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A B S T R A C T

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 schemes; 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.



C H A P T E R  I 

IN T R O D U C T IO N

In recent years, the world-wide use of HVDC transmission has grown not 
only in terms of capacity installed, but also in terms of variety of applications 
(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 significant fraction of 
the short-circuit capacity 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-circuit capacity at the AC bus feeding the converter to the rated 
HVDC power. In the context of HVDC system operation, an SCR less than 3 is 
usually considered to be weak [1,2]. This is typical of many of the recent HVDC 
schemes; for example, Nelson River bipole-2 has a minimum SCR of 2.5 whereas 
Square Butte has a minimum SCR of 3.2 [3].

Attenuated somewhat by the shunt filters on the local bus, a portion of the 
harmonic 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 
in the spacing of the firing pulses, and if these irregularities happen to reinforce 
the troublesome harmonics, harmonic instability 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 harmonic 
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 distorting the AC 
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 firing pulses that are synchronized to the zero 
crossings of the AC voltage through a phase-locked loop control. Consequently, 
the firings are less dependent on the AC voltage magnitude and shape.
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Another characteristic of weak AC support is poor voltage regulation. 
Excessive overvoltages can be destructive to equipment, especially voltage 
sensitive 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 M o tiv a tio n

Weak AC support is synonymous with high source impedance, coupled with 
the harmonic current injections and reactive power requirement (as much as 
60% of the real power transfer)xof the inverter, presents some challenging 
operational 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 causing serious harmonic resonance and 
instability 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 simple solution of shunt capacitive compensation 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 with weak AC support that have been observed 
[7] include:

complication of the interaction between DC and AC systems by 
the reactive power requirement [8-12]; 
possibility of voltage/power instability [8,9 ;

^ : possibility of resonance at low order harmonic, due to high AC
system impedance and local shunt capacitors [13-17];

- increased overvoltage following a load rejection (blocking the 
converter) [18-19];

- increased susceptibility to commutation failure because of wider 
AC voltage fluctuations, which, 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 
producing high magnetizing current, which contains sizable low 
order harmonics [21];

- fast recovery from faults or commutation failures, usually more 
difficult to achieve with a higher and less damped AC impedance

.y w; / ■'
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- irregular spacing of the firing pulse train due to voltage distortion, 
causing more harmonic generation at the AC bus (imphase 
amplification might lead to unstable operation of the converter 

. :; [22]).
The use of a synchronous condenser would increase the short-circuit 

capacity and provide balanced AC voltage support at the bus. However due to 
its higher cost, higher maintenance, and slower response time (in the order of 
seconds), it is seldom the choice [23].

A more promising solution is to use a static VAR compensator (SVC), 
which could provide 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 extinction 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 SVC 
components [23,24]. Because of their close proximity, possible control 
interaction between the SVC and the HVDC converter has to be investigated.

1.2 R esearch  ob jectives

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 static VAR compensator; second, to study the dynamic and . 
transient behaviors of the inverter with a static VAJR compensator on the 
inverter AC bus.

1.3 O u tlin e  o f  th e  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 harmonics 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
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schemes are discussed. This part of the study also deals with the harmonics 
generated by the converter transformer saturation and the thyristor-controlled 
reactor (TCR).

In Chapter 4, the effect of low effective short-circuit ratio (ESCR) on the 
power transfer limit and on the steady-state voltage instability is discussed. The 
voltage instability factor is introduced and applied to predict problematic 
operating conditions.

Chapter 5 deals with the transient response of the AC/DC system. 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 conclusions of this report and some suggestions for 
future research.
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C H A P T E R  2

M O D E L IN G  O F T H E  A C /D C  SY ST E M S

2.1 In trod u ction

Digital and analog simulations are widely used to study the dynamic 
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 representation overestimates the core losses at higher 
frequencies (beyond ninth), although results are quite accurate at lower 
harmonics.
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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; the number 
depends on the DC line distance and on the accuracy desired. Three T-sections 
for the 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 components, 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 static VAR 
compensators and their controls.

2.2 S im u la tio n  o f th e  con verter  brid ge

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° phase- 
shift AC supply to the 12-pulse bridge could be obtained from two separate 
transformers; 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 bridge consists 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 
function of regulating the direct current Id, the DC power P d, the ignition angle 
oi, or the extinction angle -7. At its input, the measured variable is compared to 
its 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
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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 Ij and the inverter controlling the DC voltage Vj directly or through 
the extinction angle 7 .

Figure 2.3 shows the V j/I j  control characteristics corresponding to the 
three most common modes: in

- 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 Ij 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 a min and the inverter is 
controlling the DC current I j . 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 In d iv id u a l p u lse  (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, Vc (Fig. 2.4). The DC regulator signal, Vc, 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.
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Figure 2.5 shows the steady-state voltage waveforms with the current and 
the firing pulse of valve I.

The analog simulation diagram of the constant ignition angle (CIA) control 
is shown in Fig. 2.6 (a). The CIA is represented by the following equation:

Vc E COS (2.1)

where
E corresponds to the peak AC line-to-neutral voltage, 
a niin 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 I  ̂ to continuously predict the ignition angle 
a  which will produce the desired extinction angle (7) according to the steady 
state converter equation:

. 2X
Vc =  — E COS 7'min +  Id (2.2)

where ■
Tmin is the minimum extinction angle, and
Xt is the transformer leakage reactance or commutating 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 the 
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 possible 
through high-win circuit shown in Fig. 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
dt

realtor and converter transformer or just that of the —  reactor. For example,
dt

the current through valve I is determined from

it (t) =  ^  /  V1 dt, it (t)>0 (2.3)

where
oj is the nominal AC system frequency (377 rad/sec), and 
V1 is the voltage across valve I and Xt .

The simulation of a thyristor is shown in Fig. 2.8.
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In the linear converter transformer case, the transformer is represented by 
its leakage reactance Xt .

2.4 E q u id ista n t pu lse  (E P)

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

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

The integrator (ramp generator) starts integrating from an initial value
AV

Vic Vc + (2.4)

to a final value, given by

Vend Vc - AV
(2-5)

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 I volt 
and the slope 10 volts in a full period of the system frequency, the nominal 
frequency of the oscillator is 12co. On reaching Vend* the integrator is reset to
Vic- ■ '

A comparator detects the crossing of the ramp voltage Vr with the control 
. ■ AVsignal Vc. When Vr reaches -  Vc — -----, a firing pulse is generated to turn on

2
the corresponding valve, and also reset the ramp function generator (Fig. 2.10).

During the steady-state, with control voltage Vc at some nominal value, the 
frequency of the VCO is 12co (co =  27f60 radians/second), and a  is constant. If IcJ 
drops slightly, the regulator will cause Vc to decrease. This in turn causes the 
VCO to speed up so that the control pulses occur earlier than before and a  is 
decreased. TEis decrease in a  causes an increase in V<j and a corresponding 
increase in Id- After the transients settle, the oscillator frequency returns to 
12co.

When synchronized, Vc is proportional to the firing angle, a. But Vc 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 (PI)
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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 a  is filtered and compared 
with the output of the primary controller Vc which represents the a ref. Changes 
in the AC system frequency are taken care of by the voltage V22, which is 
proportional to the frequency. Both V2i and V22 are added to form V2, whichI,
represents the slope of the ramp function.

2.5 T ran sform er sa tu ra tio n

Some 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 (Xm =  10.5Kfl), and in the 
saturated region low (Xm =  10.511). Both values are on 2000 MVA and 230 KV 
base. The knee-point has been selected to be at rated terminal voltage.

2.6  A C  n etw ork  rep resen ta tio n

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 varied above 
and below the nominal value, with the corresponding Thevenin impedance Zy1 
computed from

Zth
3V2

ESCR Pd
(2 .6)

The damping angle is kept constant at 75.33° for all ESCR values used.
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From Eq. (2.6), we see that as the ESCR decreases, ZtJ1 increases. The 
increase in ZtJ1 would result in large reactive voltage drop across ZtJ1, resulting in 
poor voltage regulation, where

Et h - V
voltage regulation — (---- —) 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 netw ork  rep resen tation

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.

2.8 S ta tic  V A R  com p en sa tion

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  T h y r isto r-co n tro lled  reactor  (T C R )

A TCR is a reactor in which the current is switched on at a specific time 
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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is used in the control loop to filter out the higher harmonics riding 

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, sin0, 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, Ir , 
is allowed to vary between 0 and 5 Volts, corresponding to a — O0 and a  — 90°, 
respectively.

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

Ir = 1
2a
7T

sin2a
TT

(2 .8)

for a  ranging from 0 to 90° (with respect to the corresponding peak of the phase 
voltage). With Ir =  0 per unit (pu), a  =  90, whereas for Ir =  1.0 per unit, a = 0 
(Fig. 2.15 (d)). Solving this transcendental equation for a  on the analog 
computer requires the use of sine/cosine and multiplier units. Some of these 
introduce inaccuracy around the singular value of a  =  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 period [53]. This way, a  is kept 
within the limits described.

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  T erm in a l v o lta g e  con tro l

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 
Vref. The measurement of the terminal voltage is achieved through rectification 
and filtering. For stable operating condition, a small slope allowing for few 
percent regulation of the terminal voltage is used.

The magnitude of all the capacitor currents (including the filters), Ic, and 
that of the TCR current, Il , are both measured in, a similar manner as the 
terminal voltage V. The voltage error, Vref —V, is compensated by the 
difference in current, XsIp(Il - I c), 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 characteristic 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 P ow er fa cto r  con tro l

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 s and Qs, respectively. P s and Qs are computed 
by first transforming the phase quantities, V and Is, to stationary reference 
frame components [56].

