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TERMS OF REFERENCE

This project was proposed by M. Michel Malengret, lecturer at the University of Cape
on the 10" February 2005. The project is aimed at designing a device for the detection

and mitigation of power quality problems.

The requirements for this thesis project were set by M. Michel Malengret, who also

supervised the progress on the project.
The specific instructions were:

1. To review the relevant literature on available mitigation devices with

particular emphasis on series-connected devices

2. To review the literature on controllers used to detect and mitigate power

quality problems
3. To design a device for mitigation of these power quality problems
4. To develop a control algorithm for the device
5. To test these algorithms in Matlab-Simulink

6. To implement the control algorithm experimentally using the DS1104

Controller card and to test the efficiency of the mitigation device
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SYNOPSIS

Introduction

Voltage sensitive electronic equipment, such as computers, process controllers,
programmable logic controllers, adjustable speed drives and robotic devices is
increasingly used in modern industrial processes. Industrial loads thus require a
supply free of voltage disturbances such as voltage dips, swells, unbalances and
harmonics. The effect of these disturbances may be as bad as a complete shut down of
a production line, hence giving rise to the growing interest and need, for mitigation of
such power quality problems. The objective of this thesis is to design and build a

mitigation device to shield loads from these problems.

System Description

The schematic of the proposed system is illustrated below.
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Figure 0-1: Configuration of the system used in this thesis

A back to back converter is to be used. One converter is connected in parallel with the
supply and called the shunt converter. The other converter is connected in series with
the supply via series transformers and is known as the series connected converter. The
shunt converter is controlled to regulate the DC bus voltage shared by both
converters. The series connected converter mitigates disturbances by injecting

voltages through the series transformers.
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Control techniques for both converters

The shunt converter uses a Hysteresis current control technique (HCC) instead of the
more efficient Space Vector Pulse Width Modulation (SVPWM) to regulate the DC
bus voltage. This choice is due to the limitation of the DS1104 controller board to
perform SVPWM switching for exclusively one converter, and is used for the control
of the series connected converter. The inputs to the SVPWM algorithm are the
stationary frame components U, and Ug which are the ouputs of the controllers
designed to detect and mitigate disturbances. Individual controllers are first developed
to detect and mitigate various disturbances separately and then combined to obtain the

final algorithm.

The first controller is designed for mitigation of balanced dips and swells. Three
phase balanced voltages (consisting solely of a positive sequence) are measured and
transformed to a synchronous reference frame where the magnitude of these voltages
1s obtained as a dc component. This dc component is then used to detect balanced dips
or swells. A PI controller is used to track the reference rated voltage. However, in the
presence of an unbalance, the negative sequence present causes 100Hz oscillations to
appear superimposed on the dc component and the control fails. To deal with
unbalanced dips, a second controller is designed to remove the negative sequence
from the supply. The supply voltage is decomposed into its positive and negative
sequence components. The unbalance is removed using a negative sequence controller

and the dip regulated using the positive sequence controller previously designed.

The third controller is used to detect and mitigate low order harmonics. Low order
harmonics are detected and isolated from each other in different synchronous frames.
Once their phase and magnitude have been measured, the negative of these harmonics

can be injected back into the supply to mitigate them.

Finally, the various controllers are combined to obtain the final algorithm, capable of
mitigating swells, unbalanced dips and harmonics. The combined effect of the filter
and transformers at the output of the series inverter is compensated by adding
different gains and phase shifts to the positive and negative sequences as well as to

the different harmonics. The schematic of the final algorithm is shown in figure 0.2.
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Figure 0-2: Schematic of the final algorithm for mitigation of power quality problems

Testing of the system

All the controllers designed are tested both in simulation and experimentally. The Matlab-
Simulink package is used for simulations while the dSSPACE ACE Kit is used for real
time implementation. Faults are created by placing three variable resistors in line with the
supply and switching them on and off using a three phase contractor. Harmonics already

present in the UCT supply are used to test the ability of the device to mitigate harmonics.

Conclusions

The prototype successfully mitigates voltage swells, unbalanced dips as well as low
order harmonics. The response of the device is slowed down by the presence of filters
in the algorithm. The HCC technique is not appropriate when limited to low switching

frequencies. The current overshoot generates harmonics in the supply.
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Recommendations

Two embedded DSP systems could be used to control the two converters separately. In
doing so, the SVPWM control for the DC bus regulation could be implemented to avoid
the drawbacks of the HCC method. Furthermore, with a DSP allocated exclusively to the
series converter, the DVC algorithm could be implemented for both the positive and
negative sequences as well as for the various harmonics to avoid the delays of filters and

achieve a completely automated system.
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Chapter 12 Introduction

1. INTRODUCTION

1.1  Overview

The thesis describes the design, modeling and implementation of a back to back converter
for voltage regulation and balancing as well as mitigation of low order voltage harmonics
in the supply. The system designed in this project supports rather than completely shields
the load voltage and thus only needs to be a fraction of the power rating of the load. Both
converters share a common DC bus. The first converter is connected in parallel with the
supply side and uses a Hysteresis Current Control algorithm (HCC) to regulate the DC
bus. The second converter is connected via series injection transformers to the load side.
It uses power from the common DC bus and Space Vector Pulse Width Modulation
technique (SVPWM) to inject three phase AC voltages of controllable amplitude and
phase through the series transformers. Thus, by injecting the correct voltage in each
phase, the system can shield critical loads by mitigating disturbances present at the supply

side.

1.2 Background and Motivation

Voltage sensitive electronic equipment such as computers, process controllers,
programmable logic controllers, adjustable speed drives and robotic devices is
increasingly being used in modern industrial processes [1, 2, 3]. As a result, industrial
loads need a supply that is free of voltage disturbances while industrial clients are
becoming more aware of the losses that results from low power quality [4]. In fact,
even voltage dips lasting a few milliseconds can cause production stops with
substantial associated costs. These costs include production losses, equipment
restarting, damaged or low quality product and reduced customer satisfaction. These
costs explain the growing interest and need, for mitigation of power quality problems

such as voltage dips, swells and harmonics [4, 5]. The most common disturbances are
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voltage dips, voltage unbalance, voltage swells and voltage harmonics. These

disturbances are described in the following sections.

1.2.1 Voltage Dips and Voltage Unbalance

Voltage dips are the most serious power quality problem [3, 6]. In [4], a voltage dip is
described as a decrease in the rms voltage from 0.1 to 0.9 pu at the power frequency
for duration from 0.5 cycles to 1 minute. However, the majority of voltage reductions
are typically to about 0.7 pu of a nominal 1.0 pu supply voltage [7]. If all phases
decrease by the same magnitude, the dip is said to be a balanced one. If the phases

have unequal magnitude during the dip, then the dip is said to be an unbalanced one.

Voltage dips may be caused by faults in power systems or when large induction
motors are started, when large loads are switched on [3, 4]. However, the most
common cause of voltage dips in industrial plants is a short-circuit fault [5]. Voltage
unbalance is a result of the increased number of nonlinear loads [8]. Voltage dips and
unbalances have undesirable effects on industrial equipment. For example, ac electric
machines supplied with unbalanced voltages produce large negative sequence current
components due to low negative sequence impedance. These currents increase
machine losses, reduce torque and cause extra temperature rise which is likely to

shorten the machine’s life [8, 9 ,10].

Figure 1.1 shows the Information Technology Industry Council (ITIC) power
acceptability curve. This curve is a modification of the Computer Business Equipment
Manufacturers Association (CBEMA) curve and is used to assess whether loss of load
is expected during a particular disturbance. The CBEMA curve was initially designed
to assess computer vulnerability to power supply disturbances. However, the curve
has been applied to adjustable speed drives, fluorescent lighting, general loads, and
modern computer and microprocessor loads [11]. The curve illustrates that dips and
swells of large magnitude occurring for a very short period are usually tolerable.

However, only disturbances of +/- 10% are tolerable for a period exceeding 10s.
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Figure 1-1: The ITIC power acceptability curve [11]

1.2.2 Voltage swells

In [4], a voltage swell is described as an increase in the rms voltage above 1.1 pu at
the power frequency for duration from 0.5 cycle to 1 minute. Voltage swells can
happen for different reasons. For example, capacitors are often used for power factor
correction. If all three phases are over-compensated a three phase over-voltage will
occur where all three voltages will be higher than the rated value. This situation
usually happens when a plant is shut down but the capacitors are still connected to the
system [10]. Voltage swells can cause over-heating, tripping or even damage of

industrial equipment such as drives and control relays [4].

1.2.3 Voltage harmonics

Harmonics are caused by power electronic equipment and nonlinear and large single
phase loads [8]. Harmonic waveform distortion has become a problem to sensitive

loads such as electronic devices as their control often relies either on peak value or
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zero crossing of the supplied voltage, both of which are affected by harmonic

distortion [4, 12].

1.3  Objectives

The objectives of the thesis are to:

e conduct a thorough literature review of mitigation devices and ways of
controlling them to detect and mitigate power quality problems

e design a topology for the mitigation device

e develop a control algorithm that detects disturbances and calculates a three-
phase voltage that needs to be injected to correct the supply voltage

e test the control algorithm in Matlab/Simulink

e test the device experimentally on a 10kW resistive load using the DS1104

Controller card

1.5 Plan of Development

The thesis consists of 7 chapters and is outlined as follows:

Chapter 2 focuses on the design of the proposed system for mitigation of disturbances
described in chapterl. Switching techniques are suggested for the switching of both

series and shunt connected converters.

In chapter 3, different algorithms are discussed for the detection and mitigation of
different disturbances. A simple positive sequence controller is first designed to sense
and mitigate balanced dips and swells. A second controller is then designed for
detection and elimination of negative sequence voltages which are responsible for
unbalanced supplies. Together, the two controllers achieve mitigation of balanced and
unbalanced dips or swells. A third controller is designed to isolate low order

harmonics from each other. Once isolated, the harmonics are measured and mitigated.

4-
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Finally, all three controllers are combined to achieve mitigation of swells, balanced

and unbalanced dips as well as mitigation of low order harmonics.

Chapter 4 describes the hardware and software. The hardware includes the two
converters, driver modules for the IGBTs of the converters, LEM modules for current
and voltage measurements and the DS1104 R&D Controller Card and board. The
software comprises the Real Time Interface (RTI) and the Control Desk programs

from the dSPACE package as well as Matlab-Simulink.

In chapter 5, both simulation and experimental results are presented and compared for
the regulation of the DC bus by the shunt converter as well as the mitigation of
different disturbances by the series inverter. Conclusions are then drawn in chapter 6

and recommendations made in chapter 7.

1.6 Background Research

1.6.1 Mitigation Devices

The number of devices for mitigation of different power quality problems is immense
ranging from traditional equipment to modern power electronic based devices. Some

of these devices are presented in the following sections.

1.6.1.1 Motor-Generator Sets [S, 13]

A traditional device used to mitigate voltage dips is the Motor-generator set illustrated
in figure 1.2. It consists of a motor, a synchronous generator and a flywheel all
connected together. The motor is fed by the supply and the generator feeds the load.
In this device, the rotational energy stored in a flywheel provides power to the load
during the dip. This device is very efficient but has drawbacks such as its size, noise

and maintenance requirements.
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1.6.1.2 Constant Voltage Transformer (CVT) [5]

A constant voltage or ferro-resonant transformer (CVT) illustrated in figure 1.3, is
similar to a 1:1 transformer that has been excited at a high point on its saturation
curve and produces an output voltage that is unaffected by variations in the input

voltage. The CVT is however only appropriate for low power constant loads.

power
system

sensitive
load

Foy
=

Figure 1-3: Typical circuit for a ferro resonant-transformer |[5]

1.6.1.3 Static Voltage Regulator (SVR) [5, 13]

Electronic tap changes mounted on a transformer change the turn ratio to allow
regulation of the secondary voltage in steps when dips occur at the primary side. This
device is called the static voltage restorer and is illustrated in figure 1.4. The
disadvantage of this method is that the thyristor switches it uses can only be switched

on once per cycle resulting in time delays of at least half a cycle.
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Figure 1-4: SVR [13]

1.6.1.4 Static Transfer Switch (STS) [5, 13, 14]

The STS (figure 1.5) consists of two three phase static switches that allow a fast
transfer (less than a quarter of a cycle) of sensitive loads from a primary source that
experiences the disturbance, to a secondary source independent of the primary one.
The drawback of this device is that load will not be protected if the disturbance affects
both sources. Furthermore this solution can not be used if a secondary source is

unavailable.
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Figure 1-5: Static Transfer Switch [5]

1.6.1.5 Uninterruptible Power Supply (UPS) [5, 13]
The UPS consists of a diode rectifier followed by an inverter as indicated by figure
1.6. Energy is stored in batteries and is used to maintain the DC bus that supplies the

inverter during a dip or an interruption. This solution is suitable for low power
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equipment. However, for bigger loads, the costs associated with conversion losses and

maintenance of batteries renders the UPS not such a viable solution.

POWER

SYSTEM ~

SENSITIVE
LOAD

ENERGY
STORAGE

DEVICE

Figure 1-6: Uninterruptible power supply [5]

1.6.1.6 Static Series Compensator (SSC) [5, 13]

The SSC (figure 1.7), commercially known as the Dynamic Voltage Restorer (DVR)

is a voltage source controller (VSC) connected in series with the supply voltage by

means of a series connected injection transformer. The device injects a voltage of

controllable magnitude and phase to obtain the desired load voltage and can thus be

used to mitigate voltage swells, dips and harmonics. The real power transferred by the

VSC is obtained from an energy storage device. The size and cost of that energy

storage device has a large impact of the compensation ability of the SSC and

represents the greatest limitation of that device. The inverter consisting of IGBTs can

perform perfect compensation in less than half a cycle.
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Figure 1-7: Scheme of series compensator for voltage dip mitigation
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1.6.1.7 Static Synchronous Compensator (STATCOM) [15, 16]

The STATCOM (figure 1.8) is a VSC connected to the supply via a shunt connected
converter as compared to the VSC which is connected in series to the supply. By
varying the amplitude of the voltage produced by the VSC, flow of reactive power
between the supply and the converter is achieved. Flow of real power is achieved by
changing the phase angle between the converter voltage and the output voltage. The
STATCOM can thus be used for power factor correction. It can also be used for

unbalance compensation as presented in [34].
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Figure 1-8: STATCOM Configuration [15]

1.6.1.8 The UPFC and the UPQC

The UPQC (Unified Power Qualitty Controller) is a modification of the Unified
Power Flow Controller (UPFC) [18] and is considered to be one of the most powerful
solutions to large sensitive loads [21]. Both the UPFC and the UPQC consist of two
converters, one connected in parallel with the line and one in series, and can be
regarded as a combination of a STATCOM and a VSC as illustrated in figure 1.9.
This configuration provides an alternative to the limitation of an energy storage
device of the SSC as the parallel converter provides the active power required by the
series converter. The UPFC instantaneously controls active and reactive power flow
in the transmission line while maintaining a fixed voltage at the point of
compensation [19, 20, 22]. The UPQC benefits from the capabilities of both the
STATCOM and the SSC and can thus mitigate sags, swells, voltage imbalance,

flicker, harmonics, and reactive currents [18]. It can also perform power factor
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correction [19]. Its main disadvantage is the complexity of the control required due to

the number of solid-state devices used [17].
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Figure 1-9: Scheme of the unified power quality conditioner (UPQC) [13]

1.6.2 Control Strategies for Mitigation Devices

It is evident that the configuration scheme of both the UPFC and UPQC makes them
the most versatile and complex power electronic equipment that have been developed
for power quality improvement [20]. In this section, control strategies proposed in the

literature for both the shunt and the series converter are discussed

1.6.2.1 DC Bus Voltage Regulation

The shunt converter can perform power factor correction as described in 1.6.1.8.
However, when used for that purpose, DC bus voltage oscillations occur. These
oscillations affect the performance of the series converter and as a result, a complex
control technique is now required for that converter [18]. Thus, the shunt controller
implemented in this thesis is solely designed for DC bus regulation to provide active

power to the series converter, thus simplifying the control.

In [23] different control strategies are studied for the regulation of a DC bus in a grid
connected converter. All these strategies achieve bi-directional power flow at unity
power factor to control the DC bus. The three control techniques are Hysteresis
Current Control (HCC), Voltage Oriented Control (VOC) and Direct Power Control —
Space Vector Modulation (DPC-SVM). The HCC algorithm is the simplest one to

_10-
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implement [hysteresis] and involves only one PI controller compared to the three that
both other techniques require. The results of this thesis indicate that VOC and DPC-
SVM, which use the more efficient Space Vector Pulse Width Modulation (SVPWM),
are preferred to HCC although the latter offers a slightly faster response. HCC has the
disadvantage of a varying frequency which generates continuous harmonics spectrum
[13]. It also requires fast sampling frequencies to avoid current overshoots in the
hysteresis currents [24]. However, only one converter can be controlled using
SVPWM by the DS1104 Controller card and this switching technique is implemented
for the series converter. Thus, the Hysteresis Current Control is used for the shunt

converter.

1.6.2.2 Detection and Mitigation of Dips

The series inverter is the most important component of the device and mitigates
power quality problems. In this thesis, mitigation of voltage swells, unbalanced dips
and voltage harmonics is performed. Different control techniques have been reported
in literature for the detection and mitigation of these disturbances and are discussed in

this section.

The detection of a power quality problem can only be detected by measurements of
the supply voltage and/or currents. Conventional methods related to phasors proposed
in [25] involve calculation of rms values of voitages which degrades the performance
during transients. In this thesis, a technique based on the synchronous d-q frame is
used. Line to line voltages are measured and transformed to the stationary frame.
Then, the stationary frame components are transformed to the d-q synchronous frame
using an angle 6. By carefully choosing that angle, the supply voltage can be
represented as dc components which are easier to control. However, if the supply
voltage is unbalanced, the supply voltage will not be represented as pure dc

components any longer, due to the presence of a negative sequence [26].

To tackle this difficulty, [26-30] propose the concept of two rotating coordinate
frames to extract the positive and negative sequence components of the supply voltage
using angle 6. The author uses a phase lock loop which is slow and degrades the
response during transients [30]. In this thesis, the grid voltages are sampled

continuously and 6 is calculated instantaneously from these voltages. Thus, the delays

-11-
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associated with the phase lock loop are eliminated resulting in a superior dynamic
response. The instantaneous positive and negative sequence components are extracted
using a set of equations derived in [31]. The same equations are used in [26-30]. The
unbalanced system can be balanced by removing the negative sequence, and regulated
by controlling the amplitude of the positive sequence voltage [9, 26-30]. This

technique is implemented in section 3.2 of this thesis.

The presence of a low pass filter and of three single phase transformers affects the
performance of the device by causing a voltage drop as well as a phase shift to the
voltage supplied by the converter [26-28, 30]. In [26-28, 30] the author uses a filter
compensation matrix which performs a back calculation of the filter input voltage to
compensate for the filter effect. This method necessitates three additional current
measurements. However, the author assumes that the transformer is ideal and thus
does not compensate for its effect. Furthermore, this method has been found to offer

poor transient performance and is sensitive to variations in filter parameters [6, 32,

33].

To overcome the drawbacks of this algorithm, a Double Vector Algorithm (DVC) is
presented in [32]. This algorithm is executed in the d-q synchronous frame where the
supply voltage is represented by dc components. Thus, a PI controller is used to track
the reference voltage. The algorithm uses two vector-control loops to track the
reference of the injected voltage which includes compensation for the voltage drop
across the filter. The outer voltage loop controls the capacitor voltage by calculating a
reference for the inductor current. This current reference is used by the inner current
loop to estimate the converter voltage. This algorithm shows an improved transient
response compared to the one presented in [26-28, 30] but is also based on the
assumption of an ideal injection transformer. In [12], the DVC algorithm is altered to
accommodate the presence of a real transformer. The leakage inductance of the
transformers adds up to the filter present between the converter and the grid, creating
an L-C-L filter and not just an L-C filter as assumed up to now. [12] proposes the
addition of a third control loop and the calculation of the voltage drop on the windings

of the transformer that must be added to the reference voltage before it is injected.

-12-
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The two DVC methods discussed above are designed for purely balanced systems. In
the case of an unbalanced system, the presence of oscillations in the dc components
obtained in the d-q synchronous frame causes the method to fail [6, 33]. Thus, [6, 33]
propose a Modified Double Vector Control (MDVC) where the positive and negative
sequence are extracted from the supply voltage as in [26-30] using the equations
derived in [31]. They are then transformed into two synchronous frames rotating in
opposite directions. In their respective frames, both sequences appear as dc
components and two DVC algorithms are used to control the two sequences

separately.

