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ABSTRACT

In recent years, the world-wide use of high voltage direct current (HVDC)
power transmission has increased sharply. Most of the recent projects involve
transmitting large amounts of power from remote generations to load centers,
where the short-circuit capacity at the receiving bus is often only a few times |
that of the rated DC power transfer -- indicative of a weak AC support that is
more  susceptible to various operational problems, such as harmonic
~amplification, poor voltage regulation and adverse effects on the ﬁring control.

This report is on a two-part investigation. The first part deals with the har-
monics characteristics of an inverter with weak AC support under balanced and
unbalanced network conditions using the two most common firing bschemes; the
individual pulse control and the equidistant pulse control. The second part
examines the operational behavior of the inverter with weak AC support when
supplementary VAR support in the form of static VAR compensator is used.
Aside from dynamic and transient behaviors, the study also looked into possible
interaction between the inverter and the thyristor-controlled reactor at the har-
monic level. :



CHAPTER 1

INTRODUCTION

In recent years, the World-w1de use of HVDC transmlss1on ‘has grown not
only in terms ‘of capacity installed, but also in terms of variety of appllcatlons
~ (e.g. back- to-back and- asynchronous ties). Many of these cases have weak AC
support, in that the rated capacity of the DC system is a s1gn1ﬁcant fraction -of

f “the short-circuit capaclty at the inverter AC bus. The strength of the AC bus is -

often measured by the short-circuit ratio (SCR), which is defined ‘as the ratio of .
the short-clrcult capacity at the AC bus feeding the converter to the rated N
, _HVDC power In the context of HVDC system operatlon, .an SCR less than 3is
 usually considered to be weak [1,2]. This is typical of many of the recent HVDC'
’ fschemes, for example, Nelson River b1pole—2 has a minimum SCR of 2 5 Whereas'
quuare Butte has a minimum SCR of 3.2 [3]. ' ‘ |

Attenuated somewhat by the shunt filters on the local bus, a portlon of the
harmonlc currents is injected by the converter into the AC network ‘these

: currents, in turn, produce harmonic voltages at the converter bus which become

" significant when the AC network impedance is large. They cause irregularities
, :1n the spacing of the firing pulses, and if these 1rregular1t1es happen to reinforce

the troublesome harmonics, harmonic. 1nstab1]1ty may occur. The individual
.pulse firing schemes, which depend on the peak value and shape of the AC
network voltage, are particularly susceptible to the presence of these harmonlc
; voltages The effect of these harmonics could produce a DC offset in the current
“on the secondary side of the converter transformer. A small DC offset can drive

- the converter transformer core well into saturation, further dlstortlng the AC R

voltage Because of some of the above mentioned problems, equidistant pulse
~ firing schemes are usually preferred [4,5,6]. An equidistant pulse scheme, in -
steady—state, has equally spaced firiLg pulses that are synchronized to the zero
crossings of the AC voltage through a phase-locked loop .control. Consequently,'
the ﬁrxngs are less dependent on the AC voltage magnltude and shape :



‘Another characteristic of weak AC support is poor voltage regulation.
- Excessive oyervoltages can be destructive to  equipment, especially voltage
s,ensit'ive semiconductor components, whereas excessive undervoltages can cause
-commutation - failures. A fast-acting device to control the terminal voltage
- within acceptable limits is a necessity for very weak AC conditions: |

© 1.1 Motivation_

“Weak AC support is synonymous with high source’impedanCe coupled with
the harmonic. current injections and reactive power requlrement (as much as
60% of the real power transfer) of the inverter, presents some challenging
*operatlonal ‘problems. The harmonic currents flowing into the large source
impedance result in higher harmonic voltage levels at the inverter bus, which '
~can: interfere with the firing control causmg serious harmonic resonance and
1nstab111ty problems. A large amount of reactive power flowing through the large

- - source impedance also results in poor voltage regulation at the inverter bus and

likely overvoltage conditions when the inverter is suddenly blocked.

“  The 81mple solution of shunt capacltlve compensatlon has a tendency to
'~ increase the equivalent Thevenin AC impedance seen from the. AC bus feeding
the converter, resulting in a decrease in the short-circuit capacity at that bus.
~ Some of the problems associated Wlth weak AC support that have been observed
[7] include: ' : : '
R comphcatlon of the interaction between DC and AC" systems by

~ the reactive power requirement [8-12]; o

— possxblhty of voltage/ power instability [8,9]; :
SLSET _possibility of resonance at low order harmonlc, due to high AC

system impedance and local shunt capacitors [13-17];

- increased overvoltage following a load reJectlon (biocking the
' converter) [18-19]; S
= . increased susceptlblhty to commutation fallure because of wider

: AC voltage fluctuations, - thch if repeated will force the

“shutdown of the converter (the loss of transfer capacity could in

_ certain cases present a stability problem to the AC system [20]);

‘= - transformer saturation by overvoltage and by magnetic flux

‘ v-produclng hlgh magnetlzmg current, Whlch contams sizable low
~order harmonies [21];.

- fast recovery from faults or commutatlon fallures, usually more

- difficult to achleve with a higher and less damped AC 1mpedance

o



C L ‘ v 1rregu]ar spacing of the ﬁrlng pulse train due to voltage dlstortlon, :

: causmg more harmomc generation at the AC bus ‘(m-phase :

- amplification might lead to unstable operation of the converter

22, | | |

The use of a synchrdnous condenser Would increase the. short-c1rcu1t~ '
capac1ty and prov1de balanced AC voltage support at the bus. However due to
its hlgher cost; higher maintenance, and slower response time (1n the order of -
seconds), 1t is seldom the choice [23].

‘A more promising solution is to use a static VAR compensator (SVC)
which could prov1de fast and continuous voltage control [24] The use of an
SVC could eliminate extensive arrangement of breaker-switched . capacitor -
banks, or the need to increase the extmctlon angle of the inverter because of
larger voltage fluctuations. Since an SVC generates harmonic currents, careful
consideration has to be given to additional filtering and sizing of the sve
bcomponents [23 24].. Because of their close proximity, possible control
theractlon between the SVC and the HVDC converter has to be 1nvest1gated ‘

1.2 Research objectives‘

The objectives of this research are: first, to study the steady-state harmonic
of an inverter with weak AC support, including the effects of transformer
saturation and statlc VAR compensator; second, to study the dynamlc and .
transient ‘behaviors of the 1nverter with a statlc VAR compensator on - the -
inverter AC bus. ' '

1.3 Outline of the report

In Chapter 2, the analog simulation of a complete AC-DC network is
presented This includes the simulation of two types of firing schemes,
transformer.  saturation, AC and DC networks, thyristor-controlled reactor
(TCR) with terminal voltage, power factor or direct-axis current control, and -
thyristor-switched capacitors (TSC). Some simulation results of steady-state -
operations under balanced and unbalanced conditions are presented.

In Chapter 3 we examine the harmomcs generated by the converter
operating in steady-state under balanced and unbalanced  AC voltage
conditions.” The relationship between the uncharacteristic harmonics generated'
by the converter and those of the AC source voltage is established. Differences
- in- the responses between an individual phase and an equidistant pulse firing



schemes are discussed. Thisvpart' of the study also deals with the harrrronics
generated by the converter transformer saturatlon and the thyrlstor controlled -
reactor (TCR). '

In Chapter 4, the effect of low effective short-cncult ratio (ESCR) on the
‘power transfer limit and on the steady-state voltage instability is discussed. The
~ voltage instability factor is mtroduced and applied to prediet: problematlc _
operating conditions. o '

VC‘hapte‘r 5 deals with the transient res‘ponse of the AC/DC bsys'ter'n.' It
‘includes separate investigations of the dynamic (small disturbance) and transient
(large disturbance) responses of the system with and without the TCR.
Overvoltages due to load rejection (blocking of the inverter) and the effect of
lowering the ESCR on the transient overvoltages are studied.

Chapter 6 presents the concluswns of thls report and some suggestlons for
future research '



CHAPTER 2

MODELING OF THE AC/DC SYSTEMS

2.1 Introduction

Digital and analog simulations are widely used to study the dynam’ic.
behavior of AC/DC interconnected systems. When harmonics can be neglected,
average-value model of the converter is used, as in transient stability programs
[25]. When harmonics are of interest, the average-value model is inadequate; in
that case, detailed modeling of the converter switching and firing control is
needed [26-28|.

In many studies involving harmonic generation or load rejection
overvoltages, saturation effects are very crucial. The modeling of the converter
transformer without representing its saturation would give pessimistic estimates
of the overvoltages (higher overvoltages). If the saturation is not well
represented, it will reveal unrealistic saturation effects (overvoltages which are
too low and die quickly) [29,30]. The common models may be classified into two
types: mathematical [29,31-33] representations and piece-wise linear
approximations [34-39]. The latter are more attractive because of their relatively
simple representation whose use is justified in large power transformers where
the saturation characteristic presents a large magnetizing reactance in the linear
part and a very small magnetizing reactance in the nonlinear part. It has been
shown that two-, five- and seven-segment piece-wise linear representations of the
saturation and field measurements give nearly identical results for large power
transformers, with a small difference in some of the higher frequency
components [36,39]. Due to increased core losses with frequency, it was found
40,41} that a piece-wise representa.ion overestimates the core losses at higher
frequencies (bexond ninth), although results are quite accurate at lower

harmonics.



The model of the AC system impedance should be good for at least the
lower harmonics [30]. The impedance angle, which has considerable effect on
the damping, should be carefully chosen [30,42,43]. '

The DC network can be represented by one or more T-circuits; thé number
depends on the DC line distance and on the accuracy desired. Three T-sections
for thé DC transmission line model have been used in this study [44].

 The system shown in Fig. 2.1 has been simulated in full detail. It
represents a typical bipolar AC/DC/AC system. The standard compdnents; like
the converter circuit, the AC and DC networks, were simulated on the special
power system simulator [45]; newer components, like the SVC and equidistant
pulse control for the HVDC converter, were simulated on the EAI-680.

In the following sections we will describe the simulation of the following
major components: the converter bridge and its controls, the AC and DC
networks, the _converter transformer saturation, and the st}atié VAR
compensators and their controls. ' ST

2.2 Simulé.tion of the éonverter bridge

~ The basic converter bridge used is the so-called Graetz bridge or 6-pulse
converter bridge. It consists of six valves (a valve is composed of one or more
thyristors in series). This is a line-commutated or naturally commutated
‘converter bridge. Two such bridges when connected in parallel on the AC side
‘and in series on the DC side form a 12-pulse converter bridge. The 30° phasé—
shift AC supply to the 12-pulse bridge could be obtained from two separate
trarisformers; one connected wye-wye and the other wye-delta or delta-wye.
Figure 2.2 shows a 12-pulse converter bridge circuit with its converter
transformer : | _ ' '

- The basic control of the brldge con31sts of the converter control pulse
(CCP) and the converter regulator (CR). The function of the CCP module is to
provide the firing pulses to all valves at the proper time. The CR performs the
: funct»io’n of regulating the direct current I3, the DC power P4, the ignition angle
@, or the extinction angle . At its input, the measured variable is compared to
1ts reference value, the error is amplified, and the output drives the CCP.

- There are two types of firing schemes widely used in HVDC converters ‘the
individual pulse control [46,47] and the equidistant pulse control [5,6,47,48].
The main difference between these two types is that the individual pulse control
utilizeS» the AC voltage wave signals and comparators to directly synchronize
each converter valve firing with the AC system, while the equidistant pulse



control uses a phase locked oscillator to indirectly synchronize each converter
valve firing with the AC system.

During steady-state operation, the pulses from an individual pulse control
may not be equally spaced, especially so when the AC system voltages are
asymmetric or distorted; while the equidistant pulse control in steady-state
generates equally spaced firing pulses, it is sensitive to the zero crossings of the
AC system voltages and not to their shapes. As a result of these differences, the
harmonic characteristics, even under steady-state condition, and the dynamic
performance of an inverter with one type of firing control will not be the same
as those with the other type of firing control.

In this report, the individual pulse control is represented by the inverse
cosine control [46,47], and the equidistant pulse control by the pulse phase
control [48].

Typically the DC link is operated with the rectifier controlling the DC
current Iy and the inverter controlling the DC voltage V4 directly or through
the extinction angle .

Figure 2.3 shows the Vg /I control characteristics corresponding to the
three most common modes: ‘ I
- the constant current (CC),.
- the constant ignition angle (CIA) control, and
- the constant extinction angle (CEA) control.

Point T represents the operation where the rectifier is controlling the DC.
current Iy and the inverter is controlling the minimum extinction angle ’7min§
this is the usual operating point. Point U represents the operation where the
rectifier is controlling the minimum ignition angle oy, and the inverter is
controlling the DC current Ij. WT is the voltage margin, introduced to avoid
frequent mode-shifts that will perturb the DC line current by the current
margin Al, causing similar undesirable perturbation in the DC power transfer.

2.3 Individual pulse (IP)

In this type of firing scheme, the firing instant of each valve is determined
individually by comparing its own AC control voltage (the line-to-line voltage
across the valve, scaled down and shifted by 90° backward) with a DC regulator
signal, V. (Fig. 2.4). The DC regulator signal, V,, is from the primary regulator
which could be operating under constant current (CC) control, constant ignition
angle (CIA) control, or constant extinction angle (CEA) control.



Figure 2.5 shows the steady-state voltage waveforms with the current and.

the firing pulse of valve 1.

The analog simulation diagrami of the constant ignition angle (CIA) control
is shown in Flg 2.6 (a) The CIA is represented by the follow1ng equatlon

,V —E cos Omin ' v (2.1)'
where . - | v »v
' E corresponds to the peak AC line-to-neutral voltage,
Qmin is the minimum ignition angle.

