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Summary

As a source or sink of reactive power, compensators can be made from a voltage
sourced inverter circuit with the a.c. terminals of the inverter connected to the system
through an inductive link and with a capacitor connected across the d.c. terminals,

Theoretical calculations on linearised models of the compensators have shown
that the parameters characterising the performance are the reduced firing angle and the
resonance ratio. The resonance ratio is the ratio of the natural frequency of oscillation
of the energy storage components in the circuit to the system frequency. The reduced
firing angle is the firing angle of the inverter divided by the damping coefficient, B,
where B is half the R to X ratio of the link between the inverter and the system. The
theoretical results have been verified by computer simulation and experiment.

There is a narrow range of values for the resonance ratio below which there is
no appreciable improvement in performance, despite an increase in the cost of the
energy storage components, and above which the performance of the equipment is poor

with the current being dominated by harmonics.

The harmonic performance of the equipment is improved by using multiple
inverters and phase shifting transformers to increase the pulse number. The optimum
value of the resonance ratio increases with increasing pulse number indicating a
reduction in the energy storage components needed at higher pulse numbers.

The reactive power output from the compensator varies linearly with the
reduced firing angle while the losses vary as the square of it.
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potentials of neutral points on transformers

red phase to neutral voltage (V)

rms voltage at the receiving end of a transmission line (V)
potential in red phase series transformer primary (V)
potential in red phase series transformer primary (V)
potential in red phase series transformer primary (V)
system voltage (V)

rms voltage at the receiving end of a transmission line (V)
square wave voltage source (V)

magnitude of Vsq (V)

vertical axis describing voltage plane (V)

yellow phase to neutral voltage (V)

potential in yellow phase series transformer primary (V)
potential in yellow phase series transformer primary (V)
potential in yellow phase series transformer primary (V)
voltage across Z (V)

magnitude of Vz (V)

reactance of C at the supply frequency (€2)

equivalent reactance of N sets of X1, (£2)

reactance of L at the system frequency (£2)

transmission line reactance at the system frequency (€2)
susceptance of C at the system frequency (S)
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Z impedance between Vyand Vg (Q2)

Z@):  R+jXL-jAC @
Zp: base impedance (£2)
B: damping factor = R
: p 2g ) 2XL
ke~ ..
v: tan—1 E—;—B—l (rad)  (yisin the range —m/2 < y < 11/2)
2412 n2
Yn: tan—1 E——Tz—k[mi (rad) (yp is in the range —m/2 < y, < 7/2)
S phase angle along a transmission line (rad)
. -1
€ tan XL (rad)
n: angle between 11 and Vg (rad)
Mnt angle between I, and Vg (rad)
0: phase of Vg (rad)
60: firing angle of converter (rad)
Oob: reduced firing angle (rad) = %l
K constant giving the effective value of Xj as seen by C
phase of Vz (rad)
o: phase of Vi (rad) =6 -6y
Yn: angle between V, and ¢ (rad)
o: angular frequency of the system (rad s—1)

ADC: analogue to digital converter

CSI: current sourced inverter

EPROM: erasable programmable read only memory
GTO: gate turn off (thyristor)

MCT: metal oxide semiconductor controlled thyristor
MOSFET: metal oxide semiconductor field effect transistor
NGC: National Grid Company plc

PLL: phase locked loop
PWM: pulse width modulation
STATCON:static converter

SVC: static VAr compensator
THC: total harmonic content
VSI: voltage sourced inverter
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Chapter 1
Introduction

As a preamble to presenting the work on the application of converter circuits to
reactive power compensation, this chapter reviews the definitions of active and reactive
power flows and the role of reactive power flow in the control of voltage on a
transmission grid, starting with elementary considerations.

§1-1 Definition of Reactive Power

Given a sinusoidal supply voltage applied to a load the resulting current can
either be of a single frequency or of multiple frequencies depending on whether the
load is linear or non-linear.

Figure 1-1 shows a load with a sinusoidal system voltage of Vg resulting in a
current of I. The direction of positive current flow is defined to be out of the positive
terminal of the voltage source and into the load.

I
N\
Vs 2

Load

Figure 1-1. A Sinusoidal Voltage Source Feeding a Linear Load.

If the load is linear then, in the time domain, the voltage and current can be

expressed as
Vg = Vpsiné (1-1)

and I = Iysin(8—n) = Ipy[sinécosn — cosOsinm] 1-2)
where

I is the peak of the current,

Vm is the peak of the supply voltage,

n, or often ¢, is the angle between the current and the voltage,

06 = mt,

o is the angular frequency of the supply

and - tis time.
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The system voltage is the reference;  is the angle by which the current is ahead
of, or behind, the system voltage. A positive value for n means that the current lags on
the system voltage and a negative value means that the current leads the system voltage.

Figure 1-2 is a phasor diagram for a general supply voltage and current adopting
the conventional (anti—clockwise) direction of rotation. In the figure the current is
lagging on the system voltage.

Q0]
\ Vs
.

I

Figure 1-2. General Phasor Dia for a Lagging Current.

The instantaneous power fed into the load, p, is the product of the voltage and
the current:
P = Vm Iy siné sin(6-n) (1-3)

The units of p are Volt—Amperes, VA.

Expanding (1-3) and simplifying gives

p= V‘g Im [cosn — cos(26-n)] (1-4)

There are thus two components to the instantaneous power, the first of which is
independent of the phase of the supply and the second of which is an oscillation at
twice the supply frequency. The average of this second component is zero; it cannot do
any useful work. It corresponds to an oscillatory energy exchange between the system
and the load at twice the frequency of the supply.

The active power fed into the load, P, is the average, over a cycle, of the
instantaneous power:

1 2n
=‘2—E ép de (1-5)

The units of P are Watts, W.

22



From equation (1-4)

P= V"ﬁ Im cosn (1-6)

The active power is the product of the rms value of the system voltage and the
rms value of the component of current which is in phase with the system voltage.

The term cosn is generally referred to as the power factor.

The apparent power, S, is the value of the active power when n = 0:

S =——~—~V"5 Im (1-7)

The units of apparent power are Volt—-Amps, VA.

For a single frequency voltage and a linear load the reactive power flowing into
the load, Q, is defined as the product of the rms value of the system voltage and the
negative of the rms component of the current which is leading the system voltage by
/2 rads:

Q=V“£Im sinn (1-8)

The units of Q are Volt—-Amperes reactive, VAr.

The negative of the current component was used to satisfy convention: if the
current is lagging on the system voltage then sinn is positive, reactive power is said to
be absorbed by the load and Q is taken as positive. If the current leads the supply
voltage then reactive power is generated in the load and Q is taken as negative.

This definition is useful because of the role of Q in system analysis. In

particular, its use in the control of system voltage, section 1-2i, and in calculating the
steady state power flows through a transmission grid, since reactive power is conserved.
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~ The relationships between the three powers, apparent, active and reactive, are
illustrated in the vector diagram of figure 1-3, again using a positive value for 7.

P
Figure 1.3. P r V r Di m

These definitions are given in almost any basic text on electrical engineering
(Hughes, 1987, Chpt. 7), (Weedy, 1987, Chpt. 2) etc.

In the case of a non-linear load then the current has harmonics and can be
expressed as

oo

I=Y |Iy| sin(né-ny) (1-9)

n=1
where
I, is the component of I of frequency ne,
and  mp is the angle between Iy, and the supply voltage.

Following the same algebra outlined above gives

p= V"ﬁ Im [cosn — cos(26-m)] +

% 2 iIn| {cos[(n—1)6+np] — cos[(n+1)6-ny]} (1-10)
n=2

where
I is the peak of the fundamental component of the current.

- In this thesis the term reactive power has been used for the fundamental
component of reactive power, as defined in equation (1-8), even when considering
distorted current waveforms. The harmonics have been considered separately.

In considering three phase compensators, several definitions have been adopted
for the reactive power. The method of Akagi, Kanazawa and Nabe (Akagi et al., 1984)
and that of Schauder and Mehta (Schauder and Mehta, 1993) both involve defining two
vector planes, one each for voltage and current, based on the three phase axes, VR, Vy
and Vg in the voltage vector plane, and plotting the instantaneous voltage and current
in these planes, as shown in figure 1-4. Each of the planes can then be defined using a
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two axis system, Vy (coincident with VR) and Vv in the voltage vector plane. The
active power is defined as the vector sum of the products of the voltage and the
component of the current along the same axis (Vg Ig + Vv Iy) and the reactive power
as the vector sum of the products of the voltage and the component of the current along
the axes in quadrature (Vg Iy — Vy Ip).

VB VV I B IV

Vy Iy
Figure 1-4. Definition of Voltage and Current Vector Planes.

Sometimes the reactive power is defined as the sum, over all frequencies, of the
product of the voltage and the component of the current of the same frequency in
quadrature (Shepherd & Zand, 1979, Section 9.1):

Q= 3 |Vnl|In| sinn (1-11)
n=1

where
Vi is the component of the voltage of frequency né

Thus this definition depends upon the sum over all frequencies of the "reactive
power" at each frequency. It is shown therein that this definition does not give the most
suitable value of compensation components to minimise the difference between the
apparent power and the average power so an alternative definition, based upon the
product of the sum of the squares of the rms values of the components of the current in
quadrature with the components of the voltage at a particular frequency and the sum of
the squares of the rms voltage, is proposed (ibid., Section 9.3):

Q='\/ ( ) W]( s 1 Sinzﬂn) (112)
n=1 n=1
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§1-:2 The Role of Reactive Power Compensation
Having established what reactive power is, its use in electric power networks is
now considered.

The control of the flow of reactive power has four main purposes:
1) to improve the voltage regulation;
ii) to achieve the maximum possible active power transfer;
iii) to facilitate load balancing;
iv) to reduce flicker.

1) Improvement in Voltage Regulation.

The voltage regulation can be defined as the deviation in the voltage from its
nominal value. The voltage of the transmission network of England and Wales is
specified to lie within £10% of the nominal voltage, 400kV or 275kV (The Grid Code,
1994, Connection Condition 6.1.4).

In the simplest a.c. system a transmission line connects a generator to a load.
The line is modelled by its inductance at the system frequency, X, and its resistance,
Rt. The rms value of the voltage at the generator, i.e. the sending end, is denoted Vg
and that at the receiving end Vy. The phase difference between the voltages at the
sending and receiving ends is known as the transmission angle, 8.

Generator X
9 1 Rt Load

Figure 1-5. Single Load Model of a Transmission Line.

The phasor diagram for the system is shown in figure 1-6.

Figure 1-6. Phasor Diagram for the Single I.oad Model of a Transmission Line.
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Applying Pythagoras' theorem to the phasor diagram gives
Vi? = [Vs— IRTcos(3+n) ~ IXTsin(@+n))2 + [[XTcos(E+n) — IRTsin(5+1)]2 (1-13)

The active and reactive powers received at the end of the line and injected into
the load, from (1-6) and (1-8), are given by
Pr =V Icosy (1-14)
Qr=V; Isim (1-14a)

The active and reactive power sent into the line and the load are given by
Ps = VgIcos(8+n) (1-15)
Qs = Vs Isin(3+n) (1-15a)

Substituting (1-15) and (1-15a) in (1-13) gives

RTPs X1Qs\2  /XTPs RTQ{\2
V2={(V- S _ § S_ $ .
r —( SV Vg ) +( Vg Vg ) (1-16)

In general the resistance of a transmission line is very much less than the
reactance and so the terms involving R in (1-16) can be neglected (Weedy, 1987, table
3.2a) so Py = Py = P. In addition, for lines other than very long ones, i.e. less than
several hundred km, under all power transfer conditions,

V2 — X1Qs >> X1Ps (1-17)

Thus equation (1-14) can be written

X
Vi = V- \T,SS (1-18)

The voltage difference along the line is mainly a function of the reactive power
transmitted; when the load is absorbing reactive power the voltage at the receiving end
of the line falls, but it rises when the load is generating reactive power.

The reactive power generated or absorbed by the system, and therefore the
voltage at the receiving end of the load, can thus be altered by adding (capacitive or
inductive) circuits in parallel with the load. Figure 1-7 shows the transmission line of
figure 1-5 with a reactive power compensator drawing a current, Icomp, from the line.
This current is defined to be positive flowing out of the positive terminal of the voltage
source, i.e. the compensator is regarded as a load on the system and the current is

defined in the same way as for a general load, figure 1-1.
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Generator X
9 1 Rt Load

Icomp

Figure 1-7. A Transmission Line with Reactive Power Compensation.

If the current, Icomp, is made to lead on the voltage at the receiving end of the
line then reactive power is generated at the load end of the line and the voltage rises; if
Icomp lags on Vi then V; will be reduced. If the compensator current is exactly in
quadrature with the receiving end voltage then there is no exchange of active power
between the compensator and the load.

As generators or very large loads are added or removed the voltage at a point on
the transmission network will be altered. Control of the reactive power flow along the
line can therefore be used to prevent the voltage at a point on the system falling outside
of the permitted range.

From figure (1-6) the angle between the sending end and receiving end voltages

can be calculated from

sind = .X_IE_S.“_R_IQ.S (1-19)
ViVs

Again neglecting the term in Rt gives

P= _V_%s sind (1-20)

The active power transmitted depends upon the phase difference along the line
and on the (nearly constant) voltages at the sending and receiving ends of the line.

These formulae relating the active and reactive power flows to the magnitudes

of the voltages and the transmission angle through the parameters of the line can be
found in standard texts on power systems (Weedy, 1987, section 2.7).
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i) Increase in Active Power Flow

The control of reactive power flow, and therefore of voltage, can be used to
achieve the maximum active power that can be transmitted along a line without loss of
stability.

As an example of this, consider a lossless transmission line with a purely
resistive load, i.e. as in figure 1-5 but with Rt =0. In figure 1-6 then, n =0 and V,; = Vg

COSd.

Substituting for V; in equation (1-20) gives

2
P=—§§T—sin6 cosd (1-21)
2
- ;’;T sin26 (1-21a)

For maximum power transmission & is ©t/4 radians. § is restricted to be in the
range 0 < & < /4 to prevent voltage collapse. In practice, the range of § will be less
than this to allow for transients. Of course, the power flow may be limited by the
current carrying capability of the line.

If a reactive power compensator is introduced at the receiving end of the line, as
in figure 1-7, then the voltage at the receiving end can be increased. As an example,
assume that the compensators acts to sustain the voltage at the receiving end of the line
so that Vy = Vg

The active power transmitted is thus, from equation (1:20),
2
= YXS? sind (1-22)
Comparing equations (1-21a) and (1-22) it is apparent that the maximum active
power transmitted has been increased by a factor of 2, and now occurs at an angle of
/2.
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This is ensuring that the currents drawn by all of the phases of the system are of
the same magnitude and have the same phase relationship as the applied voltage
(Miller, 1982, section 1.9). In a multiple phase transmission system unbalance can
cause, amongst other effects, saturation of transformer cores and excessive neutral
currents (ibid., section 1.2). The permissible phase unbalance on the transmission grid
of England and Wales is 1% negative sequence components (The Grid Code, 1994,
Connection Condition 6.1.5b). Converter types of compensator have been used for this
role (Liang et al., 1991).

iv) Flicker Reduction,

Flicker is the visible fluctuations in the luminosity of electric lighting due to the
switching of large loads. Of particular concern are arc furnaces connected to the
transmission grid at points of low short circuit capacity. The compensator is then
usually sited adjacent, i.e. at the same electrical node, to this equipment and uses fast
acting control to reduce these voltage variations (Miller, 1982, Chpt. 9).

§1-3 Motivation

This research is prudent at this time because the voltage and current ratings of
gate turn off thyristors are continuing to increase and are now at the levels where they
could be of use in the transmission of electricity (McMurray, 1987). The technical
feasibility of using force—commutated converter circuits for reactive power control has
been known for at least 25 years (Heumann, 1966) but it is only recently that self-
commutating devices with sufficient power ratings have become available and led to
the possibility of producing equipment of adequate rating.

Conventional thyristors have been used in some cases (Sumi et al., 1981),
(Walker, 1986), (Epstein et al., 1986) but the commutation circuits were widely viewed
as being too complex (Gyugyi et al., 1990). The largest of these equipments was
20MVA whereas a practical equipment would be around 100MVA.

In addition the solution to a problem in the transmission of electricity is not a
purely technical matter. Systems cannot be extended as grid system operators feel it
necessary: there are concerns about the environment, rights of way etc. Thus there is a

need to use existing lines more effectively.

Also, in England and Wales, following the decomposition and subsequent
privatisation of the Central Electricity Generating Board, generation and transmission
have been separated. Transmission is now the responsibility of the National Grid

30



Company (NGC). This means that the generators can site a power station based solely
on their costs, including NGC's connection charge, and NGC has to compensate for any
reactive power demands that the siting of the power station in that particular place
produces. Thus the need for reactive power compensation has increased over recent
years and is expected to increase still further (Bradley, 1993).

§1-4 Equipment used for Reactive Power Compensation

The role of reactive power in a transmission network is now understood and so
it is instructive to consider the equipment that has been used to do this in the past and
the relative advantages and disadvantages of the various types of equipment so that the
relative merits of the converter circuits, the performance of which is to be discussed in
this thesis, can be assessed.

Reactive power compensators may be classified as either static or rotating. The
rotating equipment is the synchronous condenser. Static equipments in use at the
present time, apart from the converter circuits to be discussed, are mechanically
switched capacitors (MSC) and inductors, or reactors (MSR), saturated reactors (SR),
thyristor switched capacitors (TSC) and thyristor controlled reactors (TCR).
Compensators are often made by combining a number of the above equipments. In
particular most static VAr compensators (SVCs) are made up of thyristor switched
capacitors and thyristor controlled reactors. A review of the static VAr compensators in
use worldwide was carried out in 1986 (Erinmez, 1986).

i) Synchron ndenser

This is a synchronous machine connected to the mains. Itis able to generate or
absorb reactive power depending on the excitation applied to the field windings
(Hindmarsh, 1977, Section 8.6).

The disadvantages of this type of machine are the same as those of all electrical
machines:
1) They have high ohmic losses in the stator and rotor windings.
2) They are large and relatively expensive.
3) They have high maintenance costs.

The main advantage of this particular equipment in reactive power

compensation is that it can raise its output under highly reduced voltage conditions by
an increase in the applied excitation. It does not produce any significant harmonics.
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ii) Static VAr Compensator

The use of thyristor technology has enabled the on load connection of capacitors
and point on wave switching of inductors to generate or absorb reactive power (Mohan
et al., 1989, section 16-3). Point on wave switching is not used for the capacitor
elements of the SVC because of the inrush currents into the capacitors. Instead, if in
bringing the capacitors into the circuit, the reactive power generated is excessive then
the inductors are also brought into circuit and point on wave switching of the inductors
allows the excess generation to be trimmed off.

The advantages of this type of equipment are:
1) It has no moving parts, so wear is small.
2) It has low losses, compared with the synchronous condenser.

The disadvantages of this type of equipment are:
1) Under reduced voltage conditions, if the equipment is already operating at full
reactive power generation, then the output will decrease instead of increasing to support
the voltage.
2) The equipment generates significant harmonics.

\ S r 13 r

These compensators are used to reduce flicker, because of their ability to sustain
a constant voltage, independently of the current that is drawn. This is clearly an
advantage in flicker reduction but makes them unsuitable for transmission networks
because the voltage is constant at the supply voltage.

In addition to these equipments there are a number of other equipments such as
the "power doubling VAr generator” and the "ac/ac frequency changer” (Gyugyi, 1981).
These have not found application on transmission networks, probably because of the
large number of devices required and the harmonics that are generated.

All of these equipments are connected in shunt with the power system. Series
compensation of transmission lines is also used. This consists of adding capacitors into
the transmission line to reduce the reactance of the line. This enables higher maximum
power flows, although shunt inductive compensation is often necessary to limit the
voltage (Miller, 1982, Section 2.5), (Weedy, 1987, section 5.4).
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§1-5 Ideal Characteristics

Before considering the performance of the converter circuits it is worth
considering the steady state properties of an ideal compensator as a reference
equipment. An ideal compensator would
a) be able to generate or absorb a given amount of reactive power under any voltage
conditions.
b) be of low initial cost.
¢) have low losses.
d) be small. This would mean that the site costs would be low.
e) be portable so that as generating stations, or large loads, were commissioned or
closed down the compensation equipment could be relocated at the most appropriate
place in the new system.
f) not generate any harmonics.

§1:6 Devices

The terms thyristor, gate turn off thyristor, GTO thyristor, GTO and switch have
been used interchangeably in this thesis for any device, or parallel and/or series
connected string of devices, with self-commutation capability or with suitable forced

commutation circuits.

In addition to the GTO thyristor other devices may become available in the near
future. Of particular interest is the MOS Controlled Thyristor (MCT) which, it is
hoped, will be simpler to turn on and off, will have a lower gate current, lower losses
than GTOs that are available at present, and will be able to switch at higher frequencies
(Le Du et al., 1992)

Although the term thyristor has been used in this thesis the work is valid for any
switch. The symbol used for this general device is shown in figure 1-8.

O

Figure 1-8. Symbol for a General Device which can be Turned On and Off.
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§1-7 Nomenclature
There are several different names used in the literature for the type of reactive
power compensator to be studied in this thesis. These include
Advanced static VAr compensator (ASVC)
STATCON (from static converter)
Static VAr Generator (SVG)
Advanced Static V Ar Generator (ASVG)
Self- and Line-Commutated Converter Compensators (SCC and LCC)
Voltage and Current Sourced Inverter Compensator (VSI and CSI)
Gate turn—off (GTO) based converters
GTO static VAr Compensator (GTO-SVC)
Converter Compensator (CONCOM)
Shunt Converter Compensator (ShuntCom)

The term STATCON has been used in the most recent literature and is used in
this thesis.

§1-8 Aims

The purpose of this thesis is to establish the steady state performance of some of
the converter circuits which can be used for reactive power compensation and to discuss
the vfactors which influence the economics of choosing that most applicable to the high

power transmission environment.

Of particular interest are:
1) the choice of a suitable control parameter to vary the reactive power,
2) the losses as a function of the reactive power output,
3) the harmonics generated by the equipment,
4) the size of the energy storage components in the equipment.

I have used an exact analysis method to be confident of the range of validity of
the findings and to understand the source of the features of the characteristics.

Experimental work on low power models has been used to validate the
theoretical findings and assumptions. Simulation studies have also been used to verify
the theoretical results and have provided useful guidance in the work; where

appropriate the simulation results are included.
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Chapter 2

Perform f VSI CSIT f Singl
Ph STATCON using V. Current Sour

§2-1 Introduction

In this chapter the operation of the two types of single phase static converters
(STATCON:Ss) using voltage and current sources is detailed. The sources are taken to be
ideal and of variable amplitude. Knowledge is assumed about the basic operation of

inverter circuits. There are a large number of available texts on this topic (Lander,
1987, Chpt. 5), (Williams, 1992, Chpt. 14) etc.

§2-2 Circuit Description of the Voltage Sourced Inverter Type of STATCON

The circuit consists of a voltage sourced inverter (VSI) with the a.c. terminals
connected to the system through some inductance which will have resistance. The
inductance, L, may be introduced deliberately or may be the leakage reactance of a
transformer or a combination of the two. The d.c. side has a constant voltage source,
i.e. a battery, connected across it. The circuit for a single phase equipment is given as
figure 2-1.

/\

Vg —— 1 3

AR N

System
I/N Voltage

Figure 2-1. Single Phase Voltage Sourced STATCON with Battery.

As in a conventional single phase inverter the devices are switched in pairs with
diagonally opposite devices being turned on together; 1 and 2 then 3 and 4. One pair of
devices is turned on for 180° and is then turned off for 180°; there is always one pair of
devices turned on and one pair turned off. The voltage produced, with a constant
voltage source, at the a.c. terminals of the inverter, VJ, is a square wave with the same
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fundamental frequency as the system. The equivalent circuit is shown in figure 2-2.
The resistance in the circuit is that associated with the inductance plus twice that in one
of the devices, as discussed in Appendix 1. The resistance of a device when turned off
has been taken as infinite. The on state volt drop in the devices has been neglected
therefore the impedance between the two voltage sources is linear. The reactance of the
inductance at the supply frequency is XJ..

L

Figure 2.2 ivalent Circui ingle P TATCON with B

§2-3 Performance of the Voltage Sourced Inverter Type of STATCON

The performance of the circuit depends upon the firing angle of the inverter.
The discussion is therefore separated into three parts: with the inverter operated so that
the fundamental component of the voltage at the inverter output terminals is in phase
with the system voltage, with the two voltages in anti-phase, and with a general phase
angle between the two voltages.

a) Zero Firing Angle

The voltage at the a.c. terminals of the inverter is in opposition to the system
voltage; the net voltage across the inductance and resistance is the difference between
the system voltage and the inverter output voltage.

If the magnitude of the fundamental frequency component of the voltage at the
a.c. terminals of the inverter, Vj, where, from Fourier series, Vi = 4Vgc/r, is larger than
the magnitude of the system voltage, Vp,, then the fundamental frequency component
of the net voltage across the impedance, Vs — Vy, will be in the opposite sense to the
system voltage. The current through an inductor lags the voltage across it so the current
in the circuit will lag the net voltage across the impedance but lead the system voltage.
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If the system voltage is defined as Vysind and the fundamental component of
the inverter voltage as Vijsin6 then the fundamental component of the current generated,
Iy, is given by

I = - V8= Vi cog(o+e) @1)
where
Z=VR2+X;2
and e=tan"1 5(135 (¢ is a small positive angle)

The current will lead the system voltage by an angle of slightly greater than 90°,
as shown in the phasor diagram of figure 2-3; the negative of the current will lag the
inverter output voltage by an angle of slightly less than 90°.

Figure 2-3. Phasor Diagram for Reactive Power Generation
in a Single Phase STATCON with Zero Firing Angle.

The current leading the system voltage by an angle greater than 90° means that
the direction of active power flow is from the inverter output terminals into the system.

If Vg and V7 are again in phase but Vj is less than Vi, then the net fundamental
voltage across the impedance will be of the same phase as the system voltage. The
current will lag the system voltage as shown in the phasor diagram of figure 2-4. The
current is described by equation 2-1.

V, Ve
I ,‘3)
IR )
B I Xy

Figure 2-4. Phasor Diagram for Reactive Power Absorption
in a Single Phase STATCON with Zero Firing Angle,

The current in figure 2-4 lags the system voltage by an angle of less than 90°;
the direction of active power flow is from the supply to the inverter output terminals.
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b) 180° Firing Angle

If the voltage at the a.c. terminals of the inverter is in anti—phase with the
system voltage then the net voltage across the inverter is always of the same phase as
the system voltage and so the equipment can only absorb reactive power, as shown in
the phasor diagram of figure 2-5. The fundamental component of the current is given
by

I1=— y_m_z*_‘__\ﬁ cos(8+¢) (2-2)

Vi Vs

\!
IR

Figure 2-5. Phasor Diagram with a Firing Angle
of Pi Rad for a Single Phase STATCON.

Xy

¢) General Firing Angle.

If the devices are fired so that the a.c. voltage at the inverter terminals is neither
in phase nor in anti~phase with the system voltage then the fundamental component of
the voltage at the a.c. terminals of the inverter is Visin(6—8g) where 8 is the firing angle
of the inverter. A positive value for 69 means that the fundamental component of the
inverter output voltage lags the supply voltage and a negative value means that it leads
the supply voltage. Figure 2-6 shows a timing diagram for a small positive value of 6.

/X

Vs

/"

A/

Figure 2-6. Timing Diagram Showing a Positive Firing Angle.

/
0 / & rads
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The fundamental component of the current is given by

I1=- YLX‘C% cos(6+e) + Viséneo sin(6+e) (2-3)
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Equations (2-1) and (2-4) are particular cases of equation (2.5), evaluated for 8¢
= 0 and 7 respectively.

If the inverter were operated with a firing angle which was neither zero nor pi
then there would be an additional current flow, almost in phase with the system voltage,
resulting in increased losses in the system. Phasor diagrams for both positive and
negative 6p with Vi > Vi, and Vj < Vi are given as figure 2-7.

v
10:¢
9 L
VS
VS
)
N/ .
IR JIXp

Figure 2-7. Phasor Diagrams for a General Firing Angle.

Thus for minimum losses the inverter is operated with the output voltage either
in phase or in anti—phase with the system voltage.

If the system voltage is defined to be 1 per unit (p.u.) and the equipment to have
a rating of 1lp.u. then, in the case of operating with the voltages in phase, the
inductance, to give 1p.u. current, will be small. In the case of operating with the
voltages 180° out of phase the inductance must be at least 1p.u. to limit the current to
the rated value. Fixed capacitors must also be added so that the compensator can
generate and absorb reactive power. To minimise the size of the equipment the firing
angle must therefore be zero.
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§2-4 System Current Harmonics from a Single Phase VSI Type of STATCON

The supply voltage and impedance generate a current of fundamental frequency
which lags the system voltage by almost 90°. The square wave generates a triangular
current which leads the system voltage by almost 90°. The net current is the triangular
current plus the negative cosine current. Only the odd harmonics will be produced
because the square wave voltage and the system voltage are both half wave anti—
symmetric functions and therefore the current is also half wave anti-symmetric, see
Appendix 1.

The fundamental component of the current with zero firing angle was given in

equation (2-1):

I{=-— Vmi Vi cos(6+¢)

The coefficient of the fundamental component of the current, Ij¢, with this firing

angle, is defined as
L.=Yi=Vm_Vi-Vn
Ic= 7 T TXL

2-4)

Thus Iy is positive if the compensator is generating reactive power and negative
when absorbing reactive power. For rated reactive power at the rated system voltage
the peak of the current is V2 p.u. so Ij¢ is in the range — V2 < Ij¢ p.u. < V2.

The harmonics in a square wave decrease as 1/n so the magnitude of the

harmonics, for n = 4it1, withi =1, 2..., are given by
Vi Vi

- ~ 2-5
bl =t XL (2-5)
The approximate value of |In| is therefore given by
O i 2-6
[Inl n2Xgy (2:6)

Thus to minimise the magnitude of the harmonics X should be large.
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Figures 2-8a and 2-8b show digital computer simulations of the steady state
performance of the circuit with the output voltage in phase with the system voltage.
The inductance was taken as 0-2p.u. and the rms value of Vg as 1p.u. The first figure
shows the fundamental of the square wave 1-2 times the system voltage and the second
shows the fundamental of the square wave 0-8 times the system voltage. The graphs
show generation and absorption of 1p.u. reactive power respectively. This value of
inductance is a typical value for the leakage reactance of a large power transformer
(Weedy, 1987, Table A.2.4). The X/R ratio of the inductance was taken as 50 and the
on state resistance of the devices was taken as 0-001p.u. The volt drop in the devices
was taken as zero. The simulations were performed using the Saber! suite of

commercial simulation software.

The dashed line is the system voltage and the solid line is the current out of the
positive terminal of the system voltage. This convention is used in all of the simulation
results in the thesis.

In the case of rated reactive power generation the current can be regarded as a
triangular current of 6p.u. less a cosine current of 5p.u. When absorbing rated reactive
power the triangular component to the current is 4p.u. The peaks in the current
waveform are directed away from the x—axis when the equipment is generating reactive
power but are directed towards the x—axis when absorbing reactive power. The peaks
are more prominent in figure 2-8a.

T Saber is a trademark of Analogy, Inc.
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Figure 2-8a. Simulation of the Steady State Performance of the VSI Type of Single
Phase STATCON with the Inverter Output 20% Greater than the Supply Voltage.
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Figure 2-8b. Simulation of the Steady State Performance of the VSI Type of Single
Phase STATCON with the Inverter Output 20% Smaller than the Supply Voltage.
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§2-5 Current Sourced Inverter Type of STATCON
The circuit is given as figure 2-9. It differs from the voltage sourced circuit in
that it does not have anti—parallel (reactive) diodes. This is because, in this circuit, the
current always travels through the device that is turned on. In the voltage sourced
inverter, when a particular device is turned on, if the current is not in phase with the
inverter output voltage, i.e. the load is partly reactive, then at some stage during the
half—cycle the direction of the current reverses hence anti—parallel diodes are necessary.
The controllable devices are assumed to be of the symmetric type, i.e. they can
withstand being reverse biased (Mohan et al., 1989, Chpt. 24).

Y
409

of

I/N\

L
Vs

Figure 2-9. Single Phase Current Sourced STATCON with Constant Current Source.

The diagonally opposite pairs of thyristors are again fired together and again
one pair is turned on for 180° and is then turned off for 180°; a square wave current is

generated at the a.c. terminals of the inverter.
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To generate reactive power with minimum losses the fundamental component of
the current, I1, must lead the system voltage by 7/2 rads so thyristors 3 and 4 are turned
on quarter of a cycle before the system voltage rises through zero. To produce a current
which is lagging on the supply voltage by m/2 rads thyristors 3 and 4 are turned on
quarter of a cycle after the system voltage rises through zero. The reactive power is
varied between — 1p.u. and + 1p.u,, at the rated system voltage, by varying the value of
the d.c. current source in the range 0 < Igc (p.u.) < 1:/(2\/2).

Again only odd harmonics are generated in the system current, they decrease
with increasing harmonic number as 1/n. For n = 4i1, the magnitude of a harmonic in

the system current of order n is given by

|1

IInI =0 27
Figures 2-10a and b show simulated results of 1p.u. reactive power generation
and absorption respectively, using the same parameter values that were used to produce
figure 2-8. Again the solid line is the system current and the dotted line is the system

voltage.
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§2:6 Conclusions

The performance of the single phase STATCON with ideal voltage and current
sources of variable magnitude has been discussed. Both circuits have been shown to be
capable of generating and absorbing reactive power. A change in the polarity of the
reactive power output of the equipment does not necessitate a change in the polarity of
the current or voltage source but does necessitate a change in the firing pattern of the
current sourced inverter.

Consideration of losses and equipment size has lead to the following choice of
firing angles:
1) If a voltage sourced inverter is used then the first pair of thyristors, i.e. devices 1 and
2 of figure 2-1, are fired at 0°, i.e. the square wave voltage at the a.c. terminals of the
inverter is in phase with the supply voltage.
2) If a current sourced inverter is used then the first pair of thyristors are fired at 90°, for
reactive power generation, and at 270° for reactive power absorption.

In the voltage sourced equipment the approximate magnitude of the harmonics
decreases with increasing n as 1/n2. A larger value of Xi means less pronounced
harmonics for a given reactive power output but means that the voltage source has to be
capable of generating a larger voltage to be able to generate the rated reactive power.

In the current sourced equipment the magnitude of the harmonics decreases with
increasing n as 1/n. The value of X1 does not effect the amount of harmonics.

Table 2-1 compares the rms per unit values of the first few harmonics between
the voltage sourced and current sourced equipments at rated reactive power generation
and absorption. The value of X1 was taken to be 0-2 p.u. and R was assumed to be

negligible.
Table 2.1 mparison of the Per Unit H ni n h
Vol I rren ingle Ph TATCON

R ration R A ion
n VSI CSI VSI CSI
3 0-667 0-333 0-444 0-333
5 0-240 0-250 0-160 0-250
7 0-122 0-143 0-082 0-143
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These ideal sources are obviously simplifications. In practice these would have
to be produced from the a.c. system fed through a transformer, step up in the case of the
voltage sourced equipment and step down in the case of the current sourced, into a
controlled rectifier. Energy storage components would then be needed to limit the

ripple in the voltage or current from the output of the rectifier.
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Chapter 3

Performance of VSI and CSI Types of the Single
Phase STATCON using Finite Energy Reservoirs

§3-1 Introduction

In this chapter the ideal sources of voltage and current used in the work
presented as chapter 2 are replaced by a capacitor and an inductor respectively.
Simulations are given for large values of capacitance and inductance and comparisons
between the two equipments are made. Since these components store energy they are
referred to as energy reservoirs (Gyugyi, 1981).

This chapter is intended to show the performance of the two types of equipment,
in a general sense, and to illustrate the differences between the equipments so that a full
analysis can be carried out on the circuit most suitable for reactive power compensation
on a high voltage transmission network.

