - Experimental Results. Top - Load line current with filter .Bottom - Spectrum
of the load line current with filter



3.7 Conclusions

A scries voltage compensator for three-phase unbalanced sources has been presented

and analyzed. The system, based on three single-phase voltage source inverters connected
in series with the supply using transformers, proved to be feasible and performed as
expected. A 2.2 kVA prototype was built and used to compensate a source with 13.8%
(UF=0.138) unbalance and 7.7% magnitude error (MF=0.923). Simulation and experimental
results showed a very good cormrelation with the expected performance, balanced line-to-line
load voltages with low THD being produced. The total power required by the compensator

was reasonably low ( 0.14 pu).




CHAPTER 4

VOLTAGE UNBALANCE COMPENSATOR BASED ON A THREE PHASE

VSI OPERATING WITH UNBALANCED SWITCHING FUNCTIONS

4.1 Introduction

An alternative to the series unbalance compensator presented in chapter 3, also based
on series connected force commutated converters, is proposed in this chapter. The proposed
compensator overcomes dise Jvantages of conventional ac controllers, such as high kVA
ratings and high harmonic injection. At the same time the number of switches and the
volume of the magnetic parts are reduced, when compared to the compensator presented in
the previous chapter.

The voltage unbalance present in three-phase ac supply is eliminated using a low
kVA rating series connected compensator. It consists of a three-phase voltage source inverter
connected to the power system through a transformer. The negative sequence component
of the supply line-to-line voltage is extracted and eliminated from the input voltage,
reducing the load voltage to a balanced system with amplitude given by the positive
sequence. It is shown that by having the inverter operate with unbalanced switching
functions it is also possible to control the amplitude of the positive sequence component.
This allows the system to also perform load voltage regulation. The use of pulse-width

modulation (PWM) results in a system with fast dynamic response, and the possibility of
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using a high switching frequency allows a considerable reduction in the power rating of the

required filter.

4.2, Principle of Operation

The structure of the proposed system is introduced by the simplified diagram
presented in Fig. 4.1. The line-to-line voltages of the three-phase voltage source are assumed

unbalanced and are given by (4.1).

Vs,
Vs, = |Vs,. @1
Vs

ca

These voltages can be decomposed in two balanced three-phase systems using

symmetrical components transformation, as shown in (4.2).

BALANCED AND REGULATED

UNBALANCED : @w ; . 21,

' : S
Vs : o Vi

VS“I Ivue [

Vel 1 ve, Vi ZL

b g 1 3
—— -

A B
SOURCE COMPENSATOR LOAD

Fig. 4.1 - Simplified representation for an unbalance compensator.




Vs,

szlz = VSI = A-l * vsd’c

Vs,
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4.2)

Where A is the transformation matrix, given by:

A-1=l.
3

and o =ecl®

11

l a

]

al

4.3)

Assuming there is no neutral path in the system, the zero sequence component Vs,

must be zero. The system shown in Fig. 4.1 is then reduced to the positive and the negative

sequence (Vs, and Vs,) equivalents shown in the unipolar diagrams in Fig. 4.2. The

compensator line-to-line voltages (Vc,,.) are expressed by (4.4), where the indexes 7 and 2

refer to the positive and negative sequence components, respectively.

( er.b,-

ch1

V]

[ )
Ve,

Ve, | =

Ve, o

e

o

Ve, =

r

VL
\
2
VL.‘J
\ -

£

=

Y

Vs 01

A&

» (4.49)

Dv saz - 7
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The unbalance compensation is achieved by forcing the negative sequence of the load
voltage (VL. ) to be zero (voltages at the section B in Fig. 4.2), which can be implemented
by making the negative sequence component of the compensator voltages (Vc,,;) equal to
the source negative sequence component.

In order to perform voltage regulation the positive sequence component of the load
voltage (section A in Fig. 4.2) has to be adjusted to a given voltage reference V,,. This is

done by adding to the source a voltage proportional to its positive sequence component.

N\
SOURCE SOURCE

Xs, Xs, 3

Vsaa Vsga

") VGua Veea (T,
+

+
ch ZC,
y

POSITIVE NEGATIVE
SEQUENCE SEQUENCE

Fig. 4.2 - Simplified representation of the compensation scheme
by its symmetrical components equivalent.
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Fig. 4.3 shows the correspondent set of phasors of the ab line-to-line voltage, where Vs,

and Vs, are the positive and the negative sequences, Vc,, is the compensator ab line-to-

line voltage and V1, is the load line-to-line voltage.

Using the vector operators T, and T, as shown and the reference voltage V,as a

base voltage, (4.3) can be reduced to,

¢

\Y
Ve, =T, (1-—-—%""):'1‘, C(1-—L)

ref ref

VS _
v

Vs,

>y

Vcach =- Tz ¢

ref

ref

Y

4.5)

Fig. 4.3 - Compensation procedure for the ab line-to-line voltage.
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where
[ 1 ]
| & ]
. , ]
T,=|a
-az

(4.6)

4.7)

The unbalance factor, defining as per IEC [33], is the ratio between the negative and

the positive sequence components, and defining the magnitude factor as the ratio between

the positive sequence component and the reference voltage:

Vs,
UF = — = |UF|Zéy; pu
§
v
MF = —\ - IMF|Z by pu
V rer

Using these definitions (4.5) is simplified to (4.10).

Ve, = T, « (1-MF)

pu

Ve,

-T, - UF . MF

4.8)

4.9)

(4.10)

This set of equations defines the required line-to-line voltages that performs the

unbalance compensation and load voltage control.
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On a pu basis, the primary and the secondary transformer voltages are equal and can
be calculated by wye-delta transformations for positive and negative sequence components,

as follows.

.Vc.,- T 1
Ve, |= (1-MF) - —
v 1-a?
| VGl
& . pu @.11)
(ch2 T
Ve,|= -UF- MF . —2
I-a
[(Vea ]

With a proper design the filter stage does not affect the fundamental component.
Thus the fundamental component of the line-to-line voltages at the output of the inverter arc
defined by (4.11) and by the primary connection of the transformer. For a delta connected

primary,

.Vc.,w
Viga = |Ve,,
9%, @.12)
1 p u "

.Vc‘; P
Ve,
\ .vccz.

Total value can be obtained by adding both sequence components:

Vi abc?

L

T T T
Vi, = l_ - MF. ! i .UF u 4.13)
e (1-a? [(l-a2)+(1'¢) ] P
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4.3, Derivation of the Switching Functions and Gating Signals

The implementation of both unbalance elimination and load voltage regulation
requires a compensator providing an unbalanced set of voltages, with fundamental
components given by (4.12). Under these conditions the inverter operates with unbalanced
switching functions, and the determination of these functions, i.e. the reference signals and
the gating signals (or modulation index) does not follows the standard procedure.

The fundamental components of the inverter switching functions, defined as the

inverter line-to-line output voltages normalized to the dc-bus voltage, are as follows:

( F . 1
Fop = §w = '\7:"(1—‘_';;)' + (1-MF)
< “'f b pu 4.14)
Fnbz T
Foo = Fool = -m - UF-MF
Fe) “ J

These expressions are independent on the modulation scheme used, and can be used
as a starting point to design the modulator. When using a carrier-based PWM technique, the
determination of the reference signals (or modulation index) is facilitated by the linear
transfer characteristic of the inverter, which implies a linear relationship between the
fundamental corsiponent of the output voltage and the modulation index (overmodulation
excluded). In this case the superpnsition theorem holds and the fundamental components of
the reference signals can be determined by dividing the line-to-capacitor mid-point voltages

( fictitious central point between the filter capacitors in Fig. 4.4) by the gain of the



Lt

Vde

0

1

Fig. 4.4 - Simplified structure of the voltage source inverter used.

fundamental component of the PWM scheme being used (G)).

