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Aclding a dc circuit to an existing transmission line is one method of significantly

increasing the power transfer capability of a transmission corridor. The resulting hybrid system has

significant coupling between the ac and dc circuits, not only because of the proxirnity of the circuits,

but also from the fact that they may share the same sending end or receiving end ac systems. The

resultant interaction produces overvoltages on the clc system which can be somewhat higher than fbr

a conventional dc scheme.

This tliesis investigates the overvoltages on a hybrid ac-clc transrnission system and suggests some

clesign consicleratiolls which coulcl be taken into account to reduce stresses on certain critical

components which result from such an affangement.

Blocking filters consisting of a parallel L-C combination in series with the dc converter were

included to limit the flow of funclamental frequency current in the dc line. This thesis also investigates

the proper blocking filter config¡-rration to be used as an incorrcctly chosen blocking filter can cause

resonance overvoltages on the dc line at fundamental frequency.

A method of eliminating dc components of the curuents in the transformer windings of a dc converter

is presented. The method uses the technique of firing angle modulation. It is shown that merely

eliminating the fundamental frequency component on the dc side may not remove this dc component.

The impact of such control action at one converter on the other converters in the dc transmission

system is also presented. It is also shown that the undesirable side effects of such a scheme include

increased generation of non-characteristic harmonics on both the ac and dc sides. The study is

performed using an electromagnetic üansients simulation program and theoretical calculations.
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There are presently two different methods for the transmission of electric energy. These methods are

high voltage alternating cunent (HVAC) and high voltage direct cunent (HVDC) transmission.

Because of the easy stepping up and down transmission voltages by power transformers, and also

because of the convenience in system interconnection, most transmission lines use three-phase

alternating current operation. In recent years, however, increasing attention has been given to

high-voltage dc transmission as an effective means of solving such problems as stability,

short-<irruit capacity and wide-area system operation, inherent to ac transmission. High voltage dc

power transmission has been used all over the world for long-distance transmission of a vast amount

of electric energy and submarine cable power transmission. This energy transmission method has

become morc advantageous economically. Each of the altemating current (ac) and direct current (dc)

power transmission schemes has its own technical and economical advantages over the other [1].

The demand for electric power is steadily increasing, and despite efforts in conservation of energy

and load management, the reserve capacity of existing transmission systems is gradually being

reduced. Today rigid regulations are being imposed on the the expansion of power stations,

switchyards or transmission lines. The restrictions on the construction of a new transmission line is

more severe since it routes through different areas of land and is subjected to variety of regulations

depending on the local conditions, some of which may be forest clearances, high cost of land in

congested urban areas and environmental constraints.

Power system utilities are finding it difficult and sometimes impossible to obtain a licence for a new

transmission lines. For such situations, the altemative to new lines is to enhance power transmission

capacity of the existing lines. The utility transmission engineer must seek innovative ways to get

power to the load centers under circumstances where no new right-of-way for the transmission can

be readily acquired. These include:



a) Upgrading to a higher ac voltage;

b) Conversion to six phases;

c) Conversion to dc transmission;

d) Application of series capacitors and shunt var compensation;

e) Adding a dc line to an existing ac transmission circuit;

f) Replacing one circuit of a double circuit ac transmission by a dc line.

With the increasing use of the dc transmission in existing ac networks, the possibility of ac and dc

circuits running parallel to each other and sharing the same right-of-way or even the same tower is

increasing. It is recognized that therc are potential applications for adding a high voltage dc

transmission circuitto an existing orplanned ac circuit. Adding adc line to an existing ac transmission

circuit or replacing one circuit of a double circuit ac transmission system by a dc circuit has been

proposed as an effective method of significantly increasing the transmission capacity of the power

corridor [2], l3l, [4], [5], [6].

When a dc transmission circuit is added to an ac circuit the term "Hybrid" transmission is used.

Although expected to be more costly than series/shunt compensation of ac lines, the ac-dc hybrid

altemative of e) and f) above are going to be retained in this study due to the higher power transfer

capability with these options. The application of series/shunt compensation is well known and well

documented and thus this project concentrates on the investigation of the hybrid ac-dc alternative.

A number of papers have addressed in the literature the problems arising when ac and dc circuits are

closely coupled. These include induction of 60 Hz currents on the dc line from the ac line which can

lead to converter ftansformer saturation [3], and prolonged clearing times for dc line faults because of

secondary induction effects from the ac line [5]. Some problems not addressed in the literature are the

one related to induced overvoltage and when different types of faults at different locations are applied

on the hybrid system and the effects of ac coupled voltages and currents on the dc circuit.

The dc converters generate harmonic voltages and currents on both ac and dc sides. The cyclical

switching action of the dc convertergenerates harmonic voltage and currents on both ac and dc sides.



Itisawellknownpropertyofthedcconversionprocessthatacurrentcomponentoffrequency "f" on

the dc side appears on the ac side as a component of frequency "fò i f"; "fo" being the fundamental

ac frequency, taken here to be 60 HzL4l.If the dc transmission line lies adjacent to an ac transmission

line,thereisapossibilityforafundamentalfrequency(60H2)currentcomponent tobeinducedinto

the dc line, refened to as (I6s). This cunent wot¡ld then appear in the secondary winding of the

converter transfonner as a dc component (I¿.) and also a 120 Hz component (I126) superimposed on

the fundamental 60 Hz component. This dc current component eventually flows as transformer

magnetizing current and offsets the knee of the flux-current characteristic and if excessive, causes

unsymmetrical saturation of the converter transformer. This can lead to an increase in audible noise

and result in possible loss of life expectancy of the transformer. Other reported problems are

inaccurate control and protection measurements because of saturation of current transformers on the

ac side. Because of the very low magnetizing cunent requirement of HVDC transformers, even a few

tens of amperes of dc current is considered by some as excessive [4].

There are several instances where a dc and ac line follow adjacent corridors and such induction effects

could be detrimental. With the added difficulty of obtaining transmission line rights of way there is

considerable interest in having hybrid ac-dc transmission systems in which ac and dc conductors are

placed on the same tower structure. The coupling of the 60 Hz component would be even more severe

in such cases.

Several altematives have been proposed for mitigating the dc currents in the transformer windings.

One proposed altemative is to use dc side blocking filters for the fundamental frequency (60 Hz)

induced currents.

Blocking filters consisting of a parallel L-C combination in series with the dc converter were

included to limit the flow of fundamental frequency curent in the dc line. This thesis investigates the

proper blocking filter configuration to be used as an incorrectly chosen blocking filters can cause

resonance overvoltages on the dc line at fundamental frequency.

Another alternative is to transpose the ac lines. This option does not completely eliminate the induced

harmonics especially when ac and dc conductors are on the same tower as in hybrid ac-dc lines.



Anotherpossible alternative is to use modulation of the converter's firing angle. This method appears

to have the advantage of notrequiring extensive modifications to the powerequipment as in the other

choices. We explore this alternative in chapters 4 and 5 . Some theoretical results are presented on an

idealized system to understand the essential phenomena. Subsequent investigations are carried out on

a realistic system using an electromagnetic transients simulation program (PSCAD/EMTDC) t7l.

The results indicate that it is possible to eliminate the dc curents in the transformer using such a

scheme. However, there are some undesirable side-effects such as the generation of

non-characteri stic harmonic s.

1 .1 CONTR.NB{JTIONS F'R.OM TT{E TT{ESIS

The thesis extended the earlier knowledge about ac-dc hybrid systems as follows:

- it evaluates the induced overvoltage and current on an ac-dc hybrid system for different types of

faults and at a number of different locations along the ac-dc line for different system configurations.

- evaluates the coupling effect between the ac and dc line on an acìc hybrid system for diflèrent

system configuration.

- formulates a method for eliminating the fundamental frequency current component induced from

the ac line into the dc line.

- formulates a method for eliminating the dc component current in the converter transformer

secondary winding on a simple six-pulse bridge and on an ac-dc hybrid systems.

OVER.VTEW OF' THE TT{ESIS

The study was organized into the following sections:

I .2 .I CX{APTER.2

ÐESCRTPTTON OF' T'E{E STIJÐV SYSTEM

In this chapter is described the hybrid ac-dc system comprising a configuration of the tower, the ac

source in the rectifier and inverter sides, electrical aspects of the ac-dc hybrid transmission lines,

r.2



converter transformers, ac and dc filters, thyristor valves, blocking filters and electrode line

parameters and dc control configurations. At the end of this chapter it is shown the waveforms of a

staft up and the steady state condition of one simulation example.

.1..2.2 
CHAPTER.3

OVER.VOLTAGES ST{JÐIES

In this chapter the overvoltages on such a hybrid ac-dc transmission system are investigated and

some design changes are suggested which could be implemented to reduce stresses on certain critical

components.

The preliminary simulation study identified twoproblems withthe hybrid system.In the firstcase, the

smoothing inductor originally selected caused a second harmonic resonance on the dc system which

resulted in excessive second harmonic overvoltages being generated during a line to ground fault on

the ac system at either end. Lowering the value of the smoothing inductor significantly reduced this

overvoltage. In the second problem, the dc blocking filters were determined to be subject to excessive

overvoltages from ac-dc contact faults. This is due to the parallel resonance of the L-C components

of the blocking filters at the fundamental frequency. This overvoltage can be limited by placing an

anester in parallel with the capacitor. In addition, a resistor can be placed across the filter to reduce the

quality factor and hence increase damping of the oscillation following fault clearing.

The base configuration which was simulated for the majority of the cases reported in this chapter was

as described in chapter 2 . Sensitivity studies were also carried out as follows:

a) different system strength

b) no transpositions of the ac conductors

c) no electromagnetic coupling between the ac and dc lines

d) ground resistivity of 10 ohms-m and 1000 ohms-m

e) ac line transposition versus blocking filter



f) frequency dependent versus Bergeron transmission line model

g) only dc line transposed

Investigating the overvoltages in such a hybrid system requires special tools. An electromagnetic

transient simulation program (such as PSCAD/EMTDC) is ideally suited for such studies because it

has the capability of detailed modeling of transmission lines for coupling effects as well as the

capability to represent HVDC converters in full detail and to represent transformer saturation

nonlinearities.

I .2.3 C}NAPTER 4

FNR.ING ANGN,E MOÐULATION F'OR, ET,IMII{ATNNG ÐC T.NNIE 60\12 CURRENTS

An analytical and simulation methods of using control modulation to eliminate 60Hz component of

the curent in the dc line are presented. We initially believed that eliminating the 60 Hz component of

the current would result in the elimination of transformer dc cunents. However it is shown that merely

eliminating the fundamental component on the dc side may not remove the dc component in the

secondary of the converter transformer.

1 .2.4 CHAPTER 5

FXRING ANGLE MODUN-.ATXONI FOR ELIMI¡{ATING TRANSF'ORMER ÐC

CURREI\iTS

The possibility of eliminating the dc components in the converter transformer windings was

explored. First the feasibility of such a solution using a theoretical approach on a simplified system

was investigated, and the analysis to more detailed system later was extended by means of simulation.

Some theoretical results are presented on an idealized system to understand the essential phenomena.

Subsequent investigation are carried out on a realistic system using the electromagnetic transients

simulation program (PSCAD/EMTDC). The results indicate that is possible to eiiminate the dc

currents in the transformer using such a scheme.
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2.1 INTR.OÐ{JCTION

The main incentive for constructing a hybrid line is to significantly increase the power transfer

capability of an existing right-of-way while retaining the powerdistributingfeature of the original ac

system. A review of commonly used transmission tower types identified a wood pole 230 kV ac

Gulfport structure as representative of the type most likely to be candidate for upgrading, due to the

fairly extensive use of this structure throughout North America. Manitoba Hydro, for example, has

seven interconnection to Saskatchewan, North Dakota, Minnesota and Ontario with 230 kV Gulfport

transmission lines [2], [3]. The Gulfport woodpole structure is shown in Figure 2 .I .The tower is

essentially a wood pole "H" frame carrying the conductors in flat formation with the centre phase

raised slightly above the outer phases and with lightning protection provided by two overhead shield

wires.

Figure 2 .2 shows an example of how the existing tower of a gulfport structure can be modified to

include two dc conductors and two shield wires in addition to the three conductors of the 230 kV ac

transmission circuit. This design was proposed by the Manitoba HVDC Research Centre[3], and

takes into account factors such as structural integrity of the tower, electric field effects, insulation

clearance and hot line maintenance. The dc circuit can be rated to carry up to 600 MW of power

(bipolar operation). This would give a200%o increase in total power carrying capacity of the corridor,

based on a maximum capacity of 300 MW for the ac line alone.

Several problems have been addressed in the literature conceming such hybrid lines. These include

induction of 60Hz cuffents on the dc line from the ac line which can lead to converter Íansformer



AC LINE

Figurc 2.1 : Gulfport structure [2]

saturation l2l, and prolonged cle aring times for dc line faults because of secondary induction effects

from the ac line [4].

An electromagnetic transient simulation program (PSCADÆMTDC) was used in the study [7]. The

program has the capability of detailed modeling of transmission lines for coupling effects as well as

the capability to represent HVDC converters in full detail and to represent transformer saturation

nonlinearities. It is important to properly model the dc controls because the overvoltages can be

affected by the control response.

2 .2 SELECT'ION OF THE H\/tsRm Ln¡{E t3l

The limited resources available for this study prohibit extensive examination of many different

hybrid line configurations anci voltages. Instead, one representative configuration of conductors and

voltages is proposed based on responses from a survey of major North American utilities who may be



DC LINE

AC LINE

Figure 2 .2: Modilted tower top of a gulfport structul€ to accommodate the dc line [2]

considering the use of an ac-dc hybrid transmission line. The Manitoba HVDC Research Centre in

1987 undertook such a survey and the results are summarized as follow:

None of the utilities contacted at that time, with the exception of Southern California Edison, were

considering adding a dc circuit to an ac circuit or convergin g an ac circuit to dc. A number of utilities

expressed interest in a possible future conversion. Southern California Edison were planing to

convert an existing 400 km, 220kV ac line to dc by having the two outer conductors as the negative

pole and adding an extra conductor to the inner phase for the positive pole. Their reasons were

partially economic and particularly because of right-of-way considerations.

The New YorkPowerAuthorityhave been studyingconversion of existing 230kV single circuit lines

of the wood pole 'oH" frame type to dc. They did not have a specific project planned but foresaw

10



pressures based on economics, environmental issues, acquisition of right-of-way and ac system

interconnections, all forcing them into looking at dc conversion in the future.

Manitoba Hydro have indicated that the line in their system most likely to be studied with a view to

providing increased transmission capacity by converting from ac to dc would be the "H" frame tower

gulfport design.

Most of the other utilities contacted agreed that it was feasible to replace or convert ac conductors for

dc usage. Alternatively, the acldition of dc conductors at the overhead ground wire position was also

feasible. However, most of the existing structures are of the single circuit type and not suitable for

conversion unless the whole line is taken out of service for extended periods since the conversion

cannot be done with the line "hot".

Both Manitoba Hydro and New York Power Authority have indicated that a single circuit 230 kV

wood pole line is a good candidate for further study. The New York Power Authority studies have

been with "H" frames whereas the Manitoba Hydro line is the similar wood pole "gulfport"

structure. Since the latter type of structure is common use throughout North America, it is proposed

that the Manitoba Hydro 230 kV gulfport structure be selected as a representative structure for

conversion to a hybrid transmission line.

2 .3 MAIN SYSTEM DATA.

The study system was adapted from an earlier investigation [3] , and is based on a potential upgrade of

an existing tie line between Manitoba Hydro and the Northem United States. The strong sending and

receiving end systems (6800 MVA) are typical of this situation.The dc filters include a 1 2th harmonic

filter and a high pass filter.

Figure 2 .3 shows the hybrid ac-dc system modelled in the study. The total transmission distance is

390 km. The ac transmission line is rated at230 kV 300 MW and the dc scheme is a bipolar + /-250

kV 600 MW transmission system. The tower geomeffy is as shown in Figure 2 .2 , and an earth

resistivitiesof 100 ohm-misassumed.Sensitivitystudieswerealsocarriedoutatresistivityof 10and

1000 ohm-m. The ac filters include a tuned 1lth, 13th filter, a high pass filter and, together with a

ll



fixed shunt capacito¡ provide 200 Mvar of reactive power. The ac system equivalent has damping

angle of 80o and a short circuit capacity of 6800 MVA. The transmission line was divided in five

equally spaced locations called TLl,TLL,TL3,TL4, TL5 in between the rectifier and inverter. Each

segment represents 65 km. Different types of faults were applied at either the sending or receiving

ends or any one of the five equally spaced locations and the overvoltages were measured.