As the power factor, cos<f>, is usually close to unity, the dcos0
d <f)

variation

about the nominal operating condition is small and results in a poorly defined 
operating point. Around the nominal operating condition, is a closer
approximation to the power factor angle <f>, it changes sign along with <f> and has
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a more linear relationship with <?; hence we chose to regulate siruj) instead. It is 
computed from the following equation

Qs
sin <f)

V p ! + Q s2

The simulation block diagram for computing s\iuf> is shown in Fig. 2.19.

(2.9)

2 .8 .1 .3 D irect-a x is  cu rren t con tro l

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

2.8 .2  T h y r isto r -sw itch ed  ca p a c ito r  (T SC )

A single-phase switched-capacitor (TSC) is shown in Fig. 2.21. It basically 
consists of a capacitor Cl, 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 =  Vsincut, (2.10)

then the steady-state current can be written as
2

i =  V —-----  loC coscvt (2.11)
n2 -  I

where
I
LCl

(2. 12)

The thyristor switches off at zero current, whereupon the capacitor is left 
charged to its peak voltage. In practice, it is allowed to discharge slowly. The



voltage across the thyristors varies between zero and the peak-to-peak value of 
the applied voltage. To minimize the transient disturbance, usually the 
capacitor is switched on at a time when the voltage across the switch (thyristors) 
is zero.

2 .8 .3  T C R -T S C  op era tion

A basic TCR-TSC combination is shown in Fig. 2.22. The particular 
combination shown, and also simulated, consists of a TCR and two TSC 
COiineeted to the same bus (through transformers in general). The function of 
the TCR-TSC is to provide rapid and continuous inductive or capacitive 
compensation over a wide range.

The operation of a TCR-TSC is as follow. The switching 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 
switching-in time and the switching-off time are clearly defined, and no overlap 
can occur.

The combination is used to reduce the TCR size and to reduce losses due to 
the use of a large TCR in the absence of a TSC. Power losses in a TCR are 
mainly 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 
associated 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 simulated 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. During the switching-off process, the capacitor 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 capacity corresponding to 
20% of the total capacitance on that bus.
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2 .9  B yp ass v a lv e  rep resen ta tion

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 
disconnected from the AC and the DC networks.

When an inverter is to be blocked, a signal 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 terminals.

Figure 2.25 (a) shows that the bypass across the DC inverter terminals is 
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. 
Figure 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 Ldl of 11 juH. To incorporate the bypass valve simulation 
into the DC side simulation, the smoothing reactor is split into two components 
Ldl and Ld3, where Ld3 =  1.18 mH and Ld =  Ldl +  Ld3 =  1.191 mH.

2 .10  S te a d y -s ta te  resu lts

As shown in Fig. 2.5, at the nominal operating point T the rectifier is 
controlling the DC current Id, and the inverter is controlling the extinction angle 
"7. The simulation results for balanced AC voltages at both the rectifier and the 
inverter ends. Those with the the inverter operating under the inverse cosine- 
control firing scheme are given in Fig. 2.26, and those with the inverter 
operating 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 incomplete filtering, harmonic distortions on the AC bus 
voltages can be seen.

The inverter operating under either firing scheme was stable down to an 
ESCR of 1.5. At the lower ESCR, the fluctuations of the terminal voltage were 
large and accompanied by similar variations in the DC current Id. Below an



ESCR of 1.5, and with the basic controls, the inverter could not operate stably' 
with either firing scheme; the controls would have to be modified for stable 
operation.

To validate the simulation, the measured values of Vd, Id, //, ... from the 
simulation were cross-checked against those computed from a steady-state load 
flow, where the average-model [46] was used for the converter. Moreover, the 
characteristic harmonics were also measured and compared with the theoretical 
ones. The conclusion is that they both agree; hence, the modeling and 
simulation were validated.

Steady-state operation waveforms of the TCR are shown in Fig. 2.30. 
Figures 2.30 (a), (b), (c), (d), and (e) correspond to firing angles of 0°, 18°, 36°, 
54° and 78°, with an ideal AC voltage supply applied to the T CR. They show 
how the shape of the TCR current is changing with the firing angle. The 
magnitudes of the characteristic harmonic currents were measured and 
compared with the theoretical ones given in [23]. The results also agree.

2.11 C onclusion

The detailed simulation of a sample AC/DC system was successfully 
realized on the power system simulator and the EAI-680 analog computer. Two 
common firing schemes for the inverter were implemented. The simulation was 
validated by steady-state load flow calculations based on the average-value 
model of the converters. Some steady-state waveforms of the system from the 
simulation Were presented.

This chapter also dealt with the techniques used to simulate the nonlinear 
magnetization characteristics of the converter transformer, the thyristor- 
controlled reactor, the thyristor- switched capacitors, and the bypass valves.
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Figure 2.2 Twelve-pulse converter bridge
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Figure 2.4 Control pulse generator
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Figure 2.10 Operation of a pulse phase control

Figure 2.11 Analog simulation of a proportional plus integral compensator
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Figure 2.13 Transformer saturation
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(a) Basic circuit

(b) Current and firing angle relationship

Figure 2.15 Thyristor-controlled reactor (TCR)
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(c) Voltage and current waveforms for a TCR operating with a  =  0

(d) Voltage and current waveforms for a TCR operating with a  >  0

Figure 2.15 continued
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Figure 2,17 Voltage-current characteristic of a TCR



Figure 2.18 Voltage-current characteristic of a TCR and a fixed capacitor
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Figure 2.19 Power factor simulation
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Figure 2.20 Direct-axis current I0 control
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Figure 2.23 Voltage-current characteristic of a TSC-TCR
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Figure 2.24 Losses associated with a TSC-TCR circuit
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Figure 2.29 Steady-state operation with a 20% drop in phase A of 
Thevenin’s source voltage (equidistant pulse)
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C H A PT E R  3

S T E A D Y -S T A T E  H A R M O N IC  G E N E R A T IO N

3.1 In tro d u ctio n

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 machines, induction 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 accomplish 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, particularly in solid- 
state and microprocessor controller systems,
interference with large motor controllers and power plant 
excitation systems (this can cause motor problems as well as non- 
uniform output ),
mechanical oscillations of induction and synchronous machines, 
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 (pq±l), q 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 supplying 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

"  V v -  (  ( 3 4 )

where
Xc is the capacitance of the shunt compensation including the AC 

filters, and
Xth 1S the Thevenin equivalent AC source reactance.

From Eq. 3.1 we can see that with a small value of Xc, or with a high value 
of Xth, 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.

It has been shown [59-63] that unbalance in the AC voltage supply results
277

in nonsymmetrical firing references. Any deviation of the valve current fro m ----
3

radians in width results in the generation of the triplen harmonic components on 
the AC side and second harmonic components on the DC side, in addition to the 
usual characteristic harmonics.

The saturation of the converter transformer plays an important role in 
harmonic generation, in that all odd harmonic components are generated. The 
largest is the third, followed by the fifth, then the seventh, and so on. The third 
harmonic components will not bother the converter bridge operation 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, generating extra 
magnetizing 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 characteristic 
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 negligible 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 C h aracter istic  harm onics gen erated  b y  H VDC con verters

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

The circuit representing an ideal 12-pulse converter bridge, formed by two 
6-pulse bridges, is shown in Fig. 2.2. The valve current, i j , assuming constant

27T .
Id, is a train of positive rectangular pulses of width —  and height ItJ. The

O
Fourierseriesofi1 is

ii(6>)=—i [  £  +  ^ - c o s  6 +  -^^cos(20)+  • • • ] (3.2)

where 6 =  tu t. The valve current I4 (current through valve 4) is a train of 
negative pulses dislaced by tt radians with respect to U1. The Fourier series of i4 
can be found from that of I1 (9) by replacing # with 7r±# and Icl with —Id.
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The phase A current in the wye-wye transformer, iawye, is given by

â1wye *1 . .(3 .3 )

and has a Fourier series,

a, wye ( O ) -
2 V  a Id

[cos((9)—-^cos(5#)+—cos(7(9)— —cos(ll#)-h..]. (3.4)
5 7 11

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

In a 12-pulse arrangement, the AC supplies 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 widely used to create the 30°phase shift.

The resultant primary line current for phase A of the 12-pulse converter is 
given by [4,46]

U = ha, wyed"^a, delta ( 3 .5 )

m = -
4V 3 L

cos ^ c o s (ll# )+ ^ c o s ( l3 tf)-^ c o s (2 3 0 )+ ...]  (3.6)

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

So far ignored is the commutation angle, fi, that is equivalent to assuming 
instant commutation, which is not the case in the practice. The effect of 
including H, 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±l) 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 (I2q±l), 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, VcJ, ideally contains only characteristic 
harmonics of order 6q (q=l,2,...). Similarly, for a 12-pulse converter, Vj ideally 
contains characteristic harmonics of order 12q, q integer [46].