Both the DVC [32] and MDVC [6, 33] have a few drawbacks. They both require 12

measurements:

o The three supply voltages
o The voltages across the three capacitors
o The three supply currents

e The three inductor currents

The MDVC algorithm is not implemented in this thesis due to the number of
measurements required. The DS1104 Controller card is limited to 8 ADC channels
only. A simpler approach to filter compensation is presented in chapter three of this

thesis.

Furthermore, both the DVC and the MDVC are designed for supplies free of
harmonics. In the presence of harmonics, oscillations of higher frequencies than in the
case of an unbalance appear in the dc components of the d-q synchronous frame,
causing both algorithms to fail. Thus, the PI controller used in the DVC fails to track
its reference. A possible solution to that problem is proposed in [4, 12] where a
moving average filter is used to remove the oscillations due to harmonics. The
drawback of this method is a delay of half a cycle due to the filter. Thus, the response
of the device will lag by 0.01s.

13-
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In [28, 30] a better solution is suggested to achieve a faster response of the device to a
dip. The oscillations present in the d-q frame due to the presence of harmonics can be
removed by measuring the harmonics and subtracting them from the measured signals
to obtain their fundamental component. This subtraction is performed in the a-p
stationary frame and avoids the need for the moving average filter. However, this
method depends on accurate measurements of the harmonics which will be discussed
shortly. This technique is used to extract the fundamental of the supply voltage in this

project.

1.6.2.3 Detection and Mitigation of Harmonics

Techniques for harmonic mitigation have been researched and developed for a long
time. Passive filters were traditionally used to mitigate harmonics. However, these
filters have some disadvantages such as a slow response, dependence on the system
impedance and inability to adjust to load variations [12, 13]. Hence, active filters have

been proposed instead [2, 12, 28, 30].

Different algorithms have been developed for detecting and measuring harmonics. In
[34], three different techniques are compared. The first one is a direct active filtering
method (D-Method) performed in the d-q synchronous frame. The oscillations due to
the harmonics in the d-q frame are removed by using low pass filters and the filtered
signal is subtracted from the unfiltered one. The result is the d-q components of all the
harmonics present in the supply. The drawback of this method is a delay of 25ms as
well as a phase shift caused by the filters. The second method described as the F-
Method in [34] uses a moving Fourier series to detect the harmonics. This method has
a better response time 10ms but is complex. The last method called the T-method uses
low pass filters to extract the magnitude of various harmonics in separate rotating
frames. It has the same drawbacks as the D-Method but achieves the detection of the

harmonics separately.

In [4, 12], resonant filters are used to isolate different harmonics. The filter is
designed to have a low gain for all frequencies except for the one being isolated. The
filter is also designed to introduce no phase shift to the measured harmonic. In [28,
30], a more accurate algorithm is developed to isolate the harmonics in different

synchronous frames, where the harmonic appears as dc and all other harmonics

-14-
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appear as oscillations. It is similar to the T-method presented in [34] but is a much
faster and more accurate algorithm. By averaging over half a cycle of the system
frequency, the harmonics appearing as oscillations are cancelled and the dc
component isolated. Thus, the exact magnitude and phase of that harmonic is
obtained. This method involves a delay of 10ms and is implemented in section 3.3 of

this project.

Once the harmonics have been detected and measured, they can be subtracted from
the supply by using the injection transformers as in [4, 12]. However, the filter at the
output of the converter will affect the injected voltages in a similar way to that with
the fundamental components. [4, 12] do not offer compensation for the effect of the
filter. In [28, 30], a filter compensation matrix for harmonics similar to the one
developed for the fundamental component [26-28, 30] is proposed. Although this
algorithm has been found to present a poor transient performance when applied to the
positive and negative sequence components [6, 32 ,33], it is suitable for mitigation of
harmonics that usually happens in steady state [28]. A better method would be to use
the DVC algorithm applied to the positive and negative sequences to each harmonic
in the different d-q synchronous frames where each harmonic is detected as dc

components. None of the papers studied have applied this concept.

1.6.3 Summary and Conclusions of the Research

The relevant literature survey can be summarized as follows:

e The use of a system combining both a shunt and a series converter is a
powerful solution for mitigation of power quality problems. However, the

control of this system as a UPQC is very complex.
e The VOC-SVPWM method for DC bus regulation is the preferred method and

uses the efficient SVPWM. However, due to the limitation of the DS1104

Controller card, only the HCC technique can be implemented.

-15-
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The transformation of the positive and negative sequences in two synchronous
frames where each sequence appears as dc components simplifies the design

of the respective controllers. This technique is implemented in this thesis.

The low pass filter at the output of the converter affects the voltages injected
by the converter. Several algorithms have been discussed for compensation of
the filter effects. The first technique performs a back calculation of the filter
input voltage to compensate for the filter effect but is based on the assumption
that the injection transformers are ideal. Furthermore, this method has been
found to offer poor transient performance and is sensitive to variations in filter
parameters. The MDVC provides a much better solution but also assumes
ideal transformers. It also requires the measurements of 12 signals and thus
can not be implemented using the DS1104 Controller card which includes

only 8 ADC channels.

Finally, techniques for detection and mitigation of harmonics have been
discussed. The most accurate technique uses half cycle averaging of the d-q
components of the supply in different synchronous frames to isolate and
measure the magnitude and phase of each harmonic separately. This algorithm

is implemented in this project.

-16-
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2 DESIGN OF THE PROPOSED SYSTEM

This chapter begins with a description of the configuration chosen for the
compensator. Then, all the different elements of the system are discussed. Special
attention is given to the choice made for the turns ratio of transformers. This ratio
determines the overall rating of the system in comparison to the load. Finally, the
function of each converter, and as the corresponding switching method for each of

them, is also described.

2.1 Connection scheme of the compensator

One of the converters is connected in parallel with the line and will be referred to as
the shunt converter. An LC filter is placed between the converter and the supply to
remove high frequency harmonics. Line inductors are also used to limit the amount of
ripple current [24]. The other converter is connected in series with the line through
series injection transformers. Again, an LC filter is used to cancel the high frequency
harmonics of the inverter. Both converters share a common DC bus that is supported
by a capacitor bank. The shunt converter can be placed upstream of the series
compensator or on the load side. In this thesis, the shunt converter is placed upstream
of the compensator to maintain the power rating of the converter as low as possible.
Indeed, if the shunt converter were placed on the load side, the series inverter would
have to supply power both to the load and to the shunt converter. Three resistors and
contractors are placed in series with the supply to create disturbances. This
arrangement is discussed in section 2.6. The system is tested with a 10kW resistive
load made up of nine 48.5Q resistors rated at 220V. However, the prototype built is
rated for a larger load due to the availability of equipment in the machine’s

laboratory. Figure 2.1 illustrates the configuration used in this project.
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Figure 2-1: Configuration of compensating device

The device can be off and operated in standby mode when there is no disturbance, and
switched on by the occurrence of a disturbance. In standby mode, the compensator
side of the transformer is short circuited to reduce its leakage impedance.
Alternatively, the compensator can be continually on, providing compensation during
normal operation (no disturbance) to compensate the voltage drop due to the load
current flowing in the series transformer [35]. In this project, the compensator is

operated continually.

2.2 The Series Injection Transformers

Three identical single phase transformers are used to inject voltage in series with the
line. Each transformer is rated to a third of the size of the mitigation device. However,
in this project, three 5000 KVA transformers as showed in figure 2.2, are used as they

are the only available transformers in the machine’s laboratory.
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Figure 2-2: Series injection transformer

The primary side of the transformer is connected in star to the series inverter via an
LC filter. The secondary side is connected in series with the line on the load side. The
transformers should have low impedances so that the voltage drop across them is

negligible. The transformer’s turns ratio must be carefully chosen as it determines:

e The ratio between the load rated power and that of the mitigation device
e The mitigation range possible

e The cost of the system

Three identical single phase 4:1 turns ratio transformers are preferred in the prototype
built in this project. With that ratio, the mitigation device only needs to be rated at a
quarter of the maximum load rated power. Thus, all the components that make up the
device are rated for a quarter of the rated load power. Consequently the price for each
of these components is reduced resulting in a much cheaper system than if it was rated
for the full load rating. The drawback of this saving is that the device can only
mitigate for disturbances of 25% of the supply voltage. However, as mentioned in
section 1.2.1, most of the dips are typically to about 0.7 pu of a nominal 1.0 pu supply
voltage. Thus, if a dip of that magnitude should occur, the mitigation device would

bring the voltage on the load side up to 0.95 pu (0.7 + 0.25), which is acceptable
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according to the ITIC curve illustrated in figure 1.1. However, if greater dips were to

occur, the device would only be able to bring the system back by 25%.

The equivalent circuit of the transformer referred to the high voltage side is illustrated
in figure 2.2 [38]. The circuit parameters were determined by performing an open-
circuit test and a short circuit test. Results from these two tests as well as the

calculations of the circuit parameters are shown in appendix A.

0.354 Q j0.144 Q
Y'Y Y

VH 4480 Q 7115 Q V'L

Figure 2-3: Transformer equivalent circuit referred to high voltage side

2.3 The LC filters

The LC filters reduce the dv/dt effect on windings of the injection transformer and
remove the high frequency harmonics produced by the high frequency switching of
the IGBTSs to obtain a sinusoidal voltage waveform [12]. The range of capacitors and
inductors available in the Machines Laboratory at UCT is limited and the best
combination is chosen to achieve the finest filtering possible. The cut-off frequency of

each filter is also calculated using the following formula:

1

S = dIC (2.1)

A large inductor was used for the shunt converter to reduce the current overshoot of
the hysteresis currents. This is discussed in section 2.5.2.The parameters of the filter

are indicated in table 2.1. They have been calculated as follows:
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Table 2-1: Parameters of the LC filter

' Shunt Converter | Series Converter
L, Inductance 40mH 2.5mH
C, Capacitance 9uF 9uF
Cut-off Frequency 265Hz 1060Hz

2.4 The Series Inverter

The series inverter is the main component of the system. [t controls the magnitude and
phase of the voltage to be injected through the series transformers to keep the load
voltage balanced. The switching technique used for the series inverter is Space Vector
Pulse Width Modulation (SVPWM) technique. This switching technique is described
in the following section. A control algorithm (discussed in detail in chapter 3) detects
disturbances in the supply voltage and evaluates the corresponding voltage that must
be injected by the series inverter to shield the load side voltage from the disturbance.
The outputs of this control algorithm are the two stationary frame components, U, and
Up. These components are used as inputs to the SVPWM technique that produces the
switching signals for the IGBTs of the inverter.

2.4.1 Advantages of Space Vector Pulse Width Modulation Technique

SVPWM is chosen because it offers many advantages over other Pulse Width
Modulation (PWM) methods [36, 37]:

) It generates lower harmonic content in the output current, especially at

high modulation indexes.
. It uses the dc-bus more efficiently than sinusoidal PWM. A 15% increase

in DC link voltage utilization is obtained compared to the sinusoidal

PWM.
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J It minimizes switching losses by performing the minimum amount of
switching required to change states. This performance is achieved by
changing the state of only one switch when going from one switch

combination to the other.

o SVM allows its user to place the voltage or current space vector exactly

where desired in the d-q plane.

2.4.2 Analysis of SVPWM

Only the top 3 switches of the converter need to be controlled. The 3 bottom switches
require the opposite states of the corresponding top switches. As a result, 8
combinations are possible. These combinations range from (000) to (111), where the
first number represents the state of switch S1, the second number that of switch S3
and the last one that of switch S5 as shown in the figure 2.4. A ‘0’ indicates an open

switch and a ‘1’ indicates a closed one.

'Ioad
R % g
!
_.EJVV_.TE— F Udc
X
|
Sz S .5

Figure 2-4 : Typical schematic of a converter

For each state, the phase voltages U,, Uy and U, can be summed vectorially to obtain
the resultant space vector in the a-p plane. Each combination thus represents a vector
in the a-P plane called a basic vector. The eight combinations form a hexagon. Two
combinations, (000) and (111) lie at the centre of the hexagon. They are called the
zero vectors. The other six combinations form six sectors inside the hexagon and are
called the non-zero basic vectors [36]. This hexagonal structure is showed in figure

2.5.
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Figure 2-5: The Basic Space Vectors (Normalized w.r.t. Vdc) and Switching States

The average output voltage vector, Uy (corresponding to the maximum fundamental
phase voltage), can be created by time weighted averaging of the two neighboring
basic non-zero vectors that form the sector in which U,y lies, as well as the two zero
vectors for equal time duration [36]. In figure 2.5, Uy is obtained by applying the
non-zero basic vectors (100) and (110) for times t; and t, and applying the zero basic
vectors (000) and (111) for the rest of the period time i.e. to = Ts— t;— t; [36]. The use
of the two zero basic vectors ensures that only one converter phase is commutated at

time.

2.43 Avoiding Over Modulation

The inputs to the SVPWM technique used in this thesis are Uy(t), Up(t) and Vc(t), the
magnitude of the DC bus. Uy(t) and Up(t) are the two components of Ugu(t), and are
obtained from two peak line-to-line voltage measurements using the modified Clarke
transform (refer to equ.3.2 in section 3.1.1). In this project, the control loop may
produce values of Uy, and Ug which causes Uout=\/((Ua)2+ (Ug)z) to be greater than the
maximum achievable value represented by the hexagonal envelope which corresponds
to the linear modulation range. If Uy exceeds the hexagon, (t;+ t;) > T, and over
modulation occurs. If this condition arises, then t;and t; must be rescaled by dividing
each of them by (t;+ t). However, for sinusoidal line to line voltages, the locus of
vector Uy should be circular. Thus, the largest possible voltage magnitude that can

be achieved using this switching strategy is equal to the radius of the largest circle
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that can be fitted inside the hexagon of figure 2.5 [36] rather than equal to the
magnitude of the vector that can be fitted inside the hexagonal envelope. Hence, it is
essential to limit the two stationary frame components so that Ug,<Vge/NV3. A limiting
method is used to constrain Uy, to the maximum circular locus described above. If
Uou exceeds Vg/\3, the limiting method will shrink Ugy to Uy =V((Uy Y+ (Up)?) so
that it does not exceed V4./V3. The new vector will be oriented in the same direction
as Uy but will be shorter. This shrinkage is achieved by readjusting U, and Up to Ua*
and UB* as shown by equ.2.2 and equ.2.3.

I/dc
Ud* = xUa (2.2)
J3INUL +U S
U p*

Vdc XU (2 3)
= B .
\/g.\[ Uaz +U/32

2.4.4 Determining Sector and State Times

Knowing the sign and magnitude of U, and Up, the sector in which Uy lies is easily

found as illustrated by the flow diagram shown in figure 2.6 [37].

Up<= tan(60°)|U| Ug>= tan(60°)-|U|
Yes Yes

U> U= 0

v A

Sector =5 Sector =6 Sector =4 Sector =3 Sector = T’ Sector =2

Figure 2-6: Flow diagram to find sector [37]
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Once the sector is known, times t; and t, are calculated using the table 2.2 below:

Table 2-2: Formula to calculate duty cycle once sector number is known [37]

Duty Cycle
T,
Sector Number [ {A.Uu 4 B.U,i} A B
DC
t 1 !
{(Sectorl) T,
Sector 1 f
t2(Sect0rl) 0 ﬁ
1
ti(Sector2) 1 -=
Sector 2 \/f J
t2(Sector2) -1 el
t 0 :
1(Sector3) TR
3
Sector 3 fl
t?_(SectorS) -1 - Tg
t 1 :
1(Sectord) - Th
Sector 4 \/52
t2(Seclor4) 0 - ﬁ
{ i 1
1(Sector5) - =y
Sector § \/15
1o(Sectors) 1 - ﬁ
{ 0 2
1(Sectorb) - —3
Sector 6 I/—
t2(Sectors) 1 L 5

Once t; and t; have been found, tg is calculated as ty = (Ts— tj— t2).

2.4.5 Obtaining the switching signals

The next step is to create three reference voltage signals representing the three phases
to compare to a carrier signal of frequency, 1/Tj, to obtain the PWM signals required

137].

1
A=t +t2+ 50 (2'4)

Brer=t2 + _t2_0 (25)
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The comparison with the high frequency carrier signal is done using 3 comparators,

CMP1, CMP2 and CMP3. Note that the frequency of the carrier determines the

switching frequency (f;=1/Tj).

To ensure that only one switch changes state when going from one combination to the

other, the reference voltages, Arer, Brer and Ceer, must be compared to the carrier signal

using the correct comparators depending on the sector in which Uy, is lying in. Table

2.3 indicates which comparator must be used for each voltage reference in a particular

sector [37].

Table 2-3: Reference voltage and Comparator combinations for minimum switching |37|

Sector CMPR1 CMPR2 CMPR3
1 Aref Bref Cref
2 Bref Aref Cref
3 Crcf Aref Bref
4 Cref Bref Aref
5 Bref Cref Aref
6 Aref Cref Bref

Figure 2.7 illustrates the three voltage references Ay, Brer and Crer as well as the

carrier signal. The PWM signal is created by comparing the voltage reference signals

to the carrier. If the voltage reference signal is larger than the carrier, the output signal

is “1”. Similarly, if the reference voltage lies below the carrier, the output signal is

“O”
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Figure 2-7: Comparison of reference voltages to obtain switching pattern |37

Once the 3 voltage references have been compared to the carrier signal, 3 PWM
signals are obtained for the top 3 switches. These signals are then inverted and fed to
the bottom switches. This SVPWM algorithm is used for the simulations in Matlab-
Simulink. However, when the system is implemented in real time using the DS1104
controller card, there is a limit on the minimum step size achievable. Thus, the
generation of a high frequency carrier signal as well as the comparison of the three
reference signals with that carrier is difficult to implement. However, the DS1104
controller card provides a SVPWM block available from the DS1104 RTI library
which is able to produce high frequency switching signals independent of the step
size. This block uses the times t; and t; as inputs and does the remaining processing to
obtain the switching signals. However, only one SVPWM block is available so that

only one converter can be controlled using that switching technique.
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2.5 The Shunt Converter

The shunt converter is connected to the supply and shares a common DC bus with the
series converter. Its function is to transfer active power to maintain a stiff DC bus that
supplies the series converter. In the case of a voltage dip, the series inverter needs to
add voltage to maintain a constant voltage on the load side and absorbs power from
the DC bus to do so. In addition, during a voltage dip, more power is absorb from the
supply by the shunt converter to maintain a constant DC bus. On the other hand, in the
case of a voltage swell, the series inverter must remove the extra voltage and thus
dumps all the extra power on the DC bus. This extra power is then transferred to the
supply by the shunt converter (which now acts as an inverter). The shunt converter
thus has to achieve bi-directional power flow in order to maintain the DC bus
constant. The theory behind bidirectional power flow is discussed in section 2.5.1.
Different control algorithms are presented in [23] with the Voltage Oriented Control
being the preferred one. However, the HCC technique is used because only one
converter can be controlled by the DS1104 Controller card using SVPWM switching
as mentioned in section 2.4.5. The HCC technique is studied in the sections 2.5.2 and
2.5.3.

2.5.1 Bidirectional Power Flow

A typical configuration used for a grid connected converter for bidirectional power
flow and DC bus voltage regulation is shown in figure 2.8. The converter is connected
to the grid through line inductors. The inductors limit the amount of ripple current
[24]. This configuration can be simplified as illustrated in figure 2.9. ‘E’ represents
the supply (grid) voltage and ‘U’ represents the voltage supplied by the converter
while ‘i’ is the current flowing through the line inductor. The resistance ‘R’ of the
inductor is neglected since the voltage drop on resistance is much lower than the

voltage drop on the inductance.
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Figure 2-8: Bi-directional power flow in converter

H=wl, H=wL
E U E U

Figure 2-9: Simplified schematic of converter set up

Using figure 2.9, respective vector diagrams in the d-q plane can be drawn to illustrate
bidirectional power flow at unity power factor. This is shown in figure 2.10. The

supply voltage’s vector E is locked to the d-axis. This is explained in section 3.1.1.

) w
q-Axis q-Axis V\
U
iwL
i E , i
) d-Asxis 4— Gema d-Axis
Gama E

iwL

(@) f v (b)

Figure 2-10: (a) Power flow to DC bus, (b) Power flow to grid

In Figure 2.10(a), the current is in phase with the supply voltage and U lags E. Thus,
real power flows from the supply to the DC bus. On the other hand, in figure 2.10(b),
the current is 180 degrees out of phase with the supply voltage and U leads E showing
that real power flows out of the DC bus to the supply.
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Table 2-4: Parameters for the PI current controller

Proportional Gain (Kp) 1
Integral Gain (Ki) 100
Upper Limit 30
Lower Limit -30
Output Initial Value 0
Sample Time Ts

Then, using the inverse Park transform (equ.2.9) [40], and the supply voltage angle 6,
1y rer and ip rer are obtained from ig rer and iq ror. Then, using the inverse Clarke [40]

transform, the reference three phase currents, iy rer, are found (equ.2.10).

la) (cos(@) —sin(0))( i«
{iﬁ]_{sin(ﬁ) cos(H)]{iq} (2.9)

1 0
SN 3o
ibl=| 2 2 i (2.10)
e 13

2 2

Once the reference currents have been processed, they are compared to the real line
currents by a hysteresis controller which then determines the switching states of the
converter. The converter valves are switched to keep track of the reference currents.
When the current exceeds its reference value by a certain margin x, the top switch is
turned off and on again when the current falls below the reference value by the same
margin x [41]. (The bottom switches are fed with complementary signals of the top
switches.)