‘The constant extinction angle (CEA) control is a predictive type, that is it
~ uses the measured values of E and Iy to continuously predict the ignition angle
« which will produce the de51red extlnctlon angle () according to the steady
state converter equatlon '

V. =-F et B | (2.2)
= — L €08 VYnin 'V" d ‘ .
3 ' v

where

Ymin is the minimum extinction angle, and

X is the transformer leakage reactance or commutatlng reactance.
The simulation diagram of the CEA is shown in Fig. 2.6 (b).

The raw value of the peak line-to-neutral AC control voltage, E, is obtained
by rectifying the transformed line-to-line voltages from the primary-side of t_he
“converter transformer. Spikes on the raw value of E can have adverse effects on
the ﬁring; they are eliminated by a 2-pole Butterworth filter shown in Fig. 2.7.

The transition from one mode of operation to another is made possxble
through high-win circuit shown in Flg 2.4.

Each valve in the converter is modeled separately as an ideal switch in

series with a reactance (Xt) where Xt could be the total reactance of the. a1

dt

. . d
reactor and converter tr}ansformer or just that of the EtI;— reactor.. For example,

‘ the_current through valve 1 is determined from

(t)“—w_fvl &t:_' ‘_iyl(t.)_.>_0 o . o o ..'_ (23)
t _ : '

| whe_re L . o
- wis the nomlnal AC system frequency (377 rad / sec), and
o vl is the voltage across valve 1 and X. ‘
fThe 31mulatlon of a thyrlstor is shown in Fig. 2.8.



‘ In the linear converter transformer case, the transformer is represented by
its leakage reactance X;.

2.4 'EQUidistant pulse (EP)

In an equidistant pulse (EP) [48] scheme, a voltage controlled oscillator
(VCO) generates the pulses at a rate proportional to the control voltage Ve. The
nominal rate for a 12-pulse converter is 12 times the AC system frequency w.

The VCO drives a 12-stage ring counter and a pulse generator. The block
dlagram and the corresponding analog simulation of the pulse-phase controls
[49] are shown in Fig. 2.9.

The in‘tegrator' (ramp generator) starts integrating from an initial value
Vic =—V, + — o , - (2.4)

“to a final value, given by

VEND__V ——é\; » ) : - (2.5)4,‘
where the range AV has to be consistent with the slope of the ramp function
and the nominal oscillator frequency. For example, with AV selected to be 1 volt
and the slope 10 volts in a full period of the system fr’equency,,thé‘ nominal
freq‘ue“ncy of the oscillator is 12w. On reaching Vgnp, the integrator is reset to
Vie. | ' ' ,

A comparator detects the crossing of the ramp voltage V, with the control

AV

signal V.. When V, reaches — V, — — a firing pulse is generated to turn on.

the corresponding valve, and also reset the ramp function generator (Fig. 2.10).

During the steady-state, with control voltage V. at some nominal value, the
frequency of the VCO is 12w (w = 2760 radians/second), and « is constant. If Iy
drops slightly, the regulator will cause V. to decrease. This in turn causes the
VCO to speed up so that the control pulses occur earlier than before and « is
decreased. Thls decrease in o causes an increase in V4 and a correspondlngv
increase in Id After the transients settle, the oscillator frequency returns to -
12w. - IR

‘When synchronized, V. is proportional to the firing angle, . But V, alone
is not enough to synchronize the firings with the AC system voltages; hence the
use of the a-loop is required. The a-loop uses a proportional plus integral ('P‘I)
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controller [49,50] of relatively slow response to correct any drift of the VCO with
- respect to the AC system frequency. The measured « is filtered and compared
with the output of the primary controller V. which represents the oze. Changes
in the AC system frequency are taken care of by the voltage Vs, which is
proportional to the frequency. Both Vy; and Vj, are added to form V,, which
represents the slope of the ramp function.

2,5 Transformer saturation

- ;SQIlne of the studies were performed with a linear transformer
representation to isolate the effect of transformer saturation. In the linear
representation of the transformer, only the leakage reactance is represented. In
the nonlinear transformer, both the saturable magnetizing inductance and the
unsaturable leakage inductances are represented. A two-slope piece-wise linear
approximation of the magnetizing characteristic has been adopted because it has
been previously shown to be sufficiently accurate for this type of transient study.
The block diagram showing the simulation is given in Fig. 2.13. Typical of large
power transformers, the slope of the linear portion is very steep while the slope
of the saturated portion is almost flat. The magnetizing reactance in the
unsaturated region is selected to be very high (X = 10.5K(1), and in the
saturated region low (X = 10.5{2). Both values are on 2000 MVA and 230 KV
base. The knee-point has been selected to be at rated terminal voltage.

2.6 AC network representation

The AC networks on both sides of the DC link are represented by their
Thevenin equivalents. The rectifier is fed from a relatively strong AC system
with an SCR of 10 and operates under the inverse cosine control firing scheme.

: In this study, the inverter simulation operates with either an inverse-cosine
or a pulse-phase firing scheme; nominal AC support has an ESCR of 3 97 and a
damping angle of 75.33° (base case). :

In this study, the strength of the AC support to the inverter is Varled above
and below the nominal value, _w1th the correspondlng Thevemn 1mpedance Zin
computed from

3Vv?

AL\ - (2.6
e ESCR Py (26)

- rThe dampmg angle is kept constant at 75.33° for all ESCR values used
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"From Eq. (2. v 6), we see that as the ESCR decreases, Zi, increases. The
increase in Z;y would result in large reactive: voltage drop across Zy,, resultmg in
poor voltage regulatlon, where ’

Ey =V

o _voltage regulation = (——V—) 100%. ' ‘ (2.7)

Large fluctuation of the voltage following a variation in‘the DC current could
- cause commutation failures which, if repeated could lead to a complete collapse
~of the AC and DC system unless the bridge is disconnected.

2.7 DC network representation

~In this case, the DC network is just a long transmission ‘line; it is
represented by three T-sections to give a better approximation of the actual’ line
behavior (Fig. 2.14). A smoothing reactor and a set of DC filters are connected
- to each end of the DC line. The smoothing reactor helps to reduce the ripples .
on the DC current, limit the rate of rise of the DC current during faults, and
prevent discontinuous conduction [46]. The set of DC filters consists of a ﬁlter :
tuned to the sixth harmonic, a high-pass filter tuned to the twelfth and another
tuned to the nineteenth harmonic.

k 2,8 Static VAR compensation

In this study, two main types of static VAR compensators were examined:
- the thyristor-controlled reactor (TCR), and
- the thyristor-switched capacitors (TSC).

These two types are quite different in their operation and simulation [51-55].

2.8.1 Thyristor-controlled reactor (TCR)

-A TCR is a reactor in which the current is switched on at a specrﬁc tlme
and off when it reaches zero. '

A delta configuration is used to obtain third harmonic cancellation. Figure
-2.15 (a) shows a single-phase TCR. The thyristors are back-to-back and are
controlled independently while they share the same main control and the same
~ shaping function (Fig. 2.15 (b)). Since the controls of the TCR depend highly
on the zero-crossings of the supply voltage, a four Butterworth filter of the type
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T is used in the control loop to filter out the higher harmonics riding
s
(1+—=)
W

" on the supply voltage.

The main blocks in the TCR simulation are (Fig. 2.16):
- the main control,
- the shaping function, and
- the firing scheme.

The main control is basically a proportional-plus-integral (PI) type of
controller where a measured variable (V, sing, or Ip) is compared to its reference
value. The error drives the PI, whose gains are given in Table A5. When full
conduction or zero current is attained, the PI is saturated. To avoid drifting of
the integrator used in the PI, the output is fed back. The output of the PI, I,
is allowed to vary between 0 and 5 Volts, corresponding to & = 0° and « = 90°,
respectively.

A shaping function, SF, is used to provide a linear relationship between the
required TCR current and the firing angle «. This is basically a relationship
which represents the relation between the fundamental TCR current and the
firing angle o, given by

20 sin2«
T T

(2.8)

for o ranging from 0 to 90° (with respect to the corresponding peak of the phase
voltage). With I, = 0 per unit (pu), @ = 90, whereas for I, = 1.0 per unit, & =0
(Fig. 2.15 (d)). Solving this transcendental equation for o on the analog
computer requires the use of sine/cosine and multiplier units. Some of these
introduce inaccuracy around the singular value of & =90°. This is avoided in
the simulation by not forcing the TCR current to zero at turn off, corresponding
to a = 90°, but instead allow for some small but negligible value of current to
flow.

The firing instant is determined by a pedestal-ramp scheme, where the
pedestal value corresponds to the‘output of the regulator and the ramp has a
constant slope. The ramp is initiated at the zero-crossing of the corresponding
A-phase voltage. When the ramp reaches the ceiling of 10 volts, a firing pulse is
generated to fire the specific valve and to reset the ramp function generator. A
new ramp is generated one period later. The slope of the ramp function is kept
constant. It is selected such that when the initial value is zero (corresponds to
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: a—90°) the ramp hits the ceiling in half a peribd [53]. This way,; o is kept
within the limits described. ' o :

The following sections describe the following common control functions

used in the TCR:

-‘the terminal voltage control
- the power factor control, and
- the direct-axis current control.

2.8.1.1 Terminal voltage control

In this control mode, the reactive current drawn by the TCR is adjusted
continuously to regulate the terminal voltage V close to some reference value
Vief. The measurement of the terminal voltage is achieved through rectification
and ﬁltering. For stable operating condition, a small slope allowing for felvv
percent regulation of the terminal voltage is used. ' :

The magnltude of all the capacitor currents (1nclud1ng the filters), I;, and
that of the TCR current, I, are both measured in a similar manner as the
terminal voltage V. The voltage error, V.4 —V, is compensated by the
difference in current, X ,(I;,~I.), to give a small steady-state slope of 5%.
Figure 2.17 shows the V-I characteristic of a TCR alone. Figure 2.18 shows the
steady-state charactefistic of a TCR in.parallel with a fixed capacitor. Below
point A, the TCR is blocked (no TCR). At point B, a complete cancellation of
the capacitor VAR output is achieved. At point C, the TCR is fully on. Beyond
point C, the reactor operates as a plain reactor (with a constant reactance

assuming a linear reactor).
2.8.1.2 Power factor control

Here the control objective of the TCR is to regulate the power factor as
-seen by the AC source at the terminal bus. The power factor is. computed from
the real and reactive power, P, and Q,, respectively. P, and Q, are computed
by first transforming the phase quantities, V and L, to stationary reference
frame components [56]. :
deos¢ variation
| d¢ |
about the nominal operating condition is small and results in a poorly defined
operating point. Around the nominal operating condition, sing is a_closer
approximation to the power factor angle ¢, it changes sign along with ¢ and has

As the power fzctor, cosg, is usually close to unity, the
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a more linear relationship with ¢; hence we chose to regulate sin¢ instead. - It is
computed from the following equation '

Q
VPt +q?

The simulation block diagram for computing sin¢ is shown in Fig. 2.19.

sing = (2.9)

2.8.1.8 Direct-axis current control

The current I could be resolved into DQ components, where Ig is the
quadrature-axis current and I is the direct-axis current, respectively. Iq is in
phase with V and Ip is 90° lagging or leading V. Track-and-store (TS)
amplifiers were used to measure Ip. As the current I crosses zero and goes
positive, TS1 tracks I, while TS2 stores the old value of TS1 [45]. Then when
the voltage V crosses zero and goes positive, TS1 changes to the store mode,
storing the I; value while TS2 continues to track the output of TS1. The
average of the track-and-store output from all 3 phases is used as the controlled
variable.

2.8.2 Thyristor-_switched capacitor (TFSC)

A single-phase switched-capacitor (TSC) is shown in Fig. 2.21.- It basically
consists of a capacitor C1, two back-to-back ‘thyristors and a small reactor L.
The reactor is used to limit the surge current during switching under abnormal
conditions. In some cases, it is used to avoid resonance with the system
impedance at some specific harmonic [23,55]. ' '

If the applied voltage is
v = Vsinat, 7 » (2.10)

then the steady-state current can be written as

n2

i =V ——— wC cosut (2.11)
n® —1

where

n=— : , (2.12)
LC1

| l The thyristor switches off at €10 current, whereupon the capacitor is left
charged to its peak voltage. In practice, it is allowed to discharge slowly. The
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Voltage across the thyristors varies between zero and the peak-to-peak‘ value of
the applled voltage. To minimize the transientl distu‘rbance', usually the
capacitor is switched on at a time when the voltage across the switch- (thyrlstors)

is ZEI‘O

1

2.8.3 T'CR-TS C operation

A basw TCR-TSC combination is shown in Fig. 2.22. The particular
combination shown, and also sunulated, consists -of a TCR and two TSC
connected to the same bus (through transformers in general). The function of
the TCR—TSC is to provide rapld and contlnuous 1nduct1ve or. capacltlve
compensatlon over a wide range.

The operatlon of a TCR-TSC is as follow. The sw1tch1ng of the TSC
depends on the TCR current; when the TCR current reaches zero, an order is
~ sent to the TSC to switch-off, and when the TCR current is close to its rated
value, an order signal is sent to switch in another TSC. The current in the TSC
should always be in excess in order to keep the TCR in its operating:range. ‘To -
avoid ' chattering (switching-in -and -off), hysteresis is used (Fig. 2. 23); the
’ sw1tch1ng-1n time and the sw1tch1ng-off time are clearly defined, and no overlap
can occur.