A blocking filter (BF) consisting of a parallel L-C combination was included to limit the flow of 60

Hz current in the dc line. The electrodes and electrode lines were modelled as lumped R-L elements.

'r^Ll'lL2 TL3 TL4 TLs AC System

6800 MVA

Short Circuit Capacity

-----J
-t/L

230 kV AC ( 3 Phasc )

300Mw

L-----

Figure 2 .3 : Simplified single line diagram of the ac-dc hybrid transmission line

-t/L

t2



2 .4 AC SVSTEM EQUMLENT

The rated ac voltages at the commutation bus at both the rectifier and inverter were chosen to be 230

kV line-line, rms at 60 Hz.Therelative strength of each ac system compared with dc system capacity

may be best quantified by the effective short circuit ratio (ESCR) or the short circuit ratio (SCR) as

follows:

MVA sys - Mvar additionql
¿'.scR :

SCR :

MW dc link

MVA sys

MW dc link

where at the rectifier and inverter:

MVA sys : Ac system equivalent fault level MVA :6800 MVA

Mvar additional : Additional Mvar (filters, shunt capacitors):200 Mvar

MW dc link : Total dc link MW rating:600 MW

6800.0 - 200.0
ESCR : 11.0

600.0

(2.r)

(2.2)

(2.3)

(2.4)scn :6800'0 :11.33
600.0

The ac system equivalent circuit shown in Figure 2 .4 was used for both the rectifier and the inverter

ac system representation:

The parameters in the equivalent circuit are chosen such that the damping

equivalent at the fundamental frequency (60 Hz) is equal to 800.

The plots of impedance and impedance angle versus frequency for the ac

(excluding the ac filters) are shown in Figure 2 .5 .

2.5 AC FXLTER.S

angle of the system

system equivalents

The rectifier and the inverter each has a totai of 1 50.0 Mvar of filters connected to the ac bus. The 1 1th

and 13th harmonic and high pass filters are each rated at 50.0 Mvar at both ends. At both ends a Cshunt

13



20.3104

115.0

All resistattces ¡n Q and inducrance in ntH

Figure 2 .4: Ac system equivalent representation.

type filteris provided to make up the remaining 50.0 Mvar. The ac filters parameters are summarized

in Figure 2 .6 andTable 2 .l

The impedance and impedance angle versus frequency plots for the entire ac system equivalent (with

filters and shunt capacitors included) are shown in Figure 2 .7 .
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Figure 2 .5 : Ac system equivalent impedance and impedance angle (rectifier and inverter).
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rectifier and inverter ac bus 230 kv

high pass shunt cap.

All resisrances in Ç2, inductances in ntH and capacitances in ¡.r.F

Figure 2 .6 : Single line diagram of ac filters.

Table2.l : Ac filters data for the rectifier and inverter.

2 .6 CONVERTER. TRANSF'ORMERS

The converter transformers consist of three phase two winding units affanged to produce the desired

star-star or star-delta configurations required for 12 pulse operation. The converter transformer data

is summarizedinTable 2 .2.

filter 11 th 13 th hp Cshunt

Q (Mvar) 50.0 50.0 50.0 50.0

fn (Hz) 660.0 780.0 t260.0

Quality factor (fn) 100.0 100.0 1.0

C (uF) 2.5 2.5 2.5 2.5

L (mH) 23.26 16.65 6.38

R (ohms) 0.965 0.816 50.51
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Rectifier Inverter

Base MVA rating per three phase unit (MVA) t46.0 t43.0

Rated line side line-line voltage (kV rms) 230.0 230.0

Rated valve side line-line voltage (kV rms) 108 97.4

Leakage reactance at nominal tap (7o) 13.0 12.6

Air core reactance (p.u.) 0.2 o.2

Knee point voltage at nominal tap (p.u.) r.25 t.25

In rush decay time constant (s) 1.0 1.0

Table 2.2 : Converter Transformer data.

600

Frequency (IIz)

Figure 2 .7 : Impedance plots for the ac system (including filters and shunt capacitors).
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2.7 H}ßRXÐ AC-ÐC I,NNE

The hybrid line is assumed to be 390 km long. The conductor data is summarized in Table 2 .3 . A

ground resistivity of 100 ohm-m was assumed. Details of the transmission line conductor and tower

configuration are summarized in Figure 2 .8 .

Table 2.3 : Transmission line conductor data.

conductol data

ac conductor dc conductor ground wire

AC AC AC DC DC GW GW

Conductor number' CI C2 C3 C4 C5 GWi GV/2

Conductor type chukar chukar chukar chukar chukar 7 I 16 steel 7/16 steel

Conductor radius (cm) 1.48 r 1.481 1.48 r r.908 r.908 0.554 0.554

Dc resistance (ohms/km) 0.05906 0.05906 0.05906 0.03s76 0.03s16 2.796r7 2.796t1

Height at tower y(m) 8.825 9.925 8.825 1.19 11.19 14.224 t4.224

Mid-span height (m) 6.r 1.2 6.t 8.54 8.54 X X

Holiz. dist. x(m) 0.0 5.486 10.913 -0.264 r1.236 2.743 8.23

GV/2

@

GWi
@

C5

@

C3

@

C2

@

C4

@

C1

@

l_:lr_lll-Ã-
14.224m1 I I

I tt.zeml 
I

| |røs'II I I 8.825mlllrv

Figure 2 .8 : Transmission line conductor configuration.
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Earlier work performed by the Manitoba HVDC Research Centre developed conceptual outline for

the ac-dc hybrid structure. The main results, related to the Gulfport structure used in this study is

described in sections 2 .7 .1 to 2 .7 .5 t8l.

2 .7 .t AÐÐITION.A.L POWER PR.OVmEÐ BV TIIE ÐC ErpOr,E [8]

The230 kV Gulporl line would normally be expected to carry approximately 300 MW. Table 2 .4

shows that by adding the dc bipole to the Gulport structure, the power that is presently canied would

be more than doubled. If it is assumed that there is always some wind present, the normal ampacity at

400C with sun present, is 1216 A which af x. 250 kV gives a power level of 608 MW, an increase of

20oo/o over the present level of fhe 230 kV line.

Table 2.4 : Power provided by the dc bipole.

voltage +/-250 kV conductor 1 x i.908 radius perpole

N: Normal E: Emergency Y: Yes N: not

sun amb. t wind speed ampacity power level

('c) (m/s) N E N E

800c g50c 800c 950c

Y 40 0.0 881 TT41 440 570

N 40 0.0 ti05 r314 553 657

Y 40 0.6r 1216 1463 608 732

N 4A 0.61 1386 1601 693 800

Y 50 0.0 669 985 335 492

N 50 0.0 944 i180 472 590

Y 50 0.6i 1006 r302 503 651

N 5û 0.61 t207 1455 603 728

18



2 .7 .2 EX,ECTR.TCAN, ÐF'F'ECTS FR.OM THE HYBR.IÐ N,INE [8]

The electrical effects from the hybrid line on the Gulport structure have been assessed based on

separate calculations for the ac and dc circuits respectively, i.e. the effects from the ac circuit were

calculated ignoring the dc circuit and vice verse. The calculated values ofconductor surface gradient,

electric field, radio interference (RI) and audible noise (AN) for the separate ac and dc circuits are

shown in Table 2 .5 .

Table 2 .5 : Calculated electrical effects

Based on references [9] [10] it can be predicted that the principle effect of the hybrid arrangement,

with the dc circuit above the ac circuit, will be to increase the maximum conductor surface gradient on

230 kV AC Circuit Only

Phase spacing 5.5 m, conductor I x 1.481 radius, mid-span height 6.1 m

Maximum
Conductor
Gradient

Maximum
Electric
Field

RI at 1 MHz
(15m from outerphase)

Fair-Maximum

AN
(at edge of ROW 15m

from centre line)
Rain-LSO dB (A)

(kV/cm) (kv/m) dB(pV/m) dB(A)

16.60 5.3 42.3 46.5

Generally Accepted Limits:
(Based on currentpractice) [12]

48.0 52.0

+l-250 kV DC Circuit Only

conductor I x 1.908 radius, mid-span height 8.54 m

Maximum
Conductor
Gradient

Maximum
Nominal
Elecfic
Field

Maximum
Total

Electric
Field

RI at 1 MHz
(15m from outer

phase)
Fair-Maximum

AN
(at edge of

ROW l5m from
centre line)
Rain-L50

(kV/cm) (kV/m) (kV/m) dB(pV/m) dB(A)

2r.14 6.18 16.2 49.2 3r.9

Generally Accepted
(Recommended Limits:) [ 12]

30.0 52.0 52.0
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the ac conductors with resultant increase in RI and AN. The ac circuit will provide a significant

screening effect on the dc electric field, ion cunent and charge densities at ground level and no

problem is expected from the dc line electrical effects.

Examination of Table 2 .5 shows that for the ac circuit there is a margin of nearly 6 dB(pV/m)

between the calculated fair weather maximum RI, 42.3 dB(pV/m), and the recommended limit of

48.0 dB (pV/m) for this weather condition and 230 kV voltage class I I ll ll2]. The calculated AN also

has a nearly 6 dB(A) margin between the calculated rainy weather L50 value (46.5 dB(A)) and the

recommended limit of 52 dB(A) tl3l tl4l tl51.

Table 2.5 indicates that t 250 kV is marginally acceptable with the proposed arrangement but

further studies should be carried out, particularly on the RI and AN from the ac circuit.

2.7 .3 INSUL.ATION t8l

Insulation for the dc line to be added to the Gulfport structure has been based on an insulator

arrangement proposed for special applications on another HVDC project. The arrangement is, in

essence, an insulated crossarm with the strut portion composed of a solid post type insulator and tie

portion composed of normal cap and pin type insulators. The dimensions presented in Table 2 .3 are

based upon light contamination levels requiring a specific creep factor of only 23 mm/kV.

2 .7 .4 ÏIOT LIrNE CONSTRUCTION ANÐ MAINT'EI{AhICE [8]

With the Gulfport structure, the fact that the dc conductors are located almost directly above the outer

conductors of the ac circuit makes it extremely difficult to install the dc conductors while the ac circuit

is live. The new pole top arangement could be lifted into place either with a tall crane or by helicopter,

however, the dc conductors would need to be lifted into place under tension in order for the dc

conductor sags to match the sags of the ac conductors and this could prove extremely difficult. It is

considered unlikely that it would be possible to install the dc conductors while the ac circuit is live.

Hot line maintenance aspects of the Gulport hybrid arrangement were discussed with Manitoba

Hydro. No major difficulties are foreseen in being able to carry out maintenance on either the ac or dc

circuits while the lines are live.
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2.7 .5 n TGIíTNXNG PERFORMANCE OF HYERXÐ X,II{E [8]

The conceptual arrangements for the hybrid ac-dc towers that are considered in this report retain the

use of overhead shield wires on the structures. The dc circuit is located above the existing 230kY ac

circuit and the overhead shield wires are raised aboú2.4m.

With this affangement, the ac circuit is shielded by both the dc circuit and the overhead shield wires

and hence the probability of direct lightning strokes to the ac conductors will be reduced. The

probability of back-flashovers from the ac circuit to the ground lead on the structure may incrcase

slightly due to the greater height of the overhead shield wires, but the increase is expected to be small

or negligible. On an overall basis, the lightning performance of the ac circuit should be improved.

The dc circuit will be shielded by the overhead shield wires. The shielded angle will be about 51

degrees. Withthis relatively Iarge shielding angle, there would likely be a significantnumberofdirect

lightning strokes to the dc circuit. However, this should be acceptable because of the relatively small

disturbance to the ac system caused by the dc line monopolar faults and the rapid restaÍ capability of a

dc system.

2 .8 ELECTR.ODE N,TNE PARA.MÐTER.S

The electrode lines at each end were modelled as lumped R-L elements, terminating in ground

electrodes with 0.1 ohms grounding resistance as shown in Figure 2 .9 .

resislance i¡r Ç) and inductance in nH

Figure 2 .9 : Electrode line and ground electrode.
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2.9 ÐC F'NLTERS

The filters at each end of the dc line consists of a 12th harmonic filter and a high pass filtertuned to the

Z4thharmonic frequency. The components and parameters of the filters at each end are summarized

in Figure 2 .10 .

Dc bus 250 kv

=
12th

All resistances in Ç2, inducønces in ntH and ca¡tac'itances in pF

Figure 2 .10 : Single line diagram ofdc filters.

2.10 THYRISTOR.VAT.VES

The thyristor valves for the bipole are arranged in two 12 pulse poles. The basic components and

parameters of the valve are summarized in Figure 2 .11 .

9T

F
=

high pass

n
O

\q
ôlcl
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J
GLmtL-
I, J
(ë

Í*o

Cs

Ls

Rs

Figurc 2 .1 1 : Thylistor valve components.

Table 2.6 : Thyristor valve components.

2.tx. ELOCKING FTLTERS (EF)

A blocking filter (BF) consisting of a parallel L-C combination was included to limit the flow of 60

Hz current in the dc line. The blocking filters were simulated with quality factors for the inductance

equal to 200. Blocking filter as shown in Figure 2 .I2 was used in the converter station, at both ends.

A 39 kV rated metal oxide arrester was installed in order to protect the blocking filter against

overvoltage. Figure 2 .13 shows a curve of the blocking filter impedance lZl and phase angle versus

frequency without the arrester.

Snubbel resistance Rs (ohms) 5000.0

Snubber capacitance Cs (trF) 0.05

Snubber inductance Ls (mH) 1.0

Valve reactor inductance (at rated current) Lm (mH) 1.0

Valve ON resistance Rv (ohms) 0.01

Valve OFF resistance (ohms) 1.0E6

Forward voltage drop (kV) 0.00r

Forward breakover voltage (kV) 1.0E5
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Rr - 1885

ZDO Sulgc l\rrcstcr
39 kV

Qurlity Facror of IF 200

Quiüty lrnctor of I-('-50

c *'70.36

m

Frequency (tlz)

AIL resistances in Q, inductances in H and ca¡taci[ances in pF

Figure 2 .12: Blocking filter design.

.60

îrm
t)!

p0
rl

0
t¡)

f -rm

60

Frequency (l{z)

Figure 2 .1 3 : Impedance plots fol the blocking filter.

a) without the resistor Rl
b) with the resistor Rl
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2 .12 OTHER. CONVERTER EQUIPMÐNT

The smoothing reactor at each end of the dc line consist of air core reactors, each of 0.5 H.

2.I3 ÐC CONTR.OLS

The control system for the HVDC convefter is shown in Figure 2 .14 and was modified from that

proposed in the first CIGRE benchmark model [16]. The basic control system has a current control

path which generates a firing angle order that attempts to keep the measured current equal to the

ordered cunent. This mode of control is normally active at the rectifier. The ordered current is

effectively reduced during dc undervoltage conditions via a signal from the voltage dependent

current limit (Vdc). The fidng angle order is generated as the output of a proportional-integral (PI)

type controller which ensures zero steady-state error. The inverse cosine nonlinear block linearizes

the relationship between current error and the converter dc voltage.

Idc ref. Idc margin

Iref

Figure 2 .14 : SimplifTed dc control diagram.

A second path regulates the extinction angle (1) of the the inverter to a set reference value (y ref) by

generating a tiring angle order using PI control. This mode is normally active at the inverter. The yref
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value can be effectively increased for a current less than the ordered current by means of the current

eror signal . The actual selection between the current control and the extinction angle control paths is

achieved by selecting the smaller of the two firing angle orders. (Note: The inputs to the "Select

Max" block in Figure 2 .14 arc actually B=180o-o, so the minimum a is selected by choosing the

maximum p).

2 .I4 SINGT,E tr.II\iE ÐT.A.GR.AM OF THE HYER.IÐ AC_ÐC SVSTEM

A single line diagram of this study system with the main components is shown in Figure 2 .15 .

2 .t5 INITIAI IZATION OF Tr{E SIM{JI-A.TION (WAVEFORMS)

Figure 2 .16 and 2 . 17 show the waveforms of the hybrid ac-dc system during the initialization of

the simulation and during the steady state, respectively. The load flow was calculated using a

MATHCAD program. The voltage and phase at both ac source ends and the adjust of the tap of the

transformers are described below.

VREC :245kV 4 450

vrNv:238kv 4 -100

Tap REC : i.05

Tap INV : 1.0
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230 kv

?30/t08
t69 MV^

-/L 230 kV AC ( 3 Phase )
300 Mw

All resistances in Ç2, inducrances in mH utd capacitances in pF

Figure 2 . 15 : Single line diagram of the system studied (Rectifier and Inverter).