TA+ on (=> TA- off) when i, = (ia rer- X)

TA+ off (=> TA- on) when i, = (i f + X), Where x = current hysteresis band.

As a result, the phase currents are confined within a sinusoidal band: (i, ref - X) and

(1a ret + X) as illustrated in figure 2.12.
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Figure 2-12: Principle of Hysteresis Current Control [41]

However, the sampling frequency dictates whether or not the currents remain
confined to the hysteresis band. In fact, with a digital controller, events happen at
discrete intervals. The measured currents are digitised and compared to their reference
digitally at the sampling frequency of the analogue to digital converter (ADC) that
samples the measured currents. If this sampling frequency is too low it is feasible that
the current will have exceeded the hysteresis band by the time the comparison is
made. [24] Figure 2.13 shows the how the current regularly exceeds the hysteresis

band if the sampling frequency is too low.

10kHz Sampling 200kHz Sampling

Figure 2-13 : Current overshoot at different sampling frequencies [24]
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The current overshoot is related to the size of the line inductors, the sampling
frequency and the DC bus voltage. In fact, with a large inductor, di/dt is smaller and
thus current overshoot decreases. The inductor limits the amount of ripple current.
Similarly, the lower the sampling fgmplec the smaller the overshoot will be for the same

inductor size [24].

Equ.(2.11) gives the maximum current overshoot Aip,., for an inverter using a DC bus

voltage Vpc with line inductance L while sampling at fsampr assuming that vg,,,, = 0.
[24]

1 Vi
2 fme L

AiOver = (2.11)

2.6 Creating faults

Faults can also be simulated using a fault generator [21] or a programmable power
supply [12]. However, neither a fault generator nor a programmable supply voltage is
available in the laboratory. Thus, to simulate faults, a combination of three single

phase resistors and contractors is used as shown in figure 2.14.

Resistors/Contrator
arrangement

S L A }),!\ VJ gj 10kW
U \ YTV

P — L

P L - L/\MJ 4:1 O

L N J—I ~ A
v /0 >

L)

m

3 Phase Variac

To the series converter

To the shunt converter

Figure 2-14: Schematic of the resistors/contractor arrangement for creating faults
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This configuration gives faults types that are comparable to those created by a fault
generator [7]. Current flowing to the load flows through the resistors causing a
voltage drop. As a result, by varying the size of these resistors, balanced and
unbalanced dips are generated. Swells are generated by stepping up the supply voltage
using a three phase variac and dropping voltage across the resistors to obtain 380V at
the output of the variac. By disconnecting the resistors, a sudden increase in voltage
occurs simulating a swell. Harmonics already present in the UCT supply are used to
test the final algorithm including harmonic mitigation. The two main harmonics

present are the 5" and the 7" as illustrated in figure 2.15.

Iaa_ 5008Hz 13/02/06 14:31  f100%
Uho3 () 03x & 04x 3 03z
11v 15v 11y
+153° -070° +073°
% < PaN
s { g i -+
3L
K]
L2
25) L3
A4

1 3 5 7 8 11 13 15 17 19 21 23 25
v A VA u 0O &

Figure 2-15: Harmonic spectrum of the UCT supply
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3 DETECTION & MITIGATION OF THE
DISTURBANCE

3.1 Balanced Voltage Dips or Swells

This section describes how three phase balanced voltages are measured and
transformed to a synchronous reference frame where the magnitude of these voltages
is obtained as a dc component. This dc component is then used to detect balanced dips

or swells. A control algorithm is then developed to compensate for these disturbances.

3.1.1 Transformation of Balanced Voltages into Synchronous Frame

Any balanced three phase voltage system free from harmonics consists solely of a
positive sequence voltage. The supply voltage can be represented as a vector which in
this case is equal to the positive sequence voltage vector, whose locus is a circle [42],
rotating counterclockwise with speed, ®, in a stationary reference frame called the a-8

reference frame. This circular locus is illustrated in figure 3.1 below:
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Figure 3-1: Locus of the 3 phase balanced voltages in stationary frame
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The a-p stationary frame components can be obtained from three phase voltage

measurements by using the Clarke transform [40]:

Chapter 20 Design of the proposed system

The real power transferred in a circuit such as figure 2.7 is given by [38]:
P= E7U), sin(d) (2.7)
wlL

where “ &’ is “‘Gama’ in figure 2.8 and is known as the ‘power angle’ [38].

Thus, by varying ‘8’, the amount of real power flowing can be altered. Whenever the

real power demand is changed, ‘8’ is changed accordingly to meet that demand.

The reactive power transferred is given by [38]:
E

Q=—*Ucos(d)-E) (2.8)
wL

Power flow at unity power factor is achieved when no reactive power flows, i.e.,
when cos (6) = E / U. That happens when the current is in phase or 180 degrees out of
phase with the supply voltage as illustrated in figure 2.8. Because the supply voltage’s
vector E is locked to the d-axis, the current vector i must also be locked to the d or —d
axis to achieve unity power factor. This is achieved by setting the g-component of the

current, ig, to zero.

2.5.2 Overview of HCC

In this section the use of hysteresis current controllers to control the switches of the
shunt converter is discussed. The DC link voltage is kept constant at all times using a
PI controller which forces the DC voltage across the capacitor bank to track its
reference value. In addition, a vector controlled approach is used to achieve

independent control of the reactive power. The schematic is shown in the figure 2.11.
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1 1
{Eam]: 3003 [Ea,,(r)} (3.2)
E,0) |3 -3 |{E.0 .
3 3

Once transformed to the stationary frame, the positive sequence voltage can then be
represented in a synchronous reference frame called the d-q reference frame using the

Park transform [40]:
E, (1)) (cos(8) sin(0)( E, (1) (3.3)
E, (1)) | ~sin(@) cos(8) | E,(t) 33

0(t) = ot is a rotating angle between the d axis and the a axis. By choosing 6(t)
properly, it is possible to obtain dc values of the voltage components, which is very

advantageous in the control of the inverter. This technique is described below.

Let B(t) be the supply voltage angle, i.e. the angle between the supply voltage vector,
E (equal to the positive sequence voltage), and the a-axis as shown in figure 3-3(a).
Angle P(t) rotates between m and —m. Figure 3.2 obtained through simulation in

Matlab-Simulink illustrates angle B(t).

Supply Voltage angle, Beta
T
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Figure 3-2: Supply Voltage angle, B
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The supply voltage vector, E, is locked to the d axis by simply letting 6(t) equal to
B(t) (equ.3.3). The ‘atan2’ function provided by Matlab-Simulink is used in this thesis
and takes into account the quadrant in which the two vectors lie. This concept is

shown in figure 3-3(b).

0(t) = B(t) = arctan (3.4)

Es(t)
E.(t)

The d-axis is the real axis and the q axis is the imaginary one. In contrast to the a-p
frame which is stationary, the d-q frame rotates anticlockwise at a speed . Thus the
supply voltage vector, E, which also rotates at speed ® now becomes stationary in

this new rotating frame.

B-axis -axis
Ay 'y h )
g-axis ﬂ d-axis
®
_____ ‘E TN E=E,
o g-axis | = <2 :
d-axis ® :
. Eq=0 e:B > >,
. a-axis E, a-axis
(a) (b

Figure 3-3: (a) a-p Reference frame, (b) d axis locked to vector E

By locking the voltage space vector to the d axis, the g-component, Ey(t), of the
voltage vector is forced to zero while the d-component, E4(t), becomes dc. Figure 3.4
obtained from a Matlab-Simulink simulation illustrates this concept. Using the
modified Park (equ.3.2) transform and the Park transform (equ.3.3), E4(t) becomes

equal to 311V for a 380V line to line system as shown in figure 3.4.
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Figure 3-4: DC representation of a balanced voltage dip

3.1.2 Positive Sequence Voltage Controller

E4(t). the dc representation of the supply voltage is fed to a controller that is designed
to keep the voltage on the load side steady. To mitigate a dip, the series inverter needs
to inject the missing voltages via the series transformers. For example, in the event of
a dip of 60V, the inverter must add 60V with the series connected transformers.
Knowing that E4(t) is 311V for 380V rms line to line voltages, the reference voltage
Egrer(t) is set to 311V. Thus, E4(t) is simply compared to its reference and the error
transformed back to the stationary a-p frame using angle 6(t). The real and imaginary
components are used as inputs to the SVPWM technique for the switching of the
inverter. A schematic of the control is shown in figure 3-5. Because 4:1 step down

series transformers are used, a gain of 4 is introduced in the algorithm.
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Figure 3-5: Control Schematic for mitigation of balanced faults

It must be noted that perfect compensation can not be achieved using this method
because of the effect of the LC low pass filter and transformers combination present at
the output of the inverter (figure 2.1). Together, they cause a volt drop as well as a

phase shift which has not been taken into account.

3.1.3 Improved Positive Sequence Voltage Controller

A PI controller is proposed to ensure zero steady state error and compensate for the
voltage drop across the filter and transformer combination. Two line to line voltages
are measured on the load side to calculate the d-component V4(t) of the load voltage.
This value is compared to the reference load voltage d-component Vg.i(t) and the
error fed to the PI controller. The parameters of the PI controller are illustrated in

Table 3-1. The appropriate parameters are obtained experimentally by trial and error.

Table 3-1: Parameters of the PI controller for voltage regulation

Proportional Gain (K;) 1
Integral Gain (Kj) 10
Upper Limit 350
Lower Limit 220
Output Initial Value 310
Sample Time (Ts) 2e-5
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The output of the PI controller is subtracted from E4 and the error is transformed back
to the a-P stationary frame, again using the angle 6(t). Note that a constant angle, J,
equal to the phase shift caused by the LC filter and transformer combination, is
subtracted from the angle 6(t) before transforming back to the a-p stationary frame.
Angle, 8, 1s constant at all times for practical purposes. This step of the algorithm
serves to cancel the phase shift effect of the combination of the filter and
transformers. Thus, when setting up the device, one must adjust & until the correct
value for full compensation of the phase shift is determined. The a- components are
then used as inputs to the SVPWM technique. The new algorithm including

compensation for the filter is shown in figure 3.6.

E_. () Eulhy Parke
—ab"" ! Modified Transform Inverse
E. Clarke Ep® »  O=P(1) Parke U_HQL
ac, Transform | g, to lock Transform Up(t) To SVPWM
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Vab(t) Val) ol parke
— ¥ Modified Transform
V() Clarke | VBO . 6m=P(t) Vgth=max
ac’’ I Transform

to lock R
Ot » V to d-axis Vq(t)=0

Figure 3-6: Schematic of improved control algorithm for positive sequence voltage

This compensation algorithm only works provided no unbalance is present in the
supply voltage. In the presence of an unbalance, the g-component, Eq(t), of the supply
voltage will still be zero. However, the d-component, Eq(t), will no longer exist as dc
and the supply voltage angle becomes distorted. In fact, in the presence of a negative
sequence in unbalanced systems, E4(t) will appear as a dc component superimposed
with oscillations at twice the system frequency. This effect is demonstrated by figure
3.7 obtained from simulation in Matlab-Simulink. The oscillations are due to the
presence of a negative sequence vector that rotates in opposite direction to the d-q

synchronous frame. As a result, the vector appears to be rotating at double the speed

[6, 26, 28, 43].
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Figure 3-7: 100 Hz oscillations superimposed during an unbalanced dip

Likewise, harmonics will have a similar effect on E4(t) and on the supply voltage
angle except that the superimposed oscillations will have different frequencies
depending on the harmonic order [43]. For example, a 5" harmonic rotating in a
clockwise direction (opposite direction to the d-q synchronous frame) will appear as
300Hz ((5+1) x 50Hz) oscillations. Figure 3.8 shows the simulation results obtained
when transforming a 5™ harmonic contaminated three phase voltage to the
synchronous frame. A 7" harmonic rotating in the same direction as the d-q
synchronous frame will also appear as 300Hz ((7-1) x SOHz) oscillations. On the other
hand, an 11" harmonic rotating in a clockwise direction will appear as 600Hz ((11+1)

x 50Hz) oscillations.
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Figure 3-8: 300Hz oscillations superimposed due to a 0.05pu of 5" harmonic

In this project, both the positive sequence controller and its improved version are
tested in simulations and experimentally. However, as mentioned in section 2.6, the
UCT supply does not have a pure sinusoidal waveform. Thus, oscillations will appear
superimposed on E4(t) as well as on Vy(t) resulting in failure of the controller.
However, unlike unbalance, harmonics can be filtered. Thus, the supply a-B voltage
components are filtered to obtain improved sinusoidal signals. Band pass filters work
better than low pass filters as they do not introduce a phase shift in the signals filtered.
The oscillations caused by harmonics on E4(t) and V,(t) can be greatly reduced by the
filters so that both algorithms can be tested experimentally. However, the use of the
filters delays the response of the two controllers. In this project, discrete second order
band pass filters from the SimPowerSystem Toolbox in Matlab-Simulink are used to
filter the harmonics on both the supply and the load voltage. Figures 3.9 and 3.10
describe the characteristic of the filter used while figure 3.11 illustrates how the

harmonic oscillations in figure 3.8 are filtered by the discrete band pass filters.
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Step Response
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Figure 3-10: Bode diagram for second order discrete filter
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Figure 3-11: Filtering of harmonics illustrated in d-q voltage components

3.2 Unbalanced Voltage Dip or Swell

This section describes how the compensation algorithm from section 3.1.3 can be
modified to include mitigation of unbalanced disturbances as well. Unbalanced three
phase voltages can be represented as two rotating vectors in the a-p stationary frame
called the positive and the negative sequence voltages. These two sequences can be
extracted in the stationary frame and controlled separately to accomplish

compensation of unbalanced disturbances [26-30].

3.2.1 Transformation of Unbalanced Voltages into Synchronous Frame

When the three voltage phases are unequal, the system is said to be unbalanced. In
that situation, the locus drawn by the space vector in the a-p stationary frame becomes

an ellipse and the supply vector describing that locus is no longer equal to the positive
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sequence voltage vector [42]. This outcome is due to the presence of a negative
sequence voltage. The negative sequence voltage vector rotates at the same speed o
as the positive sequence voltage but in opposite direction, i.e. in a clockwise direction.
The two sequences describe two balanced line to line voltages. The existence of both
sequences at the same time is the result of the unbalance in the system. The positive
component is the useful one while the negative component is undesirable [9]. They

both add up to form an ellipse as shown in figure 3.12.
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Figure 3-12: Positive and Negative sequence voltages and the Supply voltage

If the supply space vector is transformed to the synchronous d-q frame using the
supply angle 6(t), the q component is still zero but the d component is no longer dc.
As mentioned in section 3.1.3, the d-component has a sine wave constituent at twice
the line frequency superimposed on the dc component. The dc component is the
magnitude of the positive sequence voltage while the magnitude of the sine waveform

is equal to the magnitude negative sequence component.

As already mentioned, the negative sequence voltage is undesirable. To balance an
unbalanced system, the negative system component must be removed. The magnitude
and phase of the negative sequence voltage must therefore be extracted from the
supply voltage. Similarly, the positive sequence component must be extracted so as

to obtain a clean dc signal in the d-q synchronous frame.
The decomposition of the supply voltage into positive and negative sequence
components is performed in the a-p stationary frame. By using instantaneous values

and stored values taken at a quarter cycles earlier, the two sequences are extracted
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using equ.3.6 [31]. The extraction of both sequences from an unbalanced supply

voltage in the stationary frame is simulated and illustrated in figure 3.13.
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3.2.2 Positive and Negative Sequence Voltage Controller

Once the two sequence voltages have been separated, two controllers are designed to
balance and regulate voltages on the load side. The first controller ensures that the
negative sequence component of the supply voltage is removed while the second
controller forces the positive sequence voltage to track its reference set point at 311V,

To summarize, the control algorithm must achieve two goals:

1. Remove the negative sequence voltage from the unbalanced supply

2. Ensure that the positive sequence voltage tracks its reference at 311V

The same positive sequence controller developed in 3.1.2 is used. The only difference
here is that the positive sequence voltage must first be extracted from the voltage
supply in the stationary frame before being transformed to the d-q synchronous frame
so that a clean dc measurement of the phase supply voltage is obtained. Angle 6(t) =
B(t) cannot be used for the transformation because P(t) is affected by the negative
sequence voltage. In fact, the supply voltage, B(t), is no longer equal to the positive
sequence voltage as it includes a negative sequence voltage. It will be affected by the
phase and magnitude of the negative sequence voltage. Figure 3.14 and 3.15
demonstrates how P(t) is affected in the presence of a negative sequence voltage. In
both figures, a negative sequence voltage is added to a balanced system of voltages at
time t=0.02s. In figure 3.14, the phase of B(t) is not affected since the negative
sequence voltage present is in phase with the positive sequence voltage. However, a
clear distortion is visible. Both graphs are results of simulations performed in Matlab-

Simulink.
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Figure 3-14: Distortion in supply angle due to negative sequence voltage

On the other hand, in figure 3.15, both a distortion and a phase shift are observed at

0.02s since the negative sequence voltage is not in phase with the positive sequence

voltage.
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Figure 3-15: Distortion and phase shift in supply angle due to neg. sequence voltage

As a result, the positive sequence voltage angle, B*(t), is now used instead of angle

B(t). BP™(t) is calculated using equ.3.6. A new angle angle, 6,(t), is now used for the

Park Transformation (equ.3.2) and set equal to f

pos

(t) to lock the positive sequence

supply voltage vector, EP* to the d-axis as described in section 3.1.1.

6,(t) = B™(t)=arctan

E™ ()
E™. (1)
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The supply and positive sequence angles are illustrated in figure 3.16 attained from

simulations in Matlab-Simulink.
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Figure 3-16: Supply and Positive sequence voltage angles

Once B"(t) has been processed, the d-q components of the positive sequence voltage
are found. As the d-axis is locked to the positive sequence voltage, the g-component,
EP®4(t), is zero and the d-component, EP*4(t), is a maximum equal to the magnitude of
the positive sequence voltage. A delay of a quarter cycles (5ms) occurs when
extracting the positive sequence voltage components. This concept is shown in figure

3.17 which is obtained from a Matlab-Simulink simulation.
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Figure 3-17: DC representation of unbalanced supply

Similarly, the positive sequence voltage of the load voltage is extracted and VP%y(t)
calculated in the same way that EP®4(t) is found. This step is necessary as any
unbalance present in the supply voltage will also be present on the load side before

the mitigation device is switched on.

To obtain a balance system, the negative sequence of the supply voltage must be
removed. This removal is achieved by injecting the negative of the negative sequence

through the series transformers. Thus, the o-f3 components of the negative sequence
extracted from the supply voltage (equ.3.6) are added to the a-p components of the

positive sequence and fed to the SVPWM algorithm. Similarly to the positive

sequence voltage correction, a constant angle, -0, is added to 8,(t) which is equal to
the negative sequence angle B"®(t) (refer equ.3.7), to cancel the effect of the filter and

transformer combination on the negative sequence.
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E™ (1)

a.(t) = B™* (1) = arc tan
(t)=B"() )

(3.7)

The new algorithm for compensation of unbalanced disturbances is shown in figure

3.18.

pos
EPos EPes (t)=max UPosy Uatty
Extraction ‘Y Parke " & Inverse +_
E.. ()| ofPos. & EPDSBQ)Transform—>EP° (=0 i Parke Uross To SVPWM
= Neg. Seq. | 0p0=pr 4 Trans. Bt .
Voltages HOMAN- Up(t)
of Supply
E 0 Voltage
t i ne =
ac in the neg Ene9 (t)=max N
Stationary S Parke f > 4 Inverse
Frame E”egﬁQ)Transform»E”gq(t)=0 Parke
Tlouw=p"#w " Trans.
KCAN=

Va® [ Extraction of Pos, Seq. |VP* ()=ma
of Load Voltage in the
Vaet) | stationary frame, then
transformed to d-q frame Vq(t)=0
Figure 3-18: Schematic of Pos. & Neg. Sequence voltages controllers

This algorithm is designed for a purely sinusoidal supply. As discussed in section
3.1.3, in the presence of harmonics, the d-component, E4(t), includes oscillations at
frequencies dependent on the harmonic order. These harmonics also affect the
positive and negative sequence voltage as well as the positive and negative sequence
angles. These harmonics are also present in the voltage at the load side before the
mitigation device is switched on and will affect VP®y(t). As in section 3.1.3, the
calculated a-PB voltage components of the supply and load voltages can be filtered
using appropriate band pass filters to test the efficiency of the controller. Again, the

response of the system will be delayed due to the presence of the filters.

