CURRENT SOURCE CONVERTERS
FOR EXTRACTION OF POWER
FROM HVAC LINES

by
Johannes Frederik Janse van Rensburg

151928

A dissertation submitted in fulfilment of the requirements

for the degree

Doctoris Technologiae: Engineering: Electrical

in the
Department: Applied Electronics and Electronic Communications
Faculty of Engineering and Technology

at the

VAAL UNIVERSITY OF TECHNOLOGY

Promoter: M J Cace
November 200§ - vuo

1



DECLARATION

This thesis is the result of my own independent work, except where otherwise stated.
Other sources are acknowledged by giving explicit references. A bibliography is

appended.

Signed ﬁkq\o“‘ry

..................................



ACKNOWLEDGEMENTS

I am indebted to the following persons:

e Prof Mike Case for his vision and leadership.

e Dr Christo Pienaar for making time to proof read the thesis, suggesting

changes to enhance its readability.
e Prof Peter Mendonidis for editing all language and format related errors.
e My colleagues for sharing the lecturing and administrative load.

e Fellow researcher, Dr Dan Nicolae, who has been a sounding board for many
ideas presented in this work.

e Alida Nel, librarian, who undertook many a literature search.

e Riaan Greeff for technical support.

e My wife, Anneline, for her loyal support, encouragement and time.

e My children for their understanding.

e My parents, Johan and Lettie, for their example through the years.

Thank you to all of you.

il



ABSTRACT

Two methods to convert an AC current source to an AC voltage source are presented.

Both methods make use of a current transformer to provide energy extraction from
the main system while maintaining galvanic isolation between the main system and

the output system. Control is via a pulse width modulation scheme in both instances.

The first method uses a storage element to provide a DC voltage, which feeds an
inverter that supplies the AC load with a voltage source. The second method does
not use a storage element but is a direct AC current source to AC voltage source

converter employing a current transformer. This has not been done before.
A possible application of this study is in the extraction of power from high voltage

transmission lines without the conventional substation and rural grid to supply small

users such as the telecommunication industry.
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HVAC

IC

PAM
PWM

SIT
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TRAFTAP
TRAFTAPI1

TRAFTAP2

alternating current

current transformer

direct current

equal time ratio control

high voltage alternating current

integrated circuit

pulse amplitude modulated

pulse width modulation / modulator

static induction transistor

static induction thyristor

non-conventional energy tapping system utilizing a transformer
non-conventional energy tapping system utilizing a transformer
and using a storage element in the conversion process
non-conventional energy tapping system utilizing a transformer

with no energy storage in the conversion process

X1



Chapter 1 Introduction

A problem in South Africa has arisen in areas that have high voltage networks of
high power rating yet do not have the population density which justifies the
installation of standard power supply systems. Another problem in these areas is the
supply of power to the telecommunications establishments, which is presently being
addressed mainly by means of solar power generation. A power supply of several

kW would meet many of the needs.

1.1 Non-conventional capacitive coupling systems

HVAC
Intermediate
1 Voltage
Cu
L Transformer

CL — ( » gﬁ Load

Figure 1: Basic capacitive voltage transformer circuit

There are at present in South Africa experimental capacitive coupling systems using
passive series compensation where several kilometre long sections of the overhead
shield wire are insulated and used to extract power. The first, with a power rating of
17 kVA, was built under supervision of Leigh Stubbs near ESKOM’s Apollo
substation on the Kendal Minerva transmission line in 1992 (Stubbs 1994:10, 24,

31). Referring to Figure 1, the values of this system were C,, =57nF, C_ =124 nF
and L =45,2 H. The second (50 kVA), using standard components, was built under

supervision of Rikus Lategan in the Northern Cape a few years later (Lategan &

Swart 2001:220).



The Research Institute of Hydro Quebec (I.R.E.Q.) has developed and implemented
systems using capacitive coupling with varying degrees of success in Canada and in
Peru. Stubbs provides a background study on these systems and their development

up to the 1990’s in his thesis (Stubbs 1994:2-8).

1.1.1 Overview of non-conventional HVAC extraction

The basic idea of coupling to a high voltage with a capacitive voltage divider
network as shown in Figure 1 is not new. It has been used in high-voltage circuits
above 66 kV. The capacitive divider circuit would provide a fairly predictable
voltage if the current taken by the load would be negligible compared to the current
flowing through the series connected capacitors. However, this is usually not the
case. To prevent the voltage over the lower capacitor Cp from decreasing with an
increasing load current, an inductor is connected in series with the load. The
inductor value is such that it causes resonance at the supply frequency with the
combined value of the two capacitors of the voltage divider. Further stabilization of
the voltage is achieved by adding an intermediate step-down voltage transformer to

further reduce the current flowing from the capacitive voltage divider (Jenkins

1967:261-263).

1.1.2 Implementation of shield wire power extraction systems world wide

Hydro-Quebec in Canada has also installed capacitively coupled tapping stations to
provide power to repeater stations in telecommunications microwave links. The first
were installed in 1978 and are called first generation SCC (System Capacitive
Coupling). In all about 30 SCC's were installed. Due to problems such as aging,
wear and tear, lightning strikes, etc, these SCC's became less reliable and also
presented a maintenance problem for Hydro-Quebec. Hydro-Quebec and IREQ
introduced a device during the year 2000 which they call IVACE. According to
Varennes (2001), the device consists of a passive self-regulated reactive-power

device based on the properties of magnetic cores with a high level of induction. It is



made up of air-gap cores over which the two primary and the two secondary
windings are superimposed. These are connected to the first through a diode rectifier
bridge (the device’s only electronic component) and through magnetic flux. The
reactor voltage regulating range is set to a pre-established level and the power rating
is based on permanent needs (25 kVAR). Under these circumstances, it is reported
to have excellent operating characteristics and a high level of immunity to
disturbances (Varennes 2001). It is further reported that the output voltage is
regulated and is a sinusoidal voltage whose amplitude is independent of the voltage

of the overhead ground cable.

1.1.3 Applications of physical coupling capacitor systems

Physical coupling capacitor systems have also been developed and implemented in

Peru to provide power to villages in remote areas. These system voltages are limited
to 275 kV (Stubbs 1994:7-8).

1.2 Solution proposed by this research

Extraction of power from a HVAC line by means of a current transformer has not
been developed, neither implemented. Two solutions proposed by this research are:

e Alternating current to DC voltage to alternating voltage conversion.

(TRAFTAP1)

e Direct alternating current to alternating voltage conversion. (TRAFTAP2)

1.2.1 Alternating current to DC voltage to alternating voltage conversion

The output of a current transformer (CT) coupled to the transmission line is
converted to a DC voltage in a storage element (capacitor) and then converted to an

alternating voltage by means of an inverter.



1.2.2 Direct alternating current to alternating voltage conversion

The output of a current transformer is pulse width modulated to provide a regulated

AC voltage without a storage element. This has not been done before.

1.3 Conventional transmission to rural grids

Typically, electric power is generated at 22 to 26 kV inside a generating station by
means of alternators driven by steam turbines. An outdoor sub-station containing
step-up transformers converts the alternator voltage to the transmission voltage,
which can be up to 765 kV depending on the distance that it must be transmitted. At
the point of usage, sub-stations containing step-down voltage transformers are used
to step the voltage down to 11 kV or lower for local distribution to residential,

commercial and industrial facilities (Traister 1983:7, 83).

To provide electric power to users situated far from high population density or
industrial sites such as mines, a rural grid must be constructed from an existing sub-
station to the location of the user. Such a rural grid costs several thousand rand per
kilometre and for every doubling of the power rating the cost increases four fold.
This puts electric power out of range for many rural dwellers in Southern Africa on

economic grounds alone.

In many countries electric power is consumed at a great distance from the generating
station. The position of the power station is dependent on an abundant source of
energy for driving the turbine (water, coal, gas, oil or nuclear). The usage of
electrical energy takes place in areas in which sufficient economic activity is taking
place such as mining, manufacturing, intensive farming, importation/exportation of
raw materials and manufactured goods. The position of the electric power station
and the place where the electric power is used is therefore not necessarily in the same
geographic location. This leads to long transmission lines of high voltage to

minimize losses in the lines. These high voltage grid lines are constructed over vast



distances over which major transport routes also run. The telecommunication
industry has repeater stations (cells) all along these routes and rely on power for the
repeater mostly on solar panels which are expensive, have a short life span, are easily

vandalized or stolen and also require periodic maintenance.

1.3.1 Non-conventional connection eliminates rural grid

Providing an inductive coupling via a current transformer of high voltage insulation
and sufficient power rating, coupled to a current to voltage converter to supply a
50Hz 230V output from a supply line, would meet the needs of the repeater stations
as previously stated. This would unlock potential for bringing more users into the
electric fold which otherwise would not be economically justifiable. This method of
connecting to the transmission line will eliminate the need for the conventional rural

grid from a conventional substation to the rural user (Figure 2).

Insulators
Tower Arm

HVAC Line

Figure 2: CT based tapping methods

1.4 Delimitations

The research excludes practical experiments on high voltage lines. Although the
practical construction of a high voltage CT is excluded, aspects of the design of a
high voltage CT will be addressed in this work. The research will only focus on
methods that can be employed to transform an alternating current source into an

alternating voltage source. Small models will be used to verify the practical



implementation of the methods. The DC-to-AC controller and PWM inverter shown
in Figure 4, are not included in this research, since much has been done on these by

others and would not contribute anything new.

1.5 Summary

Non-conventional tapping methods have been around for some time in the world and
have been experimentally tested in South Africa. The tapping method has been of a
capacitive nature. The aim of non-conventional tapping methods is to eliminate the

rural grid alongside transmission lines in order to cut costs.

Two inductive tapping methods are proposed by this research:

e The output of a current transformer, inserted into a transmission line, is pulse
width modulated to provide a stable DC voltage which is then fed to an
inverter to provide a constant voltage fixed frequency AC supply.

e A current transformer with two secondaries is inserted into a transmission
line. One secondary feeds an AC load. The other secondary feeds a switch
which is pulse width modulated in such a manner as to provide a constant
voltage fixed frequency AC supply to the AC load on the other secondary
winding. In essence, a direct alternating current to alternating voltage

converter without any storage element. This has not been done before.

The research is limited to small models of the systems in order to prove that power

tapping using a current transformer is indeed possible.



Chapter 2 Current to voltage conversion with a storage element

This chapter describes the current to voltage conversion process using a capacitive
storage element (TRAFTAP1). Firstly, the principle of duality is explained and then
applied to help with the explanation of the unfamiliar AC current source by
contrasting it with the familiar AC voltage source. Then a block diagram of the
TRAFTAP1 system is introduced and each functional block is described
individually. This is followed by analysis of the controller action as implemented
with a UC3842 integrated circuit. This is followed by analysis of the design of the
system. The simulation results and experimental results wrap up the rest of the

chapter.

