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Abstract:
Flicker at load locations is primarily caused by cyclically and randomly varying loads. Mitigation of
flicker has always been a challenging task due to the speed of response necessary for the intervening
device to perform the correcting action. Recent developments in technology of Pulse Width Modulated
(PWM) AC/AC converters make it possible to realize a fast acting variable impedance. The
development of a Solid State Flicker controller (SSFR) was accomplished by using a PWM buck
AC/AC converter to interface between the AC line and a capacitor bank. A Digital Processing System
(DSP) was used to perform the appropriate computations to control the line voltage. This study was
performed to develop a 480V, 8OKVA prototype, which would be the foundation for the development
of higher rating devices. In addition to this development, the characterization of potential devices for
scaling to higher voltage levels such as Integrated Gate Commutated Thyristors (IGCTs) and MOS
Turn off Thyristors (MOS) was performed and the implementation possibilities were studied. . 
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ABSTRACT

Flicker at load locations is primarily caused by cyclically and randomly varying 
loads. Mitigation of flicker has always been a challenging task due to the speed of 
response necessary for the intervening device to perform the correcting action. Recent 
developments in technology of Pulse Width Modulated (PWM) AC/AC converters make 
it possible to realize a fast acting variable impedance. The development of a Solid State 
Flicker controller (SSFR) was accomplished by using a PWM buck AC/AC converter to 
interface between the AC line and a capacitor bank. A Digital Processing System (DSP) 
was used to perform the appropriate computations to control the line voltage. This study 
was performed to develop a 480V, 8OKVA prototype, which would be the foundation for 
the development of higher rating devices. In addition to this development, the 
characterization of potential devices for scaling to higher voltage levels such as 
Integrated Gate Commutated Thyristors (IGCTs) and MOS Turn off Thyristors (MOS) 
was performed and the implementation possibilities were studied. .
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I.  INTRODUCTION

In the last few years, power quality has become a very important subject due to a 

variety of reasons. Power utilities have to adjust to changes in the business environment 

of the distribution system [I]. The changes in the power industry are mainly due to 

deregulation of the industry and new technology power requirements such us higher 

switching frequencies, and smaller transition time. In a widely held scenario, utilities may 

seek to gain competitive advantage by forming a close relationship with customers 

providing them with services that go beyond the provision of energy. Hence, power 

quality has become an important subject to meet customer’s demands. Reduced flicker 

falls into this scenario and has become an important customer satisfaction measure in 

problematic situations [I, 2], Although Flicker in electric lighting is indeed an old 

subject, flicker control has always been a very difficult problem that has been constantly 

observed since the late 1800’s [3].

Flicker at load locations is commonly caused by a drop in the power supply voltage 

due to rapidly varying loads like arc furnaces, high starting currents drawn by large 

motors in heavy industries, and other motor driven appliances. They cause irritation to 

workers eyes and may cause modem electronic computing equipment to malfunction. 

Consequently focus on flicker has reemerged and methods of mitigation are once again 

the goal of many studies [4, 5, 6, 7].



2

The objective of this thesis is to discuss the development of a fast acting, 

continuously variable reactive power source. The reactive power source can be used to 

eliminate supply voltage variations caused by changes in load demand and ultimately 

improve power quality by reducing visible light flicker and voltage fluctuations, which 

may disturb sensitive loads.

Chapter 2 will present the origin of flicker and will develop the relationship 

between voltage fluctuations and light flickering. In Chapter 3, flicker control strategies 

will be presented and several options for voltage regulation will be illustrated using 

different types of reactive power compensators. Chapter 4 will focus on the Pulse With 

Modulated (PWM) shunt converter proposed to implement the fast acting reactive power 

supply aimed to mitigate flicker. The topology, circuit design and control strategies will 

be presented in this Chapter. In addition, simulations for cyclic and modulated loads will 

be shown along with selected experimental test results.

Chapter 5 studies the possibilities of using two state of the art high power 

semiconductor switches to realize the PWM solid state flicker controller. The Isolated 

Gate Commutated Thyristor (IGCT) and The MOS Turn off Thyristor (MTO™) were 

tested. The switching characteristics and the on-state characteristics of these devices were 

analyzed in order to present a recommendation on the use of these devices in a converter 

setting. Chapter 6 presents the conclusions of the studies and prospects for future 

investigations on this research.
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2. ORIGINS OF FLICKER

2.1 Introduction

Ideally, an electric power utility would maintain a steady voltage at all customer 

locations independent of the variations in current drawn by a diverse variety of loads. 

Unfortunately, economics and operating constraints dictate that the dream of an ideal 

power system, with steady voltages to be unrealizable. ,

Loads like arc furnaces, thyristor drives for rolling mills and other motor driven 

appliances can exhibit current demand that can fluctuate from zero to high values in a 

cyclic or random manner. These current variations result in fast reactive power (VAr) 

fluctuations and ultimately in voltage deviations at the Point of Common Coupling 

(PCC). A series of recurrent such voltage disturbances produce repeated flickering of the 

lighting in the lamps ■ connected to the system. Flicker is most commonly present in 

incandescent light bulbs, but flicker can also be seen in modem computer equipment 

among other devices. Light variations can be extremely annoying, especially if the 

frequency of repetitive variation is between 5 Hz and 30 Hz [3, 6 ].

Flicker is often defined as the effect of the combination of two factors: I) 

Deviation in voltage supplying lighting circuits. 2) Perception of change in light intensity 

due to the deviations in voltage [3]. Hence it follows that the study of light flicker can be
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divided in two stages, the voltage deviation stage and perception of light fluctuation 

stage. Analysis of these two stages will be presented in the following sections.

2.2 Voltage Deviation Stage

(a) (b)

Figure 2.1. (a) Equivalent Circuit of Load and Power Supply System, (b) Phaser

Diagram of Figure 2.1(a)

Figure 2.1(a) shows a single line schematic of a typical load and power supply 

system, where V ref represents the nominal value of voltage expected at the PCC, Vpcc 

the actual voltage at the point of common coupling, R+jX the Thevenin equivalent 

impedance of the supply, Vx is the voltage drop across the line impedance and ILoad the 

load current. Figure 2.1(b) shows the phasor diagram for the circuit in Figure 2.1(a). As 

can be observed, from the phasor diagram, the magnitude of the voltage Vpcc depends on 

Vref and Vx in the following fashion:

PCC ' Vref Equation 2.1
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where Vpcc, Vref and Vx are vectors and.

Vx = I Load ' (R + jX) Equation 2.2

In order to derive an appropriate equation for the voltage drop in the line 

impedance, it is necessary to define the load current (Ii,oad) shown in Figure 2 .1 .. Itoad can 

be defined in terms of the power and the voltage at the PCC [8]. The apparent power at 

the load is:

Spec = Ppcc JQpcc Equation 2.4

where Spec represents the apparent power, Ppcc the real power and Qpcc the 

reactive power at the PCC. Now, Ipoad can be defined as:

L Load
_  ^  PCC - J QPCC

PCC

Equation 2.5'

so that Iioad from equation 2.5 can be replaced in equation 2.2 and Vx can be defined in 

terms of the power as:

Vx = ( ^ 4 - ^ ) Ppcc Q pcc

V,PCC

Equation 2.6

As shown in Equation 2.2, Vx depends directly on the current through the line 

impedance. Consequently if the load current varies, Ppcc and Qpcc vary. Simultaneously, 

the voltage Vx varies, thus Vpcc will vary in the following manner:

Vpcc(0=(R+;%)
Ppcc (0 Q pcc (0

Fx (0
Equation 2.7

Therefore, when the load current is time dependent, the magnitude variation in Vx

becomes time dependent. Subsequently, the voltage at the PCC becomes time dependent
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and the voltage deviation (AVpcc) will vary as well. The relative voltage deviation at the 

point of common coupling denoted AUpcc is defined as follows:

AF
AEZpcc =- — PCC Equation 2.8

Krcc

The fiequency of the voltage fluctuation in combination with AUpcc will be the 

cause of light flickering in lighting circuits connected at the same bus. The following 

section will show how light flickering is noticeable under certain conditions related to the 

frequency and AUpcc.

2.3 Perception of Light Fluctuation

In the foregoing discussion, voltage variations due to changing demands of load 

current have been established, it is however more difficult to determine the effect of the 

perception of light fluctuation.

Light flickering can be present in electric and non-electric settings, because 

flicker is associated with light and eye perception by the human eye. For instance, 

candlelight emits flicker due to the change in brightness and it can also be annoying to 

the eye; but this case has no engineering solution. On the other hand the electric settings 

such as the incandescent and fluorescent lamps flicker can be analyzed and quantified.

Light can be produced from electrical energy in a number of ways [5]. The most 

popular method is thermoluminescence or the production of light from heat. With this 

technique, light is produced by means of a heated filament lamp, in which the filament is 

incandescent. The temperature of a filament lamp is usually around 2500°C. The 

electrical energy supplied to the incandescent lamp will be dissipated as heat and light
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(typically 95% heat and 5% light). The dissipation proportions will vary depending on the 

filament material. The most popular material in the fabrication of light bulbs is tungsten 

because it is strong, yet ductile and has a very high melting point. Nevertheless other 

materials are used and the thermal characteristics may vary. The quantity of visible light 

depends on the filament temperature and ultimately on the power supplied. Therefore, 

the output light of the bulb is measured in lumens per watt of electric input [5],

When the light bulb’s power source changes, the temperature in the filament will 

change and light flicker may occur. Contrary to instinctive speculation, not all voltage 

fluctuations result in light flicker. In general, the most sensitive changes in light intensity 

are a result of the voltage variation with frequencies between 5 and 30 Hz. The 

combination of low frequency changes in the load current and the percentage of voltage 

change AUpcc are ultimately what results in flicker.

In order to analyze the human process of flicker evaluation, the procedure has 

been divided in several stages, Figure 2.2 shows the different stages involved in the 

recognition of light variation.

A UPCC

Figure 2.2: Flicker Perception Process.



8

The first stage involves the voltage deviation presented in Section 2.2. This stage 

is represented in Figure 2.2 with the relative voltage variation AUpCc- As stated in the 

prior section, when the voltage at the lighting circuit changes, there will be variations in 

the light intensity and consequently, illumination fluctuation. This process corresponds 

to the second stage in the flicker evaluation shown in Figure 2.2. Then, the illumination 

fluctuation will be accounted for by the brain through the eye. Subsequently, the process 

of registering the images from the eye by the memory in the fourth stage. Finally, The 

fifth stage involves the processing of the images in the brain where the feeling of 

displeasure will arise.

______ I ' Il — J I _______ 8.8 Hz _________________ ________
1 2 3 4 5

voltage adapter Light intensity-illumination fluctuation Bulb to eye Eye -brain- memory Statistical evaluation

Figure 2.3: Flicker Perception Process Block Diagram

Each one of the stages presented in the previous paragraph has been implemented 

in an apparatus called flickermeter. The flickermeter evaluates flicker by means of 

reproducing the lamp response and the human perception based on the voltage fluctuation 

at the bus where the illumination circuitry is connected. Figure 2.3 illustrates the basic 

block diagram of a flickermeter, where each one of the stages mentioned above has been 

realized by means of electronic equipment [9].
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In Figure 2.3 input voltage (Vi) corresponds to the voltage at the lighting circuit 

source. During stage I of the block diagram, the input voltage is adapted to the necessary 

level for the internal circuitry in the voltage adapter block. The output of this block will 

correspond to a voltage proportional to AUpcc in Figure 2.2.

Then, in the second block, Vi is squared to simulate the light intensity. Then it is 

filtered to obtain only the components of voltage having the potential of producing 

flicker, that is, voltage with frequencies up to 35Hz. This is realized using stage 2 in 

Figure 2.3.

The relationship light to eye has been implemented in the third block using a 

transfer function with variable gain, where the highest gain is present at 8.8 Hz, 

corresponding to the frequency most sensitive to the human eye.

Stage 4 of the flickermeter implements the linlc between eye, brain, and memory 

by squaring the signal and filtering once more. As shown in Figure 2.2 the brain must 

manipulate the information from the eye in two different parts. The first time the 

information is processed in the area where the vision is located and then the information 

is handled in the area of the brain where the memory is maneuvered.

The output of stage 4 is the instantaneous flicker sensation registered by the brain 

this quantity is commonly Icnown as PF5. A unity value of PF5 implies that the voltage 

fluctuation has reached the level of perceptibility. Block 5 constructs a cumulative 

probability function based on PF5, the purpose of this statistical evaluation is to establish 

the Short Term flicker (PST) for a 10 minute study or the Long Term flicker (PLT) for a 

2 hour study. One must always keep in mind that the actual change in intensity and
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flicker perception and annoyance would be influenced by the type of lamp used and the 

individual perceiving the changes in light intensity.

3

2

AUpcc0//°

00.1 I 10 100
frea

Figure 2.4: Input Relative Voltage Fluctuation AUpcc for Unity of Perceptibility at

Output

As suggested in the prior paragraphs, the relative voltage fluctuation at the point 

of common coupling (AUpcc) resulting in flicker vary for different fluctuation 

frequencies. Figure 2.4 presents the voltage fluctuations that result in one unit of 

perceptibility (PF5=1) for various frequencies. This curve is based on the values 

developed by the International Electrotechnical Commission (IEC) [9], As may be 

observed from Figure 2.4, the worst case scenario occurs at 8.8Hz, when a relative 

voltage fluctuation of 0.25% results in instantaneous flicker sensation, PF5%=1.

Thus, AUpcc is the variable subject to control that can resolve the flickering 

problems. Minimization of the relative voltage fluctuation to values lower than 0.25% for 

any frequency will have an outcome of PF5 lower than unity and consequently no light

PF5% = I



flicker perceptible by the human eye. This particular concept is therefore the basis of 

flicker alleviation in this project.

There are other existing guidelines such as the ones set by The Institute for 

Electrical and Electronics Engineers (IEEE 141 and IEEE 555-2), the protocol developed
t

by the International Union for Electroheat (UIE 120) and the International 

Electrotechnical commission (IEC) guidelines [3, 6, 9]. Discussions regarding IEEE 

adopting IEC standards have taken place and arguments regarding the validity of he 

curves in modern light sources have been studied in recent years [3],

The standards mentioned above may have some variations among them, as can be 

observed in the Appendix I. However, reduction in the voltage fluctuations and more 

accurately AUpcc, will always result in reduction of PF5 arid therefore, reduction of 

flicker perception.



3. FLICKER CONTROL STRATEGIES

3.1 Introduction

For many years, mitigation of flicker has been a challenging task for the power 

industry. Engineers have been trying to reduce light flickering since the introduction of 

ac power distribution [3], The main obstacle to controlling flicker has been the speed of 

response necessary for the intervening device to perform the correcting action. Another 

constraint is the economics associated with the management of power.