For the inverter shown in Fig. 4.4, the fundamental component of the line-to-

capacitor mid-point voltages can be obtained by a delta-wye transformation on (4.12) as

follows:

.

TS

pu (4.15)

Therefore the total value of the reference signals are:
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( rR“'
. " T, - (1 - MF)
M Gie v, - (1-a2)
R |
1 o » pu (4.16)
RIZ
- T, -UF-MF
R, = Ry|= > - UF
Gi-V,-(1-af
; Ra | ]

and the final value is given by adding the positive and the negative sequence components:

R, = K - MF- (K, + UF - K,) pu @4.17)
where,
r T] )
Kl = .
Gi- V, - (1-a?)?
! » pu 4.18)
K, = ——
Gi- V- (1-a) |

For implementation purposes any carrier-based PWM can be used. The only
restriction is the linearity between reference (modulation index) and output voltage. For
example, Figs. 4.5 and 4.6 shov- the waveforms for a sine pulse-width modulator with an
unbalance factor of 15% (UF=0.15) and a magnitude error of 10% (MF=0.9). The
transformer is assumed with a delta connection in the primary, and the reference voltages

were obtained from (4.17).
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These reference signals were used in a simulation of the compensation scheme, and
the results are presented in Fig.4.7. The compensation is achieved and demonstrated by Figs.
4.7.d and 4.7.e, where the spectra of the fundamental component of both source and load

voltages are presented.

4.4 System Description

Fig. 4.8 shows the circuit used to implement the proposed compensator. It consists
basically on a three-phase PWM voltage source inverter connected in series with the line
through a delta-wye three-phase transformer. A dc source is required to provide four
quadrant operation to the compensator, allowing it to perform the compensation under any
condition of voltage drop in the source.

Unbalance compensation and load voltage regulation are achieved by controlling the
amplitude and the phase of the reference voltages R,, R, and R_ of the modulator. This set of
voltages, for a given condition of unbalance and voltage error, can be obtained by (4.17),
where all parameters but UF and MF are constants.

The calculation of both the unbalance and magnitude factors and the solution of (4.17)
require a reasonable large number of vector operations, making the analog implementation
of the contro! subsystem and the filter for symmetrical components a non practical approach.
A fast digital signal processor is suggested to extract the symmetrical components from the

load line-to-line voltages, as shown in Appendix A.
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Fig. 4.8 - Diagram of the proposed series unbalance compensator.
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The DSP should also be used to solve (4.17), generating the appropriate reference
signals for the modulator.

Eventhough the harmonics injected by the compensator is reasonably low, a small
second-order filter can be connected between the inverter and the transformer to reduce the
harmonic content of the injected voltage, which reduces the load voltage THD. The design

of this filter is presented in the section 4.

4.5, System Design

The design of the proposed system follows the same procedure described in Chapter

3. The starting point is the definition of the magnitude of the maximum allowed untalance

factor ( |UF|M ), and the maximum error in the magnitude of the positive sequence

component, which is given by 1 - |NIF|mill . The unbalance factor can be chosen based

on the NEMA factor as shown in Chapter 3, equation (3.6) or Fig. 3.3.

The value of the dc bus voltage Vdc is specified by a cost evaluation of the switches
and filter capacitors.

The following assumptions are used in this design.

i) The switches are ideal.

ii) The filter components are ideal.

iii)  The base value for the power (Sg,sg) is the rated load power.

iv)  The base value for the voltage (Vy,sg) is the infinite bus line-to-line voltage.
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v) The base voltage in the inverter side (Vlg,gg) is calculated using the series

transformer turns ratio.

4.5.1. Power requirements
The power required to perform the compensation is defined in pu by the maximum
compensation voltage V... Fig. 3.3 is still valid to the present design, thus it can be used

to calculate S, which magnitude is expressed by:

Sc = V3: Vo, = V3:(1 = IME|, + (1 - |UF|,)) pu 4.19)

The real power supplied or absorbed at any moment by the compensator is defined
by the load power factor and by the value of the positive sequence component of the
compensation voltage (Vcabcl). If voltage regulation is not needed for a particular
application (i.e. if only unbalance compensation is desired), then no real power is required
and the dc source can be eliminated. The worst case, for unity load power factor and
maximum positive sequence component (full voltage regulation), the compensator real

power is given by,

P. = Sc = 3-Ve, pu (4.20)

This value can be reduced in some cases using the considerations presented in

Chapter 2. For these applications, where a limit for the voltage drop on resistive elements
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can be specified, the rated real power can be reduced to a minimum value, which minimizes

the size and cost of the dc source.

4.5.2, Series transformer design
With the maximum unbalance factor and the minimum magnitude factor defined, the
maximum secondary voltage of the transformer is given, by the following equation.

1-(MF|. (1 ~|UF
Ve = ' oo * € 1OF | ae) pu 4.21)

™ B

The transformer turns ratio and primary voltage depend on the maximum output
voltage of the inverter and on the transformer configuration. Assuming that the inverter gain
for the fundamental component of the line-to-line voltage is G,, the dc bus voltage is V., and

the transformer has its primary connected in delta, its turns ratio is:

Ve
N = max
TGV pu 4.22)

Due to the series connection, the rated current in the transformer is one pu, and the

total apparent power is given in pu by the maxirnum secondary voltage, as follows.

Sy =Sc, =y3-Vc pu 4.23)
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4.5.3 Design of the Voltage Source Inverter.
The design of the inverter involves the specification of the topology to be used, the

modulation technique, and the switches to be used and their ratings.

A three-phase bridge voltage source inverter, with bipolar transistors as switches is

used. The inverter can be controlled by any carrier-based PWM technique. In this case it is

chosen a sine pulse-width modulation technique (SPWM).

Assuming the filter is properly designed, no current harmonics will pass through the

inverter, thus the current in any switch will be very close to sinusoidal. The current ratings

for the switches are then given by:

l A
Sw =
™ 2
- FEX pu 4.249)
1
Isw avg = :
The voltage rating is given by the following equations.
Vew = L. 2.: (vl )2
. m JeNad ' pu (4.25)

; szpk = Vg
The apparent power required from the inverter is higher than that of in the

transformer due to the presence of harmonics in the output voltage, and it is given by:
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5= |3 v, pu (4.26)

n=1

4.5.4. Design of the Inverter Output Filter.

The method used to design the filter for the output of the inverter is the same as the
one used in Chapter 3. The voltage harmonics injected by the inverter in the present case are
smaller than the previous (Chap.3). Analysis of such a system can be done on a per phase
basis due to the fact the worst case occurs either with balanced or unbalanced voltages. The
equivalent circuit is shown in Fig. 4.9, where the inverter output voltage and the load current
are modelled by their harmonic component, specified by the index n.

Using the method described in the previous chapter, the value of the inductor

Il. n~Xx,
" o s
\/; r\_} VC. ::K‘it
n

Fig. 4.9 - Equivalent circuit used for designing the inverter output filter.
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reactance is calculated as follows.

K,
XL, = THD. pu 4.27)
where
- (Vv Y
1 1
K, = — - — pu (4.28)
B \E[ n )

The rms value of the voltage across the capacitor due to the harmonics is:

pu 4.29)

Thus, the capacitor reactance is calculated by taking into account that the relationship
between the total harmonic distortion of the load voltage and the capacitor voltage is given
by:

A \ THD
THDy, = 5ot = ot = 5o
C, ¢ Cruax

(4.30)

max

Substituting (4.29) in this last equation, XC, can be obtained, as shown in the

following equation.

sc. - Xl THDy,
£ = ————2 X pu 4.31)
where
1 =( Vi, 2
K, = —- z — pu (4.32)
ﬁ p2\ N
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Figs. 4.10 and 4.11 present the relationship between XC, and X1, ( (4.31 and (4.27))

obtained for a three-phase SPWM bridge voltage source inverter at unity modulation index

with |UF|,, =20%, |MF|_; =80%.