2.1 Theory

Electrical engineers are more familiar with voltage sources than with current sources,
since that is what is usually encountered in the normal application of electrical
engineering. Applying the principle of duality will greatly ease the explanation of

the current transformer in this unusual application power provider.

2.1.1 The principle of duality

The principle of duality applied in electrical engineering means that if a situation
viewed on a voltage basis is analogous to another situation viewed on a current basis,
or vice versa, then the equations relating to one situation can be derived from those
of the other merely by a routine interchange of the quantities or concepts. Thus
Ohm's law may be written not only as v =iR , but also as i = vG (Brosan & Hayden
1966:104).

The second equation is obtained from the first by interchanging voltage v, current 7
and by replacing resistance R by conductance G. Quantities interchanged in this way

are said to be dual elements and the two equations are dual equations. In a similar



way, the equations v=L§ and i=C Z—v are called duals (Brosan & Hayden
4 !

1966:104).

Voltage and current are once more interchanged and the inductance, L, and
capacitance, C, are two new dual quantities. The virtue and justification of this
procedure is that, when duals have been defined from one pair of equations, the same
duals apply in another pair of equations. This has already been done above for
voltage and current. By working with dual quantities it is possible to recognize that
many laws of physical phenomena occur in pairs, and it becomes possible to discover
new (or at least unfamiliar) relations by direct analogy. Further, when the solution of
the dual of a problem is known, the solution of the problem can be written down at

once (Brosan & Hayden 1966:104).
2.1.2 Applying the principle of duality

Electric power can be transferred from one circuit to another either capacitively or
inductively. Inductive coupling is mainly achieved by means of voltage transformers

coupled in parallel, which is the conventional way.

An alternative to capacitive coupling in the non-conventional way to the high voltage
lines would be to use inductive coupling. Two alternatives are available:
e Iron Core Current Transformer

e Air Core Voltage Transformer

The current transformer is connected in series in the line. Extracting power via a
current transformer does at first not seem to be a plausible alternative in any situation
but as this study will reveal it can be done. The air-core voltage transformer is not

the focus of this research.

Applying the concept of duality to the problem at hand it can plainly be seen that it



could well be a method of extracting power. Where a voltage transformer is
connected in parallel, a current transformer is connected in series. Where a voltage
transformer secondary may in normal operation never be short circuited and can
safely be left open circuit, a current transformer secondary may in normal operation

never be left open, but must be short-circuited to avoid potentially disastrous results.

To control the power from a voltage transformer a switch in series with the load is
used. Closing this switch transfers power to the load and opening it, interrupts the
flow of power to the load. The duty cycle of the switch is directly proportional to the

power transferred to the load.

Applying the principle of duality, power from a current transformer is then controlled
by a parallel switch, which shunts current away from the load when it is closed and
transfers power to the load when it is open. The complement of the duty cycle of the

switch is directly proportional to the power transferred to the load.

Table 1: Duality comparison VT versus CT
|

VT CT
Primary Circuit Connection | Parallel | Series
Secondary Side Switch in Series | Parallel

To Transfer Power, Switch Closed Open

No Load, Switch Open Closed

Duty Cycle D 1-D

2.1.3 The TRAFTAPI system

Since this system has not been implemented as yet a few thoughts on the practical

realization of this system would be in order. There after a description of the system



will follow.

2.1.3.1 Physical set-up of the TRAFTAP

The fact that the system consists of a high voltage and a low voltage side makes it
desirable to split the system into two parts, the CT and the power converter. Both
these parts must be mounted on poles to protect personnel and others from accidental
contact with the system (Figure 3). Placing the two parts away from each other
further protects maintenance personnel from the high voltage present at the current
transformer. A pole switch placed in parallel with the CT secondary will prevent
power from reaching the power converter. This will enable maintenance to take
place even while the main transmission line is functional. A ground switch can also
be situated in close proximity to the shunting switch to further protect maintenance

personnel.

HVAC line
Power converter

HV CT

_
—_

N

—__ Pl To 230V 50Hz

load

5

Figure 3: Physical set-up of TRAFTAP
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A brief description of each of the blocks shown in Figure 4 would be appropriate at

this time to familiarize the reader with the proposed system.

2.1.3.2 The current transformer (CT)

High voltage current transformers do not yet exist. The design of such a CT should
consider that it is neither a measurement nor a protection CT, but must be able to
deliver power. However, it should have the saturation profile of a measurement CT
to enable the system to withstand any fault conditions that may arise from time to
time on a transmission line. Capacitive graded bushing will have to be used to
provide the necessary isolation between the high voltage line and the CT casing,
which will be at earth potential. A sketch showing the capacitive graded bushing is
shown in Figure 5. The sketch is a collage of sketches taken from Grigsby (2001:3-
175).

Protection
System
DC link
—  Aux H ] ]
bS] AC | PWM
i Load
CT Crow \ - Inverter
bar
HVAC Controller & Controller %
Line Tac t0 Vige DCto AC

Figure 4: Block diagram of the complete TRAFTAP1 system
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Figure S: Illustration of proposed capacitive graded bushing for a power CT

2.1.3.3 Auxiliary power supply unit (PSU)

Since the system is connected to a high voltage transmission line, the delivery of
power will be dependant on whether the power flow in the transmission line is
sufficient to supply the load. Remember that the TRAFTAP1 system is drawing
power in series with the actual load of the transmission line. It can be seen as a

parasitic load. This implies that if the current in the transmission line falls too low,

12



the output current available from the CT will not be enough to sustain the power

requirements of the TRAFTAP1 load.

In this scenario, the TRAFTAP1 will interrupt the power to the load by keeping the
main switch closed and thereby applying a short to the CT output. However, the
supply for the control and protection circuits may not be interrupted as long as there
is power flowing in the high voltage transmission line since this would seriously
compromise the TRAFTAP system with very destructive results. To keep the
electronic switch closed will require a supply. Therefore, an auxiliary PSU is
required. It is basically a miniature TRAFTAP since it has to convert an AC current

to a DC voltage but at a much lower power level.

Devices that would be ideally suited as the main electronic switch in the TRAFTAP,
would be the SIT (Dudrik 2001:28) or SITH (Dudrik 2001:54). These two devices
are normally closed, which in the event of a failure of the auxiliary supply would
automatically short the output terminals of the CT. This would satisfy the age-old
requirement: "Never leave the output terminals of a CT open circuit". Although
experimental devices have been developed for the SIT and SITH no commercially
available devices could be found for experimental purposes. A drawback of the SIT
at this time is the relatively high on-state resistance of 1,2 Q (Rashid 2004:11).

Thus, due to availability and cost, the device of choice in the experimental set-up is a
MOSFET.

2.1.3.4 AC crow bar

A failure of the diode bridge or main switch causing an open circuit condition would
have disastrous results in the CT. Momentary loss of control of the switch could also

cause a potentially destructive situation.

An AC crow bar circuit, which would switch on a thyristor in a back-to-back

configuration if the CT voltage increases beyond a predetermined safe value, would

13



provide the necessary protection. The thyristors would switch off at every current
zero, effectively resetting the protection if the voltage control is restored. The circuit

of the crowbar is shown in Figure 6. Further details of this circuit can be found in

chapter 4.
Current
Transformer 200V, 10Vy
: 1 kQ
200Vy
1N4007
1N4007
200Vy
1kQ
AC 200V
line 10V,

Figure 6: Detail of the AC crowbar circuit

2.1.3.5 Diode bridge

The diode bridge converts the AC current into a pulsating DC current with a
frequency of twice that of the transmission line fundamental frequency (Figure 7).
The diodes in the bridge do not have to be fast switching diodes since the current
flowing through them is diverted either through the switch S; or through the boost

diode towards the capacitor.

2.1.3.6 Main switch, fast-switching boost diode and DC link capacitor

The main switch S, effectively shorts the output of the bridge when it is closed. It
must be able to carry the maximum current output that the CT can deliver
continuously. When the main switch is open, the current delivered by the CT via the

bridge rectifier flows through a fast-switching diode.

14



The CT, which experiences a higher dy/dr at the instant that the switch changes
state (closed to open), supplies the forward bias on the diode. The diode feeds
charging current to the DC link capacitor and blocks discharging of this capacitor via

the main switch when it is closed again. The main switch is controlled by a PWM

technique.
|
Current —
Transformer
S . 50 Hz
J : T Output
AC line

Figure 7: Basic current source to voltage source converter circuit

2.1.3.7 Current source to voltage source converter

The system front end from the CT up to the DC link is in effect a current source to
voltage source converter. It is appropriate to elaborate on this converter before
continuing with the description of the system. The basic current-fed system
comprises simply a current transformer in series with the power system. This
reduces effectively to a current source feeding the load. Since the load requires a
voltage-fed system, some power electronics is required as shown in Figure 7. If one
applies the duality concept, it becomes clear that the input current will then be

sinusoidal, while any distortion will be in the voltage waveform.

Figure 7 shows the essential components of the circuit. There is nothing unusual

15



about the circuit configuration, except for the input supply. This is a current source

instead of a standard voltage source. The switch S; comprises an IGBT or MOSFET.

Current
Transformer

Load

I

Figure 8: CT feeding a load via a rectifier and averaged equivalent circuit

Since the current transformer does not permit an open circuit, current control is
carried out by means of the switch S| effectively across the secondary terminals of
the current transformer. When the switch S, is off, the current from the bridge flows
towards the capacitor, with the secondary transformer voltage rising to the capacitor
voltage value to force the diode to conduct. When the switch S, is closed, the current
flows through S; and the voltage drops to zero. In effect, this is the dual of a voltage

input converter, which would have a series switch to carry out voltage control.

2.1.3.8 Averaging of the current source to voltage source converter

A CT feeding a load via a rectifier bridge can be reduced to a constant current source
by averaging the circuit (Figure 8). A basic current converter can be realized by
placing a parallel switch between the load and a constant current source (Figure 9.)
Diverting the current through the switch S; away from the load will reduce the

average current through the load (Mitchell 1988:14).

The average of the output current /; is now a function of the duty cycle D of the

16



switch:

L,.=0-D)] (D
where /) is the input current from the current source.

The basic current converter can be modified to become a current to voltage converter
by the addition of a capacitor in parallel to the load. From the v-i relation of a
capacitor it can be seen that a current can be transformed into a voltage by allowing

the current to flow into a capacitor. This relation is mathematically expressed as

v, =V.(0) +% j i.dt (2)

where

v, is the instantaneous capacitor voltage,
V- (0) is the initial capacitor voltage,
I is the instantaneous capacitor current and

C is the capacitor value in Farad.