2-î0l108

I69 MVA

6800 MVA
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Figure 2 . I 6 : Waveforms of the hybrid ac-dc system during the initialization of the simulation.

a) Dc voltage at rectifier positive and negative pole

f) Ac and dc power at rectifier

g) Rectifier ac curent phase a (ac system)

h) Rectifier ac current phase a (dc system)

i) Rectifier ac current phase a (ac + dc sysiem)

Alpha REC-P

REC ltc Voltage INV ac Voltnge

lnc REC AC System (Phnse A) tac REC DC System ( Phase A) Iac REC ( AC + DC System) (Phrtse A)
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Figure 2 .l'7 : Waveforms of the hybrid ac-dc systen in steady state.

a , b) Dc voltage at rectifier

f) Voltage across the blocking filter
c) Dc voltage at rectifier positive pole,

before and after the smoothing reactor g) Rectifier ac culrent phase a (ac and dc system)

h) Rectifier and inverter ac voltage phase a

i) Voltage on the secondary of the converter transformer

Alphr REC-P
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The study was conducted primarily to evaluate voltage profiles along the ac-dc hybrid line for ac and

dc line faults of differcnt types and at a number of different locations. During the course of the study it

was discovered that in some of the original study data was inappropriate as it resulted in a sharply

tuned resonance on the dc line which lead to high overvoltages on the dc line during single line to

ground ac faults. It was also observed that during ac-dc contact faults there were high fundamental

frequency overvoltages on the blocking filters. Even after fault clearing these overvoltages were very

poorly damped. Remedial measures were investigated and verified using digital simulation [17],

t181.

3 .1 SECONÐ HARMONIC OVER.VOLTAGE

3.1.1 R.ESONANCES

The originally selected value for the smoothing reactor (L) resulted in excessive 2nd harmonic

overvoltage on the dc side when the ac system was subjected to a single line to ground fault.

Figure 3 .1 shows a plot of the dc line voltage during this condition. Such a fault infoduces a 2nd

harmonic component in the dc current and can cause excessive harmonic overvoltages if a resonance

condition exists at the corresponding harmonic frequency.
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E Rec. DC Voltage-P o Rec. DC Voltage-N

time þ)

Figure 3 .I : Znd harmonic overvoltage on the dc line fol an ac single line to ground fault, L:0.5 H.

This indicated that the original selection of component values \Ã/as not appropriate. A frequency scan

of the dc network was performed by isolating the dc transmission line at the rectifier end and exciting

it with a train of impulses. It was found that the combination of the smoothing reactance, the line and

the dc filters resonanted at a frequency very close to I20Hz.

The smoothing reactor, at both ends of the converter was changed in order to find an appropriate value

which gives lower2nd harmonic overvoltage in the dc system when the ac system was subjected to a

single line to ground fault.

Figure 3 .2 shows a simplified diagram of the hybrid aclc system used in performing the frequency

scan. A train of impulse, represented by a voltage source, was applied at the rectifier side. The cunent

flowing into the dc transmission line was measured by an ammeter. The smoothing reactors (L) and

the dc filters at both ends and the hybrid ac-dc transmission line were represented in the circuit. The

dc line at the inverter end and the ac line were short circuited by a resistance of very small value,

R:0.01 ohm.

0.250.150.05
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AC Systenr
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lltff-,'in=t'

AC System

All resistances in Çù

Dc Filters

L o.ol

T-P*
tl Dc F'ters

ï

Figure 3 .2 : Frequency scan of the ac-dc hybrid system.

A fourier analyses of the relation V/I was performed for different values of inductance (L) of the

smoothing reactor. Figure 3 .3 shows the result of the resonance frequency of the dc system as a

function of the inductance (L). In order to reduce the overvoltage on the dc line the inductance of

smoothing reactor was chosen to shift the resonance point towards the 3rd harmonic frequency.

Therefor the inductance of 0.25 H was selected. Figure 3 .4 shows the results of overvoltages on the
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dc line when a single line to ground fault was applied at the rectifier for different values of inductance

of the smoothing reactor.

300

240

180

120

60

0.5 0.i5 1

Inductance of the smoothing reactor (H)

Figure 3 .3 : Resonant frequency as function ofthe smoothing reactol inductance.

N
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1.51.250.25
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2.8

2.4
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1.6

1.2

0,5 0.75 1

Inductance of the smoothing reactoL (H)

Figure 3 .4: Dc line overvoltages for single line to ground fault, for different values of inductance.

Subsequent simulations showed that the 2nd harmonic overvoltage was greatly reduced, as shown in

Figure 3 .5 .

1.51.250.25
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n Rec. DC Voltage - P o Rec. DC Voltage - N

0.25

time þ)

Figure 3 .5 : 2nd harmonic overvoltage on the dc line for an ac single line to ground fault, L: 0.25 H.

The inductance of such a reactor is usually determined from two main considerations [20]:

a) to prevent consequent commutation failures in the inverter by limiting the rate of increase of direct

current during commutation in one bridge when the direct voltage of another bridge collapses.

b) to smooth the ripple in the direct current sufficiently to prevent the current from becoming

discontinuous or almost so at light loads.

Practically speaking, then, a smoothing reactoris always required, and its inductance is the principal

factor limiting the rate of rise of direct current.

When the inductance was reduced from 0.25 H there was a problem of commutation failure. This

problem was solved by making a modification in the conffol system. A delay filter was added to the

input of control system, for the following parameters: the measured current in the rectifier and

inverter; gamma measurement in the inverter and middle voltage of the dc line.

3 .']. .2 SECONÐ ETAR,MONTC OVERVOT-TAGE VER.SIiS COTJPT-TNG EF'FECT

A single line to ground fault applied on the ac system generates 2nd harmonic overvoltages on the dc

system as we have seen in the previous section. In this section we are going to evaluate the influence of

the coupling effect between the ac line on the dc line in this 2nd harmonic overvoltage.

0.20.150.10.05
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In order to investigate this overvoltage on the dc line a study was conducted on four system

configurations as shown in Figure 3 .6 and described below.

a) hybrid ac-dc configuration and same ac source;

b) ac and dc line share the same sending and receiving end systems with the ac and dc lines not

electromagnetically coupled;

c) ac and dc lines ending in different ac systems but sharing the same right of way with the ac and dc

lines electromagnetically coupled;

d) dc line without any parallel ac line.

Figure 3 .7 and 3 .8 show the results of the maximum dc overvoltages recorded any where along the

line for an ac single line to ground fault applied ateach locations REC, TL 1, TL3,TLA, TL5 and INV.

Faults were simulated at time intervals of 240 of inception point of the fault in one period

(36001240:15 fault inception points) and the maximum overvoltage at any of the measuring locations

was recorded. Figure 3 .7 a) shows the maximum overvoltage for each fault applied, l5 faults were

applied per location, and consequently 105 faults were applied along the line (REC, TLl,TL2,...

INV). Figure 3 .7 b) shows the enlargement of Figure 3 .7 a) (only for the fault applied at the

rectifier location). The numbers I,2,3,...15 on x axis in Figure 3 .7 b) represent the points of fault

inception along of one period of sinewave (1/60 s ).

In case D the fault is only applied at the rectifier or inverter ends as there is no ac line along which to

move the faultposition. Hence only the REC and INV locations have bars for case D in Figure 3 .8 .
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dc line

a)

b)

c)

d)

Figure 3 .6 : System confìgurations for ac single line to ground fault.

dc line

no coupling I ac line

dc line

dc line
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Figure 3 .7 : Maximum dc line overvoltage recorded any where along the line for an ac single line to ground
fault for diffelent system configurations, a)Location where the fault was applied along the line ( 15 points of

fault inception/location), b)Enlargement of Figure a) above (only for the REC location).

A - Ac line transposed and with coupling

B - Ac and dc lines are not electromagnetically coupled

C - Ac and dc sources are independent (ac-dc line coupled)

D - Only dc line

After an investigation of the overvoltage on the dc line for ac single line to ground fault the following

conclusions can be made:

a) Forthe case A , B and D where the ac source supplies boththe currentfaultand dc converterthere is

always a2ndharmonic overvoltage on the dc line when the ac single line to ground fault is applied at

the rectifier side. The reason for the 2nd harmonic overvoltage is due to the negative-sequence

voltage component generated at the rectifier side during the fault. The overvoltages for faults at other

line locations (TL1, TLz, ... etc.) are mainly fundamental frequency overvoltages and because of the
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Figure 3 .8 : Maxirnum dc line overvoltage profile fol ac single line to ground fault.

line coupling, this fundamental frequency overvoltage does exist (and in fact is largest at locations

TL2 through TL5) for case C. However the maximum overvoltages are relatively low.

b) For case B the overvoltage along the dc line is much smaller compared to the other cases because

there is no coupling effect between the ac and dc lines. Only for the fault applied at the rectifier, the

overvoltages are almost the same as in the other cases because in this situation the overvoltage is

principally 2nd harmonic overvoltage.

c) In the case C there is no significant negative-sequence voltage component on the converter bus due

to the lack of a direct connection between the systems. Hence no significant second harmonic exists

on the dc line, and consequently case C shows the lowest overvoltage for a fault at the rectifier

location. In this case the overvoltage are due only the coupling effect between the lines.

Figure 3 .8 only shows the overvoltage crest magnitude, but says nothing about the frequency. For

rectifierfaults, ac bus waveforms show that cases A, B and D produce second harmonic overvoltages,

whereas the overvoltage for C is of fundamental frequency.

It can also be seen that the overvoltage for rectifier fault is higher for case A than for B and D. This

shows that the coupling effect of the ac line (as in case A) does present a higher impedance to the 2nd

harmonic and hence results in higher overvoltages. It should also be noted that we have carried out

inductive coordination in the original study to the extent possible without the addition of Znd

TL5TLI
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harmonic filters (as described in secúon 3 .l .1 ) and that we have moved the resonance from 2nd

harmonic to 3rd harmonic to reduce this overvoltage as much as possible.

The explanation of fhe 2nd harmonic overvoltage on the dc line is due to the negative-sequence

component which is generated during the single line to ground fault. In the single line to ground fault,

three sequences components are present during the fault (positive, negative and zero sequence).

These components generate the dc voltage, 2nd harmonic and zero voltage in the dc side of the

converter, respectively. Figure 3 .9 illustrates how the converter behaves when the three sequence

components are applied individually in the ac side during an ac single line to ground fault.

dc line

I -ra) Ze,o-sequence 'r<9F14il ¡$ | ua.:o.oI t__

dc line

l--L-
b) Positive-sequence ,il-€+"JH 3þ | o. vbltage

I -t_

dc line

I -t-c) Negative-sequence ,l<9-l€il 3þ | ,"0 harmonic

I -ï_

Figure 3 .9 : Illustration of the converter for sequence component applied in the ac side.
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3 .X .3 EFFECT OF' NEGATIVE-SEQUENCtr VOUTAGE OI{ ÐC I-INE
OVER.VOT-TAGES

Figure 3 .10 shows how the negative-sequence voltage component effects the dc line overvoltage.

In this case the negative-sequence voltage was increased from 07o fo 30Vo (related to the

positive-sequence voltage in the ac source of the rectifier side). Immediately after the

negative-sequence was applied (at time:O.01 seconds), the maximum dc line voltage increased from

1.04 pu to 1.50 pu with the 2nd harmonic component.

Figure 3.11 shows the negative-sequence voltage versus maximum dc line overvoltage

characteristic on the hybrid ac-dc system. We can see that the dc line overvoltage increases

proportionally to the magnitude of the negative-sequence voltage applied at the ac source at the

rectifier.

o VdcREC -P o VdcREC-N

2

I

0

I
-2

tr +ve o -ne

^ zeÍo

0.02

Time (s)

Figure 3 .1 0 : Generation of 2nd harmonic overvoltage on the dc line with generation of 3070
negative-sequence voltage in the ac rectifier source.
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Figure 3 .1 I : Negative-sequence voltage versus maximum dc overvoltage.

3 .1.4 SECONÐ TTAR.MONIC F'XLTER.

In order to reduce the 2nd harmonic overvoltage on the dc line a 2nd harmonic filter was installed at

both rectifier and inverter ends. Three different parameters of the 2nd harmonic filter were selected as

shown in Figure 3 .12 and table 3 .1 .

Table 3 .1 :2nd harmonic filter

Figure 3 .13 shows the impedance x frequency characteristics of these three 2nd harmonic filters.

With inclusion of the 2nd harmonic filter the overvoltage on the dc line at the rectifier side was

substantially reduced as shown intable 3 .2 .

i¿

i---,-/

2nd harmonic filter

Quality factor 40 40 40

Capacitance C2 (pF) 0.1 0.5 1.0

Inductance L2 (H) 17.59 r.759 3.518

Resistance R2 (ohms) 33r.57 33.157 66.315
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Dc bus 250 kv

Figure 3 .12 : Single line diaglam of 2ncl harmonic filter.
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Table 3 .2:Znd harmonic overvoltage for ac single line to ground faull

On the otherhand the 2nd harmonic filter shows no effect in the dc overvoltage along the dc line when

the ac single line to ground fault is applied at a location along the line other than rectifier side. Figure

3 .14 a) shows the overvoltage profile on the dc line for the ac single line to ground fault for three

different 2nd harmonic filters (C:0. 1 , 0.5 and i .0 ¡rF). As we can see in table 3 .2 and Figure 3 .14 ,

there was not a significant reduction of overvoltage along the dc line at locations TLl,TLz,TL3,

TLA,TLs and INV. At these locations on the hybrid system the overvoltages are mainly due to the

coupling effect between the ac and dc lines.

Filter capacitance
(pF)

Maximum dc overvoltage
(pu)

faults applied at REC faults applied at TLI

Without 2nd harm. filter 1.89 1.46

c:0.1 t.76 1.45

c:0.5 r.56 1.42

c:1.0 t.45 1.39
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Figure 3 .14: Maximum dc line overyoltage recorded any where along the line for an ac single line to
ground fault for different 2nd harmonic filters, a)Location wherc the fault was applied along the line ( 15

points of fault inception/location), b)Enlargement of Figure a) above (only for the REC location).

Figure 3 .15 shows the dc line overvoltages for two others types of faults, ac-dc contact fault to

ground (CFG) and ac line to line fault, that generates negative-sequence voltage components. In

these cases the overvoltages present approximately the same profile as we have for the ac single line to

ground fault.
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Figure 3 . l5 : Maximum dc line overvoltage recorded any where along the line for different 2nd
harmonic filters, a) Ac-dc conductor contact fault to ground, b) Ac line to line fault.

This study shows that addition of a second harmonic filter branch would reduce the dc line

overvoltages for the ac line to ground, ac-dc conductor contact and line to line faults. The cost of such

filters would need to be weighed against the cost of providing increased insulation on the dc line.

3.2 X,TNE OVER.VOLTAGE STUÐNES

Ac and dc line overvoltages were calculated for the following types of fault:

a) ac single line to ground (LGac);

b) ac line to line to ground (LLG);

c) ac line to line (LL);

d) ac three phase to ground (LLLG);
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e) ac-dc conductor contact fault (CF);

f) ac-dc to ground contact fault (CFG);

g) dc conductor to ground fault (LGdc).

These faults were applied at either the sending or receiving ends or at any one of the five equally

spaced locations in between. Each segment represents 65 km of line. The overvoltages were recorded

at these locations for all faults at all locations.

The base configuration which was simulated for the majority of the cases reported in this paper was as

described in chapter 2 and shown in Figure 2 .3 . Anelectromagnetic transient simulation program

PSCAD/EMTDC was used in this study. Appendix A shows the PSCAD/EMTDC draft diagram.

Sensitivity studies were also carried out for the following conditions:

a) soil resistivity of 10 ohms-m and 1000 ohms-m;

b) ac system short circuit capacity reduced to

c) no transpositions of the ac conductors.

d) only dc line transposition

e) Bergeron transmission line model

1700 MVA (SCR:2.84) at both ends.

Faults were simulated at time intervals of 24o of inception point of the fault in one period

Q6001240:15 fault inception points) and the maximum overvoltage at any of the measuring locations

was recorded. Additional information on fault philosophy are described in section 3 .8 .