As presented in Chapter 2, flicker at load locations is primarily caused by 

cyclically and randomly varying loads. These loads produce voltage dips hazardous to 

operation of protective equipment or light flicker greatly annoying to the eye. It was also 

established from the definition of flicker that the flicker controller has to be based on 

voltage control at the Point of Common Coupling (PCC). Minimization of the voltage 

fluctuation to values resulting in instantaneous flicker sensation (PF5) lower than unity 

will result in no light flickering perceptible to the human eye.

This chapter is dedicated to study some of the most popular methods to control 

power and their application as voltage regulating devices and ultimately as flicker 

mitigating units. The classical approach for power regulation will be presented but the 

focus of this chapter is the regulation using state of the art technology and more 

accurately real time power compensators. The basic theory of reactive compensators will
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be presented and the Static Var Compensator (SVC), the multilevel inverter, and the 

PWM ac-ac converter will be studied. The potential of flicker control using these devices 

will be discussed.

3.2 Voltage Regulation Methods

The classical approach to improve voltage regulation has been to increase the size 

and number of generating units or to make the network more densely interconnected. 

However, this method has proven to be very expensive and insufficiently effective. More 

recently, techniques based on reactive power management have been. This approach is 

more practical and economic. The concept of reactive power management is established 

by sizing the power system according to the maximum demand of real power, and to 

manage the reactive power by means of compensators and other equipment [8].

As stated in Chapter 2, light flickering can be reduced by regulating the voltage at 

the PCC such as that:

I VPcc N I  vItEF I Equation 3.1

Where Vpcc is the voltage at the point of common coupling and Vref is the the nominal 

value of voltage expected at the PCC. Regulation of Vpcc will result in minimal variation 

in the magnitude of Vpcc. Therefore, the relative voltage deviation at the point of 

common coupling (AUpcc) as defined in Chapter 2, will become insignificant, thereby 

decreasing PF5.
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Recalling Equation 2.6 in Chapter 2, the time dependant relationship between the voltage 

drop across the line impedance (Vx) and QpCc maybe described as,

Ppcc (0 Qpcc (0 
Ppcc (f)

Equation 3.2

where R=JX is the line impedance, PpCc is the real power at the PCC, Qpcc is the reactive 

power at the PCC and V?cc is the voltage at the PCC. Clearly, QpCc is the variable to 

manipulate in a less complicated manner. Controlling the reactive power Qpcc, by means 

of introducing a reactive power source in parallel with the load may result in voltage 

regulation at the PCC. Under this condition, the total reactive power at the PCC will be:

Qpcc = Ql + Qc Equation 3.3

where Ql will be the flicker generating load reactive power and Qc is the controlled 

reactive power. Qc will then be the variable to be adjusted until the magnitud of Vpcc is 

equal to V ref, as proposed in equation 3.1. Typically, Qc will have opposite sign of Ql.

Equation 2.1 in chapter 2, defined the relationship Vx , Vref and Vpccto be

Vpcc = Vref — Vx ■ ' Equation 3.4

therefore,

Vbef = Vx + Vpcc Equation 3.5

The magnitude of the V ref as a function of active and reactive power, can be 

derived by replacing Vpcc from Equation 3.2 in Equation 3.5 as follows:

Vref — (a  + y f ) Ppcc (0  Qpcc Qy
PPCC  ( 0

+ V,PCC Equation 3.6
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Separating real and imaginary terms, and replacing Qpcc from Equation 3.3,

V ref fpcc +
R • Ppcc + V  • (Ql +<2c)

VtPCC
+ J X  ' PPCC  +  ^ ' ( Q l  + Q c )

V1PCC

Equation 3.7

Consequently, the magnitude of V ref is [8]

IV,REF VPCC +
R-Prcc+X-(Q1+ Qc)

V,PCC

r  !

+ x  'Ppcc+R'iQi +6c)
V1

Equation 3.7
PCC

In order to regulate the voltage at the PCC it is necessary to have the appropiate 

reactive power Qc that will make the magnitude at the point of common conection equal 

to the source voltage. Equation 3.7 presents the relationship between V ref and Qc, as can 

be observed, a purely reactive compensator can regulate the reference voltage for real and 

reactive power changes. The required reactive power compensation can be found by 

solving Equation 3.7 for Qc, with V ref = Vpcc-

3.3 Power Compensators

As described above, voltage control may be realized through reactive power 

compensation. In general, the compensation system’s most important function is to 

maintain a substantially steady voltage profile therefore maintaining the relative voltage 

change AUpcc lower than the limits for unity PF5.

Compensators can be classified as passive and active. Passive compensators 

include series capacitors and linear reactors, which can be permanently connected or 

switched but are incapable of dynamic performance. The steady characteristics of the
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passive compensators make them more appropriate for static applications. Consequently, 

these types of compensators are unable of providing the dynamic minimization of voltage 

fluctuation to mitigate flicker.

On the other hand, active compensators are capable of continuous variation and 

rapid response. These types of compensators are usually shunt connected devices, which 

make them more versatile. There is a great diversity of shunt connected converters [8, 6], 

Operation of the Static VAr Compensator (SVC), and the multilevel Voltage Source 

Inverter (MLI) are reviewed in this section. The Pulse Width Modulated (PWM) ac-ac 

converter based shunt compensator is proposed as an alternative method for realizing 

active compensators and it is the primary focus of this study.

Lighting
circuit

ac-ac PWM 
Compensaror

Figure 3.1: Flicker Controller Location

Figure 3.1 shows the location chosen for the flicker controller. An advantage of a 

shunt location is that the flicker-generating load can be counterbalanced locally. The 

controller will support the bus voltage with reactive power and hence, regulating Vpcc-
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By appropriately injecting a controlled amount of reactive current to the PCC, the effect 

of active and reactive components of the current in the line impedance can be controlled.

3.3.1 The Static VAr Compensator

The Static VAr Compensator (SVC) is the most common reactive power shunt 

compensator. The first SVC used in a transmission system was installed in 1967 and the 

first thyristor controlled SVC was on service in 1978 [5], The SVC is considered the 

most reliable and efficient reactive power management device [8, 11].

■ _̂_ Thyristors

Figure 3.2: Power Circuit Schematic of the Static Var Compensator.

Figure 3.2 shows the simplified schematic of the SVC Diagram. The SVC is 

composed of two parts, the thyristor controlled reactors (TCR) which consist of reactors 

and thyristors, and a capacitor bank. Hence, SVC is capable of generating reactive power 

as well as absorbing reactive power. During the generation and the absorption modes, the 

SVC uses both elements, the inductor and the capacitor bank. Only one of the reactive 

elements is variable, typically the reactor.
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The TCR is controlled through the conduction of the thyristors in series with the 

reactor. The conduction is controlled by the gating delay angle a  of the thyristors . The 

effect of increasing the angle a  is to reduce the fundamental harmonic component of the 

current [8].

The conduction angle a  is related to the gating angle a, as follows:

cr = !(tt -  a)

The reactive power supplied by the SVC maybe determined to be,

z . \
Qsvc ~

cr-sm  cr 
K-X,

-V1PCC

Equation 3.8

Equation 3.9

a  = 90°
a  = 180°

a =  100°
CT = 160°

a  = 150°

Figure 3.3: Waveforms for Different Conduction Angles [8]

Figure 3.3 presents the variation output current as a function of the control angles. 

The change in current is equivalent to a variation in the equivalent impedance of the



19

reactor, thereby reducing its reactive power consumption, as well as the current. 

Consequently, the TCR in conjunction with the capacitor bank may be considered to be a 

controllable susceptance, and can therefore be used as a reactive power compensator.

The TCR has shown reduction of flicker of about 2:1 and 3:1 if it is given a 

sufficiently fast control system and low per unit reactance. However, reduction for 

frequencies above 5Hz has not been very successful, and a substantial amount of 

harmonics is introduced in the system. [5]

3.3.2 The Multilevel Inverter

Multilevel Inverter (MLI) type converters have been amply investigated in the last 

decade. The employment of these compensators in reactive power management 

applications has been proposed and several prototypes have been developed [3, 11]. 

Similar to the SVC, the MLI has the capability of injecting and drawing reactive power.

T  Ca2

'T' Ca4

Figure 3.4: Simplified Nine Level Multilevel Inverter Diagram [12]
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Figure 3.4 shows the schematic of a nine level single phase multilevel inverter. 

This inverter can be used as a variable compensator by means of varying the dc voltage 

across the capacitor in each one of the levels. The MLI needs to be coupled to the line by 

means of a transformer. The coupling transformer functions also as series impedance 

with the inverter. The reactive power supplied by this type of compensator is given by

'M IA
K 1CC ^M LI

x... -V1PCC Equation 3.10

where Q mli is the reactive power output, V mli is the output voltage of the multilevel 

inverter and Xj is the series inductance of the coupling transformer. It is important to 

mention that the voltages must be synchronized such that the phase angle between them 

is zero at steady state.

PCC

rREF

rMLI

1MLI

V 1PCC

MLI

Vref Vml,

Figure 3.5: Phaser Diagrams of the MLI. (a) Reactive Power Source Mode 

(b) Reactive Power Absorption Mode

As shown in Figure 3.5(a), at steady state the voltage drop at the multilevel 

impedance X , V Mli has a 180 degree phase shift with respect to V p cc  and V m li- This
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phase shift is a result of the difference in the magnitude of the output voltage of the 

multilevel inverter and voltage at the PCC. Hence, the current It will have a phase shift 

of 90 degrees with respect to the VpCc and V m l i - In this particular instance, the multilevel 

inverter will cause an injection of reactive current to compensate for the current drawn by 

the flicker-causing load.

Figure 3.5(b), presents the vector diagram for the multilevel inverter in reactive 

power absorption mode. A t steady state, the voltage drop at the impedance X , V mli is in 

phase with Vpcc and V mli- Consequently, the current It will have a phase shift of -90 

degrees with respect to the VpCc and V mli- Hence, the multilevel inverter will consume 

reactive power.

The means of control for this compensator is the conduction time for the 

switching devices in each phase and the amount of the voltage across each level.

Vout

VCa4

VCa3

VCa 2

VCa 1

Figure 3.6:Waveforms of the Nine Level MLI. [12]
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Figure 3.6 shows the output waveforms of the nine level MLL The use of 

capacitors in the MLI is to provide a stiff voltage source at each level. The 

synchronization of the inverter with the Vpcc allows the delivery of some real power to 

the dc capacitors. The Power delivered to the MLI, P, maybe determined to be [12]

^ P C C  " ^ M L I  " S ^ n  a

X t
Equation 3.9

Where a  is the phase angle between Vpcc During Vmli is controlled so that it lags 

or leads Vpcc by a. This allows for either charging or discharging the dc bus capacitors. 

However, as mention before, the angle a  is zero at steady state.

As presented in Figure 3.5 the output voltage of the converter is the sum of the 

four-inverter unit outputs. It may be observed that the output waveform may introduce a 

significant amount of harmonics to the system. Some of the factors involved in the 

amount of harmonics introduced are the number of levels, the synchronization of the 

switching times and the inductor capability to perform as an effective filter.

3.3.3 The PWM Based Shunt Compensator

PWM AC-AC converters were introduced for realizing various power flow 

control functions [11]. They offer high-speed control compared with phase angle based 

controller such as the SVC and simplicity compared with the inverter-based controllers 

such as the multilevel inverter. These qualities make it ideal for the realization of a fast 

acting, variable reactive power supply, the PWM converter has the potential of
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maintaining a steady voltage profile and therefore, reducing AVpcc. This regulation should 

lead to reduction of light flickering.

Gate driver _

Gate driver _

Gate driver _

Figure 3.7: The PWM Based Shunt Compensator simplified Circuit Diagram

Figure 3.7 shows the PWM converter to be used as an interface between the ac 

line and a capacitor bank referred to as C2 in the figure.

The conduction time for the semiconductor switches is the means of control for 

this compensator. By varying the duty ratio of the switching signal, the output current can 

be varied and consequently the reactive power injection can be controlled. This 

configuration offers a simple duty ratio control of percentage compensation. The duty 

ratio (D) can be calculated in terms of the load reactive power in order to provide the 

appropriate amount of reactive power and compensate for the power drawn by the load. 

D will have a maximum value of one at which time the converter will provide
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approximately the- rated reactive power. The minimum value of D is zero where there is 

virtually no power injection.
I  .

A Digital Signal Processing system (DSP) is used to perform the duty ratio 

control based on measurements of the load reactive power. A simple and effective 

algorithm outputs the optimum duty ratio to perform reactive power control at the PCC. 

The DSP allows a real time compensation with optimum speed response as a result of the 

use of DSP iterative algorithms.

In contrast to the SVC and the multilevel inverter, the PWM converter can Only 

generate reactive power, it can not absorb reactive power. In the application under study, 

this limitation doesn’t become an issue because the purpose of the converter is to 

compensate for large amounts of reactive power drawn from, the PCC. If the 

flicker-mitigating unit absorbs reactive power, it will then become part of the problem, 

not the solution.

The most critical specification for a compensator to be utilized in flicker reduction 

is the speed response. Consequences of the delay time in flicker reduction applications 

have discussed in the past [5]. Typically, if a compensator has a control time delay of 

10ms, no matter what the voltage rating, it can reduce flicker but not in a significant 

amount. On the other hand, if the delay is greater than 20ms flicker can be accentuated 

for several frequencies [5], The switching times of state of the art semiconductors used in 

PWM applications have increased dramatically, therefore decreasing the response time, 

and harmonics. These advances in technology have broadened the possibilities of devices 

such as the PWM converters in applications such as voltage regulation.
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The objective of this thesis was centered in the investigation of a PWM ac-ac 

converter for voltage regulation to be used for flicker mitigation. Chapter 4 is dedicated 

to a detailed study a Solid State Flicker Controller (SSFR) based on a PWM ac-ac 

converter. The design and control strategies will be presented as well as the simulations 

and several testing procedures.

)
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4. THE SOLID STATE FLICKER REGULATOR

4.1 Introduction

As presented in chapter 2, flicker at load locations is primarily caused by cyclically 

and randomly varying loads. These loads produce voltage dips hazardous to operation of 

protective equipment or light flicker greatly annoying to the eye. It is clear from the 

definition of flicker, that the flicker controller has to be based on voltage control at the PCC. 

Minimization of the voltage fluctuation to values resulting in PF 5 lower than unity will result 

in no light flickering perceptible to the human eye.

In Chapter 3, the reactive power control theory was developed and several means of 

power regulation were introduced. The most practical method of reactive power management 

introduced in the previous chapter was the active compensator. Several reactive power 

compensators topologies such as the SVC, the multilevel inverter, and the PWM ac-ac 

converter were presented.