The kV A ratings for C, and L, are calculated from (4.33) and (4.34), respectively.

VC K VC - THD,
5C, = — =2 . 7‘ s THDZ) & e T 4.33)
f

SL, = —2 . ‘/(1 + THD}) = % pu (4.34)

l -
Ko = — |2 (V)2 pu (4.35)
ﬁ ne2
120 | ; , XLf (pu)
XCE ‘ . : 0.25
(pu) 100 1 f //0.225
R 7
| ; 0.175
! 0.15
60 ]
0.125
' 0.1
40 f— g > |
0.075
20 ——— e el 005
— 1002
0.0 =——— ]
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THDv (%)

Fig. 4.10 - Inverter filter design - Capacitor reactance.
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Fig. 4.11 - Inverter filter design - Inductor reactance.

For the case of a sine PWM bridge voltage source inverter, the value of K, is 0.003.
Also, for low values of THDi and THDVL the approximations shown in (4.33) and (4.34)

are valid, which makes the kVA ratings of the inductor constant and equal to 0.072 pu.

~ Ldc I_°_>
Vs ° f\j l
%g %_ TV" c«T Tv«
1:Ns - .

SOURCE RECTIFIER FILTER INVERTERS

Fig. 4.12 - Equivalent circuit used for designing the dc source.
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4.5.5. Design of the dc source.

The dc source consists of a transformer, a rectifier and a filter, connected as shown
in Fig. 4.12. Its design depends on the desired mode of operation of the compensator. For
the general case, operating in four quadrants (supply or absorb real and reactive powe:),
the compensator requires a dc source capable of operate in two quadrants.

The starting point for the design of such a circuit is the definition of the amount of
real power that the compensator is allowed to provide to the system (Pc,,,). As already
mentioned in the sections 3.4.1 and 4.5.1, if the real power is made zero, the compensator
becomes a series var compensator, and the dc source is not necessary. For design purposes
it is assumed that the compensator is required only to supply real power, thus the dc source
does not need to regenerate current, and a diode rectifier can be used to implement it. In this

case the ratings for the rectifier are,

( 3 '

\" = Vdc- LN
SWome - = Wl T
V3IN9 23
!
{ szpk - _1?;_ Vv, pu (4.36)
2
Vsw = = Vg
{ avg 3 J
r 9
I = _l__ll‘f_
SWome \/5 v,
P
< 1 = .’.‘_..;‘f. > u 4.37
W = v, p 4.37)
I = li‘i
SW 4ug 3V, |
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Where Pdc is the required real power (equal to Pcmax), Vdc is the rated dc bus
voltage, and Ki is the maximum current ripple in the inductor Ldc.

The apparent power required from the rectifier is,

Sg = 1178 - P, pu (4.38)
The transformer ratings are,
(S; = 1178 - P, ]

n
Vi, = == Ve

J , pu (4.39)
VTA = Vs
Ns .2 Ve

| Np 3y/3 Vs

4.5.6 Design of the dc bus Filter.

Designing the dc bus filter for the proposed compensator follows the same method
presented in Chapter 3, with exception for the current harmonics injected by the inverter into
the dc bus, which now are due to the operation of a three-phase SPWM inverter.

The expression used in Chapter 3 for the capacitor reactance is still valid for the

present case, which is

2 pu (4.40)
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where KV is the ripple of the dc bus voltage Vdc, Ion is the n-th harmonic of the sum of the
input currents of all three inverters, VRn is the n-th harmonic of the output voltage of the
rectifier, XLdc and XCdc are the inductor and the capacitor reactances (in pu).

In order to calculate both reactances a second parameter is required, and in this case

the natural frequency of the filter, given by,

A ks pu @.41)
XL,

is used. These equations are applied to a system with a a three-phase bridge diode rectifier

Kv (%)
4 s
fo (pu) = 5.0/ /
XCdc — ~ - 0
(pu) / / 9
3 A 1 7 //

d

ya 7

7.

//// ///

> 7@/:
]

\

\

0.0 0.05 0.1 0.15 0.2

XLdc (pu)

Fig. 4.13 - Dc bus filter capacitor and inductor reactances as functions of the dc bus
voltage ripple and the filter break frequency.
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and a three-phase bridge SPWM voltage source inverter, and the result is shown graphically

in the Fig. 4.13.

4.6, Design Example

In order to illustrate the use of these design equations, the following example is
presented. The requirements are: the rated power of the system is 1.3 kVA; the maximum
unbalance factor is 20%; the maximum magnitude error is 20% (IMF| = 0.8 ) ; the line-to-
line load voltage is v3-110 volts ; a three-phase bridge voltage source inverter is used ; the
inverter is controlled with sine PWM modulation with switching frequency of 31 pu; the
compensator is required only to supply real power up to the full rated power (Pdc = Sc); the
transformer has a turns ratio of 1:4; the total harmonic distortion for both current and
voltage should be < 5%; the load power factor is equal to 0.75, lagging. The base values and

the result of the design are presented in the following tables.
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Table 4.1 - Base Values

Parameter Value (actual)
Sgase 1.3kVA
Viass 190.53 V
Vigass 40V

Ipase 3.94 A
Tipase 171 A
Zpase 279 Q
Zipass 148.6 Q
Gi 0.613

Table 4.2 - Transformer Ratings.

Parameter Equation | Value (pu) Value (actual)
Power 4.23 0.36 468.4 VA
Primary voltage - 0.36 158.4V
Secondary 421 0.208 396V

voltage

1 171 A
1 394 A

Primary current

Secondary current

Turns ratio
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Table 4.3 - Inverter Ratings (Switches Ratings) - Each inverter

Parameter Equation Value (pu) Value (actual)
St 4.26 0.387 503.1 VA I
Vg 0.587 2584V
fow 31 1.86 kHz

Viwpk 425 0.587 2584V

Vswims 4.25 0.158 69.5V

Tswp 4.24 1.41 248 A

Tswavg 4,24 0.318 0.544 A

Tswm 4.24 0.707 1.209 A
Table 4.4 - Filter Ratings.

Parameter Equation Value (pu) Value (actual)
Sue 4.34 0.072 93.9 VA
Xie 4.27 0.07 104 Q
Scr 4.33 0.005 6.7 VA
Xee 4.31 18 26714 Q
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Table 4.5 - DC Source - Rectifier Ratings.

Parameter Equ:'ron Value (pu) Value (actual)
Sk 4.38 0.424 551.3 VA
Vswpk 4.36 0.615 2705V
V swoms 4.36 0.48 2111V
Viwavg 4.36 0.391 1722V
Tswpk 4.37 0.642 L1A
Tswems 4.37 0.354 061 A
L Lowave 4.37 0.204 | 035A

Table 4.6 - Dc Source - Filter Ratings.

Parameter Equation Value (pu) Value (actual)
f, 4.41 35 212 Hz
Xia 4.40 0.15 22.3Q
Xca 4.40 1.8 2674 Q
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Table 4.7 - Dc Source - Transformer Ratings.

Equation Value (actual)
St 4.39 0.424 551.3 VA
Via 4.39 1 190.53 vV

Vip 4.39 0.251 1104V
N,/N 4.39 1:0.58

4.7 Experimental Results

In order to confirm the proposed method a 1.3 kVA prototype, without the filter
stage, of the system shown in Fig. 4.8 was built and tested. An unbalance factor of 10.75%
and the magnitude error of 9.01% ( MF = 0.909 ) was produced in the source, as shown in
the Figs. 4.14 and 4.15.

The results of the compensation are presented in Figs. 4.16 to 4.20 and show a very
good correlation with the expected performance.