3.3 H arm onic ch aracter istics  o f  th e  IP and E P  firing sch em es

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 Appendix 
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  H arm onics w ith  ideal A C  v o lta g e  su p p o rt

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,

va = V 1Cos(Cut) +  Vncos(ncut)
O7r Q-r» 77-

vb =  VlCos(cut~— ) +  Vncos(ncut±— ) (3.7)
3 3

vc =  V1cos(cut-———) T Vncos(ncuti———).
3 3

The plus and minus signs in the arguments of the cosine terms for the nth
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harmonic components in Vj5 and vc 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 
no effect on the 3-phase bridge operation because they cancel out in the line-to- 
Iine voltages. Unbalanced triplen harmonic components are, of course, a 
different matter. At the nominal operating condition simulated, the HYDC link 
transferred rated power with the DC current controlled by the rectifier 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 VcJ, the DC current IcJ, and the AC current Ia for the 
cases of n =  2 and 4 are given in Tables 3.1 and 3.2, respectively. Only the lower 
order harmonics are shown; normally these are the ones of most concern in 
practice. 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 to the usual 
characteristic harmonics of order 12q, the DC variables VcJ and IcJ contain 
additional harmonics of order either 12q ±  (n — I), when the sequence of the 
nth harmonic component voltages in the AC voltages is the same as that of the 
fundamental, or I2q ±  (n +  I) when the sequence of the nth harmonic 
component is opposite to that of the fundamental. Similarly, besides the 
characteristic (12q ±  I) harmonics, the additional harmonics in the AC currents 
are of order either (I2q ±  I) ±  (n — I), when the sequence of the nth harmonic 
components in the AC voltages is the same as that of the fundamental, or 
(I2q ±  I) ±  (n +  1) when the sequence of the nth harmonic is opposite to that 
of the fundamental. These results also indicate that the same 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 consistently in 
favor of the IP or the EP firing scheme.

3 .3 .2  H arm on ics w ith  re la tiv e ly  w eak  A C  su p p o rt

In this phase of the investigation, the AC-side of the inverter has the usual 
eleventh, thirteenth, and high-pass tuned filters, together with a shunt capacitor 
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 Thevenin’s equivalent 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 ZtJ1. 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 Zttl and of the 
equivalent input impedance Zeq formed by the parallel combination of Zttl 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 quantified 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 10% 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 7m;n of 25°. As the shape of the 
AC voltage waveforms depends not only on the magnitude of the added negative 
sequence component but also on the re'ative phase between it and the positive 
sequence component 9, 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% unbalance had similar characteristics of 
proportionally lower magnitudes. It should be noted that the simulated 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 ±  (I +  I) in the DC variables and (12q ± 1 )  ±  (I +  I) 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 proportional 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 
consistently 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 harmonic components of the 10% case in 
Fig. 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 equivalent source are 
presented. This is equivalent to having both negative and zero sequence 
components 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 bridge. 
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 
distort the AC voltage sufficiently to justify a clear conclusion.
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3.4 E ffects o f  tran sform er sa tu ra tio n

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 
are 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 
the exciting 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  E ffect o f  tran sform er sa tu ra tio n  on th e  H V D C  op eration

Under unbalanced AC source voltages, the triplen harmonics 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 with 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 negative sequence 
AC voltage, and a drop of 20% of phase A.

From measurements taken of the steady-state operation with and without 
transformer saturation, there was an observable change in the magnitudes of 
some harmonics in VcJ and Ia. The current Ia 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 harmonics in VcJ and 
odd ones in Ia 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 
transformer valve-side currents. Figure 3.3 shows measured values of V cJ, Ia > V a 

and Ima (phase A only) plotted against the magnitude of the DC component 
injected. The uncharacteristic even harmonics present in Ia 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 VcJ and IcJ are linearly 
increasing, while the even ones seem to be only slightly 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 harmonics of order 12q ±(2+l) 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 Va (positive sequence) produces harmonics of orders 12q ±  (4-1). A 
similar reasoning applies to the eighth harmonic order in Va; 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 angle 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, 
.8, between the negative and positive sequence of Thevenin’s source voltage. The 
second harmonics present in VcJ and IcJ seem to be insensitive to 8. On the AC 
side, the third and the ninth harmonics are the most dominant, in that order. 
The harmonics in the magnetizing current, Ima, are of lower magnitudes in 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 for 
linear and nonlinear transformer representations 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 H arm onics due to  th e  T C R

3.5 .1  C om bined  harm onic ch aracteristics o f  H V D C  and T C R

The TCR is a nonlinear element; it, too, generates current harmonics into 
the AC system. The magnitude of each current harmonic component is a 
function of the firing angle a. Full current is flowing in the TCR at a = 0, and 
no harmonics are generated. No current flows in the TCR at a  =  90°; 
consequently, no harmonics. When ol changes between these two values, the 
fundamental is changed in a monotonic way with a, 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 within 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

The harmonic current components, as a function of the firing angle, are given by 
the following closed form relationship:

(3.8)

4V , sinacos(ha) — hcosasin(ha;)
(3.9)

JlX1 h(h2 -  I)

These equations could be derived from the ones given in [23]. Plots of Eq. 3.8 
and 3.9 are shown in Fig. 3.5.
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From Fig. 3.5, we can see that there are more than one extremum, and they 
occur at different values of a  for different harmonic orders. To compute the

where k =  1,2,3, ..., and 0<a;<90o.

Knowing at what a  a certain harmonic order is the highest could simplify 
the filter design by either avoiding the operation of the TCR at that point or 
designing a tuned filter at that harmonic. The above formula was verified using 
the simulation.

The type of firing scheme adopted for the TCR plays a major role in 
minimizing 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 line 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 affecting the 
operation of the firing circuit.

Both fundamental and harmonic components depend on the size of the 
reactor. A large Xjj means a lower rating or size and hence correspondingly 
lower harmonic magnitudes. A small Xl means a larger rating or size and 
therefore higher harmonic magnitudes.

Unequal conduction periods can cause even harmonics to appear, including 
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 triplen are 
absent externally (due to the delta connection, as opposed to the case of a 6-

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,

QO0
' ’ext =  ( 2 k + l )  — (3.10)

The maximum value of the harmonic current of order h is given by,

(3.11)
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circulating inside 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 
sometimes neeeded, especially when operation with one or more 6-pulse 
converter bridges is required.

In filter design, care should be taken to consider all nonlinear elements 
which generate significant harmonics. The spectrum of the TCR current 
depends on the firing angle, the firing control, the pulse number, and the control 
circuit. As with the bridge converter, non-characteristic harmonics are 
generated under several types of unbalances;

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

Under unbalanced AC voltages, the triplen harmonics are not of the zero 
sequence type, and hence they can pass through the transformer. Furthermore, 
they are not blocked by the delta connection. Even though small (as compared 
to the characteristic harmonics) 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 into 
saturation. The measuring devices should also be insensitive to distortion in the 
system voltage to avoid harmonic amplification. 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 a  results and 
abnormal harmonics are generated. Several tests have been performed and will 
be described in the following paragraphs.

First, to validate the simulation of the TCR, a pure sinusoidal voltage was 
applied to the TCR. The firing angle a  was then selected to correspond at a 
specific harmonic extrema, and the harmonics generated by each branch 
measured. For example, the firing angles of 30° (which corresponds to the 
extremum of the third harmonic current in the A-circuit), 18° and 54,° (which 
correspond to the first and second extremum of the fifth harmonic 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 circuit, hence, no triplen are present. The characteristic



harmonic of this 6-pulse TCR are 5, 7, 11, 13, ..., 6q±l with q integer. 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 comparison between the two tables shows that they 
are very close.

Next, with TCR simulation connected to the same sample AC system on 
the inverter side, the response of the TCR to different degrees of unbalance was 
investigated. A 2.5, 5, and 10% of fundamental negative sequence (E2) with no 
phase shift with respect to the positive sequence (0=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 E2 with 0 =  0 at the same a 
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±l)±2, i.e., 3, 5, 7, 9, .... Moreover, the 
third and ninth harmonics are increasing, and the fifth harmonic is decreasing, 
while the seventh harmonic is increasing with the degree of unbalance.

In another experiment, the effect of varying 0, while E2 is kept constant, 
was investigated; 10% of negative sequence in the voltage source with 0 =  0°, 
120° and 240° have been used. Table 3.10 shows the results of such an 
experiment for an a  close to 24°, which is close to the first extremum of the fifth 
harmonic. The harmonics are referred to their respective fundamental 
component. The cyclic nature is quite apparent. The magnitudes of the 
harmonics are the largest at O0 relative to 120° and 240°. The characteristic 
and uncharacteristic harmonics are all affected by a change in 0.

In this part, the full DC system along with terminal filters and capacitors 
was used. The interaction between the TCR and HVDC was studied by forcing 
the TCR to keep the terminal voltage at rated value, corresponding to the knee 
point of Fig. 2.13 and Table A4. One way to obtain the TCR operating at 
90°>a>0 was to set the DC reference current to a lower than rated value. 
Using this process and reducing the DC current to 0.5 per unit of rated value at 
the rectifier permits a new operating point where the terminal voltage is higher 
than rated. The TCR operates in this case to bring the voltage back to a value 
close to rated (due to the TCR slope).

Since no fifth and seventh harmonic filters were used, these harmonics 
propagated into the AC local network, producing corresponding harmonic 
voltage drops which were reflected on the AC bus voltages which, in turn,
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affected the DC-side harmonics of the link. Applying the expression given in 
section 3.3.1, we can see that the fifth and seventh harmonics on the AC 
voltages create the sixth, eighteenth, ... etc. harmonics 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 E2 
and 0 equals 0°, 120°, and 240°, respectively. The case where balanced AC 
voltages are present is being included for comparison purposes. On the DC side, 
the second and tenth are increased due to the presence of E2. 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

' . * 27Ttriplens are present in the valve currents but, due to the - — pulse length, the
3

triplens cancel out. For the TCR, the A-connection prevents them from entering 
the AC system. For this discussion the case of E2 =2.5% and 6 =  O0 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 converter 
secondary currents and TCR currents are not cophasal; they are more like 
unbalanced 3-phase sets. This explains their propagation beyond the converter 
transformer. On the other hand, the third and ninth harmonics of the 
magnetizing currents are of the conventional zero sequence type.