3.3 Low order Harmonics

In this section, a separate algorithm is designed to measure balanced and unbalanced

low order harmonics in the supply and mitigate them. Low order harmonics in a three
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phase system can be detected and isolated from each other in different synchronous
frames [28, 30]. This new algorithm is then combined to the algorithm from section
3.2 to obtain a system that mitigates balanced and unbalanced voltage dips and swells

as well as low order voltage harmonics.

3.3.1 Detection and Mitigation of Low Order Harmonics

The low order harmonics usually present in three phase systems are the 5", 7%, 11"
and 13" [28]. Harmonics of the order n = 3k, k=1, 2, 3... will not exist in a three wire
system. Thus only harmonics of the order n=6k+1 and n=6k-1 will exist [43].
Harmonics in a three phase system will rotate differently when transformed to the

a-B stationary frame depending on the harmonic number. As already mentioned, the

fundamental positive sequence voltage will rotate at speed © anticlockwise. On the
other hand, the 5™ harmonic will rotate clockwise at a speed 5.c while the 7"
harmonic will rotate anticlockwise at a speed 7.® [43]. These phenomena are

illustrated by figure 3.19.
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Figure 3-19: Direction of different harmonics in stationary frame

Harmonics of the order n=6k+1 will rotate in the positive anticlockwise direction
while harmonics of the order n=6k-1 will rotate in the negative clockwise direction

[43]. This pattern holds in the case of balanced harmonics. For unbalanced harmonics,
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there will be two vectors rotating in opposite direction for each harmonic order (figure
3.20) as it 1s the case when the fundamental is unbalanced (giving rise to two vectors,

the positive and the negative sequence voltages) [28].
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Figure 3-20: Unbalanced 5" harmonic vectors rotating in opposite direction

Consider a harmonic n=6k+1 that rotates at speed no in the positive direction. If it is
transformed to a synchronous frame, called the nd-q, which rotates at speed no in the
positive direction, the vector will appear as a dc component [28]. The positive
sequence voltage angle, BP*(t) = wt, is amplified by the factor ‘n’ and used for the
transformation. However, before processing the angle, the two a-p stationary frame
components of the positive sequence components are first filtered using band pass
filters. This filtering is needed to remove the distortion caused by the harmonics. This
process is illustrated in figure 3.21 where the supply contains 10% of 11" order

harmonic.
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Figure 3-21: Pos. seq. angle obtained from unfiltered & filtered a-f pos. seq. components

If that harmonic is unbalanced, the second vector, rotating at the same speed no in the
negative direction will appear as rotating at double the frequency (hence even) when
transformed to the nd-q synchronous frame [28]. All other harmonics including the
fundamental will also appear as vectors rotating at different speeds. Because n is
always odd (n = 1, 6k+1 or 6k-1), the fundamental and all the other harmonics will
rotate at multiples of double the speed of the frame when transformed to the nd-q
synchronous frame, i.e. with an even angular frequency [28]. They will thus appear as
oscillations of various frequencies (even) superimposed on the dc representation of
the (6k+1)™ harmonic in the nd-q reference frame. Therefore, by averaging over one
half of the fundamental component frequency, i.e. S0Hz, the (6k+1)™ harmonic will
be isolated as all the other harmonics will be cancelled [28]. The d and q components
give the magnitude and phase of that harmonic with respect to the fundamental
positive sequence voltage. Similarly, the negative sequence voltage of that harmonic
can be isolated in the -nd-q synchronous frame which rotates in opposite direction to

the nd-q frame [28]. The procedure is illustrated in figure 3.22.
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Figure 3-22: Algorithm used to isolate the nth order harmonic

The signals before and after the half-cycle averaging block are illustrated in Figure
3.23. This diagram shows the results obtained with a simulated supply voltage
including a 10% unbalanced 5" harmonic (10% of positive and negative 5™ harmonic

voltage) in phase with the fundamental.
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Figure 3-23: Detection of the Pos. seq. 5" harmonic in the 5d-q (pos) syn. frame
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Once the d-q components of the n™ order harmonic have been found, they are
transformed back to the o-p stationary frame using the angles npP®(t) or -npP*(t)
which were initially used to detect them in the d-q synchronous frame. The complete

process is shown in figure 3.24.
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Figure 3-24: Extraction of the a-p components of the n"™ harmonic

However, Eqq(t) and Eqp(t) can not be fed to the SVPWM block to be injected by the
inverter for mitigation. This constraint arises because the effect of the filter and
transformers at the output of the inverter has not been taken into account yet. In fact,
the d-q components must first be amplified by a factor G(n), which will differ for each
harmonic order ‘n’. This factor takes into account the stepping down ratio of the
transformers as well as the effect of the combination of the filter and transformer on
the harmonic. Similarly, an angle, A(n), is inserted to cancel the phase shift caused by
the LPF and transformers on the harmonic. The d-q components are then transformed
back to the a-P stationary frame using the angles (np**(t) - A(n)) and (-npP**(t) - -A(n))
to obtain E,(t)* and Ep(t)*, the modified a-B components necessary to achieve
proper mitigation of the harmonics. The two factors G(n) and A(n) are estimated by
producing the different harmonics using the inverter and measuring the effect of the
filter on them. Accurate values for G(n) and A(n) can then be established when the
mitigation device is in operation by adjusting these two factors until maximum
mitigation of the detected harmonics is achieved. The detected harmonics can now be
removed from the system using the series transformers. This mitigation is achieved by
feeding the a-PB stationary frame harmonics components to the SVPWM technique

block.
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Figure 3-25: Extraction of the modified a-p components of the n™ order harmonic

Figure 3.25 shows a general schematic for the detection and mitigation of the n™ order
harmonic. Indeed, this method can be used to detect all harmonic orders. Note that
this algorithm involves a delay of one half-period at the system frequency and is thus
subject to twice the time lag of the procedure to extract the positive and negative
sequence voltage components. However, the speed of response is not a major concern

as harmonics mitigation happens in steady state [28].

3.3.2 Combining the two algorithms

[n this section, the harmonic mitigation algorithm is combined with the positive and
negative sequences controllers to obtain a final system that is capable of mitigating
balanced and unbalanced dips, swells and voltage harmonics. As discussed in section
3.3.1, harmonics present in the supply can be isolated and detected in different
synchronous frames. Once E,q(t) and E.s(t) have been calculated, they can be
subtracted from the supply voltage a-B components Eq(t) and Ep(t) to obtain the
fundamental voltage free of all the harmonics. This subtraction is simulated in
Matlab-Simulink and the result is illustrated in figure 3.26. The fundamental of the
supply voltage is then fed to the positive and negative sequences controllers. This step

solves all the problems caused by harmonics described in sections 3.1.3 and 3.2.2
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making the algorithms described in these sections operational in the presence of

harmonics without the need to filter voltages.
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Figure 3-26: Subtraction of harmonics from supply voltage in a-p stationary frame

The modified E.o(t)* and E.s(t)* a-p harmonic components are also required to
mitigate the harmonics detected. Thus, the algorithms of figure 3.24 and figure 3.25
are combined to obtain both the exact a-f components and the modified a-f
components of the detected harmonics, Eno(t) and Eng(t), and E,o(t)* and Eqg(t)*
respectively. The modified algorithm is illustrated in figure 3.27.
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Figure 3-27: Modified algorithm to obtain Ena*, Enp*, Ena and Enp

The exact a-p components of the different harmonics are used to obtain the
fundamental of the supply voltage while the modified a-B components of these
harmonics are added to the positive and negative sequence voltage a-p components,
which must be injected on the load side to mitigate any disturbance present. Together
they are fed to the SVPWM algorithm to be subtracted from the supply voltage using

the series inverter and the three single phase transformers.
The final control schematic is shown in figure 3-28. Note that the blocks called n"

Harmonic Detection represent the algorithm illustrated in figure 3-27. This block can

be used to mitigate any n'™ harmonic.
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4 EXPERIMENTAL SETUP - HARDWARE &
SOFTWARE

4.1 Description of the experimental setup

Fig 4.1 shows the overall schematic of the experimental setup. The picture on the left
of the figure illustrates the load, the transformers, the low pass filter and the line
inductors at the output of the shunt converter. The picture on the right hand side
shows the back to back converter, level shifter circuits and their power supplies, the
dSPACE CLP1104 combined Connector/LED Panel and the PC used to control the
mitigation device. The control strategies employed are described in Chapter 3.
Measured signals from the voltage and current transducers are fed to the dSPACE
CLP1104 Combined Connector/LED Panel that act as an interface between the /O
signals and the controller card. All computational tasks are processed by the DS1104
R&D Controller Card which is connected to a PC where all the control is handled.

Figure 4-1: Experimental Set up in the Machines Laboratory at UCT
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4.2 Hardware Design

In this section, the design of the components that make up the inverter is discussed.
The inverter used consists of Semikron insulated gate bipolar transistors (IGBTs).
These IGBTs are driven by Semikron drivers, which get their switching signals from
the CLP1104 panel via a level shifter and buffer circuit. Finally, the design of LEM

modules used for voltage and current measurements is outlined.

4.2.1 Insulated Gate Bipolar Transistors (IGBTs)

The IGBTs used are obtained in pairs in a package called SKM 50GB 123D from
Semikron (Appendix B). These semiconductor switches are voltage controlled. They
are able to handle larger collector currents than other semiconductor devices such as
MOSFETs and therefore have higher power ratings. The ratings of the IGBTs far
surpass the rating of the system due to the availability of equipment in the machine’s

laboratory.

4.2.2 Driver Modules

The driver modules used are the SKHI 22A (Appendix C) from Semikron. Each
module drives a pair of IGBT. These devices have a large number of protection
schemes to protect both the IGBTs and the controller card. One of the most important
features is short circuit protection by monitoring the voltage across the collector and

the emitter.

Six driver circuits are built for each module. These driver modules accept -15V (off)’
and +15V (on) signals and output the turn-off, -6.5V, and turn-on, +14.9V threshold
voltages of the IGBTs. However, the output signals from the dSPACE board are 0V
(off) and +5V (on). Thus, a level shifter circuit is used to convert the switching
signals accordingly. The level shifter circuit outputs pwm signals to the three driver

modules of the converter. Thus, two of these circuits are built for the two converters.
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Figure 4.2 illustrates the six driver modules and the two level shifter circuits, one for

each converter. This circuit is shown in Appendix D.

~ Figure 4-2: Driver modules and Level shifter circuits

The values of the resistors and capacitors needed are calculated from equations given

in the SKHI 22A datasheet (Appendix C). These calculations are shown below:

Rck:

This resistor sets the reference for Vg monitoring. The data sheet recommends a
value of 5V for the IGBT used in this thesis project. However, the closest value which
can be obtained using the available resistors is 5.6V. Thus, if this threshold is
exceeded, the driver will trigger and error and stop the IGBT.

From equation (4.1) obtained from the datasheet, Rcg is calculated to be 27k{2.

10.Rce(kQ) )

Versa(V) =
(V) = 10+ Resllec)

(4.1)

Note also that no resistance is used for Rycg when driving 1200V IGBT.
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CCE:
This capacitor is calculated using equations (4.2) and (4.3) below extracted from the

datasheet. According to the datasheet, this capacitor needs to be smaller than 2.7nF.

15 — Veestat(V)

t min = Tce. In|
0 — Veestar(V)

] (4.2)

10.Rce(kQ)

TCE(/JS) = CCE(nF] 10 ¥ RCE(kQ)

(4.3)

Using the above equations, and the recommended value of 1.45us for tyi, as well as

the calculated value of 27kQ for Rcg, the value calculated for Ccg is 0.33nF.

Rox & Rorr:
These resistors increase the turn-on time and turn-off time and power dissipation. The
datasheet recommends a value > 3 Q). Higher resistance increases both turn-on time

and turn-off time, and power dissipation. Roy and Ropr are both chosen to be 3.3Q.

4.2.3 The LEM Modules

LEM modules are special transducers that measure high currents and voltages and
output a low voltage signal. These transducers offer many advantages. Some of these
are:

e Very good linearity

e Low temperature drift

e Excellent accuracy

In this thesis, the line-to-line rms voltage is rated at 380V but can vary between 300V
and 420V in the case of a dip or swell. The current is dependent on the load connected
to the supply. In this project, a star-connected 10kW load is used. Thus, the line
currents are 15A rms for rated voltage but will vary between 14 and 20A in the case
of voltage dips or swells. However, because the current measurements are made on

the shunt converter side, only a quarter of the load current flows because of the
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transformer turns ratio. Thus, only up to 5A flows. Moreover, the common dc¢ bus
voltage of the converters must be measured and is fixed at 600V. With knowledge of
the magnitude of the currents and voltages to be measured, LEM modules are
selected. Thus, the LV 25-P and the LA 25-NP are used as voltage and current

transducers respectively. Their respective datasheets are attached in Appendix E.

Both transducers require a +/- 15V supply voltage as well as external resistors to
determine the ratio between the input signal and the output signal. This ratio is
determined by the magnitude of the maximum current or voltage that must be
measured on the primary side of the LEM module as well as by the magnitude of the
desired output voltages on the secondary side. The output signals must be restricted to
+/- 10V, which is the maximum allowable voltage of the ADC of the DS 1104

Controller card.

LV 25-P:

In this project, six voltage measurements are made. Five of them are ac line-to-line
voltage measurements while the sixth one is a dc voltage measurement. For all of
them, the LV 25-P is used. However, different resistor values are used for the ac and
dc measurements. Figure 4.3 illustrates a schematic of the LV 25-P device as well as

the external connections to the voltage supply and necessary resistances.

+15V -15V

Rs
AN Ip> » Vm
? Vp LV 25-P

Rm

Figure 4-3: Schematic of the LV 25-P with all the external connections
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The calculation of R and R, are as follows;

1. The minimum value of R required is calculated using equ.4.4 and equ.4.5 and

then a value for Ry is chosen accordingly.

I
l

R. (4.4)
]pmax =+14mA (45)

2. Using equ.4.4, I, is calculated and is used to calculate I; using equ.4.7. Finally,

Ry, is found using equ.4.6.

Vin
Rm = —— (4.6)
2500
y=———=x1, .
1000 Xp (4.7)

Table 4.1 illustrates the different component values calculated and chosen for the
LV25-P module. Note that Ry and V,,, are chosen to be well inside the allowable range
so that the ADC of the DS1104 Controller card remains protected in the unlikely

event of a fault.

Table 4-1: Values of external resistors chosen for LV 25-P voltage transducer

Vp max|lp max| Rs min | Rp chosen | Ip Is |Vm | Rm RATIO

Measurements
V) (mA) |(Kohms)| (Kohms) [(mA)|(mA)| (V) | (ohms)
DC Voltage 700 14 50 81 8.64(216| 76 | 352 94
AC Voltage 420 14 30 94 4471121442 390 95
LA 25-NP:

In this project, two line currents measurements are made using the LA 25-NP. The
transducer induces a current, I, in its secondary coil, which is a scaled-down replica
of the actual line, I, current that flows through its primary coil. The scaling factor is

adjusted by connecting the input and output pins of the module in different
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combinations as indicated in the datasheet supplied as Appendix E. Figure 4.4
illustrates a schematic of the LV 25-P device as well as the external connections to the

voltage supply and necessary resistances.

+15V -15V

Ip LA 25-NP

A

Rm

Figure 4-4: Schematic of the LA 25-NP with all the external connections

The calculation of R, is as follows:

1. A scaling factor, K, is first chosen to make proper use of the ADC input range

for good precision. Then, I is calculated using equ.4.8

Li=— (4.8)

>~

2. Using equ.4.9, Ry, is chosen so as to obtain a value of Vy, that is inside the +/-
10V range of the ADC. According to the datasheet, Ry, must lie between 1502
and 325 Q.

Is

R (4.9)

Table 4.2 illustrates the values chosen for K and R,,, as well as the calculated values of
I, and I;. Vi, is chosen well inside the allowable range to protect the ADC in the

unlikely event of a fault.
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Table 4-2: Values chosen for K, and Rs for the LA 25-NP current transducer

Measurements Ip maxw K Is | Rmchosen |Vm RATIO
(A) mA){  (ohms) [(V)
Current (A) 10 10.002]| 20 270 54| 1.85

4.2.4 The DS1104 R&D Controller Card

The DS1104 R&D Controller Card forms part of the Advanced Control Educational Kit
(ACE kit) manufactured by dSPACE. The kit upgrades the PC to a powerful
development system for rapid control prototyping [44].

The DS1104 R&D Controller Card, shown in figure 4.5, is slotted into the PC’s
motherboard. It executes all computational and control tasks for both the series

connected inverter and the shunt connected converter.

Figure 4-5: The DS1104 R&D Controller Card [44]

Some of the main features of the card include the main processor, a PowerPC603¢
with a 250MHz CPU clock frequency and a slave DSP from Texas instruments (DSP
TMS 320F240) [card]. The card also consists of Digital I/O ports, Slave /O PWM
ports, ADC and DAC channels, an incremental encoder interface and a UART
interface. In this thesis, the Slave 1/O ports as well as the ADC channels were used. A
schematic description of the features input and output ports of the card is given in

figure 4.6.
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Figure 4-6: Features of the DS1104 R&D Controller Card [44]

The card is programmed in Matlab-Simulink. The Real-Time Interface (RTI)
software, which is included in the ACE Kit is the link between the dSPACE Card and
the Matlab-Simulink software.

4.2.5 The CLP1104 Combined Connector/LED Panel

The dSPACE CLP1104 combined Connector/LED Panel completes the hardware
package of the ACE Kit. Figure 4.7 shows the dSPACE CLP1104 Panel.

Figure 4-7: CLP1104 Connector/LED Panel
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The LED panel on the left of the board indicates the state of the ports and is very
useful for debugging. The panel provides different connectors for easy access of each
specific port. For example, it allows access to analog signals via BNC connectors and

access to digital signals via Sub-D connectors [45].

4.3 Software Design

Three software packages are used in the development and control of the project.

These packages are:

(1) Matlab-Simulink
(2) Real-Time Interface (RTT)
(3) ControlDesk

The Real-Time Interface and the Control Desk are the two software packages

provided in the ACE Kit.

4.3.1 Matlab-Simulink

Matlab-Simulink is a simulation based software package. All the simulations were
performed in Simulink. Simulations are an important part of the whole design process.
Different models are built in Simulink to validate the control algorithms derived from
theory. As the system consists of two converters controlled independently, the
algorithms for the two converters were tested separately. First, the DC bus voltage
control for the shunt converter was tested. Then, the DC voltage source used by the
series inverter and regulated by the shunt active rectifier was simulated as a pure dc
source to simulate the different algorithms for the series converter. The simulated
results are shown in Chapter 6. Appendix F show two Simulink models used to
simulate the system. The first model is for the DC bus voltage regulation of the shunt
converter using the HCC technique. The second one illustrates the complete algorithm

of the series converter for regulation, balancing and harmonic mitigation.
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Before running simulations in Simulink, careful attention must be given to the choice
of the solver as well as the step size because these parameters can affect the
simulation results considerably. A fixed Step solver with a step size of 0.00002s was
used. Because a frequency of 5 kHz is chosen for the SVPWM switching, a 5 kHz
saw tooth carrier signal is needed to obtain the switching signals. Thus, according to
the Nyquist theorem, a maximum sample time of 0.0001s (1/2*5kHz) must be used.
However, even a step size of 0.0001s is not good enough for acceptable results of the
SVPWM algorithm. Thus, the step size was decreased to 0.00002s. Note that such a
small step size is not achievable in the real time simulations using the DS1104
controller card. However, the DS1104SL._DSP PWMSV block available from the
DS1104 RTI Library is used to produce 5 kHz-switching signals independent of the

step size.

4.3.2 Real-Time Interface

“Real-Time Interface (RTI) is the link between dSPACE hardware and the
development software MATLAB/Simulink/Stateflow from The MathWorks. It
extends Real-Time Workshop® and Stateflow Coder® (C code generators) for the
seamless, automatic implementation of your Simulink and Stateflow models on the

systems’ real-time hardware” [46].

This software basically translates the Simulink model into equivalent C-code for
processing by the main processor allowing for rapid testing of models. The Real-Time
Interface also provides I/O modules from the RTI /O library that connect the
Simulink model to the DS1104 Controller Card.

Once the Simulink model has been tested, it has to be prepared for implementation on
the real-time hardware. This preparation is done by replacing some of the Simulink
blocks with I/O modules from the RTI I/O library. These modules form the interface
to the real controlled system and allow real time simulations. All the input and output
signals are read using the I/O modules while all the control is performed using the
original Simulink blocks. For example, the three-phase voltage source block in the
simulations is replaced by ADC RTI blocks, which output actual currents and

voltages signals measured by the LEM modules and read by the controller card.
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However, the control blocks are left unchanged and are the same as those used in

simulations.