§3-2 Voltage Sourced STATCON with Capacitor Energy Reservoir

In the voltage sourced circuit with a constant voltage source the source can be
considered as a battery. The direction of active power flow was shown to reverse as the
value of the battery voltage was varied. There must therefore be a battery voltage for
which there is no net charge flow through the battery. The current through the battery
is the system current when thyristors 3 and 4 are turned on and is the negative of the
system current when thyristors 1 and 2 are turned on. The current through the battery is
therefore half wave symmetric so the battery must not experience any net charging or
discharging over half a cycle. For this particular value of battery voltage then the
battery does not need to provide any energy; it stores energy during one part of the
cycle and returns it to the circuit during another, ergo it can be replaced by a capacitor,
C. The capacitor has to be large enough that, during the period when charge is flowing
out of it, it is not fully depleted; the capacitor must be sufficiently large so that the
voltage across it is always greater than zero otherwise, for sensible values of
inductance, the current flow will be excessive.

The capacitor cannot be charged in the opposite direction because, at zero
voltage, the diodes which are usually reverse biased, because they are anti—parallel to
the devices which are turned off, become available for conduction. The current does
not therefore flow through the capacitor but circulates through the bridge using these
newly available diodes.
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For a large capacitor at zero firing angle there will be a certain current flow
which will produce no net charging or discharging of the capacitor over a half cycle and
will therefore be sustainable; this will be the steady state. If the capacitor were very
large then the current flow would be identical to that using a battery of the same
voltage, whereas with a smaller value of capacitance there will be some ripple in the
voltage across the capacitor which will affect the current wave shape. The equivalent
circuit, analogous to that of figure 2.2, is given as figure 3-1.

L
I R

Figure 3-1. Equivalent Circuit of a Single Ph TATCON with itor

The value of the voltage across the capacitor can be controlled by altering the
firing angle of the inverter. The equipment will again reach a steady state in which
there is no net flow of charge either into or out of the capacitor. This can be understood
in a simplified way by considering the losses in the equipment. This explanation
neglects the effects of the harmonics in the system current and assumes that the
capacitor is not discharged.

If the inverter voltage is moved, relative to the system voltage, by a small angle
80 then there is a change in the active power that flows from the system into the
compensator, as discussed in section 2-3. The losses dissipated in the resistance must
therefore change so that, in the steady state, there is again no net flow of charge through
the capacitor. Figure 3-2 shows a phasor diagram with a positive value for 6.

Figure 3-2. Phasor Diagram withva Positive Firing Angle.
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For conciseness the definition of the phase angle of the inverter output is
introduced:

¢=6-69 (G-1

The voltage across the impedance of Z (=R + jX1), Vz, is given by

Vz=Vg-Vi (3-2)
From figure 3.2
Vz = Vg sin(0+U) (3-3)

where

V is the magnitude of the voltage across Z.

The system current, I, is given by
I=- YZ—Z cos(6++e) (3-4)

The angle U can be calculated by equating the active power fed into the system
with the power dissipated in the resistance.

The active power fed into the system, Pjp, is the rms component of the current
which is in phase with the rms supply voltage:

Pin =~2"% sin(u+e) (3-5)

The active power dissipated in the system, Pgj, is the rms component of the

current squared and multiplied by the resistance:

V2R V,2 .
Pdi:—z_z—z—i'z fisms (3-6)

In the steady state the active power dissipated is equal to the active power fed
into the system so equating (3-5) and (3-6) gives
’ Vmsin(U+e) = V;sine 37

Applying the sine rule to figure 3-2 gives

VZ _ Vm .
sin6gy ~ sin(6p+LL) (3-8)

Comparing equation (3-7) and (3-8) gives
sine _ _ sin(U+6p) (3-9)
sin(l+e) ~  sinfp
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Simplifying gives
tanll = — tan(6p+e) (3-10)
KL =—(80+e) or T — (6p+e) or ...

From figure 3-2, L must be in the range 0 < L < T so
L =T —(80+e) (3-11)

Substituting for L in (3-8) gives
Vmsmeo

V.= Sine (3-12)
Substituting for yz from (3-12) and p from (3:11) gives
[=YmSinoo . 6 60) (3-13)

Z sine

The variation of the component of current in phase with the system voltage, Iy,
and that in quadrature, I, can be written out explicitly, using sine = R/Z:

Vm sin26p _ Vn sin28g Vm
Ig="7 Zsine =3X1 % 2X b (3-14)
Vi sin 200 _» Vmp sin 290 )
1p="7 "sine =BaxL g2 =B oa? (315
where
B is the damping factor = &—L (3-16)
and”  6qp is the reduced firing angle =-%9- (3-17)

The approximation in the above equations is that 8¢ is small.

From equations (3-14) and (3-15) the reactive and active powers can be written

as
_ Vm2 Sin26()~ Vm2
Q—_‘%(L 22B ~_4XL60b (3-18)
Vm* sin<o
o L @19

Thus as 8¢ is increased the reactive power generated by the equipment increases
and if 6g is decreased the reactive power absorbed is increased (Edwards et al., 1988),
(Sumi et al., 1981), (Trainer & Tennakoon, 1990).

In practice the variable d.c. voltage source referred to in chapter 2 would be
made from a controlled rectifier bridge and suitable d.c. link components. Using a
capacitor has the advantage that only one converter is required. The size and cost of the
equipment are less and the losses are reduced.
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Figures 3-3a and b show simulations of this circuit using the same parameter
values as those used to produce figure 2-8 with a capacitor of admittance 5p.u. The
firing angles used were 0-05 and —0-05ms. These values have not been optimised in
any way but illustrate the performance. A large value for the capacitor was chosen to
prevent it being discharged.

The general shape of these graphs is similar to those from the circuit using a
constant voltage source, figure 2-8. The value of g is 0-015 and the values of 64}, are +
and — n/3 radians. The currents in the graphs are larger than + or — 1p.u. indicating that
the system is very sensitive to the firing angle at low values of B.
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Figure 3-3a. Simulation of a Single Phase STATCON with
Capacitor Energy Reservoir Generating Reactive Power.
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Figure 3-3b. Simulation of a Single Phase STATCON with
Capacitor Energy Reservoir Absorbing Reactive Power.
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§3-3 Current Sourced STATCON with Inductor Energy Reservoir

Again in the CSI type of STATCON the firing of the inverter is altered by a
small amount to vary the energy stored in the reservoir (Alexandrovitz et al., 1984),
(Walker, 1986) and the steady state is reached when the active power fed into the
system is equal to that dissipated in the resistance. If the thyristors are fired to produce
a leading current then to increase the current the firing angle is increased from 270° by
a small amount and if a lagging current is being produced then to increase the current
the firing angle is reduced from 90° leading. Thus the current leads or lags the system
voltage by less than 90° and active power flows into the system and increases the

current.

Figures 3-4a and b show simulations of the system current and voltage using the
same parameters as those used to produce figure 3-3 but with an inductor of 2p.u. with
an X to R ratio of 25 as the energy reservoir. The firing angles used were 16 and 4ms.

Despite a large value for the energy reservoir inductance there is substantial
ripple in the current. The troughs and swells in the current show some asymmetry
because of the losses in the energy reservoir. Comparing the firing angles for the
voltage sourced and current sourced circuits, the voltage sourced STATCON is more

sensitive to the firing angle.
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§3-4 Comparison Between the Two Types of STATCON
It is necessary to consider the circuit most suitable to the high power
transmission environment.

In the circuits as drawn in figures 2-1 and 2-9 the VSI requires anti—parallel
diodes while the CSI does not. This then would seem to be an obvious advantage in
using the current sourced inverter. This is true if symmetric devices, such as
MOSFETs, are used. If anti—-symmetric devices, such as GTO thyristors, are used then
diodes have to be included in series with the device to prevent damage under reverse
biased conditions. This means that the losses are greater in the CSI case, when using
anti-symmetric devices; because the current circulates continually through four devices.
In the VSI case the current only passes through two devices at any one time. In
addition when an inductor is being used as the energy reservoir the resistance will be
greater than when a capacitor is being used, giving greater losses for the same reactive
power output.

The current sourced equipment generates a square wave current and the voltage
sourced equipment generates a square wave voltage. The supply to both circuits in the
high voltage environment will have some inductance because of the leakage reactance
of the connecting transformer. This means that the stepped current will generate large
spikes of voltage. These need to be suppressed by adding capacitors.

The voltage sourced circuit is therefore better suited to high power applications.
The largest models reported in the literature have used voltage sourced converters
(Sumi et al., 1981), (Mori et al. 1993).

§3-5 Conclusions

This chapter has shown that the ideal sources used in chapter 2 can be replaced
by energy storage components and the reactive power output varied by varying the
firing angle of the thyristors by a small amount about the operating points used with the
ideal sources. The advantages over the equipment with rectified sources providing the
d.c voltage or current are lower losses and reduced size and cost.

The voltage sourced converter with a capacitor as the energy reservoir has been
shown to be the most suitable for use in the high power transmission environment.
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Chapter 4

The Single Phase Voltage Sourced STATCON

§4-1 Introduction

Having established that the voltage sourced inverter, using a capacitor as the
enefgy reservoir, is the most suitable circuit for reactive power compensation in high
power applications, this chapter presents the results from a mathematical analysis
investigating the steady state performance of this circuit. Relationships of particular
interest are the variation of reactive power, losses, and harmonics as functions of the

system voltage, the sizes of the energy stores, the resistance and the firing angle.

§4-2 Method

The analysis is given as appendix 1. A controllable device and associated anti—
parallel diode were modelled as a small linear resistance when turned on and an infinite
resistance when turned off. The turn on and turn off times were taken to be zero. For
simplicity the on state resistance in the controllable devices and the diodes was
assumed to be the same and the volt drops were neglected. Between switching instants
the circuit therefore consists of a capacitor (the energy reservoir), an inductor (the
supply inductance), resistance (from the inductor and the devices) and the supply
voltage. Thus a second order differential equation describing the R L C circuit between
switching instants can be generated and solved.

There are two unknown constants in the general solution to this equation. These
are determined from the boundary conditions. The switching of the devices acts to
reverse the voltage at the a.c. terminals of the inverter at each switching instant; the
voltage across the capacitor must repeat every half cycle and the system current must be
the negative of its value half a cycle earlier, i.e. the capacitor voltage must be half wave
symmetric and the system current must be half wave anti-symmetric. The solution of
the differential equation has what is conventionally known as a steady state component,
1.e. the particular integral, and a transient component, i.e. the complementary function.
In this work however altering the circuit topology every half cycle means that the
transient solution does not die awayj; it is stimulated every half cycle and is therefore
part of the full steady state solution.
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§4-3 Voltage Across the Capacitor
The voltage across the capacitor, V¢, from appendix 1, during 0 < ¢ < 7, is
given by
Ve =~ (B24k2) cos(¢+60+1) ~ XL c-B? [(BAI-kA2)sinks + (KA +BAg)cosko]
(4-1)
where

k is the resonance ratio; the ratio of the damped natural frequency of the circuit

to the supply frequency: k = \ / %((.% — B2

2412
— tan-1 Ptke=1
v = tan 2B

h =+ (B2+k2-1)2 + 4p2
A1 and A, are the two constants from the solution to the second order

differential equation describing the circuit between switching intervals. Expressions for
these are given in appendix 1.
X is the reactance of the capacitor at the system frequency.

Figure 4-1 shows examples of the ratio of the voltage across the capacitor, V, to
the peak of the supply voltage, Vi, for three different values of the resonance ratio, k,
and for three different values of the reduced firing angle, 6.p,.

The figures show that the voltage across the capacitor has an amount of ripple
superimposed on the d.c. value. The amount of ripple increases with a higher value for
the resonance ratio, i.e. for a lower value of capacitance with a fixed value of

inductance. The frequency of the ripple is twice the system frequency.

In the third figure the voltage on the capacitor dips below zero for 6¢p = *1.
The analysis of appendix 1 was perférmed assuming continuous current through the
capacitor. The diodes in the circuit prevent the voltage across the capacitor from
reversing; the minimum voltage across the capacitor is zero, as discussed in chapter 3.
These graphs of the voltage across the capacitor illustrate the increase in ripple at
higher values of the resonance ratio but the actual voltage across the capacitor would
not fall below zero. This is not a serious omission because the equipment would not be
operated in this manner; the current flow, for sensible values of inductance, would be

excessive.
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Figure 4-1. The Capacitor Voltage in a Single Phase STATCON fork =1, 1-5 and 2.
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The capacitor voltage shows swells when generating reactive power and troughs
when absorbing. When the equipment is generating substantial reactive power, (6op =
1) the capacitor voltage has only one maximum during each switching era, with these
values of the resonance ratio, at ¢ = n/2 radians, and has a minimum at each of the
switching epochs. When the equipment is absorbing substantial reactive power (8gp, = —
1) and the resonance ratio is low, the capacitor voltage has only one minimum, again at
¢ = /2, and has a maximum at each of the switching epochs. At high values of the
resonance ratio, or when the output from the equipment is small, there are multiple
oscillations in the voltage across the capacitor with no definite instant for the maxima

or minima.

§4:4 System Current
Appendix 1 also gives the system current, for 0 < ¢ < n:

I= %mz sin(¢g+60+y) + A1ePosinko + Ase-Bécosko (4-2)

Figure 4-2 illustrates the system current for the same values of reduced firing
angle and resonance ratio used in figure 4-1. Again the graphs have been produced
assuming continuous current flow through the capacitor and so the curves of figure 4-1
that are unrealistic will have unrealistic counterparts in figure 4-2.

The graphs show that as the resonance ratio is increased the harmonic content of

the waveforms increases. In addition, the value of the fundamental component

decreases as the resonance ratio increases.
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Figure 4-2. The Current in a Single Phase STATCON fork =1, 1-5 and 2.
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§4-5 Characteristics of the Fundamental Component of the System Current

Appendix 1 gives the Fourier series for the system current. It is shown that the
form of the fundamental frequency component of the current in (leading) quadrature
with the system voltage, Ig, and that in phase, Ip, can be expressed in terms of the firing
angle, 69, the damping factor, B, and the factors pj, q; and qo where these factors are
functions of k and B only; they are independent of 6.

From appendix 1:

\4 sin2 \4

=g (@t 2 55" =xMia1+ a2 000 *3)
BV sin2 \4

L=t (pre™H?) ~EReiramy @

Figure 4-3 shows graphs of pj, q1 and q as a function of m, where m = 1/k, for
three different values of B, 0-1, 0-01 and 0-001 with the curves superimposed. The
graphs illustrate that these parameters exhibit no significant dependence on p over this
range. m has been used for the horizontal axis, rather than k, because using m gives the
plateau region of the curves as m tends to a large value so it is clear where the x—axis
can be truncated. In addition, because m is a function of the reactance of the inductors
and the admittance of the capacitor it is related to the size of the equipment. Thus it is
desirable that m should be as small as possible.

The forms of these equations, (4-3) and (4-4), recur in the higher pulse number

circuits.

The range of m is determined essentially from the qo graph. It is required that
q2 is as large as possible for minimum losses so m should be large, but this means large
energy storage components. m would therefore be chosen to be in the range 0-5 <m <
0-8.

62



0.125¢

0.075¢

0.025¢

=

. . . L m

0.5 1 1.5 2

Figure 4-3. Graphs of the Parameters Describing the Fundamental
Component of the Current in a Single Phase STATCON.
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Figure 4-4 shows how the normalised reactive power output varies with the
reduced firing angle for different values of the resonance ratio. Figure 4-5 shows how
the normalised losses vary.

Figure 4-4. Graph of the Normalised Reactive Power
Output from a Single Phase STATCON.

. ‘ ‘ ‘ 0ob/ rads
-1 -0.5 0.5 1
- Figure 4-5. Graph of the Normalised Losses in a Single Phase STATCON.
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§4-6 Total Harmonic Content

In the steady state the input active power must be equal to the power dissipated
in the resistance. The total harmonic content can therefore be calculated by comparing
the input active power to the losses from the fundamental component of the current.

The input active power, Pjp, is given by

Pip =~ 210 “5)

The total harmonic content, THC, is defined as the sum of the rms value of all
of the harmonics hence

2 1.2
ImsZ = 145— + lg» + THC2 (4-6)

The power dissipated in the resistance, Pg;, is given by
Pdl = Irmsz R (4'7)

Substituting for R in terms of B from (3-16) and for Iiys2 from (4-6) gives
Pgi = BXL (Ip2 + 12 + 2THC?) 4-8)

Equating the input active power with that dissipated:
Vin Ip = 28Xy, (Ip2 + Iq2 + 2THC?) (4-9)

Simplifying (4-9) and substituting the expressions for I and Iy, from (4-3) and
(4-4), gives

e - [ (1 + 2  | (2 SED  + )
(4-10)

Figure 4-6 shows a graph of the normalised total harmonic content as a function
of the reduced firing angle for different values of the resonance ratio.
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Figure 4-6. Graph of the Normalised Total Harmonic Content as a Function
of the Reduced Firing Angle in a Single Phase STATCON.

The graph shows that there is no real optimum value of k in terms of the
harmonics that are produced; if k is chosen so as to give relatively good harmonic
performance when the equipment is generating reactive power then the harmonic
performance is relatively poor when absorbing reactive power and vice versa. When k
= 1 the total harmonic content is not dependent on the firing angle, i.e. the total
harmonic content of the current is independent of the magnitude of the fundamental
component.

§4-7 Characteristics of the Harmonics of the System Current
The Fourier analysis given in appendix 1 also shows the form of the coefficient
of the harmonic of frequency né, Inc. Figure 4-7 shows graphs of the normalised
coefficients of the harmonics for n = 3, 5 and 7 for different values of k.
Vm

\% sin@ \Y%
Inc = X tn= ifn,] (Cn c0s80 — $n g O) =~ -)_(% [Cn—Sn6ob] (4-11)

The curves for the different values of n show the same general shape but
decrease in size with increasing n. These graphs mirror the shape of the THC graph,
figure 4-6, and again there is no variation in a particular harmonic with the fundamental
component atk = 1.
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Figure 4-8 shows graphs of ¢, and sp, again for n = 3, 5 and 7, as functions of
the reciprocal of the resonance ratio, m. These graphs were also plotted for g = 0-1,
0-01 and 0-001. These parameters, like those describing the fundamental frequency
component, exhibit no significant dependence on the damping factor.

c€n
0.14r¢

0.12} n=3

0.1}

0.08¢

0.06¢

0.04}

0.02f

Figure 4-8. Graphs of the Parameters Describing the Coefficients of
the Harmonics in the Current in a Single Phase STATCON.

The graph of s, passes through zero at about k = m = 1 for all values of n so
there can be no change in the magnitude of the current harmonic with a variation in the

firing angle, as shown in figure 4-7.
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§4-8 Choice of Circuit Parameters

Figures 4-3 to 4-8 illustrate the following features
1) The control parameter of interest is the reduced firing angle, 6op; apart from this
parameter the equipment shows no dependence on the firing angle and very little
variation with the damping coefficient, as shown in equations (4-3), (4-4) and (4-11).
2) q2 is very much larger than q; and py; the reactive power and losses, when operating
at significant reactive power output, are described almost entirely by qp.
3) q2 appears to be constant value m (= 1/k) > 0-8, as shown in figure 4-3.

At substantial output the ratio of the losses to the output is given by

P Bob?
Gz%zﬁeobzeo (412)

For this ratio to be as small as possible at rated reactive power then, for a circuit
of fixed B, Vi, and X1, q2 should be as large as possible and from figure 4-3 this means
that m should be greater than 0-8.

The reciprocal of the resonance ratio, m, is a measure of the size and cost of the
energy stores, assuming B is small,
m=v X Yc (4-13)
where
Yc is the admittance of the capacitance.

For the cost, and size, of the energy stores to be as small as possible the value of
m should be low. Clearly there is a compromise to be struck on the exact value of m.
A sensible choice would be in the range 0-5 <m < 0-8.

If the equipment were connected to a high voltage system then there would be a
step down transformer. The leakage reactance of this is generally in the range of 0-1 to
0-2p.u. (Weedy, 1987, table A.2.4). The size of the transformers will not be greatly
affected by the value of the leakage reactance so if reduction in size is important then
this value of leakage reactance should be as large as possible to minimise the size of the
capacitor, for a given value of the resonance ratio.

The value of Vi chosen depends upon the voltage rating of the devices and that
of the capacitor. For fixed values of B, qp and X1,, Vi should be as large as possible.
However as the voltage rating is increased the number of devices connected in series
would have to be increased and the resistance associated with each string of devices
would increase. The value of Vp, therefore depends upon the cost of the capacitor and
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devices per unit voltage and the value of the resistance at different voltages. This
question of the choice of the voltage rating of the equipment has not been addressed.

For minimum losses it is desirable for X1, to be as small as possible, assuming
that the other parameters are constant.

These considerations on Vy, and X1, have assumed that the firing angle of the
equipment can be controlled to any degree of accuracy. Using a very large value of Vp,
and very small values of X[, and B then the range of 8¢ to vary the reactive power
between * 1p.u. would be small. In this case then the control system would have to be
very accurate. The precision of firing the devices may put a limit on the values of these
parameters.

The choice of Xy, may also effect the value of B. If the resistance of the devices
was negligible in comparison to that of the transformer then as X[, was varied, the X to
R ratio of the transformer would stay constant, as would B. If the resistance of the
devices dominated however, as X1, was varied, the resistance would be constant and B
would vary. In addition the volt drop in the devices and the switching losses may be
non-trivial so the effective resistance will be non-linear and B will also depend upon
the current. The effective value of the resistance in a three phase system using PWM to
reduce the harmonics, in which the losses would be very much larger than when using
180° firing, has been shown to be non-linear (Pedersen & Rasmussen, 1994).

Clearly the exact value of each of the parameters is a complicated matter
depending upon the losses, the harmonics, the controllability and the cost of the
components. An example optimisation based on the cost of the energy storage
components and the cost of the losses has been performed (Norris and Hill, 1993).

§4-9 Equivalent Circuit

In appendix 1 the circuit was solved by producing the second order differential
equation which describes the R L C circuit between switching intefvals and using the
conditions that the voltage across the capacitor must repeat every half cycle and the
current must reverse every half cycle to evaluate the unknowns in the general solution.

An alternative approach is to say that the second order differential equation has
a forcing function due to the system voltage.‘ Thus the particular integral solution
corresponds to the conventional steady state response of an R L C circuit to the system
voltage. The complementary function solution corresponds to the solution of the
homogeneous form of the equation. The original equation was formed by
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differentiating the voltage across each of the components in the circuit. The voltage
applied to the R L C circuit, to give the particular integral, must therefore be a constant,
over the interval that the equation is defined, i.e. between switching instants. An
equivalent circuit, to describe the performance of the circuit between switching instants,
can therefore be produced which consists of an R L C circuit with a constant voltage
source and the system voltage. The values of the passive components are the same as
those in the actual circuit. The voltage at the inverter terminals in the actual circuit
reverses every half cycle so, in the equivalent circuit, the voltage across the capacitor
and constant (between switching intervals) voltage source must also reverse. The
voltage across the capacitor must be continuous and therefore the voltage across the
capacitor in the equivalent circuit, Vec, must be zero at the switching instants. This
means that the voltage source which produces the constant voltage over a half cycle
produces a square wave, VsQ, over the whole cycle with the voltage steps occurring at
the switching instants. The equivalent circuit is given as figure 4-9.

L
I R C

HH

Figure 4-9. Equivalent Circuit for the Single Phase
STATCON with a Capacitor Energy Reservoir,

The current through the capacitor in the equivalent circuit is the system current.
The current through the capacitor in the actual circuit is a switched version of the
system current. The voltage across the capacitor in the equivalent circuit will therefore
not be the same as that in the actual circuit.

The amplitude of Vgq can be calculated from one of three facts:
1) The voltage across the capacitor being zero at the switching instants, as discussed
above.
2) The input active power must equal that dissipated in the resistance in the circuit.
3) Because the voltage across the capacitor and the system current are continuous then
the step in voltage of Vgq at the switching instants must be equal to the step in voltage
across the inductance at the switching instants. Thus the derivative of the current can
be calculated and then the step in voltage across the inductor, which is twice the value
of the amplitude of the square wave, can be calculated.
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The amplitude of Vg is derived in appendix 2 using the first of these methods:
the other two are given elsewhere (Hill & Norris, 1994). The expression for the current
derived using this equivalent circuit agrees with the Fourier series from the analysis of
the full circuit, appendix 1.

§4-10 Discussion on pl and g1

Figures 4-4 and 4-5 show the effect of altering the reduced firing angle on the
reactive power output and the losses. In general terms delaying the firing angle with
respect to the supply voltage raises the d.c. voltage across the capacitor and increases
the reactive power generated and advancing the firing angle lowers the d.c. voltage
across the capacitor and increases the reactive power absorbed by the equipment. The
approximate analysis of chapter 3 predicts this but does not indicate the p; and qq terms
in equations (4-3) and (4-4).

At a firing angle of zero the reactive power generated or absorbed by the
equipment is directly proportional to q1. For a large value of capacitance, m > 1, the
equipment absorbs reactive power and, because of the resistance in the circuit, absorbs
some active power; the current lags the system voltage by an angle slightly less than
90°. For a small value of capacitance the current leads the system voltage by slightly
less than 90°.

The equivalent circuit of figure 4-9 is helpful in considering the phasor diagrams
showing pj and q;. The voltage at the a.c. terminals of the inverter, Vi, is the sum of
the voltage across the capacitor, Ve, and that of the square wave voltage source, VsQ.

Because the voltage out of the inverter is not sinusoidal there will always be
current flow, even when the fundamental component of the inverter output voltage is
equal to the system voltage. There must therefore be some losses in the equipment at
all firing angles; p1 must be finite.

Because of the losses in the system the fundamental component of the current,
Iy, will not be exactly in quadrature with the system voltage which, when the firing
angle is zero, is of the same phase as the fundamental frequency component of the
square wave voltage, VsQ. The fundamental component of the voltage across the
capacitor in the equivalent circuit, Ve, will not therefore be of exactly the same phase
as the fundamental component of Vgq. In the actual circuit the fundamental frequency
component of the ripple on the voltage at the a.c. terminals of the converter must be
slightly out of phase with the system voltage; at a firing angle of zero the fundamental
component of the inverter output voltage is not in phase with the system voltage.
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Figure 4-10 shows phasor diagrams for zero firing an gle for both large and small
values of k. '

Ve
S
1 VI . JIIX
1 IR 1L X
_ Vi IR

k<1 k>1

Figure 4-10. Phasor Diagrams for Zero Firing Angle in the Single Phase STATCON.

In figure 4-10 the differences between the fundamental component of the
voltage at the a.c. terminals of the converter, V[, and the system voltage, Vs, have been
greatly exaggerated; the magnitudes of these voltages are almost identical and the phase
difference between them is very small.

§4-11 Size of the Energy Storage Components

One of the expected advantages of the use of converters as reactive power
compensators is an overall reduction in the size of the equipment, coming about
through a reduction in the size of the energy storage components (Edwards et al., 1988),
(Gyugyi et al., 1990). In order to produce a simple comparison between the amount of
energy storage components in a STATCON and those in a conventional SVC, i.e. a
thyristor switched capacitor and a thyristor controlled reactor, the size of the harmonic
filters in both equipments are neglected.

As a point of comparison it was assumed that the inverter was connected to the
system through a transformer of leakage reactance 0-2p.u. The value of m chosen was
the knee point of the graph of g2 against m, from figure 4-3; m = 0-6 so k = 5/3. Thus
from the definition of k, assuming B is small, the admittance of the capacitor is 1-8p.u.
These values are not necessarily optimum but are probably similar to the values that an
optimisation would produce.

A conventional single phase static VAr compensator would consist of a 1p.u.

capacitor and a 1p.u. inductor. Thus in the single phase equipment there is no obvious
reduction in the size of the energy storage components.

73



§4-12 Operation at Reduced System Voltage
Another of the purported advantages of the STATCON over a conventional

SVC is the ability to generate reactive power at reduced system voltage (Edwards et al.,
1988).

In a conventional SVC, if the equipment is generating rated reactive power and
there is a reduction in the system voltage, then the reactive power will fall. As
discussed in chapter 1, when there is reduced system voltage is exactly when the
maximum rated reactive power generation is required.

From equations (4-3) and (4-4) the reactive and active powers are

Vin? in26
Q=5 (w+ a2 55" ) @19

BVm? in%6g
P=3%0 (p1+qz Slgz ) 415)

If the system voltage is reduced then the firing angle in (4-14) can be increased
to maintain the reactive power output, although at the expense of increased losses.
Assuming that the capacitor is never discharged, the maximum value of the reactive
power, Qm, occurs when the firing angle is n/4, at which point the active power is
defined as Pp,. Neglecting p and q; and approximating q3 to 0-5 gives

=~ ______an2
Qm == 8B2XL (4' 16)
oy m- .

Thus, assuming the leakage reactance of the transformer is 0-2p.u. and that B is
0-01, rated reactive power can be generated as long as the system voltage is greater than
0-13. To generate this reactive power at this voltage then the active power is also 1p.u.
This is much larger than that which would be permissible for any significant length of
time but does illustrate the potential usefulness of the equipment to provide reactive

power at low system voltages.

Figure 4-11 shows a plot of the maximum possible reactive power generation,
Qm. as a function of the system voltage, with the output limited at 1 p.u. Figure 4-12
shows a plot of the losses at this reactive power output. Since Vp, is the peak value, Vi
=2 p.u. is the nominal voltage.
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Figure 4-11. Graph of the Maximum Reactive Power Output.
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Figure 4-12. Graph of th when Generating Maximum R ive Power

A more realistic method of assessing the steady state performance of the
equipment under reduced voltage conditions is to stipulate the maximum permissible
losses, which is a function of the firing angle, for a given system voltage and then plot
the reactive power output for this firing angle. If the maximum losses are taken to be
5%, with B and X, as above, then the reactive power output is as shown in figure 4-13,
with the output limited at 1p.u., and the actual losses are as given in figure 4-14.
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Figure 4-13. Graph of the Reactive Power Output with Maximum Losses of 5%.
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Figure 4-14. Graph of the Actual Losses when Limited at 5%.

All of this work has assumed that the formulae derived in appendix 1 are valid,
L.e. that the current through the reservoir is continuous. It was shown, in figure 4-1, that
an increase in the firing angle causes the ripple on the voltage across the capacitor to
increase. If the value of the resonance ratio is too high then, when using an increased
firing angle, the voltage across the capacitor might fall to zero during some part of the
half cycle, even if it would not under normal conditions. This would, at the very least,
reduce the effectiveness of the equipment. For a given value of the resonance ratio then
this would restrict the possible range for the firing angle and would therefore increase
the necessary supply voltage to be able to generate 1p.u. reactive power for a given
amount of losses.
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§4:13 Conclusions

Expressions have been derived for the fundamental frequency components of
the system current in phase, Ip, and in quadrature, I, with the system voltage and for
the coefficient of the harmonics, Inc. These can be approximated to

\%
Ig~x, [a1+q2 6ob]
\4
Ip= -———-&E‘ [P1 +q2 60b?]

A%
Inc = ﬁ [Cn — Sn B0b]

The reactive power, Q, and the active power, P, are therefore given by

Vil

Q= -5 [a1+92 60b]
BV, 2

P =%, [P1+42 60v7]

If the resonance ratio is chosen to be on the plateau region of the q7 against m
graph then g can be approximated to 0-5 and q; and p; can be approximated to O:

Vi?
Q= -7y Oob
_BVm?,
P=x b

The reactive power output and the coefficient of the harmonics can be seen to
vary approximately linearly with the reduced firing angle while the losses vary
quadratically. The importance of the reduced firing angle as a control parameter has
been drawn out and it has been shown that the equipment has very little further
dependence on either the firing angle or the damping coefficient.

The effect of the choice of the resonance ratio on the system has been
illustrated. In particular, as the size of the capacitor is reduced the amount of ripple
across it increases, causing extra stresses on the capacitor and devices. The presence of
harmonics has been shown to be impressive for all values of the resonance ratio. For a
small capacitor the system current is dominated by harmonics and the performance of
the equipment is poor. Above a certain size of capacitor there is an increase in size and
cost of the equipment without any significant improvement in performance. A suitable
range for the resonance ratio has been shown to be 1-1 <k <2.

An equivalent circuit has been produced consisting of a square wave voltage
source in series with a capacitor of the same value as the energy reservoir. This has
been used to explain the presence of the qi and p; terms in the expressions for the

fundamental component of the current.
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The sizes of the energy storage components has been discussed and the
equipment has been shown to offer no vast improvements on conventional SVCs.

The performance of the equipment at reduced voltage has been shown to be
superior to that of a conventional SVC.

78



Chapter 5

The Three Phase Vol S STATCON

§5'1 Introduction

In chapter 4 the results of the analysis on the steady state performance of the
single phase equipment were presented. In this chapter the corresponding results for
the three phase equipment are given and discussed.

Results from a 1kVAr model are included together with a description of the
practical arrangement and control scheme. Some unexpected aspects of the
performance of the machine which came to light during the commissioning stage are
discussed.

§5-2 Power Circuit

The circuit diagram is shown in figure 5-1. The devices are numbered in the
order that they are turned on. As in the single phase case knowledge of the operation of
the inverter circuit is assumed.

Figure 5-1. Circuit Diagram for the Three

Phase STATCON with Capacitor Energy Reservoir.

The devices which are turned on, as a function of time, are given in table 5-1.
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Table 5-1. On Devices in a Three Phase STATCON.

Era On Devices
0<o<m/3 5 6 1
/3 < ¢ <21/3 6 1 2
2n/3< o<W 1 2 3
T <o <4n/3 2 3 4
4Am/3 < 6 < 57/3 3 4 5
5r/3 <¢<2m 4 5 6

§5-3 Method

Appendix 3 gives the derivation of the expressions for the current and the
Fourier series. The method used was similar to that used in the single phase case;
differential equations describing the currents in each of the phases during one era were
produced and solved. The current in one phase during one era is the current in another
phase during a different era and so from the general expressions for the currents in the
three phases during one era, general expressions for the current in one phase during the
first half cycle were produced. The three unknown coefficients, from the solutions to
the differential equations, were then determined by ensuring that the current in the
chosen phase was continuous at each of the changes of circuit topology, and that the
voltage across the capacitor repeated with a period of one sixth of that of the supply.
The current during the whole cycle was then determined from the fact that it must be
half wave anti—symmetric.

Finding the Fourier series of the current can be simplified by finding the Fourier
series of the voltage at the a.c. terminals of the inverter, dp and ep, and then calculating
that of the current, a, and by, from this, rather than directly, because the voltage at the
a.c. terminals depends on only two of the constants from the solutions to the differential
equations, rather than all three. Further, because the variation of the current with 6 is
always as either coseg or sin6g, the ap and by contributions to the Fourier series can be
evaluated in terms of the parameters Aj and A and then computed at either 69 = 0 or 6p
= 1/2. This avoids trying to separate the 69 dependence in the A1 and Az terms and
significantly reduces the amount of algebra that has to be performed. This means that
explicit expressions for the parameters p1, q1, 92, Sn and cp have not been determined
but these parameters have been plotted to show how they vary with k, 69 and B.

Using these techniques to simplify finding the Fourier series means that the sp
and cp, terms are defined in terms of \ ap2 + b,,2 , i.e. the sign of the terms is not found
explicitly. The sign was determined by comparing the situation with a very low value
of the resonance ratio, i.e. a very large capacitor, to the results that would be obtained in
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the circuit if a battery had been used as the energy reservoir. In the battery case the
circuit would be operated with zero firing angle and the impedance between the system
voltage and the stepped voltage produced at the a.c. terminals of the inverter would be
the resistance and inductance, Z. In this case it can be shown that each of the harmonic
coefficients must be positive so ¢, must be positive for all n at small k. The value of Cn
is therefore defined over the whole range of m provided that ¢, does not reach zero. If
it does then the sign of the square root sign has to be reversed so that ¢, varies as a
smooth function and is not reflected at ¢, = 0.