To study the effect of both negative and zero sequence unbalance in the AC 
voltages, a 15% drop in Va was applied. DC power was at half rated, and the 
ESCR was 3.97. The harmonic spectra of V j, IdfV a, Ia and V^c are presented 
in Table 3.13. The dominant harmonic components present in Vj 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. Reducing 
the TSS generates higher harmonic magnitudes and vice versa. This could be 
explained by the fact that when the slope is reduced, higher magnetizing 
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 the higher 
magnetizing current, but also because the TCR current is reduced at higher AC 
voltage. This indicates that most saturation effect is dominant. 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 
voltage at or close to rated value. This particular condition was obtained by 
raising the rectifier infinite bus voltage a few percent beyond rated value.

3.6  C on clu sion

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 
voltage 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 
current were presented and indicated that the effect of a DC component tends to 
generate even harmonics on the AC side and odd harmonics on the DC side, 
which satisfied the above established relationship (section 3.3.1).

It was found also that the effect of the TCR and saturation on the 
converter could worsen as the operating point is changed, and that filters for the 
fifth and seventh harmonics are necessary, especially 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 
triplens produce even harmonics on the DC side, the order of which can be 
predicted using the relationship set forth.

Operation at higher than rated terminal voltage can be troublesome to the 
proper operation of the converter in that the converter transformer is driven 
highly into saturation, which can produce sizeable amounts of uncharacteristic 
harmonics.

Besides the above general conclusions, this chapter presented a vast array 
of results on various operating conditions, results which could be useful in 
specific instances.



Table 3.1 Harmonic orders with second harmonic components

Vd Id I a

S e q u -  o n l y  o p p o s i t e  t o  s ame  a s  o n l y  o p p o s i t e  t o  s ame a s  d n l y  o p p o s i t e  t o  s ame a s
- e n c e  f u n d a m e n t a l  f u n d a m e n t a l  f u n d a m e n t a l  f u n d a m e n t a l  f u n d a m e n t a l  f u n d a m e n t a l  f u n d a m e n t a l  f u n d a m e n t a l  f u n d a m e n t a l

h I P E P I P EP I P E P I P E P I P E P I P E P I P E P I P E P I P E P
0 100 100 100 100 100 100 100 100 100 100 10 0 100 - - - -  . ■- -

I - - - - ■ 3 . 8 0 4 5 . 9 3 5 - - - 3 . 3 7 9 5 . 3 5 5 100 100 100 100 100 100
2 0 . 1 1 5 0 . 1 2 8 0 . 1 1 5 0 . 1 3 3 0 , 0 7 1 0 . 2 8 7 0 . 4 7 0 0 . 5 0 8 0 . 3 6 7 0 . 4 2 6 0 . 4 3 9 0 . 3 9 4 - - 3 . 5 4 2 2 . 5 0 5
3 - - 8 . 6 5 9 6 . 8 8 3 - - - - 2 . 0 1 0 1 . 6 1 2 - - 0 . 1 8 5 0 . 3 1 7 0 . 2 0 0 0 . 3 6 5 0 . 1 7 5 0 . 1 0 5
4 - - - . - , - - - - - - - - - 2 . 9 7 9 1 . 0 9 4 - _

8 - - - - - - - - - - - - - 1 . 2 2 3 0 . 8 4 6 _

9 - 0 . 3 8 6 0 . 6 9 1 - -  ■ - 0 . 0 6 8 0 . 1 2 2 - - -  ■ - - - _

10 - - - - - - - - r - - - - 1 . 0 1 7 0 . 5 3 3  0 . 8 3 8 1 . 0 4 8
11 - - - 0 . 5 4 4 0 . 2 0 7 - - - - -  • 5 . 8 0 4 5 . 7 1 9 5 . 5 1 3 5 . 5 4 8 5 . 4 8 3 5 . 6 1 0
12 2 . 1 6 9 2 . 1 8 4 2 . 0 6 8 2 . 2 8 4 2 . 3 3 2 2 . 3 0 4 0 . 2 5 8 0 . 2 5 7 0 . 2 5 2 0 . 2 7 3 0 . 2 3 3 0 . 2 5 1 - - - -• 1 . 2 6 8 1 . 2 8 2
13 - - - - 0 . 0 7 1 0 . 5 2 4 - - - - - - • 4 . 0 4 3 4 . 0 0 7 3 . 7 8 8 3 . 9 2 3 3 . 7 5 3 3 . 8Q7
14 - - - - - - - -  ■ -  ■■ - - - - ' -  ■ 1 . 1 1 5  0 . 4 5 3 1 . 1 4 8 0 . 3 5 2
15 - 0 . 7 1 7 0 . 4 6 5 - - - - - ■ - ■ - - - - - - _ _  ■

16 - - - - - - - - - - - - 0 . 8 8 8 0 . 4 3 5 ■- _

20 . . . - - - - - r - - -  . 0 . 1 6 1 0 . 2 1 4 . . .

21 - - 1 . 2 7 7 0 . 4 8 5 - T : , - •“ - - . - _ _

22 - -  - ' - -  ’ - . >  ‘ ■ : - , -  - . - . - 0 . 1 9 6 0 . 1 7 1 0 . 2 1 6  0 . 0 8 6
23 - . - . .  ; 0 . 8 9 6  0 . 9 6 0 - - -  . ■ - - 0 . 4 1 9  0 . 4 3 8 0 . 3 5 0 0 . 5 1 4  0 . 4 1 5 0 . 5 5 7
24 3 . 2 3 1 2 . 8 9 8 2 . 5 0 4  2 . 6 3 8 2 . 5 5 4 2 . 6 1 8  0 . 1 9 0  0 . 1 5 8  0 . 1 3 0  0 . 1 5 1 0 . 1 2 8 O i 129 T - -■ 0 . 2 3 5  0 . 1 8 9



Table 3.2 Harmonic orders with fourth harmonic components

Vd Id Ia

S e q u ­
e n c e

same  a s  
f u n d a m e n t a l

o p p o s i t e  t o  
f u n d a m e n t a l

s ame a s  
f u n d a m e n t a l

o p p o s i t e  t o  
f u n d a m e n t a l

s ame a s  
f u n d a m e n t a l

o p p o s i t e  t o  
f u n d a m e n t a l

h I P EP IP E F I P E P I P  E P i p E P I P  E P

0 100 100 100 100 100 100 100  1 0 0 _ _ _  _

I ' - - • - - - - - 100 100 100 100
2 0 . 1 0 5 0 . 0 9 9 0 . 0 9 2 0 . 1 2 9 0 . 3 6 5 0 . 4 0 7 0 . 3 4 0  0 . 5 0 0 - -
3 6 . 6 3 2 6 . 5 5 9 - - 2 . 1 8 0 2 . 2 0 3 - 0 . 2 3 3 0 . 3 4 7 0 . 2 3 1  0 . 4 9 2
4 - - - - 1 . 0 4 8 2 . 3 1 4 -
5 - -■ 5 . 5 5 5 5 . 6 7 9 - - 1 . 5 9 3  1 . 5 8 6 . . . - -
6 - - - - . - - - - . - 0 . 6 9 4  0 . 8 7 9
7 - • - 0 . 7 1 5 0 . 5 6 5 - - 0 . 1 5 1  0 . 0 9 0 .. _ - -
8 - - - - - - 0 . 2 6 1 0 . 6 7 4 0 . 1 8 6  0 . 6 9 6
9 0 . 6 6 5 0 . 5 8 2 - • - - - - - -

10 - - - - - - 0 . 1 7 0 0 . 6 9 9
11 - - . - ' - - 5 . 7 5 5 5 . 5 7 8 5 ' 7 0 7  5 . 5 3 4
12 2 . 1 4 9 2 . 3 4 0 2 . 2 1 2 2 . 3 1 1 0 . 2 5 0 0 . 2 5 4 0 . 2 4 3  0 . 2 2 6 - -
13 - - - - . - ' - - 4 . 0 1 6 3 . 9 3 1 3 . 9 6 7  3 . 7 3 0
14 - , - ■ - . - 0 . 5 4 2 0 . 7 1 8 . - -
15 0 . 7 2 9 0 . 6 9 7 - - - -
16 - - - - - • - - 0 . 4 4 2 0 . 5 6 1 0 . 4 4 4  0 . 5 8 0
17 - - ■ 0 . 4 7 9 0 . 3 4 5 - - - - ■ - ■ - •



h

I
2
3
5
7
8

. 9
10
11
12
13
14
15
16

0 °

IP

100
0 . 1 4 4
2 . 2 2 2

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

Table 3.3 Harmonics of the A-phase converter current with 5% negative sequence

45 O 90c) 135 O 180 O 225 O 270° 315

E P I P E P I P E P I P E P I P E P I P EP IP EP IP

100 100 100 100 100 100 100 10 0 100 100 100 100 100 100
398 0 . 1 7 7 0 . 2 4 3 0 . 2 2 5 0 . 3 9 0 0 . 2 0 3 0 . 3 6 8 0 . 2 1 9 0 . 2 8 1 0 . 1 7 3 0 . 2 9 1 0 . 1 3 7 0 . 3 4 0 _

138 2 . 7 0 3 1 . 8 6 6 2 . 4 8 6 1 . 4 3 0 2 . 1 1 2 0 . 9 3 1 1 . 8 8 3 0 . 8 0 8 1 . 9 7 3 1 . 2 0 4 2 . 2 8 4 1 . 7 7 4 2 . 5 6 1
- - 0 . 2 1 2 0 . 1 1 5 0 . 2 5 7 - 0 . 1 6 0 0 . 1 9 7 - 0 . 1 1 8 0 . 1 8 0 0 . 2 0 0 0 . 2 3 0 _