This chapter is dedicated to the detailed presentation o f the PWM ac to ac converter 

to be used in a flicker mitigation application.

4.2 Power Theory and Analysis

The relationship between the voltage at the PCC and the reactive power was 

presented in chapter 3 as:
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IV1R E F P̂CC + ^ ‘ PpCC + % -{QL + Q c)
V1PCC

+ X -P pcc + ̂ ' (&  + 6c )
P C C

Equation 4.1

where R is the line resistance and X is the line reactance, Vpcc is. the voltage at the PCC, 

Vref is the nominal voltage expected at the PCC, Ppcc is the real power at the PCC, Ql is the 

reactive power of the flicker causing load and Qc is the reactive power supplyed by the ac-ac 

PWM based compensator. In Chapter 3, Qpcc was defined as:

Q pcc ~ Ql Qc Equation 4.2

The magnitude of the voltage at the PCC presented in Equation 4.1 can be simplified 

by means of comparing the order of magnitude of the terms in the equation. In general, the 

X/R ratio in transmission lines varies from 10 to 50 [3, 5]. Therefore the terms including the 

line resistance are considered negligible with respect to the terms involving the reactance. 

Consequently, Equation 4.1 can be simplified to:

IV1REF Vpcc +
PCC

PCC

+ PCC

V,PCC

Equation 4.3

By appropriately injecting a controlled amount of reactive current at the PCC, the 

effect of active and reactive components of current and volatge drop caused by the line 

impedance can be compensated. It is clear from this analysis that the variable subject to 

control in order to obtain a regulated voltage relationship such that | Vpcc I = I V ref I is Qc. 

The purpose of the ac-ac PWM based compensator is to realize a fast acting reactive power 

supply that will inject the necessary Qc, hence regulating the voltage at the PCC.
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VREF

Lighting
circuit

ac-ac PWM 
Compensaror

Figure 4.1: Equivalent Circuit of Load, Power Supply System with a Shunt Compensator

Figure 4.1 presents the single line equivalent circuit diagram for a compensated 

system using the proposed SSFR.

r

Figure 4.2: Phasor Diagram of Load and Power Supply (a) without the Reactive Power 

Compensator (b) with the Reactive Power Compensator

Figure 4.2(a) presents the phasor diagram for equivalent circuit of load and power 

suply system with out a compensator. Clearly the magnitude of the vectors Vpcc and V ref 

are different from each other.

Figure 4.2(b) shows the vector diagram of the equivalent circuit with load, power 

supply system and shunt compensator. In this diagram, Ic is the output current from the
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compensator, and the primed quantities are the resultant voltage and current as a consequence 

of the introduction of Ic. The magnitude of Ic is adjusted in such a way as to rotate the vector 

Vx until regulation has been accomplished and |Vpcc| = IVref I- Note that the voltage 

regulation can be obtained. However, the angles between Vpcc and VREF-are not the same 

consequently the compensator can only ensure voltage regulation but not unity power factor.

Generally, the power analysis for a circuit similar to the circuit in Figure 4.1 is done 

using the transmission line short circuit active and reactive power rather than the impedance. 

Hence, these variables were used in the analysis as an alternative for the line impedance Zssc, 

where:

V1
Equation 4.4

And,

Sssc = Vref ■ C c Equation 4.5

therefore,

Ssk = Pssc + JQlc Equation 4.6

where Sssc is the line short circuit apparent power, Pssc is the line short circuit real power, 

Qssc the line short circuit reactive power.

The algebraic solution for the SSFR’s reactive power Qc, necessary to achieve 

I V p c c  I = I  Vref I was determined using vector analysis (Appendix 2 ) ,  and was found to be

Qc - Q l + Qssc Equation 4.7
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Equation 4.7 was ,simplified by using the power binomial series [13]

2
ci(ci — V)...(ct — k + Y) 

: k\
Equation 4.7

The series converges absolutely for |x|<l. Therefore Equation 4.6 becomes

Equation 4.8

An approximation of the series using the first two terms was done based on the 

magnitude of the first two terms with respect to the subsequent ones. Next, it was assumed 

that the active power in the line was consider negligible compared to the reactive power. 

Hence Ql can be represented as

Equation 4.9 is the final result of the simplification of Equation 4.7. This simple, yet 

accurate form of Ql is the key to the realizationa fast control loop for the compensator and 

ultimatelly fast response. A comparason of Equation 4.7 and 4.9 was done to ensure the 

acuracy of the simplification and the analisys. The comparison was performed by ploting the 

equations and observing the deviation (Appendix 3). The deviation was found to be less than

The analysis above is the basis for the Solid State Flicker Controller prototype for this 

investigation. The following sections are dedicated to the detailed explanation of the 

designing procedure, implementation simulations and results of the prototype investigated 

during the course of this thesis.

Equation 4.9

2% .
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4.3 The AC-AC PWM Compensator

The proposed compensator has a PWM ac-ac converter used to interface between the 

line and the capacitor bank. The capacitor bank supplies the reactive power. The converter 

topology used is the topology of a buck converter. The PWM converter controls the capacitor 

bank.

Power Stage

Control Stage

Voltage transducers

Current transducers

IGBT
Switches

dV/dt
limiting
inductor

Gate
Drivers

Input
Capacitor

Capacitor
Bank

I_______________________________ j

Figure 4.3: SSFR Block Diagram

The SSFR has two stages: The power stage and the controller stage shown in the 

Figure 4.3. The power stage shown in Figure 4.3 is consists of the input capacitors, the IGBT 

switching modules, an inductor to assist smoothing the high frequency waveform from the 

IGBTs, and the capacitor bank. The power stage is the part of the converter that handles the 

ac high voltage by means of switching on and off the IGBTs.

On the other hand, the control stage utilizes only low dc voltages (5V to 30V). However, this 

stage is responsible for controlling the power stage, and ultimately the amount of power 

available for delivery. The controller stage includes the feedback control designed with 

current and voltage sensors analyzed by the Digital Signal Processor, DSP, which generates
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the PWM signal. The signal will control the gate drivers and therefore the Power stage 

through the control of the IGBT switching sequence. To facilitate the understanding of the 

converter operation a simplified single-phase circuit will be utilized:

Cl

Figure 4.4: Schematic of a Single-Phase Buck Converter.

The converter of Figure 4.4 shows the schematic for a single-phase buck converter. 

The voltage V pcc  in figure 4.4 corresponds to the voltage at the PCC, V0 the chopped 

voltage, Vl the inductor voltage and Vcz the capacitor bank C2 voltage. Similarly, the current 

h corresponds to the output current to the line, Ici the current through the input capacitor Cl, 

Is the current through the switches, and I0 the current through the inductor.

As can be observed. Figure 4.4 only includes the elements in the power stage. This is 

done to illustrate the operation of the compensator once the control signal is sent to the gate 

drivers. Figure 4.4 also shows C2, the capacitor bank used to supply most of the reactive 

power. The criteria for the design of the power stage components will be discussed in detail 

in a subsequent section.
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PWM
Signal

Figure 4.5: PWM Signal from Gate Driver with 30% Duty Ratio.

Figure 4.5 presents the ideal PWM signal from the gate driver to the IGBT, where D 

is the duty ratio defined as follows:

D = tĵ - Equation 4.10

Where t0n is the conducting time for the switch, and T is the period of the switching signal 

where:

T = Equation 4.11

And fsw is the switching frequency. The DSP provides the duty ratio output, the on time (Ion) 

and the of time (Wf) for the PWM are adjusted accordingly. The conduction time for the 

switch X in Figure 4.4 corresponds to ton shown in figure 4.5. During the conduction time for 

the switch X, the switch X’ must be open, therefore only one of the switches will be on at 

any time. The conduction times for the switches are D ■ 7. for the switch X and (I-D )-T for 

X’ respectively.
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Figure 4.6: (a) SSFR Line Voltage, Vpcc (b) IGBT Chopped Waveform, V0 (c) Capacitor

Bank Voltage Vcz

The most important feature of the PWM ac-ac converter is its bi-directionality 

characteristic, which allows the power to flow in both directions. In order to achieve a better 

understanding of the behavior of this circuit, it is convenient to look at the voltage 

waveforms VPcc, V0, and Vcz of the circuit in Figure 4.4. Then, waveform analysis 

performed with the current waveforms I ,, I0 Is and Icj.

The input voltage waveform Vpcc in figure 4.6(a) represents the line voltage per 

single phase. When the switch X in figure 4.4 is conducting, the voltage at V0 is equal to 

Vpcc- When the switch X is turned off and X’ is conducting, the voltage V0 is equal to the 

reference voltage. Therefore, the line voltage is chopped by the switching elements, as shown 

in Figure 4.6(b).
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As illustrated in figure 4.6(c), the capacitor voltage VC2 is the average of V0, it is 

important to note that the amplitude of this voltage depends on the duty ratio. If the duty ratio 

is nearly unity, the switch X has been conducting for a longer period with respect to X’, 

nearly the whole cycle. Hence, the average of the chopped signal will be closer to the 

amplitude of the line voltage. The duty ratio D in this example corresponds to the duty ratio 

presented in Figure 4.5 (30%) therefore the amplitude of Vcz is about 30% of VpCc.

Figure 4.7: (a) IGBT output current, I0 (b) IGBT input current, Is and SSFR current I, (c) Cl

current Ici

The current I0 and I, are given by the following equations:

I0 = Vc2 ■ JcoC2 Equation 4.12

but
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Equation 4.13

and

-Xc2 — JtoC2 Equation 4.14

, therefore,

C 2

Equation 4.15

As shown in Figure 4.7(a) I0 this waveform has a sinusoidal shape because it is the 

derivative of Vci which is a sinusoidal waveform shown in Figure 4.6(c). Nevertheless, I0 

presents a ripple due to the inductor. The size of the ripple will be dictated by the size of the 

inductor. It is important to note that I0 is a purely reactive current as was desired for this 

application, although some active component may appear, this component is considered 

negligible compared to the reactive component.

The current Is is the current waveform at the input of the IGBTs. As shown in Figure 

4.7(b) this waveform is the chopped version of I0 because it has passed through the switches. 

In order to have, of, an appropriate waveform to be injected back in the line, the capacitor Cl 

is necessary and the current injected into the line, I; is the average of Is. The value of the 

reactive current to be injected into the line is:

I j = I 0 - D -  Icx Equation

4.16

Replacing Equation 4.15 in 4.16,

Equation 4.17
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Similarly,

^ conv m a x  ^ Equation 4.18

where Iconvmax is the maximum reactive current that can be provided by the SSFR:

V
1Convm̂  = -TTl  Equation 4.19

C 2

where Xcz is the impedance of the capacitor bank, the design criteria for the capacitor bank 

and the othe reactive elements will be presented in the following sections.

4.4 Design Considerations of the SSFR

4.4.1 SSFR Specifications

The Solid State flicker Controller developed during the course of this investigation 

has the following characteristics:

Specification Value

Number of phases 3 balanced
VAr Rating 80 kVAr
System voltage rating 480 Vrms
System current rating 96 Arms
Ripple factor 5%
Means of control DSP
Voltage sensors 2

Switching frequency 15kHz

Current sensors 3

Table 4.1: Solid State Flicker Controller Specifications.

Table 4.1 presents the Specifications for the prototype Solid State Flicker Controller.
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4.4.2 Reactive Elements Design

Gate driver _

Gate driver _

Gate driver _

Figure 4.8: Simplified Power Circuit of a three Phase SSFR without Snubbers

The simplified power circuit of a three phase SSFR shown in Figure 4.8 [14]. The 

circuit presents the implementation of the switching elements using half bridge 

semiconductor modules such as the IGBTs.

This section will describe the design of the reactive components Cl, C2 and Ls 

shown in Figure 4.8. The specifications for the device developed during this investigation as 

presented in Table 4.1. Based on the specs, the SSFR has to be able to provide a reactive 

power up to 80kVar of power at an input voltage of 480Vrms.

The first step in the design was to choose the appropriate capacitor value for C2. This 

capacitor has to provide the rated reactive power Qconv max equal to the rated reactive power, 

and withstand the rated voltage. Based on simple power equations such as
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Z l
X r.

and,

I

^  y.G) C2 

It can be determined that.

£ 2 _  Q c o n v m a x

Equation 4.20

Equation 4.21

Equation 4.22

where Vl is the phase voltage and ro the fundamental frequency in rad/s. The capacitance 

derived using this equation was 921pF. In order to implement this capcacitance, a capacitor 

bank consisting of three non-polarized 360pF capacitors were placed in parallel. The 

capacitors used are have a self resonant frequency at 30kHz. This setting ensured the supply 

of the reactive power by the converter.

The main function of having an inductor Es in the circuit is to limit the high 

frequency ripple current.

> Vl2
'I

) /
/

/ X

N e

>
\
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Figure 4.9: (a) Voltage across the Inductor Es (b) Current through Es
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Figure 4.9(a) shows the waveform of voltage across the Ls. Following the theory 

presented in the prior section, this voltage, Vl can easily be derived as:

Equation 4.23

Ks - L s Equation 4.24
\ Ul J

The current I0 has a ripple determined by the size of the inductor, following Equation 

4.25 below

Alo
Equation 4.25

where At is equal to the conduction time Ion, and AI0 is the current ripple, as shown in Figure 

4.9(b). In this design the ripple current was set to be 5% according to the design 

specifications. It is very important to keep in mind that At and AI0 depend on the duty ratio. 

Therefore, Ls could have a wide range of values.

Figure 4.10 shows the different values that Ls would need to have for 5% current 

ripple at different values of duty ratio. The largest inductor value would present the lowest
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ripple for all the range of D. Nevertheless, the impedance associated with the inductor must 

be very small compared to XC2. The impedance values are very important in this design 

because the purpose of the inductor in this application is to limit the voltage changes not to 

absorb reactive power. The inductor value was calculated to be 960pH. the inductor used in 

the implementation is a three phase, 1.2mH custom made by Allegro Electronics.

The reactive current to be injected in the line passes through the IGBT switching 

matrix and consequently it is a chopped waveform. The input capacitor Cl, has the task of 

prevent these large current discontinuities to be injected into the line.

1Cl
\

\

A
/

▼

N

X
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Figure 4.11: Current through the Capacitor Cl 

Figure 4.11 shows the waveform corresponding to current through Cl. Following the 

theory presented in the prior section, this current, Ici can easily be derived as:

Icx = I s -  I j Equation 4.26

as shown in Figure 4.11 the current Ici has a ripple determined by the capacitor design, 

following a similar process as with the inductor design, the capacitor value is dictated by the 

equation:

Cl = - Equation 4.27
A^ci

where At is equat to the conduction time t0n, and AVci is the maximum voltage ripple desired. 