Figures 3 .t6 , 3 .I7 and 3 .18 indicate the maximum overvoltages recorded anywhere along the ac

and dc lines for two different ac system strengths, seven different fault types and three different

system configurations. The system strengths used in the simulation are 6800 and 1700 MVA, which

corresponds to short circuit ratios (SCR) of 11.33 and2.84 respectively. Each Figure (3 .16 ,

3 .17 and 3 .18 ) compares the results between the stronger and the weaker system. The system

configurations are the foiiowing:

a) ac line transposed (hybrid line);
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b) no coupling between the ac and dc lines (ac and dc lines on different towers);

c) ac line untransposed (hybrid line).

Figures 3.19 and 3.20 showthesameresultsof theFigures 3.16,3.17 and 3.18 butina

different way. In this case each Figure compares the results between system configuration for each

system strength.

Frcm these F'igures we can conclude:

a) the dc line overvoltages are more severe for the stronger (6800 MVA) system. Note also that the

ac-dc hybrid line considered here can also experience overvoltages due to the new fault types ( CF

and CFG ) which would not be experienced by a dc line in isolation. The latter would experience only

the LGdc type of fault.

b) the ac line overvoltages are larger when the system is weaker for all faults involving only the ac

conductors (LL,LLG,LLLG, LGac ). However when the fault involves a dc conductor ( CFG, CF,

LGdc ), the overvoltage is larger for the stronger system. One possible explanation for this is that the

dc fault current is larger forthe strongersystem and thus there is alarger coupling into the unfaulted ac

conductor.

c) the overvoltages are larger when the ac-dc system is electromagnetically coupled. This is more

pronounced for ac line overvoltages when the faults involving only the dc conductors.

d) in general the overvoltages on the dc line and on the stronger system are larger when the ac

conductors are untransposed.

e) with ac-dc contact faults and dc line faults the ac overvoltages are smallerforthe weaker system.
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Figure 3 .20 : Maximum dc and ac line overvoltage for different types of faults and system configurations.

Figures 3 .21 , 3 .22 , 3 .23 and 3 .24 indicate the maximum ac and dc line overvoltages calculated

anywhere along the ac and dc lines, as a function of the location where the fault was applied. These

overvoltages were calculated for two different ac system strengths, seven different fault types and

three different system configurations.

The main conclusions derived are shown in tables 3 .3 and 3 .4 .
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Table 3 .3 : Comparison between ac and dc line results, SCR=11.33

fault
type

ac line

(FiguLe 3 .21 )

dc line

(Figure 3 .22 )

CF

i-overvoltages are higher when the faults are
applied in the middle of the line;
2-overvoltages for the transposed and
untransposed cases are approximately the same;
3-ovewoltages are lowel for the uncoupled
case.

l-over-voltages are higher when the faults are
applied in the extremities of the line
2-overvoltages for the transposed and
untl'ansposed cases ale approximately the
same;
3-overvoltages are lower for the uncoupled
CASC.

CFG
1-overvoltages for the transposed and
untransposed cases ale approximately the same;
2-overvoltages are lower for the uncoupled
case.
3-overvoltages are higher when the faults are
applied in the middle of the line;

l-overuoltages fol the transposed and
untlansposed câses are approximately tlre
same;
2-overuoltages are lower for the uncoupled
case.

LGac

l-overvoltages are higher when the faults are
applied in the middle of the line;
2-ovelvoltages fol the tlansposed case ale
higher than for untransposed.

l-overvoltages are higher when the faults are
applied at the REC;
2-overvoltages are lower for the uncoupled
case.

LGdc

l-overvoltage are higher when the faults are
applied in the middle of the line;
2-overvoltages for the transposed case are
higher than for untransposed;
3-overvoltages are lower for the uncoupled
case.

l-overvoltages are higher in the middle of the
line;
2-overvoltages for the untransposed case are
higher than the case transposed;
3-overvoltages are lower for the uncoupled
case.

LL

l-overvoltages for the transposed case ¿ìre

much higher than the case untransposed (in the
Rec);

l-overvoltages are higher when the faults are
applied in the extremities of the line;
2-overvoltages for the untransposed case are
higher than the case transposed;
3-overvoltages are lower for the uncoupled
case.

LLG
l-overvoltages are higher when the faults are
applied in the middle of the line.

l-overvoltages are lower for the uncoupled
case.

LLLG
l-overvoltages are lower compared to the other
fault types

l-overvoltages are lower for the uncoupled
case.
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Table 3 .4 : Comparison between ac and dc line results, SCR:2.84

fault
type

ac line dc line

CF
l-overvoltages are higher when the faults are
applied in the middle of the line.

l-overvoltages are lower for the uncoupìed
case.

CFG
l-overvoltages for the untransposed case are
larger than the case tlansposed;
2-overvoltages are lower fol the no coupled
case.

1-overvoltages are higher when the faults are

applied in the middle of the line;
2-overvoltages are lower for the uncoupled
CASC.

LGac
1-overvoltages are higher in the middle of the
line and at REC;
2-ovelvoltages fol the transposed case are larger
than the case untransposed.

1-overvoltages fol the transposed case ale
larger than the case untransposed;
2-overvoltages are lower fol the uncoupled
case.

LGdc
l-overvoltages are lower for the no coupled
case.

l-overuoltages for the transposed case are
larger than the case untransposed;
2-overvoltages are lower for the uncoupled
case.

LL
l-overvoltages are higher when the faults are

applied at REC.

l-overvoltages are higher when the faults are

applied at REC;
2-overvoltages for the untransposed case are
larger than the case transposed;
3-overvoltages are lower for the uncoupled
case.

LLG
l-overvoltages are higher when the faults are
applied in the middle of the line.

l-overvoltages are higher when the faults are

applied at TLI and TL2;
2-overvoltages are lower for the uncoupled
case.

LLLG l-overvoltages are lower compared to the other
fault types.

l-overvoltages for the transposed case ¿ue

larger than the case untransposed;
2-overvoltages are lower for the uncoupled
case.
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3 .2 .1, AC ANÐ ÐC OVERV@T.TA.GES WAVEF'OR.M

3 .2 .1 .1 FAUT-T A-PPT,IEÐ AT TE{Ð RECTTF'TER. STÐE

Figures 3 .25 , 3 .26 and 3 .27 show typical waveforms of four fault types for which maximum

overvoltagesweregiven inFigures 3.21 ,3.22,3.23and 3.24. The curves include the

following:

a) voltage across the 60 Hz blocking filter at the rectifier;

b) the rectifier end positive and negative pole dc cunent;

c) the rectifier end positive pole and negative pole dc voltages;

d) the three ac phase voltages measured at the rectifier.

e) ac line current

When the fault is applied at the rectifier side and the negative-sequence voltage has high magnitude,

the overvoltage on the dc line will be mainly due to the 2nd harmonic component generated from this

sequence component. Table 3 .5 shows the maximum percentage magnitude of the

negative-sequence voltage (related to the positive-sequence voltage) foreach type offault when the

fault is applied at the rectifier side.

Table 3 .5 : Negative-sequence voltage in the rectifier for different fault types

Fault type Maximum negative-sequence voltage
( faults applied at REC )

(7o\ (kv)

LGac 40 56

LL 54 76

LLG 35 50

LLLG T6 22

CF 6 I
CFG 38 54

LGdc 2 -l
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3 .2 ."J. .2 F''AULT APPT-XEÐ NN T'ETE VITÐÐT.E OF' THE T,TNE

Figures 3 .28 , 3 .29 and 3 .30 show typical waveforms of three fault types forwhich maximum

overvoltagesweregiveninFigures 3.21 ,3.22,3.23and 3.24. The curues include the

following:

a) voltage across the 60 Hz blocking filter at the rectifier;

b) the rectifier end positive and negative pole dc current;

c) the rectifier end positive pole and negative pole dc voltages;

d) the three ac phase voltages measured at the rectifier.

e) ac line current

When the fault is applied in the middle of the line the overvoltages are mainly due to two main factors.

One is related to the effect of the transient set up by the traveling wave along the line. The other factor

is due to the 60 Hz coupling effect between the ac and the dc line.

The negative-sequence voltage generated on the rectifier due to the unbalanced condition is

negligible compared to the transient effects described above. Therefore the 2nd harmonic

overvoltage presents slight effect on the dc line overvoltage when the fault is applied in the middle of

the line. Table 3 .6 shows the maximum percentage magnitude of the negative-sequence voltage

(related to the positive-sequence voltage) for each type of fault when the fault is applied in the middle

of the line.

Figures 3 .31 , 3 .32 and 3 .33 show the waveforms for the ac single line to ground fault applied in

the middle of the line (195 km from the rectifier), at different instant along the sinewave, on the

negative crest, zero crossing and positive crest voltage, respectively.

When the ac single line fault is applied on the negative and the positive crest voltage of the phase

under fault (phase "b") the maximum dc line overvoltage is caused by the the high frequency

electromagnetic transient coupling effect generated from the ac line under fault.
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Fault type Maximum negative-sequence voltage
( fault applied at TL3 )

(7o) (kv)

LGac 2 -1

LL 6 8

LLG 5 7

LLLG 2 -1

CF 2 -1

CFG 4 5

LGdc I 2

Table 3 .6 : Maximum negative-sequence voltage in the rectifier for different fault types

When the ac single line fault is applied on the zero crossing voltage the maximum dc line ovewoltage

is caused by the 60 Hz electromagnetic coupling effect from the ac line under fault.

Figures 3 .34 , 3 .35 and 3 .36 show the waveforms of the ac-dc contactfault to ground applied in

the middle of the line. In the case of contact faults between one ac conductor and the positive pole dc

conductor to ground in the middle of the line, the maximum overvoltage occurs when the fault is

applied at the positive crest voltage on the ac line. This results from the addition of the

electromagnetic transient generated during the fault from the ac conductor to the transient generated

from the positive dc conductor. When the fault is applied on the negative crest voltage the transient

generated from the ac conductor is subtracted from the transient generated from the positive pole dc

conductor and the dc line overvoltage will be only due the 60 Hz electromagnetic coupling effect.

Figures 3.37 ,3.38 and 3.39 showthewaveformsfortheac-dccontactfault.Inthistypeoffault

the overvoltages are mainly due to the coupling effect between the lines.

Figures 3 .40 , 3 .4I and 3 .42 shovr the waveforms for the dc line to ground fault. In this type of

fault the ac and dc overvoltages are higher when the fault is applied in the middle of the line.
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Figure 3 .32: Yoltage waveforms for ac single line to ground fault.
(fault applied at TL3 atzero crossing voltage phase "b")

E VdcTL3-P o Vdc afl-3 - N

o V3c TL3 - A o Vac 1'I-3 - B
a Voc 'fL3 - C

2.OO

: o.oo

-2.OO

2.OO

o.oo

-2.OO

2-OO

o.oo

-2-OO
20 30 40 50

llime (s)

Figure 3 .33 : Voltage waveforms for ac single line to ground fault.
(fault applied at TL3 at crest ofnegative voltage phase "b")

x103

:Y ----'------r.E

:=:::
--------

:-ìì-
_-È/-P---.r-

65



Þ Vdc TIJ - l, o Vdc 'fL3 - N
2.OO

: o.oo

-2.OO

2.OO

Ê o.oo

o VrcTI-3-^ o V¡cTL3-B
a VacTIJ-C

o io 20 
t;,r"rl <"1 

40 50

Figure 3 .34: Voltage waveforms for ac-dc contact fault to ground.
(fault applied at TL3 at crest ofpositive voltage phase "b")
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Figure 3 .35 : Voltage waveforms for ac-dc contact fault to ground.
(fault applied at TL3 atzero crossing voltage phase "b")
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Figure 3 .36 : Voltage waveforms for ac-dc contact fault to ground.
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Figure 3 .37 : Voltage waveforms for ac.-dc contact fault.
(fault applied at TL3 at crest of positive voltage phase "b")
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Figure 3 .38 : Voltage waveforms for ac-dc contact fault.
(fault applied at TL3 at zero crossing voltage phase 'ob")
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Figure 3 .40 : Voltage waveforms for dc line to ground fault.
(fault applied at TL3 at instant ofthe crest ofpositive voltage phase "b")
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Figure 3 .41 : Voltage wavefonns for dc line to ground fault.
(fault applied at TL3 at instant ofthe zero crossing voltage phase "b")
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Figure 3 .42: Yoltage waveforms for dc line to ground fault.
(fault applied at TL3 at instant ofthe crest ofnegative voltage phase "b")
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3 .3 OVERVOLTAGES ON T'TNEBT.OCKTNG F'TLTER.S

As described earlier the blocking filters at the neutral point of the HVDC converters prevent the flow

of 60 Hz currents induced by the ac line into the dc circuit. This avoids saturation of the converter

transformers. However faults such as ac-dc contact faults or line to ground faults on the converter ac

system can set up a 60 Hz oscillation in this tuned filter. Although the dc current has only a small60Hz

component, the dc voltage can have a significant 60Hz component.

Figure 3 .43 shows the dc current and voltages for an aclc contact fault. The fault is cleared by

opening the ac circuit breakers on the three phase line at either end. In this case the blocking filter

arrester was not modeled and the overvoltage on the blocking filter was approximately 210 kV. It is

impor"tant to limit the overvoltage across the blocking filter because it increases the insulation level

requirement for the converter valves.

Figure 3 .44 shows the same fault with a 39 kV rated metal oxide gapless arrester protecting the

blocking filter. The residual voltage of the arrester is 78 kV crest (10 kA, 8/20 ¡rs). In order to rapidly

damp out the filter oscillation, a resistor was placed across the capacitor to reduce the quality factor of

the blocking filter to 50. The peak overvoltage was then limited to 68 kV crest .

Figure 3 .45 shows the dc overvoltage and arrester energy in the rectifier side for ac-dc contact fault

for three different configurations in the blocking filter. In the first case the ac-dc contact fault was

appliedwiththeblockingfilterwithoutarresterandtheresistorRlasshowninFigure 3.46a).Inthe

second case the same fault was applied with 39 kV arrester protecting the blocking filter. The energy

absorbed by the arrester was 2630 kJ. For this energy absorption twelve parallel columns are required

(based on an energy capability of 7 kJ / kV(of rated voltage) per arrester column. No attempt was

made to determine the fault case which would be the limit for the energy rating of the blocking filter

arresters. In the last case the ac-dc contact fault was applied with the blocking filter with a 39 kV

arresterandtheresistorRl:lSS5ohmsasshowninFigure 3.46b).Inthiscasetheenergyabsorbed

by the arester was2470 kJ. The resistorRl reduced the energy absorbed by the arrester by 6.IVo.
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Figure 3 .45 : Waveforms for ac-dc contact fault for different blocking filter configurations.

a) Rectifier dc voìtage
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3 .4 TR.A,T{SMISSNON T,TNE MODEL C(}MPAR.{SOI\

BER.GER.ON MOÐET,

The bergeron model is based on a distributed L-C parameter travelling wave line model with lumped

resistance. This model produces a constant surge impedance and is essentially a single frequency

model. The Bergeron method can be used for any general fundamental frequency impedance studies

such as relay testing or matching load-flow results.

THE F'R.EQUENCY-DEPENÐENT LINE MODEL

The frequency-dependent line model is basically a distributed R-L-C travelling wave model which

incorporates the frequency dependence of all parameters. Because the Bergeron model is adequate

for studies which essentially only require the conect ftrndamental frequency impedance, the

frequency-dependent line model should be used for all studies which require frequencies other than

the fundamental to be represented accurately. The frequency-dependent line model is based on the

theory developed by J. Marti [9]. The results for the ac and dc overvoltages with the frequency

dependent transmission line model and the Bergeron model were compared. The comparison was

performed only for the strongest system (SCR:i1.33) with the case of hybrid ac-dc line (ac line

transposed) and forthe case where there was no electromagnetic coupling between the ac and dc lines.

Figure 3 .47 shows the results for the hybrid ac-dc line case. Figure 3 .48 shows the results for the

case without electromagnetic coupling between the ac-dc lines.

The simulation show that the Bergeron model results in overvoltages that exceed the ones calculated

more accurately from the from the frequency dependent transmission line model. Hence if one is

interested in a worst case design, one could still use the Bergeron model.
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Figure 3 .4'7 : Maximum dc and ac and dc line overvoltage for different types of faults.
(ac line transposed).
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Figure 3 .48 : Maximum dc and ac line overvoltage for different types of faults.
(no coupling between ac and dc lines).