Once all the necessary Simulink blocks have been replaced by their corresponding 1/0
modules, the model is run in Simulink to check for errors. Thereafter, the Simulink
model is converted to equivalent C-code by the Real-Time Workshop and
downloaded onto the controller card. Appendix G shows the final Simulink RTI
model for the final algorithm. The model includes HCC control of the shunt converter
as well as the complete control algorithm for the series converter for regulation,

balancing and harmonic mitigation.

4.3.3 ControlDesk

“ControlDesk is experiment software for seamless controller development with just
one tool. Right from the start of experimentation, ControlDesk performs all the
necessary tasks. With ControlDesk installed, you will benefit from using the same

experiment environment throughout the various stages” [47].

CopntrolDesk is used to manage real-time experiments. It keeps track of all the data
generated during the experiment. In fact, data can be stored and send to Matlab for
further computation. Control panels are built in ControlDesk by dragging and
dropping components such as displays and sliders included in the Control Desk
library. The control panel serves as an interface to the experiment. Using the control
panel, measured signals read by the DS1104 Controller Card can be observed and

parameters of the controllers can be changed in real time.

Figure 4.8 illustrates the control panel built to manage the experiment. The red
buttons are used to switch the two converters. Each converter has an “on” and “off”
state. During the “off” state, no IGBTs are activated and no switching takes place.
During the “on” state, the IGBTs switch according to the switching signals outputted
by the DS1104 Controller Card. The supply and load voltages as well as their d-
component, the DC bus voltage and the hysteresis currents are all monitored in the

control panel.
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Some of the sliders shown are used to insert different gains and phase shifts to the
negative sequence voltage component and to the various harmonics to compensate for
the effect of the low pass filter and transformers arrangement. These gains and phase

shifts are adjusted by visualizing the harmonic spectrum of the load voltage on the

‘Qualistar’ three phase power quality analyzer.
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Figure 4-8: Control panel designed to control the mitigation device
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S SIMULATED AND EXPERIMENTAL RESULTS

This chapter discusses the results achieved from the tests carried out on the
compensating device. Simulations are first performed to validate the control
algorithms derived from theory before being implemented experimentally. The
simulations were performed in Matlab-Simulink as described in Chapter 4. All
simulation parameters are based on the actual parameters of the components used in
the laboratory setup. The experimental results obtained arise from the experimental
setup described in section 4.1. For all simulation and experimental results, a load of
10kW is used. Different experiments were performed to test both the HCC technique

for DC bus regulation as well as the various controllers presented in chapter 3.

5.1 Positive Sequence Controller

The first experiment is carried out to test the ability of the controller shown in figure
3.5 of section 3.1.2 to regulate a three phase supply voltage. The efficacy of that
controller is then compared to its improved version as described in section 3.1.3 and
illustrated in figure 3.6. The HCC algorithm for the DC bus voltage regulation of the
shunt converter is tested simultaneously. Both controllers as well as the HCC
algorithm are tested for balanced dips. The improved controller and the HCC
algorithm are also tested for swells as well. A slight modification is made to the two
controllers due to the presence of harmonics in the supply. As discussed in section
3.1.3, band pass filters are added to both controllers to filter the supply and load
stationary frame o-f3 components. This modification is essential to test the algorithm

because no pure three phase supply is available in the Machines laboratory.

5.1.1 Initial Positive Sequence Controller

This section describes the results obtained when using the initial positive sequence
controller shown in figure 3.5 of section 3.1.2 in the event of a balanced dip. The

ability of the HCC technique to regulate the DC bus voltage while transferring power

-76-



Chapter 3 Stmulated and experimental results

at unity factor is also tested. Both simulated and experimental results are shown for

comparison.

As shown by figures 5.1 and 5.2, the shunt converter absorbs more current from the
supply when the dip occurs in order to maintain the DC bus voltage at 600V. Power
transfer occurs at unity power factor since iq is 0. Figures 5.3 and 5.4 show that the

DC bus is correctly regulated at 600V.
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Figure 5-1: Simulated hysteresis currents during a balanced dip
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Figure 5-2: Experimental hysteresis currents during a balanced dip
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Figure 5-3: Simulated DC Bus voltage during a balanced dip
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Figure 5-4: Experimental DC Bus voltage during a balanced dip
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The supply and load three phase voltages are illustrated in figures 5.5 and 5.6 while
their filtered d-component is displayed in figures 5.7 and 5.8. These graphs
demonstrate that the controller does not achieve perfect compensation. This
phenomenon is due to the voltage drop across the filter and transformers combination
as discussed in section 3.1.2. Some oscillations due to harmonics are still present in

the filtered signals of E4(t) and V4(t) but are of no consequence to the control.
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Figure 5-5: Simulated 3 phase voltages during a balanced dip
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Figure 5-7 : Simulated d-components during a balanced dip
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Figure 5-8: Experimental d-components during a balanced dip

5.1.2 Improved Positive Sequence Controller

This section describes the results obtained when using the improved positive sequence
controller shown in figure 3.6 of section 3.1.3. The controller is tested with a similar
dip as in section 5.1.1 for proper comparison of the two positive sequence controllers.

The response of the controller and the HCC algorithm to a swell is also tested.

5.1.2.1 Regulation of balanced Dips

The same graphs as in section 5.1.1 are plotted for comparison. These contrasting
plots indicate that the improved controller fully regulates the load voltage side. In
fact, no steady state error occurs due to the presence of the PI controller. Full
compensation should be achieved instantaneously but occurs within 1 cycle. This
delay is due to the filters added to the algorithm because of the effect of harmonics.
Some overshoot occurs due to the delay in the response of the controller (due to the
filters) when the fault disappears. This overshoot is not harmful to the load as it lasts

less than half a cycle, in compliance with the ITIC curve shown in figure 1.1.
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Figure 5-12: Experimental d-components during a balanced dip
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3.6.1.1 Regulation of Swells

In this section, the improved positive sequence controller and the HCC technique are

tested in the event of a 0.15pu swell. The swell is created as described in section 2.6.

As shown by figures 5.13 and 5.14, the shunt converter now pushes current to the
supply when the swell occurs, in order to maintain the DC bus voltage at 600V. This
response is indicated by the magnitude of 14 which is now negative. Power transfer
occurs at unity power factor since iq is 0. Figures 5.15 and 5.16 confirm that the DC

bus is again successfully regulated at 600V.
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Figure 5-13: Simulated hysteresis currents during a swell
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Figure 5-14: Experimental hysteresis currents during a swell
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The supply and load three phase voltages are illustrated in figures 5.17 and 5.18 while

their filtered d-components are displayed in figures 5.19 and 5.20. These graphs

demonstrate that the controller shields the load successfully from the voltage swell.

Once more, the effect of the filters used is visible as a delay in the response of the

device. The oscillations due to harmonics are again visible in the filtered signals of

E4(t) and V4(t) but are small enough to be of no consequence to the control.
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Figure 5-17: Simulated 3 phase voltages during a swell
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Figure 5-19: Simulated d-components during a swell
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Figure 5-20: Experimental d-components during a swell

5.2 Positive and Negative Sequences Controllers

In this section, the algorithm illustrated in figure 3.18 of section 3.2.2 including both
positive and negative sequences controllers, is tested for an unbalanced dip. The
ability of the HCC technique to regulate the DC bus voltage in the presence of an
unbalanced dip is also tested. The algorithm is again modified by adding band pass

filters to handle the harmonics present in the supply and load voltages.

As shown by figures 5.21 and 5.22, the shunt converter absorbs current from the
supply when a unbalanced dip occurs to regulate the DC bus voltage at 600V. ig 1s
again forced to 0 indicating that only real power flows. Figures 5.23 and 5.24 show
the regulated DC bus at 600V. It is worth noting that the hysteresis currents include
more ripple than in section 5.1.1. This outcome arises because the sampling frequency
is lower here due to the more complex algorithm. As discussed in section 2.5.2, the

current overshoot increases with decrease in the sampling frequency.
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Figure 5-21: Simulated hysteresis currents during an unbalanced dip
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Figure 5-22: Experimental hysteresis currents during an unbalanced dip
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Figure 5-24: Experimental DC Bus voltage during an unbalanced dip

Figures 5.25 and 5.26 illustrate the supply and load three phase voltages while figure
5.27 and 5.28 show the filtered positive sequence d-components. The inverter injects
a combination of positive and negative sequence to ensure that the unbalance is
removed and full compensation is achieved. The response of this controller should be
a quarter of a cycle but is longer due to the presence of filters to suppress the
harmonics. Figures 5.29 and 5.30 demonstrate how the negative sequence present in

the supply voltage is mitigated by the device.

When the positive and negative sequence voltages are extracted from the supply and
load voltages, the main harmonics, i.e. the 5™ and 7" harmonics, appear only in the
negative sequence. For this reason the d-components of the supply and load positive
sequence voltages, E4P(t) and V¢"*(t) (figures 5.27 and 5.28), do not include the
oscillations that appear in the d-components of the supply and load voltage, Eq4(t) and
V(1) (figures 5.7, 5.8, 5.11 and 5.12), respectively. However, these oscillations can be
observed in the supply and load negative sequence d-components, E4"%(t) and

Vdneg(t).
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Figure 5-27: Simulated Pos. Seq. voltage d-components during an unbalanced dip

S
[
o
8
©
>
>
jo R
Q
3
n
6.35 6.4 6.45 6.5 6.55
Time (s)

Load Voltage (V)

Figure 5-28: Experimental Pos. Seq. voltage d-components during an unbalanced dip

.92



Chapter 5: Simulated and experimental results

Supply Voltage (V)

052 054 05 058 06 062 064 066 068 07 072
Time (s)

50 T 1 T ! 1 ( ‘ 5 !

P N A SR SN N e8| |

e e

20

Load Voltage (V)

052 054 05 058 06 062 064 066 068 07 072
Time (s)

Figure 5-29: Simulated Neg. Seq. voltage d-components during an unbalanced dip
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Figure 5-30: Experimental Neg. Seq. voltage d-components during an unbalanced dip
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5.3 Low Order Harmonics Detection and Mitigation

In this section, the technique described in section 3.3.1 (figure 3.25) for the detection
and mitigation of low order harmonics is tested. The two main harmonics present in
the UCT supply, namely the 5™ and the 7" are detected and mitigated. No filtering is
needed in this case as no PI controller is used in the algorithm. The d-components
illustrated in figures 3.33 and 5.34 are thus the actual signals unlike the d-components
plotted in the previous sections which are filtered signals. The mitigation device is
initially off and turned on at time t=2.32s in real time experimentation and at t=0.20s
in simulation. Figures 3.31 and 5.32 clearly indicate that the 5™ and 7™ harmonics

have been mitigated within a cycle, as pure sinusoidal waveforms are obtained.
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Figure 5-31: Simulated 3 phase voltages with 5™ & 7" harmonics mitigation
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Figure 5-32: Experimental 3 phase voltages with 5™ & 7" harmonics mitigation

Figures 5.33 and 5.34 show the actual supply voltage d-component, E4(t). The 5™ and
7™ harmonics are visible as superimposed 300Hz oscillations as discussed in section
3.1.3. As the device is switched on, these oscillations almost disappear completely on
the load side d-component, V4(t), confirming that the two harmonics have indeed been
mitgated. The high frequency oscillations left on the experimented load voltage d-
component are due to the 11™ and 13™ harmonics which have not been detected. The
simulated load voltage d-component does not include these higher oscillations
because the three phase programmable voltage source from the SimPowerSystems
Toolbox in Matlab-Simulink can not be programmed with more than two harmonics.

Thus, only the 5™ and the 7" harmonics were present in the simulated supply voltage.
Finally, the captured harmonics measurements from the Qualistar three phase power

quality analyzer shown in figure 5.35 confirm that the magnitudes of both these

harmonics have been reduced greatly.
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Figure 5-33: Simulated d-components with 5" & 7" harmonics mitigation
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Figure 5-34: Experimental d-components with 5™ & 7" harmonics mitigation
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Figure 5-35: Harmonic spectrum for (a) Supply voltage and (b) Load voltage

5.4 The Complete System

In this section, the complete algorithm, with the positive and negative sequences
controllers as well as harmonics detection and mitigation, is tested. This algorithm is
shown in figure 3.28 in section 3.3.2. The a-f voltage components, Eq(t)* and Ep(t)*,
obtained from subtracting the 5™ and 7" harmonics supply a-B voltage components
from the supply o-B voltage components, contain higher harmonics. Indeed, as
illustrated in figure 5.35, the supply voltage also includes some 11™ and 13" order
harmonics. These harmonics are not detected to simplify the algorithm and maintain
an acceptable sampling frequency. Hence, Ey(t)* and Ep(t)* are filtered to remove
these two harmonics. The same band pass filters as described in section 5.1 are used
for that purpose. Similarly, V(t) and Vg(t) must also be filtered to remove these two
harmonics which are not mitigated by the device. Thus, the response of the device is
slowed down by these filters. However, if all harmonics were detected, none of these

filters would be used and a much faster response would be achieved.

As in section 5.3, the d-components illustrated in this section are the actual supply and
load d-components. They are unfiltered signals unlike those plotted as in section 5.2
and 5.3. The two signals Eq(t) and V4(t) include information that describe the supply
and load voltages. As described in chapter 3, an unbalance is depicted by 100Hz

oscillations superimposed on that d-component. On the other hand, the 5™ and 7"
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harmonic will appear as 300 Hz oscillations while higher harmonics will appear as

oscillations of even higher frequencies.

5.4.1 Balanced Dip and Harmonic Mitigation

In this section, the complete algorithm is tested for mitigation of the 5™ and 7"
harmonics as well as mitigation of a balanced dip. Both simulated and experimental

results are presented.

Figures 5.36 and 5.37 show the three phase supply and load voltages. It is quite clear
from these waveforms that the load is shielded from the dip. It is also observed that
better sinusoidal waveforms are achieved on the load side indicating mitigation of
harmonics. Once again, the delay due to the filters is visible as the disturbance is

mitigated after about a cycle (instead of a quarter of a cycle).
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Figure 5-36: Simulated 3 phase voltages during the dip with harmonics mitigation
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Figure 5-37: Experimental 3 phase voltages during the dip with harmonics mitigation

Figures 5.38 and 5.39 illustrate the supply and load voltages d-components. The
300Hz oscillations present in Eq(t) are less visible in V4(t) indicating that the 5™ and
7™ harmonics have been mitigated. However, the load voltage d-component from
experiment results includes some higher frequency oscillations that are not present in

the simulated signal. This phenomenon arises because:

a) As mentioned in the previous section, the simulated three phase source does
not include the 11™ and 13™ harmonic present in the actual three phase source.
Thus, the oscillations due to these harmonics that appear on the experimental

V(1) does not appear on the simulated one.

b) Furthermore, the processor controls both the shunt and the series converter
performing DC bus regulation as well as mitigation of dips, swells and
harmonics. Thus, the cycle time of the processor is rather large. As a result,

the sampling frequency, hence the switching frequency of the shunt converter
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is low. This low frequency causes large current overshoots in the three phase
hysteresis currents as discussed in section 2.5.2, and when the currents are
large as during a dip, they generate additional harmonics in the supply.
However, as described in section 4.3.1, a pure DC source was used to supply
the series converter in simulations. Thus, the harmonics generated by the
hysteresis currents were not encountered and did not appear on the simulated

d-component.

Figures 5.39 and 5.40 confirm that as the hysteresis currents become more significant

during the dip, the harmonics generated by the current overshoot increases and more

oscillations appear on Vq(t).
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Figure 5-38: Simulated d-components during the dip with harmonics mitigation
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Figure 5-39: Experimental d-components during the dip with harmonics mitigation
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Figure 5-40: Harmonic spectrum of load velt. during (a) normal operation and (b) dip

Figure 5.41 demonstrate the results obtained from an experiment carried out to
confirm the explanation given in part (b) concerning the harmonics generated by
hysteresis currents. The dc bus of the shunt converter was connected to a 3kW dc load
to simulate the power absorbed by the series converter during a 0.25pu dip. A 0.25 dip
was then created and the DC bus was regulated by the HCC technique at 600V. Two
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tests were performed, one using a sampling frequency of 0.0001s and the other
0.000165s which is the sampling frequency used in the previous experiment for both
balanced dip and harmonic mitigation. The harmonic spectrum of the supply for the
higher sampling frequency is shown in picture (b) while the spectrum of the supply
for the lower one is shown in picture (a) of figure 5.41. The two harmonic spectrum
confirm that at a low sampling frequency (thus switching frequency), the hysteresis
currents do indeed add extra harmonics (5™, 11™, 13" 15™ 17" 19" and 21%") to the

ones that were already present in the supply (3", 5", 7", 11" and 13™).

Ia.._ 4989Hz 28102/06 14:27 0% lna._ 4991 Hz 28/02/06 14:29 [§80%
Uh0o1 (O 1000x (@ 1000x (3»1000x UhO1 ()1000x (& 1000x (3 100.0x
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Figure 5-41: Harmonic spectrum of supply voltage for different sampling frequencies

5.4.2 Swell and Harmonic Mitigation

In this section, the complete algorithm is tested for mitigation of the 5™ and 7"
harmonics as well as mitigation of a swell. Again, both simulated and experimental

results are presented.

Figures 5.42 and 5.43 show the three phase supply and load voltages. The three phase
voltage on the load side is well regulated and barely affected by the swell.
Furthermore, as in section 5.4.1, the mitigation of harmonics is visible on the load

side. The delay caused by the filter is yet again observed.
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Figure 5-43: Experimental 3 phase voltages during the swell with harmonics mitigation
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Figures 5.44 and 5.45 show the supply and load voltages d-components. The same
observations as in section 5.4.1 are made concerning the mitigation of oscillations in
V4(t) and the difference between the simulated and experimental V4(t). The overshoot

in the V4(t) is due to the slow response of the device due to the filters added.
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Figure 5-44: Simulated d-components during the swell with harmonics mitigation
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Figure 5-45: Experimental d-components during the swell with harmonics mitigation

5.4.3 Unbalanced Dip and Harmonic Mitigation

This section presents the results obtained for the final experiment — mitigation of both

an unbalanced dip as well as of the 5" and the 7™ harmonics. The same graphs as in

the previous two sections are plotted. Figures 5.46 and 5.47 illustrate how the load is

shielded from the dip and how the two harmonics are mitigated. A slight overshoot

occurs at the end of the dip due to the delay caused by the filters but last only half a

cycle and thus is not harmful to the load as indicated by the ITIC curve in figure 1.1.
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Figure 5-46: Simulated 3 phase voltages during unbalanced dip with harm. mitigation
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Figure 5-47: Experimental 3 phase volt. during unbalanced dip with harm. mitigation
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The presence of the 5" and 7" harmonics is illustrated by the 300Hz superimposed
oscillations on E4(t). The drop in the magnitude of Eg4(t) and presence on the 100Hz
and 300Hz oscillations indicate that an unbalanced dip occurs at that time and that the
5™ and 7™ harmonics are still present. The efficiency of the mitigation device is
demonstrated by the load voltage d-component V4(t) which is shielded from the dip,
showing that it is correctly regulated. Moreover, both the 100Hz and 300Hz
oscillations are reduced indicating that both the unbalance and the harmonics have

been mitigated.
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Figure 5-48: Simulated d-components during unbalanced dip with harm. mitigation
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Figure 5-49: Experimental d-components during unbalanced dip with harm. mitigation
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Chapter 6: Conclusions

CONCLUSIONS

Based on the experimental results of this research, the following conclusions are

drawn:

l.

A mitigation device based on the UPQC configuration is designed. The need
for an energy storage device is thus eliminated by using the shunt converter as

an energy supply.

The control of the shunt converter is performed by a HCC technique instead of
the preferred VOC technique due to the limitation of the DS1104 controller
card. The HCC method was tested for balanced and unbalanced voltage as
well as for voltage swells both in simulations and experimentally. Both DC
bus regulation and bidirectional power flow at unity power factor were
successfully achieved. However, the current overshoot in the hysteresis
currents become large when limited to low switching frequencies generating

harmonics in the supply.

The DVC algorithm which includes compensation for the output filter could
not be implemented as it requires the measurements of 12 signals and only 8
ADC channels are available on the DS1104 Controller Card. The controllers
presented in this thesis were tested both in simulations and experimentally.
Mitigation of the different power quality problems was successfully achieved.
However, the response of the device was slowed down by the presence of
filters used to handle some undetected harmonics. These harmonics were
disregarded to simplify the algorithm to maintain an acceptable sampling

frequency.