1, L
+
A
<t 1
q hL Si S
Sy Loa Open Ope{}“ < (1-D)I;
Si
Closed
1

Figure 9: Basic current converter
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However, it is not permitted to place a switch in parallel with a capacitor due to the
infinite current that is created on closure of the switch (Agrawal 2001: 25); (Mitchell
1988:14). This means that a switch must be placed between the capacitor and the
parallel switch (Figure 10). This switch must be OFF when the parallel switch is ON
to prevent an infinitely high current via the parallel switch, which would rapidly
discharge the capacitor and also possibly damage the parallel switch. Furthermore,
this switch must be ON when the parallel switch is OFF to allow for charging of the
capacitor according to equation (2). In practice, the switch S; which prevents

discharge of the capacitor can be realized by a diode.

Load

Figure 10: A basic current-to-voltage converter
Referring to Figure 10 the current flowing in the capacitor, i. is given by:

i=1-1 3)
where

I, is the current flowing through switch S, (diode) and

1; is the load current

Substituting equation (3) into (2) yields:

\%=%mw%;ﬁ5—ajw (4)
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Substituting equation (1) into (4) yields:
1
Ve =VC(0)+E J‘((I—D)[1 —1,)dt (5)

From this it can be seen that the output of the current transformer can be transformed
into a voltage. Further, the voltage across the capacitor can be kept constant by

varying the mark-space ratio D (Janse van Rensburg & Case 2001:427-429).
2.1.4 Description of the complete circuit action

The internal block diagram of the UC3842 as well as the basic power circuit and
feedback components are shown in Figure 11. Circuit action under two conditions is
described below. The two conditions are:

e the plant (main storage capacitor) voltage has reached the set value and

e the voltage of the capacitor is below the set value.

Once the capacitor reaches its desired voltage, the current from the CT must be
diverted via S, otherwise the capacitor voltage will continue to increase. The voltage
over the capacitor is sampled by the resistive divider R3/R4 and applied to a PI
opamp stage. This voltage should be equal to the reference voltage of 2,5 V which is
internally provided by the IC to the opamp non-inverting input. Since the two inputs
are equal, the output of the opamp should also be 2,5 V, since no current will be
flowing through R, or R, and since C; is a small capacitor it should also quickly
discharge to zero. A double diode volt drop reduces the output of the PI opamp
circuit before being divided by 3 by the resistive voltage divider circuit formed by

2R, and R, as shown in equation (6).

VEI‘"OI‘ = VP[ _32VD (6)
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Verrur = 2,5 _32(0,6) = 0’433V (7)

The inverting input of the comparator is supplied by a ramp voltage, which must
ramp up from about 0,433 V upwards to a maximum value of 1 V (the internal block
diagram has a 1 V zener parallel to R,). The comparator output will be low as long
as the ramp voltage is lower than the error voltage and high as long as the ramp

voltage is higher than the error voltage.

Making the assumption that the ramp voltage starting level is just below the error
voltage level, this would make the PWM comparator opamp output low. This output
is applied to the SR latch RESET input, which is edge trigger on a low-to-high

transition.

The SET input of the latch is coupled to a synchronizing pulse, which sets the latch
every time the ramp voltage period ends. Thus, the SR latch is set at the start of each
ramp voltage period and reset as soon as the ramp voltage exceeds the error voltage.
The SR latch O output is logically OR-ed with the synch pulse. The output of the
OR gate is used to drive a totem pole output. If any input to the OR gate is high, the
lower transistor in the totem pole is switched on which drives the UC3842 output
low. If both are low, the output of the IC is high. Thus the synch pulse drives the
IC output low and, at the end of the synch pulse, the totem pole pulls the IC output

high until the ramp voltage exceeds the error voltage. This resets the SR latch

(é =1), which pulls the IC output low.

The IC output is fed to a transistor switch, which inverts the IC output to drive the
main switch S;. Thus, as long as the ramp voltage is lower than the error voltage the
main switch S; is ON and the moment the error voltage exceeds the error voltage S,

is OFF, thus preventing the capacitor from being charged further.

If the plant voltage is lower than the set voltage, the voltage fed back via R3/R4
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would be less than 2,5 V (Figure 12). Since the PI opamp circuit has an inverting

action it would therefore have an output voltage greater than 2,5 V.

Current D,
Transformer

T R4

IT™T
O» o

AC

Reference
Voltage

Figure 11: IC block diagram, basic power circuit and feedback components

This would mean that the error voltage would be greater than 0,433 volt. The ramp
voltage would therefore be less than the error voltage for a longer time, resulting in a
longer time that S| would be open. This would allow current to flow via the diode
D, into the main capacitor C; increasing its charge and therefore its voltage and

thereby reducing the error.

Figure 13 illustrates that when the error voltage is near zero the diode will be ON for

the minimum of time just trickle charging the plant capacitor.

21



0OSC

PWM / / / Error voltage = +0,5V
inputs —— —_—— L = when error > 0,
i.e. feedback voltage = 2,4V and

reference voltage is internally in 1C
PWM | set to 2,5V

RS lat

Totem
Pole

S

D, [ |_

Figure 12: PWM action with error voltage greater than zero

2.2 Aspects of analysis and design

The three major objectives of system analysis and design are to
e produce the desired transient response
e reduce the steady-state error and

e achieve stability (Nise 2000:14, 38).

The PI controller is designed around a PWM controller IC UC3842. Although the IC
itself is basically a current mode controller it can be used as a voltage-mode PWM
controller (Unitrode 1999:3-64). The choice of the IC was based on availability
since any voltage-mode PWM integrated circuit would suffice. The IC was later
replaced with a UC3843 also due to availability of the UC3843 and the fact that the
UC3842 were out of stock. The difference between the two types is the under

voltage lockout which was not a factor in the application.
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Error voltage = +0,433V

OSC when error =0,

i.e. feedback voltage = 2,5V and
reference voltage is internally in IC

PWM set to 2,5V
inputs

- e %
PWM
>
SR latch
Totem Pole
S, | -
D, j'

Figure 13: PWM action with error voltage about zero

2.2.1 Choice of frequency of operation

The frequency of operation should be such that it is at least ten times that of the
fundamental frequency of the rectifier output. Since this is 100 Hz (twice the
frequency of the mains supply of 50 Hz) an oscillator frequency of about 1000 Hz to
2000 Hz was deemed sufficient. The choice of frequency is dependant on the
following criteria:

e Noise pollution

e Switching losses in the semiconductor devices

e Magnitude of the reactive components

For silent operation, the choice of frequency is above 20 kHz since the human ear
responds only to frequencies below 20 kHz. However, the electronics in this case
will be situated on a four meter pole located far from any dwelling and as such would
not contribute to noise pollution since the sound level expected would be very low.

If the period is too long, the ability of the controller to respond adequately to a
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change in the input current or output voltage is reduced. Thus the frequency of
operation should first satisfy the control demand before the switching losses of the

devices are considered.

The output capacitor size is inversely proportional to the switching frequency since
the shorter the time that the capacitor has to sustain the supply current, the smaller
will the change in capacitor voltage be. Mathematically, this can be expressed as
follows:

From the basic equation for the charge relationship of a capacitor

Q=CAV = IAt (®)

it follows that
AV = LAI 9
C

The inverter load should be about 2 kW. This would mean the load current would be

J,Zﬁ:@:mm/x (10)
Yy, 220

Taking the oscillator frequency as 1000 Hz the period of the controller would be

Assuming a secondary current of 10 A from the CT, this would translate to a 14,14 A
peak sinusoid. This means the current would be below 9,091 A for the first and last
part of a half sinusoid given by

i=1_ sinwt (12)
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ala 1= W BB ADBV
UV L kY migﬁéﬂh‘f

9,091 =14,14sinwt (13)

wit =i ~1(%) | (14)

ot = 0.698 (15)

. 0.698 (16)
1007z

t=2ms (17)

Thus, the capacitor should be able to supply the load current on a cycle-to-cycle basis

for double this period.

From equation (8) allowing the capacitor voltage to drop 10 V over the period of 4

ms, the capacitor value is:

€ =L nr =29 4107 = 4000 uF (18)
AV 10

In the case of a single-phase load, the inverter can be synchronized to the CT current
zero crossings, which would minimize the load on the capacitor during the periods
when the supply current falls to low levels. Taking a worst-case scenario, this means
that a capacitor that only has to supply the load current for 1 ms should be sufficient.

This would be a 1000 uF capacitor. From all of the above reasoning, a frequency

choice of 1 to 2 kHz yields results that are acceptable all round.

Referring to Figure 14, the onboard oscillator operates as follows: Cris charged via
Ry from the internally derived 5 V reference source. (This provides an oscillator

frequency that is insensitive to supply voltage variations.) When a predetermined
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voltage level is reached, Cris discharged via a constant current source. Thus the size
of Cr will determine the dead-time of the IC output. Dead-time is the time that the
IC output will be low. From the graph Dead-time vs. Cr (Figure 16) (Unitrode
1999:3-57), the dead time for a capacitor of 100 nF will be about 30 us. The
capacitor C, in Figure 14 (Unitrode 1999:3-61) is a ceramic bypass capacitor of 0,1
uF that provides a path for high frequency transients that reach the output of Vggr.

These transients are a result of the high current switching taking place in the circuit.

Figure 14: Timing components for the UC3842

The selection of oscillator frequency can be done by either choosing a timing
capacitor Cr and then using the nomograph (Figure 15) to select the timing
resistance Rr according to the desired frequency, or by using the formula in equation

(19) to determine the components (Unitrode 1999:3-57).

L72 1,72
S R.C, (10KQ)(100nF)

=1720 Hz (19)

A 100 nF capacitor and a 10 kQ resistor gives an oscillator frequency of 1720 Hz.
However, the nature of the current source, as previously explained, necessitates a
shunt operation of the main switch. This means that the dead-time mentioned for the

IC will be the minimum closure-time for the switch.
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Figure 15: Cr Ry nomograph
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Figure 16: Dead-time versus Cr

The minimum % duty-cycle of the switch will thus be

—6
Dmm:’ixloozwx%xmo::s% (20)

! 1x1

and the maximum duty cycle will be 100 % . This is exactly what is required since

the CT output must be shorted when a no-load condition is experienced.
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2.2.2 PI controller transfer function

The transfer function of the basic active circuit in Figure 17 is given by

G (S): Vo(s) — _Zz(s)
RN AC A0

o2y

(Nise 2000:66).

T Vi(s)

Figure 17: Basic active circuit

Y4
2
2y
— -
- T 20

C\ R2

>

|

T V,’(S)

Figure 18: PI controller

T 20

For a simple PI controller (Figure 18):
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and

Z,(s)=R

Zz(S): R2 +C—

Substituting equations (22) and (23) into (21) yields

where

1

otz
s
G(s)=———
1(5) R
GI(S):_&+ 1
R RCs
1
G(s)=——=2|1+
1() 1 RQCIS
G(s):—& RCs+1
‘ R| RCs
1
S+RC_
Gl(s):—ﬁ 21
Rl
G (s)=K stz
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(23)

(24)

(25)

(26)

27)
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and

2.2.3 The feedback network transfer function

=
Vics)
N
2 R Vu(s)

Figure 19: Feedback network

The feedback network transfer function is given by:

H(sy="e) - R
Vi(s) Ry+R,
H(s)=K,
where
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G

(32)
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K,=— (34)

2.2.4 The PWM transfer function

Referring to Figure 20, when the error voltage v, = 0, the duty cycle should be zero.