3 .5 EF'F'ECT OF'BT,OCKTNG FTT.T'ER. @N AN AC UNTR.Á.NSPOSEÐ T.TNE

The overvoltages were compared for two different configurations in the hybrid ac-dc system,

SCR= 11 .33. In one configuration the ac conductors were untransposed and with blocking filter (BF)

present and in the other configuration the ac conductors were transposed in the absence of blocking

filter.Figure 3.49 showstheresultsofthisovervoltagestudy.Theresultsindicatethatformostofthe

faults the dc line overvoltages are slightly higher for the case when the ac conductors are transposed
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and without blocking filter, exceptfordc line to ground and line to line fault where the higherdc line

overvoltage occurs for the other configuration. The ac line overvoltage results show that for most of

the faults the higher overvoltage occurs for the case when the ac conductors are untransposed.
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E ac linc transposedrvithout BF

Figure 3 .49 : Maximum dc and ac line overvoltage for diffelent types of faults.

3 .6 trF'F'ECT'OF'GR.@{JND R.ESISTTVITY ON OVERVOT-T'AGE

A study of the effect of the ground resistivity on the ac and dc overvoltage was carried out. The hybrid

ac-dc system with SCR:I1.33 and the ac line transposed was used as the base case. Figure 3 .50

shows the overvoltages obtained for ground resistivities (p) equal to 10 , 100 and 1000 ohms-m.

The sensitivity studies showed that the magnitude of calculated dc line overvoltage increases with

ground resistivity with the overvoltage being increased up to7.8 Vo for 1000 ohms-m resistivity and

being reduced up to 9.17o with a ground resistivity of 10 ohms-m. The magnitude of calculated ac

line overvoltage is higher for higher ground resistivity for all faults involving only the ac conductors

(LGac, LL, LLG, and LLLG) with the overvoltage being increased up to37 Eo. However when the

fault involves a dc conductor (CR CFG and LGdc) the ac line overvoltages are higher for lower the

ground resistivity.
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for different types of faults.

3 .7 .4.C T.INE TR.ANSPOSET} VER.SUS DC I.TNIE TR.ANSPOSEÐ

The overvoltages were compared for two different configurations in the hybrid ac-dc system,

SCR:11.33.In one configuration the ac conductors were transposed and in the otherconfiguration

the dc conductors are transposed (with ac line line untransposed). Figure 3 .51 shows the results of

this overvoltage study. It is seen that for most of the faults the dc line overvoltages are higher for the

case when the dc conductors are transposed for all faults involving the dc conductors and lower for

faults involvingonly ac conductors. Exceptfordcline to ground andline to linefaultwhere the higher

dc line overvoltage occurs for the other configuration. The ac line overvoltage results show that for

most of the faults the higher overvoltage occurs for the case where the ac conductors are

untransposed.

The results for the ac line overvoltages indicate that the magnitude of calculated ac overvoltages are

approximately the same for both cases except for three phase to ground fault (LLLG) and contact fault

(CF) were the overvoltages are larger for the case with the dc line transposed.
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3 .8 F'AULT PI{ILOSOPHY

The duration of all types of faults was set to 50 milliseconds and the fault was cleared at cuffent zero.

Except for ac-dc conductor contact fault (CF) and ac-dc conductor contact fault to ground (CFG) the

faults were cleared by opening circuit breakers at both ends on the ac line.

In the overvoltage studies faults were simulated at time intervals of 24o of inception point of the fault

in one period (3600/240:15 fault inception points) and the maximum overvoltage at any of the

measuring locations was recorded.

The faults were applied at either the sending or receiving ends or at any one of the five equally spaced

locations in between (TLl , ..., TL5). Each segment represents 65 km of line. The overvoltages were

recorded at any locations along the acìc lines. Appendix A shows the PSCAD/EMTDC draft

diagram of the faults logic applied in the overvoltage studies.

3 .8 .1 ÐC T-NNE F'AUI-T

Shortcircuits on the dc line are cleared by firing control of the valves. The main characteristic of adc

line short-circuit is that once started, due to any permanent or temporary fault, it will not be

extinguished by itself until the current is brought down to zero and the arc deionizes.
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As the fault occurs, the dc line voltage collapses, the rectifier current tends to rise and the inverter

current tends to fall. The only means of clearing a dc line fault is to force the firing angle of the rectifier

beyond 900, say a:1350, as soon as the fault is detected. This operation to force the firing angle to 1350

is called forced retard. This firing angle is kept at that value until arc extinction and deioni zation are

likely to be completed.

The protection philosophy in our study was to apply the forced retard (set cr:l350) 5 ms after fault

inception and maintain it for 200 ms to de-energize the dc line and clear the fault; following which the

firing angle is ramped down to 00 in 100 ms. Figure 3 .52 shows how the control action of the forced

retard was designed. A maximum select block is used so that the forced retard alpha order is override

to the normal firing control during the recovery from the dc line fault after which the normal firing

control order mode resume its operation.

Figure 3 .52 : Forced retard strategy applied in the rectifier.

il time n
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3 .8 .2 AC-ÐC CONÐ{JCTOR CONT'Á.CT F'A{jLT

The ac-dc conductor contact faults (CF) were applied between the positive pole and its closest ac

conductor. The circuit breakers, at both ends of the ac line, were set to trip 50 ms after the fault was

applied.

3 .9 AC-DC CONÐUCTOR. COI\{TACT FA{JN,T TO GROUNT)

When the ac-dc conductor contact fault is also simultaneously connected to ground the dc controller

senses this as a dc line to ground fault and forces the dc current fo zero, removing the cause of the dc

overvoltages. The circuit breakers, at both ends of the ac line were set to trip 50 ms after the fault was

applied.

In the beginning of the study it was identified that the opening of the three phases circuit breakers, at

both ends of the ac line, resulted in excessive overvoltages on the unfaulted ac conductors. Figure

3 .53 shows an example of ac-dc conductor contact fault to ground (CFG) between phase "c" and

the closest dc conductor (positive pole) at intersection TL5. The fault was applied at negative crest of

phase "c" voltage. In this example the ftipping time of the breakers (top) was selected to be equal to

41.33 seconds, which correspond to the highest overvoltage on the ac line.

It was concluded that the magnitude of these ac line overvoltages are related to the phase sequence of

the opening of the circuit breakers. In order to reduce these overvoltages multiple simulations were

run in the hybrid system to find out the most appropriate phase trip sequence of circuit breakers, on

both side of the ac ffansmission line.

PSCAD/EMTDC has a "multiple run feature" which is able to run the same simulation a multiple

number of times, optimizing a selected parameter by varying an associated value on each run

iteration. The ac line ovewoltage was the optimized parameter and the tripping time of the breakers

(top) was selected as the associate value to be changed in multiple run. A multiple run of 134 cases

was simulated, from top:36.67 to top:53.33 ms ( within one cycle), with intervalof l.Z4e4seconds

((1160)1134) and the maximum ac line overvoltage was recorded.
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Figure 3 .53 : Voltage and current waveforrns for ac-dc contact fault to ground.

(three phases circuit breakers were ordered to trip)

After carried out mafiy cases of this type of fault, at different locations along the hybrid line and with

different fipping time, it was concluded that the best way to clear this type of fault, with lower

overvoltage stress, is through the opening ofonly the ac conductor under fault, at both ends.

The main reason for these overvoltages is because in three phase breakers operation it can happens

that the unfaulted ac conductor once open in one end will be charged by the the coupling effect from

the other ac-dc conductors.

Figure 3 .54 shows the plot (from multiple run) of the magnitude of the maximum ac line

overvoltage versus the tripping time for the ac-dc conductor contact fault to ground applied at

intersection TL5. This Figure shows two example cases. In the first one the breakers at the rectifier

and inverter ends are ordered to trip the three phases. In the second only the phase under fault is

=q

j¿
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ordered to trip at both ends. As you can see the ac line overvoltages are much higher for the first case.

The maximum ac line overvoltages for the second case are slightly the same for all selected tripping

time.

t three phase o only phase C

1.5

0.036

Tripping time (s)

Figure 3 .54: Maximum ac line overvoltage x tlipping time of the circuit breakers.

The same type of fault shown in Figure 3 .53 is now applied in the same position (TL5), with the

same trip time (top:41.33 ms), which correspond the worst case (highest overvoltage). In this case

only the breaker on phase "c" (the closest ac conductor to the positive pole at location TL5) was

ordered to trip at both ends. Figure 3 .55 shows that the ac line overvoltage was substantially lower

compared to the case when the three phase breakers were ordered to trip.

3.10 S{JMMAR.V

The following observations resulted from this chapter:

- faults involving the ac conductor to ground closer to the rectifier converTer introduce negative

sequence voltage on the bus which converts to a second harmonic overvoltage on the dc side.

- dc line overvoltages at other line locations (TLl, TLz, ... etc.) are mainly fundamental frequency

overvoltages due to the coupling effect between the ac and dc lines.
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Figure 3 .55 : Voltage and current waveforms for ac-dc contact fault to $ound.

(only phase "c" breakers were ordered to trip)

- the dc line overvoltages are more severe for the stronger (6800 MVA) system.

- ovewoltages on the ac line increased with a decrease in system strength for faults involving the ac

conductors.

- with ac-dc contact faults and dc line faults the ac overvoltages are smaller for the weaker system.

- the overvoltages are larger when the ac-dc system are electromagnetically coupled. This is more

pronounced for ac line overvoltages when the faults involve only the dc conductors.

o
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-in general the overvoltages on the ac and dc lines are larger when the ac and dc lines are coupled.

- the overvoltages are higher for the Bergeron transmission line model compared to the frequency

dependent transmission line model.

- overvoltages for the dc line in a hybrid ac-dc environment are higher than for a a dc line alone

- transposition of the ac conductors reduces the overvoltages.

- the blocking filter in the dc neutral has a tendency to oscillate, which can cause overvoltages on the

dc line. These oscillations can be damped by a resistor-arrester combination across the filter.

- resonances may exist in the ac or dc system which can cause harmonic overvoltages.
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4.1 INTROÐUCTIOhI

It is a well known property of the dc conversion process that a current component of frequencylbn the

dc side appears on the ac side as a component of frequency fo * f, Jþ being the fundamental ac

fiequency, taken here to be 60 Hz l4l,1201, [21l.If the dc transmission line lies adjacent to an ac

transmission line, there is a possibility for a fundamental frequency (60 Hz) cuûent component to be

induced into the dc line, referrcd to as (166). This current would then appear in the secondary winding

of the converter transformer as a dc component (I¿.) and also a 120 Hz component (I¡26)

superimposed on the fundamental60Hz component. This dc current component eventually flows as

transformer magnetizing current and offsets the knee of the flux-current characteristic and if

excessive, causes unsymmetrical saturation of the convertertransformer. This can lead to an increase

in audible noise and result in possible loss of life expectancy of the transformer [4],1221. Other

reported problems are inaccurate control and protection measurements because of safuration of

cunent transformers on the ac side. Because of the very low magnetizing current requirement of

HVDC transformers, even a few tens of amperes of dc current is considered by some as excessive.

There are several instances where a dc and ac line follow adjacent corridors and such induction effects

could be detrimental. With the added difficulty of obtaining transmission line rights of way there is

considerable interest in having hybrid ac-dc ffansmission systems in which ac and dc conductors are

placed on the same tower siruciure. The coupling of the 60 Hz component would be even more severe

in such cases.
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Several alternatives have been proposed for mitigating the dc currents in the transformer windings.

One proposed altemative is to use dc side blocking filters for the 60 Hz induced currents. This scheme

sometimes results in increased dc side overvoltages. Another alternative is to transpose the ac lines.

This option does not completely eliminate the induced harmonics especially when ac and dc

conductors are on the same tower as in hybrid ac-dc lines. Another possible alternative is to use

modulation of the converter's firing angle. This method appears to have the advantage of not

requiring as extensive modifications to the power equipment as in the other choices. We explore this

alternative in this chapter and chapter 5 . Some theoretical results are presented on an idealized

system to understand the essential phenomena. Subsequent investigations are caried out on a

realistic system using an electromagnetic transients simulation program (PSCAD/EMTDC) [7]. The

results indicate that it is possible to eliminate the dc currents in the transformer using such a scheme.

However, there are some undesirable side-eftècts such as the generation of non-characteristic

harmonics [23].

4 .2 MEASUREMENT OF TI{E COUPLING BETWEEN TTIE,A,C AND DC LXNE

The fundamental frequency current flowing on the dc side of the converter, 166, will be seen as a

second harmonic, 1126, &nd dc components, I¿., in the converter transformer secondary winding, as

shown in Figure 4 .1 . The dc component current is the main concern to the ac-dc hybrid system, as it

can result in saturation of the converter transformer. Therefore we have to maintain the induced

cunent on the dc line from the ac line, as low as possible in order to minimize adverse impact on the

ac-dc hybrid system.

Positive sequence currents of various magnitudes were introduced in the ac line, and the effect on the

dc system was observed, as shown in Figure 4 .2 .The current in the ac side varied from 0.0 to 1 .4 kA

crest. Plots of the induced current in the dc line are shown in Figure 4 .3 . Coupling effects with two

different blocking filters and two different ac line configurations were investigated.

The fundamental frequency current flowing on the dc side of the converter, I6s, the second harmonic

current, I¡26, ând dc cunent components, I¿., in the converter transformer seconciary winding were

measured for the following configuration:
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a) ac line untransposed and with blocking filter type A;

b) ac line untransposed and with blocking filter type B;

c) ac line untransposed and without blocking filter;

d) ac line transposed and without blocking filter.

The blocking filter type A is the one shown irr Figure 3 .46 a), but

blocking filter).

Io.

-*@

without the resistor R2 (ideal

AC line

't DC line

Figure 4 .1 : Conceptual circuit illustrating the coupling between the ac line and dc line and the effect in
the secondary of the HVDC converter transformer.

Figure 4 .3 c) shows the plots of fundamental frequency current, I6s, induced in the dc line. The

coresponding dc, I4ç,, ând the second harmonic, I12s, components introduced into the secondary of

the converter transformer are shown in Figure 4 .3 a) and 4.3 b), respectively.

(f-60H2)

Blocking Filter (BF)
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linedc

I (fi'ont 0to1.4kAl)

Figule 4 .2: Conceptual circuit for dliving cun'ent in coupled line.

o ljnlrînsposcd înd rvirh Ill: A
a Uillransposed ¡nd wilhout lllr

o [rntranspos\'(l înd rvith IJF B

v 'lìanspose'd ancl rvilhout lllì

xO

U7õ

Ò\

N
Ff<

o t'¿
(\

p0

10

ñ
N

rJr 5o\o
()^

U

AC cunent (kAcr)

Figurc 4 .3 : Percentage of current, a) dc component in the secondary o the transformer,
b) 2nd harmonic component in the secondary of the transformer, c) Fundamental compo-

nent in the dc line induced from the ac line.

The quantities 166, I¿ç and I12s in Figure 4 .3 arc defined by Equation 4 .1

iii'ili:iiii i j I t---À,
_._-.i-*-*---]--*"-----

I

i

I

I
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r6s(ro):+ (4.r)
rDC

L

I¿, (Vo) : :Ll¡c

Ip6 (/o) : IJP-
I ¿.c

Figure 4 .4 shows the same result of Figure 4 .3 except that each plot shows the three components

of cunent (l¿", Itzo and I6s¡ for each system configuration, such as with and without transposition

and with different blocking filters.

Inreference[4]iscitedthatthelimitforthedccomponentinthedcline,I¿.,isoften 0.l%ooftherated

dc cunent. This value is unrealistically small. Without considering the ac-dc coupling effect, the dc

offset solely due to the firing angle unsymmetry can exceed this limit.

Assuming the firing angle unsymmetry of the converter is t 0.10 , which is a very good value. The dc

offset in the transformer winding is in the worst case as high as0.lIVo of the dc cunent value, as shown

in Figure 4 .5 .

4 . 0.10
Iofrset : -r¿rr-- I¿ : 0.1lVo I¿

However,

Iorn," , hence, Ioffset : 0.Il7o
t;

VJ

E Iorn," : 0.13 [ac,,,,,

t;_ ,1 Jt¿:E (4.2)

According to the estimation above, the dc offset limit of O.IVo for the converter transformer is

extremely small. In the practice the converter transformer must be designed for a higher dc offset.

4 3 REN,ATION tsETWEEN TT{E 6OWZ COMPONENT TT{ TEIE ÐC LTNE ANÐ TX{E ÐC

COMPOT{ENT NN T}IE SECONÐAR.Y OF THE TRANSFORMER.