In this design the ripple was set to be 5% according to the specifications. It is very important
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to keep in mind that At and AVCi, depend on the duty ratio. Therefore, Cl could have a 

different of values depending on the ripple design specifications.

I-L,

I
S .<D

I
y
3

Duty ratio

Figure 4.12: Capacitance necessary for 5% voltage ripple 

Figure 4.10 shows the different values that Cl would need to have for 5% voltage 

ripple at different duty ratio values. The largest capacitor value would present the lowest 

ripple for all the range of D. However, the impedance associated with the capacitor must be 

large compared to XC2. Similarly to the inductor design, it is important to compare the 

impedance of Cl and C2 because since Cl is located before the IGBT converter, therefore, 

the control stage of the SSFR does not control the reactive power delivered by the input 

capacitor. The reactive power in Cl will always be available to the line, therefore it is desired 

for this quantity to be negligible compared to the rest of the power quantities. The 

capacitance derived was 68p.F and it was implemented with a 15 pF and a 50 pF in parallel. 

The capacitors used were manufactured by Electronic Concepts.
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The resonant frequency for the Ls C2 combination was calculated to ensure that this

circuit would not resonate during operation.

C om p o n en t Size Im pedance S elf R eso n an t freq u en cy

C l 65 pF 38 Q 20kH z

C2 1.05mF 2.88 Q » 15kHz

Ls Im H 0.36 Q > 15kHz

Table 4.2: Reactive Elements Characteristics 

Table 4.2 shows a summary of the characteristics of the reactive elements, as can be 

observed all the conditions with respect to the relative magnitude of the impedance are met. 

The physical dimension of these elements determines the SSFR sizing.

4.4.3 IGBT Selection

The switching semiconductors chosen for this applications are Isolated Gate Bipolar 

Transistors, (IGBT). The IGBT model selected was Dual IGBTMOD™ H-Series module 

200A/1200V. These devices have low rise time, fall time and delay time.

Specification  V alue

Rise tim e 400ns

Fall tim e 350ns

Turn-on delay tim e 250ns

Turn-on delay tim e 300ns

Table 4.3: IGBT Characteristics

Table 4.3 shows some of the IGBTs characteristics. The timing characteristics are 

very important from the losses point of view. The amount of losses in the device will depend 

directly on the transient times because during these times the transistor will have current 

through them and voltage across them. Consequently, the devices will present losses.
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As discussed in the previous section, the gate driver will provide a dead time Td for a 

safe transition. During Td there will be real power consumption, which can be critical in the 

performance of the SSFR as a purely reactive power supply.

Each of the IGBT modules has two IGBTs and each IGBT has a reverse connected 

super-fast recovery free-wheel diode. Each one of these modules was used for the 

implementation of the switches in a single phase.

120Vac Gate driver 
M57962L

-15V to 15V 
output

Gate driver 
M57962L

Gate driver 
M57962L

High voltage 
DC-DC 

converter

HP Db101/38 
rectifier

Isolated DC- 
DC converter 
M57994-01

Figure 4.13: Gate Driver Block Diagram.

The block diagram illustrated in the Figure 4.13 shows the elements involved in the 

gate driver design. A custom made 20V dc power supply was used to supply the input 

voltage for the dc to dc Converter. The dc to dc Converter M57994-01 from Powerex was 

used to produce isolated power supplies for all the gate drivers. The gate driver M57962L 

from Powerex was utilized to drive the IGBT modules. The PWM signal used to drive this 

circuit was generated using a Digital Signal Processor (DSP).
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Figure 4.14: SSFR Gate Driver

Figure 4.14 shows the SSFR gate driver. The circuit in the top on the left side 

corresponds to the 20V power supply, the circuit at the bottom on the left side corresponds 

to the DSP interface and the circuit on the right corresponds to the dc-dc converter and the 

gate drivers for the IGBTs. The Complete circuit diagram for the gate driver can be found in 

the Appendix 4.

Some of the most important precautions for the circuit layout and design included a 

separate board with the output of the gate driver that would plug-in the IGBT modules. 

Figure 4.14 does not include the plug-in boards, nevertheless the connectors between the gate 

driver board and the plug in boards can be observed. The separate plug in boards technique 

is used to reduce the noise produced by the dc-dc converter and to reduce the parasitic 

inductance and capacitance of the wires and connections between the gate driver and the 

IGBT.

Another important practice is to have a stiff voltage supply by placing coupling 

capacitors across all the power supplies and as close as possible to the chips being fed. This
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is to prevent the bus voltage to be reduced under transient conditions due to large amounts of 

current drawn by the chips.

During the testing stage was important to fine tune the transition times and the dead 

time programmed in the DSP in order to minimize the harmonics introduced by the 

compensator and also to lower the power losses.

4.4.4. Snubber Design

Rs

I_____
IG BT M odule

Figure 4.15(a): Snubber Circuit Diagram

The snubbers are located in parallel with each one of the IGBTs. The snubber circuit 

is as shown in Figure 4.15 (a). During the switching period, the IGBTs will have a time 

interval between the instant in which the gate driver requests the device to be turned-off and 

the initiation of the turn-off process. There is also a time taken for the current to fall from its 

full current to zero. Similarly, there is a time interval between the gate driver requesting the 

device to be turned-on and the initiation of the turn-on process, and a time taken by the 

device to rise from zero to the full current. These periods are accounted for and the gate 

driver will provide the appropriate dead time Td- During Xj the snubber circuit will provide an 

alternative path for the current during the transitions preventing short circuits.
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The capacitor in Figure 4.15 (a) will be charged during the turn-off transition and 

discharged when the IGBT is on. The capacitance value can be calculated with the following 

equation:

c  J - * '
V Equation 4.28

Where I is the IGBT conduction current and V is the peak voltage that the capacitor 

will store. V is a parameter set by the design to prevent over voltage across the IGBT. The 

derivation of Equation 4.27 follows a similar analysis to the capacitor design presented in the 

previous section. The diode in the circuit will facilitate the charging sequence and the resistor 

will form a RC circuit to assist discharging the capacitor during the conduction time of the 

IGBT.

The resistor design must ensure energy discharge during the conduction time. 

Therefore, the time ( x r c )  for the capacitor discharge must be considerably smaller than the 

conduction time to ensure safe operation. Hence the snubber resistance can be calculated as 

follows:

K = zRC
C

Equation 4.29.

and the power rating (P) for the snubber is given by:

P --—C-V ■ f  Equation 4.30

where C is the capacitor value, .V is the maximum voltage across the capacitor and f  is the 

switching frequency. The designed values for the snubber components include a 660 resistor

and a 12pF capacitor.
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4.5 SSFR Control

THe most important part in the design of the SSFR is the design of the means of 

control for the ac-ac PWM converter. The control loop in this circuit involves the 

measurement of the voltages and currents necessary to calculate the appropriate duty ratio 

(D), and the implementation of the duty ratio waveform. ' '

The reactive power provided by the SSFR will depend on the duty ratio D in the following 

fashion:

Q c= 1)2 -Qconvm^+Qci ' Equation 4.31

where total reactive power depends on two components, the input capacitors power and the 

power provided by the converter. In Equation 4.31 Qconvmaxis the rated reactive power for the 

SSFR, and Qci is the reactive power in the input capacitor shown in Figure 3.6. Replacing. 

Qc in Equation 4.9, results in

P2
Ql - = D2- Qcomms, + Qci Equation 4.32

P 2Assuming the term associated with — is very small compared to the load

reactive power and the compensator reactive power rating, the duty ratio calculation for 

control purposes can be expressed as:

D Ql Qci

Q Conv max

Equation 4.33

The SSFR is a fast acting continuous reactive power supply. To have a continuous 

variation of supplied power Equation 4.33 must be a real time calculation. The real time
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prossesing was accomplished using a DSP. In order to obtain the instantaneous reactive 

power absorbed by the load, an alternative equation was derived based on the direction of the 

voltage and current vectors in a three phase system.

Vba

•' Vca

Figure 4.15 (b): Three Phase System Vector Diagram

Figure 4.15 (b) shows the phasor diagram for a three phase system with reactive 

components. Where Iar is the reactive component of the current in phase a, Î r is the reactive 

component of the current in phase b, and Icr is the reactive component of the current in phase 

c. Va, Yb, and Vc correspond to the line voltages and Vab, Vca, and Vbc correspond to the 

line to line voltages. As con be observed, the current component Iar is parallel to Vbc, the 

component Ibr to Vca, and the component Icr to Vba .

Therefore, Ql can be calculated as:

Ql = 4  • Vhc + Ih ■ Vca + Ic ■ Vah Equation 4.34

where
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I c- I q+ h  Equation 4.35

and

Kb =v  bc+Vca Equation 4.36

Therefore, replacing Equations 4.35 and 4.36 in Equation 4.35 and simplifying

& = 2
1.5-V3

Equation 4.37

Equation 4.37 presents a simple, yet useful calculation to obtain the load reactive 

power. In order to implement this equation, two voltage transducers and two current 

transducers were necessary. The transducers were interfaced with the DSP and the 

calculation for the duty ratio was implemented. The flow charts for the DSP program are in 

the Apendix 5. The DSP control allows very fast duty ratio updates increasing the time 

response of the SSFR.

4.6 SSFR Computer Simulation

A simulation of the proposed SSFR using a PWM ac-ac Converter was implemented 

using Simulink/Matlab. The model used for the simulation was based on the specifications in 

Table 4.1. However the simulations results were plotted using the per unit system (p.u) based 

on the specifications for the SSFR. The implentation of the block diagram in simulink was 

based on the SSFR state equations. This section is dedicated to the presentation of the 

simulation implementation and several situations simulated using the equivalent block 

diagram for the SSFR.
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Figure 4.16 Circuit Diagram for Simulation

In order to state the appropriate equations for the simulation, the analysis done in the 

prior sections was adjusted to take account of the flicker causing load. The circuit diagram 

used as model for the simulation is as presented on Figure 4.16. In this Figure, only the 

voltages and currents of a single phase are shown. This is done to ease the understanding of 

the state equations. The control loop is not shown in this schematic; nevertheless, in the 

simulation the control system was implemented.

Vpcc in Figure 4.14 corresponds to the voltage at the point of common coupling. 

However, in the previous section, this voltage was referred to as Vj because the circuit 

analysis was done exclusively for the controller. V0 in Figure 4.16 corresponds to the 

chopped voltage, VLs the voltage across the converter inductor, Vx the line impedance 

voltage drop, Vref the reference voltage, and Vcz the capacitor bank C2 voltage. Similarly, 

the current Ij Corresponds to the output current to the line, Ici the current through the input 

capacitor CI, Is the current through the switches, I0 the current at the output of the switches 

and I Load the load current.

Based on the circuit diagram shown in Figure 4.16 and the previous circuit analysis, 

the equations utilized in the simulation are the following:

; /C ,  +  /.S' +  ^LoaJ E quation 4.38
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from equation 2.1,

~ Vref Vpcc

and

Equation 4.39

Vx =V L+VR Equation 4.40

where VL is the voltage drop across the line inductance and Vr is the voltage drop across the

line resistance.

From equation 4.23,

and from equation 4.24

Vu!=Ls^dF ',

where I0 is:

Equation 4.41

Equation 4.42

I0 ~ C12
\  dk /

Equation 4.43

Similarly, from equation 4.27 

I  - C f d v ^1 C l ~  u i Equation 4.44

and finally, for the duty ratio, equation 4.37 was replaced in Equation 4.33, therefore:

D = 1.5-VF -Q c
Equation 4.45

'C c w v m a x

The block diagram for a single phase was then implemented using the preceding 

equations and then reproduced for the other two phases, because the system was assumed to

be balanced.
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Flicker mitigator 
LAST UPDATE: JAN 26/99

VCIA this file contains new calc Qr
and components to provide 80KVAR 

Duty Ratio calc based on Q

VCA

VBC (2iLA+iLB)
VBC (2iLA+iLB) 
+VCA (2ILB+ILA) VBCI Qconv max

QCImax

Duty ratio

VCI A*

P 8um2 CIA 68 UF1
L2A 0.96 mHIGBT A C2A 921 uF

Line im pedance A 
2mH

Constant

Figure 4.17: Block Diagram of a Single Phase in the Power Stage of the SSFR for the

Simulation in Matlab.

Figure 4.17 shows the block diagram of a single phase of the power stage of the 

SSFR. Although only the single phase of the power stage is shown, the block diagram for the 

control circuit for all the three phases is presented and the inputs from all the voltage and 

current transducers are shown. The complete block diagram for the three phase system and 

the control system can be found in Appendix 7.

4.6.1 System Simulation

The System including the flicker causing load and the source was simulated first in 

order to observe the behavior of the circuit with a variable reactive load such as that the 

voltage at the PCC would fluctuate. This simulation did not include the SSFR.



Flicksrmitigator 
LAST UPDATE: JUN 26/99 

single phase model noSSFR

54

lighting ckt
VCIA

VsA
480*sqrt(2/3)

1/Ll A Integrator

iLoad A 
< -90iLoad A

iLoad Al

Constant

Figure 4.18: Single Phase Block Diagram without the SSFR 

The Figure 4.18 shows the equivalent single phase block diagram used in the first 

stage of the simulation. This stage of the simulation involved continuously changing loads 

that would result in voltage variations greater than 5% and with frequencies under 30Hz. 

Hence, the conditions for PF5 greater than unity were met.
qin3phase

0.41 0.42 0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.5
Time (Seconds)

Figure 4.19: Three Phase Load Current

Figure 4.19 presents the typical load used in the simulations, where the Y axis 

corresponds to the p.u. amplitude p.u. of the current, and the X axis corresponds to the time.
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In the figure, the load draws Amplitude Modulated (AM) reactive current with a maximum 

amplitude of 70% and a modulation frequency of 20Hz. The three phase load system was 

balanced and resulted in variations in the voltage at the PCC.

qinSphase

0.42 0.43 0.44 0.45 0.46 0.47 0.48 0.49
Time (Seconds)

Figure 4.20: Voltage at the Point of Common Coupling, VPcc without the SSFR

Figure 4.20 presents the simulation results using the load of Figure 4.19. The voltage 

VPcc in Figure 4.17 presents a dip of about 10% and with a variation frequency of 20Hz 

which would result in PF5 greather than unity acording to the plot in Figure 2.4. This is 

therefore the typical situation where a fast acting reactive power source would be necessary 

to accomplish regulation. Consequently the next step in the simulation was to add the SSFR 

in the block diagram as proposed previously.
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Tim= (Seconds) Time (Seconds)

(a) (b)

Figure 4.21: (a) Single Phase Load Current (b) Single Phase Converter Current

Figure 4.21 shows the single phase load current and the single phase converter 

current in response to the load current demand. It is important to observe the inverse 

correspondance between these two currents which ultimatelly will facilitate flicker 

control.

qin3phase

0 . 4 7  0 .4 1

Time (Seconds)

Figure 4.22: Voltage at the Point of Common Coupling with SSFR

Figure 4.22 shows the voltage at the point of common coupling where the Y axis 

corresponds to the voltage (p.u.) and the X axis corresponds to the time. As can be
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observed from the figure, the voltage has been succesfully regulated. The SSFR does not 

show any observable delay and therefore, the compensation is rather smooth.