This means that there is no error. The voltage at the inverting input of the

comparator (v,,,,.,) Will then be:

R

_a

3R

a

vcomrol = (ve - 2VD)

(35)

Since the error amplifier (compensator) has an internal reference set to +2,5 volt, it

implies that
v, =25V (36)
when there is equilibrium in the circuit.

By substituting equation (36) into (35) the minimum value for the control voltage is:
vcon/ro/mm = (255 - 2(09 6))[_13’] = O, 433V (37)

The manufacturer has set the upper limit of the control voltage to 1 volt. Therefore

=1V (38)

vcon/rolm -

Thus v means a one hundred percent duty cycle and v a three percent

control control ;.

duty cycle as previously shown during the selection of the components for the fixed
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frequency of the IC.

Oscillator

D; D, 2R, +

I Ve Ra I Vcomro[

Figure 20: The pulse width modulator circuit

The transfer function of the PWM controller is given by:

G.(s) = change in duty cycle (39)
? change in v

control

The above reasoning, as well as the substitution of equations (37) and (38) into (39)

gives:
100-3
G,(s) = ———=1,6755 (40)
:(5) 1-0,433
Let
G,(s)=K, (41)
then
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K,=1,6755 (42)

Expressed in dB:
G,(s)=20log(1,6755) (43)
G,(s)=4,483 dB (44)

As can be seen, the transfer function of a pulse width modulator comes down to a

gain.

2.2.5 The transfer function of the power stage including the capacitor

The feedback control system, of a direct duty ratio pulse width modulator used as a
voltage regulator, can be illustrated by the block diagram in Figure 21 (Mohan
2003:323).

Zy l i(t)
Z Power
— o Veontrol PWM d stage

including
+ controller )
capacitor

Vo,ref

Feedback
network

Figure 21: Feedback control system of the PWM voltage regulator
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The linearized feedback control system is shown in Figure 22. The small AC signals

1"A

are represented by "™". Since the transfer function of the compensated error amplifier
as well as that of the pulse width modulator and feedback system have already been
derived, all that is left regarding the block diagram in Figure 22 is that of the power

stage which includes the capacitor as the plant.

ill ‘H:(S)

Voref(s)=0 | Compensated . Power .
v.(s) pwM | 4(s) stage v,(5)
error . :
N roll including
éi - controller
- amplifier capacitor
K, v,(s)

Feedback ]

network

Figure 22: Linearized feedback control system

The state-space equations for the two possible circuit connections have to be written

into the standard form shown in equations (45) and (46) (Erickson 2001:216).

dx(t) _

K Ax(t)+ Bu(t) (45)

y(t) = Cx(t) +Eu(r) (46)

Referring to Figure 23 and looking at the only storage element in the circuit, the v-i

relation for the capacitor C is given by:
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c D i 47)

Relating Figure 23 to equation (45), the state-vector x() is v.(¢), the input vector u(t)
is i;(t) and the output vector y(2) is v,(2).

it) ib(t)

Figure 23: Simplified circuit for analysis

Two circuit states exist in the simplified circuit:
e State 1: S, closed, S; open

e State 2: S;open, S; closed

Applying KCL to the capacitor current during state 1:

i) =i@)—i,@t) (48)
But

AR A 49

L) = 2 (49)

Substituting equation (49) into (48) yields:
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L0 =i -2

Substituting equation (50) into (47) yields:

RLAGIYANIRAG
dt R
S v, (£)
Cvc = ll (t) - R
where
- dv_(t)
dt

The output voltage is given by:

v () =0+v_()

During state 2 the equations are written as follows:

av.(t) .
C __dt =i(t)
where
R0

Substituting equation (56) into (595) yields:
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(1)

(52)

(53)

(54)

(55)
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c dv_ (1) _ ()

57
dt R ©7
. v (1)
Cy, =—-= 58
; 2 (58)
The output voltage during state 2 is given by:
v, ()= 0+v,(1) (59)

From equations (51) and (54) the matrix form of the state equations for state 1 can be

written:
KPO _ A x0)+B,u(0) (60)
di
[qﬂpaﬂzklpqm+mpm] 61)
drt ¢ R :
and
¥(t) = C x(0) + E,u(t) (62)
v, (1) = [1|[v, ()] +[0][i,(1)] (63)

Similarly, using equations (57) and (59) the matrix form of the state equations for

state 2 can be written:

0

= A,x(t) +B,u(t) (64)
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[C}%[vc (0]= {—% [v.(O]+[0][i,(0)] (65)
and

Y(1) = Cyx(1) + Eu(r) (66)

v, () =[1][v, ]+ [0][i,(1)] (67)

The state-space averaged model describing the converter in equilibrium is given in

equations (68) and (69):
0=AX+BU (68)
Y =CX+EU (69)
where
X = equilibrium (DC) state vector
U = equilibrium (DC) input vector

Y = equilibrium (DC) output vector

and the averaged matrices are

A=DA,+ DA, (70)
B= DB, + DB, (71)
C=DC, + DC, (72)
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E=DE, + DE, (73)
where

D = equilibrium (DC) duty cycle and

D'=(1-D) (74)
(Erickson 2001:217)

Equations (68) and (69) can be used to solve for the equilibrium state and output

vectors:
X=-A"BU (75)
Y =(-CA"'B+E)U (76)
(Erickson 2001:217)

The state equations of the small signal AC model are given by the equations (77) and
(78).

K dx(t)
dr

= Af((t)+Bﬁ(t)+[(A1 —A,)X+(B, —BZ)U]&(t) (77)

() = CX(0) + Ei()+[(C, - C,)X +(E, —E,)U]d(t) (78)

Substituting from equations (61) and (65) into equation (70) to solve for A:

A=Dl-1+D -4 (79
R R
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A:{D+Dﬂ—%}
but

(D+D)=1

Substituting equation (81) into (80) yields:

|

b
I

Substituting from equations (61) and (65) into equation (71) to solve for B:

B =DI[1]+ D [0]

B = D]

Substituting from equations (63) and (67) into equation (72) to solve for C:

C= D[]+ D1

o
l

(D+ D)1

C=1

Substituting from equations (63) and (67) into equation (73) to solve for E:

E = D[0]+ D[0]
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(83)

(84)

(85)
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(87)
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E= [O] (89)
From equation (77) the coefficient of c;’(t) is:

(A, —A,)X+(B, —BZ)U]:[[—%——%]Vqt(l—o)]]: I (90)

where
V' is the equilibrium (DC) voltage over the load and
1 is the equilibrium (DC) input current

From equation (78) the coefficient of d ()is:

(C,—C)X+(E, —E,)U|=[(1-1)V +(0—0)1|=[0] (91)

Substituting equations (82), (84), (87), (89), (90) and (91) into (77) and (78) yields

the solved state equations of the small signal AC model:

d\;C(l‘) _ __1'_ ~ N 3 92
C—~ [ R]vc(t)+[D]zl(t)+1d(t) (92)

and
5,0 =5, &)

Equations (92) and (93) have been used to sketch the small signal AC equivalent

circuit in Figure 24.

Substituting equation (93) into (92) yields
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o 90 _

i [-L]%(f)ﬂD]i(fHk}(t) (94)

R
Ignoring any variation in j (f) and converting to the s-domain:

Csv (5)=— % b (s)+ Id(s) (95)

%, (s)(1+ sRC) = IRA(s) (96)

1D
[ 4 [ 4 + +
10, de Cc=7v® R|| %O

Figure 24: Small signal AC equivalent circuit of TRAFTAP1

1

ﬁo(s): IR RC 97
d(s) |(1+sRC)|| 1 &7
RC
() Lo 1 (98)
d(s) € [H 1_]
RC
{}a(s) :LX ] (99)

d(s)y C (s+z,)
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where

1

2= (100)
Let

G.(s) = o) 101

5(8) a(s) (101)
then
1 1
Gs(S)_EX(S—l—Za) (102)

2
—t

Z

S by s

+ _ A
TK/VO Vo(ref)+ vo T vC — I/C + vC

Figure 25: A general compensated error amplifier

2.2.6 Application of the PI controller in a direct duty ratio PWM

Comparing Figure 21 with Figure 18 reveals that the non-inverting input of the PI
opamp circuit is connected to ground, while in the direct duty ratio pulse-width
modulator, the reference input is connected to the non-inverting input of the opamp.
From the linearized feedback control system in Figure 22 a general compensated

error amplifier can be sketched as shown in Figure 25. The AC small signal transfer
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(103)

function can be seen to be
v
c 1+_
Zl
since the variation will be applied to the non-inverting input and will have the

transfer function of a non-inverting amplifier.

However, for all practical considerations, the ratio of
(104)

(105)

Therefore

N

~ L2
Zl

<> |n\1>

o

Thus the transfer function of the PI controller given in equation (28) changes to:
(106)

(107)

s—i-RlC
G (s)=K, _—

where
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2.2.6 The open loop transfer function

The open loop transfer function is given by

where

G(s) = G,(5)G,(5)Gy(s)

Substituting equations (41), (102) and (106) into (110) yields

Substituting equations (112) and (33) into (109) yields

KKK,
- C

S+ 2z,
s’ +z,8

L(s)

2.2.7 Reducing the subsystems to one transfer function

(108)

(109)

(110)

(111)

(112)

(113)

The block diagram of the subsystem is shown in Figure 26. This block diagram can

be reduced into a single block representing the transfer function from input to output
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(Nise 2000:256). From this equivalent transfer function the percentage overshoot,

settling time, peak time and rise time can be found (Nise 2000:261).

Compensator PWM Plant
C
) B Gots) 1] Gat) ] Gt o,
H(s)
Feedback

Figure 26: Subsystem block diagram

Referring to Figure 26, the closed loop transfer function of the system is given by

T(s)zigj; (114)
where

C(5)= G (5)6u(5)6 s 15)
and

R(s)=14Gi(5)G (5)6, (5)H s) (16)

Substituting equations (115) and (116) into (114) yields the equivalent transfer

function of the controller:

(117)
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Substituting equations (33), (41), (102) and (107) into (117) yields

KK, ( s+,
(/v 2
T(s)= S S (118)
1+ _]K' K_"ﬁf SiZC .
C stz
R(s) C(s)
a G1<5)G2<S)G3(s) |
14+G, (5)G, (5)G, (s) H(s)
Figure 27: Reduction to a single block
Let
IK.K K
Vs (119)
C
Substitute equation (119) into (118):
_5 Stz
K. |s*+zs
T(s)=—L2 % (120)
S+z
1+ 8|—F
b § +z,s
P stz
K. |s*+zs
T(s) = AN (121)
s'+zs+8(s+z,)
(52 + zas)
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Let

and

where

Substituting equations (125) and (126) into (124) yields:

K. \s*+zs
T(s)= / <
s*+(z,+B8)s +pz,
(sz—l—zas)
/6’ s+zc <S2+ZaS)
I(s)=—|5 3
K \s*+z,5) |8 +(z,+8)s+Pz,
vz
T _ S/
(S) S2+<Za+,8)s+ﬁzc
wﬂ :BZC
2w, =1z,+0

¢ 1s the damping ratio and

w, 1s the natural undamped frequency.