Figure 4 .6 shows the six-pulse bridge converter circuit with the notation adopted from reference

[20]. The power source in Figure 4 .6 is assumed to be balanced sinusoidal of constant voltage and
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Untransposed and rvith BF A

o Idc(7¿) o Il21tlz(7c,1
¿ t60llt. (Va)

0.35

0.175

0

UnÍânsposed and rvith BF B

Transposed and without BF

Figure 4 .4 : Percentage of dc, 2nd harmonic and 60 Hz current.

frequency in series with equal lossless inductances. The circuit in Figure 4 .6 contains a three-phase

60Hzvoltage source, a dc current source and a one-phase 60 Hz current source. In the analysis of this

circuit, the effect of the three sources are superimposed. The 60 Hz current source represents the

fundamental frequency current component induced from the ac line into the dc line.

In this section the study of coupiing between the ac iine and the dc line wili be conducted with two

different approaches. Fist of all the induced 60 Hz curent in the dc line and the dc current reflected to

-o

0.9N

ra
Ò\

i :,a/a-

Untransposed and rvithout BF
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-l¿

L¿

e- io
I -1 5

2

Vr(

l

vd

T--ðö*
c6 Lc i6

-fa,W
\-7

Iicffi
4 :6

(des.)

Ip6 + I6s

Figurc 4 .6 : Configuration of a six-pulse bridge converter. The valves are numbered in their firing order.

the secondary of the transformer will be analyzed analytically and a relation between this two currents

will be identified. Secondly the analytical calculation is then validated by using a simple simulated

case with a six-pulse converter bridge.

4.3 "I AhIALVTTCAT. APPR.O,âCH

The instantaneous line-to-neutral voltage of the source are taken as:

Figure 4 .5 : Dc offset curlent in the converter transfol'mel winding.
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corresponding to the horizontal projections of the rotating vectors shown in Figure 4 .7

The corresponding line-to-line voltages are:

€a : E,n cos {at +þ

eb : E* co, {m -!)

€c : Ent cos (at-n)

€ac : €a - êc : J5 8,,, cos

€bc : €b - €c : J58,,, 
"o,

crn : €b - €a : ,f5 8,,, cos

t;
€c.a : €c - €a : J3 En, coS

€cb : €c - €b : J18,,, cos

€ab : ëa - €b : ,118,, 
"ot

. îú.
\or+?
. îÍ.
(øt --)

o
iÍ r-(Ør-l : ,l3E,,,sin (ør)

it
(a¡t - 5 -)o
. _ ît.
l@t + 5 -6)

it(at+): -J3E,,,srn (an)

(4.3)

(4.4)

Instantaneous curents and voltages of the three-phase bridge are shown in Figure 4 .8 , where the

voltage of the three phase source is equal to230 kV (phase-to-phase rms) and the dc current is equal

to I .5 kA. The 60 Hz current source, which represent the coupling effect, is assumed to be I 07o of the

total dc current, 0.15 kA. This value of 60 Hz current source would correspond to a situation where in

the hybrid system we have a circulation of approximately 1 .4 kA crest flowing in the ac line as shown

in Figure 4 .3 . We have chosen this value of amplitude for 60 Hz current to exacerbate the coupling

effect between the ac and the system.

Equations of the instantaneous secondary current of the converter transformer, for each phase, are

shown in Equations 4 .5 , 4 .6 and 4 .7 for eachinterval of firing angle and commutation. Ia, Ib and

Ic are the three phase currents on the valve side of the converter transformer. The constant A is the

crest value of the induced 60 Hz current in the dc iine connected to this six-pulse bridge. l, is the angie

of the induced fundamental frequency component measured from the crossing zero of line-line
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Reference axis

Figure 4.7 : Representation of the rotâting vectors fron the six-pulse bridge voltage source.

voltage eba on its positive gradient. Note that 2'" is completely arbitrary because the induced cunent can

in theory have any phase angle.
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Figure 4 .8 : Instantaneous currents and voltages of six-pulse bridge convefieì.
with modulation of the firing angles. ( lVittiOverlap) -

8,,=no# =t8t.8kvcrI¿ = 1.5 kAcr

A = 0.15 kAcr ^JlA =-
.,
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1,, =

Ir=

Í¿,

Ía - I"zcosd * Is2CoSg ,

o,

- I"2cosø + ls2cos @-þ

-ld,
-Ía + Is2COSr/, + I52COS0 ,

o,

I52 cos a, * Is2cos (0 
"",

l¿,

0,

lr2cosd - IrZcoS0 ,

ftd ,

I'rl - Ir2COSd - 1'2COS @ +5 ,
J

0,

O < 0 <a

a <0 <a+p

a+lt < 0 <a+{
.)ît^îúa+, < 0 <G+p+;.).]

a+p++ <0 <a+n (4.5)
L)

d,+fi < 0 <a+p+îú

d+lt+n < e <G+4+
.)

a+4Y < 0 <a+u+4!33
a,+u+4! a 0 <2rrtõ ò

0 <0 <a

d, <e <d+þ

a+p < e <d+2+
J

a+2: < e <d+1.¿*2:
JJ

a+p+2: <0 <a,+n (4.6)
J

a,+xÍ <e <a+p+xr

a+p+tú < 0 <a+5+
J

a+5+ < 0 <a+þ*s+3:
_11d+|¿+5: < e <21r

3

-Ir2CoS d - ITZCOS0 ,

-f¿ ,

-l'd * 1r2COS d, - Ir2cos

0,

@+5
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- Irt ,

-l'd *

0,

- 152 cOS d *

-i¿ ,

1,2cos G * I52cos (g *l) ,

i,t ,

I'rt - Ir2cosd - 1.92COS

0,

Ir2cOSd, - 1r2cOS @-!:3'

@-þ,

1r2cos @*þ,

O < 0 <d,+Y
3

xl^îúd*; < 0 <d,+lt+-
JJ

îl ^ _xtd+u+- < 0 <G,+2-taa
JJ

d,+2Y < 0 <a+u+2Y
-l-JJ

d,+u+2L <e <a+4y (4.7\
t-ô\

JJ
.îú îta+4- < 0 <a,+u+4-

-tõJ-)

.11 ^ -îúd,+u+4- <0 <a,+5-
t--

J-)

xl-xÍd,+5; < 0 <d+lt+5;
55

_11d+þ+5; <e <2rú
-t

where:

f¿ = I¿ * Ieo , where leo : Asin (9 +rT)

.f¿ = Constant ripple-fiee direct cument flowing in the dc line

A : crest value of the induced 60 Hz current in the dc line

l, = Phase difference between the ac line and the rcference voltage Em

11n.
I"z : -7--;: , fLom reference [20]¿nL.

p = overlap angle

.8,, = crest value of line-to-neutral altemating voltage

In Figure 4 .8 ,I¿: 1.5 kA dc,A:0.15 kA crest, À : i¡l3 andEm:187.8 kvcresr(230kVphase-phase

,'".). E* is the crest value of line-to-neutral altemating voltage (230 kV rms phase-phase).
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Theaverage(ordirectcunent)ofphase"a,bantlc", Iag,Ibgândls6,canbedeterminedbyintegrating

the instantaneous current over the period from 0 to 2n. For wt:o, the cunent Iao, Iuo and I.6 are equal

to:

, r2n

'"': * Jo 
lct do

, r2n
,u":* 

Jo 
Ibdo

. ¡2n,,,:* 
Jo 

r,d0

(4.8)

(4.10)

Ino' * Iø02 * Iro2 ::Y:l'

Substituting Equations 4 .5 to 4 .7 info equation 4 .8 we obtain the following relation (see

Appendix 8.1).

(4.e)

A is the crest value of the fundamental frequency current in the dc line and lao, I¡o and I.6 are the dc

component in the secondary of the converter transformer. In terms of rms value of the induced

current( ár.r) the relation in the Equation 4 .9 will be:

I oo' * I lro2 t I ro2 
: t 

Y+l'

Ioo2 + 16o2 + Iroz 3

Ar*, îl

where:

A_
¿ tfms -

A

E
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4 .3 .2 SNM{JT,ATNON.APPR.OA.CH

The Equation 4 .10 was confirmed by using a simplified six-pulse bridge converter as shown in

Figure 4 .6 and a detailed ac-dc hybrid system as shown in Figure 2 .3 . An electromagnetic

transient simulation program PSCAD/EMTDC was used in this study. Appendix A shows the

PSCAD/EMTDC draft diagram.

Figure 4 .9 shows how the relation between the dc components, from phases a, b and c on the valve

side of the converter transformer and the 60Hz component in the dc line was measured in a detailed

ac-dc hybrid system.

For initial comparison, we simulated the simpler circuit configuration in Figure 4 .6 and compared

the results with the theoretical relationship of Equation 4 .10 . The results are shown in Figure 4 .10 .
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Figure 4 .9 : Simplified diagram of the hybrid system and the measurement of the relation of the
dc component and the 60 Hz component.
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Figure 4.10: Relation between the ac components and dc component, accorcling to Equation 4.10.

From Figure 4 .10 , the variable KK and K are defined as:

l----;--------;--
I too'+ 16o" I tro'KK:

4,,,,

K :3 : 0.955îÍ

Note that the theoretical value (K) matches the value (KK) obtained from simulation in the steady

state.

'''. ''',' '¡
i

i

I',',.'..'i
!

I

I

I
I

I

I
I
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4 .4 F'TR.TNG ANG}-E MÛÐUT-ATXON TO ET,NMTNATE THE 6OÊXZ, C{JR.R.EÌ{T

4 .4 .1. ,4N,4,[,VTICA[, APPROACÍ{

In this section we investigate a method for eliminating the 60Hz component of current, I6e, in the dc

line. As there is coupling between the ac line and the dc line, there will be a 60 Hz current flowing in

the dc line. This section will describe how this 60 Hzcunentcan be reduced oreliminatecl from the dc

transmission line.

It will be shown that a 60 Hz voltage of controllable phase and magnitude can be generated by

controlling the firing angle of each valve independently. This 60 Hz voltage can then be used to

eliminate the original 60Hz inducing source. This type of operation in the converter is called firing

angle modulation. To generate the 60 Hz componentcurrentfrom the six-pulse bridge converte¡ the

firing angle was selected by using the following Equation:

di : Qo + G,,,, sinlirr-, - ,"f
where:

(4.r1)

d¡ : firing angle for the valve i

do : base firing angle fi'om valve group control

Qm : amplitude of the 60 Hz firing angle

þ" : phase of the modulation signal

In the analysis for the elimination the 60 Hz cunent component, two different assumptions are taking

into account, that will be presented in two different sections. In the section 4 .4 .1.1 the six-pulse

bridge converter will be represented without overlap and in the section 4 .4 .I .2 the overlap will be

included in the analysis.

4 .4 .'1, .1, WNT}TO{JT OVERT-AP ANGT-E

First of all let us analyze the case without the commutation reactance in which only two valves

conducisimultaneously. In this case the transferof currentfrom one valve to anotherin the samerow,

which is called commutation, must occur instantly, that is without overlap.
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The ac voltage and current sources in Figure 4 .6 , in both ac and dc sides, generate characteristic

harmonics plus the 60 Hz component in the dc side and dc and second harmonic component in the ac

side. The main goal is to eliminate the dc component current in the secondary of the converter

transformer in order to eliminate the problem of saturation in the transformer. But in this section the

objective is to show how we can eliminate the 60 Hz component current in the dc line by using firing

angle modulation.

Waveforms of instantaneous voltage of ac source and direct voltage and modulation of the firing

angle shown in Figure 4 .11 . The average direct voltage Vd, is determined by integrating the

instantaneous voltage u,¡ in the dc side over a period from 0 to 2 n.

300

V¿ 200

(kv) r00

0
I

<------>r
oe3 I

i ît/3

lt
<--------Èr
lt

4,4

i îú3

r<--------+>
lr

4,2

I

2rr

nl3

cr.(I)

(deg.)

i rt3 i nt3 i ttt3 i rJ3 i r/3 :
¡#t.+r<+¡#rær

I

JI
-(i-a\
-)

'o, 

: oo* o. ,in 
I ,-f"l

Figure 4 .l l : Waves of instantaneous voltage of ac source and direct voltage and modulation
of the firing angle, without overlap.
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v,: +;LI:',",,r0 * 1","0,6,,t0 
. 

f::'e6o rr0 . I;:,e,od0 (4-12)

* [#", 
ríL.*o'

- 
Jn*ou 

e,'6 do . l':,' eo6 do . IÏ*-,'", 'uf
V,¡ is the average value of the dc line voltage.

v,: fiLI:',t,'cos (0 *þ ae * 
I*"^'l1E,,,cos 

(0 -þ æ

* 
ff),',ti',,sinl 

d0 . 
I:;:,JiE,,cos 

(g -s[t de

r21a' r 51a.
* 

J:_, 
,fiE,,cos (0 *tþ æ - 

J4*o,,= 
ßEu,sin 0 d0

. Ii"'li'"'cos (o .þ *f

i:6
Ks : ) cosa¡

t= I

The fundamental frequency voltage component, V¿66, generated in the dc side can be determined by

using Fourier series, as described in detail in Appendix 8.2.

(4.t3)
t;

v¿ : !En, Ko
¿fl

where:

From the theory of Fourier series we have:

n:6
v(wt) : ! * 2 C,,cos ( n wt +þ,, )

L n=l
( 4 .14)

t0l



Clu,, :lÑ (4.ts)

ttu, it themagnitudeofthefundamentalfrequencyvoltagecomponentinthedcsideofthesix-pulse

bridge converter which was generated by the modulation of the firing angle.

ü1,,.
Qn,: -atan.,, 

blv¿

ç tr,, it the phase angle of the fundamental frequency voltage component.

c, 0.1

Qtu) 0.0s

( 4 .16)

Figure 4 .12 shows tlie plot of clr¿as a function of the amplitude crn,, for different values of crs. As we

can see there is a linear relationship between c¡¡r¡ ãÍtd cr,,,.,. It was found that the values of clr¿ do not

change with variation of Qü. The value of c¡r¿ in Figure 4 .l2was calculated forEn':1.0 pu and a,n

and a6 in degree.

0.15

0t2345618910
a,, ( deg. )

Figure 4 . 12 : Fundamental frequency voltage component as fr.lnction of cr, and cre (E^= 1.6 nr.,¡.

We can fit a relationship as shown in Equation 4 .17 to the results in Figure 4 .12 .

ct,, = 5.0010-o oo o*, for as : I0 deg. (4.11)

ct,u - 4.9510-o oo o,r, for ag : 20 deg.

ct,o : 4.8010-o oo o,n, for ag : 30 (leg.

Where ob and c{.m are given in Equation 4 .Il .

Figure 4 .13 shows the plot of ùr¿ as a function of the phase angle Q6¿ for different values of a6. In

this case there is a linear relationship between Q7y¿ and Q6¡. It was found that the values of ötr¿ do not

r02



change with variation of c*. The Equation 4 .I8 represents the parametric relation between qlu¿, qcr

and a¡.

300
þ,*,

(des.)

øo : 100

, ::': :::.::s:-' :- *' -.'rog

t80r60140t20

Ø" ( des.)

FiguLe 4 .13 : Phase angle of the fundamental colnponent voltage as function of Qa ancl a6 (E,',:1.0 pu).

þrv,r = Qo + ( 900 -ao ) ( 4.18 )

With these results in Figure 4 .12 and 4 .13 wecan generate the fundamental frequency voltage on

the dc line which will produce a flow of 60 Hz curent that will cancel out the filndamental frequency

curent induced in the dc line from the ac line. By knowing the value of cr6 and selecting an appropriate

value for cr,-,., and q¡¡.

Figure 4 . 1 4 shows the voltage V¿ for firing angle cro:60 and a¡: I 20 degrees, with cr.m:0.0 and

cr.:10.0 degrees. Figure 4.15 shows that the characteristic ctv¿! x cr,,, for alpha:a6 and

alpha:(18G-crs) are the same (cro:40, 60 and 80 degrees).

4 .4 .I .2 WITIN OVERI,AP ANGX-E

Now we consider a more realistic case where the inductance of the converter transformer is

represented. In this situation the current in the secondary of the transformer can only change at a finite

rate, and therefore the transfer of current from one phase to another requires a finite time, called

commutation time or overlap time, p, where p is the overlap angle. In normal operation the value of p

is less than 600. Typicai fuil-load values of p are from 20 to 25o [20]. Figure 4 .16 shows the

instantaneous voltage of the six-pulse bridge y(/ converter where the overlap is represented. The
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Figule 4 .l4 : Dc voltage for firing angle as:(Q ¿¡¿ 120 deg. (p=0 and cx,,,,:Q and l0 deg.).

o alpha(0):40 deg.

¡ alpha(0):60 deg.

x alpha(0):80 deg.

o alpha(O):140 deg.

v alpha(O):120 deg.

ô alpha(0):100 deg.