. T-he combination is used to reduce the TCR size and to reduce»lqsses due to
“the use of a large TCR in the absence of a TSC. Power losses in a TCR are
Inainly due to the resistance of the reactor, the switching process, and the losses
in the ‘thyristor controller, and they increase with the TCR current. Losses
assoc1ated with the TSC are of constant magnitude and are due to the surge
reactor resistance (Fig. 2.24) [23].

In this simulation, the TCR was sunulated in the EAI-680, and the TSC

was simulated in the power system simulator.

When an order to switch in'a TSC arrives, the switching process waits until
the computed voltage across the thyristor is zero; only then does the switching-
in occur. To avoid too large an initial voltage across the thyristor, a reduced
‘value of the voltage across the TSC capacitor is compared with the supply
- voltage. - Durlng the. swﬂ;chmg—off process, the capamtor is switched-off only -
When its current croses zero, and this occurs independently for each: phase -

In this case, two TSC were simulated, each with capac1ty correspondlng to
' 20% of the total capac1tance on that bus. :
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2.9 Bypass valve representation

} When' a commutation failure persists or a valve fault occurs, it may be
" necessary to disconnect the inverter:  This is achieved by blocking the inverter,
effected simply by inhibiting the firing pulses to the inverter valves. The DC
current is then diverted to a bypass valve, BV [46,57,58], before the inverter is

o dlsconnected from the AC and the DC networks. .

When an inverter is to be blocked, a 51gnal is sent to turn off the main
valves and to turn on the BV. During inverter operation, with the DC voltage
across the bypass valve forward  biased, the unblocking of the BV is made
possible simply by applying a firing pulse to its gate. When the BV turns on,
“the DC voltage becomes zero, and a commutation process between the BV valve
and the main converter valves starts [46]. The bypass valve creates a short-
circuit on .the DC side and hence prevents the DC current from entering the
converter. Each converter has a bypass valve across its DC term1nals

Figure 2.25 (a) shows that the bypass across the DC 1nverter terminals is
g represented' by a switch. When this switch is open, the inverter operates
normally; when it is closed and the inverter is blocked, the BV is operating.
Fi'gnre 2.25 (b) shows the analog simulation of the bypass valve used in this
study The BV is simulated like the thyristor valves of the inverter with a'very
small series inductance Lg; of 11 uH. To 1ncorporate the bypass valve simulation
" into the DC side simulation, the smoothing reactor is split into two components
Lyg; and Ly, where Lyz = 1.18 mH and Ly = Lg; + Laz = 1.191 mH.

- 2.10 Steady-state resultks ‘

" As shown in Fig. 2.5, at the nominal operating point T the rectifier is
controlllng the DC current Iy, and the inverter is controlling the extinction angle
~. The simulation results for balanced AC voltages at both the rectifier and the
inverter ends. Those with the the 1nverter operatlng under the inverse cosine-
control firing scheme are ‘given in F1g 2.26, and those with the inverter
operat1ng under the pulse-phase control firing scheme are given in Fig. 2. 27.
With either firing scheme, the operating point was stable. Due to non-ideal AC
- voltage waveforms, and 1ncomplete filtering, harmonic distortions on the AC bus
voltages can be seen. ‘ S

The inverter- operating under elther firing scheme was stable down to an
"ESCR of 1.5. At the lower ESCR, the fluctuations of the terminal voltage were
large and accompanled by similar variations in the DC current Iy. Below an
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- ESCR of 1. 5, ‘and with the basic controls, the inverter could hot operate stably
with either ﬁrmg scheme, the controls would have to be modrﬁed for stable
operatlon : : o ,

To Valldate the simulation; the measured values of Vi, Iy, 1 ... from the
’ srmulatlon were cross-checked" against those computed from a steady—state load
flow, wheré the average-model [46] was used for the converter. Moreover, the
characterrstlc harmonics were also measured and compared with the theoretlcal
ones * The conclission lS ‘that they both agree; hence, the modehng andv
srmulatlon Were validated. ’

Steady—state operatlon Waveforms of the TCR are shown in Flg 2.30. -
Figtires 2.30 (a); (b); (¢), (d), and (e) correspond to firing angles of 0°; 18°, 36°,
54° and 78°; with an ideal AC voltage supply applied to the TCR. They show
how the shape of the TCR current is changing with the ﬁrlng angle The "
magmtudes of the characteristic harmonic currents - were measured and :
compared W1th the theoretlcal ones glven in [23] The results also agree

21 Conclusion -

The detalled 31mulatlon of a sample AC/DC system was successfully_‘
reahzed on the power system simulator and the EAI-680 analog computer Two
common ﬁrmg schémes for the inverter were implemented. The slmulatlon was
validated by steady-state load flow calculations based on the average-value
" modeél of the convertérs. Some steady-state Waveforms of the system from the'
simulation were presented '
magnetlzatlon characterlstlcs of the converter transformer, the thyrlstor—:
'controlled reactor, the thyristor- switched capacitors, and the bypass Valves
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Figure 2.15 Thyristor-controlled reactor (TCR)
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(d) Voltage and current-"Wa.vefoi-_ms for a TCR operating with o > 0

* Figure 2.15 continued
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Figur“e 2.24 Lossa ﬁssociated with a TSC-TCR circuit
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CHAPTER 3

STEADY-STATE HARMONIC GENERATION

3.1 Introduction

The problem of harmonics is not a new issue. Its importance was recognized
_in the 1920s when distorted current and voltage waveforms were observed in
transmission lines. At that time, the major concerns were their effects on

synchronous machmes, 1nduct1on machines, telephone interference and power

capacitors [7].

For more than 50 years, harmonics have been reported to cause operational
problems. Some of them can be summarized as follow:

capacitor bank failure from dielectric heating,

interference with ripple control and power line carrier systems
causing misoperation of systems which accomphsh remote
switching and load control metering, ‘ ' :
excessive losses in and heating of induction and synchronous
machines, ' ' ' '
overvoltage and excessive currents on the system from resonance -

. to harmonic voltages or currents on the network,

dielectric breakdown of insulated cables resulting from harmonic
overvoltages on the system, '
inductive interference with telecommunication system,

errors in induction KWh meters,

signal interference and relay -malfunction, partlcularly in solid-

state and microprocessor controller systems,

interference with large motor controllers and po‘wer plant

~ excitation systems (this can cause motor problems as well as non-

uniform output ),
mechanical oscillations of induction and synchronous machlnes,_-

. and

unstable operation of firing circuits on zero crossings detection or
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latching.

" Harmonics are generated by static power conversion processes. In the case
of an HVDC converter bridge, current harmonics are generated. In normal
operation a p-pulse bridge converter generates characteristic .AC current
harmonics of order (pq4l), g being an integer, and some relatively small
abnormal (uncharacteristic) harmonics [46]. When these harmonic currents are
injected into a weak AC system with large source impedance, they cause high
harmonic voltage drops which will appear on the AC voltages supplymg the
HVDC converter. The distortion caused by these harmonic voltages may cause
instability.

Moreover, at the lower effective short-circuit ratio (ESCR) the AC network
impedance increases; as a result, the AC system resonates at a lower harmonic
order (h) given by

X
Xip

where _
X, is the capacitance of the shunt compensation 1nclud1ng the AC
, ﬁlters, and '
Xip is the Thevenm equivalent AC source reactance

From Eq. 3.1 we can see that with a small value of X, or wrth a high va.lue
“of X;, the harmonic order at which parallel resonance might occur is low.

~ For weak AC systems, resonance usually occurs at a harmonic order
between three and four. If h is close to three, any unbalance that causes the
generation of third harmonic currents could excite a troublesome parallel
resonance. o

It has been shown [59- 63] that unbalance in the AC voltage supply results

27
in nonsymmetrrcal firing references. Any deviation of the valve current from Tl

radxans in width results in the generation of the triplen harmonic components on
~ the AC side and second harmonic components on the DC side, in addltlon to the
usual characterlstlc harmonics. '

The saturation of the converter transformer plays an important role in
harmonic generation, in that all odd harmonic components are'generé.ted The
largest is the third, followed by the fifth, then the seventh, and so on. The third
harmonrc components will not bother the converter bridge operatlon as long as
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they are of zero sequence type, since the converter responds to the line-to-line
instead of the phase voltages. Moreover, interaction between the nonlinear
elements present (saturation, TCR and converter) is possible.

The presence of a DC component on the valve side of the converter
transformer tends to saturate the converter transformer cores, generatmg extra
magnetlzmg currents [64].

" To determine accurately the harmonics propagated by an AC /DC link, we
would require information on the frequency response of the _AC and DC
networks, and the nonlinear characteristic of the transformer, all of which are
not usually easy to get unless field measurements [65,66] are taken.

On “the other hand, to get an understanding of what characterlstlc
harmonics are generated by the converter, it is quite sufficient to study the ideal
case where constant DC current, balanced and symmetrical AC supply Voltages
and neghglble commutation process are assumed

The expressions giving the characteristic harmonics generated by a
converter operating under an ideal AC voltage supply will be reviewed first, then
the addition of harmonics produced by unbalanced voltage and network
parameters, by transformer saturation, and by the TCR, and finally the
combined effect of operating with all these in a weak AC system which tends to
accentuate the interaction.

3.2 Characteristic harmonics generated by HVDC convertei'sv

‘First, the characteristic harmonics generated by a 6-pulse bridge are
described. Results for a 12-pulse configuration will be derived later.

The circuit rep‘resen'ting an ideal 12-pulse converter bridge, formed by two
“6-pulse bridges, is shown in Fig. 2.2. The valve current, i;, assuming constant

14, is a train of positive rectangular pulses of width —2?37—1-— and height_ I4g. The

Fourier series of i is

cos 0 +

o2y r \/Z’:
wO=—ly

Seos(20)+--- ] (3.2)
~where § =wt. The valve current iy (current through valve 4) is a train of

negative pulses dislaced by 7 radians with respect to i;. The Fourier series of i,
“can be found from that of i; (f) by replacing 8 with 76 and Iy with —Id.
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The phase A current in the wye-wye transformer, i, wye, is given by

Lo, wye=l1Hg | | o | (3.3)
‘and has a Fourier series,
o 2V 1 1 1 L
1a,wy€(9)=———-—[cos(d)—gcos(Sé’)+7c_os(79)—icos(’119)—{—.,.]7. - (3.4)

m

In Eq. 3.4, only harmonics of 6q+1 (q=1,2,...) are present in the line current,
and they are generally referred to as the characteristic harmonic currents of the
6-pulse converter brldge

In a 12-pulse arrangement, the AC supphes to the two 6-pulse converters
~are displaced 30° apart. The two 6-pulse converters are connected in parallel
from the AC side and in series from the DC side (Fig. 2.2). A wye/delta
transformer connection is w1dely used to create the 30°phase shift.

, The resultant prlmary line current for phase A of the 12-pulse con?erter is
given by [4,46]

ia = ié,,wiye_*_i_a,delta.i ' v ‘ A (35)

4\/—1d

o 1 1 :
1a(6 - ———Jcos ¢ —Hcos(l19)+—cos(139)——§cos(239)+ . (3.6)

Equation 3.6 shows that the resultant AC current has characteristic harmonics
of orders 12q+1 (q=1,2,...), and because of the 30° fundamental phase shift,
‘those of (6q;i:1) q odd, are canceled out.

So far ignored is the commutation angle, u, that is equivalent to assuming
instant- commutation, which is not the case in the practice. The effect of
including u, assuming that the symmetry is preserved, is to round off the current
waveforms. This reduces the distortion of the valve currents, thereby reducing
‘the magnitude of the generated harmonics [46].

The triplen harmonics are absent because of the balanced 3- phase
condition, and ‘the even harmonics are absent because of the half-wave
symmetry condition. The fifth and seventh, in general (6q+1) for q odd,
harmonic currents circulate between the two transformer banks but do not enter
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the AC network. The fundamental, eleventh, thirteenth and the (12q+1), q
integer have doubled in value. The magnitude of the characteristic harmonic is
inversely proportional to its harmonic order h.

On the DC side, the converter behaves like a harmonic voltage source. For
a 6-pulse converter, the DC voltage, Vy4, ideally contains only characteristic
harmonics of order 6q (q=1,2,...). Similarly, for a 12-pulse converter, Vy ideally
contains characteristic harmonics of order 12q, q integer [46].

3.3 Harmonic characteristics of the IP and EP firing schemes

It is of interest to investigate whether there is any difference in harmonic
characteristics of an inverter operating under the two firing schemes: individual
phase versus equidistant. This investigation has been conducted on an analog
simulation of a sample 12-pulse HVDC link with parameters given in Applend'ix_
A. The individual phase (IP) firing scheme implemented was the standard
inverse cosine firing scheme (with a predictive CEA), and the equidistant pulse
(EP) firing scheme implemented was the so-called pulse phase control firing
scheme (with a feedback CEA) described in [48]. The harmonic contents of the
AC and DC variables were measured using a DATA 6000 wave analyzer. To
begin with, a linear model of the converter transformer was used, the purpose of
which was to isolate the effects of transformer saturation, allowing us to
concentrate just on the harmonics produced by the converter. '

3.3.1 Harmonics with ideal AC voltage support

The purpose of this phase of the investigation is to establish the basic
relation on harmonic orders between AC and DC variables under balanced AC
conditions with the inverter operated under each of the two firing schemes. For
this purpose, the inverter is connected directly to a set of balanced AC voltages
of the form,

v, = Vjcos(wt) + Vcos(nwt)

v, =V, cos(m—%ﬂ) + Vncos(nwt:tzgz) (3.7)

Ve = \2 cos(wt—%) + Vncos(nwtii;l).