164 0 . 6 8 4 0 . 1 2 9 0 . 6 0 3 - 0 . 5 0 8 0 . 1 1 0 0 . 5 2 9 - 0 . 5 3 2 - 0 . 4 8 7 0 . 1 0 6 0 . 5 5 7
103 0 . 2 3 3 0 . 1 1 7 0 . 3 2 7 0 . 1 1 1 0 . 3 3 7 - 0 . 3 0 2 - 0 . 1 9 4 - 0 . 1 3 3 _ 0 . 1 1 3
237 3 . 1 1 8 1 . 2 4 8 3 . 3 3 2 1 . 1 4 2 3 . 1 6 3 1 . 0 0 8 2 . 9 7 2 0 . 9 7 3 2 . 6 1 1 0 . 9 7 5 2 . 3 6 1 1 . 0 7 0 2 . 3 3 6
- 0 . 5 7 7 ' - 0 . 8 2 5 - 0 . 9 1 6 - 0 . 8 0 0 - 0 . 5 2 5 - 0 . 2 5 0 _ 0 . 1 3 0
528 6 . 1 5 8 7 . 4 7 6 7 . 7 5 8 6 . 8 7 9 8 . 2 0 2 6 . 2 2 3 7 . 2 0 9 5 . 6 6 0 5 . 2 0 0 5 . 7 9 3 3 . 2 2 1 6 . 4 1 5 2 . 7 9 1
171 0 . 7 5 3 - 0 . 7 4 3 - 0 . 7 1 7 - 0 . 7 4 9 - 0 . 7 4 0 - 0 . 6 8 3 _ 0 . 6 1 5
71 0 4 . 6 1 3 4 . 2 8 4 3 . 0 3 9 4 . 0 9 6 1 . 4 4 7 4 . 3 5 1 2 . 7 4 9 4 . 6 6 6 4 . 4 8 5 5 . 0 0 7 5 . 4 1 9 5 . 1 5 1 5 . 7 1 4
- 0 . 4 5 3 - 0 . 2 7 4 - - - 0 . 2 1 6 - 0 . 4 3 2 - 0 . 6 0 0 - 0 . 6 1 7
517 2 . 3 4 9 0 . 5 1 2 1 . 8 0 3 0 . 5 2 0 1 . 5 4 9 0 . 5 4 4 1 . 7 4 4 0 . 5 5 9 2 . 1 1 8 0 . 5 6 7 2 . 5 4 4 0 . 5 7 4 2 . 7 9 5
- 0 . 2 1 6 - 0 . 1 3 1 - - - 0 . 1 2 4 - 0 . 1 9 7 - 0 . 2 5 6 - 0 . 3 1 1

100
0 . 3 6 3
2 . 1 8 1
0 . 1 6 7
0 . 1 4 1

I . 172

7 . 1 4 7

5 . 0 8 9

--3



Table 3.4 Harmonics of the A-phase converter current with 10% negative sequence

10 45° 90° 135° 180° 225c 270° 315°
h I P E P I P

I 100 100 10 0
2 - 0 . 2 5 7 0 . 1 3 2
3 4 . 5 9 3 3 . 8 6 0 5 . 0 9 0
4 0 . 1 5 0 0 . 1 2 9 -  ■

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

10 0 . 3 0 8 - 0 . 5 9 8
11 2 . 9 7 2 7 . 9 5 8 4 . 5 2 3
12 0 . 4 3 2 - 0 . 5 5 8
13 4 . 0 0 0 4 . 7 7 1 4 . 2 7 3
14 0 . 5 6 2 0 . 4 8 1
15 3 . 7 9 6 0 . 6 6 9 3 . 3 4 3
16 0 . 4 7 4 0 . 3 5 6

100 100

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

- 0 . 2 2 5
0 . 6 6 7  2 . 5 9 6  
0 . 2 0 5  0 . 6 9 5

100
22 5
585
105
625

100 100 100 100 100
. 3 0 4  0 . 2 0 7  0 . 2 7 5  - 0 . 2 2 3
. 1 9 3  2 . 0 4 0  3 . 6 0 6  2 . 0 8 1  4 . 1 7 4  2

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

483  
122 
5 7 0  6 

I
551 6 
103  
241

0 . 4 6 1
0 . 9 1 5

58 3  0 . 5 8 3  
286
53 9  0 . 6 4 1  
7 6 8
56 2  2 . 2 2 2  
0 3 6
28 9  5 . 0 9 7  
149  -
0 5 3  3 . 3 7 5  
3 8 9
8 3 8  0 . 9 8 7

0 . 1 1 6

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

0 . 4 5 3

0 . 4 5 3
0 . 112
1 . 7 7 0
0 . 1 4 3
4 . 5 3 0

4 . 1 5 7

1 . 0 8 6

0.221  0 
0 . 1 0 7  
1 . 9 8 2  0 
0 . 3 2 1  
4 . 1 6 1  I  
0 . 4 2 4  
2 . 6 8 5  4 
0 . 4 1 3  
3 . 0 1 2  4 
0 . 3 6 0  
2 . 9 7 2  I 
0 . 2 5 1

EP ‘ IP EP IP EP

100 100 100 100 100  
- 0 . 1 5 4  0 . 1 2 9  0 . 1 9 4  0 . 1 7 9
51 4  4 . 1 9 2  3 . 2 6 5  4 . 2 7 0  3 . 7 9 0  

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

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

6 3 8  2 . 7 3 5  1 , 7 2 2  2 
0 . 1 7 3  - 0

85 9  0 . 6 1 5  6 . 0 5 2  I 
0 . 3 0 3  0 . 1 6 0  0 

691  3 . 2 7 2  5 . 0 9 0  3 
0 . 4 2 0  - 0

116  3 . 6 6 3  0 . 9 7 0  3 
0 . 3 8 6  - 0

. 3 3 6  0 . 4 3 1

. 2 3 6  2 . 0 5 6  

. 1 1 3

. 6 0 5  7 . 2 9 7  

. 172

. 5 7 1  5 . 1 8 3  

. 4 4 2

. 9 0 6  0 . 8 3 6  

. 4 2 4
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Table 3.5 Harmonics with 20% drop in phase A of Thevenin’s source voltage

i p

h V d i d V a I a

0 10 0 10 0 _ _ -
I - - 100 100
2 5 . 1 9 3 7 . 1 8 5 0 . 6 0 9 0 . 4 3 3
3 0 . 2 7 7 - 6 . 2 6 8 2 . 7 0 0
4 0 . 3 5 4 0 . 1 2 4 - _

5 . - - - -

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

10 0 . 7 3 2 - 0 . 1 0 0 0 . 5 7 4
11 0 . 1 3 1 - 0 . 2 3 7 5 . 7 6 9
12 1 . 9 1 6 0 . 2 0 0 0 . 1 2 9 0 . 6 9 8
13 0 . 2 1 5 - -  ■ 1 . 1 8 8
14 1 . 3 3 5 0 . 1 3 1 - 0 . 3 6 1
15 0 . 1 2 4 - 0 . 2 6 2 1 . 4 1 7
16 0 . 2 0 0 - 0 . 2 6 8

E P

Vd Id Va Ja

100 100 - _

100 100
4 . 1 3 0  5 . 9 3 4  0 . 3 7 6 0 . 3 7 3
0 . 4 4 8  - 2 . 0 0 7 0 . 8 0 6
0 . 4 0 8  0 . 1 5 3  - ' -

0.220 6 . 2 0 3
- 0 . 3 3 0

0 . 2 7 0
0 . 3 5 6 1 . 2 7 7

1 . 2 4 5  0 . 1 5 3 0 . 1 5 3
- - 0 . 1 6 3 4 . 1 2 8

2 . 6 8 2  0 . 2 8 5 0 . 1 6 3
- 0 . 1 6 3 3 . 1 8 6

0 . 6 4 1  -
0 . 1 4 6  - 0 . 1 5 7 0 . 7 9 2
0 . 4 0 8 _
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Table 3.6 Steady-state balanced AC voltages with a nonlinear converter 
transformer

I P  E P

h ND SATURATION W ITH  SATURATION ND SATURATION W ITH  SATURATION

Vd Ia V d Ia Vd La Vd Ia

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

10 0 . 0 9 2 0 . 0 9 7 0 . 0 7 9 0 . 0 6 0 0 . 1 4 1 0 . 1 0 5 0 . 1 1 5 0 . 1 0 2
11 0 . 0 0 7 5 . 9 7 7 0 . 0 0 7 6 . 0 0 3 0 . 0 2 1 5 . 9 9 8 0 . 0 2 1 5 . 9 5 7
12 1 . 8 4 7 0 . 0 6 0 2 . 2 4 4 0 . 0 3 2 1 . 8 2 5 0 . 0 3 4 2 . 1 7 2 0 . 0 1 1
13 0 . 0 0 7 4 . 1 7 5 0 . 0 2 2 4 . 2 3 2 0 . 0 4 8 4 . 3 1 5 0 . 0 2 1 4 . 3 1 3
14 0 . 0 5 7 0 . 0 3 9 0 . 0 4 2 0 . 0 3 9 0 . 0 4 1 0 . 0 6 1 Oi 048 0 . 0 9 0
15 0 . 0 4 1 0 . 0 9 0 0 . 0 2 2 0 . 0 8 6 0 . 0 4 8 0 . 0 4 4 0 . 0 4 2 0 . 0 5 1
16 0 . 0 2 1 0 . 0 2 2 0 . 0 4 2 0 . 0 0 2 0 . 0 2 1 0 . 0 4 4 0 . 0 1 4 0 . 0 5 6
17 0 . 0 4 1 0 . 0 2 2 0 . 0 1 4 0 . 1 5 2 0 . 0 2 1 0 . 0 2 3 0 . 0 1 4 0 . 0 7 5
18 0 . 0 2 1 0 . 0 1 1 0 . 1 0 7 0 . 0 0 7 0 . 0 9 1 0 . 0 0 8 0 . 0 9 9 0 . 0 1 1
19 0 . 0 4 1 0 . 0 0 7 0 . 0 2 8 0 . 1 0 4 0 . 0 2 1 0 . 0 4 9 0 . 0 2 8 0 . 0 4 1
20 0 . 0 1 4 0 . 0 1 8 0 . 0 4 2 0 . 0 1 8 0 . 0 0 7 0 . 0 2 4 0 . 0 0 7 0 . 0 3 4
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Table 3.7 Harmonics with 20% drop in phase A of Thevenin’s source voltage 
with a nonlinear converter transformer