0.3

0.2

C t,,
0.1

\pu)
0

45

a* ( deg. )

Figure 4.15 : Fundamental frequency voltage component as ft¡nction of cr* and ao (E-=1.0 pu).

modulation of the firing angle was performed in order to eliminate th e 60Hz curuent induced from the

ac line into the dc line forthe ac-dc hybrid system. The average value of the voltage in the dc side of

the six-pulse bridge converter, Vd, can be founcl by integratin g v¿ in Figure 4 .76 over the interval

from 0 to2n"
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f 2?at ¡ 2þa5+p f ît+a,6 I îú+d,6+lt

+ | e6od0+l ,tdï+l e"otlï+l ,o¿0
I þao+p I27.a, J 2þa5+p 

-" 
J n*oo

( 5i*o, ¡ 4þa,+A f 5?o, ¡ 5þa2+¡t

+l e,6d0+ l- e5tlï+ l_ eo6d0+ l_ e6d0
Jø+a6+p J4þa, l+þa,+p - Jsi+a,

+ ['" ,"" ¿e1
J syo"*p "" I

7.¿ is the average value of the dc line voltage.

Where ei, i:l,6 are defined as:

(4.t9)
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,, :},u*cos(o)

,, :|u*cos@ -þ

u, : 
*,u,,cos(o -zþ

e4 : -)n,,,cosço)

u, : 
*.u,,cos(g 

*rþ

vr:+" lt,, , +cosp)-Kzsinp]

where:

(4.20)
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i:6
K1 : ) cosø¡

t:1

i:6
\i1

Kz : L Srnd¡
i: i

The fundamental frequency voltage component, V¿66, gonerâted in the dc side can be determined by

using Fourier series, as described in detail in Appendix 8.3.

ctv, lm ( 4 .23)

side which wasclu., is the magnitude of fundamental frequency voltage component in the clc

generated by the modulation of the firirig angle of the six-pulse bridge converter.

út..
Qtr, : _ a¡a11---lJ1-,, 0lt,,t

Ô¡, is the phase angle of the fundamental fiequency voltage component.

( 4 .24)

From Equation 4 .23 and 4 .24 , the magnitude and phase of the fundamental component generated

from the six-pulse bridge can be plotted as shown in Figures 4 .17 and 4 .18 .

Figure 4 .17 shows the plotof c7u,¿ as afunction of the amplitude u, fordifferent values of cr6 and p.

As we can see there is a linear relationship between c1 y¿¡ àÍrd an'. It was found that the values of c7 u.¿ do

not change with variation of qo. The value of clr¿ in Figure 4 .77 was calculated for E,':1.9 pu and

crn' and a6 in degree.

Figure 4.18 showstheplotof Qru¿asafunctionof thephaseangleQ¡¿fordifferentvaluesof a6. In

this case there is alinearrelationship between Q1y¿and 0a (as in the case withoutcommutation

reactance). It was found that the values of Þtu¿ do not change with variation of cr,,r. EquaTion 4 .26

represents the parametric relation between 0tuo, 0g, cr6 and p obtained empirically from the detailed

calculation.
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0. l0

ø6 : 100

It : 30o
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ct 0. l0

Q¡u) 0.0s

au, ( deg. )

ao :20o

p:300
100

0t2345618910
a,,, ( tleg. )

Figure 4 .l 7 : Fundamental frequency voltage colnponent as function of cx,rn and a6 (E,',: I .0 pu).

we can fit a rclationship as shown in Equation 4 .25 to the results in Figure 4 .li .

c1,,,, = 2.41 10-4( 2as+þ)Gr, for as:l0deg.andþ:10deg. (4.25)

cr,u = 2.40 10-4( 2as+þ)drr, foras:10 rleg.andp:20 rteg.

cr,u : 2.40 10-4 ( 2 as + þ) arr, for as :20 deg. and. ¡t : l0 rteg.

ct,,, :2.32 10-4( 2as+þ)dnr, for aç:20 deg.and.p:20 tteg.
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p:tjo/200
Qt,,,

(des.)

þ t,,

(des.)

o 20 40 60 80 100 r20 140 160 t80

Q" ( dee. )

Figule 4 . l8 : Phase angle of the fundamental cornponent voltage as function of Qa and a6 (Enr: L0 pu).

þ\d=þo+(960-(ao+þ)) ( 4 .26)

We can thus generate the fundamental frequency voltage on the dc line which will produce a flow of

60 Hz curent that will cancel out the fundamental fiequency cunent induced in the dc line from the ac

line. By knowing the value of a6 and p and selecting an appropriate value for o¡¡ and QG.

Figure 4 .l9 shows the voltage V,¡ for firing angles cro :60 and a6:120 degrees, with overlap angle

p:10 degrees and on':Q and 10 degrees. Figure 4 .20 shows the characteristic c7,.i x on,' foralpha:crg

and alpha:(l80-cto) (Go:40, 60 and 80 degrees), which are not the same (for p different of zero) as

we have concluded in the case without overlap angle in the section 4 .4 .1 .l .

4 .4 .2 ALTER.NATTVE ANALYTICAT. MOÐULATION APPROACET

A more approximate analytical approach is used to find out the fundamental frequency voltage of the

dc side of the six-pulse bridge converter that will cancel out the coupling effect between the ac and dc

lines. The dc converter will þe considered without and with overlap angle. It will be seen that this

a¡ :2Oo
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e0
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e0

alpha(0)=ó0 and alpha(m)=O deg, alpha(0)=120 and alpha(m)=o deg.

alph(0)=60 and alpha(m)=10 deg. alph(0)=120 and alph(nr)=10 deg.

I 10

rvt(r'ad.)

t1 I 10

tvt (r¿td.)

11 l2

Fignre 4 .19: Dc voltage for firing angle a0=60 and 120 deg. ( p:10 deg. and crrn:0 and l0 deg.).

n alpha(0):40 deg.

a alpha(0):60 deg.

x alpha(0):80 deg.

o alpha(O):140 deg.

v alpha(O)=120 deg.

o alpha(O):I00 deg.

0.3

0.2

clrr!

0.1
Qtu)

0

4

a", ( deg. )

Figure 4 .20 : Fundamental frequency voltage component as function of clcm and crs (E-:1.0 pu).

approximate (but simpler) approach yields results almost identical to the more complicated approach

presented earlier.

13
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4 .4 .2 .N WXTHO{JT OVER.T,AP.ANIGT,E

The average direct voltage V,¿ for the six-pulse bridge converter circuit excluding the overlap angle is

given by [20]:

V¿ : V¿ocos(d)

nlÃ
Vtl,¡ : 1.35 E¿¿,,,," ( 1.35 : ll! )

îú

8LL,,,,, is the line-to-line rms voltage of the six-pulse bridge convertor.

V,¡,, is usually called the ideal no-loacl direct voltage.

(4.21)

To generate the 60 Hz component current from the six-pulse bridge converter, the firing angle was

selected by using the following Equation:

d : Qo + d,,,sin ( wf + þ" )

Note that this is identical to the discrete time instant of valve firing.

V¿ : V¿ocos ( do + G¡i? sin ( wt + Q" ) )

From the trigonometry identity we have:

cos(x t y) : cos (-r) cos (.r) T sin (x) sin (y)

lr
V¿ : V¿olcos(ør) cos(antsin(wr + ó")) - sin(wto) sin(ø,, sin(wr + Ø"))l

V¿ : V¿ocos(a) * V¿osin(ao)arrsin(w/ + Qà Vdn" V,tuo

dc ac
component component

V rton : V ¿o$in a )a,.,r sin(wt + Q ")
( 4 .28)

Vdæct.:V¿o(sinao)a* (crestvalue) ( = V¿oaoa,nfor small ao ) (4.29)
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This agrees with the observed relationship in Equation 4 .I7 oblained from the more exact approach.

The values of a6 and cr,, in Equation 4 .I7 are in degrees and the values in Equation 4 .29 are in

radians. We can rewrite Equation 4 .29 as:

Vtlr"oct. 3 V1,fr,,G,,, : 1.35 E¡¡,,,,, dO dnt : +#Er, (aO + Ar,)k

Vtteoc.t. : 5.04 7\-aaga,,, ( for 8,,, : 1.0 pu ) ( 4.30 )

Figure 4.21 shows the characteristicV,¡66r, x cr.g obtained from the simple analytical calculation,

using Equation 4 .29, and from the analytical approach obtainecl in Equation 4 .15 .

V¿nrr,,(B) o'ts

c t,,íA)

Q¡u) o
o 20 40 60 ao 100 120 140 160 1A0

ao ( des. )

Figure 4.21 : Fundamental frequency voltage component as function of cr- and ao (p:0 and $rr:i.g Ou;.

4 .4 .2 .2 WXTH OVERLAP ANGLE

The average direct voltag e V,¡ for fhe six-pulse bridge converter circuit considering the overlap angle

is given by [20]:

V¿:V¿ocos(a) -t"rro
xt

t, : uËËfcos(a) 
- cos(a +¡z)]

, ELL-,,

J2X,

(4.3t)

( 4 .32)
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d:do+A,'1SI

r
V¿ : V¿ocos 

I

n (wt+Q") ,0:

ao + e,,,rsin ( wt + Q"

ac
component

wl

)l

(4.33)

a
-1

- -Xrl¿îl

V¿ : V¿"lcos(d¿,) cos(a,,rsin(wr + ûo))

K3:arrsin(vul+Q")

K3 is a smull number Jrtr smull G,,,, , then :

cos(K3) : 1 and sin(K3) : Kz

V¿ : V¿,lcos(a,,) - sin(ø,,) Xr]-)Xlo

I¿ : I,2lcos(ar)-cos(an +þ) - sin(a,,) K3+sin(a,,+¡t)

V¿ : V¿"lcos(ø,,) - sin(a,,) K:]

- 1Xr1r2 
lcos(a,) - cos(a., + pù -sin(ø,,)K3 + sin(as + ÐXzl

V¿ : V¿olcos(a)] - ]*, I,2lcos(a,,)-cos(øo *þ)l

dc
component

irr
- V¿osin(ø,) ft-;Xl,z l- sin(ø,) Kt+ sin(ao + p ) Kt]

- sin(a,,) sin(a,,, sin(vur * ø.))l-**ru

,arl

V¿* * V¿*

V,tuo : -V¿ostn(ao) Kt-**,r,rt, 
l-sin(øo)

+sin(ao *þ)l

t-:t aa:xJrz Kz
xl

113

V¿øo *r,,,, ,r"fsin(a,) K3 - sin(ao+ p )



t,, :4È^7:r'' and Vd,¡: 7.35 E¡¡,,,,, ( 1.35 :2Q- )
J2x, 

uu'rn¡' 
fi

8LL,,,,, is the line-to-line rms voltage of the six-pulse bridge convertor.

_? r
Vdun : 

åut4,,fsin(a,,) 
+ sin(ø,, *p )f r<t

-3Vdou : åurr,,,,r- fsinla,¡ + sin(ø,, * t, )l sin(vur + Qo)

vdon.,:*urr,p,, 
lsin(a.,; 

+ sin(a,, *þ)] (cresrvalue) (4.34)' 
'/ ¿îl

V,tou.,. : *Uu, , K4 G,,, ( crest value ) ( 4 .35 )'' ,/ ¿îE

where:

Ka : sina,., + sin(ao+þ)

-
-1V,tuo,., - -*Utr,,,," ( 2ao + þr )dr, (J'or snrul.l d,6 and ¡t, )_ ,l ¿1t

(4.36)

This agrees with the observed relationship in Equation 4 .25 obtained from the more exact approach.

The values of ue and an' in Equation 4 .25 are in the degree and the values in Equation 4 .36 are in

radians. We can rewrite the Equation 4 .36 as:

3 , 3 ß- n n
lV¿uor.,.l = E;Utu,,,. 

( 2ßo * þr )a,, : E; ãt*(*o*p)å(a,,)i#
lV¿uor,.l : 2.52 rc-4( 2ã4*þ )au, ( for Er, : L0 pu ) (4.37)

Figure 4 .22 shows the characterislic V,¡r66r,- x os obtained from the simple analytical calculation,

Equation 4 .34 , and from the analytical approach obtained in Equation 4 .23 .

4 .4 .3 SNMUI,ATION ^A.PPR.OACH

The results of the analytical approach obtained from sections 4 .4.1 and 4 .4 .2 are verified in this

section by using simulation approach on a simplified six-pulse bridge converter. Appendix A shows

the PSCAD/EMTDC draft diagram used in this study.
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^

¿ìlp,ra(¡n)-2 dog. (1\)
¿ìlpha(¡I)-5 deg. (A)
alpha(n)-lO dcg. (^.)

o
v
o

zrlpha(rn):2 dcg. (13)

alph¿Ì(¡n)-5 deg. (ll)
alphzr(rn):lO deg- (lì)

V¿uo,,(B) o.-ts

ct',t(A)

Qtu) o

as ( deg. )

Figure 4 .22: Fttndanental fi'equency voltage component as filnction of cx.,r., and ü6
(p: l0 deg. and Em:1.0 pu).

In order to illustrate the elimination of the I6e component, we consicler the simplified clc system of

Figure 4 .23 . Here we introduce the 1ìrndamental frequency cllrrent, 16¡, through the ac voltage

source in series with the inverter. The inverter is represented by a clc source. This ac voltage source is

introduced in order to simulate the coupling effect between the ac line and the dc line. The inverter is

itself modelled for this simplified example as a voltage source Vdi behind a resistance R¿¡ . R,r

represents the sum of line resistance and the source resistance R,7¡.

L,t : 0.5H R./. : 10Q I,b : l.skA

V,, sin(wt + A)

Figure 4.23 : Simplified dc system.

We will show that it is possible to introduce a modulation in a¡ in each valve of the six-pulse bridge

converter as indicated by the Equation 4 .33 and in Figure 4 .24 .The 60 Hz voltage genetated from

160140120100

V¿,r
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this modulation(V,¡6fi can have any desired magnitude and phase angle. Here as is the average value

of the firing angle order u and an,, the modulation magnitude. Q¿¿ is the phase of the modulation signal

measured from the crossing zero of line-line voltage €¡;¿ oî its positive gradient.

14, lb, Ic

oLttput signctl given in the Figttre 4 .25

F ctst Fourier transþrmation

Phase Lock Loop

Figure 4 .24: Configulation of a six-pulse bridge converter.

The fundamental frequency current, 166, can be eliminated by introducing the fundamental frequency

voltage, V,¡66,through the modulation, that will cancel out the induced 60Hzvoltage. This is evident

from the simulated waveforms in Figure 4 .25 . The amplitude Va , from Figure 4 .23 , of the

inducing source was selected to be 13.8 kV so as to obtain a magnitude of T3Acrest for 166 which is

about 5Vo of the rated dc current of 1.5 kA. For the simulation results shown in Figure 4 .25 , fhe

inducing 60 Hz voltage has been applied at time : 0.6 s or 0.2 s from the start of the time scale. The

modulation has been applied att:|.2s. A modulation amplitude crn,:50 and a phase angle Q6¿: 1800

@-

E
E

Jo
ø

0

E

€

6

ø

6

2ø
0

ø6
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were required for this action. All dc and fundamental components shown in the graphs have been

obtained with an on-line Discrete Fourier Transformation (FFT).

Figure 4 .25 also shows the absolute values of the dc cunent components Ia6, Ib6, Ics in the converter

transformer. Note that these components do not disappear with the elimination of 166 as would be

expected from Equation 4 .10 with A:0. Indeed in this pafiicular case, their magnitudes actually

increase.

The above observation appears contrary to theJit r. f'rule discussed in the Introduction of this chapter.

However it must be noted that due to the modLrlation of the firing angle, the assumption of equidistant

firing of the valves is no longer valid and so dc currents can exist on the ac side without the

complementary 60 Hz components existing on the dc side. Thus if our aim is to eliminate the

transformer dc currents, we must not eliminate lr;o by control action.

Note also in Figure 4.26 that the 60 Hz oscillations in the dc cument before the application of the

modulation signal die out as required and only the normal 6th harmonic ripple remains.

Figure 4.27 showsaplotof thehannonicsof thecurentinphase "a" in thesecondaryof the

converter transformer for the case shown in Figure 4 .25 .-lhe harmonics were measured by using the

Discrete Fourier Transformation: a) before the application of the 60Hz voltage source, from 0.5 to

0.6 s (interval A); b) during the application of the 60 Hz voltage source, from 1 .0 to I.2 s (interval B)

and c) during the application of the modulation of the firing angles, from 1.5 to 1.6 s (interval C).