The plus and minus signs in the arguments of the cosine terms for the nth
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harmonic components in v, and v, pertain to the two cases when the sequence
of the harmonic components is opposite and when it is the same as that of the
fundamental, respectively. When confined to balanced sets, the triplen

harmonics (i.e, n = 3,6,9...) are essentially zero sequence components; they have
o effect on the 3- phase bridge operation because they cancel out in the line-to-
line Voltages Unbalanced triplen . harmonic components are, of course,- a
different matter. At the nominal operating condition simulated, the HVDC link
“transferred rated power with the DC current controlled by the rectxﬁer and the
DC voltage controlled by the inverter.

Separate sets of measurements were taken for the inverter operating with
each of the two firing schemes, using the same control set points. The harmonic
spectra of the DC voltage Vg4, the DC current I3, and the AC current I, for the
- cases of n = 2 and 4 are given in Tables 3.1 and 3.2, respectlvely Only the lower

order harmonics are shown; normally these are the ones of most concern in
practlce.' The presence of balanced harmonic voltage components in ‘the AC
phase voltages introduces extra harmonics, besides the characteristic ones, in the
DC voltage and current, and in the AC currents. In addition _td the usual
characteristic harmonics of order 12q, the DC variables V4 and Iy contain
additional harmonics of order either 12q + (n — 1), when the sequence of the
nth harmonic component voltages in the AC voltages is the same as that of the
fundamental, or 12q & (n +1) when the sequence of the nth harmonic
component is opposite to that of the fundamental. Similarly, besides the
characteristic (12q 4 1) harmonics, the additional harmonics in the AC currents
are of order either (12q 4 1) & (n — 1), when the sequence of the nth harmonic
components in the AC voltages is the same as that of the fundamental, or
(12q £ 1) £ (n + 1) when the sequence of the nth harmonic is opposite to that ‘
" of the fundamental.} These results also indicate that the _sainé order of
harmonics in the AC and DC variables is obtained from an inverter operating
with either the IP or the EP ﬁring scheme. Some differences in the magnitudes
of these harmonics can be seen, but these differences are not consxstently in
favor of the IP or the EP firing scheme. ' '

3.3.2 Harmonics with relatively weak AC support

In this phase of the investigation, the AC-side of the inverter has thehéual
eleventh, thirteenth, and high-pass tuned filters, together with a shunt 'ca;j)'a':itor
on ‘the primary side of the converter transformer. The AC network was
represented by an AC Thevenin’s equivalent RL impedance of angle 75°. It is
recognized - that the simple AC 'Thévenin’s equiva‘lent can only be an
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approximation of the AC network impedance characteristic over a rather limited
frequency range at a specific condition, as the actual AC network impedance
characteristic would not only have multiple poles and zeroes, but would also
vary considerably with loading conditions. The strength of the AC support can
be varied by adjusting the Thevenin source impedance Zi,. In this case, with
the basic control, the inverter was able to operate stably with either one of the
two firing schemes for AC support condition down to an ESCR of 1.5; below this
value instability sets in. In the interest of keeping the basic control common for
the following studies, an SCR of 4.45 and an ESCR of 3.97 were selected.
Figure 3.1 shows the magnitude and phase plots of just the Z;;, and of the
equivalent input impedance Z.q formed by the parallel combination of Zy; and
the shunt elements (shunt filters and capacitor) as seen from the inverter AC

bus.

The objective of this phase of the investigation is to examine what effect a
large source impedance (lower resonance frequency) or fundamental frequency
unbalance in the AC voltages or both has on an inverter operating under each of
the two firing schemes. The unbalanced AC voltage condition is of interest
because it causes uncharacteristic harmonics, especially ‘those of low orders for
which there are no filters provided. In the simulation, an unbalanced AC
condition can easily be created in several ways, such as using unequal
parameters in the phases of the AC line, the converter transformers, or the
shunt elements; or using an unbalanced set of Thevenin’s equivalent source
voltages. The latter approach, being easier to visualize, is preferred. For
simplicity the degree of unbalance is qﬁantiﬁed in terms of the percentages of
the negative and zero sequence symmetrical components.

As indicated earlier, the presence of zero sequence type voltage components
in the phase voltages has no effect on the bridge operation. But the presence of
negative sequence type components does affect the bridge operation.
Simulations were performed with balanced Thevenin’s AC voltages (base case)
and with 2.5%, 5%, and 109 of fundamental frequency negative sequence
components introduced onto the base case voltages. Because of the distorted AC
voltages, the minimum extinction angle has to be raised from the nominal value
of 18° to 25° for stable operation. To facilitate comparison, all the
measurements taken in this section were for a vyp;, of 25°. As the shape of the
AC voltage waveforms depends not only on the magnitude of the added negative
sequence componént but also on the re'ative phase between it and the positive
sequence component 0, the simulation for each level of unbalance at 45°

intervals was also repeated .
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A sample of the measured results for the 5% and the 10% unbalance are
~presented: Table 3.3 contains the harmonic spectra of the phase primary current
‘injected into the local AC bus by the inverter for the case when the Thevenin’s
~source voltages had 5% fundamental frequency negative sequence components,
and Table 3.4 contains the harmonic spectra of the same phase current at 10%
unbalance. The case of 2.5% wunbalance had similar characteristics of
prépbrﬁionally lower magnitudes. It should be noted that the s1mulabed system '
had finite impedances in both AC and DC networks.

Using the relation between harmonic orders established in the previous
section, we can predict that the presence of fundamental frequency negative
sequence components in the AC voltages will introduce extra harmonics of order
12q + (1 + 1) in the DC variables and (12q & 1) + (1 4 1) in the AC variables.
The presence of the third, ninth (from 11 - 2 ), and fifteenth (from 13 + 2) in
the AC current is evident from Table 3.4.

Two observations can be made from the results given in Table 3.4. First,
the magnitudes of these extra harmonics are approximately propoftional to the
degree of unbalance and they vary cyclically with the relative phase between the
negative and positive sequence components. Second, for this kind of voltage
distortion both firing schemes seem to generate about the same harmonics, ‘at
least for the sample system studied, but the magnitudes of these harmonics are
cons1stently lower with EP than with IP. It is apparent from these results that
the IP is more sensitive than the EP to distortions in the AC voltages. This
difference in behavior is more noticeable at a higher level of unbalance, as shown
here by the plots of the 3rd and 9th harmonlc components of the 10% case in
Flg 3.2.

The developed simulation can be used for studying all sorts of unbalance.
For example, in Table 3.5, the results for the case of a single phase unbalance of
20% drop in only the a-phase voltage of the Thevenin’s equlvalent source are
presented. This is equivalent to having both negative and zero sequence
componerits of 6.67%. Again, the orders of the harmonics present in the AC
and DC variables can be predicted using the relation established earlier. The
zero sequence components of the phase voltages have no effect on the brldge
Although the magnitudes of most of the extra order harmonics are lower with
EP ‘than with IP, in this case the 6.67% negative sequence components do not
dlstort the AC voltage sufficiently to _]ustlfy a clear conclusion.
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3.4 Effects of transformer saturation

- The power transformer is widely used in the power system. Like other
power components, it has its own characteristic behavior during transient
(inrush currents, faults, ...) and steady-state (saturation, hysteresis, ) '
conditions. Usually the transformer is simulated only by its leakage reactances )
(assuming that most of the leakage occurs in air, a linear medium) in series with .
its winding resistances. For dynamic and steady-state harmonic studies, it is
obvious that the above linear representation could yield misleading results and
might not describe the actual transformer behavior. Modern power transformers -
'fare‘made of grain-oriented silicon iron structure, which is known to have a very .
thin hysteresis loop [34,38]. In this study, hysteresis will be ignored; the
nonlinear normal magnetization curve produces only odd harmonic currents in |
theiexciting current, of which the third is the principal one, and the magnitude '
decreases with the harmonic order. In the case of a magnetic unbalance (no
longer half-wave symmetric), the magnetizing current can be very large and
contains all harmonics, that is, odd and even harmonics, including'a -DC
component. . In practice this asymmetry is frequently caused by the presence of a
DC component in the transformer secondary current. ' : '

3.4.1 Effect of transformer saturation on the HVDC operation

Under unbalanced AC source voltages, the triplen harmon'ics generated by -
the saturated transformer are unbalanced; they add to or substract from those
generated by the converter, depending on their relative phase angles -

To better understand how transformer ‘saturation affects the harmonic
characteristics of the inverter connected to a relatively Weak AC system, the
- following simulations were performed: : _

- steady-state operations at the nominal operating point W1th and :
~ without transformer saturation, ‘
- " injection of a DC component in the valve-side AC current, and
- the effects of unbalance in the AC voltages, including the effect of
‘ variation in the phase angle of the fundamental negatlve sequence
AC voltage, and a drop of 20% of phase A.

From measurem.2nts taken of the steady-state operation with and w1thcut s
transformer saturation, there was an observable change in the magnitudes of
some harmonics in Vg4 and I,. The current I, had a small DC component due to
unequal firing angles. The magnitudes of the characteristic harmonics remained
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the most dominant in all cases. An increase in the even harmonlcs in Vd and
odd ones in I, is clearly seen in Table 3.6.

In the second experiment we injected a DC component of 0, 2.5, 5, 7 5, and

10% of the rated fundamental transformer secondary current into all

transforr‘ner valve-side currents. Figure 3.3 shows measured values of Va, L, V,

and I, (phase A only) plotted against the magnitude of the DC component

injected. The uncharacteristic even harmonics present in I, and Va increase

almost linearly with respect to the increase in magnitude of the DC component '

injected. The odd harmonics are significantly less sensitive to the variation of

the DC component, at least up to 10%. Similar observations hold for the

‘magnetizing current where the second harmonic is the most dominant. On the
DC side, the opposite is happening. The odd harmonics in V4 and Iy are hnearly _

increasing, while the even ones seem to be only sllghtly sensitive to the presence

'of a DC component. One way to explain.this phenomena is to use the results
obtained in section 3.3.1. According to the relation established, the presence of

a second harmonic voltage (negative sequence by its nature in three phase

balanced AC system) produces harmonies of order 12q +(2+1) or 12q + 3 hence

the third, ninth, fifteenth, and all odd triplen are generated and are the most

significant ones on the DC side. Similarly, the presence of the fourth harmonic.

order in V, (positive sequence) produces harmonics of orders 12q + (4-1). A

similar reasoning applies to the eighth harmonic order in V,; triplen' harmonics

on the DC side and vice versa. The triplens on the AC side are of zero sequence; .

’ therefore, they do not affect the bridge operation since the latter respond to the

line-to-line instead of the line-to-neutral voltages.

‘The -third experiment was performed with a nonlinear transformer
representation; an unbalance. voltage condition was created by introducing 5%
and 10% of negative sequence fundamental AC voltage to the nominal
Thevenin’s voltage source on the inverter side. In each case, the phase ang'le of
the negative sequence component relative to the positive sequence phase angle
was varied from 0 to 360°. Figure 3.4 shows only the lower important :
harmonics on some of the AC and DC variables plotted against the phase angle _
6, between the negative and positive sequence of Thevenin’s source Voltage The
sécond harmonics present in V4 and I seem to be insensitive to 6. On- the ACV
side, the third and the ninth harmonics are the most dominant, in that order.
The harmonics in the magnetizing current, I.., are of lower magnltudes__ln the
_case of the 10% unbalance than in the 5% unbalance. This is because the 10%
unbalance condition results in lower AC voltages at the local bus; therefore, the
transformer is not driven as highly into saturation as in the case of the 5%
unbalance ~No saturation is present when 8 is around 180° as shown.
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In the last experiment a drop of 20% in the phase A of the Thevenin's
source voltage was simulated. Results presented in Table 3.7 include those "f'or‘ "
linear and nonlinear transformer representatxons and also for the EP and IP.
firing schemes for the purpose of comparison. The second harmonic is again the _
most dominant on the DC side and the third on the AC side. The EP again
gives better harmonic performance than the IP. - '

3.5 Harmonics due to the TCR

_3.5.‘1 Combined harmonic characteristics of HVDC and TCR

The TCR is a nonlinear element; it, too, generates current harmonlcs 1nto_ -

the AC system. The magnitude of each current harmonic component is a
function of the firing angle «. Full current is flowing in the TCR at o = 0, and
no harmonics are generated. No current flows in the TCR at o = 90°%
consequently, no harmonics. When « changes between these two valués; the
- fundamental is changed in a monotonic way with <, but the harmonic
component variation can be nonmonotonically, with extrema. occuring at
different values of a. It can be shown that the maximum magnitudes of the
‘third, fifth, seventh, eleventh, and thirteenth are 13.78, 5.05, 2.59, 1.57, 1.05,
and 0.75% of the fundamental full current, respectively [23]. The third -
harmonic is the most dominant. Fortunately, by just wiring the TCR in a
delta-connection fashion, the third harmonic (zero sequence) is kept w1th1n ‘the
delta circuit and will not propagate into the AC system. '

With an ideal voltage source, the fundamental component of the TCR . -

current is given by
- (3.8)

‘The harmomc current components, as a function of the ﬁrlng angle, are gwen by
the followmg closed form relationship:

4V (51nagos(hoz) —thosozsm(ha) \  (3.9)
X h(h® — 1) W

These equations could be derived from the ones given in [23]. Plots oqu 3.8

and 3.9 are shown in Fig. 3.5. BT
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From Fig. 3.5, we can see that there are more than one extremum, and they
occur at diﬁerent values of o for different harmonic orders. To ¢ompute the
- values at which an extremum occurs, compute the first derivative of the
expression in Eq. 3.9 and equate it to zero to get the following simple expression,

90°

Hext = (2k+1) h .-(3'10)
"~ The ma)iimum -value of the harmonic current of order h is given by,
4V (_1)k+lcosaext ' o
! = : - {3.11
h,ext X, ( h(h2—1) ) _ B ( _ )

Where k=1,2,3, ..., and O<a<90°

- Knowing at what o a certain harmonlc order is the highest could. s1mphfy
the filter design by elther avoiding the operation of the TCR at that point or
designing a tuned filter at that harmonic. The above formula was verlﬁed using
the simulation.