A simple method for the compensation of the effects of the output filter is
designed whereby the magnitude of some gains and phase shifts are adjusted
manually. The technique works well for constant loads as shown in this thesis.

However, it is not suitable if the device is used to shield a variable load.
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7. RECOMMENDATIONS

Based on the experimental results and conclusions of this report, the mitigation device
has met its specifications. However, it is possible to improve the control of the system

to eliminate the drawbacks mentioned in the conclusions.

The drawbacks of the prototype are due to the limitation of the DS1104 Controller
Card when used to control two converters simultaneously. Thus, by using two low
cost embedded DSP systems, the control and response of the mitigation device can be
improved greatly. With a DSP allocated to the shunt converter only, high sampling
frequencies could be achieved resulting in smooth sinusoidal hysteresis currents.
Alternatively, the VOC-SVPWM technique could be implemented for the shunt
converter. Similarly, with the other DSP allocated exclusively to the series converter,
the DVC algorithm could be applied to the positive sequence, the negative sequence
as well as to all the detected harmonics, as sufficient ADC channels would be
available. This modification would improve the device making it suitable for non-
constant loads as well. Furthermore, the algorithm for harmonic detection could
include all harmonics so as to eliminate the delay caused by the filters used to handle

undetected harmonics not measured initially.
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APPENDIX A :

OPEN CIRCUIT AND SHORT
CIRCUIT TESTS FOR THE
TRANSFORMERS



TRANSFORMER LABORATORY

Aim: To experimentally determine the parameters of the equivalent circuit of a given

transformer.

1) ESTABLISHING THE TURNS RATIO OF THE TRANSFORMER
The high voltage winding of the transformer is connected to the rated 220V supply.
The voltage on the secondary winding is then measured and the turns ration is
calculated as follows:

N1 V1 220
da=——=—= —=— 4

N2 V2 55

The operation of a transformer can be modelled by using an equivalent circuit. The

equivalent circuit can be drawn as follows. (Fig. 1)

\Y%
: Xm 3 Re V2

Figure 1: Transformer equivalent circuit

Since the volt drop across R1 and X1 is normally small, E,‘ ~ ‘Vl‘ Based on this

assumption the shunt branch can be moved to the primary side (Fig. 2). This
simplifies the computation of currents, because both the exciting branch impedance
and the load branch impedance are directly connected across the supply voltage.
Moreover, by means of a short-circuit test and a no-load (open circuit), the parameters

of the approximate equivalent circuit can be calculated.



R1 X1 R X2

7
vl Re [; ‘ Xm V2

o 0

Figure 2: Transformer approximate equivalent circuit

2) SHORT CIRCUIT TEST
The approximate equivalent circuit of the transformer when its output is short

circuited is shown in figure 3.

Figure 3: Equivalent circuit for short circuited low-voltage side

The rated current on the high voltage side when operating at full load is:

5000

L =22.724
0

Figure 4 shows the connection of the transformer for the short circuit test. A single
phase variac is used to increase the voltage on the high voltage side of the transformer

until rated current flows in that winding.



220V

Variac

Transformer

Figure 4: Connection of the transformer for short circuit test

The real power, voltage and current on the high voltage side are measured:
I =22.54

Vi=8.6V

Py =179W

From these three measurements, the series impedance, the series resistance and the

series reactance are calculated:

P.= 1//: XRquI
= chll - 179_7 - O.354Q —
22.5°
Zeq/l :ﬁ:8—6: 03829
I 2.5

X o =WZew* —Rea®) = 0.1440) —

3) OPEN CIRCUIT TEST

The approximate equivalent circuit of the transformer when its output is open

circuited is shown in figure 4.

Xel ReclL

Figure 4: Equivalent circuit with high voltage side open



Figure 5 shows the connection of the transformer for the open circuit test. A single

phase variac is used to apply rated voltage on the low voltage side of the transformer.

220V

Transformer

Figure 5: Connection of the transformer for open circuit test

The real power, voltage and current on the low voltage side are measured:
I =22mA

Vi.=55V

P.=10W

From these three measurements, the series impedance, the magnetizing reactance and
the resistance representing the core loss can be calculated:

v
R ol

P.

= Ru :%: 302.5€)

[ = v 235—20.182A
Ra 3025

1 m/l = (]I,2 - 1<[.2) - 0124A
Vi 55

=2 44470
Im L 0123

Xlnl, -

The corresponding parameters for the high-voltage side are obtained as follows:

The turns ratio, a =4
R = a: R o =4840 «
)(mH = a:Xm/, = 71 15Q «—



The equivalent circuit of the transformer referred to the high-voltage side is illustrated

in figure 6.
o I AAR O
0.354 ohms j0.144 ohms
Vhigh j7115 ohms 4480 ohms W ow
o O

Figure 6: Equivalent circuit of the transformer referred to the high-voltage side



APPENDIX B :

IGBT MODULES
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Absolute Maximum Ratings Values

Symbol | Conditions " ..123D Units IGBT Modules

\\;CES . "ok 1588 x SKM 50 GB 123D
CGR GE = Q
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Diodes ® * Three phase inverter drives
VIF e | k=40 A { Ver = 0 V- } . 185(16) 2.2 v » Switching (not for linear use)
x:o_ Vec l‘l}'j - ?(2)5AC Tj=25(125)°C ~ 2’0(_1'8) 1_2 x Y Tease = 25 °C, unless otherwise
i Tj=125°C - - 2 | mo 2 lstfC_'ﬁlid Ve = 600V
IRRM lF=40A; Tj=25(125)°C®| -  23(35) - A _ diefdt = 800 Alus, Ve = 0V
Qr lF=40A; T=25(125°C?| -  23(7) - uC 3 Use Vogofi = -5 ... -15 V
Thermal Characteristics % See fig. 2 + 3; Rooft = 27 Q
Rinje per IGBT - - 0,4 °C/W 8 CAL = Controlled Axial Lifetime
Rinje per diode - - 0,7 °C/W Technology.
Rinch per module - - 0,05 °C/W
Case and mech. data — B 6 - 86
SEMITRANS 2
© by SEMIKRON 0898 B 6 - 81
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050GB201
400 16 SR Ti=125°C
Pt mWs j Vce =600 V
Wi Ve =+ 15V
300 12 R =27 Q
200 8 Eon
Eoff
100 4 —
=
E
0 0
Fig. 1 Rated power dissipation Pyt = f (Tc¢) Fig. 2 Turn-on /-off energy = f (Ic)
Tj=125°C . osoce2os 1 pulse
16 050GB203 VCE — 600 V 10 TC = 25 oC
mWs Ve =+ 15V ['Z] T;< 150 °C
lc=40A . tipl
12 10 £ 10us 3
Eon / 1
' 100us
8 10
Eoff ~I 1."‘8. a8l
4 /—//// 10° l 1Ln|s SiE
|
E I
0 10.' o 1 2 la 4
0 R, 20 30 40 50 Q 70 19 10 10 107V w110
Fig. 3 Turn-on /-off energy = f (Rg) Fig. 4 Maximum safe operating area (SOA) Ic = f (Vcg)
lcsc/icN 502s0as.vpo
e S Tie1s0°C 12 T/ 150 °C
| | Vee=+15V Vee =+ 15V
| | Reof =27 Q 10 tse < 10 ps
2 : ‘ lc=40A L<25nH
| 81— lcn=40 A
i ‘ Note:
1.5 = —- f : *Allowed numbers of
: 61— short circuit:<1000
i *Time between short
: circuit:>1s
1 H i
+ i 4
|
0,5 o T :[ } 2
]
. | | ol |
0 500 1000 1500 0 500 1000 1500
VCE [V] VcE [V]
Fig. 5 Turn-off safe operating area (RBSOA) Fig. 6 Safe operating area at short circuit Ic = f (VcE)
B6-82 0898 © by SEMIKRON



sEMIKRDN

IclAl 50-3.vpo
RN Y/
! i i :

i . |

80 1

60 -

Y, R S S

20 - -

0 1 2 3 4 5
Vce V]

Fig. 9 Typ. output characteristic, t, = 80 us; 25 °C

Peond(t) = VcEsaty - legy

VeEsatn = Vegroym) + reem)) - lew
Veeoym) € 1.5 + 0,002 (T; - 25) [V]

typ.: rcgeryy = 0,02 + 0,00008 (T; - 25) [2]

max.: rcgj = 0,03 + 0,00010 (T; - 25) [€2]

valid for Voe =+ 15 * 2 [V]; Ie > 0,3 Icnom

Fig. 11 Saturation characteristic (IGBT)
Calculation elements and equations

70,

[Al

050GB208

i
i
{
i \
T
.

0 25 50 75 100 y ) 150

Ti=150°C
Vee> 15V

Fig. 8 Rated current vs. temperature Ic = f (T¢)

Ic [A] 50-4.vpo
100
17V //
80 — /
15V | 7 /
| E—
13V L
|
&0 1V \z
|
oV
|
20
/ &
0
0 1 2 3 4

5
VCEM

Fig. 10 Typ. output characteristic, t, = 80 us; 125 °C

Ic [A] 50-11.vpo

80

60

1004 ’

40

20

0

0 2 4 6 8 10 12 14 16 18 20
VGE V]

Fig. 12 Typ. transfer characteristic, t, = 80 us; Vce = 20V

© by SEMIKRON
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VGE V1 50-10.vpo C [nF] 502C.vpo
20 = I ; 100
: L / /
18 ey R ;
j Loe0ov / i
16 - — ; ‘ | ; - ' |Cpu|s =50 A Vee=0V
i P /| soov | f=1MHZ
14 —— : z
P ;/ ;/ | 10
i ! ! ! ' | ]
12 - ‘ / / \\\} {\
10 ’7/ f : l —— Ciss
i | .
8 ‘ }
o _ 1 \‘ ~
6+ fro o~ =
. b \\ = Coss
‘/ ‘ \\ |
2 4 [ Crss
/ | | ]
0 e 1 01 ~ |
0 80 160 240 320 0 10 20 30 40
Qg [nC] Vce V]
Fig. 13 Typ. gate charge characteristic Fig. 14 Typ. capacitances vs.Vce
t [ns] 50-12.vpo t [ns] 50-13.vpo
1000 — - - —- — — VL e 0 0 O S 5~ et S
I : xT B A | - E % { % | T T
e ]} J Tj=125°C T ot Tj=125°C
- - - i tdoff Vce = 600V P ~ Vce =600V
RN , Vee=+15V Pa Vee=+15V
EEEEEREE Reon = 27 Q d PN Ic = 40 A
I | f i j H | .
S | Reoff = 27 Q e induct. load
100 | IR induct. load 4, |y
' 2o
/'
>, /
j— tf_
N
10 - | ‘ R P 10
0 20 40 60 8 100 0 20 40 60 80
Ic [A] Rg [Q)]
Fig. 15 Typ. switching times vs. Ic Fig. 16 Typ. switching times vs. gate resistor Rg
100 08200 4 MO75GB12.XLS-18
IF‘ / 7Vo;= 600V 1
=T, =125°C Re= —
(A]’7 // mJ _\;GE=:15v 100 +—|
75 | 3 120
125/ °C / 25]°C e
\
/ //’ 210
50 2 /4
/4
/ /4 L —— 600
/ W/, P
25 / 1 /4
jl EoﬂD
(0] 1 2 3 Ve(v) 4 0 Ik 20 40 60 80 A 100
Fig. 17 Typ. CAL diode forward characteristic Fig. 18 Diode turn-off energy dissipation per pulse
B6-84 0898 © by SEMIKRON



sEMIKRON

. 050GB118
10
thio 1 H
IX/W) u
10"
10°* s
; H
10_‘ A N N N "Dy [0.50
Ao 2 02
il IBERN N N 0.0
10 A 0.0
0.0
o+ LTI T B
107 10 100 0% 1y 10

Fig. 19 Transient thermal impedance of IGBT
Znc=t({k):D=tp/te=tp-f

MOTSGB R XL8-22

100 —
™ Voc= 600 V
A -1 a1280c
[ Vag=¢15V
80 - =
\‘\ %- p——
100 —
60 . ~] I
120
|
0 ™~ 150 |
i }
P sl ~__24Q
—t
20 - 600 ——
IRR
0
0k 20 40 60 80 A 100
Fig. 22 Typ. CAL diode peak reverse recovery current
IrR = f(IF,Rg)
MO75GE 12X0.8-24
Vecx 800V
T, =125°C
p,c Vag= 215V
Ra* 1002
120
10 _lSQ ———"T75A
240/. \ \ |
&N A1 50 A
A T
( P ] J 38A
F— V|
,/ 1/ 25A
5 { ‘——-’I pd
7/ [ |/
L 13A
Q.
0
0 dis/dt 1000 2000 Aus

Fig. 24 Typ. CAL diode recovery charge

50-18.vpo

' '“

IJII
\
it

102 E

103 |

104

10-5 10

t[s]

Fig. 20 Transient thermal impedance of
inverse CAL diodes Zinuc = f (D =tp /tc=tp - f

10-3

MO750812.X1.8-23

Vec= 600 V
A ‘—T,cc =125°C
F—Vag = £15V
80 Rg= 100 —
le= S0A 120
60 -
150 19
40 10 YV
[ Z]
| e0n
20
lrn
0
0 dirdt 1000 2000 Adus
Fig. 23 Typ CAL diode peak reverse recovery current
Iar = {{di/dt)

Typlcal Applications

include

Switched mode power supplies

DC servo and robot drives

Inverters

DC choppers

AC motor speed control

Inductive heating

UPS Uninterruptable power supplies
General power switching applications
Electronic (also portable) welders
Pulse frequencies also above 15 kHz

© by SEMIKRON 0796
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SEMITRANS 2
Case D 61 CASED6
UL Recognized M5
File no. E 63 532
SKM 50 GB 123 D 10 13 2.8x0.5
n
B | '
0 N 0
©
@ w J 8
GCOIGGB :— T
G2
[ ° 8
o 7
E2 23 23 17
C2 C1
1 o 2 3 <
E1 E2 £ e 1 ? 3 -8
5 -
4 |
w4 3 HOHeH e ltoH®) 2 = &
pr— i T 3
| | T4
1 |
6 17 6
80
Dimensions in mm 94
SKM 50 GAL 123D
Case D 62 (— D 61) COGGAL
62,
[ o 7
E2
C2 B)
1 o 2 p—o 3
A1 E2 K1
Case outline and circuit diagrams
: This is an electrostatic discharge
Mechanical Pata . sensitive device (ESDS). Please
Symbol |Conditions Values Units | observe the international standard
min. typ. max. IEC 747-1, Chapter IX.
M1 to heats?nk, SI Unit§ (M8) 3 - 5 an Eight devices are supplied in one
to heatsink, US Units 27 - 44 Ib.in. SEMIBOX A without mounting hard-
M2 for terminals, S| Units (M5)] 2,5 - 5 Nm }Nfre. \ghlcnjcame %rggzr?qggpara-
. . . ely under ldent No.
for terminals US Units 22 - 44 Ib.1n2. (for 10 SEMITRANS 2)
a i - - 5x9,81 | m/s Larger packaging units of 20 or 42
w ! - - 160 g pieces are used if suitable
Accessories — B6-4.
SEMIBOX —-»C-1.
B6-86 0898 © by SEMIKRON
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Absolute Maximum Ratings SEMIDRIVER®
Symbol |Term Values units|  Hybrid Dual IGBT Driver
Vs Supply voltage prim. 18 \% SKHI 22 A /B )
Vin Input signal volt. (High)  SKHIxxA Vs +0,3 Vv * Double driver for halforidge
SKHI22B 5 +0,3 v IGBT modules
loutpeax | Output peak current 8 A + SKHI 22 A/B H4 is for 1700
loutavmax |Output average current 40 mA V-IGBT
fmax max. switching frequency 50 kHz + SKHI 22 A is compatible to
Vce Collector emitter voltage sense across the 1700 \% old SKHI 22
IGBT « SKHI 22 B has additional
dv/dt Rate of rise and fall of voltage secondary 50 kV/us functionality
to primary side
Visolo Isolation test voltage Standard 2500 Vac .
input-output (2 sec.AC) Version ,H4" 4000 Vac Hy_brld Dual MOSFET
Vison2 Isolation test voltage ouput 1 - output 2 1500 v Driver
(2 s60.AC) SKHI 21 A
Raonmin | Minimum rating for Reon 3 Q + drives MOSFETSs with
gGOffmm m:)‘(mr::ri]nrga;:rgoi?t;ﬁteggarge per pulse 43” p% Vosion <10V
out/pulse . . i H
Top Operating temperature -40...+ 85 °C 's compatible to old SKHI 21
Tstg Storage temperature -40...+85 C Preliminary Data
Electrical Characteristics (T, =25 °C) Values
Symbol | Term min. typ. | max. |Units
Vs Supply voltage primary side 14,4 15 15,6 \
Iso Supply current primary side {no load) - 80 - mA
Supply current primary side (max.) - - 290 mA
Vi Input signal voltage SKHIxxA on/off - 15/0 - \Y
SKHI22B on/off - 5/0 - \
Vits Input threshold voltage (High) SKHIxxA 10,9 11,7 | 12,5 Vv
SKHI22B 3,5 3,7 3,9 \Y
Vir. Input threshold voltage (Low) SKHIxxA 47 55 | 65 Y Features
SKHI22B 1,5 1,75 2,0 \% * CMOS compatible inputs
Rin Input resistance SKHIxxA - 10 - kQ « Short circuit protection by Vce
SKHI22B - 3,3 N kQ monitoring and switch off
Vaon Turn on gate voltage output - +15 - \Y ¢ Dnve'lnterlock top/bottom
Vo) | Turn off gate voltage output ~ SKH122x - 7 - Vv * Isolation by transformers
SKHI21A - 0 - Vv » Supply undervoltage protection
Rae Internal gate-emitter resistance - 22 - kQ (13V)
fasiC Asic system switching frequency - 8 MHz » Error latch/output
taconjio Input-output turn-on propagation time 0,85 1 , us ] L
tarottyio Input-output turn-off propagation time 0,85 1 , us Typical Applications
tagem Error input-output propagation time - 0,6 us o Driver for IGBT and MOSFET
trerrreser |Error reset time - 9 - Hs modules in bridge circuits in
tro Top-Bot Interlock Dead Time SKHIxxA 3,3 - 4,3 Hs choppers, inverter drives, UPS
SKHI22B 0 S | A3 ks and welding inverters
Veestat Reference voitage for Vcg-monitoring - g 3; ::8 x « DC bus voltage up to 1200V
Cps Coupling capacitance primary secondary - 12 - pF ) see fig. 6
MTBF  |Mean Time Between Failure T, = 40° C - 2,0 - |10%h 2) At Rce = 18 kQ, Coe = 330pF
m weight - 45 - g 3 At Rce = 36 kQ, Cce = 470pF,
Rvce = 1kQ
© by SEMIKRON 031127 1



SKHI 21 A, SKHI22 A/B

External Components

Component Function Recommended Value
Rce Reference voltage for Veg-monitoring 10k < Rge < 100kQ
10 - Rge(kQ)
VeestardV) = 0 Rtk (1) |18k for SKM XX 123 (1200V)
CE 36kQ for SKM XX 173 (1700V)
with Ryce = 1kQ (1700V IGBT):
10 - Rap(kQ)
v Vy- — CEVY g 1.1
cesiaV) = TR (k) b
Cee Inhibit time for Ve - monitoring Cce <2,7nF
o tegln {M} (2) |0,33nF for SKM XX 123 (1200V)
10 - Veggrai(V) 0,47nF for SKM XX 173 (1700V)
0,548 < tmin < 10us
c : 10+ Rpg(kQ) ;
Tee(us) = Cee(n )'W (3)
Rvce Collector series resistance for 1700V IGBT- |1kQ/0,4W
operation
REerroR Pull-up resistance at error output 1kQ < Rgrror < 10kQ2
]
ZPull-Up _15mA
Rerronr
Raon Turn-on speed of the IGBT ¥ Rcon > 3Q
Reorr Turn-off speed of the IGBT 9 Rgorr > 3Q

4 Higher resistance reduces free-wheeling diode peak recovery current, increases IGBT turn-on time.

® Higher resistance reduces turn-off peak voltage, increases turn-off time and turn-off power dissipation

031127
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PIN array

Fig. 2 shows the pin arrays. The input side (primary side) comprises 10 inputs (SKHI 22A / 21A 8 inputs), forming the
interface to the control circuit (see fig.1).

The output side (secondary side) of the hybrid driver shows two symmetrical groups of pins with 4 outputs, each forming

the interface to the power module. All pins are designed for a grid of 2,54 mm.