I P  E P

h NO S A H JR A T im  W IT H  SATtlRATim NO S A ItR A T im  W ITH  SATtRATIGN

; Vd Ia Vd Ia IVd Ia Vd
'

P 1 0 0 . 0 0 0 0 . 1 4 5 1 00 . 0 0 0 0 . 1 5 8 100 . 00 0 0 . 1 7 8 1 0 0 . 0 0 0 0 . 1 6 2
I 0 . 0 0 0 100 . 0 0 0 0 . 1 1 0 100 . 0 0 0 0 . 3 6 7 100 . 0 0 0 0 . 3 9 7 1 0 0 . 0 0 0
2 6 . 1 3 1 0 . 0 2 9 7,. 1 1 6 0 . 0 2 3 4 . 9 8 5 0 . 1 2 0 4 . 6 3 8 0 . 1 4 7
3 0 . 0 6 2 3 . 1 6 2 0 . 0 8 7 I . 2 9 1 0 . 2 3 8 I . 0 7 5 0 . 2 3 4 1 . 1 4 2
4 0 . 4 5 1 0 . 0 1 1 4, . 0 0 0 0 . 0 1 5 0 . 4 8 7 0 . 1 8 9 0 . 6 2 3 0 . 1 8 3
5 0 . 0 4 5 0 . 3 7 5 0, . 0 6 4 0 . 7 9 7 0 . 0 4 6 0 . 1 8 5 0 . 0 9 6 0 ,  26 4
6 0 . 1 5 4 0 . 0 4 9 0. . 2 4 5 0, . 0 4 9 0,. 0 9 5 0, . 1 4 2 0 . 3 4 8 0 . 1 4 4
7 0 . 0 2 3 I . 0 6 2 0, . 0 2 4 I.. 2 6 8 0 .0 6 4 0, . 3 6 9 0 . 1 3 0 0 . 5 3 1
8 0 . 3 8 1 0 . 0 9 6 0 .9 6 6 0. . 0 9 9 0 . 2 7 2 0. . 0 2 3 0 . 5 0 9 0 . 0 2 3
9 0 . 0 0 7 3 . 8 0 5 0. . 0 2 4 3. . 6 4 5 0,. 1 2 8 I , . 5 03 0 . 1 1 2 1 . 3 6 5

10 0 . 8 3 1 0. . 0 9 1 0 . . 47 8 0. . 09 6 I . . 3 9 3 0. . 2 4 6 1 . 1 1 9 0 . 2 3 7
11 0 . 0 0 7 5, . 1 7 4 0 . , 016 5. . 591 0. . 0 3 8 4. . 2 2 9 0 . 0 4 7 4 . 2 3 2
12 1 . 6 4 0 0, . 0 6 1 I . , 4 7 0 0. . 0 7 2 2. . 5 4 9 0 . . 081 2 . 8 4 7 6 . 0 9 9
13 0 . 0 3 7 I . . 311 0 . , 0 24 I ., 607 0. , 0 5 4 3. , 4 23 0 . 1 3 8 3 . 4 1 8
14 1 . 4 3 9 0 . 0 1 5 I . 564 0 . 03 5 0. , 751 0 . , 1 34 0 . 9 2 4 0 . 1 5 1
i s 0 . 0 0 7 I . . 3 6 9 0 . 016 I . . 622 0 . 0 7 2 0 , , 881 0 . 0 8 0 0 . 8 3 0
16 0 . 3 1 9 0 . , 0 2 3 0 . 05 4 0 . Oil 0 . 503 0 . 0 2 8 0 . 4 7 8 0 . 0 4 6
17 0 . 0 2 3 I . , 03 1 0 . 03 8 0 . 695 0. 095 0 . 351 0 . 1 0 4 0 . 3 0 3
18 0 . 3 2 6 0 . 0 3 7 0 . 414 0 . 02 3 0 . 31 0 0 . 0 6 0 0 . 3 5 6 0 , 0 4 8
19 0 . 0 2 3 0 . 5 54 0 . 038 0 . 353 0 . 087 0 . 0 7 9 0 . 0 9 6 0 . 1 2 2
20 1 . 0 8 0 0 . 0 3 4 I . 0 9 4 0 . on 0 . 374 0 . 06 7 0 . 3 7 1 0 . 0 8 0
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Table 3.8 Harmonics of the A-phase TCR current with ideal-voltage source

( a )  Compu t e d  v a l u e s

h Q ^ O 0 Q T=IS0 o==54° o==13° QT=SS0

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

11 0 . 5 0 1 0 . 2 8 3 0 . 4 5 9 0 . 6 4 0 0 . 6 7 8
13 0 . 3 0 3 0 . 5 7 3 0 . 1 8 3 0 . 1 5 4 0 . 4 5 5

(b )  M e a s u r e d  v a l u e s

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

11 0 . 3 3 7  0 . 6 1 0  0 . 5 5 3  0 . 3 2 5  0 . 8 3 0
13  0 . 4 4 4  0 . 7 1 1  0 . 1 2 7  0 . 1 4 3  0 . 2 9 8
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Table 3.9 Harmonics of the A-phase TCR current with 2.5, 5 and 10% 
negative sequence

( a )  B a l a n c e d  AC v o l t a g e s

h 0=30° 0=18° Qf=54° Ct=I 3° 0=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 %  o f n e g a t i v e  s e q u e n c  e

h Q==SO0 Q==I 8° o==54° Qf=I 3° o=38°

3 1.840 1.049 3.371 0.785 2.258
5 6.095 8.135 32.077 6.855 2.097
7 3.553 3.137 3.248 3.797 8.648
9 0.471 0.050 1.126 0.257 0.152

( c ) 5% o f  n e g a t i v e s e q u e n c e

3 4.151 2.331 7.748 1.654 5.295
5 5.631 7.515 29.514 6.426 2.053
7 3.678 3.270 3.428 4.023 8.978
9 1.132 0.087 2.932 0.555 0.312

( d ) 10% o f  n e g a t i v (  ̂ s e q u e n c e

3 8.333 4.657 15.837 3.327 10.948
5 4.659 6.249 24.542 5.378 1.668
7 3.808 3.352 3.268 4.141 9.234
9 2.258 0.185 5.244 1.024 0.526
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Table 3.10 Harmonics of the A-phase TCR current with 10% 
of negative sequence

h

01

9=120° <9=240°

3 5 . 1 5 7  • 3 . 9 0 2 4 . 1 1 3
5 6 . 6 7 5 0 . 4 3 5 0 . 2 4 6
7 0 . 2 4 8 0 . 1 7 2 0 . 2 7 5
9 1 . 4 3 3 1 . 0 0 8 1 . 0 3 5
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Table 3.11 Harmonics with 2.5% of negative sequence (nonlinear transformer 
and TCR included)

(a )  Ba l a nc e d  AC v o l t a g e s

h Vd Id Va Ia Vbc

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

10 0 . 8 7 0 0 . 0 5 3 0 . 0 2 9 0 . 1 9 5 0 . 0 0 7

( b ) 2. 5% of  nega t i ve sequence w i t h  6 —0°

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

10 1 . 4 0 0 0 . 1 8 2 0 . 0 3 5 0 . 3 4 3 0 . 0 1 1

( c ) 2.5% o f  n e g a t i v e  sequence w i t h  (9=120°

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

10 1 . 3 8 0 0 . 1 6 5 0 . 0 3 8 0 . 3 0 1 0 . 0 1 1

( d ) 2.5% of  n e g a t i v e sequence  w i t h  0=240°

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

10 1 . 0 1 4 0 . 1 6 5 0 . 0 2 5 0 . 1 3 4 0 . 0 6 7
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Table 3.12 Harmonic magnitudes and phases of the converter, magnetizing, 
and TCR currents with 2.5% of negative sequence

(a )  Co n v e r t e r  t r a n s f o r m e r  p r i ma r y  c u r r e n t s

I a I b 1 C

h ma g p h a s e mag p h a s e mag p h a s e

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

(b)  C o n v e r t e r  t r a n s f o r m e r  s e c o n d a r y  c u r r e n t s

I 1 0 0 . 0 0 0 - 5 7 , 1 2 8
3 2 . 5 8 1 - 1 5 . 1 1 1
5 0 . 4 4 1 - 3 0 . 6 0 2
7 0 . 4 3 2 3 0 . 6 8 4
9 3 . 1 6 4 - 6 5 . 6 4 8

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

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

( c)  Ma g n e t i z i n g  c u r r e n t s

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

(d)  TCR c u r r e n t s

I 1 0 0 . 0 0 0 8 . 6 1 3 1 0 0 . 0 0 0 - 1 1 4 . 7 8 0 1 0 0 . 0 0 0 1 2 6 . 3 8 0
3 4 . 4 5 3 2 2 . 1 1 0 0 . 8 9 3 - 1 6 2 . 7 6 0 3 . 5 2 6 - 1 6 3 . 9 8 0
5 1 9 . 6 9 2 - 1 3 5 . 7 6 0 2 1 . 9 0 4 - 3 4 . 8 0 4 2 3 . 5 0 8 9 1 . 7 0 2
7 5 . 1 9 9 6 3 . 7 0 4 4 . 6 6 9 - 7 5 . 6 4 6 4 . 7 2 1 1 6 8 . 4 0 0
9 1 . 2 3 2 6 8 . 0 3 2 0 . 5 2 0 - 1 5 6 . 1 7 0 1 . 2 6 8 - 1 3 4 . 6 1 0
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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 Vd Id Va Ia Vbc