The type of firing scheme adopted for the TCR plays a major_' role in
‘' ‘mihimizing abnormal harmonic generation [67]|. A slight delay or advance of the
firing angle from its required value could cause unsymmetry in the valve
current; in consequence, odd and even harmonics appear in the hne currents.
Usually a TCR is connected to the bus voltage through a step-down
transformer, which, when saturated, would produce its own uncharacteristic
harmonics, further distorting the bus voltages and adversely affectmg the
operation of the firing circuit.-

Both fundamental and harmonic'components depend on the size of the
reactor. A large Xj means a lower rating or size and hence correspondingly )
‘lower harmonic magnitudes. A small X;, means a larger rating. or size and
| therefore higher harmonic magnitudes.

Unequal conduction periods can cause even harmonics to appear, mcludlng
a DC component To have equal conduction periods for both valves in the same
branch, .the firing angle has to be limited to 90°. With half-wave symmetry,
only odd harmonics are generated. Under balanced condition; all trlplen are
absent externally (due to the delta connectlon, as opposed to the case of a 6-

pulse_ converter, where the trlplen are canceled because of the 2% per-lod),
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clrculatlng 1nsrde the delta.

" Usually there is a need for harmonic filters for the fifth and seventh if the
--size of the TCR is significant. A TCR with 12-pulse configuration (in a way
similar to a 12-pulse converter bridge) is beneficial in the sense that it eliminates
the ﬁfth and seventh without the use of any filter, but at the expense of two
extra transformer banks. Even then the fifth and seventh harmonic ﬁlters are.
sometlmes neeeded, especially when operation with one or more 6 pulse
converter brldges is required. '

Tn ﬁlter de51gn, care should be taken to con51der all nonl1near elements'
W’hlch. _generate significant harmonics. The spectrum -of the TCR current
,depends on the firing angle, the firing control, the pulse number, andth_econtrol
circuit. © As with the bridge converter, non-characteristic harmotics are
_generated under several types of unbalances; L ‘

- unbalance in the bus voltages
oo “unbalance in the TCR impedance, :
- asymmetry in the firing angle in all phases, and
asymmetry in the firing angle i in each branch.

Under unbalanced AC voltages, the triplen harmonics are not of the z€ro
.sequence type, and hence they can pass through the transformer. Furthermore,v“
they are not blocked by the delta connection.. Even though small (as compared
‘to the characterlstlc harmonlcs) for a relatively small unbalance, they should not
be neglected because of the possibility of resonance. In the case of a DC
‘ component generation, even though small, could drive any transformer deep 1nto-
‘saturation. The measuring devices should also be insensitive to distortion in the
system voltage to avoid harmonic ampllﬁcatlon. Zero crossing detection has to
be as clean as possible from any distortion to avoid affecting the firing scheme of
the TCR or the HVDC converter. Otherwise, asymmetry in « results and :
‘abnormal harmonlcs are generated. Several tests have been perforrned and Wlll
be described in the following paragraphs ' ’

_First, to validate the simulation of the TCR, a pure sinusoidal voltage ‘was
apphed to the TCR. The firing angle o was then selected to correspond at a
specific harmonic extrema, and the harmonics generated by -each branch
'meaS,uredr:‘For,example, the firing angles of 30° (which corresponds to the
vextrer'num of the third harmonic current in the A-circuit), 18° and 54,° (which
correspond to the first and second extrermaum of the fifth harmonlc “current,
respectively), and .13° and 38° (which correspond to the first and “second
extremum of the seventh harmonic currents, respectively) were confirmed. “The
TCR is connected in A cireuit, hence, no triplen are present. The characteristic
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- harmonic of this 6-pulse TCR are 5, 7, 11, 13, ..., 6q41 with q integei'.- "Table
3.8 (a) shows the computed harmonic- currents from Eq. 3.10 for each of the

-above values of a. Table 3.8 (b) shows the measured harmonic currents obtained
| from the simulation. All the harmonic orders are relative to their respective
fundamental component. A comparlson between the two tables shows that they
A_ are very close.

 Next, with TCR s1mulat10n connected to the same sample AC system on
the 1nverter side, the response of the TCR to different degrees of unbalance was
1nvest1gated. A 2.5, 5, and 10% of fundamental negative sequence (E,) with no
phase shift with respect to the positive sequence (6=0) was added to the
- - Thevenin’s source voltage; the AC source impedance corresponded to that for an
~ESCR of 3.97. Table 3.9 shows the harmonics generated by the TCR phase A
current for the conditions of 0, 2.5, 5 and 10% of E, with 6 = 0 at the same «
values, for comparison purposes. The harmonic currents are relative to their
- fundamental component. As expected from section 3.3.1 [68], the most dominant
harmonics generated are of the order (6q+1)42, i.e, 3, 5,7, 9, .... Moreover, the .
third and’ ninth harmonics are increasing, and the fifth harmonlc is decreasmg,
-Whlle the seventh harmonic is increasing with the degree of unbalance. '

In another experlment, the effect of varying 6, while E, is kept constant,
was investigatted; 10% of negative sequence in the voltage source with 6 =0°,
120° and 240° have been used. Table 3.10 shows the results of such an
experlment for an o close to 24°, which is close to the first extremum of the fifth
harmomc "The harmonics are referred to their respective fundamental
component The cyclic nature is quite apparent. The magmtudes of the
harmomcs are the largest at 0° relative to 120° and 240°. The characterlstlc
‘ and uncharacterlstlc ‘harmonics are all affected by a change in 6. '

" In this part, the full DC system along with terminal filters. and capac1tors

T was used The interaction between the TCR and HVDC was studled by forcmg

' the TCR to keep the termmal voltage at rated value, corresponding to the knee

point of Fig. 2. 13 and Table A4. One way to obtain the TCR operating at
| '909>Oz>0 was to set the DC reference current to a lower than rated value.
A‘Us'ing this process and reducing the DC current to 0.5 per unit of rétted value at
the rectifier permits a new operating point where the terminal voltage is higher
than rated. The TCR operates in this case to brmg the voltage back to a value
close to rated (due to the TCR slope). : ~

‘ Slnce no fifth and seventh harmonic filters were used, these harmonics
'propagated into the AC local network, producing corresponding -harmonic
lvoltage drOps whlch were reﬂected on the AC bus voltages whlch,‘m turn,
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affected the DC-side harmonics. of the link. Applying the exp’ress‘ibn given.i'n :
section 3.3.1, we can see that the fifth and seventh harmonics on ‘the AC o
voltages create the 51xth eighteenth, . . ete. harmonlcs on the DC side.

“Table 3.11 presents some of the results showing the effects of both the TCR
and the saturation of the converter transformer on the inverter harmonic
characteristics at half rated DC power. Table 3.11 (a) shows the case with
balanced AC source voltages, and Table 3.11 (b), (c) and (d) are for 2.5% of E,
and 0 equals 0°, 120°, and 240°, respectively. The case where balanced AC
'voltagesa‘r"e present is being included for comparison purposes. On the DC side,
the 'secon‘d and tenth are increased due to the presence of E,. The sixth
harmonic is' due to the presence of the fifth and seventh harmonics on the AC '
bus voltages Again the cyclic pattern is present. '

“.It is interesting to examine why and how the triplen harmonics pass
through the A-connected converter transformer. As explained before, the

triplens are present in the valve currents but, due to the 23—7T pulse length, the

triplens cdn}cel'out. For the TCR, the A-connection prevents them from entering '
the AC system. For this discussion the case of E, =2.5% and 6 = 0° presented
in Table 3.12 will be used, but the results hold for any reasonable unbalance. :

First, take note that the third harmonic components of the »cor‘iverti'é'r'r
secondary. currents and TCR currents are not cophasal; they are more like
unbalanced 3-phase sets. This explains their propagation beyond the con\}erter )
fransfofmer On the other hand, the third and ninth harmomcs of ‘the
magnetizing currents are of the conventlonal zero sequence type.

"To study the effect of both negative and zero sequence unbalance in the AC
volﬁagés, a 15% drop in V, was applied. DC power was at half rated, and the
ESCR was 3.97. The harmonic spectra of Vg, I3, V,, I, and Vy, are pfe‘sé’n_ted'
in Table 3.13. The dominant harmonic components present in Vg are the
second, fourth, sixth and tenth. On the AC side, the triplens are most dominant.
Again, the zero sequence voltages do not seem to have much effect on the
operation of the bridge, but the negative sequence voltages do. '

The effects of varying the transformer saturation slope (TSS) and the TCR
reference voltage (RV) magnitude on the harmonic generation are presented in -
Table 3.14. The DC current was again half rated, and the ESCR was 3.97. To
force a saturated condition, the knee point was decreased to 0.86 pu. Reducmg
the TSS generates higher harmonic magnitudes and vice versa. ThlS could be
explained ‘by the fact that when the slope is reduced, higher magnet_lzmg
currents” are required at the desired AC voltage, and thus higher harmonic '_
currents. For this system and operating conditions, raising the reference voltage
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results in higher harmonic currents being generated, primarily from th'e'higher
- magnetizing current, but also because the TCR current is reduced at higher AC |
- voltage. This 1nd1cates that most saturation effect is domlnant Some unbalance
is also present ' '

" Table 3.15 presents the results from another operating condition Where the
..DC ‘current was at rated value and using the TCR operated to hold the terminal
vvoltage at or close to rated value. This particular condition was- obtalned by
ralslng the rectifier infinite bus voltage a few percent beyond rated value.

| ‘3.6 Conclusion

_ In_this chapter, the basic relations governing the extra harmonic orders in
the AC and DC variables in the presence of harmonic voltages or fundamental
frequency voltage unbalance were set forth. Also presented were reSults to show
that the inverse cosine (a form of IP) firing scheme is more sensitive to the AC
vvoltage distortion, particularly when the distortion is large, than the pulse
position control (a form of EP) firing scheme.

Results of transformer response to a DC component in the secondary side
currentfwere presented and indicated that the effect of a DC compo'ne'nttends to
. generate even harmonics on the AC side and odd harmonics on the DC 51de,
whlch satisfied the above established relationship (section 3.3. 1).

It was found also that the effect of the TCR and saturatxon on the
converter could worsen as the operating point is changed, and that filters for the
fifth and seventh harmonics are necessary, espe'cially for large rated TCRs.
Moreover, when unbalance is present, the triplen harmonics generated on the
| AC side are not entirely of the conventional zero sequence. These unbalanced
ttrlplens produce even harmonics on the DC side, the order of whrch can be
predlcted using the relatlonshrp set forth.. ' ,

. .Operation at higher than rated terminal voltage can be troublesome to the
”p'roper operation of the converter in that the converter transformer is driven
highly into saturatlon, Whlch can produce sizeable amounts of uncharacterlstlc
harmonlcs _ o ‘

- ‘Besides the above general conclusions, this chapter presented a vast array '
of results ‘on’ various operatlng conditions, results which could be useful in
spec1ﬁc mstances
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Table 3.4 Harmonics of the A-phase converter currént with 10% negative sequence
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130 - -0.155 - 0.225 - 0.286 - 0.164 - 0.107 - - - - -
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Table 3.5 Harmonics with 20% drop in phase A of Thevenin’s source voltage

1P EP

h V4 Iy \'A I, Vy Ig V, I,

0 100 - 100 - - ©100 100 - -

S R - 100 100 - - 100 . 100
2 5.193 7.185 0.609 0.433 4.130 5.934 0.376 0.373
3 .0.277 - 6.268 2.700  0.448 - 2.007 0.806
4 0.354 0.124 - - 0.408 0.153 = - -

5 - - - - - - 0.220 0.203

7 - - 0.361 0.765 - . - 0.330

8 0.262 - 0.129 0.395 0.270 - - -

9 - - 0.809 3.358 - - 0.356 1.277
10 0.732 -  0.100 0.574 1.245 0.153 - . 0.153
11 0.131 -  0.237 5.769 - - 0.163 4.128
12 1.916 0.200 0.129 0.698 2.682 0.285 - 0.163
13 °0.215 - - . 1.188 - - 0.163 3.186
14 1.335 0.131 - 0.361 0.641 - . -
15 0.124 -  0.262 1.417 0.146 - 0.157 0.792
16 0 0

.200 - - .268 0.408 - - -
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Table 3.6 Steady-state balanced AC voltages with a nonlinear converter
transformer
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.011
.041
. 034



77

Table 3. 7 Harmonics with 20% drop in phase A of Thevenm s source voltage
‘ with a nonlinear converter transformer

h N) SATURATION ~ WITH SATURATION NO SATURATION ~ WITH SAC[URATICN

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

Vy I, Vy I, Vy 1, Vy 1,

0 100.000 0.145 100.000° .0.158 100.000 0.178 100.000 - 0.162
1 0.000 100.000 0.110 100.000 - 0.367 100.000 0.397 100.000
2 6.131 0.029 7.116 0.023 4.985 0.120 4.638  0.147