1
ZCKf

wl(s+z.)
57+ 20w, s +w’

T(s)=
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(123)

(124)

(125)

(126)
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Open-Loop Bode Diagram
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Figure 28: Open-loop Bode diagram of system

From equations (125) and (126) the damping ratio and natural undamped frequency

can be found:

w, =B, (128)
(= Zth (129)
2w

2.2.8 Evaluating the system for stability

The transfer functions above were used in MATLAB to evaluate the response of the

system in order to determine whether the system is stable or not. A screen snapshot
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of the program to transfer all of the transfer functions into the workspace of

MATLAB is shown in Annexure A.

Figure 28 shows the open-loop Bode diagram from which it can be seen that the
phase margin is 90° and the gain margin is infinite. The system is therefore stable.
The step response in Figure 29 shows that the system has a fast reaction time to any
change in output voltage — the rise time being 83,7 us. No overshoot and no
oscillations are observed. The open-loop Nichols chart in Figure 30 also shows that
the system is stable. The Nyquist diagram shown in Figure 31 confirms the stability
of the system.

2.2.9 Effect of saturation on the step response

In any PWM system, the natural limits to the duty cycle are 0% and 100%. A switch
cannot be ON for longer than the repetition period. Neither can it be ON for less
than zero seconds. This translates to a saturation effect in a control system.
Although the control signal can indicate that a greater than 100% pulse width is
required, in a practical circuit the switch will just be ON for the complete period, the
period being fixed. In order to compare the results that were obtained during
simulations, a saturation block was inserted into the block diagram of the system as
shown in Figure 29. The step response of the system was evaluated with saturation.
The step response is shown in Figure 32. It shows no overshoot, ringing or

instabilities.

2.3 Summary

The principle of duality lends itself excellently as an aid in understanding the way in
which the current transformer is used in this application. A block diagram of the
TRAFTAP1 system was presented. It was noted that the CT in this system is a
transformer intended to provide power and therefore not the same as a measurement

or protection CT. Such a high voltage transformer does not yet exist (2005) and will
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still have to be designed. A protection circuit to protect the CT against over voltages
in the case of a failure of the electronics coupled to the CT is needed. To this end an
AC crowbar design was proposed and discussed. This was followed by an
explanation of the basic current source to voltage source converter circuit. Adding
the relevant circuit from a controller IC, the complete action of the circuit was
analysed and explained. Certain aspects of the design and analysis of the PI
controller were expounded. These included:

e the choice of operational frequency,

o transfer functions of the blocks forming the closed loop PI controller,

e derivation of the small signal AC equivalent circuit by using averaging and

linearization state space techniques as well as
o the need for including a non-linear saturation block in the system block

diagram.

Utilizing MATLAB, the stability of the design was shown with a Bode diagram,
Nyquist diagram, Nichols chart as well as a step response. This was all done
according to the classical control approach. The step response after introducing the
non-linear saturation block concluded this chapter. In the next chapter, the theory of

the TRAFTAP?2 system will be presented.

12:34
3030
+ Pl K > ]
S+7.047

@.

Figure 29: Saturation included in system block diagram using Simulink

Step
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Figure 30: Open loop Nichols chart of the system
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Figure 31: Nyquist diagram of the system
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Chapter 3 Direct alternating current to alternating voltage

conversion

The possibility of controlling the output voltage of a current transformer via an
additional test-winding can be hypothesized by examining the statement made by
Jenkins (1967:110) with reference to a test-winding on a current transformer: "... if
the primary winding is energized and the secondary winding is connected to its
burden, then a short-circuited test-winding on the same core would mean a complete
breakdown of the normal relationship between the primary current and the secondary
current; the current flowing through the burden in this condition would not be that
given by the nominal ratio of the current-transformer”. The proposed solution is

shown in Figure 34.

AC line

AC
Load

Current
Transformer

e

Test-winding and main
switch for PWM control

Figure 34: Current to voltage conversion with PWM control via "test winding"
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3.1 Theory

There are two frequencies in this system. One is the utility supply frequency (50 Hz)

and the other is the chopping/control frequency ( f,), which is much higher than the

utility frequency.

The magnetic flux in the current transformer can be described as:

T =3, + +O, (130)

where:

@, is the flux created by the primary current, i,
®_ is the counter flux created by the current in the secondary winding,
@ is the counter flux created by the current in the control winding and

®, is the leakage flux .

The leakage flux is negligible due to the toroidal geometry of the magnetic core,

thus:

®, =0 (131)
During the chopping period (7,), the switch S, is closed for &7, seconds (k being the
duty cycle), the current in the control winding becomes maximum and the flux can

be described by:

d =0 (132)

¢ 14

Substituting equations (131) and (132) into (130) gives
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$ =0 (133)

When the switch S; is open, the current in the control winding is zero and the

equations describing the flux become:

T =0 (134)

and

o =3 (135)

The average flux in the secondary winding as seen from the utility frequency point of

view is:
1 T
d =— | ®dt 136
=7 f 5 (136)
o =(1-k)®, (137)
b =k, (138)
where
kK =01-k) (139)

According to Faraday’s law:

v, =—>, (140)
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Thus

v, =Cxk xi, (141)

where C is a constant depended on the geometry of the transformer and utility

frequency.

From equation (141) the secondary load voltage v, depends on the primary current
and duty cycle. The secondary load voltage also has the same frequency as the
primary current. This shows that there is a direct conversion from an alternating
current source to an alternating voltage source with the possibility of controlling the

output voltage via the duty cycle of the control winding.

Further more, by comparing the output voltage of the secondary winding to that of a
sinusoidal reference voltage, an error voltage can be produced that can be used to
pulse-width modulate a switch on a test winding (used as a control winding) in such
a manner that the secondary voltage will be sinusoidal under a whole range of loads.
This would mean that the chopping frequency would vary. Alternatively, the
average output in the previous cycle can be used to determine the pulse-width of a

current cycle. In this case the chopping frequency would be fixed (Mazda 1997:171,
172).

3.1.1 Equal time ratio control

The specific mode of control selected for the control of the AC chopper is "equal
time ratio control" (ETRC), since it provides a linear relationship between the
fundamental component and the control variable k. This eases the control of the
chopper considerably. Also, the more inductive the load, the nearer the rms value of
the output current is to that of the fundamental. This is also dependent on the ratio
between chopping frequency and that of the AC waveform. The greater the ratio, the
better the waveform (Addoweesh 1993:1003 - 1007).
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Figure 35: Illustration showing the generation of the ETRC output voltage

The input current in a voltage sourced AC chopper as presented by Addoweesh
(1993) is not applicable to the proposed current sourced AC chopper, because the
current will not be interrupted in the supply but will be simply shunted away from
the load.

3.1.2 Mathematical derivation of output waveform

The output waveform can be seen to be the same as that of a train of pulse amplitude
modulated (PAM) pulses. The mathematical expression for the output waveform can

be obtained by
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Veay (1) = v, () xv (1) (142)

A single pulse is denoted by

-T T
E for — <t <—
plt)= 2 2 (143)

0 elsewhere

and an infinite train of pulses with period 7' is represented by
P(ty=> p(t—nT) (144)
n=1

(Marshall 1980:38).

A pulse train is periodic and can be represented by the general Fourier series:

v, (1) =a, + Y a,cosnat +y b, sinnot (145)
n=1 n=1
where
|3
a=" f f(tdt (146)

T
2

From the enlarged portion shown in Figure 35 the average term is:

= a, =

~N|—

3
f Edt (147)
-2
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- (148)

Let time ¢t=0 be in the centre of each pulse, then in equation (145) all b,

coefficients are zero and the g, coefficients are given by:

a =

f(t)cosnardt (149)

3
~ o
.—'I\)l'*l

-7

~|

% Ecosnatdt (150)

D R S

zg[smnth (151)
T nw |-
2
_ 2E | p P07 _ gy et (152)
noT 2 2
_ 4E Sinna)r (153)
nol 2

4Et not

= sin (154)
notl 2

_ 2FT sin nwt (155)
not 2
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nwt

sin ——
2
e R (156)
T et
2
Substituting equations (148) and (156) into (145) yields:

sin 727

Et 2Etg oy
vs(t):%+ TT; _na)_z X COS nat (157)

2

(Conner 1972:16).

If £ is normalized to 1 V peak and the sampling frequency is taken as f; then the

unmodulated pulse train is given by:

. no.T
r 2 S 9
v, (1) 7T "2::‘ R X COS N, (158)
2

(Conner 1973:50-52).

The modulating signal in the case of the TRAFTAP2 system is the output voltage of
the CT, which is given by

v (1)=V, sinw, (159)

Multiply equation (158) and (159) to obtain an expression for the modulated pulse

train as in equation (142):

Vo )=V, (1) xv (1) (160)
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. hoo T

r 2| ST,
Vo (1) =V sine, x| —+= 2 cosnmt (161)
n=| it 228
2
Let the control variable
ST
k =— (162)
T
Substitute equation (162) into (161)
. AW T
o  x |sin 5 .
Vo () =kV sinw 142k Vm; __”’ET X cosnw t Xsinw, ! (163)
2
But
sin Acos B = %(Sin(A + B) +sin(4 - B)) (164)
Applying equation (164) to (163):
Vo () =kV sinw, t+
(165)

o |8IN——
. 2 1, .
2kV —=—X— M +sin(w, —nw )t
m;?:l Tt xz{sm(wm—}—n%) in(w, —nw,) }

2
. Nw.T
oo | SIN —
=KV, sinw 1 +kV, | ——2—x{sin(w, +nw )t +sin(w, —nw,)t}|(166)
P nw.T
2
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| n2w T
' | sin—
=KV, sinw,t +kV,S *ix {sin(w,, + mo) +sin(w, —nw,)1}|(167)
=l 2 —
2 J
=KV sinw t+ k'VmZ{Sm Z”k x[sin(@,, + no, )t + sin(w,, - no, )t]} (168)
n=| K 7w
o KV, &[sinmnk .
=kV sinw,t+ k.’” Z sinnk x{sm(wm + nw )t +sin(w,, — nws)t}} (169)
n=l mn
— KV, sinw, 47,3 SRR {sinw,, + nw, )t + sin(w, — nws)t}l (170)
=1 N

(Case 1980:123) (Addoweesh 1993:999-1013)

Equation (170) differs from that found in Mazda (1997:169), which erroneously has

left out the constant 7.
Traditionally, AC chopper regulators are primarily used where the load requires a
sine wave, since the fundamental chopper frequency can easily be removed by a

series band stop filter and a low pass filter can be used to remove the higher order

harmonics (Mazda 1997:171).