For sp the fact that as the firing angle is increased the d.c. voltage across the
capacitor is raised means that, for very low values of k, the coefficient of a particular
harmonic must also increase. s, must therefore be negative at low values of k and again
must vary smoothly.

§5-4 Nomenclature
The relationships describing the resonance ratio and the resistance in the circuit
are different from those in the single phase case, as discussed in appendix 3.

R is the resistance in each phase of the circuit. It is the resistance in the
inductance plus that of one device. In the single phase circuit the resistance includes
the resistance of two devices.

The resonance ratio, k, is again the ratio of the damped natural frequency
oscillations of the circuit to the system frequency. Because there are always two
inductors connected to one terminal of the capacitor and one to the other terminal, the
total inductance is equivalent to two parallel connected inductors in series with a third.
The total inductance is therefore 3L/2 hence

_4l 2Xc .
k= 5x5-p 5-1)
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§5-5 Voltage Across the Capacitor
The voltage across the capacitor, during the interval 0 < ¢ < /3, is given by

Ve = S (B4+42) cos(Bo+otr-2m3)

+ 2 (31 - kAsinks + (kA1 + pAgoske] &2

Figure 5-2 shows graphs of the voltage across the capacitor using three different
values of the reduced firing angle for three different values of the resonance ratio. As
in the single phase case graphs in which the capacitor voltage falls below zero are
included to show the effect of increasing the resonance ratio but the equipment would
not perform like this and would not be operated in this region.

As in the single phase circuit, the ripple on the capacitor voltage increases as the
resonance ratio increases. The ripple frequency is six times the system frequency.
Again the voltage shows swells when the equipment is generating reactive power and
troughs when absorbing reactive power. In this case, for all of the values of k
considered, the voltage across the capacitor has only a single maximum or minimum
during each switching interval.
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§5-6 System Current

The system current is described by different expressions during the first three
eras, each of one sixth of a cycle duration. The current in the second half cycle is the
negative of its value during the first half cycle. The expressions are

_Vm . V3V (82+k2) :
I= ﬁmf sin(BQ+o+y) — 'i‘hff (%m [cos(Bg+¢+y-2m/3) — 2Bsin(8g+9+y—27/3)]

- éz-l— e-Posink¢ — ézl ePocosk + Aze—2Bo
for0< ¢ <n/3 (5-3)

I= %ﬂi— sin(8+¢-+y) — A1e-BO-TB)sin[k(4-1/3)] — Aze-BOT)cos[k(6-1/3)]
for n/3 < ¢ <2m/3 (5:3a)

Vi . 2+k2 ;
I= l—l—XﬂL sin(Bp+¢+y) + %ﬁ—;ﬁf %2—)) [cos(Bp+o+y—4m/3) — 2Bsin(Bp+¢+y-4m/3)]

- ~Az—1 e-BO-21S)sin[k(9—27/3)] - _A_2_2 ~B(O-21/3)cos[k(¢—2m/3)] — Aze-2B(6-27/3)
for2n/3<o < (5-3b)
I0)=-1(¢ — ) forr<¢ (5-3¢)

Figure 5-3 shows graphs of the system current for the same parameter values as
those used to produce the capacitor voltages of figure 5-2.

The graphs again show that as the resonance ratio is increased the distortion in
the current waveform is increased. The six intervals per cycle are noticeable with cusps
in the current waveform appearing at the switching epochs because the step in the
voltage at the a.c. terminals of the inverter gives a sudden change in the gradient of the

current.

84



Figure 5-3. The Current in a Three Phase STATCON fork = 2. 4 and 5.
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§5-7 Characteristics of the Fundamental Component of the System Current
The Fourier analysis of appendix 3 shows that the form of the fundamental
component of the current is the same as that in the single phase circuit:

v
lg= (q 1+ 813;2390 ) ~ X, [a1+q2 8] (5-4)
2 0
= %m ( P1+ Q2 1;29 ) Lm [p1 + Q2 60b2] (5-5)

Figure 5-4 shows the parameters p1, q1 and q2 as a function of m, for § = 0-001,
0-01 and 0-1. Again there is very little dependence on B.
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Figure 5-4. Graphs of the Parameter Describing the Fundamental
Component of the Current in a Three Phase STATCON.
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Comparing figure 5-4 to the equivalent figure for the single phase equipment,
figure 4-3, the following points are apparent:
1) The figures all tend to a limit as m increases.
2) The value of the plateau region of the q2 graph has the same value.
3) q2 is again very much bigger than p; and q;.

Contrasting the two figures:
1) The plateau region on the q2 graph starts at a lower value of m.
2) The q1 graph is always negative

Figure 5-5 shows how the normalised reactive power output varies and figure

5-6 shows how the normalised losses vary with the reduced firing angle for three
different values of the resonance ratio.
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Figure 5-5. Graph of the Normalised Reactive Power

Output from a Three Phase STATCON.

I XL
BVm
0.5}
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T—~—k=5
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1 0.5 0.5 1
Figure 5-6. Graph of the Normalised Losses in a Three Phase STATCON,
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§5-8 Total Harmonic Content

As in the single phase equipment the parameters describing the fundamental
frequency component of the current can be used to compute the total harmonic content,
equation (4-12). Figure 5-7 shows the normalised total harmonic content as a function
of the reduced firing angle for several values of the resonance ratio.

Bob/ rads

) 20.5 0.5 1
Figure 5-7. Graphs of the Normalised Total Harmonic Content as a
Function of the Reduced Firing Angle in a Three Phase STATCON.

The values of THC are lower than those from the single phase circuit, as would
be expected from comparing figures 5-3 and 4-2.

§5-9 Characteristics of the Harmonics of the System Current

The Fourier analysis given in appendix 3 also shows that the variation of the
coefficients of the harmonics is approximately of the same form as that in the single
phase. In the three phase equipment harmonics are generated for n = 6it+1, fori = 1,
2...

\Y% \Y%
Inc = X’f th = 'X‘Lil' [Cn — Sn O0bl (5-6)

Figure 5-8 shows graphs of t, forn =5 and 7 as a function of the reduced firing
angle and figure 5-9 shows cp and sy for f = 0-1, 0-01 and 0-001. Again there is very
little difference between these functions for the different values of .

90



7
0.1
0.05
P —— —
L 2 .\\ N :
-1 =0.5 \&\1
-0.05¢
-0.1¢

(VY

+ 0 ob/ rads

k

1
2

6ob / rads

4

5

Figure 5-8. Graphs of the Normalised Coefficient of the Harmonics
in the Current for n = 5 and 7 in a Three Phase STATCON.

91



0.03¢p

=

=

Figure 5-9. Graphs of the Parameters Describing the Coefficients of
the Harmonics in the Current in a Three Phase STATCQN.

§5-10 Choice of Circuit Parameters

The plateau region of the q7 graph, figure 5-4, begins at a lower value of m than
in the single phase equipment and therefore the equipment can be operated with the
same value of qp for a smaller capacitor, assuming a fixed value for the inductances. A
suitable range fork is 2 <k < 5.
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§5-11 Equivalent Circuit

Following on from the equivalent circuit developed for the single phase
equipment, it is desirable to derive an equivalent circuit for the three phase equipment.

The per phase circuit model is given as figure 5-10.

L
I R

Figure 5-10. Per Phase Circuit Model of a Three Phase STATCON.

The model used for the equivalent circuit was a capacitor in series with a
voltage source, as in the single phase case. From the definition of the resonance ratio,
the capacitance is three halves that of the energy reservoir. The voltage at the a.c.
terminals of the inverter, Vi, was calculated, from equation (5-2), and then the
expressions for the current, from (5-3) to (5-3c), were used to calculate the voltage
across the capacitor in the equivalent circuit, Vec. The additional voltage source, Vag,
is the difference between Viand Vec. The derivation is presented as appendix 3.

The equivalent circuit is given as figure 5-11.

L
I R 3C/2

Figure 5-11. Per Phase Equivalent Circuit of a Three Phase STATCON.

Figure 5-12 shows the voltage source behind the capacitor, Vag, for k = 2, 4 and
5 for three different values of 6gp.
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Ficure 5-12. Graphs of the Voltage Source for the Equivalent

Circuit of a Three Phase STATCON fork=2.4and 5.
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The additional voltage source, Vaq, shows steps at the switching epochs. The
amplitude of Vyq increases with increasing k, at least over the range investigated.
During the interval /3 < ¢ < 27/3, the voltage is a constant because, as in the single
phase equipment, the equation describing the current in the equivalent circuit is the
same as that in the actual circuit.

§5-12 Practical Arrangement

The rating of the model was chosen to be 1kVAr. The supply voltage used was
240V rms phase to phase; Vi, = 196V. The leakage reactance of a high power
transformer is between 10 and 20% of its rating, so the value of the inductors was
chosen to be 40mH which is about 20% of the rating. The higher end of the range of
values was chosen so that in the event of a fault the build up of current in the system
would be slower, giving the fuses more time to operate before any damage to the
equipment occurred. The resistance of the inductors was measured and found to be
1-5Q. This gives a value for g of about 0-06. The exact value cannot be calculated
because the (effective) resistance of the devices is not known, although it can be
calculated from the results.

The value of capacitance was chosen to be 20uF based on figure 5-4. This
corresponds to a value for the resonance ratio of about 2-9. Again the exact value of the

resonance ratio cannot be calculated because B is not known exactly.

MOSFETs were chosen as the controllable devices because of their ease of turn
on and turn off and availability at this low power level.

Further details of the practical arrangement are given in appendix 9.

§5-13 Control Scheme

The specification of the model was that it should demonstrate the steady state
performance of a three phase STATCON (Ashbrook & Hill, 1993a), (Ashbrook & Hill,
1993b). It was not designed to perform under abnormal system conditions or to

measure any aspect of the transient performance of such a machine.

The reactive power output was adjusted by controlling the firing angle of the
inverter. The control circuit thus has to perform two tasks:
1) To detect when each of the MOSFETS should be turned on or off, relative to the first
device being turned on.
2) To detect when the first MOSFET should be turned on, relative to the supply
voltage.
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A block diagram of the control scheme is shown in figure 5-13.

Protection Filter
A A
e N\ N\ Comparator _g)
Red Phase ___ >
Neutral T e
=
@-—— ADC EPROM 2
4
N
Output from
stage 1—| PLL g{(‘gg& EPROM 1
| P T ]
Opto—
Isolators
Drivers
Figure 5-13, Block Di m of ntrol Circuit for a 6—Pulse STATCON.

The phase of the mains was detected by measuring the red phase to neutral
voltage; the other two phases were assumed to be ideally related. The protection circuit
limits the voltage across the devices in stage 1 to £ 0-7V. A filter was included to
remove any high frequency noise from the mains. The cut—off frequency of the filter
was 15kHz and so the phase shift affected on a SOHz signal is very small. The filtered
signal was then fed into a comparator, producing a square wave with a fundamental
frequency equal to that of the mains. The output from this comparator was then fed
into an opto—isolator. This reduces the rise and fall times of the square wave and
provides noise immunity for the digital circuitry.

In drawing up specifications for the model it was decided that the reactive
power should appear to vary continuously with the position of the potentiometer so, to
use a digital control scheme, it was realised that the firing angle of the inverter would
have to be controlled very accurately. From computer simulations it was deduced that
the range of firing angles would be < *6°, allowing for the uncertainty about the
effective resistance of the devices. In order to make the reactive power appear to vary
continuously then the steps in the firing angle were chosen to be 0-1° which
corresponds to a step in the reactive power output of slightly less than 20VAr.
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With this degree of accuracy in the firing angle the normal frequency variations
of the mains, + 0-5Hz (The Grid Code, 1994, Connection Condition 6.1.2), are too
much. A phase locked loop, PLL, was therefore included in the circuit to compensate
for frequency fluctuations. The output from the phase locked loop was fed into a divide
by 3600 sub-circuit; the output from this was a square wave with a fundamental
frequency 3600 times greater than the mains, i.e. at the nominal mains frequency the
output of the divide sub—circuit is 180kHz.

EPROM 1 consists of 3600 words of six bits each, one bit relating to each
MOSFET. This EPROM is clocked by the high frequency signal from the output of the
divide sub—circuit and delivers a series of ones or zeroes to the MOSFET driver chips.
Stage 2 of figure 5-13 then performs task 1 of the requirements of the control circuit.

The position of the potentiometer was read, and converted into a digital number,
once in every cycle. The output from the ADC was then fed into EPROM 2. This
consists of 128 words, i.e. #6-4° in steps of 0-1°, relating the output of the ADC to the
point of EPROM 1 at which the pointer in that EPROM should be when the system
voltage rises through zero.

The phase shift produced between the mains voltage and the fundamental
frequency component out of the opto—isolator of stage 1, because of the filter, can thus
be seen to cause a slight shift in the position of the potentiometer to produce a specified
reactive power. Since this is manually adjusted this is not serious. The EPROMs could
have been written to compensate for this effect but, since it is small, they were not.

Example: Consider that the system is to generate 0-5p.u. reactive power assuming that
to generate 1p.u. reactive power the firing angle is 6° and that the reactive power varies
linearly with the firing angle.

The potentiometer is manually adjusted, with a voltage range of 0 — 5V. When
the system voltage rises through zero the ADC is clocked. It measures the voltage at
the potentiometer as 3-75V and converts this into a digital number. This digital number
is fed into EPROM 2 and the pointer jumps to the address with this number. The word
in this address corresponds to a firing angle of 3°. Thus the actual data of this word is
the binary form of 30. This is then fed into EPROM 1 and the pointer in that EPROM
Jjumps to address 30 and runs through the addresses in synchronism with the mains.
This continues until the start of the cycle after the potentiometer is next adjusted.

97



§5-14 Results

Figure 5-14a shows experimental results for 1p.u. reactive power generation.
Figure 5-14b shows the theoretical results and figure 5-14c shows simulations results.
Figure 5-15 shows the same for zero fundamental current and figure 5-16 shows the
results for 1p.u. reactive power absorption.

The values of firing angle used for the theoretical results were calculated from
the q1 and g2 graphs using k =29 and p = 0-06. For rated reactive power generation 8g
= 1.52°, for zero fundamental output 89 = 0-028° and for rated reactive power
absorption 6g = — 1-47°.

Some differences between the theoretical and practical results are apparent. In
particular there is some asymmetry in the current waveforms in the practical results
which is not present in the theoretical results. This is due to the different characteristics
in the diodes and controlled devices when they are conducting (Trainer & Tennakoon,
1990).

The simulations were performed including modelling of the characteristics of
the devices from the data sheets: the MOSFET volt drop was taken as 4V and its on
state resistance as 0-8Q while the diode volt drop was taken as 1-4V and its dynamic
resistance as 0-02Q. The firing angles used were 3-0° for rated reactive power
generation, 0-05° for zero fundamental output and —2-9° for rated absorption. These
values of firing angle were used because, with these device characteristics, they give the
correct magnitude of current. The actual firing angles in the practical equipment would
be larger because the losses in the equipment would be greater than in the simulations
due to neglecting the snubber losses and inaccurate modelling of the switching losses in
the simulations.

An alternative method of simulation was to apply a fairly crude model of the
MOSFET and diode, with a small value for the dynamic resistance of the devices, and
then to adjust the volt drops of the devices until the correct amount of asymmetry in the
waveform was observed, at the correct firing angle. Thus this very crude model adjusts
the device characteristics to include the other losses in the circuit. At rated current the
parameters for this model were a volt drop of 20V for the MOSFET and an on state
resistance of 1m< and for the diode a volt drop of 0-7V and a dynamic resistance of
1mQ. This model gives less accurate simulations of the results at low current because,
unlike with the more realistic device model, the total voltage across the devices does
not reduce significantly at low current.
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Figure 5-14. Experimental, Theoretical and Simulation Results for
Rated Reactive Power Generation from a Three Phase STATCON.
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Effective values for the resistance of the circuit can be found by substituting the
values for the firing angles in the formula for the reactive power:

3Vm?2 sin26
Q=—7>z‘“L—(q1+qu°) 57)

Using the value of k given above gives q1 = — 0-:0037 and qp = 0-495.
Substituting these values, and the ones for Vi, and X1, in (5-7) and substituting for p in
terms of R gives

Q=— 14586 ( 00037 + 6223 ﬂ‘%@ ) (5-8)

In the practical equipment at rated current the firing angle is approximately 5° so
the effective R is approximately 5Q, significantly larger than the 2-3Q from the
resistance of the inductors plus the on state resistance of the MOSFETs.

§5-15 Experience of Commissioning

The equipment has proved to be very sensitive to the continual normal
fluctuations in the mains voltage. Deflections of the needle of the VAr meter as large
as 50V Ar have been detected. This may not be an accurate reflection of how big the
actual swings in the reactive power are because the meter may be under or indeed over—
damped and may be affected by the presence of harmonics. It is probable that the high
voltage of the transmission network would be less prone to constant fluctuations than
the low voltage in the laboratory where this work was carried out but this problem still
needs addressing. It is expected that the solution lies in the use of closed loop control.

The equipment has also been noted to hum violently with large positive readings
for both the active and reactive power readings. After a short time normal operation of
the equipment resumes. It is believed that these are due to fluctuations in the supply to
the equipment. Improvements might be sought in the control scheme or in filtering.

§5-16 Size of the Energy Storage Components

As with the single phase equipment the relative sizes of the energy stores is of
interest. In this case the knee point of the q2 graph occurs at m = 0-24. Assuming
reactances of 0-2p.u. for the inductors then the admittance of the capacitor, assuming f
is small, is 0-2p.u. This compares favourably with the components in a conventional
SVC in which there would have to be three inductors of 1p.u. each and three capacitors
of 1p.u. each, although the capacitor in the STATCON would have to be rated for a
higher voltage than those in the conventional SVC. Again these figures have not been
optimised but illustrate the potential savings in the energy storage components.
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§5-17 Range of Reduced Firing Angle

As in the single phase equipment, if the firing angle is too large then the
capacitor can be discharged and the effectiveness of the compensator is reduced. It has
been shown that the normalised current depends upon k and 6op only, for small 8g and
B. Thus the normalised voltage across the capacitor can only depend upon these
parameters. At very high values of the resonance ratio the voltage across the capacitor
can have multiple (local) maxima or minima in it. It is therefore difficult to determine
when the voltage is at a minimum and so whether this minimum is above zero.
Numerical methods could have been used to solve the transcendental equation for the
first solution on each side of zero of 8gp, as a function of k, when V¢ is set to zero but
this would have been complicated.

The region of m of interest is on, or near, the plateau region of the q2 versus m
graph. For these values of m there is only a single swell or trough in the capacitor
voltage during each era, as shown in figure 5-2, so the minimum capacitor voltage when
the equipment is generating reactive power is at ¢ = 0 and when absorbing reactive
power is at ¢ = 1/6. Figure 5-17 shows a graph of the range of 8op for which the
capacitor is not discharged as a function of m for 0-2 <m < 0-5.

m
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Figufe 5-17. Operating Region for Small Values of 6ob for the Three Phase STATCON.
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From figure 5-17 it appears as though the minimum value of 6.}, tends to a limit
at high values of m but that there is no restriction on the maximum value of 8.
However, 89 must be in the range —n < 69 < n. Figure 5-18 shows a graph of the range
for 8¢ as a function of m for a much large range of 6g for p = 0-01. It can be seen that
the firing angle does indeed approach a limit near 6¢ = r.

m
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Figure 5-18. Full Operating Region for Positiv for the Three Phase STATCON,

This asymmetry in the permissible range of 6p can be best understood by
considering the voltage across the capacitor at very high m. As the value of m increases
the ripple on the capacitor is reduced, in the limit of very high m then the voltage across
the capacitor tends to a constant value, i.e. its average, Vay. Figure 5-19a shows a plot
of the average value of the voltage across the capacitor for m = 100 and B = 0-01; the
average voltage across the capacitor is positive for a much greater range of positive
values of 80 than for negative ones. Figure 5-19b shows the same plot over a much
smaller range of 6},
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Figure 5-19a. Graph of the Average acitor Voltage with a Small
Value of the Resonance Ratio in a Three Phase STATCON.
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Figure 5-19b. Graph of the Average Capacitor Voltage
with a Restricted Range of Firing Angle.

As the value of m is decreased the ripple in the capacitor voltage will increase
and there will be regions in the 8o — m plane for which, although the average voltage
across the capacitor is greater than zero, the instantaneous voltage across the capacitor

will fall below zero so the range of 6op will reduce.
If it is intended to use the equipment under conditions of very low system

voltage then this may effect the choice of m, i.e. m would be chosen such that the

equipment could be operated with a large range of values for 6.
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§5-18 Conclusions

This chapter has highlighted similarities and differences between the single
phase and three phase equipments. The reduced firing angle defines the behaviour of
the equipment with respect to the firing angle and damping, and the value of the
resonance ratio plays a very small part in the wave shape of the current provided that it
is chosen to be below 5.

The magnitudes and form of the harmonics, as a function of the resonance ratio
and reduced firing angle, have been quantified.

A per phase equivalent circuit has been developed. The impedance elements in
this circuit consist of the inductance and resistance from the actual circuit and a
capacitor which is 1-5 times the value of the capacitor in the actual circuit. Expressions
for the voltage source have been given and examples plotted.

The experimental results show good agreement with the theoretical results;
slight differences are due to the approximations in modelling the devices. The firing
angle to obtain rated current in the practical equipment is larger than the theoretical
value. This is due to ignoring the volt drop in the devices in the theoretical work.

The range of 6p for different values of m has been calculated. It has been
shown that if a value of m is chosen on the plateau region of the qp against m graph

then the available range of 6gp is greater than —1 < 6gp, < 1.

The energy storage components required have been shown to be much lower
than those in a conventional SVC.
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Chapter 6

Ise Vol S STATCON

§6'1 Introduction

Chapters 4 and 5 have shown the results for the single and three phase circuits
respectively. Harmonics are present for n = 4it1 in the single phase case and 6i*1 in
the three phase case, fori=1,2... The three phase equipment is referred to as six pulse
because the voltage across the a.c. terminals of the converter is stepped with the steps
having a duration of one—sixth of the supply period.

The maximum permissible voltage harmonics that can be introduced onto the
transmission grid of England and Wales from a conventional static VAr compensator
are specified by the National Grid Company (High Speed Response Variable Static Var
Compensators, 1992, Section 4.2) and it is likely that those from a STATCON will be
similar, if not identical. There are no limits stipulated for the magnitude of a particular
current harmonic that may be injected into the system because this will depend upon the
impedance of the system, at the point of connection, to that frequency. However,
although the waveform from the three phase equipment is superior to that from the
single phase equipment, it is still highly distorted, far more so than that likely to be
permissible; some method of harmonic reduction technique must be applied to the
equipment.

In this chapter possible methods of reducing the harmonics are discussed and
analyses carried out on two circuits using multiple secondary phases.

§6-2 Methods of Harmonic Reduction

There are four possible ways of reducing the harmonics from the STATCON:
1) The first is by adding filters to the circuit.
2) The second is to use pulse width modulation (PWM) to eliminate the low frequency
harmonics generated and, if necessary, add filters to reduce the higher frequency ones.
Filters for reducing high frequency harmonics are smaller and cheaper than those for
low frequency harmonics.
3) The third is to use a number of capacitors connected in series across the d.c.
terminals of the inverter and to use a set of switches to step up and down this stack so
that the voltage waveform at the a.c. terminals of the inverter has a higher pulse
number.
4) The fourth is to use a number of inverters to neutralise the lower harmonics
generated, and again to use filters if there are significant amounts of higher harmonics.
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a) Filtering

Filtering is widely used in low power electronic circuits for the elimination of
unwanted frequencies. Passive filtering is a simple technique that does not require any
complex circuitry.

The disadvantages of this technique are the large cost and physical size of the
harmonic filters. Indeed one of the principle attributes of the STATCON is the reduced
overall size of the equipment, compared to a conventional SVC, through the reduced
size of the energy storage components, as illustrated in section 5-17. An advantage of
this technique is that the filters will reduce all harmonics above the cut—off frequency,
including any which are generated as a result of non—ideal operation, i.e. through
imperfect switches, supply voltage, transformer etc. The increased cost and size of the
filters makes this option unattractive.

Pul idth Modulati

The use of pulse width modulation (PWM) to reduce the amount of harmonics
in inverter output waveforms is well documented (Lander, 1987, Chpt. 5), (Mohan et
al., 1989, Chpt. 6). The stepped waveform produced at the a.c. terminals of a three
phase inverter can be stepped at a higher rate to reduce the harmonics present and the
reactive power output can still be controlled by adjusting the phase angle between the
system voltage and the inverter output voltage (James and Hill, 1994, section 4). This
method of harmonic reduction eliminates the low frequency harmonics but increases the
amount of harmonics at higher frequencies (ibid., section 4).

PWM (or SHEM - selective harmonic elimination modulation) has been used in
laboratory models of STATCONS of both the current sourced (Van Wyk et al., 1986),
(Moran et al., 1989a) and voltage sourced (Moran et al., 1989b), (Liang et al., 1991)

types.

The disadvantage of this method is that there is an increase in the switching
losses in the circuit. This makes this method of harmonic elimination unsuited to the
high power transmission environment (Mori et al., 1993).

As discussed in section 1-6, work is being undertaken by semiconductor device

manufacturing companies on developing the MCT. When this becomes available at
high power levels this option may become economically viable.
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Multiple Level Converter
In this method a stack of capacitors replaces the single one used as the energy
reservoir. As an example of this, figure 6-1 shows a single phase two level STATCON.
This connection of devices seems to be the simplest but connections using fewer
devices are possible. Controllable devices have been shown on both sides of the lower

pairs of devices to prevent short—circuiting the capacitors.

One possible wave shape that could be produced at the a.c. terminals is also
shown in figure 6-1, together with the device combinations which can be used to give
each voltage. The ripple on the voltage across the capacitors has been neglected. This
waveform is clearly superior to the square wave that would be produced from the single
phase equipment using only one capacitor. All of these switching configurations may
not be reasonable as some of them may cause the capacitors to be discharged.
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Figure 6-1. Multi-Level Single Phase STATCON and Associated Wave Shape.

The most obvious disadvantage of this method is that there is an increase in the
number of devices in the circuit, although this may not be as bad as the figure suggests.

The characteristics of the different devices need not be the same. In the first
half cycle devices 1 and 6 have high voltage but low current requirements. In the next
half cycle devices 3 and 4 have the same requirements. During the regions where V1 is
zero the devices conducting must be able to withstand a high current but at low voltage.
Thus devices 1, 3, 4 and 6 could be chosen to be able to withstand the full voltage but
less than the rated current and devices 2 and 5 chosen to withstand the full current but
only a fraction of the rated voltage. The switching pattern would be chosen to take
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these factors into account. This might enable the equipment to avoid, or reduce, series
and/or parallel connection of the devices.

The number of times a switch is turned on and off in a cycle depends upon the
switching pattern used but will be less than when using PWM.

The size of the capacitors is not known. The total capacitance may have to be
larger than when using only a single capacitor.

d) Multiple Phase Converters

In this option the harmonics are eliminated by combining the outputs from a
number of six pulse converters through phase shifting transformers. The disadvantages
of this method are that the phase shifting transformer is complicated, large and
expensive. This method will not neutralise any harmonics introduced into the system
by non-ideal conditions.

The increased number of converters obviously means that there will be an
increase in the number of turn ons and turn offs in a cycle. This does not necessarily
increase the switching losses in the equipment because each of the switches is carrying
only a fraction of the current that it would be carry if only a single circuit were used.

Because the capacitor is switched between the incoming phases more
frequently, it is expected that the use of multiple inverter topologies will facilitate a
reduction in the size of the energy reservoir.

This technique is also referred to as multiple pulse number.

The largest STATCON built to date (§0MV A) has used this technique (Mori et
al., 1993) as have all of the reported prototype models applied to actual power systems,
(Sumi et al., 1981), (Edwards et al. 1988) as opposed to laboratory scale models. For
this reason, it was decided to consider this method of harmonic reduction in the rest of
the work presented in this thesis. The other methods are worthy of consideration, and
indeed after further work one of the other methods suggested may prove to be the most
economic. Areas of particular interest in the other methods are discussed in section §-8.
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§6-3 Multiple Pulse Configurations

These large equipments referred to above have used eight converters, i.e. a
forty—eight pulse system, six converters and two converters respectively. The technique
described for two converters uses only star and delta transformers, while that for higher
pulse numbers requires zigzag transformers.

There are two transformer configurations which can be used with parallel
connected converters for many (>12) pulse systems (Sumi et al., 1981). For a 12 pulse
system these circuits are shown in figures 6-2a and b; the primaries of the transformers
can be arranged in either series or parallel. The phase shift between the two inverters is
half of the duration of each of the pulses at the a.c. terminals, i.e. 30°.
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Figure 6-2b. 12—-Pulse STATCON with Series Connected Transformer Primaries.
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The transformer arrangement is made up of two phase-shifting transformers
with conventional star windings for the primaries and zigzag windings for the
secondaries. In the case of the series connected primaries, one of the transformers is of
the open star type. Only one of the star points on the secondary side of the transformers
is earthed, as discussed in appendix 5.

The voltage on one phase of the secondary of the transformers is the vector sum,
according to the turns ratios, of the voltage from two different phases on the primary
side, appendix 5.
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The switches in each of the converters are fired in the same order as those in the
six pulse equipment and the firings between the two inverters are displaced by 30°, as in
table 6-1. The instant when the red phase voltage of the supply rises through zero is
taken as ¢ = 0. Inverter 1 is the inverter connected to the transformer with the output
leading on the supply voltage, i.e. the left hand inverter as drawn in figure 6-2.

le 6-1 Devices in a Twelve P TAT

-n/12< ¢ <7/12 5 6 1 4 5 6
/12 < ¢ < /4 56 1 5 6 1
/4 < ¢ <5m/12 6 1 2 5 6 1
St/12 < ¢ < Trw/12 6 1 2 6 1 2
Tn/12 < ¢ < 3n/4 1 2 3 6 1 2
3n/d<o<11w/12 1 2 3 1 2 3
117/12 < ¢ < 137w/12 2 3 4 1 2 3
131t/12 < ¢ < 5m/4 2 3 4 2 3 4
Sn/d < ¢ <17w/12 3 45 2 3 4
171/12 < ¢ < 197/12 3 45 3 4 5
191/12 < ¢ < Tn/4 4 5 6 3 4 5
/4 < ¢ <23m/12 4 5 6 4 5 6

Because the phase shift between the two secondaries is 30°, this can be
produced by using only star and delta transformers, i.e. using one transformer of 0° and
the other of 30°. The current produced on the secondary sides of the transformers is
identical with that produced from the connection discussed above. The current on the
primary side is not identical but is similar, in particular the same harmonics are present.
The transformer with 0° phase shift is obviously not necessary and so only a single
transformer needs to be used.

The parallel and series form of these transformer configurations are shown in

figures 6-3a and b.

114



Inverter 1 Inverter 2

!

A

Figure 6-3a. Single Transformer Parallel Connected 12-Pulse Arrangement.

Inverter 1 Inverter 2

N

Figure 6-3b. Single Transformer Series Connected 12—Pulse Arrangement.

The transformer arrangements used in figure 6-3 avoid using zigzag
transformers. However the output from these, as with the other twelve pulse circuits
discussed, has harmonics for n = 12i+1, where i = 1, 2... Filters can be included to
eliminate these (Edwards et al., 1988) but, as discussed in section 6-2a, the use of filters
is undesirable because of their size and cost. The equipment described in this reference
is IMVA and it is recognised there that for equipments of larger rating it may be
advantageous to use a higher pulse number to reduce the harmonics further. For a pulse
number of greater than twelve it is necessary to use transformer phase—shifts different
from 30° so this technique cannot be directly extended. These circuits are not then
analysed further but the series and parallel ones, as shown in figure 6-2, are, as a
precursor to circuits of higher pulse number.

Referring to figures 6-2a and b the transformer with the secondary leading the

supply voltage shall be referred to as transformer 1 and that lagging the supply voltage

as transformer 2.
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Parallel Connection
The voltage at the a.c. terminals, Vj, for the red phase of transformer 1 is given
as figure 6-4 using k = 4 and 6¢p = 1. It is similar to that in the six pulse equipment but
has higher frequency ripple and is phase shifted by 15°. The current that is produced on
the secondary side of the transformer is therefore similar to the current that is produced
in the six pulse equipment.

0. (
1 1.5 21&&@&1&
-0.5
-1f
-1.5

Figure 6-4. 12-Pulse Inverter Qutput Voltage.

The current in one phase of the primary side is made up from summing, through
the appropriate turns ratios, the currents from all of the phases on the secondary side to
which that phase of the primary is coupled. Figure 6-5a shows examples of normalised
leading currents, using 6oh = 1, in the two red phases on the secondary side with a small
value of the resonance ratio, k = 0-01. Figure 6-5b shows the resultant normalised
current in the red phase of the primary side.

116



current in the red phase
of transformer 2

current in the red phase
of transformer 1

Figure 6-5a. Graph of the Currents in the Red Phases
of the Secondaries in the Parallel Circuit,

Figure 6-5b. Graph of the Current in the Red Phase
of the Voltage Source in the Parallel Circuit.
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vl nnection

For low values of the resonance ratio the system current wave shape and the
voltage at the a.c. terminals of the inverter appear very similar to those from the parallel
circuit. The voltage across each of the primaries of the transformers depends upon the
system current. Figure 6-6 shows the voltage across each of the red phases of the two
primaries and figure 6-7 shows the voltage across each of the red phases of the two
secondaries. VRy is the voltage at the midpoint of the two primary windings in the red
phase and VR is the red phase to neutral voltage. The solid line of figure 6-6 is the
voltage across the first primary, VR — VRrx, and the dashed line is the voltage across the
second primary. Var and Vy, are the red phase voltages on the secondaries of the first
and second transformers respectively. The solid line of figure 6-7 is V4 and Vi is the
dashed line.

Both graphs have been produced using 6op = 1 and k = 0-01. Figure 6-8a shows
the resulting currents in each of the secondaries and figure 6-8b shows the current on
the primary side of the transformer. The wave shape for the graph of the system current
appears very similar to that in the parallel case. At much higher values of the resonance

ratio differences between the two system current wave shapes are discernible.
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Figure 6-6. Graph of the Voltages Across Each of the Red Phase Primary Windings.

Var and Vbr/ Vm

Figure 6-7. Graph of the Voltages Across Each of the Red Phase Secondary Windings.
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Figure 6-8b. Graph of the Current in the Red Phase
of the Voltage Source in the Series Circuit.

The analyses of the parallel and series connected circuits are presented as

appendices 5 and 6 respectively.

This discussion has modelled the transformers with a leakage reactance on the
secondary side. They can, of course, be modelled with it on the primary side. Figure
6-9 shows a graph of the 12—pulse inverter output voltage as seen from the primary side
in the red phase, Vip, of the transformers using k = 4 and 6op = 1 in the primary
connected case. This is similar to the wave shape that would be produced at the a.c.
terminals of the inverter from a multi-level equipment.
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Figure 6-9. Graph of the Inverter Output Voltage with the
Leakage Reactance of the Transformers on the Primary Side.

§6-4 Nomenclature

Most of the terms are as defined in the single and three phase cases. The
resistance is as in the three phase circuit. There are five constants included in the
general solutions to the differential equations in the parallel case but only three in the
series case. These are denoted Aj to Aj in the parallel case and At to A3 in the series

case.
The resonance ratio is defined slightly differently in the two cases:

Parallel circuit k= %% _p2 61)

Series circuit k= 2—%1@)—)% —p2 (6-1a)

Vn is also defined slightly differently in the two cases: it is the peak of the
applied voltage in the parallel connected case and is half of the peak of the applied
voltage in the series connected case. Thus in both cases it is the peak of the
fundamental component of the voltage on the transformer secondaries. Defining the
amplitude of the applied voltage in this way means that the amplitude of the
fundamental component of the current in the parallel circuit is twice that in the series

circuit, for the same reactive power output.
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§6'S Voltage Across the Capacitor

The voltage across the capacitor, during — n/12 < ¢ < /12, for the parallel

circuit is shown in appendlx 5:

Ve = 2h ™ (B2+k2) cosm/12 sin(¢+60+y)

3X —Bo )
Z2LE— [(BA1 — kA)sinko+ (kA | + BAg)cosko]

and for the series circuit, from appendix 6:
6V .
Ve= —\,"‘—(2 3h (B2+k2) cosm/12 sin(¢+69+y)

3X1eBo .
+ L= [(BA] —KAp)sinkg+ (kA + pAg)cosko]

(62)

(6-2a)

Figure 6-10a shows graphs of the voltage across the capacitor in the parallel

circuit for three different values of the reduced firing angle for three different values of

the resonance ratio and figure 6-10b shows the same for the series connected case.