Particularly, comparing fundamental components of the source line-to-line voltages
shown in Fig. 4.15 with the load line-to-line voltages shown in Fig. 4.19, confirm the
compensation procedure. Fig. 4.16 to Fig.4.18 show that even without the filter, harmonic
content of the load line-to-line voltages is reasonably low (average THD of 20%). The
source and the transformer leakage inductances are also factors that contribute to reduce the

harmonic content in the load.
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Fig. 4.15 - Spectra of the source line-to-line voltages. Vertical scale : 125 V/div -
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Fig. 4.19 - Spectraof the load line-to-line voltages. Vertical scale : 125 V/div -
Horizontal scale : hertz
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Fig. 4.20 - Line current - I,.
Vertical scale : 10 A/div - Horizontal scale : seconds

4.8 Conclusions

A series voltage compensator for three-phase unbalanced sources with a low kVA
rating as compared to shunt compensators, has been presented and analyzed in this chapter.
The system, based on a three-phase voltage source inverter with unbalanced gating patterns
and connected in series with the supply through a three-phase delta-wye transformer, proved
to be feasible and performed as expected. A 1.3 kVA prototype was built and tested with an
11% unbalance and 9% magnitude error. The results showed a very good correlation with
the expected performance, producing a balanced line-to-line load voltage with a low
harmonic distortion, even without a filter. The compensator required an active power of only

0.11 pu, which confirms one of the main advantages of the compensation scheme proposed.




CHAPTER §

DYNAMIC ANALYSIS AND DESIGN OF

COMPENSATORS FOR UNBALANCED AC VOLTAGES

S.1, Introduction

Today a wide range of apparatus, based on power electronics, is commercially
available or in development, among them, shunt static VAR compensators, and high speed
phase-shifters. Power system unbalance control is one of the areas in which this technology
was only recently introduced, as shown in the previous chapters [40,41].

There are two types of unbalances in a power system: voltage unbalance (source
unbalance) and current unbalance (load unbalance), depending upon its origin. The usual
solution for load unbalance is to balance its impedance with a passive reactive-only networ,
or to balance the line currents with shunt-connected var compensators working under
unbalance conditions[21]. In the case of voltage unbalance, the use of a series-connected
voltage source inverter allows the regulation and the balancing of the voltage on the load side
with a low rating power compensator [40,41]. In the cases of series and shunt compensators,
the operation of the converter under unbalanced switching functions requires a control
approach that takes in account this non ideal operating condition. Such an approach has not
yet been fully developed.

This chapter describes a method for the dynamic analysis of unbalanced networks and
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the design of controllers working under such conditions.

The first step consists in partitioning the system under analysis into its symmetrical
sequence equivalents. The result is a set of balanced networks corresponding to the zero, the
positive and the negative sequence components, which are then analyzed using a dq
transformation.

In order to implement this technique, it is necessary to define a time-domain
(instantaneous) symmetrical sequence transformation , which is based in the concept of space-
vectors, which have been used for some time in modeling and control of the ac machines.

The proposed method is applied in the analysis of the dynamic response of a series-

connected voltage unbalance compensator, and in the design of its control loops.

S.2. Description of the Technique

S.2.1. Symmetrical Components Transformation

The symmetrical sequence components transformation is a linear, power invariant
transformation originally defined for steady-state analysis of three-phase unbalanced systems,
and largely used in power systems fault analysis and protection. The transformation states that
any unbalanced three-phase system can be decomposed into two components, named positive
and negative sequence components, and into a neutral point offset, named zero sequence

component. The transformation is defined by the matrices,
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I 1 1 11 1
A=l ¢ a? Al = -;:l a? « (5.1)
1 a? « 1 a &

Where « = e/

The positive and the negative sequence components define two linearly independent
balanced three-phase systems, which can be analyzed separately using the superposition

theorem.

Given a vector formed by the phasors of three-phase voltages, the symmetrical
components transformation gives the values of the zero sequence component (V,), the
positive sequence component (V,) and the negative sequence component(V,) for the system's

line a.

oz =4 Vo (5.2)

Because this transformation is based on the phasors of the voltages, which is a steady-
state representation of the amplitude and the phase of the instantaneous voltage functions, it

is limited to steady-state applications.

5.2.2. Instantaneous Symmetrical Components
The limita.ion of steady-state application for the above technique, the use of voltage
phasors in the transformation, can be eliminated by using the concept of space-vectors, a

widely used tool in field-oriented control of ac machines, which was developed in mid-
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seventies [34,35]. A space-vector w(t) with an amplitude W, which can be a scalar fun-tion

of the time ( a step as example ), and with a variable angular position p(t), is defined as,
w() = W/ =« F-(coa(B(0) + jsin(B(r)) (5.3)
This can be used to represent a sinusoidal voltage source as follows.

v() = V-cos(B()) = Re(r(B(r)) (5.4)

Taking a set of three-phase unbalanced voltage sources the correspondent set of

space-vectors is,

A e V. |
a q
ted,-120) N4, -120
2(t)¢bc = p"‘ . el(u ¢. - e,‘"‘ . Vb ) “ ) (5.5)
v . 140 120) v . 62120

Muttiplying (5.5) by the symmetrical components transformation matrix we obtain the

space-vectors of the symmetrical sequence components as shown in the equation (5.6).

[ Ho) ]
11 1 V, e
Jot -
2Ny, = 5'3— ‘It « - v, PO (5.6)
1 a2 @ . Kb, +120)
- o)

Thus, the instantaneous values of the symmetrical components of the voltages are

obtained by extracting the real part of these space-vectors.
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v, P 2N v, fh-1200 v, e 4120

el A 0
WOu, = Re [ | 7, sy, My S (5.7)

+120 =12
v e”"ﬂ’b ¢K¢. 12 )+ Vc GK" lo,J

[ @

Eqn. (5.7) gives the time-domain (instantaneous) symmetrical components of the
voltages provided. It shows that the concept of symmetrical components, given originally only
for steady-state analysis, can be used for dynamic analysis once the time dependency is
maintained during the transformation.

The behavior of the transformation during transients is exemplified in Fig. 5.1. A set
of initially balanced line-to-neutral voltages are provided. At the instant ¢, a step is applied in
the line A, increasing its voltage by 50%. And at the instant t, a phase failure is experienced.

The concept of instantaneous symmetrical components transformation can be used
in combination with the superposition theorem to perform dynamical analysis of unbalanced
networks. The system is separated in its instantaneous model for zero, positive and negative
sequence components, and then analyzed separated using any known technique such as the

following dq transformation.

S.2.3. dq0 Model for Instantaneous Symmetrical Sequence Components
Once the unbalanced system is separated in two balanced ones, it's possible to apply
dq transformation. This will allow the analysis and the design of any application using dc

dynamical models. A typical example is the design of an unbalance compensator.
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Fig. 5.1 - a) Instantaneous voltages ; b) Positive sequence trajectory
c) Negative sequence trajectory ; d) Instantaneous positive and negative sequence

5.2.3.1 Positive Sequence Component

The dq transformation of a set of balanced three-phase voltages is defined by its
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transformation matrix P, as follows.

r

1 1 1

) |2 2 V2
P= |- . . (5.8)
3 |sin(®) sin(0-120) sin(©+120)

cos(0) cos(0-120) cos(0+120)]

Rewriting this transformation matrix using the space-vector concept,

+ pP°
P = L) (5.9)
2
where P is,
(1 1 1]
, |2 2 0
E= 3 ‘ el®  N8-120) ,f(8+120) (5.10)
o f(8-90)  j(8-210)  , (8+30)
. .

The 0dq components for the positive sequence instantaneous voltages are obtained

by applying this transformation in a set of voltages as in (5.5).

zl(t)cbc + 21 (t)nbc

vl(t)od‘ = pP- Re(zl(t)abt) = P .

(5.11)

where the space vectors are given as follows.