0 . 6 5  

0.6 

0 . 5 5  
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Figure 4.23: Duty Ratio (D).

Figure 4.23 shows the changes in the duty ratio (D) where the Y axis corresponds 

to the duty ratio and the X axis to the time. As shown in the plot, D has to change rapidly 

because the load is drawing reactive current constantly in a variable manner. 

Consequently the reactive power necessary to compensate for the changes in the load 

current varies rapidly as shown in figures 4.21 (a) and (b).

4.6.2 Simulations under Abnormal Conditions

The SSFR demonstrated to perform satisfactory under the systematic aproach 

shown in Section 4.5.1. This section is dedicated to the simulation of the SSFR under 

abnormal conditions such as a load imbalance and a load with a dc component. The 

situations to be presented in this section were not part of the specified performance of the 

SSFR. However, the study of the system under these conditions will demonstrate the

qinSphase
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capability of the controller to regulate the voltage and consequently prevent light 

flickering.

4.6.2.1 Load Imbalance

The load used for the simulation presented in section 4.5.1 was modified to make 

it unbalanced. The AM modulation was kept as in the prior section, to model a 

continually varying reactive power load.
qinSphase

0 . 4 1  0 . 4 2  0 . 4 3  0 . 4 4  0 . 4 5  0 . 4 6  0 . 4 7  0 . 4 8  0 . 4 9  0 . 5

Time (Seconds)

Figure 4.24: Voltage at the PCC in a Three Phase System with Load Imbalance and
without the SSFR

Figure 4.24 shows the voltage at the PCC with a load imbalance, where the 

vertical axis corresponds to the voltage (p.u.) and the horizontal to the time. As can be 

observed from the figure, the voltage dip is 20% and the modulation is at 20Hz, these 

conditions would result in PF5 greater than unity (refer to Figure 2.4 in Chapter 2).
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qin3phase
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(a) (b)
Figure 4.25: (a) Load Current (b) Converter Current

The load current imbalance is presented in Figure 4.25(a), and the converter 

current in 4.25(b).In the figure, the vertical axis corresponds to the current (p.u) and the 

horizontal to the time. The simulation was set for a 30% imbalance in the load current. 

The load imbalance current can be observed in the figure, because the waveform presents 

an asymmetry in the AM modulation. Similarly to the previous case studies, the 

converter waveform has a shape corresponding to the inverse of the load current, 

therefore it can be predicted that the voltage regulation will take place in an appropriate 

manner.
qin3phase

0.41 0.42 0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.5
Time (Seconds)

Figure 4.26: Voltage at the Point of Common Coupling with SSFR and Load Imbalance
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Figure 4.26 presents the voltage at the PCC in the system with the SSFR where 

the vertical axis corresponds to the voltage (p.u.) and the horizontal axis to the time. The 

system with imbalance presents a more dramatic voltage fluctuation than the system in 

the prior section. Nevertheless, the converter has performed in a very satisfactory 

fashion, and the voltage has been regulated. The voltage fluctuation has been reduced 

from 20% to approximately 2%. The compensated voltage may still produce light 

flickering, nevertheless it is important to note that the design scope for the prototype did 

not include load imbalance. It is rather remarkable that the converter still regulates 

effectively under such conditions.

4.6.2.2 Dc Component

Similarly to Section 4.5.2.1, the load for this simulation was an AM modulated 

load with a dc component in one of the phases. Imbalance due to a dc component would 

be a rare situation, however, the simulation is a simple tool that allows the study of 

extreme situation such as this for a better understanding of the device’s performance, a 

dc component added to the system was 30% of the rated current amplitude for the SSFR.
qin3phase

0.41 0.42 0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.5
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Figure 4.27: Voltage at the PCC in an uncompensated System with a dc Component
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Figure 4.27 presents the voltage at the PCC where the vertical axis corresponds to 

the voltage (p.u.) and the horizontal to the time.

As can be observed in the figure, the combination of the dc component and the 

AM modulation result in a voltage sag of approximately 15%, enough to originate a PF5 

measurement greater than unity.

qin3phase

0.42 0.44 0.46 0.48 0.5
Time (Seconds)

qin3phase

0.42 0.44 0.46 0.48 0.5
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(a) (b)
Figure 4.28: (a) Load Current (b) Converter Current

Figure 4.28 (a) corresponds to the three-phase load current with a dc component, 

and Figure 4.28 (b) corresponds to the converter current. In the figure, the vertical axis 

corresponds to the current (p.u.) and the horizontal to the time. As can be observed in the 

Figure 4.28 (a) and (b) the converter current does not correspond to the inverse of the 

load current as in the previous cases.
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Figure 4.29: Voltage at the Point of Common Coupling with SSFR

Figure 4.29 presents the compensated voltage at the PCC, where the vertical axis 

correpsonds to the voltage (p.u.) and the horizontal to the time. Unfortunately, in this 

study case, the converter has regulated the voltage, but the regulation only reduced the 

dip to 2%, this value is unacceptable to achieve PF5 lower than unity, therefore, for this 

situation the converter will not be able to regulate the voltage properly.

Although this set up didn’t present optimum results, it is important to mention that 

the scope of the SSFR application did not include this type of system behavior.

From the point of view of voltage compensation, this type of system would need a 

separate duty ratio control for each one of the phases in order to be able to control an 

extreme case as the one proposed. As can be observed in Figure 4.28(b) the converter 

current has an appropriate response for a balance system given the voltage and current 

measurements.

4.7 Experimental Results

The prototype Solid State flicker Controller proposed in this chapter was 

implemented using the comoponents and the control system proposed. The apparatus
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was built in accordance to the specifications in Table 4.1. based on the requirements for 

the project proposal.

The testing procedures for the prototype SSFR were extremely restricted due to 

the characteristics of the device. The specified voltage and current neccesary to run the 

SSFR were not available. Therefore, testing was performed at a lower voltage. The 

control system was calibrated for 3OVac and 6 A. the test experiment was set up with a 

variable load that would absorb reactive power. The circuit used was based on the circuit 

in Figure 4.16.

Figure 4.30: Experimental Set-up of SSFR and Measurement Instruments.

Figure 4.30 presents the system setup. The line voltage impedance was simulated 

using an inductor bank, and the load was a combination of an inductor bank and a variac. 

Three power analyzers were placed in the set up, one in the PCC and line path, the other 

one in the converter path and the third one in the load path.
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The control system of the SSFR was the main focus of the testing, with the 

voltage constant, the load current was varied and voltage , current and power 

measurements were taken. The converter voltage and current waveforms, the DSP I/O 

signals and the load current were observed in the oscilloscope.

Duty ratio calculated

Figure 4.31: A Plot of Duty ratio Calculated and Duty Ratio Meassured 

Figure 4.31 shows a comparative plot of the duty ratio calculated based on the 

power measurements and the actual duty ratio measured in the converter gate driver 

signals. As can be observed from the plot, the values measured are approximately equal 

to the calculated values.

The system presented a significant amount of real power losses which interfered 

with the performance of the SSFR as a reactive power source. Further study of this 

phenomena must be performed at higher voltages and currents because some of this 

losses are caused by the fact that the devices used are rated for much higher voltages than 

the test voltage. Therefore, losses like the on-state IGBTs which are significant at this 

voltage will become negligible at 480V.
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The dynamic performance of the controller was tested by setting up experiments 

where the current drawn from the SSFR was an AM modulated signal, similar to the 

simulation signal. The modulation frequency for the signals varied between 0.5Hz and 

20Hz, to test the ranges at which light flickering is present.

The converter presented some harmonic distortion, the dead time in the gate 

driver signal was adjusted and the Total Harmonic Distortion (THD) was reduced 

significantly, but further adjustments would improve the system’s performance. As 

mentioned in the prior sections, the dead time depends in part on the ability of the 

semiconductor switches to turn on and off promptly, therefore there will always be some 

harmonic distortion.

Figure 4.32: Three Phase Converter Current

Figure 4.31 shows the three phase AM modulated converter current where the 

vertical scale is I OA/div and the horizontal is 20ms/div. The AM waveform in the figure 

has a 20Hz envelope. These waveform coincide with the simulated waveforms in Figures 

4.21, 4.24, 4.28. Consequently the variable fast acting reactive power source has 

succesfuly been implemented.



5. THE INTEGRATED GATE-COMMUTATED THYRISTOR (IGCT) AND THE

MOS TURN-OFF THYRISTOR

5.1 Introduction

The previous chapters have been dedicated to the study of a prototype Solid State 

Flicker Controller (SSFR). The analysis, design, and implementation of the SSFR 

prototype have been presented. It is clear that the performance of the prototype will be 

greatly influenced by the implementation of the ac-ac PWM converter with fast solid 

state devices. For a broad set of applications, it would be convenient to realize a higher 

rating version of the SSFR to regulate the voltage at higher levels. The Integrated Gate- 

Commutated Thyristor (IGCT) and the Mos Turn-Off Thyristor (MTO™) are state of the 

art power semiconductors with the potential of being used for the SSFR application. The 

purpose of this chapter is to present a short review of power semiconductors devices. 

The results from the testing performed on the IGCT and the MTO™ to study the 

possibilities to achieve the realization of a SSFR with a higher power rating.

5.2 State of the Art Power Semiconductors

Semiconductors have been used in power electronics since the. 50’s with the 

introduction of the power Bipolar Junction Transistors (BJTs) and Silicon Controlled
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Rectifiers (SCRs), also known as the thyristor. SCRs provide only turn-on control 

capability, while BJTs provide capability to control both turn-on and turn-off instants.

Since the 70’s, power MOSFETs have began to replace the BJTs in low voltage 

applications. In addition to their high input impedance, MOSFETs offer superior 

switching speed compared to BJTs. Further advancement of technology occurred with the 

Insulated Gate Bipolar Transistor (IGBT), introduced in the 80’s. The IGBT provides the 

high input impedance feature of the power MOSFETs, and the high voltage and high 

current handling capacities of the BJTs in an integrated structure. Simultaneously, lower 

on-state voltages of thyristors, combined with gate turn-off capability of BJTs have been 

introduced in the Gate Turn OffThyristor (GTO).

Io
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Figure 5.1: State of the Art Semiconductors' Voltage and Current Ratings

Continued evolution of these power semiconductors is being driven by the need of 

better performance in power systems. High voltage blocking capability in the off-state 

and high current carrying capacity in the on-state have been the dominant objective of 

developing technologies. Figure 5.1 shows the voltage blocking capability and current 

carrying capacity of several devices mentioned previously. It may be seen that the lower
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voltage and lower current end of the graph is dominated by MOSFETs. IGBTs become 

the device of choice at the medium voltage and medium current level. SCRs and GTOs 

form the only device available at the highest currents and voltages.
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Figure 5.2: Semiconductors' Response Time for different Voltage Ratings

In addition to voltage and current ratings, optimal performance of a device in 

power electronic applications can not be accomplished without improvement of other 

characteristics such as the switching speed, on-state voltage drop, ease of control, and 

improvements in bandwidth, and efficiency.

A comparison of voltage rating of the devices and their switching speed of 

various devices are presented in Figure 5.2. As may be observed from the figure, devices 

with lower voltage ratings (MOSFETs) offer the highest speed of operate at a fraction of 

an microsecond.

Devices at medium voltage levels (IGBTs) operate at a speed of about a 

microsecond. Devices such as GTOs and SCRs operating at the highest power levels are
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among the slowest of the devices, operating at about a few microseconds to few tens of a 

microsecond.
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Figure 5.3: Voltage Drop for Various Semiconductors at Different Current

Ratings.

The on-state voltage drop of the device affects the power loss in the on-state and 

limits the current carrying capacity of the device from a thermal standpoint. On-state 

voltage drop of various devices as a function of their current carrying capability are 

shown in Figure 5.3. In general, the on-state voltage drop of all devices range about a 

few volts.

In summary, state of the art semiconductor switches are available in a wide range 

of voltage, current levels and operating speeds, although it is rare to find a device with 

both high power capability and fast speed simultaneously. Hence, development activities 

of new devices have increased in the recent years due to the need for reducing the power 

losses, and increasing the switching speed, while realizing high voltage and high currents 

capability. Some of the devices that have been introduced in the recent years are the MOS
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Controlled Thyristor (MCT)5 the MOS Turn-Off• Thyristors (MTO™), the Integrated 

Gate-Commutated Thyristor (IGCT)5 the Gate Commutated Turn-off Thyristor (GCT)5 

The Integrate Gate-Commutated Thyristor (IGCT) and the Emitter Turn-off Thyristor 

(ETO) [15],

All these devices have evolved from the GTO5 by providing for MOS based turn

on and turn-off capability. The IGCT developed by ABB5 and the MTO™ developed by 

SPCO have been introduced recently as an improvement of the capabilities of previous 

generation devices such as the MCT5IGBT and GTQ. Operating principles and properties 

of these devices are discussed further in the following sections. f

5.3 The Integrated Gate-commutated Thyristor (IGCT)

5.3.1 Introduction

The Integrated Gate-Commutated Thyristor (IGCT)5 [15] also known as Insulated 

Gate Controlled Thyristor5 is a technological development based on the GTO concept. 

Devices with voltage ratings up to 4.5 IcV and 3.3 kA have been reported. Hard turn-off 

using a tightly integrated gate driver is the fundamental difference between the GTO and 

the IGCT.

Section 5.3.2 presents a brief review of the operation of the IGCT5 including the 

turn-off and tum-on sequences. In Section 5.3.3 manufacturer’s parameters of the IGCTs 

used in the characterization are presented.

From a functional point of view, the IGCT combines superior static properties of 

a thyristor i.e. low on-state resistance and high blocking capability, with the superior 

dynamic properties of the IGBT i.e. ease of control and switching speed. [17]
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Figure 5.4: IGCT (Integrated Gate Commutated Thyristor)

5.3.2 IGCT Operation

The innovative operating principle of the IGCT is based on a low inductance 

integrated gate driver, used for hard turn-off of the device. This low inductance 

integrated gate driver is realized by coaxial gate feed-through combined with a multi

layer PCB as shown in Figure 5.4 The IGCT consequently permits reasonably hard 

turn-on and snubber less turn-off.