Again the graphs illustrate the increase in ripple on the capacitor with increasing

resonance ratio and the ones in which the voltage falls below zero should not be

interpreted literally.

The graphs are very similar but with slightly less ripple in the series connected

case. The ripple frequency is twelve times that of the system frequency. For these

values of k there is only a single maximum or minimum in the voltage during each

switching era.
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Figure 6-10a. The Capacitor Voltage for a Twelve Pulse
Parallel STATCON fork=4.7 and 11.
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§6-6 System Current

Figure 6-11a shows the current on the primary side of the transformers for the
circuit with the transfofrner primaries connected in parallel and figure 6-11b shows the
same for the series connected circuit.

The wave shapes are similar in the two cases but are of different amplitude. As
in the six pulse circuit, cusps in the waveforms are noticeable at the switching epochs.
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Fig. 6-11a. The Current in a Twelve Pulse Parallel STATCON fork =4.7 and 11.
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Fig. 6-11b. The Current in a Twelve Pulse Series STATCON fork =4, 7 and 11.
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§6-7 Characteristics of the Fundamental Component of the System Current
The Fourier analyses given in appendices 5 and 6 show that the form of the
fundamental component of the current in the parallel connected case is

2V 26 2V
lg="% lar+ Sl;g 4] =% L a1+ 92 fob] (6:3)
E . 29
Ip= XL 1+q2 “Slgzﬂ] —E_m [P1+ Q2 8b?] (6-4)
and in the series connected case:
v in26 \Y%
lg= ’X‘m 1+Q2 S“EB 4 = L 1 +92 fob] (6'5)
Ip= [ Slgz 0] ]3__ [p1+q2 80b?] (6-6)

Figure 6-12a shows the parameters for the parallel connected case using p = 0-1,
0-01 and 0-001 and figure 6-12b shows the same for the series connected case.

The qp graphs for the series and parallel cases appear to be very similar. As in
the single phase and three phase cases the choice of m will be about the knee point on
this graph, 5 <k < 10. The p; and q graphs in the series case have the same form as
those in the parallel case but are of lower amplitude. This means that the losses are

lower in the series connected case.
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Figure 6-12a. Graphs of the Parameters Describing the Fundamental
mponent of th rrent in a Twelve Pulse Parallel STAT

129



05 0.1 0.15 0.2
0.0008}

0.0006}

0.0004¢

-0.005¢

-0.01}

-0.015¢}

-0.02}

Figure 6-12b. Graphs of the Parameters Describing the Fundamental
g;omgonent_of the Current in a Twelve Pulse Series STATCON.
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Figure 6-13 shows how the normalised reactive power varies and figure 6-14
shows how the normalised losses vary with the reduced firing angle in the parallel case.
Figure 6-15 and 6-16 show the same for the series case.

Figure 6-13. Graph of the Normalised Reactive Power
Output from a Twelve Pulse Parallel STATCON.

I XL
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‘ ‘ _ Bob /rads
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Figure 6-14. Graph of the Normalised Losses in a Twelve Pulse Parallel STATCON.
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Figure 6-15. Graph of the Normalised Reactive Power
Output from a Twelve Pulse Series STATCON.
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Figure 6-16. Graph of the Normalised Losses in a Twelve Pulse Series STATCON,
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§6'8 Characteristics of the Harmonics of the System Current
The form of the harmonics, in both the series and parallel cases, is similar to

that in the single and three phase cases.

In the parallel case:
2V 2V
Inc = Y}_,m th = ‘X"Lm [Cn — Sn Bobl ©6-7)
and in the series case:
I —_— Xm t ~ h e 6‘8
nc=xy n~XL[Cn'—Sn ob] (6-8)

Figure 6-17 shows tp for n = 11 and 13 as a function of the reduced firing angle
for various values of the resonance ratio in the parallel case and figure 6-18 shows the
same for the series case. Figures 6-19 and 6-20 show the graphs of ¢, and sy for the
parallel and series cases respectively.
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Figure 6-18. Graphs of the Normalised Coefficient of the Harmonics
in the Current for n = 11 and 13 in a Twelve Pulse Series STATCON.
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Figure 6-20. Graphs of the Parameters Describing the Coefficients of
the Harmonics in the Current in a Twelve Pulse Series STATCON.
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§6:9 Comparison of Series and Parallel Circuits

To compare the series and parallel circuits the two systems are assumed to have
the same reactive power rating and the amplitude of the voltage source in the series
connected case is assumed to be twice that in the parallel connected case. This means
that there would be higher insulation costs in the series circuit.

The fundamental current through the voltage source in the series circuit will be
half of that in the parallel circuit. The series connection will therefore have lower
losses in the winding of the secondary of the transformer connecting the equipment to
the transmission system.

In the series circuit the current in the source is the same as that in the primaries
of the transformers and the currents in the secondaries of the transformers are phase
shifted versions of this 12—pulse current. In the parallel circuit each of the currents in
the primaries is essentially a 6-pulse current and the 12-pulse current in this source is
made up from combining these 6-pulse waveforms. There is therefore greater losses in
the parallel circuit because of the six pulse harmonic currents circulating in the
secondary transformer windings and in the inverters. This reason was given as being
decisive in preferring series connection in a 36 pulse system (Sumi et al., 1981).
Figures 6-14 and 6-16 confirm that the losses are greater in the parallel connected case.

The voltage across the capacitor, and therefore the voltage across the devices,
may be slightly greater in the parallel connected circuit because of the increased
harmonics on the secondary side of the transformers, but this effect is likely to be small.

In the parallel circuit the higher harmonic content of the current in the inverters
means that the thyristors would have to extinguish a higher instantaneous current when
operating at maximum VAr generation. The peak turn off current is the limiting factor
in the rating of GTO thyristors and so this may be detrimental to the rating of the
equipment (Larsen et al., 1992).

In the series connected circuit the minimum size of the capacitor that can be
used is slightly less than that in the parallel case.

At high power the series connection of the transformer primary windings is
probably preferable, giving rise to lower losses and a lower rating for the devices and -
capacitor and a lower capacitance value. These advantages probably outweigh the
disadvantage of the increased cost of the insulation. At low voltage parallel connection
is more suitable because of the larger current flow in the voltage source.
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§6-10 Comparison of the Currents fr Circuits

In section 6-7 it was shown that of k of interest was k = 10,

In section 6-3 it was stated that the currents are of similar shape, albeit
magnitude. \\?Fig‘urf:\,1>a6.-,,-2-::1‘a\fShQWS”the current from the parallel circuit for k :
8ob = 1, and 6-21b shows the same from the series case. The wave shapes ap Peaﬁ"*\ie;yﬁ

-1t

Figure 6-21b. The Current in the 12—Pulse Series Circuit for k = 10 and 6ob = 1.
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§6°11 Size of the Energy Storage Components

The q2 graphs appear to be identical and therefore for both the series and
parallel connected circuits the knee point of the graph is at m = 0-11. In the twelve
pulse circuit, because there are two converters, each transformer is rated at 0-5p.u. and
thus taking X1, as 20% of the rating of the transformer, as in the single phase and six
pulse circuits, then X is 0-1p.u. of the rating of the equipment. Assuming B is small
then the admittances of the capacitor are 0-16p.u. and 0-15p.u. for the parallel and series

circuits respectively.

§6-12 Range of the Reduced Firing Angle

As in the three phase circuit, when m is near the knee point of the qp against m
graph, there is only one minimum in the voltage across the capacitor, V.. The
minimum of V¢ when generating reactive power is at the start of each conduction era
and in the middle of each era when absorbing reactive power. Figure 6-22 shows the
range of 8gp for which the capacitor is not discharged in the series connected case. The
range of values in the parallel connected case is similar.

m

0.12}
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0.105¢

: . . 0ob/ rads
0. 0.5 1 —~ob/ 74C3
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Figure 6-22. erating Region for Small Values
of the Firing Angle for the 12—Pulse STATCON.,
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§6-13 Conclusions

Four different methods of harmonic reduction have been discussed and it has
been argued that at the present time, and for the foreseeable future, multiple phase
inverters may offer the best prospect of harmonic reduction with low losses and without
introducing large energy storage components.

Possible twelve pulse circuits have been discussed and single transformer
configurations have been shown not to have the possibility of being extended to higher
pulse numbers.

Multiple transformer configurations with parallel connected converters have
been analysed with both series and parallel transformer primaries and the form of the
fundamental component of the system current and of the harmonics found to be as in
the single and three phase cases.

The magnitude of the harmonics in the two circuits, as a function of the reduced

firing angle and resonance ratio, has been quantified.
A comparison between the two circuits has been undertaken and the series
circuit has been shown to be the most suitable for the high power transmission

environment.

The range of the reduced firing angle, as a function of the resonance ratio, to

prevent discharge of the capacitor has been calculated.
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§7-1 Introduction
In chapter 6 the results of combmmg

NO | mvertcr circuits to produce a twelve
pulse system were discussed. In this chaptcr coxhbmlng four inverters in a twenty—four
pulse system is considered. Con31derat10n 18 glven to the transformer arrangement and
the use of star, delta, extended delta anc
connection of the transformer pnmane§

: gwmdmgy w1th both series and parallel

A simulation of a quasi twen%}four pulsc;'sysém which requires only
conventional transformers, but still requires multiple t;ansformers with series
connected primaries is included, together with a discussion of the advantages and
disadvantages of such a system.

Practical results from a twenty—four pulse system using zigzag secondaries and
star-and delta connected primaries are inclu ded and the performancc compared with the

theoretical results. Possible causes for the'/ discrepancies. are discussed and simulation

has been used to verify which of Ih@SQ;PQS,SJle,, : S,Qi}.,;S,;Ll!@ZPElQQI/PJ? one.
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§7-2 Transformer Arrangement

A number of different transformer arrangements are possible. Figure 7-1a
shows the parallel connected case using star connected primaries and zigzag
secondaries. Figure 7-1b shows the series connected case using the same transformers.
As in the twelve pulse case the phase shifts are symmetrically disposed about zero. In
this case the phase shift between each transformer is 15°. The phase shifts relative to
the supply voltage are therefore —22-5°, —7-5°, 7-5° and 22-5°.

As in the twelve pulse equipment the transformer secondaries are arranged in
parallel with only one of the star points earthed.

&
N /

et —

Figure 7-1a. Parallel Connected 24—Pulse Arrangement
Using Star and Zigzag Transformers.

A A

AR/ NIV NIV NI

Figure 7-1b. Series Connected 24—Pulse Arrangement
Using Star and Zigzag Transformers.
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Equivalent transformer configurations can also be produced using delta and
extended delta transformers. Figure 7-2 shows how extended delta transformers can be
used on the secondary side, in the parallel connected case, in place of two zigzag
windings, to achieve the + and — 22-5° phase shifts. The use of extended delta
transformers may reduce the overall size of the equipment.

A A
AN A

Figure 7.2. Parallel Connected 24-Pulse Arrangement
Using Zigzag and Extended Delta Secondaries.
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Figure 7-3 shows how two delta and two star connected transformers can be
used as primaries with four zigzag transformers on the secondaries. In this case the
four zigzag windings are all made up of turns ratios so as to produce phase shifts of + or
—7-5°. The + 22-5° phase shift is made by combining a delta primary winding with a
phase shift of + 30°, relative to the supply, with a zigzag secondary winding of — 7-5°.
The — 22-5° phase shift uses a + 7-5° zigzag secondary and a delta primary winding
connected in the opposite sense to that with the + 30° phase shift. Again this
configuration may be preferred if the overall size is reduced.

AN AA
BAN AN

Figure 7-3. Parallel Connected 24—Pulse Arrangement Using Star and Delta Primaries.

Under ideal circumstances the configurations given in figures 7-2 and 7-3 would
produce the same current in the voltage source as that from the configuration using only
star and zigzag windings, figure 7-1a. Under non-ideal conditions different harmonics
could be generated. In particular, an amount of third harmonic could be generated in
the secondaries of the transformers and so the use of two delta transformers, as in figure
7-3, would prevent the third harmonics from these transformers being produced in the
source. As discussed in chapter 6, if a further transformer is used between the
transmission system and the multiple transformers this could be wound as star — delta,
with the star connected winding on the high voltage side, so that no third harmonic
would be fed into the transmission system anyway.
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A quasi multi—pulse configuration, which uses only star and delta transformers
with series connected primaries, has also been suggested (Gyugyi et al., 1990). The
transformer configuration for a quasi 24—pulse circuit is shown in figure 7-4. Each pair
of transformers, i.e. one star and one delta secondary, can be considered as one module.
The two inverters in each module are fired 30° apart. The phase shift between the
modules is 15°. The inverters in the first module are fired at 7-5° after the system
voltage and at 22-5° ahead of the system voltage, assuming 8¢ = 0, and those in the
second module are both fired ahead of the system voltage, by angles of 7-5° and 37-5°.

A Vi AV

Figure 7-4. Quasi 24-Pulse Transformer Arrangement,

Figure 7-5 shows a simulation of a quasi 24—pulse system generating reactive
power using a small value for the resonance ratio. The value of k chosen was 5, based
on the definition of k used in the full 24—pulse series connected circuit, see §7-3. The
value of 8y used was 1. The peak of the supply voltage was taken as 4, i.e. Vi = 1,
and X1 was also taken as 1. The waveform is a significant improvement on that
produced in the 12—pulse case using a low value of k, figure 6-8b.

This transformer arrangement is attractive because it does not need any phase
shifting transformers, other than the conventional star — delta ones. Unfortunately, it
produces a current with a greater harmonic content than that from the full multi—pulse
arrangement: in the case of the 24—pulse circuit there are harmonics for 24it1, fori =1,
2... whereas in the case of the quasi 24—pulse circuit harmonics exist for 12it1 (Gyugyi
et al., 1990). This was confirmed using the Fourier transform routine in the simulation
package. The magnitudes of these additional harmonics are reduced in comparison to
those produced in the twelve pulse circuit.
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Figure 7-5. Simulation of Quasi Twenty—Four Pulse

Equipment Generating Reactive Power Qutput.

Filters could be introduced to eliminate the small amounts of these 11th and
13th harmonics, in addition to any that might be used for the higher frequencies.

The circuit still requires multiple transformer configurations, albeit that they are
not unconventional phase—shifting ones, so most of the disadvantages of using multiple
transformer arrangements, as discussed in section 6-2d, still apply. The disadvantages
of uéing filters are discussed in chapter 6:2a. The advantages in being able to use "off
the shelf" transformers is probably not worth the disadvantages of having to include
extra filters. There are no reported cases of this system being built practically as either
a small scale model or a full scale equipment. This circuit will not therefore be
analysed further; only the parallel and series connected full 24—pulse systems shall be

considered.
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§7-3 Nomenclature
The definitions of the resonance ratios are again different in the series and
parallel connected circuits:

parallel circuit k= % -;(% -p2 (7-1)
series circuit k= (\’2+1)(\/2$)(\i3+\/2) §_§ -2 (7-1a)

Vn, is again defined as the peak of the fundamental frequency component of the
voltage that is applied to the secondaries of the transformers and so is the peak of the
system voltage in the parallel case but one quarter of that in the series connected case.

§7-4 Voltage Across the Capacitor

As in the twelve pulse case the voltage across the capacitor is very similar in the
series and parallel connected cases so graphs have only been produced for the series
connected circuit. The formula for the parallel case is given in appendix 7 and that for

the series case in appendix 8.

The ripple frequency of the capacitor voltage is twenty—four times the system
frequency. Again for these values of k there is only one maximum or minimum.
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§7-5 System Current
Figure 7-7 shows graphs of the system current in the series case. Again the

wave shapes in the parallel equipment would be similar.
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Figure 7-7. The Current in a Twenty—Four Pulse Series
STATCON for k = 10, 15 and 20.

150



§7-6 Characteristics of the Fundamental Component of the System Current
As in all of the other circuits considered the reactive power varies linearly with
the reduced firing angle and the losses vary quadratically. In the parallel connected

case:
4V sin2
=% (05" ) (:2)
_ 4BV sin?
=5 (pr+ @5 ) (73)
and in the series connected case:
A% sin2
lg=xp (@ +a 2;’0) (7-4)
\Y sin2
1= (b1 a2 ™50 ) (5)

where, as in the twelve pulse equipment, the parameters pi, q1 and @ are defined
differently in the two cases. Figure 7-8a shows these parameters for the parallel
connected case and figure 7-8b shows them for the series connected case.

As in the twelve pulse circuit the qa graphs appear identical while the plateau
regions of the p1 and q1 graphs are appreciably smaller in the series connected case.
The parameters have been plotted for g = 0-001, 0-01 and 0-1 in the series connected
case and the curves superimposed; none of the parameters exhibit any significant
dependence on B over the range of interest.
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Figure 7-9 shows the variation in reactive power with the reduced firing angle in
the series connected case and figure 7-10 shows the variation of the losses. As in the
twelve pulse equipment the figures would be similar for the parallel connected case.

k=10
0.4¢ 21
22

Figure 7-9. Graph of the Normalised Reactive Power Qutput
from a Twenty—Four Pulse Series STATCON.

-1 20.5 0.5 1
Figure 7-1 raph of the Normali L in
Twenty—Four Pulse Series STATCON.

154



§7-7 Characteristics of the Harmonics of the System Current
As in all of the other cases investigated the harmonics vary nearly linearly with
the reduced firing angle. In the parallel case:

4V 4V
In= "XIm th = X_Lm [cn — Sn B0b] (7-6)
and in the series case:
In = th ~ YLI 0 (7.7
n—XL n~XL[Cn—Sn obl )

where, as in the twelve pulse case, cp and sy are defined differently in the two cases.
Figures 7-11 show graphs of t, for n = 23 and 25 as a function of the reduced

firing angle for various values of the resonance ratio in the series connected case, the
equivalent figures in the parallel connected case would be similar.
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Figure 7-12 shows graphs of sp and ¢n in the parallel case and figure 7-13 shows
them in the series case for p = 0-001, 0-01 and O-1.
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Figure 7-12. Graphs of the Parameters Describing the Coefficients of the
Harmonics in the Current in a Twenty—Four Pulse Paralle]l STATCON.
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§7-8 Comparison of Series and Parallel Circuits

The arguments advanced in the twelve pulse case also apply in this case. In
particular it is again true that the resonance ratios are defined differently in the two
cases and the graphs of qp appear to be identical. Thus the value of the capacitor, for
the same values of k and Xy, can be smaller in the series connected case than in the
parallel case. The losses will again be smaller in the series connected case.

The current in the parallel connected case is sixteen times bigger than that
produced in the series connected case for the same system voltage. The parallel
connected case was therefore chosen for a laboratory model.

§7-9 Practical Arrangement

Following on from the six pulse 1kVAr model the rating of the twenty—four
pulse model was chosen to be 4kVAr at 240V rms phase to phase so the same
MOSFET and diode devices could be used.

The practical arrangement is discussed in detail in appendix 9.

The leakage reactances of the transformers were modelled on a high power
transformer and were therefore chosen to be 15% of the rating of each of the
transformers, i.e. 15% on a 1kVA rating, = 27-5mH.

From this value of the leakage reactance and figure 7-8 the value of the
capacitance can be computed. The capacitance was chosen to be 10puF. This

corresponds to a value for the resonance ratio of about 14.

The control system used was similar to that used for the six pulse equipment but
with an increase in the size of EPROM 1 to accommodate all twenty—four devices.

The transformer arrangement used was that given in figure 7-3.
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§7-10 Results

Figure 7-14a shows experimental results for rated reactive power generation.
Figure 7-14b shows the theoretical results and figure 7-14¢ the simulation results.
Figure 7-15 shows the same for zero reactive power output and figure 7-16 shows them
for rated reactive power absorption.

For the theoretical results the value of B used was the same as that in the six
pulse case, B = 0-06, and the value of k was 14. The firing angles used were based on
the values of q; and q with these values of § and k. For rated reactive power
generation 8g = 1-05°, for zero fundamental reactive power 69 = 0-017° and for rated
absorption g = — 1-02°.

In comparison with the theoretical results the experimental ones are somewhat
disappointing. The harmonic neutralisation is not as good as had been expected.

Possible causes for these differences include:
1) Non-ideal characteristics of the devices.
2) Non-ideal mains voltage.
3) Unbalance between the leakage reactances in the transformers.
4) Unbalance in the resistances in each phase.
5) Departures from the nominal phase shifts in the transformers.

The first two of these factors can be discounted because they also effect the six
pulse equipment and although the practical results from the six pulse model were not
identical with the theoretical ones the differences were slight; much less noticeable than

with the twenty—four pulse model.

Of the latter three factors the last one seems to be the most likely cause of the
deficiencies since the system is so sensitive to the firing angle. The actual phase shifts
on the transformers were measured to see if there was indeed any departure from the
nominal phase shifts. The phase shifts are tabulated in table 7-1 where the uncertainty
associated with each result corresponds to the reading error on the oscilloscope. The
nominal phase shift refers to the phase shift between the mains voltage and the
transformer voltage of the same phase, it is thus the same for each phase of the

transformer.
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Transformer and Phase

Table 7-1. Actual and Nominal Phas

Nominal Phase Shift

hift

Measured Phase Shif

(£0:5°)

1 red Leading by 22-5° Leading by 21°

1 yellow Leading by 26°
1 blue Leading by 18°
2 red Leading by 7-5° Leading by 7°
2 yellow Leading by 6°
2 blue Leading by 7°
3 red Lagging by 7.5° Lagging by 10°

3  yellow Lagging by 10°
3 blue Lagging by 8°
4 red Lagging by 22.5° Lagging by 24°
4  yellow Lagging by 26°
4 blue Lagging by 25°

In order to verify that these departures from the nominal phase shifts are indeed
the cause of the discrepancies between the experimental and the theoretical results the
computer simulations were carried out using the actual phase shifts. The devices were
modelled as in the simulations of the six pulse model, section 5-14. The firing angles
used were 4-5°, 1.6° and —1-3°. These values of the firing angle were found by
adjusting their values until the current magnitude was the same as that from the

experimental model.

161



\ t ] \ : ‘ 3 0/ w rads

\
\‘;J“\‘~J,\E.9_Ln_r_mi_s

a4 8 O — 20

—120— -5

—4a80d —20

/s
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The wave shapes of the simulations are much closer to the experimental results
than the theoretical results. Using the Fourier transform routine within the simulation
package the harmonics present in these current waveforms can be calculated. The
anticipated 23rd and 25th harmonics, at 1-15kHz and 1-25kHz, are noticeable but there
are larger components for the 3rd, 5th, 7th, 9th and 11th harmonics.

The improved matching between the simulated waveforms and the actual ones
shows that precise phase shifts are necessary to produce good harmonic neutralisation;
the introduction of negative phase sequence currents on the secondary sides of the
transformers significantly effects the harmonic cancellation.

The effects of negative phase sequence can be amplified at certain values of the
resonance ratio; if the practical deficiencies in the circuit introduce a particular
harmonic and the circuit is resonant at that harmonic, i.e. k is equal to the harmonic
number, then the wave—shape becomes highly distorted (Trainer et al., 1994). If k is
chosen near to the knee point of the g against m graph then for this to occur the
harmonics produced must be close to the 23rd and 25th predicted. This is not the case
for this model.

A possible method of improving the performance of the model may lie in
altering the firing angle of the MOSFETs. This is an area worthy of further study.

The other factors mentioned above will also contribute to the production of
non—ideal harmonics in the system current. The use of air—gapped transformers may
help to reduce the effects of these other factors by improved balancing of the leakage
reactances of the transformers (Sumi et al., 1993).

§7-11 Size of the Energy Storage Components

As in the earlier work, as a point of comparison the knee point of the q graph is
chosen as a reference point, § is assumed to be negligible, and the inductances are
assumed to be 20%. The knee point, from figure 7-8, is at m = 0-048. Taking X[, as
0-05p.u. gives the admittance of the capacitor as 0-12p.u. in the parallel case and

0-11p.u. in the series case.
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§7-12 Range of the Reduced Firing Angle

As in the six and twelve pulse circuits, over the range of interest of the
resonance ratio, the voltage across the capacitor has only one maximum or minimum
during each interval. Thus the minimum voltage across the capacitor when it is
generating reactive power is at the start of the interval and the minimum when it is
absorbing reactive power is at the midpoint of the interval. Figure 7-17 shows the range
of the reduced firing angle with m close to the edge of the plateau region for the series
connected case. The graph for the parallel connected case is similar.

m
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Figure 7-17. Operating Region for Small Values of ob for the 24-Pulse
STATCON with Series Connected Transformer Primaries.

§7-13 Conclusions

The various possible transformer configurations to produce 24—pulse and quasi
24-pulse STATCONs have been discussed. It has been argued that the use of
additional filters makes the quasi 24—pulse system unattractive. Analyses have been
carried out for both the series and parallel connection of a full 24—pulse system showing
the form of the fundamental as a function of the reduced firing angle and the resonance
ratio and quantifying the harmonics.

Experimental results for a full 24—pulse system with parallel connected
primaries have been presented together with theoretical results. Simulation has been
used to show that the main cause of the discrepancies between the two sets of results
are a result of departures in the phase shifts of the transformers from the nominal

values.

The range of 6p, over the range of m of interest has been quantified.
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Chapter 8

Conclusion Pr for Fur S

§8:1 Introduction

This chapter draws out the general conclusions from work which has been
spread over more than one chapter and indicates potentially fruitful areas of further
research.

§8-2 Method of Analysis

Much of the work presented has been the results from the mathematical analyses
performed on the various circuits using a capacitor as the energy reservoir. From these
a general method has been established which could be used to analyse a STATCON of
any pulse number.

a) Common Tasks

Whether the transformer primaries were connected in series or parallel the
following tasks were performed:
1) The relationships between the currents on the secondary side and those on the
primary side were defined, as were those between the two sets of voltages.
2) The phase relationships between the current in one phase on the secondary side of
the transformers, during the whole cycle, and the currents in all of the phases on the
secondary side during one interval were established.
3) The effective circuit configuration during one interval was established.
4) Using the fact that because there are no triple—n harmonics generated in the
equipment the sum of the voltages and the sum of the currents out of each transformer
secondary must be zero, the potential of the neutral points of the transformer
secondaries during the chosen interval were established, in terms of the voltage across
the capacitor.
5) Differential equations describing the current in each phase of the circuit were then
produced, in terms of the phase to neutral voltages on the secondary sides of the
transformers, the voltage of the positive terminal of the capacitor and the voltage across

the capacitor.
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Parallel Conn Transformer Primari

In the equipment with the transformer primaries arranged in parallel the
following steps were taken
1) The voltages on each of the secondaries of the transformers, relative to their
respective neutral points, were defined.
2) The second order differential equation for the current through the capacitor was then
expressed and solved, giving the definition of the resonance ratio in terms of the
reactances of the energy storage components, Xc and X, and the damping factor, B.
3) This current was integrated to give the voltage across the capacitor. The constant of
integration is zero.
4) The differential equations for the currents in each of the phases was then expressed
in terms of this voltage and solved. The total number of unknowns is 2N+1, where N is
the number of three phase inverters; there are two constants for every set of three phase
currents, since they are balanced, and an additional 1 because the differential equation
for the current through the capacitor is second order.
5) The unknowns are solved by ensuring that the current through the chosen phase is
continuous and anti-symmetric and that the voltage across the capacitor has the same
value at the end of the interval as it does at the start. Thus the current in one phase on
the secondary side of the transformers is known for a whole cycle.
6) The current in one phase of the primary side can then be calculated from the
relationships defined in steps 1 and 2 of section 8-2a.
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In the equipment with the transformer primaries connected in series:
1) The relationships between the currents and voltages on the primary and secondary
sides were used to express all of the currents on the secondary side of the transformers
in terms of the currents in two of the secondary phases and to express two of the phase
to neutral voltages on the secondary side in terms of the voltages on the secondary and
primary sides.
2) Manipulating these expressions gave equations for the currents in the two specified
phases in terms of the voltages on the primary side of the transformers and other known
circuit parameters.
3) The current through the capacitor was expressed in terms of these currents and a
second order differential equation was produced and solved to give the current through
the capacitor and the definition of the resonance ratio.
4) This current was integrated to give the voltage across the capacitor.
5) From this voltage and one of the equations from point 2 a first order differential
equation was produced and solved for one of the unknown currents and the other found
from the definition of the capacitor current in terms of the two unknown currents from
point 3.
6) The boundary conditions are that the voltage across the capacitor must be the same at
the end of the interval as it is at the start and any two from the continuity of current
equations used in the parallel connected case. Thus the current in one phase on the
secondary side of the transformers is defined for a whole cycle.
7) The current in one phase of the primary can then be established using points 1 and 2
of section 8-2a.
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§8-3 Calculation of Fourier Series

In calculating the Fourier series the integrals can be expressed in terms of either
the phase of the system voltage, 6, or that of the inverter output voltage, ¢. Expressing
them in terms of the latter means that the solutions to the integrations do not depend
upon 6 and it is apparent then that the 89 dependence of each harmonic in the system
current is as sinfg and cos8g. Using 6 results in significantly more complicated
integrals which have to be performed and means that the relationships between the

terms in the series and 8¢ are opaque.

In both the parallel and series connected cases the harmonics can be plotted in
terms of the reduced firing angle. This shows that the relationship between the
magnitude of a particular harmonic and the reduced firing angle is an approximately
linear one for all values of the resonance ratio. Therefore the normalised coefficient of
the harmonic, t, can be approximately expressed in terms of the intercept, cn, and the
gradient, — sy, of the slope of the plot of t, against 6cb.

Because of the form of the dependence on 6 the expressions for sp and ¢y have
been calculated by evaluating the terms in the Fourier series at 89 = 0 and at 69 = /2.
Using this simplification means that sy and cp are defined in terms of the square root of
the sum of the squares of the Fourier coefficients. The sign is then chosen so that cp is
positive and sy, is negative at very low values of the resonance ratio. The sign is

reversed as necessary so that sy and cp vary smoothly.

170



§8-4 Definition of the Resonance Ratio
The resonance ratio k is the ratio of the natural frequency of the circuit to the
system frequency. It is defined differently in the different circuits but is always of the

k= -2 & 1)

x is the parameter which gives the effective value of the capacitance as seen
from the a.c. side of the converter or the effective value of the inductance as seen from
the d.c. side. It is a function of the pulse number of the circuit and the connection

form

where

arrangement. The different values for the various circuits are tabulated in table 8-1.

Table 8-1. Val f

Circuyit K roxi 1
Single Phase 1 1
Three Phase % 0-667
Parallel 12—Pulse -‘31 1.333
Series 12—Pulse 2;\/3 1.244
Parallel 24—Pulse g 2667
Series 24-Pulse (‘/2+1)(‘/gfé)(‘/3“/2) 2.446
In the parallel connected cases
x = 2N/3 (8-2)
and in the series cases
: | (8:22)

“~ 6N sin2n/6N
where
N is the number of three phase converters.
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§8-5 Significance of the Resonance Ratio

The minima in the g2 against m graphs for the different equipments occur at
characteristic integer values of k: in the single phase circuit the minima occur at k =3,
5,7...; in the three phase circuit they occur at k = 6, 12...; in the twelve pulse circuit
they occur at k = 12, 24... i.e. in all of the circuits, except the single phase one, the
minima occur at integer multiples of the pulse number of the circuit.

For the three phase circuit a per phase equivalent circuit for the equipment, as
seen from the a.c. system, was presented in section 5-11. Alternatively, an equivalent
circuit can be produced as seen from the d.c. side of the converter. From the definition
of the resonance ratio for the three phase circuit, this must consist of the energy
reservoir capacitor in series with a resistance and inductance of 3/2 times their values in
the actual circuit, together with a source. The frequencies present in the output from the
source must be such as to give harmonics of n = 0, 6, 12... in the voltage across the
capacitor so that this voltage is the same as that in the actual circuit.

From this equivalent circuit, if the circuit is resonant at sixth harmonic, i.e. k =
6, the voltage across the capacitor will be dominated by this harmonic. Considering the
full circuit, the voltage at the inverter terminals will be highly distorted and the system
current will be dominated by harmonics; the performance of the equipment will be
poor. However, if the system is resonant at, for example, fifth harmonic, then the
voltage across the capacitor will have a substantial d.c. component and so the voltage at
the a.c. terminals of the converter will have a substantial fundamental frequency
component and the performance will be as desired. For higher pulse numbers this
argument is still valid and so the performance of these circuits will be poor when the

equipment is resonant at the pulse number.

In the single phase case the equivalent circuit, as seen from the d.c. side of the
converter, consists of the energy reservoir capacitor in series with a source and an
inductor and resistor of the same values as in the actual circuit. In this case, if the
circuit is resonant at second harmonic, there will be a substantial amount of second
harmonic in the voltage across the capacitor. At the a.c. terminals of the converter this
second harmonic on the d.c. side will still produce a substantial amount of fundamental

frequency component and so the performance of the circuit is not greatly affected.

The minima in the g against m curve for the single phase circuit can be
understood by considering the equivalent circuit produced in section 4-9. From this, if
the circuit is resonant at third harmonic, the system current produced will be dominated
by this third harmonic and the performance of the circuit will be poor.
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§8-:6 Optimisation of the Energy Storage Components

For all of the circuits considered there is a range of values of the resonance ratio
above which the performance of the equipment is radically reduced and below which
the energy storage components increase in size without any significant improvement in
performance. This range of values therefore defines the size of the energy storage
components.

The reduction in the size of the energy reservoir at higher pulse numbers can be
illustrated by considering the knee points of the q7 against m graphs. Table 8-2 shows
the value of m at the knee point of these graphs and shows the per unit admittance of
the capacitance assuming that the inductors are the leakage reactances of the
transformers connecting the equipment to the system and that all of the transformers
have a leakage reactance of 20% of their rating.

Table 8:2. The Admittan f the Energy Reservoir
at the Knee Point of the g2 Against m Graphs.

Circuit m YC/p.u.
Single Phase 0-6 1-80
Three Phase 0-24 0-19

Parallel 12-Pulse 0-11 0-16
Series 12—-Pulse 0-11 0-15
Parallel 24—Pulse 0-048 0-12
Series 24—Pulse 0-048 0-11

The optimum values of the pulse number and the resonance ratio are
complicated functions of the costs of the losses, the capacitance, the inductances or
leakage reactances, the transformers, the filters, the site costs, and the cost and ratings
of the devices and the ability to connect them in series and/or in parallel.

For all but the single phase circuit the energy storage components are

significantly reduced in comparison to those of a conventional SVC, improving the
possibility of making the equipment portable, as disccused in section 1-5Se.
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The cost of the energy stores can be optimised by considering their relative cost
in a compensator of rated voltage V and rated reactive power Q. This optimisation
assumes parallel connected transformers, but the results would be similar for series
connected ones. The rated current, I, is given by

I= V?_v (8-3)

The cost of the capacitor is dependent on its admittance and voltage rating and
in this case is taken as
Cc Yc V2 8-4)
where
Cc is the cost per unit reactive power of capacitance in £/VA.

The cost of an inductor is dependent on its reactance and current rating and in
this case is taken as
CL XL 1.2 (8-5)
where
CL is the cost per unit reactive power of inductance in £/VA
and  Ip is the current through the inductor.