1
¥, = [c ] v =T, v (5.12)
az
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1
2‘(‘)16c = Tl * 2l(’) - 52 * !l(')
[+ 4

Substituting (5.9), (5.12) and (5.13) in (5.11) results,

0 0
1 3 -8 ¥, L)
vl(t)OJq - "5' * ; € * ¥l(t) + e ¢ !l(r)

¢ “N8-90) 2 10-90)

Using the definition of positive sequence space-vector given by,

e
p() = V,-elte™!

(5.13)

(5.14)

(5.15)

we obtain the final equation for the 0dq components of the positive sequence

component as,

0

"1(’)044 = J—_;i A cos(wi+d,-0)

sin(w 1+, -0)

(5.16)

Where V, and ¢, are the magnitude and the phase of the positive sequence component

space-vector, and O is the position of the d-q frame for the positive sequence component.

$.2.3.2 Negative Sequence Component

The dq transformation of the negative sequence component can be obtained by using,

the same procedure, and results in,
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0

vy(0qy = \J_;';_ A cog(wr+$,+06) (5.17)
sin(wr+¢,+0)

5.2.4. Positioning the d-q Frames

The final step in the dq transformation is to establish the observer's position, the
reference axis, which defines the angle 0 in the (5.16) and (5.17). In a single sequence dq
model 0 is used to eliminate the time dependency by choosing the reference axis to be
rotation with a constant speed, equal to the source angular speed w, and with an angular
displacement 8. This can still be used for multiple sequence dq models, but due to the intrinsic
opposite rotation directions of the positive and the negative sequences, two references have

to be established, defined by,

0, = wt+d 6, = ~wr-3 (5.18)

Substituting these values in (5.16) and (5.17) results,

0
v (Dog, = \E - ¥, - |cos($,-8) (5.19)
sin($p,~5)
0
,,2(;)0“ - |13 v, - cos(h,-5) (5.20)

sin($,~5)
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The technique presented above reduces an unbalanced three-phase system (ac) into
a dynamical model containing four dc (in steady-state) circuits, which are suitable to control

design, as shown in the next section.

5.3. Series-Connected Unbalan mpensator
5.3.1. System Description

The technique above presented can be used with any unbalanced ac network, but it
is particularly helpful in the dynamic analysis and design of static converters working under
unbalanced conditions. This is the case of the systems presented in the chapters 3 and 4,
where static converters, connected in series to the ac line, were used to eliminate the negative
sequence component, and to regulate the positive sequence component of the line [40,41].
Fig. 5.2 shows a diagram of such a compensator, as presented in the chapter 4.

The goal of the compensator is to maintain the load voltage constant and balanced.
The compensator is formed by the following blocks: the inverter, the symmetrical sequence
components calculators, the controller, the dc source, the inverter cutput filter, and the series
transformer. The symmetrical components calculators are responsible for extracting the
positive and the negative sequence components of the load and source line-to-line voltages
and feed them to the controller. Based on this information and on the reference required, the
controller should provide the necessary reference voltages for the modulator (carrier-type)
in order to generate the compensating voltages at the output of the inverter. The complete

steady-state analysis is presented in the chapter 4.
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Fig. 5.2- Diagram of the proposed series unbalance compensator.
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5.3.2. Modeling in d-q Frame

The following assumptions were used for simplification purposes in the coming
analysis:

- the break frequency of the inverter output filter is placed far from the required
bandwidth of the compensator, thus the filter can be eliminated from the control analysis;

- the switching frequency used in the modulator is much larger than the break

frequency of the inverter output filter ( at least twice ), which allows modeling of the inverter

LS ESd

by a gain;
Ls Es I:Ke R L Ey
Vsq + -.m- . l+
WL X
1 . Kc L4 I
Vs4 + v -~ +
L

Vrq Vrd

Fig. 5.3 - Model for one of the sequences of the compensator in the d-q frame.

- the analysis is made on a line-to-line basis, thus the zero sequence can be eliminated
from the models.

Using these assumptions, and the technique for graphical dq transformation described
in [36-39], the compensator can be reduced to a d-q frame model as shown in Fig. 5.3.

The d and the q sequence components of the source voltage (Vg and V) and the
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compensator voltage (Vg4 and Vg,) are given by the (5.19) and (5.20). The elements Eg,,
Es, E,, and E,_ are defined by the gyrators created by L and Ly in the dq transformation as
shown in [36].

Defining the position of the dq frame is the main tool for reducing the size of the
model and the controller. The source voltage is not directly available for this purpose. If the
dq frame is placed in phase with the compensator voltage (Vg4 and Vyg,), it became necessary
the use of four control loops in order to regulate the load voltage and to eliminate the
unbalance, the d and the q axis of each symmetrical sequence component. A much better
solution is achieved if the dq frame is aligned with the load voltage by synchronization,
allowing the elimination of one of the dq components.

Aligning the d-axis with the load voltage, its g-axis components are eliminated, for
both symmetrical sequence components, which turns the g-axis component of the
compensator voltage unnecessary. The current gyrators are eliminated by calculating the

equivalent impedance in their d-axis terminals. The circuit is reduced to the one in Fig. 5.4.

Vsd Ls Zsd 1:Kc V'L R L Zid
— (O
J7 A =N D—j
Ia J
Vre

Fig. 5.4 - Resultant model after the dq frame synchronization with the load voltage.

From the circuit presented in Fig. 5.4 it is possible to obtain the transfer functions for
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the load voltage as shown in blocks in Fig. 5.5.

VSdp| Positive Sequence Component

v ke G S(S) Vin

VSdn
Negative Sequence Component

Fig. 5.5 - Block diagram of the compensator for both symmetrical components.

The blocks of Fig. 5.5 are defined as,

N
bc'y (5.21)

Where K is the gain of the inverter reflected to the secondary side of the transformer,
G, is the gain of th: PWM technique being used, Vp is the dc-bus voltage and Ny/N; is the

turns-ratio of the series transformer.

2 . 2 2
5°+s°20, tw; twy

Gyls) = v- - (5.22)
s245(l+y)0, + 0, 0.+ Wy

Where
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w

. R
S /

®, = R
TN 1y (5.23)

. L
@+Ly

Y

Using as example the compensator given in Chap. 4, whose data are:

R =223 Q X, =168 Q

X, =42 Q V. = 2583 ¥
NZ

G, = 0.613 pu —2 =025

Substituting these values in (5.21), (5.22) and (5.23), the system transfer function

results in a K. =39.6 V and:

s3+5-1006+395131
s2+45:402.4+344328

Gy(s) = 0.8- (5.25)

With the system mode] established, it is possible to apply any of the classic dynamic
analysis and design tools, such as root-locus, bode, nyquist, to obtain its performance and to

design a controller for the compensator.

4 Control Loop Design

The analysis presented in the previous sections reduces the unbalance compensator
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to a set of two independent networks, defined in terms of the negative and the positive
sequence components of the system. This allows the design of the control subsystem with two
independent dc loops, one to eliminate the negative sequence and the other to regulate the
load voltage (positive sequence).

The elimination of the negative sequence component of the load voltage, as shown in
the previous sections, requires the knowledge of the position of the negative sequence space-
vector. A procedure to extract the symmetrical sequence components from an unbalanced set
of voltages is presented in [53].

Because the goal of the negative sequence control loop is to eliminate the negative
sequence component from the load voltage, a feedback loop for this purpose would require
monitoring the position of the negative sequence space-vector in the source side, and the
maghnitude of the same variable in the load side of the compensator. In order to reduce the
complexity of the control subsystem, it is suggested the use of a feedforward loop. This
approach does provide a very fast dynamic response, however it has the disadvantage of not
allowing the reduction of the static error to zero.

The proposed loop ‘or the negative sequence is shown in Fig. 5.6, where this quantity
is extracted and reinjected into the line with reversed polarity. The negative sequence
component of the load voltage is then reduced to a value close to zero (for ideal conditions

it is zero).
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Fig. 5.6 - Block diagram of the negative sequence elimination feedforward loop.