In addition to the hard turn-off, the thickness of silicon of the IGCT is smaller 

compared to a the GTO, in order to minimize on-state and turn-off losses. The anti

parallel diode is also integrated with the main switch in the semiconductor package, 

enabling easy realization of inverter modules.

The IGCT and the gate driver are integrated in a single package, making it 

convenient to realize power converter assemblies. The gate driver requires a dc power 

supply rated at 20 V and 800mA, for switching frequencies up to 500Hz. The user only
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needs to have the desired control signal fed through standard fiber optic cable to the 

receiver in the gate driver’s printed circuit board to control the commutation of the 

device.

A stack of two devices constituting one phase leg of an inverter module is 

illustrated in Figure 5.5, including air-cooled heat sinks. The stack also contains two 

decoupling capacitors, 1.5 pF each, connected across the dc bus. The stack does not 

contain any turn-off or turn-on snubbers.

5.3.2.1 Operation during Turn-off

The hard turn-off phenomenon is the most important characteristic of the IGCT. 

Hard turn-off using the integrated gate simplifies the use of the device, particularly 

liberating the device user from having to tailor the “back-porch” drive requirements while

Figure 5.5: Stack of Two IGCTs Forming a Phase Leg of an Inverter

using a GTO.



73

ANODE

INTE GRATED 
GATE DRIVER

CATH ODE

ANODE

CATHODE

LOW IHDUCTAHCE

Figure 5.6: IGCT Two Transistor Model.

A circuit schematic of the two transistor model for the IGCT along with the 

integrated driver is shown in Figure 5.6. The integrated gate driver is represented with a 

block to simplify the illustration of the turn-off sequence. The gate MOSFET of the 

integrated driver is connected between the gate and the cathode of the IGCT. The shaded 

region in the figure represents a low inductance loop through which current can be 

injected into the cathode with fast rise times. The turn-off sequence is started by the gate 

driver which drives the cathode current to zero using the gate MOSFET. The cathode 

current is commutated to zero before the anode voltage starts to rise. When the cathode 

current has reached zero, the remaining anode current is diverted through the gate, which 

stays in a low impedance state. Therefore, the gate-cathode junction is reverse biased. 

Consequently, the npn transistor in the two transistor model is inactive. Therefore, the 

device is converted from pnpn to pnp. This state of homogeneous conduction is referred
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as “hard drive.” The transition from pnpn to pnp is typically done in l-2ps. After the npn 

transistor is turned off, the pnp transistor is deprived of base current, and turns off 

utilizing the entire silicon cross section. Gate drive energy is also conserved by avoiding 

the use of overdrive.

The critical low inductance of the IGCTs integrated driver is realized using a 

coaxial driver layout. This design ensures turn-off of all cathode regions simultaneously. 

In more conventional turn-off drivers, the uniform turn-off of the GTO may not be 

ensured. Consequently, the anode current could preferentially constrict to a smaller 

cathode area while the rest of the device has turned-off. In this case, the local cathode 

current density could exceed the maximum controllable current density and the device 

would fail to turn-off, leading to fatal consequences to the device.

5.3.2.1 Operation during Turn-off

The turn-on process in an IGCT is typical of thyristors. In the tum-on process, 

current is injected into the base region of the npn transistor (Figure 5.6). The IGCTs npn 

transistor is active at the beginning. With the gate forward biased, it allows current flow 

through its collector transistor (which is also the base of the pnp transistor), i.e., the 

electrons injected from the cathode into the gate region will result in a hole injection from 

the anode. Since the anode is positive with respect to cathode, the emitter-base junction 

of the pnp transistor is forward biased, turning it on. After the pnp transistor is turned on, 

it in turn, supplies base current to the npn transistor. This regenerative process, called 

latching, continues until both transistors are driven into saturation. This allows the 

device to carry large amounts of current with small voltage drop, while providing an
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efficient - turn-on process [16]. Although the regenerative tum-on process of the IGCTs 

can allow anode currents to rise at high rates, the reverse recovery characteristics of the 

freewheeling diode limits the rate of turn on current to .500 A/ps. This essentially 

precludes the use of snubberless turn on of the device. The turn on process cannot be 

controlled using the gate driver. External circuit layout and/or tum-on snubbers will have 

to be used to effectively control the rate of turn-on process.

5.3.3 IGCT Parameters

Selected specifications of the IGCT (ABB - 5 SHX 08F 4502) is provided below.

Maximum Voltage: 

Maximum Current: 

Clamping force: 

Storage time: 

Minimum on period: 

Minimum off period: 

Max. on-state voltage: 

Turn-off energy:

Gate drive power: 

Maximum tum-on rate: 

Silicon diameter:

Free wheeling diode:

4500V

600A

10- 16k N

l-2ps

15ps

15ps

3V

2.25 J

20V, 0.8 A

500A/ps 

51 mm

Integrated, anti-parallel

5.4 MOS Turn-Off Thyristor (MTO™)

5.4.1 Introduction

The MTO™ also represents an evolution of the GTO technology and it offers the 

feature of MOS high impedance gate turn-off. The hybrid high power bipolar/MOS 

thyristor raises the voltage blocking capability of BI/MOS family of power
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semiconductor switches, which have included the IGBT and MCT. Similar to the IGCT, 

the MTO™ also has the potential to meet the need for simplified gate control and a 

reduction of the storage time to l-2ps compared to 15 to 20ps for the GTO. Section 5.4.2 

will discuss the operating characteristics of the MTO™, including the switching 

characteristics. In Section 5.4.3, manufacturer’s parameters of the MTO™ used in the 

characterization are presented.

Figure 5.7: MTO™ (MOS Turn off Thyristor), Diode and Gate Driver.

5.4.2 MTO™ Operation

Although the MTO™ has the advantage of MOS high impedance gate turn off 

over the GTO, its gate drive unit of the device is external to the device module. In 

addition, the anti-parallel freewheeling diode is external to the device package. A 

photograph illustrating the MTOim, the freewheeling diode and the gate drive module are

shown in Figure 5.7.
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Figure 5.8: Stack for MTOim Test

Because of the discrete packages for the device-diode pair and the external gate 

drive module, the stack of the devices forming a switching pole of an inverter will 

contain two stacks per phase. A photograph of the stack formed by one MTOim, one 

clamp diode, the heat-sink and the decoupling capacitors are shown in Figure 5.8.

Cathode

I  -L
/ A

G2

Anode
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Figure 5.9: Symbolic Representation of the MTO™

Figure 5.10: Conceptual Representation of MTO™
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Figure 5.11: MTO™ Two Transistor Model 

A symbolic representation [19] of the MTOim is shown in Figure 5.9. The device 

has two gate terminals, one is a current driven turn-on terminal and the other is a voltage 

driven turn-off terminal. This decoupled gate design allows different switching 

sequences to be followed to turn the device on and off.

The MTO™ has a separately and specially designed MOS field-effect transistor 

or FET chip internally bonded to the silicon surface on an optimized gate cathode
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structure (Figure 5.10 ) [20]. The FET has a high-resistance state when the thyristor is 

conducting. It will switch into a low-resistance bypass around the. pn subjunctions, while 

turning off the device.

5.4.2.1 Operation during Turn-off

A two transistor model for the MTO™ is depicted in Figure5.ll. The base-emitter 

pn subjunction of the npn transistor is connected to the channel of the FET. The gate of 

G2 of the MTO™ is the gate of the FET. To turn off the MTO™, the gate G2 is utilized. 

The FET is tumed-on, creating a low-resistance bypass around the pn subjunctions of the 

npn transistor [21]. This may also be visualized using Figure 5.10, with the conceptual 

representation of the MTO™. The FET can divert the current around the cathode-emitter 

junction. Under this condition, conduction cannot be sustained, because the base region 

of the pnp transistor has no current inj ection [20].

5.4.2.2 Operation during Turn-on

The tum-on sequence of an MTO™, follows the typical turn-on process of 

thyristors, using the regenerative process or latching, as described in Section 5.3.2.2. 

Turn-on is initiated by applying a pulse current to the current gate (Gl).. The MTO™, 

structure is specially designed such that conduction is initiated in a large portion of the 

device cathode area simultaneously. A relatively large initial pulse of current is required 

to achieve a rapid tum-on , after which, the gate current can fall to the level required to 

ensure that all cathode regions remain in conduction [22].
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5.4.2.3 Gate Driver Requirements

The MTO™ gate driver is a separate module as shown in Figure 5.7. It is 

important to mention that the distance between the external gate driver, which controls 

Gl and G2, and the MTO™ is not as critical as in an IGCT. The distance between the 

MTO™ and the gate driver module may be a few centimeters apart, because the 

MOSFET used to facilitate turn-off has been integrated in the device package, 

minimizing the inductance. With the IGCT, the driver circuit is integrated with the device 

as a peripheral module.

11 C ontro I Co m man d throw gfh 
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. L G ^ e  G2 Vbltage

15V

t

Figure 5.12: MTOim Gate Driver Signals, (a) Switching Control 

Command, (b)Gate Gl Current, (c) Gate G2 Voltage

During turn-on, the MTO™ gate driver must deliver a current pulse through the 

current terminal Gl as shown in Figure 5.12(b). This pulse is typically between 30 to 80
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A, depending on the power rating of the device. It is necessary to maintain the current 

pulse into the gate Gl for a period of 5 to I Ops, followed by a current of about 15A to 

sustain the on-state current. When the control signal commands turn-off as shown in 

Figure 5.12(a), a voltage of about +15V is applied to the voltage terminal G2 and held 

continuously as long as the off-state is to be maintained, forward biasing the FET. The 

Gate G2 voltage signal is shown in Figure 5.12(c).

5.4.3 MTO™ Parameters .

Selected specifications of the experimental MTO™ (SPCO - XSD M170HK) are 

provided below:

Maximum Voltage: 4500V

Maximum Current: 5 OOA

Clamping force: 20-22.24 kN

Storage time: . l-2ps

Minimum time on: 200ps

Max. on-state voltage: 6V 

Turn off energy: 6.8J

5.5 Experimental Characterization

5.5.1 Experimental Test Set-up

The experimental test-bed for MTO™ and IGCT characterization facilitates 

determination of on-state losses, determination of snubberless tum-on and turn-off

characteristics.
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Figure 5.13: Testing Bench

Figure 5.13 shows the testing Bench designed for this experiment. The testing set 

up includes a variable power supply with a voltage capability of 2OkV and a 3.1 or 

6.2mH inductor. The stack concept was utilized to build a semiconductor half-bridge 

module that would hold the switch and the freewheeling diode using one clamp.
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The block diagram in Figure 5.14 shows the different components constituting the 

test set-up. An infrared thermometer was used to monitor the device temperature and a 

high speed digital storage oscilloscope was used for data capture.

Figure 5.15(a) illustrates the power circuit used to determine switching 

characteristics of the devices. .Figure 5.15(b) shows the gate driver waveform supplied to 

the device. The device current waveform is shown in Figure 5.15(c).

When the Device Under Test (DUT) is turned on at the instant t0, the current in 

the inductor (Il) starts ramping up. Tum-on behavior of the switch under zero-current 

soft switching may be observed at t0. The device is turned off at an instant, say ti, before 

the device current reaches its maximum rating. Snubberless turn-off behavior of the 

switch may be observed at this instant. The inductor current then freewheels through the 

clamping diode D0. If the DUT is turned on again at U, the device will turn on under high 

di/dt conditions and Dc would be turned off. Tum-on behavior of the switch under hard 

switching may be observed at this instant. Care should be taken not to exceed the turn-on 

di/dt at tz from exceeding the manufacturer’s recommended ratings.

Intervals tb and tc are chosen to comply with, the minimum turn-off and turn-on 

periods respectively for each device, as recommended by the manufacturer. The timing 

circuit provides the capability to vary all the intervals of time shown in the waveform. 

The interval ta can be increased up to 15ms, ty and tc can have a maximum value of 25ps. 

The interval is varied ta to control the current being turned off at ti.

A detailed circuit diagram for the timing circuit, which controlled the gate driver, 

as well as the circuits for the power supplies used in the experiment are provided in the 

appendix.
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5.5.2 Test Parameters

On-state voltage drop of the device was measured by maintaining the device on 

continuously and feeding a 60 Hz current source of controllable magnitude through the 

device. The voltage across the device was measured using an oscilloscope probe. From 

the waveforms of voltage and currents, the on-state voltage drop across the device at 

various currents ranging from zero to the rated current were measured.

I  i Gate d river 
C om m and  

In v e rs e  logic)

,^DUT Current

^DUT V oltage

; L DUT Pow er

Power
loss

Power
loss

Figure 5.16: The Switching Waveforms (a) Gate Driver (b) The Voltage Across the 

Switch, (c) The Current Through the Switch (d) Power Dissipated in the Switch
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The dynamic or switching characteristics of the device were determined by 

measuring the current through the device using a flexible Rogowski coil placed around 

the device and voltage across the device using a high voltage probe and capturing the 

waveforms on the digital storage oscilloscope. The current and voltage waveforms were 

multiplied using the built-in functions of the oscilloscope. The energy loss during 

switching operations were computed using the power waveform and the measured 

transition periods.

Figure 5.16 shows idealized switching waveforms of (a) gate drive signal (b) the 

voltage across the switch, and (c) the current through the device. During the switching 

period, the DUT has current flowing through it and voltage across it; therefore, it has a 

non-zero power loss. The time interval between the gate drive command requesting the 

device to turn-off and initiation of the turn-off process is labeled ts0ff. Similarly, the time 

interval between the gate drive command requesting the device to turn-on and initiation 

of the turn-on process is labeled Ison- The time taken for the current to fall from its full 

current to zero is known as t0g, and the time taken by the device to rise from zero to the 

full current during upon turn on is called ton.

When the voltage and the current waveforms are multiplied, and the instantaneous 

power waveform will be obtained as shown in Figure 5.16. The energy dissipated by the 

device during the switching period is equal to the.area under the power curve [24]. Real 

devices such as the IGCT and the MTO™ exhibit waveforms that .deviate from the ideal 

behavior illustrated in Figure 5.16. In particular, the reverse recovery of the clamp diode 

causes the current to overshoot significantly upon turn on. The transition periods of the 

voltage and the current are not coincident as illustrated in Figure 5.16(b)(c). Generally,
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the transition in current during turn off occurs after the transition in voltage during turn- 

off. Similarly, the transition in voltage occurs after the reverse recovery process of the 

diode is complete in the freewheeling diode. Consequently, the power loss waverforms 

feature a triangular shape during switching periods, rather than the parabolic shape 

illustrated in Figure 5.16 (d).