For a three phase compensator with N 6-pulse converters the current in each
inductor is 1/N times the total current. The cost of all of the inductors is therefore
3 CL N XL (UNY (8-6)

The total cost of the energy stores, CT, is given by
2
Cr=CcYcV2+3CL XLIﬁ 87

The relationship between Y¢ and X in the parallel circuits is
- K ___ g2 .
k—‘\/ Yox. P (8-8)

In parallel connected equipment x = 2N/3 and so substituting in (8-8), and

replacing k by 1/m, gives
1

2N
m2~3Yc XL ®9)

Substituting for Y¢ in the expression for the total cost of the energy stores,

equation (8-7), and expressing in terms of the rated voltage and reactive power, gives

2Nm2 Cp Xy Q?
— 2 ~ .
Cr=CcV IXL +=N vz (8-10)
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Setting the derivative of (8-10), with respect to X, to zero gives

2Nm?2 CpQ?
V2 = .
Cc 3X.2 N V2 (8-11)
Hence the minimum total cost occurs when
V2 2Cc

At this value of X[, the admittance of the capacitor is

2C
YC=%m —3_CIE (8-13)

The minimum total cost is
Cr=Qmq/ 25k (8:14)

The reduced firing angle at rated reactive power, approximating q2 = 0-5 and q1
=0, is

3C
6o =m "\ 3G (8-15)

The analysis is intended as a comparison between different possible circuits and
so the reactive power and voltage rating of the equipments has been assumed to be the
same. In this case then X1, Y¢ and Q can all be expressed as per unit quantities.

The base impedance, Zy, is taken as

Zb =%3 (8-16)

The per unit value of the capacitance is given by
2C
Ycpu. = m'\/ T& (8-17)

For N sets of inductors each inductor has only to be rated for (1/N) of the total
reactive power and therefore the base impedance for each inductor is (1/N) that given in
equation (8-16). The per unit value of inductance is therefore

3
XLp.u.=m‘\/ —3%% (8-18)

Table 8-3 gives some exemplary figures taking Cc/Cr to be 3 and defining the
total cost of the energy stores to be 1 in the six pulse circuit.
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Table 8-3. Optimised Values of the Energy Stores.

Pulse No. N m Yc/pu. Xp/pu.  8gp/rad Cost
6 1 0-24 0-113 0-339 0-68 1-00
12 2 0-11 0-052 0-156 0-31 0-46
24 4 0-048 0-023 0-068 0-14 0-20

Although the costs have been simplified to include only the energy storage
components necessary for the correct operation of the equipment, in particular the cost
of the transformer has been neglected, it is expected that a fuller analysis would again
bring out the feature that at higher pulse number the total amount of energy storage
components can be reduced.

§8-7 Practical Results

From the six pulse 1kVAr model the following points are apparent:
1) The current waveforms are almost identical with the theoretical ones.
2) The effective resistance in the circuit includes a significant contribution from the volt
drop of the devices. Because the volt drop is different for the MOSFETs and the diodes
some asymmetry results in the current waveform.
3) The system is very sensitive to fluctuations in the mains voltage so some form of

closed loop control would be necessary for a large system.
From the twenty—four pulse 4kVAr model:

1) Exact phase shifts on the transformers are needed to produce the expected harmonic

neutralisation.
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§8-8 Summary of Important Formulae
In the parallel connected circuits the relationship between the Vp, and the
system voltage, V, is

v=22ym (8-19)
In the series connected circuits the equivalent relationship is given by
V3V N
V= - (8-19a)

The approximate relationship between the reactive power from a parallel

connected three phase compensator and the reduced firing angle is given by

3N V2
~ =%, a1+ 2 6ob] (8-20)

In the case of the series connected compensator

m2

3V
~ =73y 41+ 92 6ob] (8-20a)

For a correctly sized compensator q2 = 0-5 and q1 = 0 and so substituting these
in both parts of (8-18), and also for the rated voltage, gives

2
Parallel: Q=- % 8ob (8:21)
. V2
Series: Q= ~“INXL 8ob (8-21a)

In both cases then this can be written

V2
Qz—m Bob (8-22)

where

XE is the reactance of N reactances in parallel in the circuit with the transformer
primaries connected in parallel and of N reactances in series in the circuit with the
transformer primaries in series.

The losses can be approximated to

V2
P~ gX—E 8b (8-23)

The formula for the coefficient of the harmonics for both the series and the
parallel cases can be written as

2V
Inc = V?X_E [cn — Sn Bob] (8:24)
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§89 Further Work
This thesis has established the steady state performance of the voltage source
type of converter compensator.

The analyses of the different circuits show simularities between equipments of
differenent pulse number; it may be possible to derive expressions for a general
STATCON of pulse number 6N in both the series and the parallel cases which would
reduce the total amount of algebra and illustrate the form of the results more directly.

Multiple parallel connected converters with series connection of the primaries of
the phase—shifting transformers is believed to be the most financially attractive of the
converters systems considered, although a full analysis of the PWM and the multi-level
systems has not been carried out.

These circuits are worthy of further consideration. Neither of these circuits
require phase—shifting transformers. This means that they can be connected directly to
the tertiary winding of existing grid transformers, provided that they are at a suitable
voltage rating. If these equipments are small enough, or can be constructed in a
modular fashion, then the possibility of relocating them as the system demands change,
as discussed in section 1-5, becomes realistic. This is much less likely to be possible
with a system involving phase—shifting transformers.

In the PWM system the following points need to be addressed:
1) the size of the energy stores,
2) the losses,
3) the optimum number of harmonics to eliminate with this technique and whether any
filters are needed,
4) the use of energy recovery snubber circuits to reduce the losses and
5) the overall size of the equipment.

In the case of the multi-level system:
1) the size of the energy stores,
2) the configuration of the devices,
3) the firing pattern,
4) the optimum number of harmonics to eliminate,
5) whether all of the capacitors should be of the same value,
6) the losses and
7) the overall size of the equipment.
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Either of these equipments might be preferred to the type of converter
compensator discussed in this thesis if the overall size of the equipment is sufficiently
low to permit relocation, even if the losses are markedly higher and the initial cost
higher.

This thesis has addressed only the steady state performance of the STATCON.
The results from this steady state analysis are sufficiently encouraging to merit studying
the transient and fault performance of the equipment:
1) The speed of response of the equipment to changes in the reactive power demand. It
has been reported that the theoretical response of multi—pulse STATCON:S is faster than
that of conventional SVCs (Gyugyi et al., 1990). This property could be very useful
under certain fault conditions. In particular, it has been used to damp power system
oscillations (Mori et al., 1993) but may be useful in other situations.
2) The performance of the equipment under either internal or external fault has not been
assessed. The internal fault to be considered is mis—firing of the thyristors. Further
work on series and parallel connection of the GTO thyristors may be worthwhile.
External faults to be considered include the sudden loss of voltage, in either one, two or
all three phases, the presence of harmonics in the system voltage and a sudden change
in system frequency.

The practical work described in the thesis has had various limitations. Areas
which need improvement are
1) A suitable closed loop control scheme to prevent fluctuations in the reactive power
output as a result of changes in the system voltage, although a number of these have
already been proposed (Mori et al., 1993), (Schauder and Mehta, 1993).
2) The harmonic neutralisation in the 24—pulse equipment is not as good as had been
expected because the transformer phase shifts are not exactly as required. It may be
possible to alter the MOSFET firing angles to correct for this, although this would
introduce asymmetry into the capacitor voltage.
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Appendix 1

An is of a Single Phase Vol Sour STATCON

a) Determination of the Current

Figure A1-1 shows the circuit.

| 525
HEiE)

1./N\ System Voltage

Figure A1-1. The Single Phase STATCON with Capacitor Energy Reservoir.

The supply voltage, Vs, is assumed to be sinusoidal, and substituting from (3-1),
this can be expressed as
Vg = Vipsind = Vi, sin(¢+60) (Al11)

When thyristors 1 and 2 are turned on, assuming that the current through the
capacitor is continuous, the circuit is as shown in figure A1-2. Following this current
path in figure A1-1 it is apparent that the total resistance, R, is the resistance in the
inductance plus twice the resistance of one of the devices. This assumes that the
resistances of the diodes and of the controllable devices are equal and that they are

linear. The volt drops of the devices have been neglected.
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Figure A1-2, Single Ph ircuit with Devices 1 and 2 Turn

The equation describing the current during this interval, 0 < ¢ <7, is

2l R dl Xc,_Vp
IR T +xp 1= cos(@+60) (A12)

The solution to (A1-2), assuming it is under—damped, i.e. R <2 v Xc XL, is

= s sin(+00+) + AreMsinke + Aze-Rocoske (A13)
where
h=+ (B2+k2—1)2 + 4p2 (Al-3a)
K= i_f _p2 (A1-3b)
B 7§<—L (A1-3c)
siny = &#
and ~ cosy= TP
hence tany = 24-2132-1 (A1:3d)

k is the ratio of the damped natural frequency of the circuit to the supply
frequency and is referred to as the resonance ratio. To simplify any computations the
angle yis defined so that it is in the range — 1t/2 <y < /2.

The voltage across the capacitor, V¢, when thyristors 1 and 2 are turned on,
from figure A1-2, is given by
Ve =Xcf1d¢ (A1-4)

Substituting (A1-3) in (Al -4) and integrating gives
[(BA1 —kA2)sinke + (kA1 + BA2)cosko]

Ye_ Vm
X~ T hXL cos(¢+60+Y) — (B2 k2)

(A1-5)
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In general equations of the same sort as (A1-5) include a constant of integration.
This one cannot because in a circuit with resistance it is impossible to generate, from an
a.c. source, a voltage which does not decay.

During the next half—ycle thyristors 3 and 4 are turned on and thyristors 1 and
2 are turned off. The circuit during this interval is shown in figure A1-3.

I
N i s
L/ I 1
R System
Voltage

Figure A1-3. Single Phase Circuit with Devices 3 and 4 Turned On.

From figures Al1-2 and A1-3 it is apparent that firing the opposite pair of
devices reverses the connection of the capacitor into the circuit. Since there is no
constant voltage across the capacitor it follows that, if the system voltage is as in
(A1-1), the current must be half wave anti-symmetric. Since the action of the inverter
reverses the current through the capacitor then this current, and the voltage across the
capacitor, must be half wave symmetric. The boundary conditions can therefore be
written as

Io=m)= -1(¢=0) (Al-6)
Ve =m)=Vc(¢=0) (Al-6a)

Evaluating (A1-6) from (A1-3) gives
A1 ePrsinkm = — A [1+e-PTcoskn] (A1)

and evaluating (A1-6a) from (A1-5) gives

— gh)\g—]_nj COS(GO""Y) = (Bz’}‘kz—) {(kAl + BAZ)[I—C—BKCOSIUC] _ (ﬁAl _ kAz)e—aninkn}

(Al-7a)

Manipulating (A1-7) and (A1-7a) gives, after simplifying,
Ajon 2V (B2+k2) (1+e-PTcoskm) cos(6p+y)
P=7hXL ™ [k - 2pe-Bnsinkn — ke-2h7]
2412\ e—Prgi
)= 2V (B4+k9) e an'lnkn cos(6p+y) (A182)
hX1 [k — 2pe-Bmsinkm — ke=2P7]

(A1-8)

and
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Substituting from equation (A1-8) and (A1-8a) in (A1-3) gives
\% .
=1, (sin(e+60+) (A19)

2(B2+k2) cos(Bg+y) P ' .
- 1+e-Prcosk —efn
[k — 2Be-Bmsinkm — ke-2B7] [(1+ePTcoskm)sink¢ — ePsinkm cosko]}

b) Fourier Series

The current can be expressed, during the interval 0 < ¢ < &, from equation
(A1-9), as
I= &‘i {sin(¢+60+y) — G &8 [(1+e—BTcoskn)sinke — e~Prsinkm coske] }

(A1-10)
where
2(p2+k?)cos(69+y)
6= A1-10
[k — 2Be—Bsinkn — ke2P7] ( a)
By performing the Fourier series the current can be expressed as
I= zlan cosn¢ + by sinn¢ (A1-11)
n=
where
] 2" | 2®
an = ({I(tb) cosn¢ d¢ and  bp=_ ({1(4,) sinn¢ do (Al-11a)

Considering the ap term only, expanding, making a change of variables and then

renaming, gives

T T
Ta, = JI(¢) cosno d¢ — JI(¢) cosn(¢+7) do (A1-12)
Simplifying gives
T
1tap = [1 — cosnm] ({ I1(¢) cosn¢ do (A1-13)

Performing similar algebra for the by terms shows that the Fourier series only

has components for the odd harmonics:
T T
an = ;25 ({ I(¢) cosn¢ do and bp= O[I(q)) sinng d¢ (A1-14)

ajlv
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Using these definitions of a, and by, integrating, and simplifying gives, for odd

n,
= —hX— {Sln(¢+90+7) - a [1 + 2e_BnCOSk7t + 3—261'5] z E_(_I.]L) }
(A1-15)
where
hn =V (B2+k>-n?)2 + 4p2n2 (Al-15a)
2412 12

and cosy, = Zhﬁ_n
n

2412 n2
hence tamn=L+2%n—“ (A1-15b)

Expanding equation (A1-15) in terms of 6 gives
= _h\;(—L {[sin6cosy + cosdsiny] —

%G—k [1+ 2e-Brcoskn + e—2B7] 3

n=1 n

sin(y,—n6g)cosnd + cos(yp—n6o)sinnG , (A1-16)

The fundamental component of the current, Ij, can be separated into the
contribution which is in phase with the system voltage and the contribution which is in
quadrature:

I1 = Ip sin6 + Iq cose (A1-17)

After substituting from (A1-10a) into (A1-16) these become
2Vk  [1 +2eBrcoskm + e2P7)

- : i o
s Lo w2y [k — 2Be—PTsinkn — ke-2P7] (B2+k%)[2siny cosy — sin26g]

(A1-18)
and
Lo Ym e AVmk [1 + 2e-Brcoskn + e=2B7]
P hXL “* T mh2Xy [k — 2pe-Brsinkm — ke-287]

(B2+k2)[cos2y — sin26q]

(A1-18a)
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To show the dependence of the fundamental component of the current on the

firing angle these can be expressed as

\" sin26 \Y%
lo=xp (92725 Y} -xplanta o (A1-19)
. 29
and =52 (pr+ 2 5 ) =B [p1 + @2 o) (A1-192)
where
90b=%g (A1-19b)
4pk 1+2ePrcoskn+e2Bn
= +k2 Al-19¢
= n2 k—2pe-Prsinkn—ke 2B (B5+k5) ( )
si 24k2-1
=S =B o200 (A1-19d)
2
P1 =CBL§Y(1 -2q2) =15(1-292) (Al1-1%)

The approximation in equations (A1-19) and (A1-192) is that ¢ is small, as it
must be for low losses, as discussed in chapter 3.
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The magnitude of the harmonic component of the current of frequency né, [Inl,
is given by, using (A1-19¢c) in equation (A-16),

Vmh
|In| = l X2 gz cos(éo+) { (A1:20)

The coefficient of the harmonic of frequency n6, Ip, is therefore defined as + or
- ‘ Inl so that I, is a smooth function, i.e. it is not reflected at I = 0. The sign of | In| is
chosen by comparing the situation with a large value for the capacitor to that with a
battery: with a large capacitor the resonance ratio k is small and so siny is negative.
From the work in chapter 3 an increase in the firing angle, for a large capacitor, gives
an increase in the voltage across the capacitor and so the magnitude of any particular
harmonic increases. Thus it is desirable that, for low k, the coefficient of the sinfg term
should be positive. I is therefore defined as

Vo h
I = ﬁﬁ% cos(Bo+Y) (A121)

To show the dependence of the normalised coefficient of the harmonic, tp, on

the firing angle I, can be expressed as

\Y% \4 sin \'
In=YLmtn='X_E CnCoseo—Sn'%.Q)zX"—:[cn—Sneob] (A1-22)
where
o —heosy - _ 292 (A1-222)
n hBh" 2= g,
S ="he 42 = 12 (B+k2-1) (A122)

Thus the coefficient of the harmonics can be seen to depend almost linearly on
0ob for small 6.
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Appendix 2

Derivation of an Equi nt Circuit for
Single Phase Vol Sour STATCON

In section 4-9 it was argued that an equivalent circuit could be produced for the
single phase STATCON which consisted of a square wave voltage source in series with
an R L C circuit and the system voltage.

The Fourier series of the square wave source, Vs, is given by

VsqQ = 214—;%& sinn¢ for n odd (A2-1)
n=

where

Vsq is the positive voltage of the square wave.

The system voltage is defined as
Vs = Vp, sin(¢+60p) (A2:2)

The impedance of the circuit to a frequency of n# is

Z(n) =R +J0XL =) 0" = opn + j(p2+K2-n2)] (A2:3)
where
hp =V (B2+k2-n2)2 + 4p2n2 (A2-3a)
The current, I, is therefore
V.. 4Vgq o sin(ng+yn) .
I= hXL Sln(¢+90+7) - TCXL nél hn (A2 4)
where
2412_n2
sirryg = f’—iﬁ—n—“— (A2-42)
and  cosy =22 (A2-4b)
n
2+k2—n? -
hence tany, = 20 (v is in the range — /2 <yn < T/2) (A2-4¢)

The voltage across the capacitor in the equivalent circuit, Vec. is given by

Ve =i 5C1 (A2-5)
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Substituting for the current from (A2 4) and simplifying gives

A% Vm
Y = R costero0+) - 38 3 —ﬂ"sﬁ,‘}m ) (A2:6)

From the derivation, section 4-9, Ve =0 at ¢ = 0. Hence

13"
Vgq = 8_Bh_T cos(6p+y) (A2-7)
where
21
J= —  fornodd A2-8
l’lél hn2 ( )

Vsq could thus be evaluated numerically for any choice of § and k and the
parameters qj, g2 etc. could then be evaluated. Alternatively it is possible to expand
this equation and prove that this method gives the same result as that used in appendix
1:

< 1

T2 2 T2y + Al

for odd n (A29)

Using partial fractions (A2-9) becomes

_d(s_1 1 _
J= 48k (rlE::l H2+(B+jk)2 n2+(5—jk)2) for odd n (A2-10)

The sums of these series are known (Jolley, 1961, p22):

o 1 T /efX 4 e—TX 1
_1 n2+x2 ~2x (enx — e—nx) ) for all n (A2-11)
- D _ 1 1
and nzl n2+x2 2x (em( e—m‘) Tox2 for all n (A2-11a)

Subtracting (A2-11a) from (A2-11) gives

T e™ +e X2
n§1 n2ax2  4x ( eltX _ e—MX ) for odd n (A2-12)

=1

Employing (A2-12) twice in (A2-10), expanding, then simplifying, gives

- —Brgi _ 2pn
T (k 2pe—Prsinkm — ke~ ) (A213)

J=
8pk(B2+k2) | 1 + 2ePrcoskn + e—2BT

Substituting equation (A2-13) in equation (A2-7) gives Vsq and substituting in
(A2-4) gives the expression for the Fourier series of the current. Comparing that
equation with the expression for the Fourier series derived in appendix 1, (A1-15), the

expressions can be seen to be identical.
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Appendix 3
Analysis of a Three Phase Voltage Sourced STATCON

a) Determination of the Current
Figure A3-1 shows the circuit.

— 1
4
L
Ir Iy
VR Vy

Ficure A3-1. The Three Phase STATCON with Capacitor Energy Reservoir.

The supply voltage is assumed to be balanced:
VR = Visin(¢+89)  Vy = Vmsin(¢+60-27/3) VB = Vmsin(¢+60+27/3)
(A3-1)
where
VR, Vy and Vg are the phase to neutral voltages in the red, yellow and blue
phases respectively.

Expanding the sum of the three voltages in (A3-1) gives zero, hence
Vg =— (VR +Vy) (A3-2)

From figure A3-1 the sum of all three currents can be seen to be zero:
Ig=-(r +1y) (A3-3)
where
Ir, Iy, and Ip are the currents in the red, yellow and blue phases.
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There is a constant phase relationship between the currents in the three phases:
IR(0) = Iy(¢+2m/3) = Ip(¢-27/3) (A3-4)

In addition, by a similar argument to that used in the single phase circuit, the
current is half wave anti-symmetric:
IR(¢+m) =—IR(9) (A3-5)

From equations (A3-4) and (A3-5) the current in the red phase for a whole cycle
can be determined from the currents in the three phases during the first era. Table A3:1
expresses the current in the red phase using the currents in all three phases during the
interval 0 < ¢ < w/3.

Table A3-1. Current Relationships in the Three Phase Equipment,

¢ IR
0<o<n/3 Ir(9)
/3 < ¢ <27/3 — Iy(¢—=/3)
2n/3<o<ST Ig(¢—2m/3)
n<é ~Ir(¢—m0)

During the interval 0 < ¢ < m/3 thyristors 1, 5 and 6 are turned on, from table
5.1. The circuit during this interval is shown in figure A3-2, where, from following the
current path with these devices turned on in figure A3-1, R is the resistance in the
inductance plus that of one of the devices. This differs slightly from the definition used
in the single phase equipment.
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L
C -
R
I Iy Ig
L
Vi Vy Vg

Figure A3-2. Three Phase Circuit with Devices 1, 5 and 6 Turned On.

From figure A3-2 the following equations can be deduced

Vg -V, =X YR 4R Iy (A3-6)
dé

Vy—V,=XL %% +RIy-V, (A3-62)

Vg -V, = XL%-)B- +RIp (A3-6b)

where
V., is the voltage at the positive terminal of the capacitor.

During this interval, from figure A3-2,
Ve =—Xc [ Iy do (A3-7)

Summing all three parts of equation (A3-6) and using (A3-2) and (A3-3) gives,

during this interval,
Vo= (A3-8)

Substituting from (A3-1), (A3-7) and (A3-8), in (A3-6) and (A3-6a), and

differentiating the latter again, gives

d2ly dly 2Xc, _Vm

o2 + 2B o + XL Iy = XL cos(¢p+680—21/3) (A3-9)
dIr V. V¢ .
Go t2BIR= —mXL sin(¢+60) — 3%, (A3-92)
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The solution to equation (A3-9), assuming R < V8XcXr/3,is

Iy = %’“I sin(¢+60+y-27/3) + AjePosinko + Age-Pécosks  (A3-10)
where
2
K= 3%5 B2 (A3-10a)

Substituting for Iy in equation (A3-7) and integrating gives

Ye_ [(BA1 — kA2)sinko + (kA1 + BA2)cosko]

Vm
X~ XL M cos(9+60+y-27/3) + =557 (62 k2)

(A3-11)

Substituting for V. in equation (A3-9a), integrating and simplifying gives

2412
Ir = ‘h\% sin(¢+60+y) — Y3V (B24) [cos(o+60+y-27/3) — 2Bsin(¢+60+y-27/3)]

2hXL (1+4p2)
- _A2_1 e—Pdsinke — 62—2 e-Bdcoske + Aze—2Bo (A3-12)

From table A3-1 and knowledge of the devices which are turned on and off
dunng any interval, as given in table 5-1, the current through the capacitor can be
shown to be the same during each interval, and so the voltage across the capacitor must
be the same during each interval. The boundary condition on the capacitor voltage can

therefore be written as
V(@ =m/3) =V =0) (A3-13)

The boundary conditions on the currents can be deduced from table A3-1:
IR(6=7/3)=~Iy(6=0) (A3-13a)
Iy(¢ =n/3) =—1p(6=0) (A3-13b)

The expressions for the steady state currents in the red and yellow phases
involve a term which is the steady state current in a conventional, i.e. one with no
switches, R L C circuit. This is the term in (¢+6g+y) In the red phase and the term in
(6+60+y—2m/3) in the yellow phase. A similar term to that in the red phase was
produced in expression for the current in the single phase circuit, equation (A1-3). The
expression for the current in the yellow phase expresses the current in the red phase
during a different part of the cycle therefore these terms must be equal at the changes in
circuit topology. They will therefore not appear in the solutions of the current
boundary equations, as the term in the single phase equipment did not appear in the

current boundary condition, (A1-7).
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Evaluating (A3-13) from (A3-11) gives, after simplifying,
R (B2+k2)c0s(00+) =

(KA1 + |3A2)[1 — e-BBcoskm/3] — (BA1 — kA2)e-P/3sinkm/3 (A3-14)

Evaluating (A3 13a) from (A3-10) and (A3-12) gives

\/3Vm [§ +k2)
" 2hXL (1+4f2)

- %l e-Bn3sinkn/3 —AT -B/3coskn/3 + Aze~2M/3 = — Aj (A3-14a)

[cos(eow—n/3) 2Bsin(8p+y-7/3)]

Evaluating (A3-13b) from (A3-10) and (A3-12), using (A3-3), gives

giy('l‘j E%.FTIEZ—) [cos(Bp+y-27/3) — 2Bsin(Bo+y-27/3)]

+ —A-2— + A3 = A1e " 3sinkn/3 + ApePF3coskn/3 (A3-14b)

Manipulating and smphfymg gives

__Vm (%K), —$n/3 13
Al —ghX[ (1+4BZ){ [B(1—eB®/3coskn/3) + ke P™/3sinkm/3]f +

(1+4B2)cos(0g+y)[(2e2P/3-1) — (eBr/3 — 2e-Bn/3)coskn/3]} (A3-15)

A Vm_ @—"“5—{2[k(1—e—ﬁ1r/3cosk1c/3)—Be—ﬁﬂ/3sink1t/3]f+

=dhXy (1+4p2)
(1+4p2)cos@o+y)[(2ePm/3 — ePr/3)sinkm/3]} (A3-152)
N3V B2+ .
A3 =2hXL (1+ 432) [COS(90+'y—27t/3) — 2Bsin(0g+y-2m/3)] -
Vm  (2+k2) —pnf3 _ 3e-Bn/3 _9e-2pn/3
2dhXL (1+4p2) {2[peP™sinkn/3 + k(1 - 3e coskn/3 — 2e )f +
¢! +4B2)cos(eo+y)[3ef37‘/3$inkn/3] } (A3-15b)
where
d = p(ePn/3+e-Bn/3)sinkn/3 — 2k(e2Pn/3—e~2Bn/3) + 3k(ePr3—e-Bn3)coskmn/3
(A3-15¢)
and %
=5 {[cos(8g+y-2/3) — 2Bsin(Bp+y—27/3)] —
e—2B/3[cos(0p+y—T/3) — 2Bsin(®p+y—T/3)] } (A3-15d)
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b) Fourier Series

Because the voltage across the capacitor depends only upon A and A2, it is
simpler to take the Fourier series of the voltage at the a.c. terminals of the inverter and
then calculate the Fourier series of the current:

©0

Vi= Y iin cosng + ey sinng (A3-16)
n=

Because the current and the system voltage are half wave anti-symmetric the
voltage at the a.c. terminals of the inverter must also be half wave anti-symmetric. dy

and e, are therefore zero when n is even.

2 F 2 T
dp= p ({ Vac(9) cosn¢ do and ep= = ({ Vac(¢) sinng d¢

The voltage at the a.c. terminals of the red phase of the inverter is one—third of
the voltage across the capacitor during the first interval, i.e. for 0 < ¢ < /3, two—thirds

during the second and one—third during the third:
Ind /3 2n/3 T
n

5 = ch(q)) cosn¢ do + 2 )Vc(q>—1t/3) cosng do + [ Vc(¢—2m/3) cosng do
/3 2n/3

(A3-17)
with a similar expression for ep, but with cosn¢ replaced by sinng.

Considering the term in d, only, making suitable changes of variables,
renaming and simplifying gives

Ind /3
"2“=2[1 + cosnn/3] J V() cosn(@+1/3) do (A3-18)

From (A3-18) it is apparent that dy, is zero if n is an odd triple-n, i.e. 3,9,15...,
harmonic. Performing similar algebra for ey obtains the same result, hence, forn = 6i
1, wherei=0,1,2...

/3

L { Vel® cose+n/3) o (A3-19)
/3

= [Ve® sim(er) d (A3199)
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Substituting for V¢(¢) from (A3-11), reducing by using (A3-10a), integrating,
and simplifying, gives
dy = B (§2+k2) (V3/2) - (x/3)cos(60+)

+ 3(BA1 2—1‘;1;A2)XL [k[Sln'Y _ \/3 COS'Y] +

e—B/3{[ksinycoskm/3 + (Bsiny + cosy)sinkn/3] +

V3[kcosycoskn/3 — (siny — Bcosy)sinkn/3] }]

+ 3(kA12w;t gAZ)XL [[(Bsinv + cosy) + V3(siny — peosp] —

e—Bn/3{ [ksinysinkm/3 — (Bsiny + cosy)coskn/3] +
V3[kcosysinkm/3 + (siny — Bcosy)coskm/3] }] (A3-20)

3V (B2+k2 :
n>1 dn = o %{_1—)) (2nsinn7t/3 — V3)cos(O+y)

. 3([51"*12;t lgnAZ)XL [[simy — 2sinnm/3 cosyy] +

e-Bn/3{ [ksiny,coskn/3 + (Bsiny, + ncosyy)sinkm/3] +

2sinnT/3[kcosyncoskn/3 — (nsiny, — Bcosyn)sinkm/3] }]

+ 3(kA12;£?2)XL [[(Bsinyn + ncosyy) + 2sinnm/3(nsiny, — Bcosyn)] —

e-Bn/3 { [ksiny,sinkm/3 — (Bsiny, + ncosy,)coskn/3] +
2sinnm/3[kcosypsinkm/3 + (nsiny, — Bcosyp)coskmn/3] }] (A3-20a)

1 =300 (§2412) (V3/2) + (1/3))sin(Og+)
+ 3(BA; 2—1:;A2)XL [k[cosy + V3 siny] +

e—B/3{ [kcosycoskn/3 + (Bcosy — siny)sinkm/3] —
V3[ksinycoskn/3 + (cosy + psiny)sinkm/3] }]

t B(kAlz-:;EAZ)XL [[(Bcosy — siny) + V3(cosy + Bsiny)] —

e-Bn/3{ [kcosysinkn/3 — (Bcosy — siny)coskm/3] —
\/3[ksinysink1t/3 — (cosy + Bsiny)coskm/3] }] (A3-20b)

24k2
n>1 en = %21“_‘—‘17) (V3n — 2sinnn/3)sin(60+1)

L 3BAL- kA2)X1
2nhy
e—B/3{ [kcosyncoskn/3 + (Bcosyy — nsinyn)sinkm/3] —

2sinnm/3[ksiny,coskn/3 + (ncosy, + Bsinyy)sinkm/3] }]

+ 3(kA12;£ APXL [[(BcosYn — nsiny,) + 2sinn7/3(ncosyn + Psinyn)] —
n

[k[cosvn + 2sinn7t/3 sinyy] +

B3 { [kcosyqsinkm/3 — (Bcosyn — nsimyp)coskn/3] —
2sinnm/3[ksiny,sinkm/3 — (ncosyn + Psinyn)coskm/3] }] (A3-20c)
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The circuit model is shown in figure A3-3.

L

Ficure A3-3. Per Phase Circuit Model for the Three Phase STATCON,

The Fourier series for the current in the red phase can be expressed as
Vm sin(¢+680) — 2 ijn cosn¢ + e, sinng

n=
IR =—— R+TnXL (A3-21)

Ir = —m [cos(¢+60) — 2Bsin(¢+90)]

o 1
t T XL

[(nep — 2Bdp)cosné — (ndp + 2Pen)sinng] (A3-22)
Inspection of all parts of (A3-20) and the expressions for Aj and A2, (A3-15)
and (A3-15a), shows that the voltage at the a.c. terminals of the inverter, and therefore
the current, always varies as either singp or coséo. dp and ep can therefore be split up
into coefficients of cos6g and of sinfp:
dp = dnc cos8g + dps Sinbp (A3:23)
€n = €nc COSHQ + €pg SiNBQ (A3-23a)

Substituting for dp and ey in (A3-22), expanding, simplifying and expressing in
terms of 6 gives

Ig= m {le1c — 2Bd1c — Vim] + [d1s + 2B €15 — (e1c — 2Bd1c)]sirP6o

+ [dyc + 2Be1c + €15 — 2Bd1s] E%zﬁl } (A3-24)

1 .
bp= X1(1+4p2) {[2BVm — (d1c +2Be10)] + [dic +2Be1c + €15 - 2Bd;s]sin6g

in26
~[dis+ 2Bers— (e1c-2pd11 Ty 0} (A3240)
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By analogy with the single phase case the following definitions are used:

\ sin26 .
Iq= )—(% (ql MCT 0 4+ q3 sin269 ) (A3-25)
\ sin2@ sin26
=B (o1 0 M0 - S50 ) (A3:250)

Comparing both parts of (A3-24) with both parts of (A3-25) gives
1 €1c —2pd1c _ 1 €1 —28d;

n=s (1+4B2) * Vm(1+4p2) T (1+4B2) + Vi (1+4p2) 190 =0 (A3-26)
_ 2 _ dlc + 2BCIL _ 2 B dl + 2Bel _ ‘
P1= 1342 " BVm(1+4p2)  (1+4B2)  BVm(1+4p2) 60=0 (A3-262)

_ Bldjc +2Bejc +e1s—2pdjgl _ B(dr +2Bey) | Ble; —2pdp |, _
%= Vm(1+48) = Vm(irapd) (070 Voawap) (07
(A3-26b)
_ [dis +2Be1s ~(e1c = 2dic)] _ di+2fer | p €1 2pd) 0
Vi (1+4p2) Vi (1+4p2) Vi (1+4p2) %0 =
(A3-26¢)

From section 2-3c and figure 2+6 it is apparent that, when using a battery as the
energy reservoir, as 6o is varied from zero there is an increase in the active power that
flows in the circuit, either provided by the system or by the battery. The same must
also be true when using a capacitor as the energy reservoir; any departure in the firing
angle from zero must cause an increase in the active power provided by the supply. It
follows therefore that q3 must be zero otherwise the minimum value for the losses
would not occur at 89 = 0. This was verified numerically using (A3-26¢).

The form of the fundamental component of the current is therefore the same as
that in the single phase equipment:

Vm in26

L= (a5 ) (A327)
g 299

1= (b1 + 25 ) (A3272)

201




Considering the magnitude of the harmonics of (A3-22), after substituting from
equations (A3-23) and (A3-23a), gives

_1 (dpc cos8g + dng 5in6Q) + (enc COSY + e Sinbp)? .
Ll =xp \f O i (A3-28)

as in the single phase case this can be expressed in terms of the normalised magnitude
of the harmonic, ]tn‘:

v
|In| =5 ta] =

Vm wdnchfncz]coszeo + [dps2+ens?]sin26g + [dnc dng + €nc Enslsin26g
XL V2 (n2+4p2)

(A3-29)
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Figure A3-4 shows | tnl as a function of 6,, for different values of the resonance
ratio, for n =5 and 7. In both cases ’tn| appears to depend linearly on 8gp.

|ts]

k

0ob / rads
1 0.5 0.5 1
|t7]
k
4
1
2
A \ ) ) eob/mds
21 20.5 0.5 1

Figure A3-4. Graphs of the Magnitude of the Normalised Harmonic Component

of the Current as a Function of the Reduced Firing Angle.

By analogy with the single phase equipment this can be expressed as
\%
Inc = X—: [Cn — Sn 8obl (A3-30)

Using the small 8 approximation in equation (A3-29) gives

Vi [dnc2+enc?] + [32[dn32'*'en32]90b2 + 2B[dnc dns + €nc €nslOob
|Tn} =
XL (n2+4p2)

(A3:31)
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Equating (A3-30) and the coefficient of the harmonics from (A3-31), assuming
the curves in figure A3-4 are straight lines, gives

o=l dp? + en?
7 Vm (n2+4p2)
g =_B A [ dlten
Vm (n2+482)

where the signs have been chosen so that ¢y, is positive and sp is negative for very low

60=0 (A3-32)

60 = 1/2 (A3-32a)

values of k. They are reversed as necessary so that ¢y and sy vary smoothly. Graphs
are given in section 5-9, where it is also shown that cp and s, have very little
dependence on B. The values of the magnitudes from the approximate graphs, figure
5.8, and those from the actual graph, figures A3-4, appear to be very similar.
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Appendix 4

Derivation of an Equivalent Circuit for
Thr h Vol Sour STATCON

The equivalent circuit is shown in figure A4-1.

L 3C/2
R

(]

Figure A4-1. Per Phase Equivalent Circuit.