The block defined by G, models the sensor unit, which is a symmetrical sequence
components calculator implemented as presented in Chap. 6 [53]. The transfer function for

this unit is modeled by:

1
G, (5) = K“.-l—_:-l—‘t_ (5.26)
M

where K is the total gain of the measure:nent process and t,, is its time constant. For

the calculator described in [53], and for the compensator in Chap.4, these values are:

1

G (s) = 0.00437 - ——ouu—
u® 1+ 80011

(5.27)

The regulation of the load voltage can be achieved by a feedback loop. In order to do

so it is required the measurement of its positive sequence component, which can be done by
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VSdp

vnds l
Vrefp o > KC $O Gs(s)

| GMm(s)

Fig. 5.7 - Block diagram of the load voltage regulator feedback loop.

the measurement approach describc !in [53].

The proposed feedback loop for load voltage regulation is shown in Fig. 5.7.

1 iz
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(dB) o1
0.01
0.001 = £ =
0.0
Phase 0.0 T
(deg) N
-50 \\
\\
M
100 1000 _ 10000
0.1 1 10 100 Frequency (Hz)
Fig. 5.8 - Open loop Bode diagrams (gain and phase) for the proposed control system
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The frequency response for the open loop transfer function of this system is shown

in Fig. 5.8.

The design parameter to be used is the required bandwidth for the compensator. This
value is specified by the slower element in the overall loop, which in the present case is the
measurement unit with a bandwidth of 30 Hz.

An integrator is designed to reduce the static error to zero, and to match the above

mentioned constraint. Its transfer function is:

G,(s) = (5.28)

§-0.004

The inclusion of this regulator in the system permits the determination of the final

closed loop frequency response, as shown in Fig. 5.9.
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Fig. §.9 - Closed loop Bode diagrams (gain and phase) for the proposed control system.
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5.5, Simulation Results

The proposed system was tested by simulation in order to validate the design
procedure and to confirm its feasibility. It has shown to perform according to the expected,
ie, the system regulates the load voltage and compensates the voltage unbalance.

Particularly, it shows that:

200]

-200

400

400 | ,

400__Vlab

0.

400 i , . : .

vl.he

400

ON A A A ﬁ |
400

A0ms  6Oms 8Oms 100ms 120ms 14'0-1 160ms  180me200ms
VL“ Time

Fig. 5.10 - Simulation results. Source voltages, and load voltages.
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(a) The unbalance is reduced from 21%to 1.5%. Total elimination is not achieved
due to the use of a feedforward loop, as shownin Figs. 5.11.a and 5.11.b.
(b) The system exhibits a good speed response. For a step change in the positive

sequence reference voltage from 0.5 to 1pu, the measured settling time (2%) is of 13.5ms.
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Vs, V Vs_, -
300 T4 —
200
100
0 .- M .V —_
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VL‘, Vi, Vi, Froquency
3 "0 Ve, .
2 [ \
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VL "~ VL“ VL“ Frequescy

Fig. 5.11 - Simulation results. Spectra of the source voltages, and of the load voltages..
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Fig. 5.12 - Simulation results under a reference transient. a) Reference step and positive
sequence response, and b) error in the positive sequence.

5.6. Conclusioas

A method to analyze the dynamics of the proposed voltage unbalance compensator,
and to design its control loops was presented. The method has proven to be a very useful tool
for modeling passive networks with or without static power converters connected to them.
It was shown that the use of the dq components with unbalanced systems requires the

measurement of the instantaneous values of the symmetrical sequence components, and can
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be achieved by using the instantaneous symmetrical sequence transformation, which is also
described in this chapter. The technique was applied to the compensator presented in Chap.

4, and simulatio 1 results demonstrate its feasibility.




CHAPTER 6

SUMMARY AND CONCLUSIONS

6.1. Summary

High performance static converters used for series compensation in industrial power
systems have been investigated in this thesis. The following topologies and application aspects
have been studied:

(a) An ac voltage regulator for single phase loads consisting of a low power series
connected auxiliary voltage source. It is implemented using a single-phase voltage source
inverter connected in series with the ac supply through a transformer. The contro! of the
inverter is done using a sine pulse-width modulation (SPWM) pattern. The power rating of
the compensator is obtained for two possible situations: (a) injecting reactive power only, and
(b) injecting real and reactive power. The study includes a description of two modes of
operation, as a - ~ltage regulator, and as a voltage regulator with power factor improvement.
The system was analyzed under steady-state conditions and for an open loop operation by
simulation, and tested on a 1.2 kVA experimental prototype, in order to prove its feasibility.

(b) A series connected voltage compensator for unbalanced three phase sources is
proposed. It consists of three single-phase voltage source inverters, connected to the power
system through three single-phase transformers. The unbalanced voltages are resolved in their
symmetrical sequence components for balancing and regulation purposes. The measured
negative sequence of the source voltages is reinjected in the line with an opposite phase, while

the positive sequence component is used for regulation of the load voltage. A SPWM
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technique is used to control the inverters. The proposed system was tested by simulation and
by means of a laboratory prototype of 2.2 kVA rating.

(c) An alternative topology for unbalance compensators is proposed employing only
one three-phase voltage source inverter, instead of the three single-phase VSI option used in
the previous case. The inverter is controlled with a SPWM pattern with unbalanced switching
functions, which allows the elimination of the unbalance and also the control the magnitude
of the positive sequence component of the load voltage. The procedure for calculating the
required reference signals to generate these unbalanced switching functions is presented. The
system was tested for an open loop operation under steady-state conditions by simulation and
by means of a 1.3 kVA prototype to verify its feasibility.

In addition to these topics, the following related aspects were investigated:

(a) A method for the dynamic analysis of unbalanced networks and for the design and
control of unbalance voltage compensators working under such conditions is proposed. It
consists of the partitioning of the system under analysis to its symmetrical sequence
equivalents. The result :s a set of two independent balanced networks corresponding to the
positive and the negative sequence components. In order to implement this technique, a time-
domain (instantaneous) symmetrical sequence transformation is defined, which is based on
the concept of space-vectors. A dq transformation is used to reduce the two symmetrical
component networks to a set of dc equivalent circuits (in steady-state). The method is applied
to the analysis of the dynamic response and to the design of control loops for the voltage

unbalance compensator based on the three-phase voltage source inverter.
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(b) A digital calculator capable of extracting the positive and the negative sequence
components of the line-to-line voltages of ac systems in real-time is developed. The calculator
hardware implementation consists of a Digital Signal Processor (TMS320C25) connected to
a 16 bits A/D, both using one PC as a development station. The software used for the
calculation procedure implements a reduced radix-2 DIF FFT algorithm to extract the
fundamental time-varying phasors related to the line-to-line voltages (space-vectors). These
values are used to calculate the symmetrical sequence components. Some special

implementation techniques are introduced to improve the calculator dynamic response.

6.2 Conclusions

Experimental implementation of the proposed compensators on laboratory prototypes
of the 2 kVA range has proven the feasibility of the proposed compensators and their control
schemes. In addition, these prototypes have validated the proposed tools for the analysis of
the instantaneous unbalances and the method of resolving the symmetrical components
defining the voltage unbalance. The following conclusions were reached regarding the
proposed solutions to power supply quality problems related to voltage regulation and voltage
unbalance:

(a) Voltage regulation for single-phase loads can be achieved through series
compensation. For the case using only reactive power injection, a voltage source inverter
connected to a self-controlled dc bus is sufficient. However, when real power is also supplied,

the rated power of the compensator can be reduced, compared to the system using only
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reactive power. For example, to correct for a 20% voltage error using only reactive power,
the rated power of the compensator is 0.66 pu. However, using the combined real and
reactive power approach results in a reduction to 0.2 pu of the required power rating. In this
case, despite the fact that a rectifier is required to supply the real power, its power rating for
the worst case is 0.2 pu. The reduction in the power rating also results in a reduction of the
voltage distortion injected into the supply system. When the maximum compensation voltage
is not used in the regulation procedure, and the system is supplying a reactive load, the
remaining voltage can be used to improve the input power factor.