3 0.062 3.162 - 0.087 1.291 0.238 1.075 0.234 . 1.142

4 0.451 0.011 4.000 0.015 0.487 0.189 0.623 ~ 0.183

5 0.045 0.375 0.064 0.797 0.046 0.185 0.096 0.264

6 0.154 0.049 0.245 0.049 0.095 0.142 0.348 0.144

7 0.023 1.062 0.024 1.268 0.064 0.369 0.130 0.531

8 0.381 0.096 0.966 0.099 0.272 0.023 0.509 0.023

9 0.007 3.805 0.024 3.645 0.128 1.503 0.112 1.365

10 0.831 0.091 - 0.478 0.096 1.393 0.246 1.119 0f237
11 0.007 5.174 0.016 ~5.591. 0.038 4.229 0.047 4.232
12 1.640 0.061 1.470 0.072 2.549 0.081 2.847__.0.099
13 0.037 ° 1.311 0.024 1.607 0.054 3.423 0.138 3.418
14 1.439 0.015 1.564 0.035 0.751 0.134 0.924 0.151
15 0.007 1.369 0.016 1.622 0.072 0.881 0.080 0.830
16 0.319 0.023 0.054 0.011 0.503 0.028 0.478 0.046
17 - 0.023 1.031 0.038 0.695 0.095 0.351" 0.104 0.303
18 , 0.326 0.037 0.414 0.023 0.310 0.060 0.356 0.048
19 0.023 0.554 0.038 0.353 0.087 0.079 0.096 0.122
20 '1.080 0.034 1.094 0.011 0.374 0.087 0.371 0.080
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Table 3.8 Harmonics of the A-phase TCR current with ideal-voltage source

(a) Computed values

h a=30° a=18° a=54° o=13° 0=38°
39.100 61.290 9.727 71.602 26.892
.757 5.046 3.118 4.584 0.083
.984 2.110 0.190 2.586 2.069
.501 0.283 0.459 0.640 0.678
.303 0.573 0.183 0.154 0.455

[T SN A e
cC o0 oW

—

(b) Measured values

.100 61.156 9.940 71.476 26.238
.538 5.302 3.329 5.157 0.587
.294 1.847 0.278 2.582 2.139
.337 0.610 0.553 0.325 0.830
.444 0.711 0.127 0.143 0.298

'Q:F-l\lvcni—d
(= T )

—
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‘Table 3.9 Harmonics of the A- phase TCR current with 2.5, 5 and 10%
negative sequence

-(a2) Balanced AC voltages

h a=30° 0=18° =54° 0=13° =38°
3 0.405 0.171 0.998 0.112 0.746
5 6.492  8.670 33.490 7.215 2.239
7 3.309 3.020 2.796 3.612 8.153
9

0.168 0.016 0.320 0.037 0.014

(b) 2.5% of negative sequence

h a=30° 0=18° o=54° 0=13° (=38°

.840 1.049 3.371 0.785 2.258 .
.095 8.135 32.077 6.855 2.097
.553 3.137 3.248 3.797 8.648
.471 0.050 1.126 0.257 0.152

O~ ovw
O W

(c) 5% of negative sequence

.151  2.331 7.748 1.654 5.295
.631  7.515 29.514 6.426 2.053
.678  3.270 3.428 4.023 8.978
.132  0.087 2.932 0.555 - 0.312

© 3 oW
o U

(d) 10% of negative sequence

.333  4.657 15.837 3.327 10.948
.659  6.249 24.542 5.378 1.668
.808  3.352 3.268 4.141 - 9.234
.258  0.165 5.244 1.024 0.526

@ =3 o
NS o W G0
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Table 3.10 Harmonics of the AA-ph.ase TCR current with 10%
of negative sequence ‘

h 0=0° f=120° 6=240°
3 5.157 ° 3.902 4.113
5 6.675 0.435 0.2486
7 0.248 0.172 0.275
9 1.433 1.008 1.035
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. Table 3.11 Harmonics with 2. 5% of negative sequence (nonlmear transformer |
~and TCR included) :

h Vd Id 'Va Ia
2 0.235 2.716 0.680. 0.444 0
3 0.632 0.433 2.799 4.086 1
4 0.822 0.883 ' 0.437 0.523 0
5 0.356 0.192 0.265 - 1.187 0
6 0.794 0.255 0.052 0.058 O
7 0.153 0.096 0.628 1.117 0
8 0.114 .0.026 0.041 0.212 0
9 0.108 0.026 0.048 0.112 0
10 0.870 0.053 0.029 0.195 o0
(b) 2.5% of negative
2 1.164 4.670 0.953 0.502 0
3 0.716 0.559 5.251 4.582 0
4 1.186 1.091 0.473 0.559 0
5 0.354 0.222 0.344 2.091 0
6 0.367 0.210 0.020 0.094 0
7 0.086 0.035 0.745 1.429 0
8 0.382 0.085 0.035 0.192 0
9 0.073 0.035 0.219 2.287 0
10 1.400 0.182 0.035 0.343 0
(c) 2.5% of negative
2  2.313 9.505 0.798 0.301 0
3 0.670 0.497 3.292 5.673 3
4 1.676 1.615 0.424 ~ 0.235 0
5 0.388 0.244 0.518 0.771 0
6 0.843 0.273 0.029 0.031 0
7 0.060 0.026 0.518 0.788 0
8 0.180 0.068 0.048 0.341 0
9 0.099 0.006 0.286 3.374 0
10 - 1.380 0.165 0.038 0.301 0
(d) 2.5% of negative sequence
2 1.940 9.229 0.617 0.413 0
'3 0.718 0.337 1.237 1.500 1
4 '0.812 0.665 0.412 0.185 0
5 0.395 0.199 .0.587 0.700 0
6 - 1.053 0.390 0.081 0.116 O
7. 0.127 0.026 0.558 0.917 0
8 0.032 0.068 0.019 0.153 0
9 0.140 0.035 0.315 2.744 0
10 1.014 0.165 0.025 0O 0

(2) Balanced AC voltages

V%c»

.524
.242
.464
.449
.048
.826
-024
.094
.007

sequence with 6=0°

.352
.569
.372
.564
.064
.796
.044
.408
.011

sequence with 6=120°

.134

.506
.980
.332
.673
.095
.864
.024
.294
.011

with 6=240°

.399
.673
.385
.358
.067
.791
.060
.201
.067
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Table 3.12 Harmonic magnitudes and phases of the converter, magnetizing,
and TCR currents w1th 2.5% of negative sequence

(a) Converter transformer primary currents

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

100.000 -54.371 100.000 178.340 100.000 60.199
6.777 26.883 2.929 23.280 6.438 50.009
3.970 = 70.515 3.176 175.190  2.681 -46.895
2.657 92.439 2.201 -30.075 2.637 -142.110
2.060 -91.351 2.721 27.559 4.120 150.040

L U Ww

(b) Converter transformer secondary currents

1100.000 -57.128 100.000 174.440 100.000 56.524

1

3 2.581  -15.111 1.685 -116.140 2.111 55.134
5  0.441 -30.602 0.251  45.631 0.469 140.590
7 0.432  30.684  0.227 19.055  0.834 -144.320
9 3.164 -65.648 2.638 +  1.873 3.526 156.870

(c) Magnetizing currents

1 100.000 -165.130" 100.000 74.130 100.000 -46.702
3 71.695 -134.050 68.482 -136.950 69.284 -139.590
5 54.447 -104.660 54.022 10.690 51.739 126.490
7 34.181 -76.832 34.809 157.130 - 31.482 -31.492
9 16.458 . -55.695 16.590 -63.550 13.502  -71.048

(d) TCR currents

100.000 8.613 100.000 -114.780 100.000 126.380.
4.453  22.110 0.893 -162.760 3.526 -163.980
.692 -135.760  21.904 -34.804 23.508 91.702
5.199  63.704 4.669 -75.646 4.721. 168.400
1.232 . 68,032 0.520 -156.170 1.268 -134.610

L= B
—
<o
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Table 3.13 Harmonics with 15% drop in phase A of Thevenin’s source voltage
(nonlinear transformer and TCR included)

h Vi Iq Va L Vbe
2 2.452 9.257 0.050 0.255 0.135
3 0.140 0.238 3.728 4.381  3.905
4 1.840 1.740 0.200 0.315 0.061
5 0.087 0.079 1.565 1.514 0.845
6 1.125 0.523 0.095 0.165 0.033
7 0.017 0.018 . 0.594 1.931 0.594
8 0.600 0.193 0.039 0.276 0.022
9 0.008 0.044 0.394 5.078 0.201
10 1.577 0.181 0.050 0.251 0.040
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Table 3.14 Eﬂ“ects‘of the transformer saturation characteristic slope
and the TCR operating point on harmonic ganeration

(a) Xpe=0.5 pu and V,.=0.81 pu

h Vg I4 V. Ia Vbe
2 0.919 1.598 0.795 0.417 0.481
3 .0.494 0.108  1.115 0.976. 2.425
4 0.690 0.178 0.167 0.313 0.204
5 0.109 0.016 0.102 0.099  0.074
.6 0.527 0.070 0.046 0.028 0.028
7 0.057 0.008 0.538 0.111 0.383
8 0.049 0.016 0.024 0.078  0.045
9 0.068 0.008 0.074 0.346 0.101
10 0.169 0.038 0.003 0.147 0.018
(b) Xy2=0.33 pu and V,.=0.81 pu
2 1.054 1.395 0.607 0.203 0.235
3 0.436 0.149 1.146 1.103 2.612
4 0.673 0.242 0.097 0.134 0.099
5 0.073 0.008 0.459 0.502 0.415
6 . 0.680 0.126  0.015 0.127 0.048
7 0.088 0.008 0.644 0.759 0.603.
8 0.138 .0.008 0.029 0.130 0.057
9 0.073 0.008 0.085 - 0.011 - 0.105
. 10 0.130 0.008 .0.023 - 0.145 0.009
"~ (c¢) Xpe=0.5 pu and V,,=0.89 pu
2 0.727 1.522 0.528- 0.100 . 0.319
3 0.456 0.086  1.969 1.697 2.008
4  0.635 0.283 0.078 0.206 0.123
5 0.124 0.008 0.760 0.676 0.743
6 1.131° 0.172 0.018 0.060 0.057
7 0.052 0.008 0.379 0.922 0.329
8§ 0.099 0.023 0.022 0.093 . 0.049
9 0.052 0.016 0.054 0.127 0.071
10- 0.154 0.008 0.014 0.079 0.013
(d) Xp=0.33 pu and V,.;=0.89 pu
2 0.876 1.462 .0.605 0.328 0.221
3..0.545 0.134 4.239 3.832 2.307.
4 0.773 0.268 0.142 0.204 0.076
5 0.078 0. 0.526 2.233 0.874
6 1.078 0.157 0.065 0.211 0.049
7 0.030 0.008 0.652 - 2:325 0.689
8 0.155 0.024 ~0.033 0.161 0.054
9 0.148 0.016 0.168 0.966 0.087 -
0 0.188 0.024 0.033 0 0.027

—

.147
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Table 3.15 Harmonics due to saturation effect and TCR operation for ,r.a_té.d
DC current .

(a) Linear transformer and no TCR

h V4 I4 V. Ia. Voe
2 0.327 . 1.323 0.143 0.097  0.034
3 0.063 0.025 0.827 .0.408 1.125
4 0.034 0.040 . 0.036 0.078 0.089
5 0.034 0.008 0.025 0.041 0.019
6 0.021 0.008 0.021 --0.015 .0.011
7 0.021 0.008 0.032 0.028 0.034
8 0.021 0.008 0.025 0.029 0.044
9 0.034 0.008 0.078 0.306 0.064
10 0.369 -~ 0.040 0.032 0.036 0.011

(b) Nonlinear transformer and TCR included

2 0.405 1.092 0.151 0.201 0.078
3 0.622 0.172 0.510 0.864 1.328
4 0.448 0.122 0.354 0.252 0.244
5 0.208 0.090 1.592 0.520 1.278
6 1.643 0.305 0.061 0.002 0.068
7 0.112 0.016 0.021 0.277 0.085
8 0.040 0. 0.036 0.029 0.029
9 0.040 0.008 0.078 0.352 0.083

10 0.313 0.008 0.025 0.023 0.024
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(2) Magnitude

Figure 3.1 AC impedance as seen from the converter bus
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(b) Phase angle

Figure 3.1 continued
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(a) Third harmonic

Figure 3.2 Harmonic characteristic with negative-sequence unbalance
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(b) Ninth harmonic

Figure 3.2 continued
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 (a) Even harmonics in the DC voltage

Figure 3.3 Uncharacteristic harmonics due to the pfes,ence of__é'DC
. component in the secondary side of the converter transformer
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(b) Odd harmonics in the DC volt-ége

Figure 3.3 continued
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Figure 3.3 continued
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(d) Odd harmonics in the converter AC current

Figure 3.3 continued
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(e) Even harmonics in the terminal AC voltage

" Figure 3.3 continued
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(f) Odd harmonics in the terminal AC voltage

Figure 3.3 continued
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Figure 3.3 continued
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(a) Second harmonic in the DC voltage

Figure 3.4 Uncharacteristic harmonics due to negative-sequence
and transformer saturation
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- (b) Second harmonic in the DC current

Figure 3.4 continued
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(c) Third harmonic in the converter AC current

Figure 3.4 continued
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(d) Third harmonic in the terminal AC. voltage

Figure 3.4 continued
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(e)'_‘Ninth’ harmonic in the terminal AC voltage

Figure 3.4 continued
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~(f) Ninth harmonic in the converter AC current

Figate 3.4 continued
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CHAPTER 4

VOLTAGE STABILITY

4.1 Infrvodu'cztibn

In recent years, with more reactive components connected to the power
system, voltage instability has become a major problem. For an AC/DC system,
a sudden reduction (drop) in the terminal voltage, especially on the inverter
side, could lead to one or more commutation failures, eventually forcmg a
shutdown of the converter bridge. On the other hand, overvoltages, no matter
how short, could damage voltage-sensitive devices and shorten the life of
components, and, in a lesser sense, drive the transformers into s'atdr;itien,
eaUSing excessive harmonic generation. . o o

 In an AC system, a transfer of power is always limited to a value called the
power transfer limit. A plot of V versus P for different values of the power
factor is usually implemented by engineers in the transmission. line de51gn [9]
An HVDC converter presents a variable power factor source or sink to the AC
bus; with such a load, the maximum power transfer limit is more restricted as
compared .-to the constant power factor load. When the AC network is weak,
Zth is high; the power transfer limit is further reduced.