During the first interval the voltage at the a.c. terminals of the inverter is one—
third of the voltage across the capacitor, two—thirds during the next interval and one-
third again during the next era. It is half wave anti-symmetric. From equation (A3-11),
after reducing using (A3-10a), the voltage at the a.c. terminals of the inverter, in the red
phase, is given by

2412

Vi = M;%LE—Z cos(¢+6g+y—21/3) for 0 < ¢ < /3

+ XLZC_B ® (A1 ~kAg)sinks + (kA + pAg)coske) (A4-1)
24k2

Vi= !'—“—(%i) cos(¢+60+y-T) for n/3 < ¢ <2m/3

+ X e M-I {(BA] — kAp)sink(¢—7/3) + (kA + BA2)cosk(¢—n/3)}
(Ad-1a)

24k2

Vi= V—"‘(Xw cos(¢+69+y—4n/3) for2n/3<¢<m

XL e"B(q)—zTEB)
A M

{(BA1 —kA2)sink(¢-2n/3) + (kA1 + BA2)cosk(¢—27/3)}
(A4-1b)
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The current in the red phase, from table A3-1 and equations (A3:10), (A3-12)
and equation (A3-3), is given by

2482
IR =—thﬂL sin(6+60+y) —#h)%“%% [cos(o+60+y-27/3) — 2Bsin(o+680+y-27/3)]
Al

- e—Posink¢ — % e—Pocoskd + Aze2B0

for0<¢<n/3 (A4-2)

Ig = %’% sin(¢+60+y) — A 1e-BO-)sin[k(¢—n/3)] — Aze BT/ Dcos[k(¢—n/3)]

for n/3 < ¢ £2n/3 (A4-2a)

24R2
I =-h‘§(—mL Sin(@+00+1) + %%XY% %ﬁ%}) [cos(@r+Bg+-41/3) — 2Bsin(e+00+1-47/3)]

_ AL B2 sin[k(e-27/3)] - 22 802 cos[k(p-2n/3)] — Ase26-21)
for2n/3<o<m  (Ad2b)

The voltage across the capacitor in the equivalent circuit, Vec, is given by, from
figure A4-1,

Vec = % [1de (A43)
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Integrating all parts of (A4-2), and simplifying using the definition of k, gives
Vm(p2+k?
Vec = —‘i(%_’_) cos(¢+60+1)

~Bo _
+ KT ((8A; —kAp)sinko + (KA| + BAg)coske)

N3Vp (B2+K2)2

2h  (1+4p2)
24k2

V- M%B’i—) Aze2B0 for 0 < ¢ < /3 (Ad-4)

[sin(¢+60+y-27/3) + 2Bcos(¢+6p+y—27/3)]

2412
Vec = —Y'"—(Fk—)cos(q)woﬂ)

ec— =

+ X1, e-Bo-3) {(BA] — kA2)sink(¢—7/3) + (kA + BA2)cosk(e—T/3)}
-Va for n/3 < ¢ <21/3 (A4-4a)

2112

Vec=-— Vi o k) cos(¢+00+y)
—Bo-2n/3

N ?SL_e_Béi"_Z {(BA] — kA )sink(¢—2m/3) + (KA1 + BA2)cosk(¢-2/3 )

2112)2
* \/32\1:"] ((B1 :fsg) [sin(+60+1-47/3) + 2Bcos(@+60+y-47/3)]

2412
_Vi+ XL(25+k ) Aze- 286203 for2m3<eo<m  (Ad-db)

where
—V1, —V5 and —V3 are the constants of integration.
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There cannot be any discontinuities in the voltage across the capacitor and it
must be half wave anti-symmetric. Manipulating (A4-4), (A4-4a) and (A4-4b) gives

24k2)2
vy ) (fl ;;B;) [sin(8g+1+T/3) + 2Bcos(8o+r+/3)] (A4:5)

(kA +2I3A2)XL [1 — 2e-B3coskn/3] + (BA1 — kA2)XL e~P™Bsinkn/3

(B2+RRXL,
28 3

24k2)2
V2 J%X'“ (g:faz?) [sin(6g+y) + 2Bcos(o+7)] (Ad-52)

L kAl +2BA2)XL [1 + e-Bn3coskn/3] + (A —lz(A DXL o pn/3sinkn/3
2412
( +12<B) XL Az (1-¢-2B773)

241k2)2
Vs = ‘ja’m (fl :fﬁg) [sin(6g+-71/3) + 2Bc0s(O0+y-T/3)] (A4-5b)

o QAL+ PADXL () o pri3cosicn/3) — BAL=SADEL e-tginicn3
24k2
+ ® +§B)XL_ Az e~2B/3

From figure A4-1 Vyq is given by
Vag = VI - Vec (A4-6)

Subtracting each part of (A4-4) from the corresponding part of (A4-1) gives
2412
Vad= \B'sz(h +k) sin(¢+6g+y+1/3)

V3V (2+k2)2
2h  (1+4p2)
+V] +A XLz(B ) e~2p0

[sin(¢o+080+y-27/3) + 2Bcos(¢+69+y-271/3)]

for0<¢<m/3 (A4-7)

Vad=V2
for /3 < ¢ <2m/3 (Ad-Ta)

2412
Vad=-— \I3Vm2(h +k%) sin(¢+6g+y-1/3)

2412)2
- \132}?“ ((B 1 :fﬁg) [sin(¢+60+y—47/3) + 2Bcos(¢+80+y—47/3)]

2412 '
+ V3 _ A3 Xli(B +k ) e_zﬁ(d)_zng)

for2m/3<¢<m (A4-7b)
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Appendix 5

An is of lve Pulse STATCON with
Parallel Connected Transformer Primaries

a) Determination of the Current on the Transformer Secondary Side

The analysis of the circuit, from the point of view of the secondaries of the
transformers, can be performed in the same way as that for the three phase circuit with
the twelve pulse circuit being regarded as having a six phase unbalanced voltage

source.

The circuit, as seen from the secondary side of the transformers, is shown in
figure A5-1.

Figure A5-1. The Twelve Pulse STATCON with Capacitor Energy Reservoir.
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The voltage sources, relative to their star points, with the star point of the
secondary of the first transformer earthed, are defined as

Var = Vmsin(¢+60+m/12) Vbr = Vbm — VN = Vmsin(¢+60-1/12)
Vay = Vmsin(¢+6p-71/12) Vby = Vbyn— VN = Vmsin(¢+69—31/4)
Vab = Vmsin(¢+60—57/4) Vbb = Vbbn — VN = Vmsin(¢+60-171/12)
(A51)
where
Vy is the potential of the neutral (star) point of the secondary of the second
transformer.

As in the three phase equipment, both the currents and the voltages out of each
transformers sum to zero:
Vab=—(Var+ Vay) Vb == (Vbr + Vby)
Iab = — (Tar + Iay) Ibb = — (Ipr + Iby) (A52)

There is again a constant phase relationship between the currents in the six
phases:
Tar(9) = Lay(¢+27/3) = Tab(©—27/3) = Ipr(9+71/6) = Iby(¢+57/6) = Ibb(¢—1/2)
(A5-3)

From (A5-3) and the information that the current is half wave anti-symmetric
the current in the red phase on the secondary side of the first transformer can be

determined from the currents in all six phases during the first era:

T AS-1 ionships in the Twelve P 1
0} Tar($)
—-w/12< ¢ < /12 Ly ()
/12 < ¢ < /4 — Ipy(¢—m/6)
/4 < ¢ < 57/12 — Lay(¢-—m/3)
S5m/12 < ¢ < Tw/12 Ibp(9—7/2)
7n/12 < ¢ < 3n/4 Iap(0—27/3)
In/4< o< 11m/12 — Ipe(¢—57/6)
11n/12< ¢ — Ly (¢—m)

During the interval —/12 < ¢ < ©/12 the circuit is as shown in figure A5-2, from
the data in table 6-1, where, as in the three phase work, the lumped parameter

resistance, R, is the resistance in one device plus the resistance in the inductance.
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Ficure A5-2. The Twelve Pulse STATCON During the Interval — /12 < ¢ < r/12,

From figure A5-2 the following equations can be deduced

Var—v.’.:XLgaIﬁ!*‘RIar Vbr'l"VN—v.{,.:XL%'I%r'FRIbr—VC
dlhy
Vab— Vi = XL ‘Hab +R Ipp Vib + VN = V4 = XL d;gb +R Ipp
(A5-4)
The current through the capacitor, I¢, from — to + is given by
Ic= Iay —Ibb (AS-5)
and so, as in the three phase work,
Ve =-Xc [Ic do (A56)

Summing the three equations on the left hand side of (A5-4) and using (A5-2)
gives

V, = (A57)

3
Summing the three equations on the right hand side of (A5-4), and using (A5-7),

gives, during this interval,

V=g (A5-8)

Since, at least during this interval, there is a potential difference between the
two star points on the secondary side of the transformers it follows that these two points
cannot be connected; the secondaries of both transformers cannot be earthed.
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Substituting (A5-7) and (A5-8) in (A5- -4) gives

V dlpr V
Var=XLg§T$r-+RIar+'§2§V Vor=XL 3, d¢ T+ R Ipr - 3\(;
Vab=XL'aF+RIab+’3_ Vib=XL 3. d¢ +RI +T

(A59)

Subtracting the last part of (A5-9) from the second part, and using (AS5-5), gives

4V,
Vay - Vib = XL%%+RIC 3 (A5-10)

Substituting from (A5-1) and (AS5-6), and differentiating again, gives, after
simplifying,

4X 2V
d¢12° 2B g{: 3XE Ic= XIIn cosnt/12 sin(¢+60) (A5-11)

Assuming R <2V 4 X¢ X1/ 3 the solution to equation (A5-11) is

Ic=— ﬁ;/(;‘ cosm/12 cos(o+60+) + Aje-Bosink¢ + Age-Pocoske (A5-12)
where
k= %S— p2 (A5-12a)
Substituting (A5-12) in (A5- 6) and integrating gives
;(]—C ﬁ;l( cosn/12 sin(o+60+y) + 5 o< (B2 k2) [(BA1 — kA2)sink¢ + (kA + BA2)coske]

(A5-13)




Substituting in the relevant parts of (A5-9) from (A5-13), using (AS5-12a),
integrating, and simplifying, gives

lay = h\;( sin(¢+680+y-717/12) — h\;(m %iL+—4BT))cos7t/12[cos(¢+90+y)—2Bsin(¢+eo+y)]

Vi (B2+k2)
- th;J (1+4ﬁ2) [Slﬂ(¢+60+’)‘—71t/12) + 2BCOS(¢+60+’Y—7K/12)]

5o
+ 92— [A1sinke + Apcoske] + Aze20 (A5-14)

Vi (B2+k2) cosm/12
hXL (1+42) 2

_ %ﬂi %’i—j@ [sin(¢-+80+r+7/12) + 2Bcos(9+00+1+1/12)]

—$o
— =7 [A1sink¢ + Agcoske] + Agqe280 (A5-14a)

Tar = :X sin(¢+0g+y+7/12) + [cos(¢+60+y) — 2Bsin(¢+60+7)]

\V% . \Y 2 4+k2 12 .
Tor = p3g sin(@-+00+r-1/12) - g §§+;B2>) COSTILZ [cos(+60+1) — 2Bsin(@+00+1)]

2412
- _lYX_nL %?[;2)3 [sin(¢+60+y-1/12) + 2Bcos(o+60+y-T/12)]

-Bo
+ 6—4— [Aysink¢ + Aocosko] + Ase2B® (A5-14b)

Substituting (A5-14) and (A5-14a) in (A5 -2) and simplifying gives

Lib = -}YYL- sin(¢+8g+y-5m/4) + }YX“‘L E‘:j;z)) Cosg/ 12 [cos(¢+60+y) — 2Bsin(0+60+Y)]

Vm (B+K2)
- thL (1+4p2) [sin(¢+60+y=57/4) + 2Bcos(p+60+y-51/4)]

- e—;ﬁ [Ajsink¢ + Aocoske] — (Az+Ag)e~2R (A5-14c)

Using (A5-2) in (A5-5) and subsntutlng (A5-14) and (AS-14b) gives

g i) OS2 fcos(aror) — 2Bsin(o+a0+)

_ Vm (BHKD)
X1 (1+4p2) [Sln(¢+90+‘r—37t/4) + 2Bcos(¢+6g+y-31/4)]

+ 'e;ff [Aisinke + Agcoske] — (Az+As)e2R0 (A5-14d)

Vi
Ipy = hX = sin(¢p+6g+y—37n/4) —

Substituting (A5-14b) and (A5-14d) in (A5 -2) and simplifying gives

Tpp = “th— sin(¢+60+y-177/12) + }YXHIIJ %?—ZI;% cosn/12 [cos(¢+00+y) — 2Bsin(6+60+y)]

Vm B 24k2)
T hXL (1+482) [51“(¢+90+Y—17Tt/ 12) + 2Bcos(¢+00+y-171/12)]

B0
-5~ [Arsinke + Agcoske] + Aze™260 (AS5-14e)
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As in the three phase circuit the current through the capacitor is the same in each
interval and so the voltage boundary condition is
V(o =7/12) = V(o = —1/12) (A5-15)

The boundary conditions on the current can be deduced from table AS5-1:

Tar(¢ = 1/12) = — Ipy(¢ =-1/12) (A5-15a)
Tpy(¢ = 1/12) = Tay(6 = -1/12) (A5-15b)
Tay(¢ = 1/12) = — Ipp(¢ = —7/12) (A5-15¢)
Tpb(¢ = 7/12) = Tap(p = —7/12) (A5-15d)

Evaluating (A5-15) and simplifying gives
\
nx, (BH+kDcos(@o+y) =

A [k (eP/12_e-B/12)coskn/12 — B(eP™/12+eB/12)sinkm/12] +
Ao[B(eBm/12-e-Bn/12)coskn/12 + k(ePm/12+e~P/12)sinkn/12] (A5-16)

Evaluating (A5-15a) gives

h\gcni E? 4132)) [sin(6g+y) + 2B cos®+y)] = —A1(ePr/12+e-P/12)sinkn/12

+ Ap(eBT/12_e—P/12)coskn/12 — 4(A3+A5)ePT/0 + 44 B/6 (A5-16a)

Evaluating (A5-15b) gives

2V (B2+k2)
hXy (1+4p2)

{[sin(6g+y) + 2B cos(®g+y)] + cosm/ 12[cos(6p+y+m/12) — 2Bsin(Bp+y+n/12)]} =
— A1(2ePT/124e-Bn/12)sinkn/12 + Ap(2eP™/ 12_e—Bn/12)coskm/12
+ 4A3(eP/64¢—BT/6) + 4A5eB/6 (A5-16b)

Evaluating (A5-15¢) gives

Xﬁ@ikz_) 3 - ﬁﬂ:/l?. —BTC/IQ. .
hX1, (1+4p2) [sin(Bg+y) + 2B cos(@o+)] = ~A(ePV =+e Ysinkm/12

+ An(ehm/12_e-Br/12)coskn/12 — 2A3(ePT/6+e-Br/0) (AS5-16¢)

Evaluating (A5-15d) gives

2V (BH+k2)
hXL (1+4g2)

{[sin(6g+y) + 2B cos(Bp+y)] — cosm/ 12[cos(8g+y—n/12) — 2Bsin(@o+y-"/12)]} =
— Aq(ePn/124+2e-Pn/12)sinkn/12 + Ao(efr/ 12_2e-Bn/12)coskm/12
+ 4A3(eB/64¢-Br/6) + 4A4ePT/0 (A5-164d)




For this many unknowns substitution, as used in the three phase case, 18

complicated. It is simpler to use matrix manipulation:
[V]1=1[F]-[A] (A5-17)

where

[V] = the voltage column matrix, i.e. the left hand sides of equations (A5-16) to
(A5-16d),

[A] = the column matrix of unknown constants, i.e. A} to As,
and [F] = the matrix of the coefficients of Aj to As, i.e. the right hand sides of
equations (A5-16) to (A5-16d).

V1= pa (B2kDcos(e0+,
Vi (40
thllJ (1+4p2) [sin(Bo+y) + 2B cos(®o+v)],

2V (p2+k2)
hXy (1+4p2)

{[sin(Bp+y) + 2B cos(Bp+y)] + cosm/12[cos(8g+y+m/12) — 2Bsin(Bp+y+7/12)] },

2412
R 3 inOo+) + 28 coso+)

2V, (B2+k2)
hX1, (1+4p2)

{[sin(8g+y) + 2B cos(Bp+y)] — cosm/12[cos(Bp+y-T/12) — 2Bsin(8g+y—m/12)}}
(A5-17a)

[F] = {{[k(ePr/12—e-Br/12)coskn/12 — B(ePW/12+e-Br/12)sinkm/12],
[B(eP™/12—e-Br/12)coskn/12 + k(eP™12+e-B/12)sinkn/12], 0, 0, 0},
{[(eP™/124+e-B/12)sinkm/12], [(eP/12-e—Pn/12)coskn/12],

—4 ePr/6, 4 ePri/6 4 eBn/6},

{[—(2eBm/124¢-BM/12)sinkn/12], [(2ePm/12—e-Br/12)coskn/12],

4 (eBn/6+e—B1t/6), 0, 4 e-Pr/6},

{[(eB™/124+e-BM/12)sinkn/12], [(ePM/12-e-Pn/12)coskn/12],
_2(ePr/6+¢-Bn/6), 0, 0},

{[(eB™/12+2¢-Bm/12)sinkn/12], [(eP™/12-2e-Br/12)coskn/12],

4 (ePr/6+¢—Bn/6), 4 eBT6, 0} ) (A5-17b)

Inverting (AS5-17) gives
[A] = [F]1 - [V] (A5-18)




Thus Aj to As can be evaluated for any set of values of 8¢, k, and B. From
equations (AS-14) to (A5-14e), the currents in all of the phases on the secondary side of
the transformers are known, and from table AS-1 the current in one of these phases for a
whole cycle is known.

Determination of th f
For the red phase of the first transformer, i.e. the one leading on the supply
voltage, assuming an effective transformer ratio of 1 to 1, the voltage is
Var = Vmsin(¢+60+1/12) (A5:19)

This voltage is made up of a combination of some of the red phase less some of
the yellow phase:
sin(¢+00+71/12) = N1 sin(¢+6p) — N2 sin(¢p+80—27/3) (A5-20)
where
N1 and Nj are the turns ratios, relative to the number of turns on each of the
primary windings, as shown in figure A5-3.

Secondary Primary
N,

red phase

ellow
blue J

Figure A5-3. Turns Ratios for the First Transformer.

Equating the coefficients of cos(¢+8¢) and sin(¢+6) in equation (A5-20) gives
N sintt/12

2=5in2n/3 =Ve A2

_ sinmt/12 _ sin3n/4 _ , 2 _
Nj =cosn/12 + —— = Sm2n3 = 3 (A521a)

The phase shift of transformer 2 is in the opposite sense to that of transformer 1,
i.e. the red phase of transformer 2 is lagging on the red phase of the supply voltage by
15°. This gives the same turns ratios for the second transformer as for the first, but the
N turn is coupled to the other phase of the primary; for the red phase of the secondary
of the first transformer the N7 contribution comes from the yellow phase winding of the




primary but for the red phase of the secondary of the second transformer the N2
contribution comes from the blue phase winding of the primary.

The other secondary phases are cyclic permutations of the formulae defining the
voltages on the secondary red phases:

Var=N; VR -N2 Vy Vay=N; Vy -N2 Vp Vab =Nj VB —N2 VR
Vbr=N1 VR —-N2 VB Vpy =N1 Vy —N2 VR Vpb=N1 VB -N2 Vy
(A5-22)

The current in one phase of the primary of the first transformer is a function of
the currents in the secondary of the first transformer to which that phase of the primary
is coupled. The current in one phase of the voltage source is the sum of the currents in
each of the phases in the two primaries. The turns ratios relating the currents are the
inverses of those relating the voltages:

Ir = Np (Tar + Ipr) — N2 (lab + Ipy)
Iy = Ni (Iay + Iby) — N2 (Iar + Ipb)
I = Nj (Iab + Ipb) — N2 (Tay + Ibr) (A5-23)

Fourier Seri
As in the three phase case the Fourier series of the voltage at the a.c. terminals
of the inverter is calculated first and then the Fourier series of the current is calculated.

The voltage at the a.c. terminals of the inverter during the first two eras, each of
one—sixth of a cycle duration, is one—third of the voltage across the capacitor, it is two—
thirds during both of the next two eras, and one—third again during the third set of two
eras, as shown in figure 6-4. Thus, as in the three phase case, the voltage at the a.c.
terminals of the inverter has harmonics for n = 6it+1, fori=0, 1, 2...

The Fourier series of the voltage at the inverter terminals of the red phase of

inverter 1 can therefore defined as

Vi= Zl dp cosn(¢+7/12) + ep sinn(p+7/12) (A5-24)
n=

forn=6itl, fori=0,1, 2...
where
11x7/12 11w/12
dp== }vl(@ cosn(o+n/12)d¢ and  en=7 ) V1(9) sinn(e+7/12) do
T /12 T _n/12




Considering the dpterms only this can be split up into six intervals, for each half
cycle, of duration 7/6:

3nd /12 /4
- V(0)cosn(¢+m/12)do + V (¢—m/6)cosn(¢p+m/12)do +
-7/l /12

2" he {

5m/12 Tr/12
2 ; V(o—7t/3)cosn(¢+m/12)do + 2 V(o—m/2)cosn(p+m/12)d¢ +

/4 Sn; 12

3r/4 11x/12

; V(0-271/3)cosn(¢+m/12)d¢ + f V(¢-57/6)cosn(o+m/12)d¢
/12 3n/4

(AS5-25)
with

e of the same form but with cos replaced by sin.

Making a change of variables in each of the integrals, renaming and simplifying

gives
375dn . . . /12 .
i =" [sinnm/12 + sinnn/4 + 2sin5nm/12] ) V¢(6) sinngd¢  (A5-26)
/12
3nen /12

4 - [sinnm/12 + sinnm/4 + 2sinSn7/12] /I V() cosng dé (A5-26a)
—n/12




Substituting for V¢(¢), from (AS5-13), using (A5-12a), integrating and
simplifying gives

dy=- % (\/3\5 1) { 2Vm (B2+k2) cosm/12 cos(8p+y) (12 ‘11 )
(ﬁAl -kA)XL

2 [kcoskn/ 12[(ePm/12—e—Bn/12)2pcosm/12 —

(eBm/124+e-Bn/12)(82+k2-1)sinT/12] —
sinkmt/12[(eBn/12+e-Bn/12)(32—k2+1)cosm/12] +
Bsinkt/12[ (eBm/12_e-B/12)(p24+k2+1)sinn/12] |

L KA ;sz DXL [sinkn/12[(eBw/12+¢-8/12)2Bcosn/12 —

(ePn/12_e—Bn/12)(R2+k2—1)sinm/12] +
coskm/12[(eB™/12—e-B/12)(32k2+1)cosn/12] —
Beosk/12[(eP™/12_e-Bn/12)(p2+k2+1)sinn/12] ] } (A5-27)

n>1 dp, = — [sinn7/12 + sinnm/4 + 2sin5n7/12] {

2Vm (B2+k2) —f];—g—% cos(60+y) [(1-V3)ncosnm/12 + (1+V3)sinnn/12]

N (BAl ;hkfz\ﬁX; [kcoskn/12[(eBr/12—e-B/12)28ncosnm/12 —
n

(eBr/124+e—Bn/12)(2+k2-n2)sinn7/12] —
nsinkm/12[(ePr/124+e-B1/12)(32-k2+n2)cosnm/12] +
Bsinkm/12[(eBw/12_e~$n/12)(p2+k2+n2)sinnn/12]]

+ (kA1 ;hﬁ;’Q)XL [ksinkn/12[(eB”/ 124 e-Bn/12)28ncosnm/12 —
n

(eBn/12_e—B/12)(B2+k2-n2)sinnn/12] +
ncoskm/12[(ePm/12—e-B/12)(32—k2+n2)cosnm/12] —
Beoskn/12[(eBn/12_e—Br/12)(p2+k2+n2)sinnn/12]] } (A5-27a)




er = % (\/3\]; D { 2;;"‘ (B2+k2) cosm/12 sin(8p+y) (—17% + 21{ )
. (BA1L—KAXL

> [ kcoskn/12[(eP/12—e-Pn/12)(B2+k2—1)cosm/12 +

(eBr/124+-Bn/12)2Bsinm/12] —
Bsinkn/12[(eBn/12+e—B/12)(B2+k2+1)cosn/12] —
sink7/12[(eP/12—e-Br/12)(32-k2+1)sinm/12] |

+ (kA ';'thﬁzA2))£L [ksinkﬂ:/l2[(657‘/12+e‘57‘/12)([32+k2—1)00575/12 +

(eBr/12_e-Bn/12)28sinm/12] +
Bcosk/12[(eB/12—e-Pn/12)(B2+kZ+1)cosn/12] +

cosk/12[(eBn/12—e—Br/12)(32_k2+1)sinm/12]] } (A5-27b)
n>1 eq = [sinnm/12 + sinn/4 + 2sin5nm/12] {
2Vm 2,12 cosm/12 . . .
SR (B2+k2) B0l sin(60+y) [(1-V3)cosnm/12 + (1+V3)nsinn7/12)
+ BAL- 22)&* [kcoskﬂ:/ 12[(eBn/12_-Br/12)(32+k2-n2)cosnm/12 +

thy

(ePr/124e-Bn/12)28nsinnm/12] —
Bsinkm/12[(eb™/12+e-B/12)(32+kZ+nZ)cosnm/12] —
nsinkt/12[(eB™/12—e-Bn/12) (32 2+n2)sinnm/12] ]

+ kAl ;hﬁlz\z)XL [kSink“/l2[(Cﬁ”‘/l2+e‘57‘/12)(Bz+k2—n2)cosnn 12 +
n

(eBr/12_e-Bn/12)2@nsinnm/12] +
Beoskm/12[(eBr/12—e-Br/12)(p2+k2+n2)cosnm/12] +
ncosk/12[(eBm/12—e-Pr/12)(32_k2+n2)sinn7/12] | } (A5-27¢)

(A5-27) to (AS5-27c) could also have been written out in terms of the angle v, as
were the equivalent expressions in the three phase case, (A3-20) to (A3-20c).

The Fourier series of the current on the secondary side of the transformers is
given by, using the method employed in the six pulse case,

___Vm _ e .
Tar = XL(1+4p2) [cos(¢+60+T/12) — 2Bsin(o+6p+m/12)]  (AS5-28)

- 1

* I Xmieapd)

[(nep — 2Bdp)cosn(p+m/12) — (ndp + 2Ben)sinn(¢+7/12)]

The expressions for the currents in the other phases, on the secondary side of the
transformers, are of the same form as equation (A5-28) but with (¢+7/12) replaced by
the angle of the applied voltage source, from equation (A5-1).




The current in the red phase of the supply, IR, is given by applying equation
(A5-23) to (A5-28) and the similar contributions from the other phases. For the
fundamental component, after simplifying using (A5-21) and (A5-21a),

2

R1 =X (1+45)
{— Vmlcos(¢+80) — 2Bsin(¢+60)] + (e —2Bdq)cosp — (d) + 2peq)sing} (A5-29)

and for the harmonics:

IRn =m [Njcosnmt/12 + Nocosnm/4]

{(neq — 2pdp)cosné — (ndp + 2Ben)sinne ) (A5-30)

The form of the expression for the fundamental, (A5-29), is the same as that in
the three phase equipment, from (A3-22), but because of the parallel connection of the
transformer primaries (A5-29) is twice as big. As in the three phase equipment dp and
en can be separated into terms in singg and cos®g only so the derivations of the
expressions for p1, q1 and q2 are identical, equations (A3-26) to (A3-26b) respectively.
The contributions to the fundamental component of the current are therefore given by

v 5in20

Ig= y—L"‘(ql +a2 75 ") (A5-31)
1= 28Ym () 1 g, S22% (A5-312)
PTTXL P1t+q2 p2

For the harmonicsl Njcosnt/12 + Nocosnm/4 | =1 for n = 12i*1 and O for n =

5,7,17,19..., therefore
_2 4 / dp2+ep? _2Vy
| Tn| e\ oapd - XL |ta] (A5-32)

The exact form of t, is the same as that given in the three phase case, (A3-29).
Plotting the exact solution shows that the harmonics again appear to vary linearly with
the reduced firing angle and so the approximate form for t, from equation (A3-30), is
also valid, as are the equations for cy and sp, (A3-32) and (A3-32a).

The parallel connection of the transformer primaries gives
2Vm

Inc = XL [cn — sn Oob] (A5-33)




Appendix 6

Analvsis of a Twelve Pulse STATCON with
Series Connected Transformer Primaries

a) Determination of the Current on the Transformer Secondary Side

When the primaries of the transformers are connected in series the voltage on
the secondaries is no longer defined directly from the system voltage and the turns
ratios but also depends upon the current.

The devices are fired in the same order as in the parallel connected case, as in
table 6-1, and so all parts of equation (A5-9) are valid but Vg to Vb are not now known
at the outset of the analysis.

Because of the series connection of the transformer primaries the current in each
of the primary windings must be the same. Figure A6-1 shows the transformer

configuration.
Vbr
VN
Vob
VR

/S

Figure A6-1. Twelve Pulse Series Connected Transformer Arrangement.




The relationships between the voltages are

Var = N1(VR — VRx) - N2(Vy - VYX) Vpr =N VRx — N2 VBX

Vay = N1(Vy — Vyx) — N2(VB - VBX) Vpy = N1 Vyx — N2 VRX

Vab = N1(VB — VBX) - N2(VR — VRX) Vb =N} VBx - N2 Vyx
(A6-1)

The transformer turns ratios, N1 and Ny, are equal to those in the parallel case,
equations (A5-21) and (A5-21a).

The relationships between the currents are
IR = N1 Iar — N2 Iab = N1 Ior — N2 Iny
Iy = Nj Lay = N2 Iy = N1 Ipy — N2 Ibp
Ig = Nj Iap — N2 Iay = N1 Iob — N2 Itr (A6-2)

As in the parallel case the sum of the currents in each set of three phases, and
the sum of the supply voltages, is zero:
Iab = — (Tar + lay) Ipb = — (br + Iby)
Ig=-(r +1y) Vg =—(VR+ VyY) (A6-3)

Because the sets of three voltages on the secondary side of the transformers, and
that at the connection between the two primaries, are functions of the current, the sum
of each set of three voltages is not as apparent as those given in (A6-3) are, but it can be
deduced by considering general Fourier series expressions for three voltages separated
by 2n/3 rads:

oo

VRX + Vyx + VBx= 3. |Vn| [sinn(¢+vp) + sin[n(e-21/3)+ynl + sin[n(®+27/3)+wn]

n=1
(A6-4)
Expanding gives
Vrx + Vyx + Vex = [1 +2cos2nm/3] Y | Va| sin(o+yn) (A6-5)
n=1
Evaluating for different values of n gives
VRX + Vyx + VBx=3 Y| Vn sin(no+wn) forn=0,3,6,9...
n=1
(A6-6)

else

VRX + Vyx + Vex =0 (A67)




In the six pulse circuit harmonics are not generated for triple—n harmonics so, in
the twelve pulse system,
Vab =— (Var+ Vay) Vib =~ (Vor + Vby)
Vpx =-(VrRx + VYX) (A6-8)

There are six unknown currents on the secondary side of the transformers.
Using the fact that each set of three currents sum to Zero gives two equations so the
number of unknown currents is four. The first two equations of (A6-2) express the
relationships between the currents so the number of unknown currents can be reduced
to two. The third equation in (A6-2) is not independent; it is a function of the first two

equations of (A6-2) and equation (A6-3).