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

0 . 2 0 19 0 . 0 0 8 0 . 0 4 4 0 . 3 9 4 5 . 0 7 8
10 1 . 5 7 7 0 . 1 8 1 0 . 0 5 0 0 . 2 5 1 0 . 0 4 0
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Table 3.14 Effects of the transformer saturation characteristic slope 
and the TCR operating point on harmonic ganeration

(a )  Xm2= 0 - 5 pu and Vre ĵ =O . 8 1 pu

h Vd Id Va Ia Vbc

2 0 . 9 1 9 1 . 5 9 8 0 . 7 9 5 0 . 4 1 7 0 . 4 8 1
3 0 . 4 9 4 0 . 1 0 8 1 . 1 1 5 0 . 9 7 6 2 . 4 2 5
4 0 . 6 9 0 0 . 1 7 8 0 . 1 6 7 0 . 3 1 3 0 . 2 0 4
5 0 . 1 0 9 0 . 0 1 6 0 . 1 0 2 0 . 0 9 9 0 . 0 7 4
6 0 . 5 2 7 0 . 0 7 0 0 . 0 4 6 0 . 0 2 8 0 . 0 2 8
7 0 . 0 5 7 0 . 0 0 8 0 . 5 3 8 0.111 0 . 3 8 3
8 0 . 0 4 9 0 . 0 1 6 0 . 0 2 4 0 . 0 7 8 0 .0 45
9 0 068 0 . 0 0 8 0 . 0 7 4 0 . 3 4 6 0 . 1 0 1

10 0 , 1 6 9 0 . 0 3 8 0 . 0 0 3 0 . 1 4 7 0 . 0 1 8

( b ) Xm2=O . 33 pu and Vre f= 0 .8 I pu

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

10 0 . 1 3 0 0 . 0 0 8 0 . 0 2 3 0 . 1 4 5 0 . 0 0 9

( c ) Xm2=O . 5 pu and Vref= 0 .8 9 p  U

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

10 0 . 1 5 4 0 . 0 0 8 0 . 0 1 4 0 . 0 7 9 0 . 0 1 3

(d ) Xm2=O, 33 pu and Vref= 0 .8 9 pu

2 0 . 8 7 6 1 . 4 6 2 0 . 6 0 5 0 . 3 2 8 0 . 221
3 0 . 5 4 5 0 . 1 3 4 4 . 2 3 9 3 . 8 3 2 2 . 3 0 7

4 0 . 7 7 3 0 . 2 6 8 0 . 1 4 2 0 . 2 0 4 0 . 0 7 6
5 0 . 0 7 8 0 . 0 . 5 2 6 2 . 2 3 3 0 . 8 7 4
6 1 . 0 7 8 0.15*7 0 . 0 6 5 0 . 2 1 1 0 . 0 4 9
7 0 . 0 3 0 0 . 0 0 8 0 . 6 5 2 2 . 3 2 5 0 . 6 8 9
8 0 . 1 5 5 0 . 0 2 4 0 . 0 3 2 0 . 1 6 1 0 . 0 5 4
9 0 . 1 4 8 0 . 0 1 6 0 . 1 6 8 0 . 9 6 6 0 . 0 8 7

10 0 . 1 8 8 0 . 0 2 4 0 . 0 3 3 0 . 1 4 7 0 . 0 2 7
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Table 3.15 Harmonica due to saturation effect and TCR operation for rated 
DC current

(a ) L in e a r  tra n s fo rm e r  and no TCR

h Vd Id

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

10 0 . 3 6 9 0 . 0 4 0

Va Ia V bc

0 . 1 4 3 0 . 0 9 7 0 . 0 3 4
0 . 8 2 7 0 . 4 0 8 1 . 1 2 5
0 . 0 3 6 0 . 0 7 8 0 , 0 6 9
0 . 0 2 5 0 . 0 4 1 0 . 0 1 9
0.021 0 . 0 1 5 0 . 0 1 1
0 . 0 3 2 0 . 0 2 9 0 . 0 3 4
0 . 0 2 5 0 . 0 2 9 0 , 0 4 4
0 . 0 7 8 0 . 3 0 6 0 . 0 6 4
0 . 0 3 2 0 . 0 3 6 0 . 0 1 1

( b) N o n lin e a r  tra n s fo rm e r  and TCR in c lu d e d

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

10 0 . 3 1 3

1 . 0 9 2  0 . 1 5 1  
0 . 1 7 2  0 . 5 1 0  
0 . 1 2 2  0 . 3 5 4  
0 . 0 9 0  1 . 5 9 2  
0 . 3 0 5  0 . 0 6 1  
0 . 0 1 6  0 . 0 2 1  
0 . 0.036  
0 . 0 0 8  0 . 0 7 8  
0 . 0 0 8  0 . 0 2 5

0 . 2 0 1  0 . 0 7 8  
0 . 8 6 4  1 . 3 2 8  
0 . 2 5 2  0 . 2 4 4  
0 . 5 2 0  1 . 2 7 8  
0 . 0 0 2  0 . 0 6 8  
0 . 2 7 7  0 . 0 8 5  
0 . 0 2 9  0 . 0 2 9  
0 . 3 5 2  0 . 0 8 3  
0 . 0 2 3  0 . 0 2 4
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(a) Magnitude

Figure 3.1 AC impedance as seen from the converter bus
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Figure 3.1 continued
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(a) Third harmonic

Figure 3.2 Harmonic characteristic with negative-sequence unbalance
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Fifnte 3.2 continued
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(a) Even harmonics in the DC voltage

Figure 3.3 Uncharacteristic harmonics due to the presence of a DC 
component in the secondary side of the converter transformer
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(b) Odd harmonics in the DC voltage

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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h=10

(g) Even harmonics in the transformer magnetizing current

Figure 3.3 continued
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(h) Odd harmonics in the transformer magnetizing current

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



m
ag

ni
tu

de

100

10 *

2.70 3.60

e (degrees) <X10^>

(c) Third harmonic in the converter AC current

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

Figwre 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

Fighite 3.4 continued
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a  (d e g r e e s )

Figure 3.5 Characteristic harmonics of a TCR



CHAPTER 4

V O L T A G E  ST A B IL IT Y

4.1 In tro d u ctio n

Fn 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 forcing 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 saturation, 
causing excessive harmonic generation.

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 design [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 complicated, 
detailed and time-consuming simulation, a new method which uses the so-called 
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 stability is 
described in the next section. The voltage stability factor is then introduced 
and applied to the sample system. The focus will be on the response 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.

4.2 E ffect o f  th e  E SC R  on s ta b ility

Quite a few of today’s HVDC schemes have the ratio of the short-circuit 
power Ssc available at the local AC bus to the rated DC power PcJ approaching 

.two. Others, though normally connected to a strong AC system, could be in a 
similar situation when contingencies (disconnection of one or more transmission 
lines) occur.

A weak AC system is characterized by its high equivalent source impedance 
ZtJ1 at the local AC bus. High values of ZtJ1 cause large steady-state voltage 
drops across ZtJl, producing poor voltage regulation and amplifying harmonic 
interactions.

The simple ESCR measure will not fully describe the system behavior 
during transient periods, since it is just an admittance on a specific base (Pct 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 ZtJ1 and the effective 
shunt capacitance Xc at the bus. Both parts approach the origin of the s-plane, 
indicating that the system becomes less stable as the ESCR is lowered.

4.3  S e n s it iv ity  o f  D C  pow er to  A C  v o lta g e  m a g n itu d e

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 ^mJn and the 
TectifiercontrollingDCcurrentIcJ.

Figure 4.2 shows the variation of the terminal voltage with respect to the 
DC power (Pd). 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
dPd
dV

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

Beyond this limit, a voltage collapse occurs. Adding capacitors would only boost 
the voltage profile producing an effect similar 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 power factor load, the 
HVDC presents a varying power factor, forcing the power limit to become much
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smaller.

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

dpd .
loadings. For negative ——, an increase in the Id creates a higher drop in V.

Note that for ESCR= 1.0, the nominal operating point is the Hegative slope, 
indicating that for this system such an operating point Will not he stable.

Figure 4.4 shows how the regulation is adversely affected 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 P d and Id for the corresponding 
condition. Note that Pd has a linear relation with Id when the TCR is active. 
The variation of V with Id is given in Fig. 4.7; when contrasted with the V 
versus Pd plots in Fig. 4.5, we see that, for E SC R =I, Pd folds back when Id 
continues to increase beyond the cross-over or nominal operating point. Beyond 
the nominal operating point, the TCR is, in this case, designed to turn off or 
operate at minimum current.

As mentioned 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 Xc == I corresponding to an ESC R =I; with more 
capacitance the instability point is shifted to the right, that is, to higher DC 
loadings.

4.4  V o ltage  s ta b ility  factor

Another way to look at the stability phenomena is to use the voltage 
stability factor, VSF, given in [69] as

VSF AV
VAQ

(4.1)

with Pd held constant. The details of computing this factor are given in 
Appendix B.

.1 i. ■ . ■ :

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. Oh the



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 E S C R -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==I 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 right (i.e., at 
larger values of Id). 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 Id for smaller Xsip. 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 operating range of the TCR), and no 
instability is indicated.

4.5 C on clu sion

The problem of voltage or power stability of an AC/DC system is of great 
concern and importance 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 instability from these sensitivity factors was 
confirmed.