The results from the experiments are presented in the following section along with 

a brief analysis of the experimental data gathered while performing the test at different 

voltages and currents.

5.6 EXPERIMENTAL RESULTS

5.6.1 IGCT Characterization

The study the IGCT switching characteristics under snubberless turn-off and 

snubberless turn-on were performed using the test set-up described in the previous 

section. The on-state characteristics were also determined using the tests as described in 

the previous section.

. The results and the analysis of these tests are presented in the following sections. 

Section 5.6.1.1 presents the various test procedures and Section 5.6.1.2 and 5.6.1.3 

present the results from dynamic and static tests respectively.

5.6.1.1 Testing Procedure

The IGCTs switching characteristics were investigated utilizing multiple pulse 

and single pulse tests.
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In the multiple type of test, two pulses were supplied by the control circuit. 

Consequently, the device was turned on and turned off two times. In the first turn-on 

sequence, the IGCT turns on under zero current switching and upon the second pulse, the 

device undergoes as hard tum-on, as was explained in section 5.5.1. This type of test 

allowed the study of the turn-on and turn-off characteristics. This type of test was 

performed for various values of voltages and currents. The di/dt of the tum-on current 

was closely monitored to prevent exceeding the manufacturer’s recommendations. For 

the IGCT’s under study, the maximum recommended di/dt was 500A/ps.

Beyond reaching the maximum recommended di/dt, the test set-up was varied and 

the switching conditions were changed to perform a single pulse test, as proposed in 

Section 5.5.1. Under these tests only the turn-off behavior could be studied.

The on-state characteristics were measured by maintaining the device on 

continuously at rated current. Since the device power losses may be significant under this 

test, the device temperature was closely monitored to stay within recommended 

conditions.

5.6.1.2 Switching Characteristics

This section is dedicated to the discussion of the IGCT’s tum-on and turn off 
characteristics.

5.6.1.2.1 Turn-off Characteristics

Device turn-off characteristics were measured up to dc bus voltage at 2.5 IcV and

turn off currents up to 180 A.
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Figure 5.18: Current Fall Time at Different Turn-off Current Values 

Figure 5.17 shows the current and voltage waveforms during turn-off of the 

device at 667 V and 27 A. The variation of current turn-off time at different values of 

turn-off current are shown in Figure 5.18. The current turn-off time was observed to 

consist of two components, the current fall time and the tail time. Overall the tail time is 

significantly higher than the current fall time (at least ten times). But as the turn off 

current increased, the total fall decreased, mainly due to a reduction in the tail time.
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Figure 5.19: Voltage Rise Time at Different Turn-off Current Values

Figure 5.19 illustrates the variation of voltage rise time during turn-off. As may 

be observed, the device features a slight drop in voltage rise time as the current being 

turned off increases.

The measurements indicated a storage time at turn-off to be about 3ps and stayed 

constant across all voltage and current ranges. This storage time was found to be higher 

than reported in literature [18]. Nevertheless, this value is significantly lower than the 

GTO, whose storage time is in the range of 13ps - 20jis. [24]. This data is very 

important when designing a switching circuit involving IGCT’s because the storage time 

must be accounted for when setting the minimum off-period and minimum on-period 

between switching instants.
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Figure 5.20: Turn-off Energy Loss at Different Turn-off Current Values

The turn-off losses of the IGCT are shown in Figure 5.20. The device was found 

to follow a predictable relationship given by E0ff = 1.2 V0ff I0ff, where E0ff is the turn-off 

energy loss in per pulse in J, V0fr is the off-state voltage in kV, I0ff is the current being 

turned off in kA. The turn-off losses of the IGCT without a snubber are about the same 

magnitude as for a GTO, turning off with a large snubber.

5.6.1.2.2 Turn on Characteristics

Snubberless hard turn-on of the device was performed on the device only up to a 

voltage of 500V and 22 A. Beyond this current level, the maximum reverse recovery 

current was over 150A, resulting in a turn-on di/dt exceeding 500A/ps. Turn-on 

characteristics within this range are presented further.
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Figure 5.23: Voltage Fall Time at Different Turn-off Current Values

Figure 5.21 shows the current and voltage waveforms during turn-on of the device 

at 1923V and 149.1 A. The top trace is the gate drive command waveform. The second 

trace is the device voltage waveform. The third trace is the current waveform. The bottom 

trace is the device power dissipation waveform.

The current overshoot upon turn-on due to reverse recovery of the diode is 

evident from the turn-on current waveform. The peak overshoot current when turning on 

a current of 22 A was 150A and the corresponding di/di during turn-on was about 

SOOA/ps, thereby limiting the device operation during snubberless turn on. Figure 5.22 

shows the increase in di/dt as the dc bus voltage is increased. The slope of the line 

obtained by interpolating the points provides an estimate of the leakage of the switching 

loop of the circuit of Figure 5.15(a). This value was found to be about 1.44 pH.

The voltage fall time of the device during turn-off is a function of the free 

wheeling diode. In this case the free wheeling diode used in the circuit was the anti
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parallel diode in the IGCT. Figure 5.23 shows the variation of the voltage fall time at 

different turn-on currents.

0  5  1 0  1 5  2 0  2 5

Turn-on Current (A)

Figure 5.24: Turn-on Energy Loss at Different Turn-off Current Values

Turn-on losses in the device are also a strong function of the freewheeling diode 

used in the circuit. The variation of turn-on losses under snubberless turn-on are 

presented in Figure 5.24.

The delay time between the gate circuit command and the initiation of device 

turn-on was found to be about 3 ps and stayed constant during the tests. This delay time 

is of the same order of magnitude as the storage time at turn-off. Compared to the GTO, 

the IGCT has the same range of values for storage time (2ps - 5ps) [24] . This data is 

important when designing a switching circuits involving IGCTs because the storage time 

must be accounted for when setting the minimum off-period and on-period between 

switching instants.
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5.6.1.3 IGCT On-sate Characteristics

Figure 5.25: Voltage On-state Voltage and Current Waveforms

a) 4.0

>  3.5

Q 2.0

Current (A)

♦ IGCT 
■ DIODE

Figure 5.26: On-state Voltage for Different Currents
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On-state voltage of the device and the anti-parallel diode were measured by 

maintaining the device on and feeding a 60Hz ac current through the device and 

measuring the voltage drop across the device. Figure 5.25 shows the current and voltage 

waveforms during on-state. A plot of the on-state voltage as function of forward current 

for the IGCT and the anti-parallel diode for different currents is shown in Figure 5.26 On- 

state voltage for the IGCT is lower than the voltage for the GTO. The IGCT shows 

conduction voltages between 1.6 V and 2.9 V for currents between 40A and 600A, while 

the GTO shows conduction voltages between 1.8 V and 3.7 V for the same currents [24]. 

This may be primarily due to the reduced thickness of silicon used in the wafer. The anti

parallel diode features about twice as much voltage drop as the IGCT. These 

characteristics indicate a device optimized for motor drives, where the active device 

carries more current compared to the freewheeling diode.

'  5.6.2 MTO™ Characterization

The study the MTO™ switching characteristics under snubberless turn-off and 

soft tum-on were performed using the test set-up described in Section 5.5. The on-state 

characteristics were also determined using the tests as described in the previous section.

The results and the analysis of these tests are presented in the following sections. 

Section 5.6.2.1 presents the various test procedures and Section 5.6.2.2 and 5.6.2.3 

present the results from dynamic and static tests respectively.

5.6.2.1 Testing Procedures

The MTO™ switching characteristics were investigated utilizing single pulse 

testing, as proposed in Section 5.5.1. Under this test only the turn-off behavior could be 

studied. This testing was performed until the dv/dt recommended by the manufacturer
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was reached. The maximum dv/dt recommended was lOOOV/^s, and tests were 

performed until dv/dt was 989V/ps.

The on-state characteristics were measured by maintaining the device on 

continuously at rated current. Since the device power losses may be significant under this 

test, the device temperature was closely monitored to stay within recommended 

conditions.

5.6.2.2 Switching Characteristics

The device turn-off characteristics were measured up to dc bus voltage of 980V 

and turn-off currents up to 53.7 A.

Figure 5.27: Experimental Waveforms at Turn-off from Oscilloscope

Figure 5.27 shows the current and voltage waveforms during turn-off of the 

device at 919V and 57.7 A. The top trace is the gate drive command waveform. The 

second trace is the device voltage waveform. The third trace is the current waveform. The 

bottom trace is the device power dissipation waveform.
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Figure 5.28: Current Fall for Different Turn-off Current Values

The variation of current turn-off time at different values of turn-off current are 

shown in Figure 5.28. The current turn-off time was observed to consist of two 

components, the current fall time and the tail time. The tale time was detected to be 

always about ten times higher than the current fall time. It is important to mention that 

the decrease in the fall time for higher values of current through the device is due mainly 

to the reduction in the tail time. The tale time was noticed to decrease a total of about 

25ps while the current fall decreased a total of about 2ps for the test samples described in 

the prior section.
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Figure 5.29: dV/dt for Different Current Values

Figure 5.29 shows the value of dv/dt for the different current values obtained in 

the single pulse test. As mentioned before, the manufacturer recommendation for the 

maximum dV/dt was I OOOV/ps. The figure shows the different conditions for dV/dt for 

which this test was performed. The last data point in this graph indicates the maximum 

dV/dt that which the MTOim was subject to.

Turn-off C urren t (A)

Figure 5.30: Storage Time at Turn-off for Different Current Values
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The storage time was observed to decrease rapidly as the current turn off 

increased (Figure 5.30). It is expected that the storage time will stay at about Ips for 

currents greater than 50A. which is the value stated in the MTOim datasheets. [20]

I  0.10

0  1 0  2 0  3 0  4 0  5 0  6 0

Current (A)

Figure 5.31: Turn-off Energy Loss at Different Turn-of Current Values 

Figure 5.31 shows the turn-off losses of the MTOim. The order of magnitude of 

these losses is the similar to the losses observed in the IGCT testing under the same 

conditions. The main difference in the behavior of these devices was observed in the

current fall tail time. The MTOim has a much more pronounced tale time. Consequently, 

the turn-off losses for the MTOim were about twice as much compared to the IGCT.
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5.6.2.3 MTO™ On-state Characteristics

Figure 5.32: Voltage On-state Voltage and Current Waveforms

On-state voltage of the device was measured by maintaining the device on and 

feeding a 60Hz ac current through the device. The voltage drop across the device was 

measured. Figure 5.32 shows the current and voltage waveforms during on-state and the 

corresponding V-I plot.

0  1 0 0  2 0 0  3 0 0  4 0 0  5 0 0

C u rre n t (A)

Figure 5.33: MTOim On-state Voltage for Different Currents
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The on-state voltage drop of the device is not expected to increase substantially 

for currents greater than 400A. The on-state test results illustrated in Figure 5.33 show 

that for currents on the 400A to 500A range, the on-state voltage drop is about 7.9V this 

value was found to be greater than the on-sate voltage for the device in the data sheets,

which is estimated to be 6.0V.
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6.Conclusions

Light flicker has been studied during several decades, nevertheless, the solution to 

this electrical problem has not been completely established. Light flicker mainly occurs 

when large amounts of current are drawn from the line and consequently, the voltage 

drop across the line impedance becomes significant to vary the voltage at the PCC. 

When the voltage at the PCC fluctuates regularly or randomly it may affect the lighting 

circuitry and subsequently light flicker will occur.

Based on the analysis presented here, voltage regulation resulting in lower voltage 

deviation than the lowest values of voltage fluctuation that would result in instantaneous 

flicker sensation (PF5) will mitigate light flicker. The worst case scenario that would 

result in PF5 equal to unity under the IEC and the IEEE standards presents a voltage 

fluctuation of 0.25% at 8.8Hz. Therefore, 0.25% is the most stringent limit for voltage 

regulation that would result in light flicker mitigation for any frequency.

Voltage regulation has been proven to be effectively reached by using reactive 

power compensation in the past [8]. A PWM based converter has been proposed to serve 

the purpose of voltage regulator. The PWM based SSFR offers the advantage of a simpler 

approach to the solution of the light flicker problem. The PWM converter in this 

application will facilitate the implementation of a fast acting reactive power source that 

can be used to compensate for large amounts of current drawn from the line. The PWM 

based converter makes the compensation scheme feasible with simpler circuitry and with



104

the potential of scaling to higher voltage levels. The operating principles of the SSFR 

prototype have been developed, implemented, simulated and tested.

The SSFR prototype opens the doors for future generations of flicker mitigating 

devices, based on PWM technology. Reduction of response time using a control system 

based on a DSP has shown to be, not only the fastest mechanism of control, but also the 

simplest. The DSP versatility among with the converter design can almost be consider a 

generic design for any voltage level in which the appropriate semiconductor devices can 

be found. The PWM converter offers the simplest yet functional alternative to the 

previous reactive power compensators used in this type of application.

An experimental evaluation of the IGCT and the MTO™ has been conducted to 

study their potential for application in power converters. The results indicate that both the 

IGCT and MTO™ have a strong potential for competing with the GTO from the point of 

view of ease of application. This is primarily due the fact that they both feature high input 

impedance gate drive requirements.

The current carrying capacity of both the devices are in the order of a few 

hundred amperes, with surge current rating in the range of a few thousand amperes. This 

brings the devices in the range of current levels at the distribution voltage class.

The voltage blocking capacity of both the devices are about 5 kY. This translates 

into a useable peak clamp voltage of about 3 to 4 kY to allow for safety margins. As a 

result, for application in the distribution voltage class (12.5 kV), four to five devices need 

to be connected in series to realize the required dc bus level. Further investigations are 

necessary to study the performance of these devices under series connection. Another
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alternative to series connection of devices, is the use of various multilevel inverter 

topologies [15].

The on-state voltage drop of the experimental IGCT device is extremely 

competitive with the GTO, as well as the IGBT. The on-state voltage drop of the 

experimental MTO™ device is more than twice that of a comparably rated GTO. 

Therefore the operating efficiency of power converters using IGCTs would be higher 

than the efficiency of the converters employing MTO™ s or GTOs.

The turn-on delay time of the IGCT and MTO™ are similar to that of a GTO. The 

turn-off storage time of the IGCT is about an order of magnitude lower than that of a 

GTO. The turn-off storage time of the MTO™ is a function of the current being turned 

off, especially at lower current levels. At higher current levels, the storage time is smaller 

than that of an IGCT.

The turn-off current fall time for both the devices are in the order of a few microseconds. 

However, the MTO™ features a relatively larger tail time. Snubberless turn-off of the 

MTO™ is limited by the turn-off reapplied dv/dt requirement of 1000V/ps. The IGCT 

does not have a similar requirement.