The currents in the two red phases were taken as the unknowns, and simplifying

by using the values of Nj and N2, gives

Tay = V3 Tpr —2 lar (A69)

Tab = — V3 Tpr + lar (A6-92)
Tpy = Ior — V3 Lar (A6:9b)
Tob = — 2 Ipr + V3 Iar (A6-9¢)

Similarly substituting from (A6-8) and (A6-3) in (A6-1) and simplifying gives

Vay=—2 Vg -3 Vir + V3 N1 VR —V3 N2 Vg (A6-10)

Vb= Var+ V3 Vpr— V3 Ni VR + V3 N2 Vi (A6-10a)
Vpy =3 Var + Vpr — V3 N1 VR + V3 N2 Vy (A6-10b)
Vi = — V3 Var —2 Vir + V3 Ny VR - V3 N2 Vy (A6-10¢)

The current through the capacitor depends upon the currents in the same phases

as in the parallel case:
Ic = Tay — Ibb (A6-11)

Substituting from (A6-9) and (A6-9¢) in (A6-11) gives
Ic = 2+V3)(br — k) (A6-12)




Substituting from the relevant parts of (A6-9) and (A6-10) in (A5-9) gives

va,=xLid‘%+R1a,+%9 (A6-13)

Vi = XL, %13' +RIpr—3° (A6-13a)

2 Va—V3Vpr+V3N; VR—V3 Nz Vg =

de—(‘Q%—@+ R (V3 Ty — 2 la) - 25¢ (A6-13b)

V3 Var + Vpr = V3N VR + V3N Vy =

XL d—@f—aﬁlﬁ + R (Ipr— V3 Iop) 3¢ (A6-13¢)

Simplifying (A6-13b) + 2(A6-13) + V3(A6-13a) gives

dlr Ve _ 1
3o+ 2BTor — g5 =77 (NIVR - N2Vl (A6-14)

and (A6-8¢) — V3(A6-8) — (A6-8a)

dlar Ve _ 1
dd) ar 28 Ir + 6XL = 2XL [N1VR — N2Vy] (A6-14a)

The voltage source is defined as twice that in the parallel connected case:
VR =2Vmsin(e+8g) Vy = 2Vpsin(o+60—27/3) VB = 2Vmsin(¢+69+27/3)
(A6-15)

Taking (A6-14) — (A6-14a), substituting from (A6-12) and (A6-15), simplifying

then dlfferentlatmg gives
d2L copdle, 2+V3 X¢
d¢2 B d¢ 3 XL

I= 2Vm - cosn/12 sin(¢+860) (A6-16)

This equation is similar to the equivalent one in the parallel case, (A5-11), in
particular the forcing function is the same. The coefficient of the I term is different.
The solution is therefore of the same form as that in the parallel case, (A5-12),
assuming R <2 v (2+V3) Xc X1/ 3, but with k defined differently:

Ic = —ﬁ—;—f cosm/12 cos(¢+6p+y) + A1 eBdsinke + Ay e Pocoske (A6-17)

where

2
=\f+3‘/3 %—BZ (A6-17a)




Since the expression for the current through the capacitor is the same as that in
the parallel case the ratio of the voltage across the capacitor to the impedance of the
capacitor is also of the same form:

Ve _ —ﬁ}\g‘j cosm/12 sin(¢+60+y) + —5—-[(BA] —kA2)sinke + (kA| + BAz)coske]

Xc (62 k2)

(A6-18)

Substituting from (A6-18) in equation (A6-14a), using (A6-17a), solving and
simplifying gives

Iar = h\;( Sln(¢+60-i-'y+1t/12) Lcosn/12£m[sm(¢+eo+y)+ 2Bcos(o+60+y)]

— 2(2+ 3 ePosinko — 2(2+ 3¢ Bocoske + Az e2B0 (A6:19)

Substituting (A6-19) and (A6:17) in (A6-12) and simplifying gives

Ipr = }YX Sln(¢’+90+’¥—7t/ 12) - — cosn/ 12 E%FZS [sin(¢+60+y) + 2Bcos(d+60p+v)]
+ m ePosink¢ + 2(2 + 3¢ Bocoske + Az e~2P0 (A6-20)

The boundary conditions are three of those used in the parallel case:

V(o = 1/12) = V(o = -1/12) (A6-21)
Tar(6 = 7/12) = — Ipy(6 = -m/12) (A6-21a)
Ty (6 = 7/12) = Iay(6 = —/12) (A6-21b)

Because the expression for the V¢/Xc is the same in both the series and parallel
cases, evaluating (A6-21) gives the same equation as in the parallel case, (A5-16):
PR (B+K)cos(g+) =
A1[k(eBr/12_e-Br/12)coskm/12 — p(eP™/1 2+ P/12)sinkm/12] +
Ao[B(eP/12e-Br/12)coskm/12 + k(eP™/12+e—Pn/12)sinkm/12] (A6-22)

Evaluating (A6-21a), using (A6-9a), gives, after simplifying,

Vm_ (@242 o :
~TRXL (13452 [COS(C0r-T/6) — 2psin(Bo+r-n/6)]

ALSINRIR g2, ({3, 1yt + AZEIT2 gtz (3411
+ Az [—e-B/64+(V3-1)eBm/0] (A6:222)




Evaluaﬁng (A621b) and Slmphfymg gives
_ Vm (%KD )
2hX1, (1+4p2) [sin(6g+y+7/6) + 2Bcos(8g+y+m/6)] =

A%z(sérik%/)l—z [(V3+1)ePm/12 + (V3+2)ef/12)
A2 coskm/12

tT32H3)
+ Az [<(¥3-1)eB/6 + (2—3)ebn/6] (A6-22b)

[(N3+1)e-Br/12 _ (V3+2)ebn/12]

As in the parallel case matrix manipulation can be used to compute Aq, A2 and
A3z. The current in the voltage source is the same as that in the primary of the
transformers, equation (A6-3). Applying (A6-4), (A6-9) and (A6-9a) to (A6-3) gives
IR = (N1 = N2)Iar + V3 No I (A6-23)

b) Fourier Series

Because the voltages on the secondary sides of the transformers are not known,
although they could be calculated, it is simpler to calculate the Fourier series of the
current, rather than calculating that of the inverter voltage and then deducing that of the
current. The current on the secondary side of the transformers for the whole of a cycle
can be deduced from equations (A6-9), (A6-9a), (A6-19) and (A6-20) and from Table
AS-1:

Iar = —yh)_gl sin(¢+60+y+m/12) — _e‘%_ [A1sink¢ + Aocoske]

L 2(2+V3)
- h\;(—"i %%% cosm/12[sin(¢+60+y) + 2Bcos(d+6p+y)] + Aze—2B0
for—m/12 < ¢ <m/12 (A6-24)

-B(¢-7/6)
Tar = p3i sin(e+g+r+/12) - W3“;1(’2iv3) [A 15ink(6-7/6) + A2cosk(6—/6)]

2412
(341 H\;(% %%(62—)) cosT/12[sin(¢+00+1-T/6) + 2Bc0s(@+00+y-T/6)]

+ (V3-1)Aze-2B0-/6) for m/12 < ¢ < W4 (A6-24a)

Blo-

—B(0-1/3)
Ipr = hlxmf sin(¢+0g+y+m/12) — E—T— [A1sink(¢—7/3) + Azcosk(¢—7/3)]

() Ym (BHHK2) -
(2V3) hX L (1+4p2) cost/12[sin(¢+80+y-t/3) + 2Bcos(¢+60+y—7/3)]
+ (2-V3)Aze-28(0-/3) for /4 < ¢ < 5n/12 (A6-24b)

B(o-

—B(o-7/2)
Iar = hXX"lL sin(o+09+y+7/12) — 6——2—— [A1sink(¢—m/2) + Aocosk(¢-Tt/2)]

2412
+(2-V3) —Vh)—(mz %—;%2—)) cos/12[sin(o+6g+y-T/2) + 2pcos(o+6p+y-T/2)]

— (2—V3) Aze2Bo-T/2) for 5m/12 < ¢ <Tm/12 (A6-24¢)
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~—B(0-2n/3) )
s = _h% Sin(o+00+y+/12) — (‘/3+21()§+ 73— [Ausink(-21/3) + Agcosk(e-2n/3)]

2412
+ (\/ 3-1) h\;(—"i %2% cosT/12[sin(¢p+080+y-27/3) + 2Bcos(d+60+y—27/3)]

— (V3=1)Aze-2B(¢-2n/3) for 7m/12 < ¢ < 3n/4 (A6-24d)

Vm . e—B(6-57/6) .
Iy = XL sin(¢p+60+y+7/12) — 723 [A1sink(¢—-57/6) + Azcosk(¢—57/6)]

24k2
4o BT o 120 sin(o-+60+1-3m/4) + 2Bcos(@+60+1-37/4)]

hX1 (1+4p2)
— Aze2B(e-57/6) for 3m/4 < ¢ < 11m/12 (A6-24¢)
Lar = — Iar(¢ — ) for 11n/12< ¢ (A6-24f)

The Fourier series for the current in this phase can be defined as

Tar = Zlan cosn(¢+7/12) + by, sinn(¢+7/12) (A6-25)
n=

where
117/12

;llzar(cp) sinn(¢+7/12) do

) 117/12
an =1 ;Iar(cp) cosn(¢+n/12)d¢ and by=
—1t/12

a0

The Fourier series of the current in the other phases is given by the same values

for ap and by, but are of different phase.




The Fourier series of each part can now be taken:

2412
1y ym BHKD o2

hX| (1+4p2)
-1/12 < ¢ <T/12 — [sin(¢+60+7) + 2Bcos(¢+60+)]
/12 < ¢ < /4 — (V3=1) [sin(¢+80+y=T1/6) + 2Bcos(@+60+y-T/6)]
/4 < ¢ < 5m/12 ~ (23) [sin(o+80+y-T/3) + 2Bcos(o+80+y¥-T/3)]

St/12 <o <Tm/12  (2—V3) [sin(¢+60+y—T/2)+ 2Bcos(¢+60+y-T/2)]
/12 < ¢ < 3m/4 (V3=1) [sin(¢+60+-27/3) + 2Bcos(o+60+y—21/3)]
3nfd < p<11n/12 [sin(¢+60+y—5T/6) + 2Bcos(d+60+y—57/6)]

ap=— 6‘/—2%/—3:2 (T’% + % )[sin(e()ﬂ) +2Bcos(60+1)]

V2(V3— .
by = - 20 (T2~ ) costeors - 28sinGo+)
n>1 ap=- n(i\éi D [cosnm/12 + (\/3—1)cosn1t/4 + (2—\/3)0055n1t/ 12]

[(1+V3)nsinnn/12 — (\/3—1)cosmt/ 12][sin(60+y) + 2pcos(6p+Y)]
[cosnmt/12 + (V3—1)cosnm/4 + (2-V3)cos5nm/12]

n>1 bn=—n(n2_1)

[(1+\/3)sinn1t/12 — (V3-1)ncosnm/12]{cos(6p+y) — 2Bsin(®@o+7)]

2) A3
/12 < o < w/12 e—2B¢
/12 < ¢ < /4 (V3-1) e-2B(¢-/6)

/4 < ¢ < Sm/12 (2—3) e-2B(6-n/3)
sm12<o<Tm/12  —(2-N3) e2B(0-n2)
T12<0<3n/4  —(3-1) e2B0-2n/3)
3nfd < o< 11m/12 - e 2B(O-51/6)

The following equations are valid for all n, including n = 1.

an = 2 ag) [cosn/12 + (V3-1)cosnm/4 + (2-¥3)cos5nm/12]

{ (eB/6+e~Bn/6)nsinnm/12 + (eP/6—e—Pn/6)2Bcosnm/12)

[cosnm/12 + (V3-1)cosnm/4 + (2—\/3)c055n1t/ 12}

Bn = nZ+4p2)
{(eBn/6—e—Bn/6)ncosnm/12 — (ePH/6+e-Pr/6)2sinnm/12}

(A6-26)
(A6-26a)

(A6-26b)

(A6-26¢)

(A6-27)

(A6-27a)




Al

3 32+V3)
-m/12 < ¢ <m/12 — e Bosink¢
/12 < ¢ < /4 — (V3+1) e-B-T/O)sink (¢—m/6)
/4 < ¢ < 5m/12 — (V3+2) e-B-n3)sink(¢—m/3)
S5n/12 <o <7m/12 - (V3+2) e BO-T2)sink(¢-7/2)
T7/12 < ¢ < 37/4 — (V3+2) e-B(o-2n/3)sink(¢—2m/3)
3p/d< o< 11m/12 - e B@-5m/6)sink(o-51/6)
an = ;t—l% [sinnm/12 + (\/3+1)sinn1t/4 + (\/3+2)sin5mt/ 12]

bp=-—

{kcoskm/12[(eBn/12—e-Bn/12)(2pn)cosnm/12 —
(eP/124e-B1/12)(R2+k2—n2)sinnm/12] —

nsink/12[(ePr/12+e—Bm/12)(32—k2+n2)cosnm/12 +

psinkm/12[(eP™/12—e-Bn/12)(82+k2+n2)sinnm/12]}  (A6-28)

4 5 [sinn/12 + (V3+1)sinnn/4 + (V3+2)sinSnn/12]
n

Tth
{kcoskm/12[(eB/12—e-Bn/12)(p2+k2-n2)cosnn/12 +
(eBn/124e—Bn/12)(2Bn)sinnm/12] —
Bsinkm/12[(eP™/12+¢-B/12)(B2+k2+n2)cosnm/12 —
nsink7/12[(eP™/12—e-Br/12)(32—k2+n2)sinnn/12]}  (A6-28a)




A2

D724V

/12 < ¢ < m/12 — ePécoske

/12 < o < /4 ~ (V3+1) e BO-/6)cosk(p—n/6)
/4 < ¢ < 57/12 — (V3+42) e-B-m3)cosk(o-m/3)
Su/12 < o< /12 —(N3+2) e B-m2cosk(o-n/2)
T7/12 < ¢ < 37/4 — (V342) e-Be-21B)cosk(o-27/3)

Infd<o<11m/12 - eBO-5/O)cosk(¢—5n/6)

ap = ;}% [sinnm/12 + (V3+1)sinnm/4 + (V3+2)sinSnn/12]

(ksinkm/12[(eP™/124eB/12)(2Bn)cosnn/12 —
(ePr/12_e-Pr/12)(B2+k2—n2)sinn/12] +

ncoskn/12[(eP™12—e—Bn/12)(p2—k2+n2)cosnm/12 —

Bcoskm/12[(eBr/12+e-Br/12)(B2+k2+n2)sinnm/12]}  (A6:29)

4

by =~ —— [sinnm/12 + (V3+1)sinnm/4 + (V3+2)sin5nm/12]
n

{ksinkn/12[(eBr/124+¢-B/12)(32+k2—n2)cosnm/12 +
(ePr/12_e—Bn/12)(2pn)sinnn/12] +

Bcoskn/12[(eP™ 12+¢—Pn/12)(32+k2+n2)cosnmt/12 +

ncoskn/12[(eP™/12+e—Bn/12)(32k2+n2)sinnnt/12]}  (A6-29a)

All parts of equations (A6-26) to (A6-29), together with the term describing the
current which would be produced in a conventional R, L, 3C/(2+V3) circuit, gives the

Fourier series of the current on the secondary side of the transformers.

The Fourier series on the primary side can be deduced from these equations,

with similar contributions from the Fourier series of Iy, and equation (A6-23).




For n = 1 this simplifies to
Ir1 =—h\;(—m—L sin(¢+6p+y) + aj cos + by sin¢ (A6:30)
where

a] and by are the sum of all of the above a; and b; terms respectively, from
equations (A6-26) to (A6-29).

The dependence on 6 of ap and by, is as either coséy and sin6p:
ap = apc COSHQ + ang Sin90 (A631)

bp = bnc €0s8g + bpg sindy (A6-31a)

Substituting in (A6-30) and replacing ¢ with 8 — 8¢, simplifying and separating

gives
Ig= h\;(—L siny + ajc + (a1s— bic) M —(ay¢ + bys) sinZ6g (A6:32)
Ip= th[ cosy + byc + (15 + bic) smzeo +(aic + big) M (A6-32a)
By analogy with earlier work
q1=—1h—7+—1; a| 69 =0 (A6:33)
pr =Sl + sy bl g =0 (A6332)
g =8 % (i so=w2- bi|69=0) (A6-33b)
g3 == (|t =0- bi] oo=772) (A6:330)

The argument that g3 must be zero, from appendix 3, is also true in this case.
Again this was verified numerically. The contributions to the fundamental component
of the current are therefore given by

\Y sin260
I=x" (ql +a2 70 0 ) (A6-34)

E_m. (p +qp 0280 ) (A6-34a)

ﬁ2




For the harmonics, after simplifying,

|Tn| = V an2 + bp? (A6-35)

Expanding and substituting from (A6-31) and (A6-31a) gives, after simplifying,
‘Inl = ([anc2+bnc2]005290 + [ang2+bns2]sin260 + [anc ans + by bnslsin26g
(A6-36)

By analogy with the earlier work, this is written as,
\
|In| = 5" [t (A6:37)

Plotting (A6-36), indicates an approximately linear relationship between t, and
8ob, hence
\'/
Inc = 5, [cn —Sn 8ob] (A6:38)

Using the small 89 approximation in (A6:36), and comparing with (A6-38),

gives

cn=)—\§1;\/ an2 + bp2| 69 =0 (A6:39)

Sp = —%X"—I‘“ ‘\/ an2 + by | 8g = /2 (A6-39a)




Appendix 7

Analysis of a Twenty-Four Pulse STATCON
with Parallel Connected Transformer Primaries

a) Determination of the Current on the Transformer Secondary Side

The analysis of the circuit on the secondary side of the transformers can be
performed in a similar way to that of the parallel connected twelve pulse circuit. The
voltages at the secondaries of the transformers are regarded as being a twelve phase
unbalanced source. The relationship between the currents in the first interval and the
current in one of the phases during all of the intervals is given in table A7-1.

Table A7-1. Current Relationships in the Twenty—Four Pulse Equipment.

¢ Tar(¢)
-n/8 << —-m/24 Tar(¢)
-n24 < p < /24 —Igy(¢-m/12)
/24 < ¢ < /8 — Ley(o-7/6)
/8 < ¢ < 5m/24 — Ipy(¢-7/4)
5m/24 < ¢ < Tn/24 — Tay(e-7/3)
71/24 < ¢ <9n/24 Lap(¢—57/12)
9n/24 < ¢ < 11724 Lep(@-T/2)
117/24 < ¢ < 137/24 Ihp(—77/12)
131/24 < ¢ £ 157/24 Lib(9—2m/3)
15n/24 < ¢ £ 171/24 —Iqr(o-—31/4)
171/24 < ¢ < 197/24 — Icr(6-57/6)
191/24 < ¢ <21n/24 — Ipr(o-117/12)

21724 < ¢ — Lor(6—T0)




The circuit during the first era is shown in figure A7-1.

—
C'T- a - > -
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V, \Y
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Figure A7-1. Twenty—Four Pulse STATCON During the Interval — it/8 < ¢ < —Tt/24,

The voltage sources, relative to their star points, with the star point of the
secondary of the first transformer earthed, are defined as
Var = Vmsin(¢+8g+7/8)
Vay = Vmsin(¢+69—137/24)
Vab = Vmsin(¢+60—297/24)

Vor = Vom — Va1 = Vmsin(¢+6g+1/24)
be = ben - an = Vmsm(¢+90—51t/8)
Vbb = Vbbn - an = Vmsin(¢+90—311t/24)

Ver = Vern — V2 = Vmsin(o+60-7/24)
ch = chn -— Vn2 = Vm81n(¢+60—17nf24)
Veb = Vebn — Vn2 = Vmsin(o+6p-117/3)

Vdr = Vdm — Vn3 = Vinsin(¢+69—7/8)
Vdb = Vdbn — Vn3 = Vinsin(¢+69-357/24) (A7-1)

Again the sums of the voltages and the currents out of each transformer are
Zero:
Vab =~ (Var+ Vay) etc.
Iab = — (Tar + Iay) etc. (A7-2)

The current through the capacitor, from —to +, is given by
Ic = lay — (Iob + Icb + Idb) (A7-3)




From figure A7-1 the following equations can be deduced
dlar
Var— Vi =XL5 do a4 R Iy

Vay—v+=XdeI$ +RIay—Vc
Vab— Ve = XL G2+ R Iy

Vir + Vo = Vi = X G+ R Ibr = Ve

be+Vn1—V+=XL%¥+RIby—VC

Vbb+Vn1—V+—XLdIbb+RIbb

Vcr+Vn2—V+=XL%+RIcr—Vc

ch+Vn2—V+=XL'%¢¥+RICy—VC

Veb+ V2 - V4 =XL dICb‘*‘ R I

Vdr+Vn3—V+=XL%$+RIdr—VC

de+Vn3—v+=XLgak$¥+RIdy—Vc

Vdb+ Vn3 — Ve =XL %b + R Igp (A7-4)

where, as in earlier work,
Ve=-Xc [I.do (A7-4a)

Summing the first three equations of (A7-4) gives
V= x3§ (A7-5)

and summing the second, third and fourth sets of three equations gives, during this
interval,
\Y
Vni=Vn2=Vn3=—73° (A7:6)

Although the potentials of these three star points are the same during this era,
they cannot be connected because they will not be the same during different eras;
during this interval the devices which are turned on are the same in each inverter, in

different eras different devices will be turned on giving different voltages at the star

points.




Substituting for V4, Vp1, Vp2 and Vy3 into (A7-4), using (A7-3), substituting

from (A7-1), differcntiating again, and simplifying gives

d2l dle | 8Xc Vi
@ +2p g+ 3 e =% Smm sin(¢+69+7/12) (A7)

Integrating (A7-7), assuming R <2 V 8 Xc XL /3, gives
Vm 1
I = ~3hX. snn/24 cos(o+80+y+7/12) + A1e~Bosink + Age—Pocoske

(A7-8)
where

8X
k=A/ e _p2 (A7-8a)

Substituting (A7-8) in (A7 4a) and integrating gives, after simplifying,
Ve Vn
Xc~ 2hXL Slmt/24 sin(¢+60+y+7/12)

(Bz k2) [(BA1 —kA2)sink¢ + (kA + BA2)coske] (A7-9)

Substituting for V¢, from (A7-9), in the relevant parts of (A7-4), using (A7-5),
(A7-6) and (A7-8a) gives, after integrating and simplifying,
—Bo
Iy = F\;(_mi sin(¢+6Q+y+m/8) — c_8_ [A1sink¢ + Apcosk] + Aze2B¢

v 242 1 .
+ 16th1<L ?i +tlll(32)) sinn/24 [cos(¢+6g+y+T/12) — 2Bsin(p+60+y+7/12)]

2412
_ B_‘;(LL L——Eljg 2)) [sin(¢+60+y+7/8) + 2BCos(¢+60+1+7/8)] (A7-10)

—Bo
Iy = %’LL sin(¢+80+y+7/24) + 6—8— [Aysink¢ + Aocoske] + Age—2B¢

2412
- 1:51& ?ij;(sz)) simi/24 [cos(o+60+y+7/12) — 2Bsin(¢+0+y+7/12)]

h\;g"i L—El a2) [sin(o+680+y+7/24) + 2Bcos(o+69+y+1/24)] (A7-10a)

B0
Tpy = %’L‘L— sin(¢+60+y-57/8) + e—g— [A1sink¢ + Agcoskg] + Ase=2P0

Vi (B2+k2) 1

[cos(¢+60+y+T/12) — 2Bsin(¢+80+y+T/12)]

~ 16hX1 (1+4p2) sinn/24

Vi (B2+k2) .
_ ﬁmf E%z@ [sin(¢+60+y-57/8) + 2Bcos(¢+60+y—57/8)] (A7-10b)




, —Bo :

Iy = h\;(—"i sin(o+60+y—"/24) + 98— [A 1sink¢ + Apcosko] + Age—2P0

Vi KD 1
16hX (1+4|32) sinm/24

Vm B .
XL 21 Zl;z) [sin(¢+80+-7/24) + 2Bcos(o+00+1-7/24)] (A7-10c)

[cos(o+6g+y+T/12) — 2Bsin(p+60+y+7/12)]

Iey = h\;( sin(¢+6p+y—171/24) +& 3 [A 1sinke + Apcosk¢] + Aje—2Bo

__Vp ) 1
16hX1 (1+4p2) sintt/24

[cos(¢+6g+y+T/12) — 2Bsin(0+60+y+7/12)]

\Y 24k2) .
- h—X"-1L~ %’i:i—ﬁz)) [sin(o+60+y—171/24) + 2pcos(¢+6p+y-171/24)] (A7-10d)

ﬂ
Igr = h\;( sin(¢+00+y-1/8) gl [A1sinke + Apcosko] + Age—2Bo
Vm (52"'1(2)
~ 16hXL (1+4p2) sinn/24

24K2
s % [sin(g+60+y-m/8) + 2Bcos(o+0g+y-/8)] (A7-10¢)

[cos(¢+60+y+T/12) — 2Bsin(o+60+y+7/12)]

—Bo
lgy = hXx'"z sin(o+00+1-197/24) + S [A1sinkp + Agcosko] + Age=2P0

Vm (B2+k2) 1
~ 16hXL (1+4p2) sinn/24

Vi B24+K2) | .
~BX] g+—437) [sin(¢-+60+¥-197/24) + 2pcos(o+60+y-19n/24)]  (A7-10f)

[cos(¢+60+y+T/12) — 2Bsin(o+60+y+1/12)]

Substituting (A7-10a) and (A7-10b) in the appropriate part of (A7-2) and
simplifying gives
Ipb = hX sm(q>+9o+'y—311t/24)— [Alslnk¢+Azcosk¢> — (A4+As)e2Po

+Vm (;32+k2) 1
16hXL (1+4p2) sinn/24

Vi @%K2) : .
hXL (174p2) [sin(¢-+60+y—317/24) + 2Bcos(¢+60+y-317/24)] (A7-10g)

[cos(¢+6+y+T/12) — 2Bsin(p+60+y+m/12)]

and performing the same operations using (A7-10c) and (A7-10d) gives

Iep = sm(¢+90+?—1 17t/8) — ﬂ £ [A1sinko + Ascoske] — (Ag+A7)e2P0
Vv 24k2 1 .
BhXL E?+;Bz)) Snm24 [cos(e+B0+r+7/12) — 2Bsin(o+80+r+7/12)]

Vi B2+K2)
~RXL (1+4p2) [sin(¢+60+y-117/8) + 2Bcos(¢+60+r-117/8)] (A7-10h)




and for Igp:
Igp = yhX_ sin(¢+080+y-357/24) — [Alsmkcp + Agcoske] — (Ag+Ag)e—2B0

Vv 24k2 1 .
¥ 8h>r(nL ?i-:iﬁz)) simr/24 Cos(@+80+r+n/12) — 2Bsin(o+Bo+r+m/12)]

v . .
5 %;@ [sin(¢+60+y-357/24) + 2Bcos(o+00+y-351/24)]  (A7-10i)

Substituting (A7-10g), (A7-10h), (A7-10i) and (A7-8) in (A7-3) gives, after
simplifying,

lay = h\;( sin(¢+90+y-1371/24) +&- [Alsmkq) + Apcosko]
—(Ag+As5+Ag+A7+ Ag + Ag)e—2B0

\ 24k2 '
B 8h)r(nL E?+252)) simi/24 [cos(¢+80+y+m/12) — 2Bsin(¢+60+y+7/12)]

Vm (2+k2) | . o
" hXL (1+4p2) [sin(¢+680+y-137/24) + 2Bcos(¢+60+y-137/24)] (A7-10j)

Substituting (A7-10j) and (A7-10) in (A7-2) gives
B
Iap = _h\g(_ sin(¢+60+y-297/24) ——— [A1sink¢ + Acosk¢]
+(-A3+Ag+As+Ag+ A7 + Ag + Ag)e=2Bo

vV 24+k2 1 '
TOhXL E?+252)) S/24 [cos(¢+60y+1/12) — 2Bsin(e+60+r+T/12)]

Vi (%K) .
hXL (1+4p2) [sin(¢+80+y-297/24) + 2Bcos(o+6p+¥-29m/24)]  (A7-10k)

+

The boundary conditions are

V(o = —1/24) = V(¢ = -1/8) (A7-11)
Tar(6 = —1/24) = — Iay(¢ =—1/8) (A7-11a)
Lay(¢ = —/24) = Icy(¢ = -1/8) (A7-11b)
Tey(o = —m/24) = Ipy(¢ = -7/8) (A7-11c)
Ty (6 = —1/24) = Lay(¢ = -7/8) (A7-11d)
Lay(6 = —1/24) = — Igb(¢ = -7/8) (A7-11e)
Lab(¢ = —1/24) = Icp(9 = -7/8) (A7-11f)
Ieb(® = —11/24) = Ipp( = —1/8) (A7-11g)
Tpb(¢ = —7/24) = Lap(¢ = -1/8) (A7-11h)

Using (A7-9), or the appropriate parts of (A7-10), and simplifying gives

\'%

nx (BH+kA)cos(Bo+) =
eBn/24( A 1[B(sinkm/24 — eB/12sinkn/8) — k(coskm/24 — eP™/12coskn/8)] —
Ao[B(coskm/24 — eB/12coskn/8) + k(sinkn/24 — eB™/12sinkn/8)1}  (A7-12)
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Vi G (i o0 + 2Bc0s(e+)] =

hX1 (1+482)
P24 A [sinkm/24 — ef/125inkn/8] — Ap[coskn/24 — eP/12coskn/8])
+ 8A3ef/12 4 § Ageh/4 (A7-12a)
ol 2 fin(age) + 2pcosG0+)] =
eBm/24{ A [sinkm/24 — eBr/125inkn/8] — Ao[coskn/24 — eP/12coskn/8])
— 8AgeB/12 + §A;eh/4 (A7-12b)

Vi (B%+k2) [sin(80+y) + 2Bcos(6p+y)] =

hXL (1+4p2)
eBm/24{ A [sinkm/24 — efn/125inkn/8] — Ap[coskn/24 — ePr/12coskn/8])
— 8A7eB/12 + 8 A 5ehn/4 (A7-12¢)

Vi @2+k2) .
R (L3457 (SO0 + 2Bc0s(og)]

s 22 Vi (B2+k2)
(V3-1) hX1 (1+4p2)

eBm/24{ A | [sinkn/24 — eB/125inkn/8] — Ao[coskn/24 — ePm/12coskn/8])
_8AseP/12 _8(A4 + As+ Ag + A7 + Ag + Ag)eft/4 (A7-12d)

cost/24 [cos(8g+y—T/24) — 2Bsin(Bp+y—1/24)] =

Vo B2 i1 g4 + 2pcoseg )] =

hXy (1+4p2)
eBm/24{ A [sinkn/24 — eB™/12sinkn/8] — Ao[coskn/24 — eB™/12coskn/8])
+4(A4 + As + Ag + A7 + Ag + Ag)eP/12 + 4(Ag + Ag)ehr/4 (A7-12¢)

Vi (B2 [sin(80+y) + 2Bcos(6o+y)] =

hXy, (1+4p2)
eBn/24{ A |[sinkm/24 — eBr/12sinkn/8] — Ap[coskm/24 — eP/12coskm/8] )}
—4(Ag + Ag)eP12 + 4(Ag + A7)efn/4 (A7-12f)

Vi (@2+k2) . .
—hX—"i (1+482) [sin(8o+y) + 2Bcos(Bo+v)] =

eBn/24{ A {[sinkn/24 — efn/12sinkn/8] — Ap[coskn/24 — eP™/12coskn/8])
— 4(Ag + A7)ebr/12 + 4(Ay + As)ePT/4 (A7-12g)




Vi (B2+k2) .
-hx—nif%i—ﬁis [sin(8p+y) + 2Bcos(8p+7)]

N2 Vi (K2
(V3-1) hXL (1+4p2)

eBr/24{ A ([2sink7/24 — eBn/12sinkn/8] — Ap[2coskn/24 — eP/12coskn/8])
_8(Ag + As)ePU12 _8(—A3 + Ag + As + Ag + A7 + Ag + Ag)eh/4 (AT-12h)

cosmt/24 [cos(Bg+y+m/24) — 2Bsin(6p+y+n/24)] =

Again matrix manipulation can be used to compute A to Ag.

b) Determination of the Current on the Transformer Primary Side

The transformer phase shifts are 15° apart and are symmetrically disposed about
zero, i.e. at =22:5°, =7- 5°,7-5°, and 22-5°. The turns ratios are defined in figure A7-2.

Secondary Primary
N, l
25 | M
Ny
N3
7-5°

/N

Figure A7-2. Turns Ratios for the Advanced Phase Shifting Transformers.

As in Appendix 5 the values of the turns ratios can be calculated by equating the

coefficients of the sin® and cos6 terms:

Var=Nj VR~N2 Vy Vpr =N3 VR —N4 Vy

Ve =N3 VR-Ng VB Var=Ni1 VR-N2 Vg (A7-13)
_ sinTt/8 _ sin5m/24

Ni =cosn/8 + a2 = n2n/3 (A7-14)
_ sinm/8 _ sinmt/8

2= 5in2n/3 = sin2n/3 (A7-142)

_ sinm/24 _sin7n/24 .

N3 =cosn/24 + an2n3 = Sn2n/3 (A7-14b)

N sinm/24 _ sinm/24 (A7-14c)

4 =5in2n/3 = sin2n/3




The current on the primary side is given by

IR = N1(ar + Iar) — No(lap + lay) + N3(Tor + Ier) = Naop + Iey)  (AT-15)
Fourier Series of th m Curr

As in the twelve pulse parallel connected circuit the Fourier series of the voltage

at the a.c. terminals of the inverter is calculated first and then that of the system current.

The integrals for the Fourier series are given by

3nd -1t/24 /24
3 D= [Vc() cosn(o+m/8) do + }Vc(q>—1t/12) cosn(¢+7/8) do
—7/8 -n/24
/8 Sw/24
+ £V0(¢—1t/6) cosn(¢+m/8) do + ;Vc(q>—7t/4) cosn(¢+7/8) do
/24 /8
/24 3n/8
+2 }Vc(q>—7t/3) cosn(¢+m/8) do + 2 ,[Vc(q)—Sn/ 12) cosn(¢+7/8) do
5n/24 Tr/24
11m/24 13n/24
+2  [V@n/2) cosn(e+m/8)do +2 [ Vc(6-Tm/12) cosn(p+m/8) do
3n/8 11x/24
5n/8 17%/24

+ [ Ve(@-2n/3) cosn(p+7/8) do + [ V(¢-3m/4) cosn(o+n/8) do
13w/24 5mt/8

19n/24 /8
+ J' V(¢-57/6) cosn(p+mn/8) do + IVC((p—l 17t/12) cosn(¢+n/8) do
17n/24 19n/24

(A7-16)

with the equation for e being the same except for sin replacing cos.




Making suitable changes of variables and simplifying gives

37;(1“ = — [2cosnm/24 + cosTnn/24 + cosOnm/24]
-1t/24
{ Vc(¢) cosne do
-1/8
— [2sinnn/8 + 2sin5nm/24 + 3sin7nn/24 + 3sin9n7/24 + 4sinl Inn/24]
—t/24
{ Vc(9) sinng d¢ (A7-17)
/8
and
37ten
5 == [2cosnm/24 + cosTnn/24 + cosOnm/24]
-Tt/24
{ V(o) sinng do
/8

+ [2sinn7/8 + 2sinSn7/24 + 3sin7nn/24 + 3sin9n7/24 + 4sin] 1nmn/24]
—nt/24
{ V(o) cosng do (A7-17a)
-n/8




Substituting for V¢(¢) from (A7-9), reducing using (A7-8a), integrating and
simplifying gives

2[2cosn/24 + cosTm/24 + cos9mn/24] {
dp=- 3n

[ 4—(3]\3%3 % (B2+k2) cosn/24
(cos(eo+y—5n/12) 6‘—4 - ié%—g\j—z )- sin(8g+y-5m/12) (1_8%];_3 ))]
L 3BAI —kAYXL ebr/24
8h2
[k (B2+k2-1) (- coskn/24 cosn/24 + eBT/12 coskn/8 cosn/8) +
B (B2+k2+1) (sinkn/24 cosn/24 — eB™/12 sinkn/8 cosm/8) +
2Bk (- coskm/24 sinm/24 + eBn/12 coskn/8 sinm/8) +
(B2—k2+1) (sinkn/24 sinm/24 — eb™12 sinkn/8 sinn/8) |
L (kA | +BAYX] P24
8h2
[B B2+k2+1) (- coskn/24 cosn/24 + eB™/12 coskn/8 cosn/8) +
k (p2+k2-1) (- sinkm/24 cosm/24 + eP/12 sinkn/8 cosn/8) +
2Bk (- sinkm/24 sinw/24 + eB/12 ginkn/8 sinm/8) +
(B2-k2+1) (= coskn/24 sin/24 + eBT/12 coskn/8 sin/8) ] }

a 2[2sinm/8 + 2sin5m/24 + 3sin7m/24 + 3sin9n/2 + 4 sin117/24] {

3rn
[ Z(—fl-;j—f—l—) Y}fn (B2+k2) cosm/24
V54 -9N2 ))]

(cos(eoﬂ—Sn/IZ) (1—@\—2@ )- sin(60+y-5m/12) (ﬁ P
L 3BAI—KADXL efr/24
8h2
[2Bk (— coskm/24 cosn/24 + eB™/12 coskm/8 cosn/8) +
(B2—k2+1) (sinkn/24 cosn/24 — P12 sinkn/8 cosn/8) +
k (B2+k2-1) (coskn/24 sinm/24 — eB/12 coskn/8 sinm/8) +

B (B2+k2+1) (- sinkm/24 sinm/24 + eBW12 sinkn/8 sinn/8) |
+ 3(kA1 + BADXL ebr/24

8h2
[(B2-k2+1) (- coskn/24 cosn/24 + eBW/12 coskn/8 cosn/8) +
2pk (- sinkm/24 cosn/24 + eB™/12 sinkn/8 cosn/8) +
B (B2+k2+1) (coskm/24 sinm/24 — ePm/12 coskn/8 sinm/8) +
Kk (B2+k2-1) (sinkn/24 sinm/24 — eBn/12 sinkn/8 sinn/8) | } (A7-18)




2[2cosnm/24 + cos7nm/24 + cosOnm/24] {
dn =~ 3n

[ 3V2 Vi (B2+k2)
4(V3-1) h (@2-1)
{cos(6g+y-5m/12)
[cosnm/24 sinm/24 — cosnn/8 sinm/8 — n sinnm/24 cosn/24 + n sinn7/8 cosm/8]
‘ — sin(@p+y-57/12)
[cosn®/24 cosn/24 — cosnm/8 cosw/8 + n sinnT/24 sint/24 — n sinn7/8 sinm/8] }]
, 3(BA] —KkApX] ePr/2¢
8hp2
[ (B2+Kk2-n2) (- coskn/24 cosnm/24 + eB™/12 coskn/8 cosnm/8) +
B (B2+k2+n2) (sinkn/24 cosnm/24 — eP™/12 sinkn/8 cosnm/8) +
2nk (- coskn/24 sinnn/24 + eB/12 coskn/8 sinnm/8) +
n (p2—k2+n2) (sinkn/24 sinnm/24 — eB%12 sinkn/8 sinnn/8) |
L (kA +BAYDXL, ebn/24
8hp?2
[8 B2+k24n2) (- coskm/24 cosnm/24 + eB/12 coskn/8 cosnm/8) +
k (B2+k2-n2) (- sinkn/24 cosnm/24 + ePW/12 sinkn/8 cosnn/8) +
2pnk (~ sinkm/24 sinnm/24 + eP™/12 sinkn/8 sinnm/8) +
n (p2—k2+n2) (= coskn/24 sinnm/24 + eBV12 coskn/8 sinnm/8) | }

cost/24

2[2sinnn/8 + 2sin5nn/24 + 3sin7nm/24 + 3sin9nm/2 + 4 sinl 1n7/24] {
B 3n

3V2 Vi (B2+k2)

[ INED R 1) cosm/24
{cos(8g+y-51/12)
[~ sinnm/24 sinw/24 + sinnw/8 sinm/8 — n cosnm/24 cosT/24 + n cosnm/8 cosn/8]
— sin(8g+y-57/12)