Primary side PIN array

PIN No.|Designation |Explanation

P14 GND /0V related earth connection for input signals

P13 Vg + 15V + 4% voltage supply

P12 ViNg switching signal input 1 (TOP switch)
positive 5V logic (for SKHI22A /21A, 15V logic)

P11 free not wired

P10 /ERROR error output, low = error; open collector output; max 30V / 15mA
(for SKHI22A /21A, internal 10k pull-up resistor versus Vg)

P9 TDT2 signal input for digital adjustment of interlocking time;
SKHI22B: to be switched by bridge to GND (see fig. 3)
SKHI22A /21A: to be switched by bridge to Vg

P8 ViNne switching signal input 2 (BOTTOM switch);
positive 5V logic (for SKHI22A /21A, 15V logic)

P7 GND/0Vv related earth connection for input signals

P6 SELECT signal input for neutralizing locking function;
to be switched by bridge to GND

P5 TDT1 signal input for digital adjustment of locking time;
to be switched by bridge to GND

ATTENTION: Inputs P6 and P5 are not existing for SKHI 22A/ 21A. The contactor tracks of the digital input signals P5/
P6/ P39 must not be longer than 20 mm to avoid interferences, if no bridges are connected.

Secondary side PIN array

PIN No. |Designation |Explanation

S20 Veey collector output IGBT 1 (TOP switch)

S15 Cces reference voltage adjustment with Rge and Cce
S14 Goni gate 1 Rpy output

S13 Gorr1 gate 1 Rorr output

512 E1 emitter output IGBT 1 (TOP switch)

S1 Vcez collector output IGBT 2 (BOTTOM switch)

S6 Ceceo reference voltage adjustment with Rce and Cce
S7 Gone gate 2 Ron output

S8 Gorr2 gate 2 Rogr output

S9 E2 emitter output IGBT 2 (BOTTOM switch)

ATTENTION: The connector leads to the power module should be as short as possible.

© by SEMIKRON
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* When SKHI22B is driving 1700V IGBTSs, a 1kQ / 0,4W Ryce-resistor must be connected in series to the Vge input.

** The VCE-terminal is to be connected to the IGBT collector C. If the Vcg-monitoring is not used, connect S1 to S9 or $20 to S12 respectively.
“** Terminals P5 and P6 are not existing for SKHI22A/21A; internal pull-up resistor exists in SKHI22A/21A only.

1-7 Connections to SEMITRANS GB-module

g8/V 22 IHIS 'V LC IS
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Fig. 2 Dimension drawing and PIN array (P5 and P6 are not existing for SKHI22A/21A)
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SKHI 21 A, SKHI22 A/B

SEMIDRIVER®

SKHI 22A / 22B und SKHI 21A

Hybrid dual drivers

The driver generation SKHI 22A/B and SKHI 21A will
replace the hybrid drivers SKHI 21/22 and is suitable for
all available low and medium power range IGBT and
MOSFETs.

The SKHI 22A (SKHI 21A) is a form-, fit- and mostly
function-compatible replacement to its predecessor, the
SKHI 22 (SKHI 21).

The SKHI 22B is recommended for any new
development. It has two additional signal pins on the
primary side with which further functions may be utilized.

The SKHI 22A and SKHI 22B are available with standard
isolation (isolation testing voltage 2500 VAC, 1min) as
well as with an increased isolation voltage (type "H4")
(isolation testing voltage 4000 VAC, 1min). The SKHI 21A
is only offered with standard isolation features.

Differences SKHI 22-22A (SKHI 21-21A)

Compared to the old SKHI 22/21 the new driver
SKHI 22A/21Ais absolutely compatible with regards to
pins and mostly with regards to functions. It may be
equivalently used in existing PCBs.

The following points have to be considered when
exchanging the drivers:

» Leave out the two resistors RTD for interlocking
dead time adjustment at pin 11 and pin 9.

» The interlocking time of the driver stages in
hatfbridge applications is adjusted to 3,25 ps. It may
be increased up to 4,25 us by applying a 15 V (VS)
supply voltage at Pin 9 (TDT2) (wire bridge)

* The error reset time is typically 9ys.
¢ The input resistance is 10 kQ.

As far as the SKHI 22A is concerned, the negative gate
voltage required for turn-off of the IGBT is no longer -15V,
but -7V.

General description

The new driver generation SKHI 22A/B, SKHI 21A
consists of a hybrid component which may directly be
mounted to the PCB.

All devices necessary for driving, voltage supply, error
monitoring and potential separation are integrated in the
driver. In order to adapt the driver to the used power
module, only very few additional wiring may be
necessary.

The forward voltage of the IGBT is detected by an
integrated short-circuit protection, which will turn off the
module when a certain threshold is exceeded.

In case of short-circuit or too low supply voltage the
integrated error memory is set and an error signal is
generated.

The driver is connected to a controlled + 15 V-supply
voltage. The input signal level is 0/15 V for the SKHI 22A/
21A and 0/5 V for the SKHI 22B.

In the following explanations the whole driver family will
be designated as SKHI 22B. If a special type is referred
to, the concerned driver version will explicitly be named.

Technical explanations’

Description of the circuit block diagram and the
functions of the driver

The block diagram (fig.1) shows the inputs of the driver
(primary side) on the left side and the outputs (secondary
side) on the right.

The following functions are allocated to the primary
side:

Input-Schmitt-trigger, CMOS compatible, positive logic
(input high = IGBT on)

Interlock circuit and deadtime generation of the IGBT

If one IGBT is turned on, the other IGBT of a halfbridge
cannot be switched. Additionally, a digitally adjustable
interlocking time is generated by the driver (see fig. 3),
which has to be longer than the turn-off delay time of the
IGBT. This is to avoid that one IGBT is turned on before
the other one is not completely discharged. This protec-
tion-function may be neutralized by switching the select
input (pin6) (see fig. 3). fig. 3 documents possible
interlock-times. “High" value can be achieved with no
connection and connection to 5V as well.

PG ; P5; P9 ; interlock time
SELECT TDTH TDT2 trp/us
open/5V GND GND 1,3
open/ 5V GND open/ 5V 2,3
open/ 5V open/ 5V GND 33
open/5V open/5V | open/5V 4,3

GND X X no interlock

Fig. 3 SKHI 22B - Selection of interlock-times: ,High“-
level can be achieved by no connection or
connectingto 5V

Short pulse suppression

The integrated short pulse suppression avoids very short
switching pulses at the power semiconductor caused by
high-frequency interference pulses at the driver input
signals. Switching pulses shorter than 500 ns are
suppressed and not transmitted to the IGBT.

Power supply monitoring (Vs)

A controlled 15 V-supply voltage is applied to the driver. If
it falls below 13 V, an error is monitored and the error
output signal switches to low level.

1. The following descriptions apply to the use of the hybrid
driver for IGBTs as well as for power MOSFETs. For the
reason of shortness, only IGBTs will be mentioned in the
following. The designations "collector" and "emitter" will refer
to IGBTSs, whereas for the MOSFETs "drain" and “"source" are
to be read instead.

6 031127
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Error monitoring and error memory

The error memory is set in case of under-voltage or short-
circuit of the IGBTS. In case of short-circuit, an error signal
is transmitted by the V¢e-input via the pulse transformers
to the error memory. The error memory will lock all
switching pulses to the IGBTs and trigger the error output
(P10) of the driver. The error output consists of an open
collector transistor, which directs the signal to earth in
case of error. SEMIKRON recommends the user to
provide for a pull-up resistor directly connected to the
error evaluation board and to adapt the error level to the
desired signal voltage this way. The open collector
transistor may be connected to max. 30 V / 15 mA. If
several SKHI 22Bs are used in one device, the error
terminals may also be paralleled.

ATTENTION: Only the SKHI 22A / 21A is equipped with
an internal pull-up resistor of 10 kQ versus Vs. The
SKHI 22B does not contain an internal pull-up resistor.

The error memory may only be reset, if no error is pending
and both cycle signal inputs are set to low for > 9 ys at the
same time.

Pulse transformer set

The transformer set consists of two pulse transformers
one is used bidirectional for turn-on and turn-off signals of
the IGBT and the error feedback between primary and
secondary side, the other one for the DC/DC-converter.
The DC/DC-convenrter serves as potential-separation and
power supply for the two secondary sides of the driver.
The isolation voltage for the "H4"-type is 4000 Vac and
2500 V¢ for all other types.

The secondary side consists of two symmetrical
driver switches integrating the following compon-
ents:

Supply voltage

The voltage supply consists of a rectifier, a capacitor, a
voltage controller for - 7 V and + 15 V and a + 10 V
reference voltage.

Gate driver

The output transistors of the power drivers are
MOSFETSs. The sources of the MOSFETSs are separately
connected to external terminals in order to provide setting
of the turn-on and turn-oft speed by the external resistors
Ron and Rore. Do not connect the terminals S7 with S8
and S13 with S14, respectively. The IGBT is turned on by
the driver at + 15 V by Ron and turned off at- 7 V by Rogr.
Ron and Rogr may not chosen below 3 Q. In order to
ensure locking of the IGBT even when the driver supply
voltage is turned off, a 22 kQ-resistor versus the emitter
output (E) has been integrated at output Gorr.

Vce-monitoring

The Vee-monitoring controls the collector-emitter voltage
Vee of the IGBT during its on-state. V¢ is internally
limited to 10 V. If the reference voltage Vcerer is exceeded,
the IGBT will be switched off and an error is indicated.
The reference voltage Ve may dynamically be adapted
to the IGBTs switching behaviour. Immediately after turn-
on of the IGBT, a higher value is effective than in the
steady state. This value will, however, be reset, when the

IGBT is tumned off. Vgesiar is the steady-state value of
Vceret @and is adjusted to the required maximum value for
each IGBT by an external resistor Rce to be connected
between the terminals Cce (S6/S15) and E (89/512). It
may not exceed 10 V. The time constant for the delay of
Veeret may be increased by an external capacitor Cgg,
which is connected in parallel to Rcge. It controls the time
tmin which passes after turn-on of the IGBT before the
Vce-monitoring is activated. This makes possible any
adaptation to the switching behavior of any of the IGBTs.
After tnin has passed, the Vgg-monitoring will be triggered
as soon as Vge > Vceret and will turn off the IGBT.

External components and possible adjust-
ments of the hybrid driver

Fig. 1 shows the required external components for
adjustment and adaptation to the power module.

VCE - monitoring adjustment

The external components Rge and Cge are applied for
adjusting the steady-state threshold and the shont-circuit
monitoring dynamic. Rce and Cge are connected in
parallel to the terminals Cce (S15/ S6) and E (S12/ S9) .

a
7
6 -
\, 5 — Z - — —1200V (min)
3 . T —1200v
[} S tp) ||
s /:"’ - - - 1200V (max)
3 et L
— 1700V (min)
2 1700V (v ||
1 = = « 1700V (max) —
o I
10 20 30 Ree / kOhm 40 50

Fig. 4 Vcesta in dependence of Rgg (Tamp = 25°C)

Dimensioning of Rge and Cce can be done in three steps:

1. Calculate the maximum forward voltage from the
datasheet of the used IGBT and determine V¢egiat

2. Calculate approximate value of Rce according to
equation (1) or (1.1) from Vgestar OF determine Rge by
using fig.4.

3. Determine tmin and calculate Cge according to
equations (2) and (3).

Typical values are
for 1200 V IGBT:  Vcestat=5 V; tmin = 1,45 s,
Rce = 18 kQ, Cge = 330 pF
Veestat = 6V thin = 3 s,
Rce = 36 kQ, Cce =470 pF
Adaptation to 1700 V IGBT

When using 1700 V IGBTs it is necessary to connect a
1 kQ / 0,4 W adaptation resistor between the Vcg-
terminal (820/ S1) and the respective collector.

for 1700 V IGBT:

© by SEMIKRON
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SKHI 21 A, SKHI22 A/B

Adaptation to error signal level

An open collector transistor is used as error terminal,
which, in case of error, leads the signal to earth. The
signal has to be adapted to the evaluation circuit's voltage
level by means of an externally connected pull-up
resistor. The maximum load applied to the transistor shall
be 30 V/ 15 mA.

As for the SKHI 22A / 21A a 10 kQ pull-up resistor versus
Vs (P13) has already been integrated in the driver.

IGBT switching speed adjustment

The IGBT switching speed may be adjusted by the
resistors Rony and Ropr. By increasing Ron the turn-on
speed will decrease. The reverse peak current of the free-
wheeling diode will diminish. SEMIKRON recommends to
adjust Roy to a level that will keep the turn-on delay time
td(on) of the IGBT < 1 HS.

By increasing Rorr the turn-off speed of the IGBT will
decrease. The inductive peak overvoltage during turn-off
will diminish.

The minimum gate resistor value for Rorr and Roy is 3 Q.
Typical values for Rony and Ropr recommended by
SEMIKRON are given in fig. 5

SK-IGBT-Modul Rg”‘ Rg"" CchE EEZE RKVSE
SKM 50GB123D 22 | 22 | 330 | 18 0
SKM 75GB123D 22 | 22 | 330 | 18 0
SKM 100GB123D | 15 | 15 | 330 | 18 0
SKM 145GB123D | 12 | 12 | 330 | 18 0
SKM 150GB123D | 12 | 12 | 330 | 18 0
SKM 200GB123D | 10 | 10 | 330 | 18 0
SKM 300GB123D | 82 | 82 | 330 | 18 0
SKM 400GA123D | 6,8 | 6,8 | 330 | 18 0
SKM 75GB173D 15 | 15 | 470 | 36 1
SKM 100GB173D | 12 | 12 | 470 | 36 1
SKM 150GB173D | 10 | 10 | 470 | 36 1
SKM200GB173D |82 | 82 | 470 | 36 1

Fig. 5 Typical values for external components

interlocking time adjustment

Fig. 3 shows the possible interlocking times between
output1 and output2. Interlocking times are adjusted by
connecting the terminals TDT1 (P5), TDT2 (P9) and
SELECT (P6) either to earth/ GND (P7 and P14)
according to the required function or by leaving them
open.

A typical interlocking time value is 3,25 ps (P9 = GND; P5
and P6 open). For SKHI 22A / 21A the terminals TDT1
(P5) and SELECT (P6) are not existing. The interlocking
time has been fixed to 3,25 ys and may only be increased
to 4,25 ps by connecting TDT2 (P9) to Vs (P13).

ATTENTION: if the terminals TDT1 (P5), TDT2 (P9) and
SELECT (P6) are not connected, eventually connected
track on PC-board may not be longer than 20 mm in order
to avoid interferences.

SEMIKRON recommends to start-up operation using the
values recommended by SEMIKRON and to optimize the
vajues gradually according to the IGBT switching
behaviour and overvoltage peaks within the specific
circuitry.

Driver performance and application limits

The drivers are designed for application with halfbridges
and single modules with a maximum gate charge Qgg <
4 uC (see fig. 6).

The charge necessary to switch the IGBT is mainly
depending on the IGBT's chip size, the DC-link voltage
and the gate voltage.

This correlation is also shown in the corresponding
module datasheet curves.

It should, however, be considered that the SKHI 22B is
turned on at + 15 V and turned off at - 7 V. Therefore, the
gate voltage will change by 22 V during every switching
procedure.

Unfortunately, most datasheets do not indicate negative
gate voltages. In order to determine the required charge,
the upper leg of the charge curve may be prolonged to
+ 22 V for determination of approximate charge per
switch.

The medium output current of the driver is determined by
the switching frequency and the gate charge. For the
SKHI 22B the maximum medium output current is
IOUtAVmax < =40 mA.

The maximum switching frequency fuax may be
calculated with the following formula, the maximum value
however being 50 kHz due to switching reasons:

410"
Qge(nC)

Fig. 6 shows the maximum rating for the output charge
per pulse for different gate resistors.

SKHI 22 A/B maximum rating for output charge per

pulse

450

4.00 §

3.50 4 - - .\s”‘ —e—Rg=24 OHM; 3,86pC
o 3.00 X ot Rg=18 OHM, 3,52uC
3 250 \L ~¢~Rg=12 OHM; 3,07
5 200 % 9=12 13.07uC
gz N

150 ~#Rg=6 OHM, 2,504C

1.00 \\g\_‘ O Rg=3 OHM, 2,18C

0.50

0,00

0 10 20 30 40 50 60
f/kHz

Fig. 6 Maximum rating for output charge per pulse

Further application notes

The CMOS-inputs of the hybrid driver are extremely
sensitive to over-voltage. Voltages higher than Vg
+ 0,3 V or below — 0,3 V may destroy these inputs.
Therefore, control signal over-voltages exceeding the
above values have to be avoided.

Please provide for static discharge protection during
handling. As fong as the hybrid driver is not completely

8 031127
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assembled, the input terminals have to be short-circuited.
Persons working with CMQOS-devices have to wear a
grounded bracelet. Any synthetic floor coverings must not
be statically chargeable. Even during transportation the
input terminals have to be short-circuited using, for
example, conductive rubber. Worktables have to be
grounded. The same safety requirements apply to
MOSFET- and IGBT-modules!

The connecting leads between hybrid driver and the
power module should be as short as possible, the driver
leads should be twisted.

Any parasitic inductances within the DC-link have to be
minimized. Over-voltages may be absorbed by C- or
RCD-snubbers between the main terminals for PLUS and
MINUS of the power module.

When first operating a newly developed circuit,
SEMIKRON recommends to apply low collector voltage
and load current in the beginning and to increase these
values gradually, observing the turn-off behaviour of the
free-wheeling diode and the turn-off voltage spikes
generated accross the IGBT. An oscillographic control will
be necessary. In addition to that the case temperature of
the module has to be monitored. When the circuit works
correctly under rated operation conditions, short-circuit
testing may be done, starting again with low collector
voltage.

Itis important to feed any errors back to the control circuit
and to switch off the device immediately in such events.
Repeated turn-on of the IGBT into a short circuit with a
high frequency may destroy the device.

Mechanical fixing on PCB:

In applications with mechanical vibrations (vehicles)? do
not use a ty-rap for fixing the driver, but - after soldering
and testing - apply special glue. Recommended types:
CIBA GEIGY XP 5090 + 5091; PACTAN 5011; WACKER
A33 (ivory) or N199 (transparent), applied around the
case edge (forms a concave mould). The housing may
not be pressed on the PCB; do not twist the PCB with the
driver soldered on, otherwise the internal ceramics may
crack. The driver is not suitable for big PCBs.

SEMIKRON offers a printed circuit board (PCB) type
SKPC2006 compatible for mounting a SKHI 21A or
SKHI 22A. This PCB contains the necessary tracks to
connect the external capacitors Cce and resistors Rcg,
Ron, Rot (see fig. 1).

The PCB may directly be plugged to SEMITRANS 3-IGBT
modules and be fixed to the heatsink by 3 thread bolts.

Dimensions: Lx W x H = 96 x 67 x 1,5 mm.
For further details please contact SEMIKRON.

2. tested acceleration (x; y; z-axis):10-100 Hz: 1,5 g;
shock: 5 g (TUV according to LES-DB-BN 411002)

This technical information specifies devices but promises no characteristics. No warranty or guarantee expressed or implied is made

regarding delivery, performance or suitability.

© by SEMIKRON 031127
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Current Transducer LA 25-NP/SP25

For the electronic measurement of currents ;: DC, AC, pulsed,
mixed, with a galvanic isolation between the primary circuit
{(high power) and the secondary circuit (electronic circuit).

| Electrical data

(. Primary nominal rm.s. current 25 At
I Primary current, measuring range 0. +36 At
R,, Measuring resistance Rymn  Rumax

with £ 15 V @x25At 150 325 ¢
@x36At 150 190 ¢
. Secondary nominal rm.s. current 25 mA

K, Conversion ratio 1-2-3-4-5 : 1000
V. Supply voltage (£ 5 %) + 15 \%
. Current consumption 10 + 1 mA
v, R.m.s. voltage for AC isolation test, 50 Hz, 1 mn 2.5 AkVvDCHmMN)kV
Vv, R.m.s. rated voltage ", safe separation 600 VvV
basic isolation 1700 \%

Accuracy - Dynamic performance data
X, Overall accuracy @ I, . T, = 25°C + 06 %
€, Linearity <02 %
Typ | Max

Offsetcurrent? @ I, =0, T, = 25°C
Residual current @ I, = O, after an overload of 3 x I,

b Thermal drift of I -40°C .. + 85°C
t Response time® @ 80 % of 1,

di/dt di/dt accurately followed

f Frequency bandwidth (- 1 dB)

+ 0.05(+ 015 mA
+ 005+ 0.15 mA
+ 0.25|£ 0.70 mA

<1 Ks
>50 Alus
DC .. 150 kHz

ﬁGeneral data

I, = 5-6-8-12-25 A

PN

Features

(®Closed loop (compensated) multi-
range current transducer using the
Hall effect

(BPrinted circuit board mounting

(lnsulated plastic case recognized
according to UL 94-VO.