3.2 Certain aspects of analysis and design

The ETRC was implemented with a PIC18F452 microcontroller. A digital PID

controller was realized by using the program in Annexure B.
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3.2.1 The PID controller

In the continuous time domain a PID algorithm has the following general form:

de(t)
dt

K, 171
u(’):KPe(’)+T fo e(t)di + K T, (171)

where

e(?) is the error signal,

u(t) is the control input to the process,
K , is the proportional gain,

T is the integral time constant and

i

T, is the derivative time constant.

(Ibrahim 2002:185)

In the s-domain, equation (171) can be written as

U(s)=K, 1+S—1T—+sTd E(s) (172)

The z-transform of equation (172) will yield the discrete form of a PID controller:

r ==

U(z) = E(2)K, T,(l—z_l)+ d

1+

(173)

where 7 is the sampling interval.

Rewriting equation (173) as a transfer function yields:
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where

a:KW
KT
b=—— and
T
c:K"Td.
T

(Ibrahim 2002:194)

(174)

Equation (174) can be used to realize a parallel programming algorithm, which when

implemented in a c-program will provide the necessary PID controller (Figure 36).

‘> S p(kT)
%
'
e(kT) B u(kT)
~a/ +J\§§ﬁ >
+
. O
e & qkD)

Figure 36: Parallel realization of the PID controller (Ibrahim 2002:195)

The c-program for the PID controller is listed in Annexure B. Since the response

time needed is relatively slow, the Ziegler-Nichols settings (Ibrahim 2002:187) were

used as a starting point and the values of 7;, 7y and K, adjusted until a reasonable

response was obtained.

Annexure B.
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The values are to be found in the program listing in



Declare variables
v

Initialize peripherals

v

Initialize variables

v

Calculate PID parameters
v

Do soft-start routine

[P

v
Sample feedback voltage

v
Calculate duty cycle D

Yes Set duty cycle to 100%
D> 100%? and limit integral wind-up

No

Set duty cycle to 0%

and limit integral wind-up

Start-up Yes Set duty cycle to 70%

and set integral term

overshoot?

v

Use integral term to inhibit

surge

v

Apply duty cycle

\ 4

4

Figure 37: PID algorithm flowchart
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Since over-voltage surges can be detrimental to the load, intelligence was included
into the PID controller to restrict the load voltage by drastically reducing the output
voltage for a few cycles in the event of a positive cycle exceeding a predetermined
level (20%) above the nominal output voltage. This was done by making the integral
term a large negative value, which although introducing a sudden reduction in the
duty cycle and thus the output voltage, did not cause ringing and also allowed for a

gradual return to the regulated output voltage required by the load.

3.3 The TRAFTAP2 CT

The CT must be designed with two secondary windings. In order to minimize the
stress on the main switch, the control winding voltage must be kept low while the
current will be high. Low voltage devices are currently capable of switching large
currents and have a low on-state resistance (MOSFET's). The load winding should
have a voltage rating that is higher than that required by the load since allowance
must be made for the volt drop over the filter inductor. A power CT designer with a
user-friendly interface was created in MS Excel. A screen snapshot of this tool is

shown in Annexure C.

3.4 Summary

In this chapter the basic operation of the direct alternating current to alternating
voltage converter was presented. The mathematical model was derived and it was
shown that the transformation from alternating current to alternating voltage could be
done. A digital PID controller implemented with the aid of a PICI8F452
microcontroller was introduced. A flowchart of the program as well as the listing of

the c-program has been included.
In the next chapter the simulation models done on both the TRAFTAP systems are

shown. The results obtained from some of the simulations that were done are shown

and conclusions drawn.
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A possible alternative for the two zener diodes is a MOSFET used as a single zener
diode. This can be done because modern MOSFET's are avalanche tested at their
forward break over voltage and behave like zener diodes in this region. The zener
diode is shown in the symbol of these avalanche tested MOSFET's. Although
theoretically a SOOV thyristor could do the job on its own without the trigger circuit,
in practice it is hard to find thyristors with such low forward break over voltages.
because technology has moved on and thyristors with high break over voltages such
as 800V, 1200V and 1600V are now available. This has forced the use of a trigger
circuit to ensure a lower threshold voltage on the AC crowbar that is lower than the

forward break over voltage of modern thyristors.
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Figure 39: AC crowbar action on CT secondary current, pu flux and output
voltage

A practical circuit and simulation on MATLAB have shown that only one thyristor
will be triggered in every cycle since the saturation experienced by the CT core

under these circumstances is such that the de/dt is not enough to produce secondary
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voltages high enough to reach the predetermined values since the CT core is operated

close to the flux saturation values.

The results in Figure 39 show that only one thyristor will be triggered per cycle,
since the CT core flux is operated very close to its saturation level during the time
that the thyristor is ON. When the thyristor switches OFF, the CT is pushed back

into saturation and the dg/dr is therefore limited. This results in an induced voltage

on the CT secondary that is not high enough to trigger the second thyristor in the AC
crowbar. It is argued that although only one thyristor switches ON per cycle, both
thyristors should be included in the AC crowbar so that any voltage high enough to

trigger the AC crowbar should activate it no matter what its polarity.
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Figure 40: Simulation model used to investigate CT saturation

4.2 CT saturation

A question that is regularly asked during discussions about the TRAFTAP is what
the influence would be of transients on the power line that cause saturation of the
CT. This saturation could be the result of lightning strikes on the line or of sections
being switched in or out. A modification of the model (Figure 40) was used to

investigate this question.
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Figure 41: CT output under transient conditions causing saturation

Figure 41 shows the primary current, the flux density, the switch control voltage and
the output voltage under transient conditions. The CT flux density is modelled as
saturation at 10 times the normal flux density. As can be seen from the graphs in
Figure 41 the control voltage only switches from time t = 0,1 up to 0,116 ms in order

to evaluate the CT output during conditions of saturation and of non-saturation.

In order to show all waveforms on one axis, the relative sizes of the flux density and
control voltages have been multiplied with a factor of 100 so that they are visible.
When the first three pulses of the control switches the main switch, no effect is seen

in the output waveform since at this stage the CT is in negative saturation. However,
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switching the main switch ON and OFF during the time that the CT flux density is
changing from negative to positive saturation, generates an output voltage during the
times that the switch is ON. The moment the CT goes into positive saturation no
output voltage is produced by the same action. This means in effect that the storage
capacitor in such a system would have to be large enough to sustain power to the
load through a transient condition otherwise power to the load will be interrupted as

soon as the storage capacitor voltage becomes too low.

4.3 Step response of the TRAFTAP1 system

The step response of the system was evaluated with the simulation program
SIMetrix41. Although the UC3842 is available in SIMetrix41, the control voltage is
internally derived and kept constant at 2,5 V. This makes it impossible to evaluate
the system with a step change in the input variable. The action of the IC was
replaced with a dependant current source and the chopper was modelled with a
dependant current source, which simulated the average output of the CT, bridge
rectifier and switch S;. The simulation model is shown in Figure 42. The current in

the simulation model was limited to 10 A.

As can be seen in Figure 43, the response of the system to a step change causes
negligible overshoot and settling time. It takes 5,5 ms for the load voltage (over
storage capacitor) to reach its controlled value after application of a unity step input.
A step in the load current from 0 to 7 A at time t = 6 ms up to 6,5 ms also causes an
adequate response from the controller and no instability is observed. The current

supplied from the CT was limited to 10 A.

4.4 Simulation with the UC3842 as the controller

Simulation of the circuit with the UC3842 was done on SIMetrix4] simulation

software. The simulation model is shown in Figure 44.
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The AC supply line was modelled with a voltage controlled current source fed by a
sine wave of unit amplitude. The current source has a gain of 1000, which gives a

primary current of 707 A rms flowing in the primary of the CT. The CT has a turns

ratio of 1:100 which results in a secondary rms current of 7,07 A.
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100
]R12
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Figure 44: Simulation model of TRAFTAP1 using UC3842

The controller action can clearly be seen in Figure 45 where the duty cycle of the
current through the diode is varied to compensate for the pulsating nature of the
supply current. The average load current was kept constant at about 3 A while the
input current being a half-sinusoid varied from zero up to 10 A peak. As can be seen

the load voltage was kept fairly level by the controller. No instability occurred.

The primary voltage over the CT has raised many a question at conferences where
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this work was presented. Simulations done reveal that the primary voltage is small in
comparison with the voltages that do exist in a transmission line system. Figure 46
shows the voltage reflected into the primary circuit to be about 3 V rms. The voltage
is directly related to the power that has to be supplied by the CT. The CT power

input is equal to the power losses in the CT, plus the power delivered to the load.

PH’I = P/O.S‘S + PDUI (175)

where

P, is the power supplied to the CT,

P .. 1s the power taken by magnetization and resistive losses in the CT and

P

’ « 18 the power delivered to the CT load.
The power input to the CT is a function of the primary current and the primary

voltage. Thus

Rn = Vpri X Ipri (176)

In order to deliver power from the CT, the volt-amp product at the input to the CT
must be balanced with the volt-amp output plus any losses in the CT. Since the
current here is not determined by the load, but is a given, it means that the primary

voltage will vary as the duty cycle of the switch is varied.

Analysis of the CT primary voltage and primary current reveals that there is a
sinusoidal pedestal on which the chopped portion of the primary voltage is
superimposed (Figure 47). The pedestal is 90 degrees out of phase with the primary
current indicating that it represents that portion of the primary voltage drop, which is

related to magnetization.
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Figure 47: CT primary current and voltage

4.5 Simulations of the TRAFTAP2 system

The Proteus software package allows for a microcontroller program to be evaluated
in a circuit containing a model of the microcontroller. Using this package, the
TRAFTAP2 system was modelled and various simulations done to evaluate the
controller action. Figure 48 shows the PIC microcontroller and the TRAFTAP2

system model ready for simulation.

Forcing the duty cycle to be about 35%, initially restricts the output voltage to a safe
value for the first three cycles after switch-on (Figure 49). Subsequently, the integral

action brings the output voltage up to the regulated value without any overshoot or

ringing.