[~ sinnmt/24 cosn/24 + sinnn/8 cosm/8 + n cosnm/24 sintt/24 — n cosnn/8 sinm/8] }]
. 3(BA1 —kApX] /2
8hp?
[2pnk (— coskn/24 cosnm/24 + eBm/12 coskn/8 cosnm/8) +
n (B2-k2+n2) (sinkm/24 cosnn/24 — eB/12 sinkm/8 cosnn/8) +
k (B2+k2-n2) (coskn/24 sinnm/24 — eB™/12 coskn/8 sinnmt/8) +
B (B2+k2+n2) (- sinkm/24 sinnn/24 + ebV12 sinkn/8 sinnn/8) |
L (kA +BANXL, ebr/24

8hp?2
[n (B2-k2+n2) (~ coskmn/24 cosnn/24 + eB™/12 coskn/8 cosnm/8) +
2pnk (- sinkm/24 cosnn/24 + eB/12 sinkn/8 cosnm/8) +
B (p2+k2+n2) (coskn/24 sinnm/24 — eP™/12 coskn/8 sinnm/8) +
k (B2+k2-n2) (sinkn/24 sinnm/24 — eP/12 sinkn/8 sinn7t/8) ] } (A7-18a)




2[2cosn/24 + cosTn/24 + cos9m/24] {
e1=- 3n
[ ﬁ;i%l_) -\%“- (B2+k2) cosm/24
n V54-9+2 ))

(cos(eoﬂ—Sﬂ/IZ) (1@%—3—)— sin(8o+y-57/12) (2—4 B
, 3(BA1 —kApXy P24
8h2
[ 28k (— coskm/24 cosn/24 + eB/12 coskn/8 cosn/8) +
(B2-k2+1) (sinkm/24 cosn/24 — P12 sinkm/8 cosn/3) +
k (B2+k2-1) (coskn/24 sinm/24 — eP™/12 coskn/8 sinm/8) +
B (p2+k2+1) (- sinkn/24 sinn/24 + eBW/12 sinkn/8 sinm/8) ]
N 3(kA| + BAQX ePr/24
8h2
[ (82—2+1) (— coskn/24 cosn/24 + eB12 coskn/8 cosm/8) +
2Bk (— sinkm/24 cosn/24 + éB™12 sinkn/8 cosm/8) +
B (B2+k2+1) (coskn/24 sinm/24 — eBr/12 coskn/8 sinm/8) +
k (p2+k2-1) (sinkn/24 sinm/24 — eP/12 sinkn/8 sinm/8) ]}

+ 2[2sinm/8 + 2sin5m/24 + 3sin77/24 + 3sin9n/2 + 4 sinl1n/24] {

3n
[ 4—(%\3%—5 yhﬂ (B2+k2) cosm/24

(cos(eo+y-5n/12) (%‘Z - @gﬁ )— sin(8o+y-5m/12) (%gé))]

4 3BAI —kA)Xy efr2¢
8h2
[ (p2+k2-1) (- coskm/24 cosn/24 + eB/12 coskn/8 cosm/8) +
B (B2+k2+1) (sinkn/24 cosn/24 — eB/12 sinkn/8 cosn/8) +
2Bk (— coskn/24 sinm/24 + eBm/12 coskn/8 sinn/8) +
(B2-k2+1) (sinkm/24 sin/24 — bT/12 sinkn/8 sin/8) |
LKA+ BADX ebrm/24

8h2
[B (p2+k2+1) (— coskn/24 cosn/24 + eBr/12 coskn/8 cosn/8) +
k (2+k2-1) (- sinkn/24 cosn/24 + eP™/12 sinkn/8 cosn/8) +
28k (— sinkm/24 sinn/24 + eBn/12 sinkn/8 sinm/8) +
(B2—K2+1) (= coskm/24 sinm/24 + eBw/12 coskn/8 sinn/8) | } (A7-18b)




2[2cosnn/24 + cos7nw/24 + cos9nr/24]
Cn=— In {
2412
[ 4(3\3/21) Xhm (([:1 2_k1)) cosm/24
{cos(8p+y-57/12)
[ sinn7/24 sinm/24 + sinn7t/8 sinmt/8 — n cosnm/24 cosn/24 + n cosnm/8 cosT/8] —
— sin(8p+y-5n/12)
[ sinn7/24 cosw/24 + sinnm/8 cosn/8 + n cosnm/24 sinm/24 — n cosnr/8 sinm/8]} ]
L 3(A; ~kAYX] /24
8hp?2
[28nk (- coskn/24 cosnn/24 + eP/12 coskn/8 cosnm/8) +
n (B2—k2+n2) (sinkm/24 cosnm/24 — eB™/12 sinkn/8 cosnm/8) +
k (B2+k2-n2) (coskn/24 sinnm/24 — eP/12 coskn/8 sinnm/8) +
B (B2+k2+n2) (- sinkn/24 sinnm/24 + eP™/12 sinkm/8 sinnm/8) ]
L (kA +BAYX] efn/24
8hp?2
[n (B2—K2+1) (— coskn/24 cosnm/24 + eB/12 coskn/8 cosnm/8) +
2pnk (- sinkn/24 cosnm/24 + eb™/12 sinkn/8 cosnm/8) +
B (B2+k2+1) (coskm/24 sinnm/24 — eP™/12 coskn/8 sinnm/8) +
k (82+k2—1) (sinkm/24 sinn/24 — eB/12 sinkn/8 sinnm/8) | }

+ 2[2sinnm/8 + 2sin5Snmw/24 + 3sin71;11tt/24 + 3sin9nm/2 + 4 sinl1nmw/24] {
[ 3V2 Vi (B2+k2)
4(N3-1) h (n2-1)
{cos(6p9+y-57/12)
[cosnm/24 sinm/24 — cosnm/8 sinmt/8 — n sinnn/24 sinm/24 + n sinnw/8 cosm/8]
— sin(8p+y-5m/12)
[cosnT/24 cosT/24 — cosnm/8 cosn/8 + n sinnw/24 sinm/24 — n sinnw/8 sin7t/3] ) ]
L 3BAL —kApX] b2
8hp2
[k (B2+k2—n2) (— coskm/24 cosnm/24 + eB™/12 coskm/8 cosnm/8) +
B (B2+k2+n2) (sinkm/24 cosnm/24 — eP12 sinkm/8 cosnm/8) +
2pnk (- coskn/24 sinnm/24 + eB™/12 coskn/8 sinnm/8) +
n (B2-k2+n2) (sinkm/24 sinnm/24 — eP™12 sinkn/8 sinnm/8) ]
+ 3(kA1 + BADXL ebn/24
8hp?2
[B (p2+k2+n2) (~ coskn/24 cosnm/24 + eBm/12 coskn/8 cosnm/8) +
k (B2+k2-n2) (- sinkm/24 cosnn/24 + ePW12 sinkn/8 cosnm/8) +

2Bnk (— sinkn/24 sinnm/24 + P12 sinkn/8 sinnm/8) +
n (B2—k2+n2) (~ coskn/24 sinnm/24 + eP™12 coskn/8 sinnm/8) 1} (a7-18¢)

cosn/24
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The Fourier series on the secondary side of the transformers, for the red phase of
the first transformer, is given by

Tor =— ﬂﬁf_ciﬁz_) [cos(¢+60+T/8) — 2Bsin(p+60+7/8)] (A7-19)

= 1

* n}il X1 (n2+4p2)

[(ney — 2Bdp)cosn(¢+7/8) — (ndy, + 2Bey)sinn(¢+7/8)]

The Fourier series of the current on the primary side is calculated by employing
equation (A7-19), and similar equations for the other phases, in equation (A7- 15). After
simplifying this gives

o4
RIZXL(1+4p9)
{=Vmlcos(¢+60) — 2psin(¢+60)] + e1[cosd — 2Bsine] — di[sing + 2pcoso] }

(A7-20)

and for the harmonics, after simplifying,

dp2 + ep2

4
[l =x0 N nZasd) (A7:21)

The equations to determine the parameters for the fundamental component are
the same as those for the three phase case, equations (A3-26) to (A3-26b), hence

4V sin26,

=% (ql +q2 255 ) (A7:22)
4BV sin2@

Ip="5%" (Pl t2 g 0) (A7-222)

For the harmonics the equation for the exact value of tj is as in the three phase
case, equation (A3-29). Plotting this as a function of 8o shows thatl In| is linear. The
equations for ¢y and sy are therefore as those in the three phase case, equations (A3-32)
and (A3-32a), respectively. In this case, because of the parallel connection of the
transformer primaries,

Ing = 5 fon — Sn b (A7:23)
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Appendix 8

An is of nty-Four Pulse STATCON
ith Series Conn Transformer Primari

a) Determination of the Current on the Transformer Secondary Side

The transformer arrangement is shown in figure AS8-1.

v, v, v, Vg
Vay Vda
n; be Veb n, ny
o Va Vob Ve \
Y VRx VRY Vez

S
O/ N SIS

vm vYZ

Figure A8-1. Twenty—Four Pulse Series Connected Transformer Arrangement,

The relationships between the voltages are
Var = N1(VR - VrRX) - N2(Vy - Vyx)
Vibr =N3(VRx - VRY) - Na(Vyx — Vyy)
Ver = N3(VRY ~ VRz) — N4(VBY - VBZ)
Vir=NiVrz - N2Vpz (A8-1)

The values for the transformer turns ratios are given in equations (A7-14) to
(A7-14c).

The relationships between the currents are
IR=Njlar—NoTap=N3lpr —NgIpp =N3 I —Ng Ly =Nj Ior — N2 gy (A8-2)

Following the same argument used in appendix 6, the sum of each of the sets of

three voltages and currents out of each transformer is zero:

Ig=-(Rr +ly) Iab =~ (lar+ lay)
VB=~(VR+Vy) Vap=~(Var+ Vay)
VBx =—(VrRXx + VRY) etc. (A8-3)
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Using the same method as that outlined in appendix 6 these relationships,
(A8-1), (A8:2) and (A8-3), can be used to reduce the number of unknown currents and
voltages.

The expressions reduce to

oy = — 2+33) I + ‘13(‘?*1) Tr (A8-4)
Tpy = — Mg—“i) Ior + (N3+1) Ty (A8-4a)
Tor = — Iy +d\%'2*—1) T (A8-4b)
Iey=— (V3+1) Iy + (‘/73;—1) Tiyr (A8-4c)
Lir=— (‘/73;—1) Tar + (V3+1) Tpyr (A8-4d)
Igy =— i‘%—l) Tar + T (A8-de)
Vay=— 303241 (A8
Gg—gf;j—i’;vm ¥ vbr+§/]§vcrw;,3—(‘\%—ﬂ~)vcy +45 Var—33 Vay —N3 VR + Ng VY)
Viy = —\ji(\}j@ (A8-4g)
(—Var—%Vbr-%vcr+%vcy—v3—(‘\j,;—l)vm+%vdy +Ni VR - N2 Vy)

The current through the capacitor has the same dependence on the currents on
the secondary sides of the transformers as in the parallel case so substituting from the
relevant parts of (A8-4) and (A8:3) gives

I = (\/2+1)(x/3\721)(«/3+\/2) T — o) (A8-5)

250




Substituting from the different parts of (A8-4) into the relevant parts of (A7-4),
using (A7-5) and (A7-6), and simplifying gives

VM=XL%§£+RIM +‘\§/§ (A8-6)

202+V3 V2 \2
G3§V3+1) Var + Vor +33 Ver ~3351) Vey W“ Var— T Vdy —N3 VR + Ny VY)

2243) | 22+V3) 22V
=XL g do \N3(3+1) Tar — Tor ) GW Tar —Ibr )+ W3E3+D) (A8-6a)

Vor =X G+ R Iy -3¢ (A8-6b)
(vm_%gvbr 5 Ver +55 Vey - VW\/%;TVdﬁ%—VdﬁNIVR szy)
V2

= XL d% (Iar -5 Ior )+ R (Im -% T )+ 3—\,%\3’_%1-) (A8-6¢)
vcr=xL(‘f¢( e + L\%ﬂlbr) R(—Iar N%*—DIM) Yo o (as6d)

Vey =XL (W31 I + (‘/3”)1“ +R (= (V3+1) Ior + (‘/3”)1“ —C

¥ N M

(A8-6¢)

Var= XLd¢( QE’];—I)LH+(\/3+1) Ibr)+R( (\/73+—1)1ar+(\/3+1)1br)-v§<2
(A8-6)

Vay =X~ A3y o, o)+ (- (‘\%Ll)lar’*‘lbr)—%c (A86g)
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Simplifying

(A8-6a) -}/f;%‘g% (A8 6) — (A8- 6b) %,/2 (A8-6d)

+ 3(\%_'_1) (A8-6e) — ;B (A8-6f) +V§ (A8-6g) gives
Ve  N3VR-NygVy
12X T 4XL

(A8-7)

and simplifying
(A8 6¢) + (A8:6) + %l,g (A8-6b) +V_ (A8-6d)
- ;/3 (A8-6e) + ;7%371) (A8-6f) — %% (A8-6g) gives

dI V. NjVR-NV
Far c _INI VR 2VY
do T lart X7 =T 4xy

(A8-7a)

In this case the voltage source is defined as four times that in the parallel
connected case:
VR =4Vpsin(o+6g) Vy =4Vpsin(o+60-2n/3) VB = 4Vysin(¢+60+27/3)
(A8-8)

Taking (A8-7) — (A8-7a), substituting from (A8-8) and (A8-5), differentiating
again and simplifying using the definitions of the turns ratios, equations (A7-14) to

(A7 14c), gives
d21. o dJC (\/2+1)(\/3+1)(\/3+\/2) 1
d¢? Pdo 6V2 2XL sinm/24

sin(¢+60+1/12)  (A8-9)

This equation has the same form as the equivalent equation in the parallel case,

(A7-7), except for the coefficient of the I term. The solution is therefore of the same
(V2+1)(V3+1)(N3+V2) X XL

form as that in the parallel case, assuming R < 2 6v2
\Y 1
Ic= 2h}l?L Son/a cos(¢+80+y+1/12) + A1ePosinko + ApePocoske
(A8-10)
where
k= ,\/ (\/2+1)(\/3+1)(\/3+\/2) _p2 (A8-10a)

The voltage across the capacitor divided by the impedance of the capacitor is

also of the same form as that in the parallel case, (A7-9):

\Y \Y/ 1
X(CZ Zh;(nL sinm/24 sin(¢+60+y+7/12)

+ (B2 +—k2) [(BA| — kA2)sink¢ + (kA1 + BPAp)coskd] (A8:11)
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Substituting from (A8-11) in (A8-7a) and integrating, gives, after simplifying
Tar = o §in(o+0 /8)
ar = SIn(@+80+r+T

_ Vi (B%+k2) :
hX1 (1+4p2) cosm/24 [sin(¢+60+y+7/12) + 2Bcos(¢+60+y+7/12)]

e—Po
TV2(V2+D)(V3+1D)(V3+V2)

(Asink¢ + Ajcoske) + Aze—2B0 (A8-12)

Substituting (A8-12) and (A8-10) in (A8-5) and simplifying gives
Ipr = H—\;?L sin(¢+60+y+7/24)

2412
R %%;—l;z—)) COST/24 [sin(¢r+B0++/12) + 2Bcos(o+60+r+/12)]

e-Bo
F VRNZF DA+ D3H2)

(A1sink¢ + Apcoske) + Aze—2B¢ (A8-13)

The boundary conditions are three of those used in the parallel case:

V(6 = —1/24) = V(o = —7/8) (A8-14)
Lar(6 = —1/24) = — Igy(6 = —7/8) (A8-14a)
Lay(6 = —/24) = Ley(6 = —/8) (A8-14b)

As in the twelve pulse circuits, the voltage boundary condition is the same in
both the parallel, (A7-12), and series connections:

A\

FX_mE (B2+k2)cos(6p+y) =
eB/24{ A | [B(sinkm/24 — eB/125inkn/8) — k(coskn/24 — eP™/12coskn/8)] —
Ao[B(coskn/24 — eB/12coskn/8) + k(sinkn/24 — eB™/12sinkn/8)]}  (A8-15)

Evaluating (A8-14a) gives
24k2
Vm (B+k%) sinmt/12 [sin(6g+y+571/12) + 2Bcos(6p+y+5n/12)] =

hXL (1+4p2)
ebn/24
2(V2+1)(N3+1)(N3+V2)
{V2[A1sinkm/24 — Apcoskm/24] — (V3+1+V2)eBM/12[ A sinkn/8 — Azcoskn/8])
- %ﬁzﬂ—u [(V3+12)eBn/6 — 2] (A8-15a)
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Evaluating (A8:-14b) gives

Vi (B24k2) . .
Wﬂiz%m sinmt/12 [sin(6g+y+7/3) + 2Bcos(Bp+y+n/3)] =

eBn/24
2(V2+1)(V3+1)(V3+V2)

{(N3+14+V2)[Asinkn/24 — Ajcoskm/24] —
(V3+1)(N2+1)eP12[ A ;sinkn/8 — Apcoskn/8]}

- %?25/1—2 [(N2-1)(N3+1)ePm/6 — (V3+1-+2)] (A8-15b)

The current on the primary side of the transformers is given by (AS8-2),
substituting from the relevant parts of (A8-3) and (A8-4), gives
; J V3(V3+1) Np
R =[N = (V3+1)N7] Iar+—\7-2——lbr (A8:-16)

b) Fourier Series

As in the twelve pulse case with series connected primaries the current is
established directly, separating each term. The current during each of the intervals can
be established from table A7-1 and equations (A8-3), (A8-4) to (A8-4¢), (A8-12) and
(A8-13).

The Fourier series can be defined as
Iar= X lan cosn(¢+m/8) + by sinn(¢+71/8) (A8-17)
n=

where
21n/24 2 21xw/24

2 . _
apn=— I5r(¢) cosn(o+m/8) do and bp== Ior(¢) sinn(¢+7t/8) do
o ——nj/8 “ non —“'&8 .
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2412
1) Vm (k9 cosn/24

hXL (1+4p2)
—T/8 < ¢ <-—T/24 — [sin(¢+80+y+7/12) + 2Bcos(¢+60+y+1/12)]
-1/24 < ¢ < /24 - 1/_3_512_—_2 [sin(¢+60+y) + 2Bcos(d+60+Y)]
(V2-D(V3+1) . .
/24 < ¢ < 1/8 - > [sin(¢+6¢+y-1/12) + 2Bcos(p+6g+y—"/12)]

/8 < ¢ < 5m/24

n(¢+60+y-1/6) + 2pcos(¢+60+y-—T/6)]
V3(V3+1) —V2(2+V3)
V2

~ (\/3—\/\2])2(\13+1) (si

5m/24 < ¢ < Tn/24

[sin(¢p+6¢+y—1/4) + 2Bcos(p+6g+y-T/4)]

24 < o <9m24  —[N2(\N3+1) — (2+V3)] [sin(o+00+y—7/3) + 2Bcos(+89+—T/3)]
On24 < o < 1124  [N2(V3+1) — (2+V3)] [sin(¢+60+y-57/12) + 2Bcos(@+60+y=57/12)]
" V3(V3+1) —V202+V3) .

/24 < ¢ < 131/24 — > [sin(¢+6¢+y—T/2) + 2Bcos(dp+6p+y-T/2)]

(32)(3+1)
N2

13n/24 < ¢ < 151/24 [sin(¢p+60+y-77/12) + 2Bcos(¢p+8g+y—7T1/12)]

157/24 < ¢ < 177/24 (;/Z:%g/B_H) [sin(¢+00+y-271/3) + 2Bcos(@+00+1-27/3)]

171/24 < ¢ < 191/24 \l%lz_ﬁ [sin(¢+60+y-31/4) + 2Bcos(p+69+y-31/4)]

191/24 < ¢ < 211/24 [sin(¢+60+y-51/6) + 2Bcos(¢p+60+y—51/6)]

Performing suitable changes of variables leads to the following definitions:

cosna = — {cosnn/8 + \Bﬁﬂz—ﬁ cos5nm/24 + (-\IZ_WDSB—H)

(3V2)(V3+1) [V3(\3+1) — V2(2+V3)]
2 V2

cos7nm/24 +

cosonm/24 — coslinm/24 +

[N2(V3+1) = 2+V3)] cos13n7/24 — [V2(N3+1) — (2+V3)] cos15n7/24 +
N3QB+D) ~ N2V 170mng (\13“!3)2“3*1) cos19n7/24 —

N2
(\/2__135\/3_14) cos21nm/24 — \Bﬂﬂz_ﬂ cos23nm/24 —cos25nm/24}  (A8-18)

and

V3+142 (N2-D(V3+1)
2

sinna = — {sinnn/8 + N sinSnn/24 +

(32)(V3+1) [V3(\3+1) —V2(2+V3)]
V2 V2

sin7nm/24 +

sin9nm/24 —

sinllnmw/24 +

[N2(\V3+1) — (2+V3)] sin13n7m/24 — [N2(¥3+1) — (2+V3)] sin15n7/24 +
NV3OB+1) ~ N2V 1y (43‘\1\21)2(\/3“) sin19nm/24 —

V3+12
\2

N2
(2-1)(V3+1)
V2

sin21nm/24 — sin23nm/24 — sin25nwt/24}  (A8-18a)

with
cosla =cosnawhenn =1
and

sinla = sinna whenn =1
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a; = % [sin(6g+y+7/12) + 2pcos@o+y+n/12)]{cosla V2 - :1/34 *2n sinla 1@—;/_3 } +
2 : 1-V3 . N54—-92+2nm
T [cos(Bp+y+m/12) — 2Bsin(Bg+y+n/12)]{cosla 82~ sinla 3 }
(A8-19)
by = Z [sin(@g+1+7/12) + 2Bcos(Bg+r+1/12)] (cosla 1@—;& +sinla V2 134 *m,
. V54 — . -
% [cos(Bg+y+m/12) — 2Bsin(Bg+y+m/12)]{cosla 24 2;3/2 +2n + sinla I—S—V;—Z/é }
(A8-19a)

n>1

2 [sin(8g+y+m/12) + 2Bcos(6g+y+m/12)]
an =7 )
n (n“-1)
{cosna[cosn7t/24 sinnt/24 — cosnnt/8 sint/8 — n sinnm/24 cosnt/24 + n sinnw/8 cosm/8] +

sinna[sinnn/24 sinw/24 — sinnn/8 sinn/8 + n cosnm/24 cosn/24 —n cosnn/8 cosm/8]} +
2 [cos(Bp+y+m/12) — 2Bsin(Bp+y+7/12)]
n (n2-1)

{cosna[cosnm/24 cosn/24 — cosnn/8 cosT/8 + n sinnw/24 sinw/24 — n sinnmn/8 sinm/8] +

sinna[sinnn/24 cosm/24 — sinnn/8 cosn/8 — n cosnm/24 sinw/24 + n cosnm/8 sinm/8] }
(A8-19b)

_ 2 [sin(6g+y+m/12) + 2pcos(6g+r+/12)]
T (n2-1)

{— cosna[sinnnt/24 sinn/24 — sinnn/8 sinw/8 + n cosnn/24 cosn/24 — n cosnn/8 cosn/8] +

sinna[cosnn/24 sinw/24 — cosnn/8 sint/8 — n sinnmt/24 cosn/24 + n sinnmw/8 cosn/8]} +
2 [cos(Bp+y+m/12) — 2Bsin(Bp+y+7/12)]
n (n2-1)

{— cosna[sinnn/24 cosn/24 — sinnnt/8 cosn/8 — n cosnn/24 sinn/24 + n cosnm/8 sinw/8] +

sinna[cosnm/24 cosw/24 — cosnn/8 cosn/8 + n sinnn/24 sinwt/24 — n sinn7/8 sinwt/8]}
(A8-19c¢)

bn
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2) A3
-/8 < ¢ < -1/24 e-2Po

V3+1N2  oe 1o
~1t/24 < ¢ <m/24 R B(¢-m/12)

/24 < 6 < /8 ﬁz:l\),g“’—“) e~2B(0-1/6)

/8 < 0 < 5T/24 (\/3_\]3)2(\13“) o-2B(0-m/4)
~ \/3(\/3“)\1—2 V2(2+V3) o-280-173)

5m/24 < ¢ < Tn/24

TrR4 <6< 924  [N2(V3+1) — (2+V3)] e-2B(e-5n/12)
9m/24 < 6 < 117/24 7 [\/\/2(\/3+1)\/_ (2+://3)] e-2B(¢-n/2)
1124 < 6 < 1324 23D —N2EIND) o 7m/12)

)
137/24 < 6 < 15124 — (‘/3“/3)2(‘/3+1) &-28(6-21/3)

15724 < 6 < 17124 — (‘/2—‘1\),%3—““—9 o-28(0-3n/4)
17%/24 < ¢ < 197/24 _,\/3+1_\/2 e—2B(¢-5m/6)
197/24 < 6 < 21m/24 — e-2B(0-11m/12)

The following equations are valid for all n.

2 eBn/l2
{cosna[n(sinnm/24 — eB™/Ssinnn/8) + 2p(cosnn/24 — eP/Ocosnm/8)] —
sinna[ncosnm/24 — eB™6cosnn/8) — 2p(sinnn/24 — eP™/6sinnm/8)]}  (A8-20)

2 ebn/12
{cosna[n(cosnm/24 — eB™/Scosnn/8) — 2p(sinnw/24 — eP™/6sinnm/8)] +
sinna[nsinnm/24 — eB6sinnn/8) + 2p(cosnmn/24 — eP/Scosnn/8)]}  (A8-20a)
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3) Al
GO D)

/8 < ¢ < —m/24 — e Posinke

V3+1+V2 12)e:
—n/24 < ¢ < 7/24 - e BO-1/12)sink (¢—m/12)
124 < 0 <78 _ (—\/2—”%(2\/—3’53 e-BO-T/6)sink(6—1c/6)
/8 < ¢ < 57/24 o (\/3“/3)2(\/3*1) e-BO-TM)sink (o-7/4)
5124 < ¢ < Tn/24 _¥303+1) \]“2‘/2(2“/3) eBO/sink(o-11/3)
TR/24 < ¢ < 91/24 — [N2(V3+1) + (2+V3)] e BO-57/12)sink (¢-51/12)
9n/24 < ¢ < 11724 - E/st/\/3+1) + (2+V3)] e-BO-/Dsink (¢p-71/12)
117/24 < ¢ < 131/24 YD ENIEND) o pio-70/1Dsink (p-Tn/12)
131/24 < ¢ < 15m/24 - (\/3‘“/3,)2(‘/3”) e-BO-2t)sink (6-27/3)
15724 < ¢ < 17n/24 - (\/2—”3«%_3/3—”2 e-BO-31/4)sink (o-31/4)
171/24 < ¢ < 197/24 - }/_3;315_\/2 e B-51/6) sink (¢—57/6)
19724 < ¢ < 217/24 — e BO-111/12)gink(o-117/12)

Making the same change of variables as in section bl, equations (A8-18) and

(A8-18a), the following definitions become transparent:

cosnb = {cosnm/8 + \/%H;ﬁ cos5nm/24 + %\/_3311_)

(3+V2)(V3+1) [V3(V3+1) + V2(2+V3)]
V2 V2

cos7nm/24 +

cos9nm/24 + cosllnm/24 +

[V2(¥3+1) + (24+V3)] cos13n7/24 + [V2(V3+1) + 2+V3)] cos15nm/24 +
[\/3(\/3“) b \/2(2+ 3] cosl7nm/24 + (\/3+\/%1)2(\j3+1) cos19nmn/24 +

V2
—\l—"—(\/2+1)(2\/3+1) cos21nm/24 + \/%H;ﬂ cos23nm/24 + cos25nm/24} (A8-21)

and

V3+1+V2 (2+1D)(V3+1)

sinnb = {sinnm/8 + 7 sinSnm/24 +

(V3+V2)(V3+1) [V3(V3+1) + V2(2+V3)]
2 V2

sin7nm/24 +

sin9nn/24 + sinl1nmw/24 +

[N2(V3+1) + (2+V3)] sin13n7/24 + [V2(¥3+1) + (2+V3)] sin15n7/24 +
[V3(¥3+1) + V2(2+V3)] inl7nm/24 + (V3+v3)2(v3+1) in19n7/24 +

N2
(\/2—’“1\)&/3—”) sin21nm/24 + \/%”;ﬁ sin23n7/24 + sin25n7/24)  (A8-21a)
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2 ebr/24
T hp2
[k (B2+k2-n2) (~ coskn/24 cosnm/24 + eB™/12 coskn/8 cosnm/8) +

B (B2+k2+n2) (sinkm/24 cosnm/24 — eB™/12 sinkn/8 cosnt/8) +

2Bnk (— coskm/24 sinnn/24 + eB™/12 coskn/8 sinnmn/8) +

n (B2—k2+n2) (sinkn/24 sinnm/24 — eBV12 sinkn/8 sinnm/8) ] -
sinnb

[ 2Bnk (- coskn/24 cosnm/24 + eBm/12 coskn/8 cosnm/8) +

n (B2-k2+n2) (sinkn/24 cosnm/24 — eB/12 sinkn/8 cosnm/8) +

k (B2+k2-n2) (coskn/24 sinnn/24 — eB™/12 coskn/8 sinnm/8) +

B (B2+k2+n2) (- sinkn/24 sinnm/24 + eb™/12 sinkn/8 sinnn/8) | }

{ cosnb

an =

g ebr/24
T hy2
[2Bnk (- coskn/24 cosnm/24 + eB™/12 coskn/8 cosnmi/8) +
n (B2—k2+n2) (sinkn/24 cosnn/24 — eB™/12 sinkmn/8 cosnm/8) +
k (B2+k2-n2) (coskm/24 sinnm/24 — eB™12 coskn/8 sinnm/8) +
B (2+k2+n2) (- sinkn/24 sinnm/24 + eBv/12 sinknt/8 sinnn/8) | +
sinnb
[k (B2+k2-n2) (= coskn/24 cosnm/24 + eBT/12 coskn/8 cosnm/8) +
B (B2+k2+n2) (sinkmn/24 cosnn/24 — eB™12 sinkn/8 cosnm/8) +
2pnk (- coskm/24 sinnn/24 + eB/12 coskn/8 sinnmw/8) +
n (32—k2+n2) (sinkn/24 sinnm/24 — eBV12 sinkn/8 sinnm/8) | }

bp = { cosnb
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4 A2
) AT DN+ DEID)

-1/8 < ¢ < —7/24 — ePocoske
V3+14+V2 5
—1/24 < ¢ < /24 =5 e Be-T/12)cosk(o—m/12)
(2+D)(V3+1) g0
/24 < ¢ < /8 ST B(e-1/6)cosk (o—m/6)
/8 < ¢ < 5124 _ (‘J3+‘Jf,é(‘J3+l) e-BO-T4)cosk(o-m/4)
5m/24 < ¢ < Tn/24 - \/3(\/3“)\72\]2(2“/3) e B cosk(o-n/3)
/24 < ¢ < 971/24 — [N2(V3+1) + (2+V3)] e~ BO-5T/12)cosk (0—57/12)
9n24 < ¢ < 111/24 - Elxlzslxlaﬂ) + (2+V3)] e-Be-T/2cosk(p-m/12)
11724 < ¢ < 131/24 X 3”)\72 224V3) o 36-77/1Dcosk(0-Tn/12)
137/24 < o < 157/24 _ (‘/3’“/3)2(‘/3*1) e-BO-21/3)c0sk(0-27/3)
151/24 < ¢ < 177/24 - (‘/—2““—1;}(2‘/3—”) e-80-3n/4)cosk(6-31/4)
171/24 < ¢ < 197/24 - ‘/%”;ﬁ e-B(O-51/6)cosk(o—57/6)

197/24 < ¢ < 217/24 — e-BO-111/12)cosk(o—117/12)
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2 epn/24
T hy2
[8 (B2+k2+n2) (- coskn/24 cosnm/24 + eB/12 coskm/8 cosnm/8) +

k (B2+k2-n?) (- sinkn/24 cosnn/24 + eP™/12 sinkn/8 cosnm/8) +

2Bnk (- sinkn/24 sinnn/24 + eB™/12 sinkn/8 sinnm/8) +

n (B2—k2+n2) (- coskn/24 sinnm/24 + eB™12 coskn/8 sinnn/8) | —
sinnb

[n (B2—k2+n2) (- coskn/24 cosnm/24 + eB™/12 coskn/8 cosnm/8) +

2Bnk (- sinkn/24 cosnn/24 + eB/12 sinkn/8 cosnm/8) +

B (B2+k2+n2) (coskn/24 sinnm/24 — eBt/12 coskn/8 sinnm/8) +

{ cosnb

an=

k (B2+k2-n2) (sinkn/24 sinnm/24 — eB™12 sinkn/8 sinnn/8) | }
2 ePm/24
bhp=—-= cosnb
n T hn2 {

[n (B2-k2+n2) (- coskn/24 cosnn/24 + eBT/12 coskn/8 cosnm/8) +

2Bnk (— sinkm/24 cosnm/24 + eB™/12 sinkn/8 cosnm/8) +

B (B2+k2+n2) (coskn/24 sinnm/24 ~ eP™/12 coskn/8 sinnTt/8) +

k (B2+k2-n2) (sinkn/24 sinnm/24 — eBW12 sinkn/8 sinnm/8) | +
sinnb

[B (B2+k2+n2) (- coskn/24 cosnmi/24 + €12 coskn/8 cosnm/8) +

k (B2+k2-n2) (- sinkn/24 cosnn/24 + eBW12 sinkn/8 cosnm/8) +

2pnk (- sinkm/24 sinnm/24 + eBW12 ginkn/8 sinnm/8) +

n (B2-k2+n2) (- coskm/24 sinnn/24 + eBW12 coskn/8 sinnm/8) | }
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The Fourier series on the primary side of the transformers can be calculated
from (A8-16) and (A8-17) with similar contributions from the other phases.

For the fundamental frequency component this reduces to, as in the twelve pulse
equipment,

- =-h\§“i Sin(¢-+60+y) + a; coso + by sing (A824)

Since this is equivalent to that in the twelve pulse analysis, (A6-30), the
derivations of p1, qi and q2 are identical. The expressions for the contributions to the

fundamental frequency component of the current are therefore given by

\'% sin26,
Iq=§f(<h + quBQ) (A8-25)
\Y sin2@
Ip = %Lm (Pl +q2 ?Q ) (A8'25&)

For the harmonics, after simplifying, the expression is reduced to

|To| =\ an2 + bp? (A8-26)

Again this is equivalent to that in the twelve pulse case, equation (A6-35), and
so the definition for the exact value of ty is the same. Plotting this, there again appears
to be a linear relationship between t, and 6op:

Vv
Inc = iim [Cn — sn 8obl (A8:27)

with the definitions of ¢, and sp as those in the twelve pulse case, equations (A6-39)

and (A6-39a) respectively.
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Appendix 9

Details of Experimental Work

This appendix shows the experimental arrangement of the circuits for the
practical work discussed in chapters 5 and 7. A block diagram for the control scheme is
given in section 5-13 with full details given elsewhere (Ashbrook & Hill, 1993b).

Figure A9-1 shows the circuit for the 6—pulse model. Philips N—channel
MOSFETs (type BUK437 — 500B) were used, with a continuous rating of 500V and
10A. The MOSFET modules included an internal anti—parallel diode. A diode, resistor
and capacitor snubber circuit was connected across each MOSFET module. The
resistance value was 47€2 and the capacitor was 0-22uF.

When the model is first turned on the energy reservoir capacitor is charged from
the mains through the diodes in the circuit. To reduce the inrush current into the
capacitor a 1k€2 resistor was included in each phase during the start—up period. After
two seconds a second contactor was closed and the first opened and normal operation
begins. The two contactors and timer are visible on the left of the photograph of the
equipment, figure A9-2.

A 20uF capacitor was used as the energy reservoir and the inductors were each
40mH.

Current and voltage waveforms were stored as computer files using the
LabViewT data acquisition software and plotted for comparison with the theoretical and

simulated results.

TLabView is a trademark of the National Instruments Corporation.
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Figure A9-1. Circuit Diagram for the 6-Pulse Practical Equipment.
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