(b) Two topologies of voltage unbalance compensators are proposed, the first based
on three single-phase voltage source inverters, and the other on a three-phase voltage source
inverter. They are both equally effective in balancing and regulating the load voltage. The
single-phase topology imposes less constraints on the control scheme and PWM pattern
generation. However, this topology does require larger passive filter components to meet the
required distortion limits. Also, the overall power rating of the compensator is larger for the

single phase topology mostly due to the difference in the voltage gain of the inverters.
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6.3 _Suggestions for Future Work

As an extension to this study of series compensation of industrial supply systems, the
following topic are suggested:

(a) An investigation of the effects of this type of series compensation on the
magnitude and control of short circuit currents.

(b) The investigation of current source inverter topologies rather than the voltage
source inverter topology used in this work.

(c) The investigation of the use of this type of series compensation on the control of
inrush currents of large transformer units.

(d) The use of the proposed compensator topologies as active power filters to

suppress harmonics generated by nonlinear loads.
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APPENDIX A

A DSP-BASED REAL-TIME DIGITAL CALCULATOR

FOR SYMMETRICAL COMPONENTS

A.1 Introduction

Until recently, the symmetrical sequence component transformatio: was a technique
used basically in the analysis of unbalanced polyphase ac circuits, and in some cases of system
protection. With the improvement in the speed of’ mechanical switches and with the arrival
of fast high-power semiconductor switches, fast measurement of the symmetrical sequence
components of vcltages and currents in power systems is becoming a necessity. Several new
applications, such as high-speed relays, unbalance compensators, generator protection against
faults, require the symmetrical sequences as a basis for defining operating conditions. Also
the fast measurement of symmetrical sequence components of voltages and/or currents can
be used in the monitoring of power systems status for analysis, operation, protection,
compensation, etc.

This chapter investigates a DSP implementation of a real-time calculator for

symmetrical components.

A.2 Background Information)

The detection of symmetrical sequence components has in the past been done basically
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by means of passive and active analog filters. These have a fundamental problem: they do not
perform well under the presence of dc and/or harmonics. Also analog filters characteristics
may drift with temperature and aging, requiring sophisticated compensation circuits and a
continuous calibration. Digital filters however do not exhibit these problems, and are
becoming increasingly powerfuil, fast and inexpensive. This topic has become an active area
in the last decade, and several papers have appeared [42-50].

Dash et al. have presented a protection scheme for asymmetrical faults in generators
based on the detection of the negative sequence component at the machine terminals [42).

A power systems protection scheme using a digital aigorithm to obtain the
symmetrical sequence components was presented by Phadke er al. [43]. It uses a DFT
algorithm to extract the symmetrical sequence components from the line voltages of the
system. In a more recent paper Phadke ef al. [45] expanded this approach by dealing with
many practical problems such as sampling frequency, processing time of some mathematical
operations, etc. They also suggest the use of this technique for measuring frequency
variation.

A computationally viable method for symmetrical sequence components measurement
was presented by Degens [44). It consisted in solving the equation that defines the
symmetrical components transformation on an instantaneous basis. The drawback of such
approach is that it requires a delay of 240° (11.1 ms @ 60 Hz) for two of the voltages to
obtain the instantaneous values of the symmetrical components and an extra delay of 240°
to calculate their correspondent phasors. These intrinsic delays are responsible for a total

transient response time of 33 ms @ 60 Hz.
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In this chapter, a filter capable of extracting the positive and the negative sequence
components of the line-to-line voltages of ac systems in real-time is described. The hardware
implementation consists of a fast Digital Signal Processor connected to a 16 bit A/D, both
using one PC as a development station. The software responsible for the filtering procedure
implements a reduced radix-2 DIF FFT algorithm to extract the fundamental time-varying
phasors related to the line-to-line voltages. These values are used to calculate the symmetrical
sequence components and leaving enough processing free time to allow the implementation
of almost any control procedure. The algorithm used allied with some implementation
techniques give the system a faster transient response than the above mentioned techniques.
The transient response time is only one cycle. The standard FFT algorithm is simplified in

order to reduce the processing time, requiring only one complex multiplication per sample.

A.3 System Description

A.J3.1 Hardware

Fig. A.1 shows the block diagram of the hardware used to implement the proposed
filter. The line-to-line voltages are isolated and scaled to fit in the A/D input range with a
transformer and an attenuation amplifier. A high speed 16 bits A/D, capable of sampling at
200 kHz, provides a complement-of-two digital equivalent for the line-to-line voltages. These
values are passed through interruption to the DSP board. The processor responsible for the

calculation of the symmetrical sequence components is a high performance Texas Instruments



163

A Line
-~ B
DEVELOPMENT WORKSTATION
~
DSP SYSTEM
~ R 4 )
>
N AD
ISOLATION y
N g e —
Vp
Symmectrical
_inm.n_mmu__> D/A g
Va -
@ O
£ -4
\_ / J

Fig. A.1 - Block diagram of the hardware of the proposed system.

TMS320C25 integer DSP, running at 40 MHz. The results of the processing stage are sent
out through a 16 bits D/A. Depending on the application, this result can be the instantaneous
values of the positive and negative symmetrical sequence components, the magnitude of these
components, or the resultant signal of an internal control block. All these systems were

connected to a PC compatible that was used as a development workstation for the DSP.

A.3.2 Software

The program used to implement the proposed filter consists in three blocks: the FFT,

the rotation and the transformation block, as shown in Fig. A.2. The data sampled through
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the A/D is processed by a radix-2 decimation-in-frequency reduced FFT algorithmto ot in
the phasor correspondent to the fundamental component of the input voltage. Despite the fact
phasor has appeared as a steady-state definition, it also works for transients, as shown in the
appendix A. Here its amplitude and phase are not constant but varying with time, unless the
voltages are in steady-state.

Because no hardware synchronization is used, a rotation stage is required to establish
a reference in time. This is done by rotating one of the voltage phasors to the origin,
eliminating its iaginary part. The other is rotated by the same angle, maintaining the same
relative position to the reference. This eliminates any requirement of zero-crossing detection
at the controller level. Depending on the application it may be necessary, but only externally
to the digital subsystem. These values are then used as inputs to a symmetrical sequence
component's transformation, providing the required positive and negative sequence as
outputs.

These procedures can be processed in a short time by the DSP, leaving enough time

() Vp()
oo §
“EEIHBQIAHQNJ:? pia 5

N

Fig. A.2 - Block diagram of the proposed system - Software.
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for any extra application. Up to this point this technique does not refer to a specific
application, and can be used to control and compensate the unbalance in the power system,
to regulate the positive sequence voltage in the generator, or to start a fault protection

system, as examples.

A.4 Mathematical Analysis

The mathematical approach to implement the proposed filter consists in three main
blocks: the phasor extraction, the software synchronization, and the symmetrical components’

transformation itself.

A.4.1 Extraction of the Time-Dependent Phasors

There are 1.1any possible techniques to extract the phasors of the line-to-line voltages
[47-50]. Taking in account the simplicity of the algorithm and the available tools for
implementation, it was chosen a Discrete Fourier Transform (DFT) [52], and among the
various algorithms available we have chosen a radix-2 decimation-in-frequency reduced FFT
[51], due to its simplicity and possibility to gain speed by reducing its calculation
requirements further more. This algorithm is defined as:
) u-%-l
>

X, = ( [x(n) —x(m%)] . W;) (A1)

2%

-——

where W, =e ¥ is the twiddle factor, N is the number of samples per period,
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x(n) isthe value of the input function at the n-th sample, and X, is the fundamental value of
the input function.