The effective short-circuit ratio (ESCR) has been used as a gauge of the
level of difficulty in operating an HVDC converter bridge. Unfortunately the use
of the ESCR alone does not describe fully the dynamics of the system.
Somewhere between the use of a simple parameter (ESCR) and the eomplicated
detailed ‘and time- consuming simulation, a new method which uses the so—ca]]ed
voltage stability factor, VSF, has emerged [9, 69] This method is based on a
sensitive measure of the total reactive power at a terminal bus to changes in its
voltage. - -

The effect of lowering the ESCR on the voltage and ‘power sf'ability is
described in the hext section. The voltage stability factor is then introduced

~ and applied to the sample system. The focus will be on the r‘esp"o'nse of the

inverter and its AC network. The results presented are obtained from a digital
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on the equations given in Appendix B.

1.2 _Eﬁ'éct of the ESCR on stability

Quite a few of today’s HVDC schemes have the ratio of ‘the short—c1rcu1t
power Sy available at the local AC bus to the rated DC power Py approaching
two. Others, though normally connected to a strong AC system, could be in a
similar situation when contingencies (disconnection of one or more t‘rans'miss_ion‘
lines) occur.

A weak AC system is characterized by its high equivalent source impedance
Zy, at the local AC bus. High values of Zy, cause large steady-state voltage
drops across Z‘th, producing poor voltage regulation and amplifying harmonic
1nteract10ns

The simple ESCR measure will not fully describe the system behavwr
durmg transient periods, since it is just an admlttance on a specific base (P4 and
V), although the phase angle of that admittance provides some information on
the effective damping presented by the AC system. Figure 4.1 shows the plots of
the real and imaginary parts of the parallel combination of Z;;, and the effective
shunt capacitance X, at the bus. Both parts approach the origin of the s-plane,
indicating that the system becomes less stable as the ESCR is lowere_d. .

4.3 Sensitivity of DC power to AC ?oltage rﬁagnitude

In this section, we will examine the sensitivity of the DC power to local bus
AC voltage magnitude for the full AC/DC system. As before, the link is
operated with the inverter controlling the extinction angle at Yy, and the
rectifier controlling DC current Ij. ‘

Flgure 4.2 shows the variation of the terminal voltage with respect to the
DC power (P4). The intersection point of the curves corresponds to the nominal
operating point. Note that with higher ESCR, the voltage variation is larger
and the maximum power limit is lower. The maximum power limit is reached

when d = 0; this is also referred to as the steady-state stability . limit.

Bey()nd this limit, a voltage collapse occurs. Adding capacitors would only boost
the voltage profile producing an effect si.nilar to lowering the ESCR. This
~ addition of capacitors thus results in a lower ESCR. This can be troublesome to
. the operation of the system. In contrast to a constant powervfactof load, the
HVDC p"resents a varying power factor, forcing the power limit to become much
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smaller.

Figure 4.3 shows how the ESCR aﬁects the maximum DC power transfer
and the terminal voltage magnltude for different values of the DC current (Id)

dPy
loadmgs. For negative —dI—', an increase in the Iy creates a higher drop in V.
d -

Note t_hat for ESCR=1.0, the nominal operating point is the n’e’gaftlive slope,
indicating that for this system such an operating point will not be stable.

- Figure 4.4 shows how the regulation is adversely affécted by the decrease in

- the ESCR. A flat slope indicates good voltage regulation, but a steep slope is

' undesirable because of the possibility of large fluctuations in the terminal
voltage. Figure 4.5 shows how the terminal voltage V behaved with the DC
loadings when a TCR was used to regulate the terminal voltage at the local bus.
Voltage regulation was maintained by the TCR over a wide range; as expected,
it was only effective for overvoltage condition and not undervoltage operation.
Figure 4.6 shows the relation between Py and Iy for the ‘corresp_onding’
condition. Note that P4 has a linear relation with Iy when the TCR is active.
 The variation of V with Iy is given in Fig. 4.7; when contrasted with the V
versus Py plots in Fig. 4.5, we see that, for ESCR=1, P4 folds back when Iy
continues to increase beyond the cross-over or nominal operating point. Beyond
" the nominal operatlng point, the TCR is, in this case, de31gned to turn off or-
operate at minimum current. '

"~ As mentloned earlier, capacitor banks can be added to improve the voltage
support at the local bus. Figure 4.8 shows the effect of adding more capacitance -
~at the local bus with X. =1 corresponding to an ESCR=1; with more
capac1tance the instability pomt is shifted to the right, that is, to higher DC
loadlngs

4.4 Volta.ge stability factor

" Another way to look at the stability phenomena is to use the voltage
stability factor, VSF, given in [69] as |
| AV o |
VSF = ——— ’ ' 4.1

vag 0w

with P4 held constant. The details of computlng this factor are glven in
Appendix B. .

A small positive value of VSF means that the system is' stable and

operation is obtained with low AC voltage fluctuations. A large positive value

means a stable operation with large fluctuations in the terminal voltage. On the
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other hand, a negative value means voltage instability at that operating point.

The VSF for the sample AC/DC system without the TCR is plotted for
different values of the ESCR in Fig. 4.9. For 'ESCR:2, the VSF is positive and
much higher than it is for the corresponding ESCR=3.97, which means that the
system, though stable in both cases will have larger voltage fluctuations with an
ESCR=2 than with an ESCR=3.97. The case of ESCR=1 is as predicted
before, unstable and with a break point; the brand with negative VSF is-
unstable.  With the TCR, the corresponding results in Fig. 4.10 shows an
improvement in that the instability point has been shifted to the l‘ight (i.e., at
' larger values of I3). The effect of varying the TCR reactor size is demonstrated
in- Fig. 4.11, where the break-point moves farther away to the right of the
nominal Iy for smaller X;),: In the extreme case of an infinite size TCR where
" the slope is zero, the terminal voltage is held constant for all DC loadings below
the nominal operating point (i.e., in the operatmg range of the TCR), and no
instability is indicated. '

v 4;5A-Conclusivon ‘

The problem of voltage or power stability of an AC/DC system is of great
~ concern. and . 1mportance when the AC support at the inverter end is ‘weak. The
~ system can become unstable when the ESCR is lower than some minimum value:
- [8,9,43]. this investigation shows that steady-state voltage and power
* instabilities can be reasonably predicted by the appropriate sensitivity factors
described in this chapter. Using the detailed analog simulation of the sample
AC /DC system, the predicted 1nstab1hty from these sensitivity factors was
conﬁrmed :

ThlS study has shown that the TCR can play an effective role in stabilizing
- .the AC* voltage Although adding shunt capacitors would also enhance the
voltage support and the stability, it has the effect of lowering the ESCR further,
thus contrlbutlng to power voltage regulation.
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- CHAPTER 5

DYNAMIC AND TRANSIENT STUDIES

5.1 Introductlon

In this chapter, we will the 1mpact of a TSC-TCR compensator on the
' kdyna.mlcs of an inverter with weak AC support In particular, we will consider a
TCR equipped with a terminal voltagé control, a power factor control, or a
direct-axis current control to see which of these control is most suitable. A final
section will examine the response of the system to a full load rejection of the
entire inverter (blocking). All the tests were applied with the converter
transferring full power to the AC network of effective short-circuit ratios 3.97, 3,
2, and 1.5. ’

5.2 Dynamic response

A system is dynamically stable when it recovers from minor disturbances.
Usually, any disturbance large or small could lead to undervoltages or
overvoltages. Undervoltages could degradate the performances of the load, while
overvoltages could damage the equipment and drive any close transformer
deeply into saturation, generating excessive harmonics. ‘Therefore, effective
control of the terminal voltage directly or indirectly has to be performed. TCR
in conjunction with TSC can be effective in controlling transient overvol_ta.g.es
(TOV). Fast TOVs are dlfﬁcult to control.

A small voltage margin of a few percent is usually provided in the current
margin method operating the link, as such a small, sudden drop in the local AC
bus voltage could result in an undesirable mode shift. A fast acting TCR could_
help minimize such mode shifts. The TCR also alleviates the voltage regulatioh
problems in steady-state operation; this is particularly useful at low power
transfer conditions with a weak AC system when overcompensation from the
shunt filters and capacitors, if not switched out, can cause a steady-state
overvoltage condition at the inverter AC bus. Reactive compensation could also
be obtained by operating the inverter at higher than norniall extinction angle
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during light load conditions, but this would increase commutatlon losses in the
valves

Three basic tests were used to evaluate the dynamic response of the sample
AC/DC system (with an ESCR=1.5 on the inverter AC side) with TCR control;
these are: v

- astep change in the reference of the controlled variable,
. a drop then a ramping of the rectifier reference DC current, and
- switching in and out of a 200 MVAR (20% of the total
capacitance) capacitor bank.

5.2.1 Terminal voltzige control

Since the operation of the converter depends highly on the terminal AC
voltage, a direct control of it would seem to be the best. This is checked by
perforvm‘ingb the three tests listed above. A nonlinear - representation of the
converter transformer is used in these tests unless stated otherwise. .

In the first experiment, we applied a step-down of 5.5% of the reference
voltage then a step-up, restoring the reference to the same magnitude. The
TCR is sized to have a capability of absorbing two times the reactive power
-generated by the filters alone (50% of the total reactive power). The slope was
selected to give 5% regulation (in the operating range of the TCR).

Figure 5.1 shows the syetem response to a step down from rated voltage
then a step-up. The records show good response (i.e., no significant overvoltage
or oscillations). :

In Figs. 5.2 and 5.3, we apphed a 50% drop to Ig rer of the rectifier followed
by ramping I back to rated DC value. The ramp period was selected to
correspond to 12 cycles (200 msec) and 24 cycles (400 msec), respectively. Note
that for the faster ramp rate in Fig. 5.3, a small overshoot in I4 occurred, but
“for the lower ramp rate in Fig. 5.2, there was no overshoot in Iy and also no
undervoltages We also investigated using faster ramp rates; at about 6 cycles,
commutation failures occurred as a result of high undervoltage “condition.
Approximately 13% overvoltage is detected in the third cycle following the
sudden drop of Iy The delay in control response can be attributed to the
time »constants of the filter in the terminal voltage measurement and the PI
compensator of the TCR control.

» . In Fig. 5.4, a 200 MVAR capac1tor bank (20% of the effective [actual plus
filters] shunt capac1tance) was switched in then out. A maximum of 9%
’ overvoltage is detected No significant overvoltage is shown durlng the switching
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off. The overvoltage, in this case, is moderated by the transformer saturation
.characteristic; this is indirectly reflected by the increase in magnetizing current
following the disturbance.

5.2.2 Power factor control

The response to a step down and up of the sing. (from ¢ =10° to
¢re=0° and vice versa) is shown in Fig. 5.5, ¢ being the angle between the
terminal AC voltage V and the network current flowing into Z. Doubling the
step change in sing,, resulted in instability. The response from dropping the
DC reference current by 50% of the rated value then ramping it back over 24
cycles is shown in Fig. 5.6. The system, though stable, was oscillatory, even
when the gains of the PI controller were reduced to a minimum. Figure 5.7
shows the response of the system when the ramp rate was increased to 9 cycles;
instability occurred. Figure 5.8 shows the response of the system to capacitor
switching. In general the controlled responses were somewhat more oscillatory
than those obtained with the voltage magnitude control when the ESCR is 1.5.
It has, however, given stable and smooth controlled response when the ESCR is

higher.
5.2.3 Direct-axis current control

The response to a step down and up of the Ip 1 (from 1% of rated Is to 0
and vice versa) is shown in Fig. 5.9. Doubling this step change has caused
instability. The response to dropping the DC reference current by 509 rated
then ramping it back (after the transients have settled) in 24 cycles is shown in
Fig. 5.10. In general, this type of control shows a relatively good performance.
It shows less oscillations as compared to the power factor control. Figure 5.11
shows the response of the system to a capacitor switching.

5.3 Load rejection

In this discussion, load rejection by the inverter means blocking the
inverter. Blocking of the inverter is effected simply by using a bypass valve to
divert the DC current from the inverter. On receiving the block command, all
firing signals to the thyristors of the inverter are suppressed at the same time a
signal is sent to turn on the bypass valve.
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These tests were performed on a system with ESCR==1.5, the purpose of
which was to evaluate the effect of transformer saturation and effectiveness of
the TCR in limiting the transient overvoltages (TOV) caused by a load
rejection. For consistency, the load rejection has has been applied at the
positive zero crossing of the phase A voltage. ‘

, Figure 5.12 shows the system response with no TCR and a linear
transformer representation before and after the load rejection. In this case, the
load rejection has been applied at a random point in time. The case of a linear
transformer and no TCR was used to establish a base line. Transient
overvoltages (TOV) lasting from 1 to 3 cycles show up right after the load
~rejection. The first overvoltage peak is the most critical, especially in phase B,
where Vi, has reached 2.22 pu or 122% of TOV, which is too high.