The CT secondary is fed to a filter which prevents the higher frequencies contained

in the CT secondary waveform to reach the load.
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Figure 48: TRAFTAP2 simulation model on Proteus software

Output val tage

440

100

0.0

128

i i | | T

1

_ U e
P .ae 108 200m 32@m 400M 1%1% | SAGM

< [n

Figure 49: Load voltage at start-up

78



CT Sec Load
82p

CT load winding voltage \Y

.. / ez

2ae
- 2.0
I -2pD
-4p0

~60B

610 .2 613.2m 620.0m 623.2m
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Figure 50 shows one cycle of this chopped waveform. Comparison of this waveform
with that in Figure 35 shows that it is indeed the output waveform of an ETRC
system. The removal of the higher frequencies by the filter leaves only the
fundamental frequency, which in this case is 50 Hz. The voltage waveform after the
filter, i.e. over the load, is shown in Figure 51. All the high frequency components
have been removed. The small ripple superimposed on the sinusoidal waveform is
due to the low switching frequency, which was used to be able to better illustrate the
process. Increasing the switching frequency would reduce this ripple to be
negligible. Also shown is the PIC PWM output on which the duty cycle can be
observed. The spectrum of the output voltage is shown in Figure 52. The
modulation products of the switching frequency and the utility frequency are visible
at 950 Hz as well as at 1050 Hz. However, compared to the amplitude of the
fundamental these products are negligible.
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Figure 51: TRAFTAP2 output voltage waveform

The action of the controller at start-up can be further explained by examining the
feedback voltage (Figure 53). For the first three cycles the output voltage is
restricted. However, this does not prevent an initial voltage spike during the first
cycle, but the spike is still within acceptable limits. After the first three cycles, the
PID controller action is allowed to go its course and brings the output voltage to its
regulated value of about 235 V (rms). When the regulated output voltage is reached,
the feedback voltage sampled by the PIC microcontroller is about 2,5 V, which is the
same as the software set point. When the main switch is ON, the control winding
current is equal to the primary current times the turns ratio of the CT. During this
time, the filter inductor supplies the current flowing in the load winding. When the
main switch is OFF, no current flows in the control winding and the current in the
load winding is increased. The filter inductor however prevents a rapid increase.
During this OFF time energy is transferred to the filter inductor to be released during

the time that the main switch is switched ON again.
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Figure 55: CT voltages of control and load windings
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Applying a short (main switch is ON) to the control winding also causes the voltage
on the load winding to reduce to a minimum. This can be seen on the two graphs
shown in Figure 55, which are mirror images of each other since the transformer
model used for the CT in PROTEUS software does not have a transformer model
with two separate secondary windings. The purpose of the simulation is however to

show that the two voltages follow each other in magnitude.

In Figure 56, the red trace is that which is the voltage measured over the CT primary,
the blue trace is the control winding voltage and the green trace is the CT primary
current. From this graph it can be seen that switching the main switch ON, causes
the control winding voltage and the primary voltage to reduce to zero. This

corresponds to what happens to the load winding voltage as shown in Figure 55.
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4.6 Summary

The results of many simulations to illustrate the various aspects of the TRAFTAP
systems were presented. These included stability issues. It has also been shown that
the simulation results agree favourable with the mathematical models presented in
the previous two chapters. In the next chapter, the practical models and the results

obtained with these models are presented.
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Chapter S Experimental models and results

The results obtained from two experimental models that were built are presented.

The first model was that of TRAFTAPI and the second was TRAFTAP2. The

controller of TRAFTAP1 was analogue and that of TRAFTAP2 digital.

5.1 Measurements made on TRAFTAP1 experimental model

A CT experiences a high rate of flux change when the secondary is open circuit
without an AC crowbar to protect it.
Figure 57. The CT used for the experimental set-up of TRAFTAP1 was subjected to

a primary current of 4 A peak without the AC crowbar and produced voltages of up

This leads to high voltage peaks as shown in

to 780 V peak indicating the need for a protective crowbar circuit (Figure 6)

T J
T

lIll[lllllIlITﬁlllllllll

llllllllllllllllllllllll

lIlIIllllllllII

[ ope] CH1 200 ¥ 25mS

..................

.,

lllllll.f-]llllll

opeLCH2, 200 mY, |zslms1'nnmv—ml T A

111

Figure 57: CT secondary voltage when open circuit
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Figure 58: CT secondary loaded

The action of the PWM PI controller on the CT secondary voltage is shown in Figure
58. The secondary voltage rises to the DC link voltage and is clipped at the regulated
value. In this experiment, the regulated value was 330 V. The duty cycle of the
main switch in TRAFTAP1 is at a minimum just after the primary current goes
through zero, since the DC link capacitor looses some of its charge when the primary
current is less than the nominal current of the load. As soon as the DC link voltage
has reached its regulated value, the duty cycle of the main switch is increased to a
value, which just maintains equilibrium between the diode current and the load

current. In the scope measurement shown in Figure 58 the CT primary current was
17 A peak.

The influence of TRAFTAP1 on the primary current is illustrated by the oscilloscope

measurement shown in Figure 59.
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Figure 5S9: Current and voltage of the primary circuit

The primary current has a ripple superimposed on the sinusoid caused by the voltage
reflected into the primary circuit via the CT which in the experimental set-up, is a
reasonable percentage of the applied primary voltage. In this case a 300 V peak
sinusoid is applied to produce a 10 A peak current in the primary circuit. The CT
primary voltage is about 15 V peak (Figure 60), which is about 5 percent of the
applied primary circuit voltage. When comparing this CT primary voltage to that on
a transmission line (400 kV), the CT primary voltage becomes, percentage-wise,
virtually zero and the influence on the primary line current will be unnoticeable.
This means that it is possible to install many TRAFTAP1 systems on a line without
causing a noticeable influence. Furthermore, the influence will be reduced by the
fact that the individual TRAFTAP1 systems will not be synchronized with each other

and will therefore tend to present an averaged parasitic load.

The CT primary voltage is that reflected from the CT secondary (Figure 60).
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Figure 60: CT primary voltage and current waveforms

Two conditions can exist: the main switch is ON and the main switch is OFF. While
the switch is ON, the voltage on the secondary is the combination of two forward
biased diode volt-drops, the main switch on-state volt-drop and the volt-drop caused
by the resistance of the secondary winding. This voltage divided by the turns-ratio of
the CT is reflected into the primary circuit. Added to this is the volt drop over the
resistance of the primary winding and the magnetizing inductance. This can be seen
by the sinusoid formed by the lower points of the CT primary voltage (Figure 60).
While the switch is OFF, the voltage reflected into the primary circuit is the sum of
three diode forward volt drops, winding resistance volt drop and the DC link voltage
divided by the turns ratio of the CT. Added to this is the primary side volt-drop due
to magnetizing inductance and resistance. The peak of this voltage is just below 15

V. The primary current ripple is also noticeable on the waveform shown in Figure
60.
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Figure 61: Diode current flowing towards DC link capacitor

The main diode current in the TRAFTAP1 circuit only flows when the energy in the
CT is able to produce a secondary voltage in excess of the DC link capacitor voltage.
The secondary current of the CT flowing through the diode follows the envelope of a
half sinusoid produced by the rectifying action of the diode rectifier. Near the
natural current zero's, the energy in the CT is insufficient to forward bias the main
diode as can be seen by the voltage pulses which do not reach 320 V (Figure 61). No
secondary current flows during these periods when the main switch is OFF. The
influence of this on the primary side of the CT cannot be distinguished (see Figure 59
and Figure 60) and can therefore be ignored. A circuit detecting this situation can
however be incorporated to switch on the main switch for the remainder of the
switching period if the CT secondary voltage does not reach the DC link voltage

immediately after the main switch is switched OFF.
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Figure 62: DC link load current and the bridge voltage

The DC link load current remains constant even during the time that the CT
secondary voltage fails to forward bias the main diode. This means that the DC link

presents a regulated voltage to the load. The power transferred to the load in this

case was
PLaad = VDC X ILaad (177)
led =320x%x330x107° = 105,6 W (178)

This proves practically that it is possible to transfer power from a CT to a load.
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5.2 Measurements made on TRAFTAP2 experimental model

A switching frequency of about 1 kHz was chosen so that the action of the system
can be shown more clearly. In Figure 63, the top waveform is the voltage over a
resistive load and the bottom one is that which is applied to the gate of the main
switch. The main switch is ON when the voltage applied to its gate is HIGH and
OFF when the voltage is LOW. During the ON time, current is diverted away from
the CT secondary feeding the load. On the graph it can be seen that the
instantaneous amplitude of the load voltage is reduced during the times that the
switch is ON. When the switch is OFF, the instantaneous voltage over the load
increases. From a load point of view, the wave shape can be made to approximate a
sine wave more closely, by using a higher switching frequency. The CT primary

current in Figure 63 was 4,5 A.
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Figure 63: TRAFTAP2 main switch gate voltage and the load voltage
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Figure 64: Action of the PID controller

The action of the PID controller is to keep the output voltage constant under varying
input current and load conditions. Figure 64 shows the load voltage and feedback
voltage at start-up. The primary current was increased from zero up to 4,5 A.
Chopping action only starts when the sampled voltage exceeds 2,5 V (which is the
set point voltage). The controller was programmed to prevent a voltage surge.
Therefore, it immediately increases the duty cycle and loads the integral register with
a negative value. The decline in amplitude and the gradual rise in amplitude until it
settles at the value corresponding to a set point of 2,5 V is shown with the trace of
channel 2 in Figure 64. Channel 1 in the same figure is the feedback voltage, which
is sampled by the PIC microcontroller. The feedback voltage is derived from the
load voltage via a half wave rectifier and a smoothing capacitor. It acts as a load
voltage peak detector. During the time immediately after an over voltage detection,
the load voltage peaks are less than the smoothing capacitor voltage and the voltage

then declines according to the time constant formed by the capacitor and voltage
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divider circuit.
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Figure 65: PID action during a dip in the primary current

The PID controller prevents a surge in the load voltage to dangerous levels when the
load voltage exceeds the set point voltage. A dip in the primary current causes the
controller to reduce the duty cycle of the main switch to zero in an attempt to sustain
the power to the load. A surge in primary current after the dip, causes the load
voltage to quickly increase beyond the set point value, since controller action is only
activated according to the peak of the previous cycle. This is according to the
control philosophy of ETRC, which is to adjust the duty cycle of the current cycle
according to the error value obtained in the previous cycle. This leads to gradual
rather than abrupt changes that can cause transients in power supply systems. An
under-voltage lockout could be built into a digital controller that can monitor the
primary current until it has reached a level that is sufficient to power the load, before
restoring power to the load. If this is not done, the load will experience unacceptable

transients as the power is switched on and off repeatedly.
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Figure 66: PID action with a load step decrease

The measurement shown in Figure 66 indicates how the PID controller brings the
load voltage back to its set point value in four cycles (80 ms). The two green cursor
lines highlight the area of interest. A load consisting of a resistor of 430 Q was
connected in parallel with a 180 Q resistor. At the first cursor line the 180 €2 resistor
was removed from the circuit. The trace from channel 2 shows that the load voltage
increases for three half cycles before being brought back to the nominal value that it
was before the step load change. The PID controller only detects the load voltage
change at the first positive peak of the load voltage after the step. This can be seen in
the trace of channel 1, which shows the step in load voltage to coincide with the first
positive peak of the load voltage after the left-hand green cursor. The fast action of
the controller to reduce the error to zero is indicated by the relatively short duration
of the spike in the trace of channel 2. It measures about three cycles (60 ms). The

load current changed by a factor of 3,4. The controller action under these
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circumstances is acceptable.
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Figure 67: PID action with a load step increase

Increasing the load current with a factor of 3,4 does not have such a fast response
(Figure 67). This is due to the method used to sample the peak values of the load
voltage. The time constant of the capacitor and voltage divider circuit causes a
gradual change in the feedback voltage. The error gradually increases as the
capacitor slowly discharges over time as each positive peak is lower than the
capacitor voltage and thus not forward-biasing the diode. The nature of a PID
controller is to react slowly to a small error and fast to a large error. A software
algorithm, which detects the peaks and holds the value until the next peak, could be
used to provide a better response. The circuit would not have a capacitor to sample
and hold the peak values as used in this circuit, but would often sample a rectified
signal representing the load voltage, regularly updating the peak value every cycle.