Special features

&V, = 25 kV (4 kV DC/5 mn)
®&T, = -40°C .. + 85°C.
Advantages

(PExcellent accuracy

(Very good linearity

®Low temperature drift

(®Optimized response time

PWide frequency bandwidth

(®No insertion losses

(PHigh immunity to external
interference

(&Current overload capability.

Applications

(BAC variable speed drives and servo
motor drives

T, Ambient operating temperature -40..+85 °C ®static converters for DC motor drives
T, Ambient storage temperature -850 .. + 100 °C (Battery supplied applications
R, Primary coil resistance (per turn) @ T, = 25°C <125 m#$ (Uninterruptible Power Supplies
R, Secondary coil resistance @ T, = 85°C 115 ¢ (UPS)
R,  Isolation resistance @ 500 V, T, = 25°C > 1500 M®  mswitched Mode Power Supplies
m Mass 22 g (SMPS)
Standards * EN 50155 ®Power supplies for welding
lications.
Notes : ¥ Pollution class 2 app
2 Measurement carried out after 15 mn functionning
¥ The result of the coercive field of the magnetic circuit
4 With a di/dt of 100 A/us
5 A list of corresponding tests is available 000425/4
LEM Components www .lem.com



Dimensions LA 25-NP/SP25 (in mm. 1 mm = 0.0394 inch)

Bottom view Right view Top view
26
3 10,16 el
4x254 10X @ 0.7x0.6mm N
1A m
~ é .' ‘ 5 ‘/ i | o —
T 1 5 A v 3 LEM ® swiss
~ e © P s made
% = 10 6 9 8‘ c€
2an = LAZ5—NP
1] — og
e | WTI
7.62 !1,61 _lois / A\
538 1524 538 16,45 Standard 00 Year Week
' or N° SP.
s 2 Secondary terminais Connection
1 T
l =
= m”" H u " ‘” e Terminal + : supply voltage +15 V in . " R
3 ; . + | R
5 Terminal M : measure ip LA 25-NP/SP25 M S M ov
Terminal - : supply voltage - 15V out 610 - -
Back view
Number | Primary current [Nominal Turns Primary | Primary insertion Recommended
of primary | nominal | maximum | output current ratio resistance| inductance connections
turns | L [A] |1, [A] ] [mA] Ky R, [me¢]|L, [uH]
54321 IN
0—0—0—0—0
1 25 36 25 1/1000 0.3 0.023
o0—0—0—0—-0

QUT 6 7 8 910
54321 IN

0—0—0
2 12 18 24 271000 1.1 0.09 oo )

OUT 67 8 910
54321

o—Q
3 8 12 24 371000 25 0.21 c>_0\\

OutT 67 8 910
54321

4 6 9 24 471000 4.4 0.37 X:Z\X

OUT 67 8 910
54321

5 5 7 25 5/ 1000 6.3 0.58 X\\X

OuT 67 8 910

N

N

N

Mechanical characteristics Remark
&General tolerance + 0.2 mm @l is positive when |, flows from terminals 1, 2, 3, 4, 5 to
(PFastening & connection of primary 10 pins terminals 10, 9, 8, 7, 6.
0.7 x 0.6 mm
{PFastening & connection of secondary 3 pins # 1 mm
(PRecommended PCB hole 1.2 mm

LEM reserves the right to carry out modifications on its transducers, in order to improve them, without previous notice.



Voltage Transducer LV 25-P

For the electronic measurement of voltages : DC, AC, pulsed...,
with a galvanic isolation between the primary circuit (high voltage)

and the secondary circuit (electronic circuit).

S ce

\gnnﬂ*/

&YEAHS of
| Electrical data

oy Primary nominalr.m.s. current 10 mA
I, Primary current, measuringrange 0.x14 mA
R, Measuringresistance Rumn  Rumax
with £ 12V @+10mA__ 30 190 ¢
@x14mA__ 30 100 ¢
with+ 15V @+10mA 100 350 ¢
@+14mA__ 100 190 ¢
Iy Secondary nominalr.m.s. current 25 mA
K, Conversionratio 2500:1000
V. Supply voltage (5 %) 12 ..15 \
I Current consumption 10@+15V)+lg mA
Vv, R.m.s. voltage for AC isolation test?, 50 Hz, 1 mn 2.5 kV
Accuracy - Dynamic performance data
X, Overall Accuracy @ I, . T,=25°C @=x12..15V 209 %
@+15V(£t5%) 08 %
€ Linearity <02 %
Typ | Max
[ Offsetcurrent@1,=0,T, =25°C +0.15 mA
L. Thermal drift of | 0°C..+25°C |£0.06|£0.25 mA
+25°C..+70°C [+0.10|+0.35 mA
t Response time? @ 90 % ofV,, 40 HS
General data
T, Ambientoperatingtemperature 0..+70 °C
T, Ambientstoragetemperature -25..+85 °C
R, Primary coil resistance @ T,=70°C 250 %
R, Secondary coil resistance @ T, =70°C 110 ®
m Mass 22 g
Standards EN50178(97.10.01)
Notes : " Between primary and secondary

2 R, =25k+¢ (L/R constant, produced by the resistance and inductance

of the primary circuit).

10 mA

PN
o = 10..500 V
Features

(®Closed loop (compensated) voltage
transducer using the Hall effect

®lnsulated plastic case recognized
according to UL 94-V0.

Principle of use

(BForvoltage measurements, a current
proportional to the measured voltage
must be passed through an external
resistor R, which is selected by the
user and installed in series with the
primary circuit of the transducer.

Advantages

(BExcellent accuracy

(Very good linearity

GLow thermal drift

(PLow response time

(DHigh bandwidth

DHigh immunity to external
interference

®Low disturbance in common mode.

Applications

(®AC variable speed drives and servo
motor drives

(MStatic converters for DC motor drives

(Battery supplied applications

Uninterruptible Power Supplies
(UPS)

®Power supplies for welding
applications.

981009/14
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Dimensions LV 25-P (inmm. 1 mm=0.0394 inch)
Bottom view Right view Top view
26
’-ﬂ—‘ 2x @0 635mm 44103 3
n # _+_I E :_
+HT -HT B LEM ® swiss
~ —  made
N N m
2 & 2 3
Ixa1mm LV 26-P
~] 00-DD DO
+ 4 #
' — + M'E' L:rf:P M/+\\— J
t 2X—7,—62 = 1643 4.5-/-03 Standard 00 Year Week
or N° SP..
Secondaryterminals
Terminal + :supplyvoltage +12.. 15V
- Terminal M : measure
Ern\_ L Terminat - :supplyvoltage - 12..15V
&
— , : ;
I m l N Connection
' " L
m‘i
+HT +rO——————— o+
s RM
LV 25-P Me—(D—TF+—o0V
f&—_ﬂ’—“
Back view wHro
Mechanicalcharacteristics Remarks
{Generaltolerance +0.2mm @l is positive whenV_is applied on terminal +HT.

(Fastening & connection of primary 2pins (PThis is a standard model. For different versions (supply

0.635x0.635mm voltages, turns ratios, unidirectional measurements...),
(PFastening & connection of secondary 3 pins # 1 mm please contact us.
{Recommended PCBhole 1.2mm

Instructions for use of the voltage transducer model LV 25-P

Primary resistor R, : the transducer’s optimum accuracy is obtained at the nominal primary current. As far as possible, R, should be
calculated so that the nominal voltage to be measured corresponds to a primary current of 10 mA.
a)R,=25k¢ /25 W, I,=10mA Accuracy = £ 0.8 % of V,, (@ T, = +25°C)

Example: Voltage to be measured V., =250V
byR,=50k¢#/1.25W, I, = 5mA Accuracy = + 1.6 % of V,, (@ T, = +25°C)

Operating range (recommended) : taking into account the resistance of the primary windings (which must remain low compared to R, in order
to keep thermal deviation as low as possible) and the isolation, this transducer is suitable for measuring nominal voltages from 10 to 500 V.

LEM reserves the right to carry out modifications on its transducers, in order to improve them, without previous notice.
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l 150 ohms for balanced dig
+| and 250 for unbalanced

T A LalA A o
I L |-_L-a A labc |
B a—l a ) # ’_1
— c I re |8 b: . - c C, . . AOA A o
a—l r yiv — 9uF A
Universal Bridge1 = |[C ¢ [ Three-Phase T PN N +
. SeriesRLC Branch 1 B N
L [Three-Phase T T
£ V4 Measureme T c
" L—‘l Three-Phase
. v e e
1 J’ Programmable
s _,J\/\/\/_ - Voltage Source
. o [T ]
_i_
Pulse P labc
Generator
Vdc »|Vde
Vdc_ref pwm
| Theta
N + &l K
Hysterisis Current Controller Eab | A Discrete,
theta Ts=2e-005s

This file simulates the shunt converter. The balanced and unbalanced dips are
simulated using line resistors. The series inverter is simulated as a dc source
and a resistor. The dc source is used to simulate the eftect of a voltage dip when
power flows from the series inverter to the shunt converter. The resistor represent
the power absorb by the series inverter when a dip occurs. The pulse generator
is used to switch on/off line resistors as well as the dc source + resistor.

Eac {

Calculating Grid
angle, theta




This is the "Calculating Grid angle, theta" block. The alpha and beta components of the supply voltage is
obtained form the modified clarke transform and theta calculated as arctan of Ubeta/Ualpha

1 » %
Eab |_> | >,
1/3
Product
Constant

Ly
. pe—o
Hsar(G) X theta

Consgtant1 Product2

A 4

& x

Eac (sart(3)/3
Constant2 Productt

A 4

X

1/3
Congant3 Product3




This is the "Hysteresis Current Controller” block. It consist of a P1 controller and a current regulator. The output of the Pl is the reference d-component
of the current while the g-component is set to zero for unity power factor. These two components are then transformed to the abc reference currents
which are compared tot he actual currents to obtain the swithcing signals for the shunt converter

Vdc_ref 3 PIVar iq*=0
- oltage ig*= .
.—H | labc*
Vdc Controller d e

Theta

Theta

dqg-Alpha/Beta-abc

P labc*

Pulses -—}
labc

Current regulator




This is the "dg-Alpha/Beta-abe" block. This is where the reference 3 phase currents are obtained form the d-q reference currents

1 >
X
Id* = o
Producté
(2 } P cos
Iq* -
Trig
Function3
>
. X
sin | « 0.5
Trg Constant3 Product2
Function1 Product4
3 1
Co— — > )
Theta
|,
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> > >
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Product8 (eart(3y
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| .
L
-
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Constant2 Product3




This is the "Hysteresis Current controller" block. This is where the actual currents are compared
to the reference currents to obtain the switching signals for the shunt converter.
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4:1 Transformers ™ vV V.V 7

10KW Load

Three-Phase
L ! Programmable
4\/\/\/_,__' Voltage Source

-4

Discrete,
Ts=2e-005s.

T
=
}

: ‘{> Ly
[ I ” 1
e i — :t

g
+
A AT o
' = g
: e ]
. >
c e
Universal Bridge <
1/z -
Control Algorithm
Eab v t Sl |
Ualpha_ref U_alpha
Eac . .. .
SVPWM Ubeta ref TTa The programmable voltage source is used to inject harmonics
- L U beta Vab 1Y - je—1 in the supply while the resistors are switched to obtain
Vdc - Vac dips and swells as well as unbalanced dips. A 600V dc
source is used to simulate the shunt converter.

SVPWM




Eab

Eac

Modified Clarke Transform

Eab

Eac

E_alpha

E_beta

Vab

b

Vac

Processing V_d_pos

V_d_pos

Ualpha_pos+neg

E_alpha

Ubeta_pos+neg

U_alpha

This is the "Control Algorithm" block. Two line-to-line voltages from the supply and load are used to obtain the alpha and beta components
of supply voltgae as well as V_d_pos of the load voltage.the suThe Sth and 7th harmonics as well as the positive and negative sequence

components that need to be injected into the system are added to obtain U_alpha and U_beta which are the inputs to the

Space Vector pwm algorithm

5th_alpha*® 1y
£_beta
5th_beta*
7th_alpha”
V_d_pos
7th_beta”
Subsystem1

U_beta



This is the "Modified Clarke Transform" block

1 >
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o < ==
Vab X T G ™ >
113 Band pass filter to filter
Product -
undetected harmonics
Constant »
—>
R+
>
X 1 amath
H(sat3))V3+—p S
Delay of 1/4 cycle for extraction
Product2
Constant1 of pos and neg seq voltage
. |-
Ll B Ll
Band pass filter to filter
undetected harmonicsi1
>
1 >
X
Vac (sqt(3))/3 —p»
Constant2 Product1
>
X
1/3
Constant3 Product3

V_d_pos

This is the "Processing V_d_pos " block. The alpha and beta components of the load voltage are calculated form two line-to-line
voltage using the modified clarke transform. These components are filtered to remove the undetected harmonics and then the

positive sequence voltage components are extracted. Finally, V_d_pos is calculated.



E_alpha
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3
5th_alpha*
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This is the "Subsystem!"” block. The alpha and beta components of the Sth and 7th harmonic are subtracted from the supply alpha
and beta components. The result is then filtered to remove the remaining undetected harmonics. Then, the positive and negative
sequence are processed and fed to their respective controllers. Gama_neg and Gama_pos are phase shifts added to eliminate the

effect of the filter and transformers combination. Gain_neg is used for the same purpose. Sth_alpha*, 5th_beta* ,7th_alpha*
and 7th_beta* are modified components of the actual harmonics that takes into account the presence of the filter + transformer.
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These two biocks perform
the half cycle averaging

»
P |ebeta e_alpha 1
5th_alpha

| Eaipha

thetaPos +—
angle

P{Ebeta

Detection of
positive seq angle

L
>

neg5th »|theta e_beta »( 2
5th_beta
d-q to alpha/beta
7th_alpha
P|ealpha e d a »|cd _ap
~ > e_alpha -—>
P-|ebeta
angle ear—> K Pea
pos7th plneta  obeta —}@
7th_beta

d-q to alpha/betat

R
Y o
Gain7th

gamabsth

gama7th

Gain5th

R s

eq

d-g to alpha/beta2

5th_alpha*

5th_beta*

e ¢ apha >

7th_alpha*

theta ©-Deta -—>

7th_beta™

This is the "5th & 7th harmonics detection” block. Only the negative sequence Sth harmonic and positive sequence 7th harmonic are detected to reduce the amount of compututation
in order to achieve a resonable large sampling trequency . The supply alpha and beta components are transformed to different synchronous frames where the 5th and 7th harmonics
are isolated. Then, using the half cycle averaging technique, they are measured. Thereafter, they are transformed back to the stationary frame. Gain7th, Gain5th, gama7th and
gama5th are introduced to eliminate the etfects of the combination of the low pass filter and of the transformers on the injected harmonics. The modified harmonic components are

mjected by the series inverter while the true components of these harmonics are used to obtain the fundamental components of the supply voltage.
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This is the "Detection of positive seq angle” block. The positive sequence voltage of the supply is first extrated. Bandpass
filters are then used for filtering all the harmonics present before the the supply positive sequence angle is computed



This 1s the "SVPWM " block. The SVPWM algorithm is processed here. First, the alpha and beta components are scaled down by the "Avoid Saturation”
block if they exceed the maximum limit. The sectors in which the vector lies are computed and three reference signals Aref, Bref and Cret are computed
These signals are then compared to a high frequency carrier to obtain the switching signals. These signals are then inverted for the other IGBTs.
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This is the "Avoid Saturation" block. The alpha and beta components from the control algorithm are limited to a maximum value so that the vector Uout does not exceed Vdce/sqrt(3).

First, the maximum allowable value of Ualpha and Ubeta is processed. Then, the actual values of Ualpha and Ubeta are compared to that maximum. [f they are smaller, they are
unchanged. However, if they exceed that maximum value, they are shrunk to the maximum value allowable.
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This is the "Finding Sector" block. The sector in which Uout lies is determined according to the flow chart given in chapter two of the thesis.



This is the "reference” block where the three reference voltage signals are produced
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This is the "Sector 1" block. Knowing the sector number, the reference signals can be calculated as described in chapter 2 of the thesis.
Only the code for sector 1 is shown in this appendix The code is very similar for other sectors. The only diference is in the
maths function used to calculate the reference signals which is sector dependent as described in the thesis
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A factor of 10 is also needed because of the property of the ADC block

This is the complete algorithm for voltage regulation, balancing and
harmonics mitigation. All measurements are read by the ADC blocks.
These signals are then amplified depending on the ratio of the LEM
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This is the "Modified Clarke Transform" block
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This is the "Processing V_d_pos " block. The alpha and beta components of the load voltage are calculated form two line-to-line
voltage using the modified clarke transform. These components are filtered to remove the undetected harmonics and then the
positive sequence voltage components are extracted. Finally, V_d_pos is calculated.



This is the "dg-Alpha/Beta-abe" block. This ts where the reference 3 phase currents are obtained form the d-q reference currents
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labc

This 1s the "Hysteresis Current controller” block. This is where the actual currents are compared

to the reference currents to obtain the switching signals for the shunt converter.
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This is the "PWM" block. The hy steresis switching signals are sent to the /o ports using the "master bit out" blocks. The switch is used to start and stop switching
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This is the "Control Algorithm" block. The 5th and 7th harmonics as well as the positive and negative sequence components that need
to be injected into the system are added to obtain U_alpha and U_beta which are the inputs to the Space Vector pwm algorithm
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- This is the "Subsysteml" block. The alpha and beta components of the 5th and 7th harmonic are subtracted from the supply alpha
3 sth aion and beta components. The result is then filtered to remove the remaining undetected harmonics. Then, the positive and negative
alpha* . . . .
Sth. l‘ 2P sequence are processed and fed to their respective controllers, Gama_neg and Gama_pos are phase shifts added to eliminate the
_alpha effect of the filter and transformers combination. Gain_neg is used for the same purpose. 5th_alpha*, 5th_beta*,7th_alpha*
5th_beta* . . - . - L s
. and 7th_beta* are modified components of the actual harmonics that takes into account the presence of the filter + transformer.
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These two blocks perform
the half cycle averaging

1

y

P-|ealpha | »
E_aipha o |obeta = o apa] GainSth
L
vl i T I
E_beta angle . 0%( 5th_alpha”
ka— >
neg5th ptheta  ©-beta —»(2 ) gamasth .
5th_beta 5th_beta
d-q to alpha/beta
7th_alpha
» -
P ealpha -, 4 —p- K- Ped
. » e_alpha — P
—Pp-|ebeta
R g el A Rl
pos7th pltheta oDeta -—>
7th_beta
LPp|Ealpha d-g to alpha/betat
thetaPos
angle
»|Ebeta P D ed ¢ apha L}
—» Pleq 7th_alpha*
Gain7th
Detection of theta ©-beta —_>
positive seq angle

L 7th_beta*
d-q to alpharbeta2 -

gama7th

This is the "5th & 7th harmonics detection” block. Only the negative sequence S5th harmonic and positive sequence 7th harmonic are detected to reduce the amount of compututation
in order to achieve a resonable large sampling frequency . The supply alpha and beta components are transformed to different synchronous frames where the Sth and 7th harmonics
are isolated. Then, using the half cycle averaging technique, they are measured. Thereafter, they are transformed back to the stationary frame. Gain7th, Gain5th, gama7th and
gamaSth are introduced to eliminate the effects of the combination of the low pass filter and of the transformers on the injected harmonics. The modified harmonic components are
injected by the series inverter while the true components of these harmonics are used to obtain the fundamental components of the supply voltage.
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This is the "Detection of positive seq angle” block. The positive sequence voltage of the supply is first extrated. Bandpass
filters are then used for filtering all the harmonics present before the the supply positive sequence angie is computed
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This is the "SVPWM" block. The SVPWM algorithm is processed here. First, the alpha and beta components are scaled down by the "Avoid Saturation"
block if they exceed the maximum limit. The sectors in which the vector lies are computed and times T1 and T2 are found. The sector number and the two
times are then fed to the DS1104SL_DSP_PWM SV block which produces the switching signals on the CPL1104 panel
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This is the "Avoid Saturation" block. The alpha and beta components from the control algorithm are limited to a maximum value so that the vector Uout does not exceed Vdc/sqrt(3).

First, the maximum allowable value of Ualpha and Ubeta is processed. Then, the actual values of Ualpha and Ubeta are compared to that maximum. [f they are smaller, they are

unchanged. However, if they exceed that maximum value, they are shrunk to the maximum value allowable.



This is the "Determining times t1 and t2" block. Knowing the sector number, T1 and T2 in each sector can be calculated.

All these times are then added together to give the final times T1 and T2
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This ts the "Finding Sector" block. The sector in which Uout lies is determined according to the flow chart given in chapter two of the thesis.
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Thus is the block "Sector 1", Note that blocks for the remaining sectors are not shown in this appendix but they are similar to this one.
Only the mathematical formulae, T_1 and T_2, changes according to the code describe in chapter 2 of this thesis.
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