The corresponding system response with TCR and linear transformer is
shown in Fig. 5.12 (b). The TOV has been reduced to approx1mately 67% with
one TSC turned off. This is still too high.

" The response with no TCR and a nonlinear transformer is given in Fig.
5.'1'2_(c). A TOV of approximately 78% is reached (again in phase B).

Finally, with both nonlinear transformer and TCR, a 67% TOV in the first
cycle is observed. The TCR was not able to react quickly and limit this first
cjrcle TOV, but it was effective in the subsequent cycles (after 2 cycles). - Figures
5.13 (a) and (b) show the voltages across the TSC for ESCR=3.97. Again, in
thvis case, the load rejection has been applied at a random point in time. We can
* see that the residual voltage in the disconnected capacitor is higher than the
nominal value, in eﬂ'ect acting like a track-hold capacitor, holding the peak
“transient voltage. Figure 5.13 (c) shows the same run on an expanded time

‘ scale

. Nelther power factor nor d1rect—ax1s current controls of the TCR are
- applicable. to the load rejection condition because of difficulty in establishing the
reference values for these controls. The nominal power factor was 1 before the
load rejection was applied (Ip = 0). After load rejection, and due to the absence
of any other loads connected to the terminal bus voltage, the network current
was capacitive and very small. Pure capacitive means the power factor is close
to 0 (sing =0) and Ip has maximum value. When the network current is very
small, accurate measurement of the d1rect—ax1s current would be difficult,
makmg its control less accurate.

“Asa br1ef scan of the variation of TOV with the point of wave at which the

. load rejection was initiated, the timing of the load rejection was changed from 0
to 120° and 240° with respect to the positive-going zero crossing' of V,. The
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results obtained show that the highest OV present was at different phase
- voltages. For example, when point of wave at which load rejection was lmtlated
was 0° the highest OV appeared on V. ‘

ESCR has been varied from 3.97, 3, 2, to 1.5 when the approx1mate Values
of the TOV recorded are plotted against the ESCR in Fig. 5.14; it is clear that
as the ESCR. is lowered, higher TOV were obtained. In this case, the timing of
the load rejection was selected to correspond to the positive-going zero crossing
of,V,, when the highest TOV appears on V,. ' |

5.4 Conclusion

‘The impact of a TSC-TCR compensator on the dynamic and transient
responses of the sample AC/DC system was studied. The TCR controller gains
have been selected through trial-and-error. The criteria used are the stability of

“operation and minimum oscillations before reaching steady-state.

From these tests, we can conclude that the terminal voltage control of the
TCR is best suited for this purpose, perhaps because it is the most direct form
of control for this application. Although the direct-axis current control showed
good dynamic performances, setting the appropriate reference value for certain 7
operating conditions can be a problem. The power factor control showed too
much oscillation at low ESCR; this could be because of its complitated
measurement as compared to the terminal voltage or the direct-axis current.

' Fast r‘amping of the DC current could be a problem with weak AC support,
but a very slow ramping would delay the restoration of the full capacity which
might be very greatly needed. A compromise should be made.

Although transformer saturation moderates the TOV by absorbing excess
reactive power from the system, it introduces excessive harmonies, which distort
the AC voltage and might excite some natural frequencies. o

Because of the time constants in its measurement and control loop, there
will be some delay in TCR response. Supplementary devices, like the ZnO surge

’ arrestors, may be needed to clamp the initial part of any TOV.

‘ For a given system, ther TOV increases in magnitude as the ESCR
decreases
. The initial residual voltage on a switched-out capacitor of a TSC can be as
high as the peak transient voltage.
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CHAPTER 6

CONCLUSION AND RECOMMENDATIONS

6.1 Conclusion

The focus of this report has been on the harmonic generation and
interaction between different nonlinear elements (HVDC converter, converter
transformer saturation, and the thyristor-controlled reactor) present at the
AC/DC junction bus.

The conclusions of this report could be summarized as follow: v

- The detailed analog simulation of a sample AC/DC system was
successfully realized where two common firing schemes for the inverter
were implemented. The simulation was validated by steady-state load

‘vﬂow calculations based on the average-value model of the converters. -

- Simulation techniques of the the nonlinear magnetization characteristics
of the converter transformer, the thyrisvtOr controlled reactor, the
thyristor-switched capacitors, and the bypass valves were dlscussed and
validated.

- A basic relation governing the extra harmonic orders in the AC and DC
variables in the presence of harmonic voltages or fundamental frequency
voltage unbalance was established. It was found that the individual
pulse firing scheme is more sensitive to the AC voltage distortion,
particularly when the distortion is large, than the equldlstant pulse
control firing scheme.

- It was also found that the effect a DC component in the transformer
secondary side current tends to generate even harmonics on the AC side
and odd harmonics on the DC side. These were found to satisfy the

“established relationship. .

- Tt was shown that the effect of the TCR and saturation on the converter

could worsen as the operating point is changed and that filters for the
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fifth and seventh harmonics are necessary, especially for large rated
TCRs.’ | |

- As a result of unbalance, triplen harmonics are generated on the AC
side, and even harmonics on the DC side the order of which can be
predicted using the relationship set forth. These triplen harmonics are
not entirely of the conventional zero sequence (same magnitudes ‘and
same phases). :

= . The problem of voltage or power stability of an AC/DC system is very
crucial. It was found that the system become unstable when the ESCR
_ is lower than some minimum value, and that the steady-state voltage
and power instabilities can be reasonably predicted by the appropriate
sensitivity factors. '

- It has also been shown that the TCR can play an effective role in
stabilizing the AC voltage. Although adding shunt capacitors would also
enhance the voltage support and the stability, it has the effect of
lowering the ESCR, thus contributing to power voltage regulation.

- Three tests were performed on the three types of TCR controls. It was

" found that the power factor control presents more oscillatory response
at lower ESCR, and that the terminal voltage control of the TCR is
best suited for load rejection studies.

- Fast ramping of the DC current could be a problem with Weak AC
~support. It was found that a 24 cycles ramp period shows» a stable
résponse while a faster response caused instability.

- The transformer saturation moderates the transient overvoltages by
absorbing excess reactive power from the system. For load rejection
- studies, neither the transformer nor the TCR could limit (to an
acceptable level) the first cycle of the transient overvoltages; hence,
“supplementary devices such as surge arrestors have to be used.

- It was found that as the ESCR decreases, the peaks of the: transient
‘overvoltages due to load rejection increase. The highest peak could
~appear in any phase of the terminal voltage and this depends on the
timing of the load rejection. ‘ )

- It was also found that the initial residual vbltage on a switched-out.
‘capacitor of a TSC can be as high as the peak transient voltage.

6.2 Recommendations for future work

‘The formula which relates the AC and DC harmonics could be used to get
a better understanding of how the bridge modulates the harmomcs in the AC
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and DC networks. Based on this formula, a valuable investigative attempt
- ~would be to compute the magnitude of the uncharacteristic harmonics from the
bridge in a simpler manner. , 7

Any unbalance in the AC terminal voltage is highly undesirable. The TCR
could be used to balance thesé voltages. Extra harmonics would be generated.
An investigation to determine the benefit of balanced AC terminal voltages
versus the penalty of added harmonics may prové to be quite interesting.

Thé results presented from transient and dynamic studies show that the
TCR cannot limit by itself the first transient overvoltage (TOV) peak. Moreover,
it has been shown that the ramping rate of the DC current has to be large
enough to avoid instability. These two points are worth further investigation.
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Table A1 System paramete-rs:

(per mile, per pole)

Param_eters Converter 1 'Cv"onve'rter‘ 2
(Rectifier) (Inverter)
Peak Thevenin’s voltage 137 kV 128 kV
Thevenin’s impedance © 0.6846 0, 6.8 mH ,. ' 95.862() o
~Capacitor bank 18.051 uF 992.564 uF
11th harmonic filter 10.82 (1, 44 mH, 1.322 uF same |
(per pole) : -
* 13th harmonic filter || 0.92 (2, 44 mH, 0.946 uF satme”
‘(per pole) _ ' ,
High-pass filter 1 34.15 (1, 4.8 mH, 4.5 uF same
_ (per pole) L
'High—pass filter 2 none 56.7 {1, 1.67 mH,
(per pole) - 5.85 uF
Nominal DC voltage 500 kV 4.69.16 kV
_(per pole) 1
meinal DC current 2 kA samé
: Tr‘ansformef reactance 8.264 (1 , sémg
Transformer turn’s ratio = 0.8859 0.8475
o . p . , ,
Control angle Qpom = 15° ’7min,.=‘18°
6th harmonic filter 0.28 H, 0.7 uF | same
_(per pole) o ,
DC High-pass filter 1 - 945 (), 14 mH, 3.5 uF same
(per pole) ,
- DC High—pasé‘ filter 2 100 {2, 7.36 mH, 2.5 uF same
__(per pole) ' |
DC line impedance 18.25 mf}, 137 mH same

0.0433 uF
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Table A2 Control system parameters

Parameters Converter 1 Converter 2

(Rectifier) (Inverter with IP) -

K 249 ' same

Ty, 0.01 sec same

T, v 0.04 sec . | - © . same

T4 4.60 sec same
a-control (EP) | | K, =0.0035, K; = 0.035

| I.-control (EP) , | K, =0.28, K; =0.35

~-control (EP) | K, = 0.418, K; = 0.209

Table A3 TSC and TCR parameters

Parameters Converter 1 Converter 2
' (Rectifier) (Inverter with IP)

Thyristor-controlled

reactor none - 1.05(2,0.1392 H

Thyristor-swiched ' , .
. capacitor 1 none 0.296 (), 2.74 mH, 10 uF

Thyristor-swiched v .
“capacitor 2 none | 0.296 (), 2.74 mH, 10 uF

Table A4 Converter transformer parameters

Parameters || Converter 1 -~ Converter 2
(Rectifier) | (Inverter with IP)
1 (Knee point) | none 122 KV.sec
‘ . rad
'~ Linear slope none 28.9 K (1
Nonlinear slope none 12 ()
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Table A5 TCR control parameters

Variable controlled parameters
\ K, = 9.8 pu |
K; = 5.0 pu
sin¢ | K, = 1.58‘pu
’ K; =12 pu
Ip || K, =0.96pu
' K; =4.91 pu |

Note: The per unit (pu) values in Table A5 are on 2000 MVA and 240 KV base.
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Appendix B - Voltage stability factor

It is assumed in the following, that the 1nverter is controlhng Y and the
rectlﬁer is controlling Iy.

- To compute the voltage stability factor (VSF) for. each value of the DC
current Iy; we need to compute the correspondlng steady-state vanables such as
V4, V; and so on. '

To do that, we use the following equatlons

| 6\/§tlv

vy - VIV _ o (B.1)
. Veewsri - _vv,(B’“z)' R
) Vd
b = o5 () (B.3)
Py =1, V4l (B4)
Q4 = —P4tandy (B:5)
Vims = | (BG)

3LV

(B.8)
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3V |
Qc = Xc — (Bg)
QL =3V% B;. , S (B.10)

'From Eq. B.7-8, we obtain the real and imaginary parts of SS, P, and" Qs,
_respectlvely Next we solve, :

with

- bold.

P, —Py=0 ' (B.11)
Q+Q +QL—Q=0 - (Ba12)
| ’BLmin < BL < BLmax ) . ) (B'13)

- transformer '.tap

open circuit DC voltage
converter power factor angle .
reactive power generated by the effective capacxtor (1nclud1ng the

filters) B
—)

commutating resistance (R, = -
: v v T
phase angle of V

phase angle of Ey;, -

‘number of poles.
~conjugate

complex number (or value)

Referrmg to Fig. Bl the resultant outﬂow rea.ctlve power at the AC bus (q)

i glven by

where

-and a small variation in q is given by

' :q'= Q. + Qi — Q. —Q . (B.14)
w--a @)
P,=—-P, (B.16)



170
Aq = AQa + AQd - AQC - AQL (B'17)

The voltage stability factor is defined as the change in V when a change in the
resultant outfow reactive power Aq occurs. In other words, the VSF is given by

VSF = (AV/V)/Aq (B.18)

with P, and P4 are taken as constants. Equation B.18 can be written as

' 1
VSF = B.19
AQa AQd AQC AQL ) ( )

AVN T AVN T AVN T BVA

Now, we concentrate on the computation of each term in Eq. B.19.

The small variations in P, and Q, are respectively given by

it A P AV B.20

=T T (B-20)
0Qa 0Qa .

AQ, = A6+ —1AV (B.21)

where 0 is the angle between V and Ey, (0 = 0, —fy). Since P, is assumed con-

stant, AP, = 0, and therefore an expression for —Aﬁ can be obtained.
Eq. B.1-5 with
2R Iy
cosy = — cosQ (B.22)
Vdo
AQ

d
(assum-

N

where 7y is taken as constant, have to be linearized to compute

ing P4 constent). |
When only a capacitor (including filters) is used (no TCR), we have -

AQ.

W 2Q, _ : (B-?3)
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AQy,

N . (B.24)

When a TCR and a capacitor are both used, we have

A(QL + AQC
( AV/V ) =Q. + QL — Qslp (B-25)
Where,
3Vims B26
Qs]p - Xslp ( : )

At this stage, the VSC could be computed for the specified DC current I4.
The whole process should be repeated if another value of I is selected.



‘ ~Figure B1 Simpliﬁéd AC/DC system forVSF computation =

ZLl
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