This would produce a fast reaction in the PID controller, similar to that seen when

95



the load voltage increased after a load step decrease.
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Figure 68: Load voltage and gate voltage with a reduced CT primary current

Reducing the CT primary current means that the main switch duty cycle has to be
reduced in order to provide the same power per switching cycle to the load. A
comparison of Figure 63 where the CT primary current was 4,5 A with Figure 68
where the CT primary current was 1 A, shows a reduction in the duty cycle of the
main switch with reduced CT primary current. The voltage is essentially the same in

both figures.

The voltage waveform over the main switch is shown in Figure 69. Comparison of
this voltage waveform measured in the experimental set-up with that of the simulated
current waveform in Figure 54 shows confirmation between the simulations and the
experimental model. When the voltage is low over a switch, the current must be

flowing through it and visa versa.
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Figure 69: Main switch drain to source and gate voltages

5.3 Summary

The experimental results of two models of converting an alternating current source to
a voltage were presented. The measurements were interpreted and comparisons were
made between the experimental results and the simulations of the previous chapter.
The confirmation between the mathematical models, simulation models and
experimental models are sufficient to show beyond doubt that further research to

apply these models to a high voltage system could result in a viable system.
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Chapter 6 Discussion, conclusions and recommendations

6.1 Discussion

The work has been hampered by the fact that it is difficult to find a stiff source of
alternating current. A stiff source of alternating current can be defined as a constant
current source for AC. Varying the load should not have an influence on the
magnitude of the current flowing. The only real solution would be to have access to
a very high amplitude alternating voltage source with a high power rating such as is
found in electric utilities. Many experiments were done and simulations which
proved that this was the only alternative. To step up current means to step down
voltage. This means that the voltage reflected into the primary circuit of the current
transformer became significant when compared to the main source of power, which
in turn influenced the current significantly when the load on the TRAFTAP

increased.

The whole premises of this research has been that to draw a small percentage of
power in series from a transmission line would have negligible effect on the
consumers situated on the receiving end of the transmission line. This implies a
transmission line voltage of 400 kV or higher and nominal currents of 500A.
Parasitic power consumption of 2 kVA on a 200 MVA line would be insignificant.

Even if this would increase a hundred fold it would still be insignificant.
Getting access to the utility network while no high-voltage high-power CT yet exists,

is an obstacle that first has to be overcome before the “final” chapter in this research

can be written.

6.2 Conclusions

Despite the limitations and drawbacks discussed above, the compatibility of the

mathematical models, simulations and experimental results done in this study,
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suggest that it is possible to draw significant power from a CT.

6.1 Recommendations for future work

Future research could be done on the following:
e A three-phase system of the TRAFTAPI.
e A three-phase system of the TRAFTAP2.
e Design and construction of a high-voltage current transformer with a greater

than 2 kVA power rating.
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ANNEXURE A MATLAB PROGRAM

%) C\motlabR 1 2wk Tl in ————— EIE|
File Edit View Text Debug Breakpoints Web Window Help
DSEEG =8 =~ | #Hp 88 ix
1|-| R=430; _:_!
2|-| R2=220e3;
3| - R1=180;
4| - R3=133e3:
5= R4=1e3;
B| - C=330e-6;
7 - Cl=100e-9;
8| - I=1
9| - K1=R2/R1l
10|-| Kp=1l.6755 |
11|-| Kz2=Kp*I/C
12| - Kf=R4/ (R3+R4) |
13[-| alf= 1/(R*C)
14|-| zetc=1/(R2*Cl)
15| - Ts=1le-5%
16|-| numl=[0 K2]:
17| - denl=[1 alf]:
18| - G=tf(numl,denl)
19(-| num2=[Kl Kl*zetc];
20| - den2=[1 0]:
21|=| C=tf(num2,den2)
22| num3=[0 Kf£];
23| - den3=[0 1]1:
24| - H=tf (nun3,den3)
|
i |

Figure 70: Screen snapshot of MATLAB program to evaluate transfer functions
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ANNEXURE B C-PROGRAM FOR PID CONTROLLER

Rk ks o R RS SRR SRR R R SR R ok o o sk R Kok R Rk R Kk K sk sk RS R KK Sk K K Sk o K

*  PROJECT: PID algorithm implemented for control of TRAFTAP2

*  DATE: 9 Oct 2005

*  FILE: PID.C

*  PROCESSOR: 18F452 / 16F874

*  COMPILER: CCS PIC C

*  PROGRAMMER: J F Janse van Rensburg

*  REFERENCE: (Ibrahim 2002:217)
*******************************************************************/
#include <18F452.h> // change to 16F874 if using PIC16F874
#device ADC=10 //'10 bit A/D

#fuses XT,NOWDT,NOPROTECT,NOLVP,NOBROWNOUT

#use delay(clock=4000000)

void main()

{

/* Declare the variables */

float a,b,c,T,T1,Ti,Tdl,K,Kp,SetPoint,rkt,LSB,ekt,pkt,qkt,ykt,ukt;
float MAX,MIN,pkt1,ekt],Duty;

long DutyCycle;

long int VO,

/* Initialize the peripherals */
setup_adc_ports(RAO_ANALOG);

setup_adc(ADC_CLOCK _INTERNAL);
set tris A(ObI1111111);
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setup_psp(PSP_DISABLED);

setup_spi(FALSE);
setup_counters(RTCC_INTERNAL,RTCC DIV 2);
setup timer 1(T1 DISABLED);
setup_timer 2(T2 _DIV_BY 4,249,1);
setup_ccpl(CCP_PWM);

setup ccp2(CCP_PWM);

/* Assign initial values to variables */

LSB =5.0/1024.0; // floating point needs decimal point
MIN = 0.0;

MAX =1000.0;

pktl =-150.0; // limits overshoot at start-up

ektl = 0.0;

/* Calculate the PID parameters */

T=0.001; //'1 ms sampling time

T1=0.01; // 10 ms rise time

Tdl = 0.001; /10,1 ms delay time

K =134; // amplitude response per unit step
Ti=4*Tdl; // integral time constant

Td = 0.5*Tdl // differential time constant

Kp =3*T1/(K*Tdl); // proportional gain

a=Kp;

b= Kp*T/Ti;

¢ =Kp*Td/T;

/* Set point given in volts for 332.5 V output = 235 V rms */

SetPoint = 2.5;
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/* Soft-start routine */

Duty = 330.0;

DutyCycle = (long)Duty;

set pwml duty(DutyCycle);
delay us (55000);

/* Start PID control loop */

while(1)
{

// start up with a limited duty cycle
// Convert to integer

// Tmplement soft start duty cycle
// for 55 ms

// Do forever ...

/* Do A/D conversion on channel 0 and determine feedback voltage */

set_adc_channel( 0 );
delay us( 20 );

VO =read_adc();
ykt=VO*LSB;

// Do A/D
// wait for result to be ready
/I read A/D result

// Calculate feedback voltage equivalent

/* Calculate the duty cycle required */

rkt=SetPoint;
ekt=rkt-ykt;
pkt=b*ekt+pktl;
gkt=c*(ekt-ektl)
ukt=pkt+a*ekt+qkt;
Duty = 500.0 + ukt;

// Calculate error voltage

// Calculate the integral term

// Calculate the differential term

// Calculate the PID output

// Calculate duty cycle around 50%
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/* Saturate output if required */

it (Duty > MAX) // Output saturated?
{
pkt = pktl; // Zero integral to prevent integral windup
ekt = ektl;
Duty = MAX; // Duty cycle cannot be greater than 100%
}
else if (Duty < MIN) // Limit Duty cycle to zero?
{
pkt=pkt1; // Zero integral to prevent integral windup
ekt = ektl;
Duty=MIN; // Duty cycle cannot be less than 0%
h

/* Limit any overshoot of output voltage to a safe value */

if ( Duty ==MAX) // Limit overshoot at start-up
{

if (ekt < 0.0)

{
Duty=500.0;
pkt = -250;
ekt = ektl;

}

it (VO >580) // Limit any high voltage surges
{

pkt =-150;
}
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/* Apply duty cycle to circuit */

DutyCycle=(long)Duty;

set_ pwml duty(DutyCycle),
pktl=pkt;

ektl=ekt;

delay us( 500 );

// Convert to integer

// Update duty cycle

// Wait out sampling time
// Repeat the control loop
// End
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ANNEXURE C POWER CT DESIGNER

A spreadsheet calculator with a user-friendly interface was designed. The interface

is shown in Figure 71.

Design Data
Min Pri Current 250 |Amp
Max Pri Current 750 |Amp
Load VA 2000 [VA
Sec Voltage Load 250 |Volt
Sec Voltage Control 50  [Valt
Flux Density B 1.3 |Tesla
Core Area Ac 308 |lem*2
Efficiency Eta 08
Frequency § 50 Hz
Current Density J 5 Afmm*2
CT VA product
Pri Voltage Ep
Pri Winding Np

Load Winding Ns
Control Winding Nc
Dia Pri Wire
Max Load Current
Dia Load Wire
Dia Control Wire
Max Control Current

Figure 71: Screen snapshot of Power CT designer
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ANNEXURE D PHOTO'S

DO LN Ild

AP AC ||n\<

Figure 72: TRAFTAP] experimental circuit

Figure 73: TRAFTAP2 experimental circuit

110



PRIMARY
CHRET
LOAD

CONTROL | ’ (
BOARD
-

INULIE TOR

Figure 75: In the laboratory with TRAFTAP1 and TRAFTAP2 models
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