This 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 contributing to power voltage regulation.
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Figure 4.3 DC power versus DC current (without TCR)
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C H A P T E R S

D Y N A M IC  A N D  T R A N S IE N T  ST U D IE S

5.1 In tro d u ctio n

In this chapter, we will the impact of a TSC-TCR compensator on the 
dynamics of an inverter with weak AC support In particular, we will consider a 
TCR equipped with a terminal voltage 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 D y n a m ic  resp on se

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 overvoltages 
(TOV). Fast TOVs are difficult 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 regulation 
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 normal extinction angle
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during light load conditions, but this would increase commutation losses in the 
valves.

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

- : a step change in the reference of the controlled variable,
-v a drop then a ramping of the rectifier reference DC Ctlfrefit, and
- switching in and out of a 200 MVAR (20% of the total 

capacitance) capacitor bank.

5.2 .1  T erm in a l v o lta g e  con tro l

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 
performing the three tests listed above. A nonlinear representation of the 
converter transformer is used in these tests unless stated otherwise. I

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 system 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 applied a 50% drop to Id ref of the rectifier followed 
by ramping Id ref 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 Id occurred, but 
for the lower ramp rate in Fig. 5.2, there was no overshoot in Id 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 Idref. 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 capacitor bank (20% of the effective [actual plus
filters] shunt capacitance) was switched in then out. A maximum of 9%
overvoltage is detected. No significant overvoltage is shown during 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  P ow er factor  con tro l

The response to a step down and up of the sin</>ref (from </>ref=10° to 
^ref=O0 and vice versa) is shown in Fig. 5.5, <j) being the angle between the 
terminal AC voltage V and the network current flowing into Z^. Doubling the 
step change in sind>ref, 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  D irect-a x is  current con tro l

The response to a step down and up of the lD ref (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 50% 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 L oad 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 I to 3 cycles show up right after the load 
rejection. The first overvoltage peak is the most critical, especially in phase B, 
where Vb 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 approximately 67% with 
one TSC turned off. This is still too high.

The response with no TCR and a nonlinear transformer is given in Fig.
5.12 (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 
cycle 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 
this 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 effect acting like a track-hold capacitor, holding the peak 
transient voltage. Figure 5.13 (c) shows the same run on an expanded t ime 
scale.

Neither power factor nor direct-axis 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 I 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 O (sin</> =0) and Ip has maximum value. When the network current is very 
small, accurate measurement of the direct-axis current would be difficult, 
making its control less accurate.

As a brief 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 Va. 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 initiated 
was O0, the highest OV appeared on Va.

ESCR has been varied from 3.97, 3, 2, to 1.5 when the approximate 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,Va, when the highest TOV appears on Va.

5.4 C on clu sion

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 
operating conditions can be a problem. The power factor control showed too 
much oscillation at low ESCR; this could be because of its complicated 
measurement as compared to the terminal voltage or the direct-axis current.

Fast ramping 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 harmonics, which distort 
the AC voltage and might excite some natural frequencies.

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, the 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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C H A P T E R  6

C O N C L U S IO N  A N D  R E C O M M E N D A T IO N S

6.1 C onclusiG n

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:
- 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 
flow calculations based on the average-value model of the converters. 
Simulation techniques of the the nonlinear magnetization characteristics 
of the converter transformer, the thyristor-controlled reactor, the 
thyristor-switched capacitors, and the bypass valves were discussed 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 equidistant 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.

•r
- It 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 
response while a faster response caused instability.

- The transformer saturation moderates the transient overvoltages by 
absorbing excess reactive power from the system. For Ibad 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 voltage on a switched-out 
capacitor of a TSC can be as high as the peak transient voltage.

6.2 R ecom m en d ation s for fu tu re  w ork
• ’ -• . ■ • ' •

The formula which relates the AC and DC harmonics could be used to get 
a better understanding of how the bridge modulates the harmonics 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.

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

The results presented from transient and dynamic studies show that the 
TCR cannot limit by itself the first transient overvoltage (TOY) 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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A p p en d ix  A  - S y stem  d a ta

Table A l System parameters

Parameters Converter I 
(Rectifier)

Converter 2 
(Inverter)

Peak Thevenin’s voltage 137 kV 128 kV
Thevenin’s impedance 0.6846 Cl, 6.8 mH 25.862fi

Gapacitorbank 18.051 fiF 22.564 fiF
I l th  harmonic filter 

(per pole)
0.82 Cl, 44 mH, 1.322 pF same

13th harmonic filter 
(per pole)

0.92 Cl, 44 mil, 0.946 fiF same

High-pass filter I 
(per pole)

34.15 Cl, 4.8 mH, 4.5 fiF same

High-pass filter 2 
(per pole)

none 56.7 Cl, 1.67 mH, 
5.85 fiF

Nominal DC voltage 
(per pole)

500 kV 4.69.16 kV

Nominal DC current 2 kA same
Transformer reactance 8.264 Cl same

Transformer turn’s ratio
Ns
■ -  0.8859

Np
0.8475

Control angle ^nom =  15- -7mm =  IS0
6th harmonic filter 

(per pole)
0.28 H, 0.7 fiF same

DC High-pass filter I 
(per pole)

945 Cl, 14 mH, 3.5 fiF same

DC High-pass filter 2 
(per pole)

100 Cl, 7.36 mH, 2.5 fiF same

DC line impedance 
(per mile, per pole)

18.25 mCl, 137 mH 
0.0433 fiF

same
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Table A2 Control system parameters

Parameters Converter I Converter 2
(Rectifier) (Inverter with IP)

K 249 same
Tb 0.01 sec same
Tc 0.04 sec same
Td 4.60 sec same

ocontrol (EP) Kp =  0.0035, Ki =  0.035
Idc-Control (EP) Kp =  0.2-8, Kj =  0.35
■7-control (EP) Kp =  0.418, Ki =  0.209

Table A3 TSC and TCR parameters

Parameters Converter I  
(Rectifier)

Converter 2 
(Inverter with IP)

Thyristor-controlled
reactor none 1.05 ft, 0.1392 H

Thy r istor-swiched 
capacitor I none 0.296 fl, 2.74 mH, 10

Thyristor-swiched 
capacitor 2 none 0.296 fl, 2.74 mH, 10 (IF

Table A4 Converter transformerparameters

Parameters Converter I  
(Rectifier)

Converter 2 
(Inverter with IP)

tp (Knee point) none 122 kV-sec
rad

Linear slope none 28.9 K f l ,

Nonlinear slope: none 12 fl
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Table A5 TCR control parameters

Variable controlled parameters
V K p =  9 .8  p u  

Kj =  5 .0  p u

sin<̂ K p =  1 .5 8  p u  

Kj =  12 p u

Id K p =  0 ,9 6  p u  

Kj =  4 .9 1  p u

Note: The per unit (pu) values in Table A5 are on 2000 MVA and 240 KV base.
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A p p e n d ix B - V o lt a g e s t a b i l i t y f a c t o r

It is assumed, in the following, that the inverter is controlling v and the 
rectifier is controlling Id.

To compute the voltage stability factor (VSF) for each value of the DC 
current ItJ, we need to compute the corresponding steady-state variables such as 
Vd, V, and so on.

To do that, we use the following equations:

e V s t iV
vdo = TT. (B-I)

'Vd = V doCosa-RcId (B.2)

r—I'§Il (B.3)

P d IIpVdId (B-4)

Qd =  —Pdtand>d (B-5)

v
■ V 2

(B.6)
‘ -

Et h - V
! . = ( - % — )/jth

(B-7)

31* V
Ss =S 0 (B-8)
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:
° v rms

qcC x c
(B.9)

Ql = S V L sB1. (B.10)

From Eq. B.7-8, we 
respectively. Next we

obtain the real and imaginary parts of Ss, 
solve,

Ps and Qjl

P3 -  Pd=O (B-Il)

with
Qs +  Qc + Ql -Q d  =  0 (B.12)

- PLmin ^  ®L ^  PLmax (B.13)

where,
ti - transformer tap
Vdo - open circuit DC voltage
Cd - converter power factor angle
Qc

Rc

- reactive power generated by the effective capacitor (including the 
filters)

6 V llX t
- commutating resistance (Rc =  ——:------)

- phase angle of V
^Eth - phase angle of Elh

n P - number of poles
* - conjugate
bold - complex number (or value)

Referring to Fig. Bi, the resultant outflow reactive power at the AC bus (q) 
is given by

Q — Qa +  Qd — Qc — Ql (P.14)
where

Qa =  -  Qs (P.15)

Pa =  - P 3 (B.16)
and a small variation in q is given by
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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 a and Pd are taken as constants. Equation B.18 can be written as

VSF = ------------------------- --------------------------
AQa AQd AQc AQl

AV/V + AV/V AV/V AV/V

(B.19)

Now, we concentrate on the computation of each term in Eq. B.19. 
The small variations in P a and Qa are respectively given by

<9Pa
~dS

-AS +
SN

•AV (B.20)

<9Qa <9Qa
AQa = ~ A 5 + ^A tA VdS SN

(B.21)

where S is the angle between V and E tJ1 (5 =  6% —Oy).
AQa

stant, APa =  0 , and therefore an expression for ^y  

Eq. B.l-5 with

Since P a is assumed con- 

can be obtained.

cos7 = 2RcId — cosa (B.22)

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

AV/V
(assum­

ing P d const?ut).

When only a capacitor (including filters) is used (no TCR), we have

AQc
AV/V _  2<̂ c

(B.23)
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(B.24)

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

A Q t -{- A Q r
{'■— a v /V— ) = Qc + Ql -  Qsip (B.25)

where,

3Vr2ms ' ,
Qslp-----pp (-B.26)

-̂ slp

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

AQl

(AV/V)



Figure Bi Simplified AC/1)C system for VSF computation
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