The choice of sampling frequency is a critical point for the overall speed of the filter.
Some authors suggest the use of a sampling rate multiple of 3 times the line frequency [44]
to eliminate the effect of some harmonics of the fundamental, and to simplify the calculation.
With today's powerful and specialized DSP's it become much more suitable a sampling
frequency multiple of two allowing the use of an FFT algorithm as the one in (A.1), which can
simplify the indexing of variables when programming.

Fig. A.3 shows a graphical representation of the algorithm in (42) with a sampling
frequency of 1.92 kHz (32 sampling per period @ 60 Hz).

This figure shows that the actual implementation of this algorithia can be further
improved by storing all the intermediate results thus, when a new sample is done (x, in Fig.
A_3), only one complex multiplication is necessary. This gives a reasonable reduction in the
processing time, allowing a new output result per sample.

Applying this algorithm to a set of two line-to-line voltages gives as result,

2

N
v, ng! [v 0.0 V-b("*E")
- Wy (A2)
ch(t) N . Vbc(n ,t)

v,,(n%.r)

Where the underlined terms y,,, and v, are time-dependent vectors on the complex

plane, representing the time-dependent amplitudes and phases of the line-to-line voltages.
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Fig. A.3 - Radix-2 DIF reduced FFT.

A.4.2 Software Synchronization

In order to avoid any hardware synchronization between the set of voltages being
measured and the processor, a software substitute is implemented.

The free-running characteristic of the phasor extraction gives as result a pair of
rotating vectors in the complex plane. At any instant, the phase of these two vectors to the
internal (DSP) frame is due to the lack of synchronization and to differences between the
internal clock frequency (crystal-based) and the line frequency, which usually vary slightly
around the rated value. The synchronization procedure consists in a rotation of the external

frame ( the two phasors) to superimpose it on the internal frame. For the phasor chosen as
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reference, it is required the calculation of its magnitude. The second phasor requires a rotation

by an angle equal to the phase of the reference ¢,,.

A.4.3 Symmetrical Components Transformation

If there is no interest in the line-to-neutral symmetrical components cr there is no
neutral path in the system, the zero sequence does not affect the analysis or is not present.
This assumption allows a considerable simplification to the standard symmetrical
transformation definition, reducing it to two independent variables' matrix equation, defined

by:

AU 1 |[1-e? a-a?|[¥ 4O O
A A3
1’7(1) 3 [1-a «? -a l! (’) y, (43)

where . .20

The variables v,,(t) and v,.(t) are the time-dependent phasors correspondent to the
input line-to-line voltages given by (43), and y,, and y, are the time-deperdent positive and
negative sequence components of these voltages, which are dc quantities when in steady-

state.
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A.S Frequency Response

Detecting symmetrical sequence components in an actual power system requires a
careful analysis of its response for numerous non ideal conditions, such as the presence of
noise and harmonics in the signal being measured. Ideally the filter should be capable of
rejecting any frequency component different from the fundamental. Fig. A4 shows the
frequency response of the proposed algorithm. It shows that the harmonics of the fundamental
are eliminated, as required.

Despite the fact the harmonic should be eliminated, the filter has to be insensitive to
small frequency oscillations around the fundamental. This guarantees that frequency variations
normally present in the ac mains, will not affect the filter operation. Fig. A.5 shows the error

in the measurement expected for a maximum variation of + 5% of the rated value.

Gain

01 2 5 10 20
Frequency (pu)

Fig. A.4 - Frequency response of the proposed algorithm.
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Fig. A.S - Error due to the frequency variation ( £5%).

A.6 Experimental Results
In order to confirm the feasibility of the proposed filter the A/D inputs were redirected

to the PC I/O ports, which allowed the test of the actual filter under a variety of conditions.
To illustrated the performance of the proposed filter, Figs. A.6, A.7 and A.8 present its
response for various common situations.

Fig. A.6 shows the transient response of the filter for three states. The section A
shows a balanced system with a positive sequence component of 1 pu. The section B shows
the system with a positive sequence component reduced to 0.8 pu and a negative sequence
component of 0.16 pu ( unbalance factor of 20 %). It is interesting to note the time necessary
to reach steady-state, which is one cycle (32 samples @ 60 Hz), given a time constant of
approximately 11 ms, which reasonably smaller than the methods presented in the references

[42-50]. The section C maintains the same positive sequence component of B and reduces
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the unbalance factor to 10% (negative sequence component is 0.08 pu).

Fig. A.7 presents the response of the filter to two very common occurrences in the ac
mains, the presence of third order harmonics, and dc offset, which are both major problems
for analog filters. The filter shows a very good performance under these conditions. The
steady-state result with and without these condition is practically the same.

Another very common occurrence in the ac mains is the frequency variation. In most
power systems it is acceptable frequency vaniations of +5%. Fig. A.8 shows the operation of
the filter with the frequency varying from 57 Hz (-5%) to 63 Hz (+5%), with 0.8 pu of

positive sequence and 0.16 pu of negative sequence components. It demonstrates no effect

on the positive sequence component, and a slight increase in the ripple of the negative
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Fig. A.6 - Transient response. A) Balanced; B) 20% unbalznced ; C) 10% unbalanced
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sequence component when it is off the rated value (60 Hz).

A.7_Conclusions

A DSP-based digital filter was presented and analyzed in this chapter. It proved to
perform as expected, extracting the symmetrical sequence components of the line-to-line
voltages in real-time. A time constant of approximately 11 ms was achieved, and it is defined
only by the phasor extraction algorithm. The speed of the processor does not affect the time

constant, thus once improved algorithms become a requirement, they can yet be implemented
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Fig. A.8 - Effect of £5% frequency variation.
on the same hardware and with the same symmetrical components' calculation algorithm. The
processing time for each functional block is reasonably short: the FFT algorithm requires only
255 instruction cycles (26 us with the TMS320C25-40); to process the result of the FFT
requires most of the time, 1119 instruction cvcles (112 us); and to perform the i/o functions

it is necessary 34 instruction cycles (3.4 us). All the processing requires a total of 141 us,

which is only 27 % of the sampling period, leaving the rest of the time (73%) to be dedicated
to control procedure or to increase the sampling frequency (if required). Also since only two

line-to-line voltages are required, the cost of the sampling hardware is reduced.
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It is also shown that the filter performs well even under non ideal conditions such as
third-harmonic, dc offset, and frequenc, variations. There are almost no variations of the

expected result.
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APPENDIX B

COMPUTATIONAL ASPECTS

Various standard or specific software packages are exploited in this thesis. No
simulator was designed and no programming in advanced languages such as C or BASIC was
required, except for the designing of specific models used in the design and simulation of the
proposed compensators.

Most of the mathematical design procedures, such as the design of the circuits, was
done using MATHCAD versions 2.5 for DOS, versions 3.1 and 4.0 for WINDOWS, and
version 3.1 for UNIX. The cases of analysis and design that required a more specialized
study, such as the dynamic modeling presented in Chapter 5, the choice was the use of
MATLAB, versions 3.5 for DOS, and 4.0 for WINDOWS and UNIX. With respect to
simulation procedures, two software programs were used: (a) the MicroSim PSPICE versions
4.0 to 5.3 for DOS, WINDOWS and version 5.3 for SUNOS, and (b) the PSIM (power
electronic circuit simulation) program version 1.0 for DOS and for SUNOS.

The simulation was done by means of a switching function approach on PSPICE. Here
the converters are modeled as ideal multiplication blocks. The input variable (dc bus voltage)
is multiplied by the switching function of the inverter in order to obtain the output function
(line-to-line voltages). The same procedure is used in the output line current. All the

remainder of the system (transformers, load, fiiters, etc) is considered ideal. In all the chapters
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but the last (Chapter 5), this was the methodology used for simulation. In Chapter 5 all the
blocks of the power and control circuits were modeled specifically {or the compensator in
study. For example, the digital filter used to extract the symmetrical sequence components

from the line-to-line voltages is implemented in detail.