The tum-on switching behavior of both the devices are limited by modest di/dt 

limitations. The IGCT can withstand a SOOA/ps turn-on rate, while the MTO™ can 

withstand a ISOA/ps tum-on rate. These limitations result in a mandatory turn-on snubber 

at realistic voltage utilization levels. The experimental investigations were severely 

limited by the tum-on di/dt limitations. The turn-off switching loss of both the devices 

are similar to that of a GTO with a large turn-off snubber.
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For the SSFR., both the devices offer an alternative to the GTO in the realization 

of multilevel inverters with simpler power circuits. Compared to the GTO, both devices 

feature simpler power circuit realization due to reduced number of levels required to 

sustain a given voltage. However, the simplicity in the circuit will have to be traded off 

with the tum-on snubber requirements.

The technology of high voltage high current power semiconductor devices is still 

in the stage of infancy for realizing pulse width modulated ac-ac converter based custom 

power devices, such as the Solid State Flicker Controller.

Future generation devices of both the IGCT and the MTO™ are expected to reach 

improved levels of performance, as has been seen with IGBTs and MO SFETs. They will 

continue to play a role in the power electronic technology for application in electric 

distribution systems.



107

REFERENCES CITED

[1] L. Philipson and H. Lee Willis, “Understanding Electric Utilities and De- 

Regulation,” Marcel Decker, INC, 1999.

[2] H. Rudnick et al., “Evaluation of Alternatives for Power Systems Coordination
X'

and Pooling in a Competitive Environment” IEEE Transactions on Power 

Systems, Vol.12, No.2, May 1997.

[3] S.M. Halpin, et al., “ Voltage and Lamp Flicker Issues: Should IEEE Adopt the 

IEC Approach?” http://grouper.ieee.org/groups/1453/drpaper.html.

[4] E. L. Owen, “Power Disturbance and Quality: Light Flicker Voltage 

Requirements” IEEE Industry applications. VoL 2, No.I January/February 1996.

[5] G.R. Jones et al,. “Electrical Engineers Reference Book” Butterwqrth Heimann,

1993.

[6] T. Larsson. “Voltage Source Converters for Mitigation of Flicker Caused by Arc 

Furnaces” School of Electrical Engineering and Information Technology, KTH,

1998.

[7] IEEE Standards Board “IEEE Recommended Practice for Electric Power 

Distribution for Industrial Plants” The Institute of Electrical and Electronic 

Engineers, 1994,

[8] T. J. Miller “Reactive Power Control in Electrical Systems” John Wiley & sons,

1982.

[9] IEC 868 “Technical Report. Flickermeter ” International Electrotechnical 

Commission. 1986

http://grouper.ieee.org/groups/1453/drpaper.html


108

[10] IEC 868-0 “Technical Report. Flickermeter. Part 0: Functional and design 

specifications” International Electrotechnical Commission. 1986

[11] G. Venlcataramanan et al,. “Custom Power Using AC Power Converters” 
Presented at PCIM 1994.

[12] F. Z. Peng et al., “A Multilevel Voltage-Source Inverter with Separate DC 

Sources for Static VAR Generation” IEEE PES Annual meeting record, pp.2541- 

2548, 1997. 1995 IS THIS CORRECT GIRI? Please check, thanks

[13] I. S. Grandshteyn et al., “Table of Integrals, Series, and Products” Academic 

Press Inc. 1980

[14] Montana State University, “Study of PWM ac-ac Converters for Custom Power” 

Prepared for EPRI, February 1996

[15] B. Jayant Baliga, “Power Semiconductor Devices,” PWS Publishing Company, 

1996.

[16] A. Zuckerberger, et al., ’’Design Simulation and realization of high power NPC 

converters equipped with IGCTs,” IEEE-IAS Annual meeting record, pp.865-872, 

1998.

[17] “Compact Megawatt Switch,” Popular Mechanics, October 1997,

. http://popularmechanics.com /popmech/sci/tech/9709TUTEEUM.html.

[18] P.K. Steimer, et al., ”IGCT - a New Emerging Technology for High Power, Low 

Cost Inverters,” IEEE-IAS Annual meeting Record, pp.1592-1599, 1997.

[19] D.E. Piccone, et al., “The MTO™ Thyristor - A New High Power Bipolar MOS 

Thyristor,” IEEE-IAS Annual meeting Record, pp.1472-1473,1996.

[20] D.E. Piccone, et al., “Target Development Specifications and Application notes” 

SPCO / Silicon Power Corp., fall 1997.

[21] D.E. Piccone, et al., “United State Patent US5614737: MOS-controlled high- 

power thyristor,” http://patent.womplex.ibm.com/fcgi-bin/any2html, 1995.

[22] “Data and Application Notes for Gate Turn-Off Thyristors” Nihon Inter 

Electronics Corp., pp.74 - 90,1991.

http://popularmechanics.com_/popmech/
http://patent.womplex.ibm.com/fcgi-bin/any2html


109

[23] A. Ahmed, “Power Electronics for Technology” Prentice Hall, 1999.

[24] P. Wood, “Fundamentals and applications of Gate Turn-off Thyristors,” Electric

Power Research Instimte, 1998. '



APPENDICES



I l l

Appendix A

Light Flicker Standards

The origins of flicker disturbance have been discussed in Chapter 2. The 

International Electrotechnical commission (IEC) and the Institute for Electrical and 

Electronics Engineers (IEEE) have light flicker standards published to assist engineers in 

designing and planning of power systems [3,6,9]. These standards are included in this 

appendix.

Figure Al: Flicker Curves Using IEEE 141 and UIE 120 standards

The IEEE Standards relating to voltage deviation resulting in flicker are shown in 

Figure Al. These curves have been obtained experimentally and have been established 

for light flicker effects assuming a 60W, 120V incandescent light bulb.
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voltage changes permited by IEC 555-3

« relatVchang

I
frequency (Hz)

Figure A2: Voltage changes permitted by IEC555-3 standard

Figure A2 shows the IEC standards that would result in PF5 equal to unity. This 

curve was drawn based on the values found in the IEC Technical report for a 60W, 230V 

lamp [9], The IEC and the IEEE standards present slight variations related to the 

experimental conditions, as well as the voltage and type of lamp used. However, these 

variations will not be discussed as they deviate from the scope of this thesis. As can be 

observed from Figures Al and A2, the most stringent case of voltage deviation resulting 

in PF5 of unity is 0.25%.
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Appendix B

VectorAnaIysis to Derive Ic and Qc

The algebraic solution for the reactive power necessary to mitigate flicker will be 

shown in this appendix. Recalling the phasor diagram in Figure 4.2, corresponding to the 

vector diagram with a system including the SSFR. Using the reference plane with the 

horizontal axis representing the direct component and the vertical axis the quadrature 

component, the vector diagram would result as follows:

Figure A. 3 presents the voltage vector diagram for a system as represented in 

Figure 4.1. Where V ref corresponds to the reverence voltage, Vx corresponds to the line 

voltage and Vrcc to the voltage at the point of common coupling. Recalling Equation 3.5,

Vref

q

Vxq

t
Figure A3: Voltage Vector Diagram of Load and Power Supply System with

SSFR Compensation.

Equation Al

Using vector analysis,
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Vref-(F pcc+Vxd)2+ Vxq Equation A2

Where VXd and Vxq are the components of Vx along the direct and quadrant axis 

respectively.

The current through the line impedance in the system with the SSFR will have an 

active and a reactive component.

hr = hr ~ Ic Equation A3

where IYr corresponds to the reactive component of the current through the line 

impedance, Rr is the reactive component through the flicker causing load, and Ic 

corresponds to the compensator’s (SSFR) current. The active component is

1La = ha Equation A4

where IYa corresponds to the active component of the current through the line 

impedance, and Il3 is the active component through the flicker causing load. Therefore, 

VXd and Vxq can be define as

v Xq = 1La ■ X  L Equation AS

v Xd = ! Lr ' x L - 1C - x L EquationA6

where Xl is the line impedance. Replacing AS and A6 in A2

Vref ~ (Vpcc + h r ' X l ~ h  ' X l) + (ha ' X l) Equation A l

As proposed in Chapter 3 (Equation 3.1) the ultimate goal is to make the voltage 

at the PCC equal to the reference voltage. Consequently, Equation A l  becomes

Vmf -  (Vref + hr ‘ X l ~ h '  %l?  + (ha -X i f  , Equation AS

aind

Vmf = Vmf + 2 • Vref (ILi. -Xl - I c -Xl ) + (ILr-Xl - I c -Xl )2+ (ILa ■ X l )2 Equation A9



canceling common factors

O =  2 ^ R E F i 1 Lr ' x L - 1 C ' X l )  ^ i 1 Lr ' X l Y  +  i 1  La ' X L ^  Equation AlO

separating Xl in equation AlO

I
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0 = 2 . ^ ,  + - Z c ) '  + 4  'JT / • Equation Al l

therefore

Equation A12

rearranging

OV
( ^ - 4 ) + ( ^ - / c ) '  = o EquationAlS

assuming the inductive component of the line impedance is greater than the resistive

component [15] the reactive component of the short circuit current can be defined as

T _  V r e f
1 SSCr ~  v Equation A l4

replacing Equation A l4 in equation A l3

Y a  + 2 Y s C r  ' ( h r  ~  Y )  + ( h r  ~  h f  =  ^ EquationAlS

let

Ii I EquationAlh

replacing Equation Al 6 in equation Al 6

y 2 +2,- I sscr • y  + /^fl = O Equation A l7
'/ .

hence

— 2  ' h s C r  — " h s C r  ~  ^  ' h a

y =  . 2
EquationAlS

simplifying
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y  ~  ^SSCr  —  ^ I SSCr
2
La Equation A l9

multiplying by l SSCr

I,
and simplifying

SSCr

SSCr
1 + Jl-J^

/
Equation A20

l SSCr J

replacing Equation Al 6 back in equation A20 

'  '----- ^
^ L r  I c  ~  I SSCr 1 + Jl- I

LSSCr
Equation A21

solving for the converter current

I c  ~  I l r  +  I SSCr I ± J l - - ^ s -
l SSCr

Equation A22

Equation A21 will provides the reactive current necessary for the SSFR to regulate the 

voltage at the PCC and consequently the possibility of mitigating light flickering. 

Following a similar analysis based on the active and reactive power instead of the 

current, would solve the equation for the reactive power

SSC 1 ± . 1 - V
Qssc

Equation A23

where Qc represents the necessary reactive power to regulate the voltage, Ql the Reactive 

power of the flicker causing load, Pl the load active power and Qssc the line short circuit 

reactive power.
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Appendix C

Qc Approximation

This appendix presents a comparison between Equations 4.7 and 4.9. Recalling 

the equations from Chapter 4

Qc = Q l + Q* V J l - ' V 1
V /

Equation A24

Equation A24 is a duplicate of Equation 4:7 where Qc represents the SSFR reactive 

power, Ql the Reactive power of the flicker causing load, Pl the load active power and 

Qssc the line short circuit reactive power.

Qc = Q l -
P l  -»

2-&K,
Equation A25

Similarly, Equation A25 is a duplicate of Equation 4.9.
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Qload( 2000, PIoad)

Qload99( 2000, Pload)

Figure A4: Mathcad Plot Comparison of Equations A23 and A24

Figure A4 presents the plot comparison of the above mentioned equations, the 

variables used to plot this comparison were the active and reactive power of the load, in 

the graph, P|0ad and Qioad respectively. The reactive power of the load using Equation A24 

is Qioad and the reactive power using Equation A25 is Qi0ad99- It is very difficult to observe 

the difference in the results using the original equation (Equation A24) and the equation 

using the series approximation (Equation A25). The equations show very similar plots, 

actual error calculations showed there was a maximum error of 2% between the results. 

Therefore the approximation may be consider acceptable for the application.
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Appendix D

Gate Driver Circuit Diagrams
U4 27

From pin 5

output) of

output of the

converter (U2)

PARTS:
Ul (Rectifier) HP DB101/38
U2: DC/DC converter (120/20) M57120L from Powerex

U4:single channel high speed opto-coupler HCPL-4503 from HP 
US gate driver M57962L

NOTE: The polarity of the caps is not necesarily accurate in all 
cap drawings. Follow diagram connections, to get polarity

Last update: 3/31/99

this traces go connected in 
parallel with the output of 

the uper 3 U4s in 
the PCB, not directly to the
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Appendix E

Digital Signal Processor Flow Charts

A Digital Signal Processor (DSP) was used to perform real time control of the PWM 

converter in the SSFR. His appendix presents the flowcharts used in the algorithm to 

implement the control equation A25 using signals from 2 voltage transducers and two 

current transducers.

Return

ReturnRead digital I/O 
Output digital I/O

Main program

Interruption service routine 6Interruption service routine 6

Endless loop to trap 
unexpected interruptions

Endless loop 
Waiting for interruption

1. ADC Convert
2. Compute QL
3.Set the new duty ratio

Figure AS: Interruption Algorithms for the DSP Program
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ADC convert

lId ADC cause 
interruption "► Return

Interruption counter
=0 ?

Read FIFOl 
Scale the value 
Save to Vbc

Read FIFOl 
Scale the value 
Save to Vca

Read FIF02 
Scale the value 
Save to Ia

Read FIF02 
Scale the value 
Save to Ib

Set channel 3,11 to be 
next converting channel 

immediately convert

Set channel 3,11 to be 
next converting channel 
wait for GPT2 triggering 

the convert

Compute the Q
Q=Vbc*(2*Ia+lb)+Vca*(2*Ib+la)

Q=Q-QO

Duty=Duty cal* Duty_cal

Duty-Q>0

Increase Duty cal Decrease Duty cal

Set compare point by Duty_cal+21h

Figure A6: Main Program Algorithm for the DSP
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Appendix F

Simulation Block Diagrams

This appendix presents the complete block diagrams used in the simulations discussed in 

Chapter 4.

Flicler mitigator 
LAST UPDATE: JAN 26/99 

thiefile contains new calc Qr 
and components to provide BOKVAR 

Duty Ratio calc based on Q
DT calculated from Q

Line impedance

|IC2B VC2B I----

Line impedance B I1DT (i conv)

— H vi2c ilgrI—----►!+" ___ H'C2C VC2C I----

Line impedance C
iL2C DT (i conv)

Figure A7: Three-Phase Simulation Block Diagram
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!Load A

!Load Al
Sum13

Constant

Figure AS: Flicker Generating Current Block Diagram

Flicker mltigator Controller 
using Q

LAST UPDATE: JAN 26/99

Duty ratio

eqrt ! - ► m
VBC (2iLA+iLB) 
♦VGA (2iLB+iLA)

Figure A9: Duty Ratio Control Block Diagram
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