As expected there is a significant increase in the dc and2nd harmonic component when the 60Hz

voltage source is applied. The dc component increased from 0.27o/o Ío 2.07o and the 2nd harmonic

increased from 0.29Vo to 2.6Vo. The others harmonic components have not change significantly.

When the modulation of the firing angle was introduced the dc componentremained almostthe same

inphase "a" andincÍeasedalittleinthephasesbandc.Thesubsequentevenharmonics,2nd,4lh,6fh,

8th, 1Oth and |2th increased from 2.6,0.6,0.72,0.51, 0.38, 0.29Vo to 4.5, 4.72, 3.88, 3.48,3.55,

2.867o, respectively.

t11



Idc6O

'/i
il i... ... ...i..1. .. itl iit iil i;I I

x10-3

ê

ao

60

40

20

o
o_a 1

E IaO o tbo
a Ico

1-2

1.2

x10-3 60
50
40

-i¿ Bo
ã2o

10
o

O

15
12

9

b

5

o

35

31

29
27
25

o.a 1 1.2

E 
^ûa 

(l)cglcc) o Vdc:6O (kV)

o.4

öI)
O

E z\lpl¡¿r Drc¿rs o z\lpl¡¿¡ Orclcr-

1_19 1_21

tirne (s)
1-15 1 -17 1-23 1_25

Figure 4 .25 : Simulation of the coupling effect in a six-pulse bridge converter, a) Induced 60 Hz currcnt
in the dc line, b) Magninrde of the dc cìlrent in the three phases of the secondary of the converter trans-
fotmer, c) cr,r.t modulation and crest value of the 60 Hz voltage source; d) cr measured and a¡ modulated

and e) Current in the secondal'y of the converter transformer.

This method of using the technique of firing angle modulation shows that merely eliminating the

fundamental frequency component on the dc side does not remove the dc component in the converter

transformer windings.

In fact if the modulation described above does make Id free of a60Hz component, the dc value of the

phase "a" current (Ioù is as shown in Equation 4 .38 (derived without including overlap). This is

because the lengths of the positive and negative conducting intervals for phase "(t" ate no longer

il:
ili

i18
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Figrrle 4 .26 : Dc cun'ent.
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Figure 4 .2J : Harmonic Spectlum of the secondal'y cunent transformer Io.

A - without 60 Hz voltage source and withor¡t modulation ( flom 0.5 to 0.6 sec. )

B - with 60 Hz voltage source and without modr¡lation ( fiom 1.1 to 1.2 sec. )

C - with 60 Hz voltage source and with modulation (from 1.5 to 1.6 sec.)

constant. Because the firing angles are now not all the same (Equation 4 .33),L¿s cannotbe exactly

zeÍo.

IaO = I¿ (a3-dt* aO-a¿) ( 4.38 )

We must therefore seek a method of directly eliminating the dc components in the three transformer

phases. This method is presented in the next chapter.
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4.5 S{_IMMARV

The following observations resulted from this chapter:

- the fundamental frequency current induced from the ac line into the dc line is larger when the ac line

in an hybrid system is not transposed and without blocking filter. Hence the dc and2nd harmonic

component cuffent in the secondary of the converter transformer will be larger.

- a relation between the filndamental frequency component current in the dc line and the dc

component cunent on the ac side was determined analytically and confirmed by a simulation case in a

simple six-pulse bridge.

- the elimination of 166 by control action does not eliminate converter transformer clc components.

- non-characteristic harmonics are introduced as a rcsult of the control action and can have

significant arnplitLrdes.
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CåaapÉea' 5

F ünåxag Awagåe &¡ÃodadaÉåora fon ÐåånaanmatñNag Cøaawen6en

?k"axasfoå"Kß?ex" ÐC C arrn"era6s

This chapter explores the possibility of eliminating the dc components in the converter transformer

winclings. The feasibility of sLrch a solution using a theoretical approach on a sirnplified system ancl

later extencl the analysis to more cletailecl systems is investigated by means of simulation.

5 .1 TI{EOR.ÐTICAT, COF{SIÐERATIONS

The cyclical switching action of dc converters characteristically clemoclulates dc side current ripple

into converter transformer cunent components at other frequencies. The predominant ac-side

components are at fiequencies equal to the sum and difference of the dc-side ripple frequency ancl

fundamental. Thus, afundamental frequency curent flowing on the dc-side of the converier, referred

to as 16¡, will be seen as having second harmonic and dc cbmponents in the converter transformer

seconclary winding. Figure 5.1 illustrates the wave shapes which will exist when there is a

fundamental component current flowing in the dc line. This Figure shows the dc current with

superimposed I6p, and also the current in phases a, b and c ìn the secondary of the converter

transformer. The currents are represented with numerical values. Such as: dc cunent, I¿:1.5 kA,

amplitude of the 60Hz component, A:0.15 kA, the phase angle, ?":-600, and base firing angle

cro:300. An expression for I¿, 16 and I. as a function of angle O=wt are given in the Equation s 5 .2 ,

5 .3 and 5 .4 . We can conclude that the dc component in phase " a, b and c" , Ia7,I¡16 and 116, canba

calculated as in Equation 5 .5 .

Here we have used the symbol 1,¿' for the dc curent to indicate that it has I6s superimposed on it. The

analyticalexpressionsforEquation 5.5 aftersubstitutionfromEquations 5.2,5.3 and 5.4 are

presented in Equations 5 .6 , 5.7 and 5 .8 .
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In order to eliminate the dc component in the secondary of the converter transformer we require that

Ino, Im and I16 are simultaneously zero. A numerical procedure using the Newton-Raphson method is

then used to find r/cr7 thror.rgh tlaø that satisfy the rcquirement: I¿s:0, I56:Q ¿¡¡d 1.6:Q.

1.1

, t.6

1.5
(i(A)

t.4

t.3

0.r8

0.09

In, o

(l{A) _0.09

-0.18

Ig
l¿

i,,

(kA)

l.

0.
It,

(kA)

0.

-0.9

-1.8

Figure 5 .1 : Instantaneous cr¡rrents of six-pulse bridge convertel with modulation of the firing angles.
(without overlap angle)

T i¡:l¿+16o I¿ = I .SkA
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valve i is called r/a¡. This increment is added to the base firing

ve i is given by:

( s .i )

as+dls < e <as+dß1-2+3 (5.2\
as+da6+lt < 0 <ao+ana+[

)

as+dßs*r+ <0 <Go+dßs 
(5.3)

as+da2*5: < 0 <G6+drÌ,6+xt

Gs+day*nt <0 <Gs+dßs*ri (5.4)
ao+act++[ < 0 <as+dcz-[

The increment of the firing angle in the

angle a6. Hence the firing angle at val

&í=GO+dß¡.

| ,o + A sin(o +,1)
Iu: I

L -¡, - Asin(g+,1)

| ,,, + Asin(o +,1)
It, :

t - Ia - Asin(o +,1)

| ,n + Asin(o +,1)
1,. :

t - Ia - Asin(o +,1)

2n
f

t"o = I lct @) d0

o

: +l ["*u"' I¿+Asin(,+ A)) de * fou*"oo*n -r¿-,Asin(g *rÐ def
2nlJor*lo,-21 u I rro¡rr\v t 'e/t uv 

Jau+dao+! 
"ùrrr\v ''u" "" 

f

: :l ["*o"n'* ,,,*osin(,+ A)) de * foo*uo'*tr -,u-Asin(g *r>¡ ¿ef
2øll or*rto., "' 

I rr ur¡r\v t 'v// uv 
J ao+,au+tt 

-(¡ -r ùr¡r\v ' tu" "" 
f

: +l ["*u""0* I¿+Asin(g+,i)) ,re * foo*uoo* -,,,-Asin(g *A)) d.f
*Llas+da5+2! 

ur¡¡\v ¡ 'v/') qv 
Jao+rtarj 

^(¿ ¡¡orrr\u ""'"" 
f

: +f -,0 oo, - I rta3 + I¿ rtaa - I¿ rta6
Z.,il, 

L

- e 
lcos(,i 

+d,o+da1+þ + 
"os[,+ao+da3)

+ cos(,l, + ao+ cla4*þ *cos(,î + *r. rnr)ff ( 5 .6 )

(s.s)

I4o

Iøo

Ion

Jco
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Ibo : *tr I¿rta2

- o 
l,'"ri

+ sin(rt

- Ida3 + I¿ da5 - I¿ da6 (s.7)

+ cos(,I + G.o + dd,3)

1 r.,, : I¿ da5 (s.8)

sin(rt

sin(1

Inthissystemofthrceequations, In6:0, I5s:QanclI.o:9,therearc6variables, du1 ,du2, tla:,da,t,tlas,

r/rh'. Where I¿, A, )" and cro are known parameters. We have to find some relationship between these

variables in order to transform these 6 variables into 3 variables.

Let us assume that the dc cunent in the phase "a" is positive. If, for instance, I¿6 ) 0, and we want to

makethecurrentinphase "a" equalzero, Io6:0. Themagnitudeof thecurrentI¿6canbereducedby

decreasing the area A1 and increasing the area A2 in Figure 5 .2 . The area A¡ can be decreased by

reducing the width of the positive conduction period and increasing the width of the negative

conduction period for Io. This may be achieved by increasing the values of r/a7 and da6, anddecrease

das andds¿,as shown in Figure 5 .2 .The arrows pointing to the right side means that the value of a¡

should be increased and the affows pointed to the left side means that u¡ should be decreased. The

same process can be repeated in the other phases.

We need 3 degrees of freedom to simultaneously reduce Io6,I6s and 116 to zero. We select these 3

quantities as dcx,o, da5 and da. respectively.

+ cos(rl. +ao+ da6)

+d,o+das+þ

+ a,., + ,la" +!\
6'

Í-
l¡

,r, I 
I¿ tlal + I tla2 - I'¡ da4 -

- a 
f 
cost,t + a,o+ rtat +!l

+ cos(,i + ao* tla4"þ -

rl

J G,g1-O"t-þ

r G,s * cla2+"r]]
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Figure 5 .2 : Modulation of the firing angle.

Considering that the variation of the wiclth in phase " a, b and c " necessary to reduce loo, Ibo and I.6 to

zero are dcrn, da5 and dcr., respectively. Then we can write the variables tlq , du2. das ds¿, du5 and tlu6

as a function of do.o, du5 and dcr., as shown in the Equation 5 .9 .

da, - dao

da, - da6

dao - da¡,

dat

daz

das

Ioo

I û0

Iro

dao - da,

da6 - da,

da6 - dan

: Í(xux2,ft) : o

: J(n,x2,\) : o

: J(xt,x2,\) : o

da+

das

dae

Now we have three equations (Iao:O, I¡o:0 and I.o:0) and three variables (dun, dq, and do"¡ which

makes possible to solve the system of Equations 5 .10 . Denoting these variables dao, du¡ anddctoby

xr, x2 ãnd æ, respectively, we have

(5.e)

t25

(s.10)



We may rew rite

t
A

theequations 5 .6, 5 .7 and 5 .8 as afunction of x1, x2andx3.

1I_
rio

¿JE | ,r r4x1+2x

f 
.orf,t + a,, + (x1

+ cos(rt + a,, + (x3

I¿ (2x1 - +x2 + zxz)]

nQ. + a,,+ (;r: - *r) *L)
6'

n(þ + ao + (x2- 4) +!;
6'

cos(rI + a,,+ (x2

cos(/+ae+(x1

2+2g]

- x:) + \) + cos{A + G,o + (xz- xtÐ

-.rr)+{) + cos{,t *d,s*(. -rt)]l

(5.1r)

(s.12)

( 5.13 )

r fl-rIb,r: * Ll
*a[,i

+si

rÍ-
Ir¡, : ,r, 

L

+A

| ,,, t r,+2x2-ax)l

f 
rt"tt + a,o +(-rr - x:) .þ - sin(/. + ao +

cos(/. + ao + (4- xr) + þ - sin[,* ds *

-xr))

-rrrr]]

5 .1 .1 NEWTON-RAPIISON METIIOD [26]

Inordertosolveasetof NnonlinearequationsintheNunknowns xl,x2,...,xtx, wemayusethe

Newton Raphson method [27].

A typical problem gives N functional relations to be zeroed, involving variables 4, i:1,2 ... N

Í¡(xrxz, ...,x,,) : 0 i : 1,2, ...,N.

If we iet X denote the entire vector of values 4 then, in the neighborhood of X, each of the functionsl

can be expanded in Taylor series.
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(s.14)

(s.rs)

( s.16 )

By neglecting terms of ôX2 and higher, we obtain a set of linear equations for the corections ôX that

move each function closer fo zero simultaneously, namely

Zo'¡ ðr.¡ : þ'
j:l

" ð/;
A¡¡ Ox¡ = ^-dxi

JI

The matrix equation can be solvecl by LU decomposition as clescrib ed in 1271. The correction are then

added to the solution vector,

xllev' - x{'l't + ôx¡ i : 1, ..., ly'

and the process is iteratecl to convergence.

We have to determine the values of x I , x2 and ¡-3 in the system of eqr,rations given in 5 . l0 . To solve

this system of equations by using Newton-Raphson method we need to write the expression of'the

paftial derivative of the functions In6, I5s and Iç6.

The partial derivatives of Ioe is

#:*Y.,

dlao

dxz

dl ao

dxz

+ G,o + @z - x)) - sin(,1 + e,o +*1",+a[sin(,t

'l- l-

*L'r+Al- sin ()" + ao+ (xr - ,t) * þ+ sin(i + e,o + @z - xt). at 
]]

('' -'r) ] ]
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cll bu

tlx3

The part

dl co

dxt

dl cu

dxz

dl co

dxz

( s .18 )

Appendix C shows a Fortran program called FIRINANG that was developed in order to find the

values of X ¡, x2 and x3 from the system of equation given in the Equation 5 . 10 . An example case is

performed in the next section.

The partial derivatives of 166 is

# : 
+1r,,,*a[sin(/. 

+ e,o + (xz- x))- sin(,t + a.o +(", -'r) ] ]

dtr I l-ry : -j- I -41,,. Al- cosQ"+a,,* (x3-xù+þ+sin|,+a,o+(xz-x))tlr" 2nl " L \--J " 6 _l' ¡- 
+ cos(rt +d,o+(xz-xt).[l-sin(rt+ a,,*(x1-"rrr]l

+L"ta[cos(,,i + a,o +(;r: -¡z) .i, -cos(,t + ao + (x2-x:) + 
ã, ] ]

ial clerivatives of I.6 is

*1r,,,* A[- sin(,1 + a, + (xy-;r:) + þ + sin(,t + G,o +(,r: -xr) . ä, ]l

*L",,+ alcosti + G,o + (xz - xz) . i, -cos(,1 + ao + (x2 - xt) +", 
] ]

+f 4t¿ +afri"f,t +d,o+(,rr-x:) .þ-cos(,t+ ao+(x3-xz)+Oì 
:

- sin(@ + ao + @z - xt) *þ *cos(/ + a,o + @z- xt).ar]]
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5 .2 EN,TMXNATXONI OF'' CONVER.T'ER. TR,4.INSF'ORMER. ÐC C{JRRENTS

5 .2.1 NUMERXCAT, CAI,CUN,ATTON APPITOACH

In orcler to illustrate the elimination of the dc current, we consider the example case shown in FigLrre

5 .I . The dc cunent is I¿:l .5 kA, the amplitude of the 60 Hz curent induced from the ac line into the

dc line is A:0.15 kA, the base firing angle is cro:300 and the phase 2":-600. In this case the number of

variables N are equal of the number of phases in the ac slstem, N:3.

a) input data for the program FIRINANG arc:

I,t : l.5kA dc cnrrent in the dc line

A = 0.l5kA crest value of the 60 Hz component

Go : 30i base firing angle

),. : - 600 phase angle

lV : 3 number of phases

b) outpLrt data for the program FIRINANG are (firing angle modulation):

Gt : 25.1, az = 30.0, a3 : 34.9, Gt : 34.9, as = 30.0, ac, : 25.1

In order to confirm the calculation of the firing angle modulation, the values of the dc curents Iao, Ibo

and I.6 resulting from such firing were calculated using numerical integration of the transformer

currents Ia,16 and 1.. The results are shown in Table 5 . i . The same calculation of the currents was

performed without using the modulation of the firing angle, which means the firing angle a¡ was equal

to 300 for i:I,2,...6. The comparison is shown in table 5 .1 .
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Table 5 .1 : Comparison of the dc component I¿6, I5¿, I.6 with modulation and without modulation

Id : 1.5 kA, A : 0.15 kA, À : -600
current with firing angle

modulation
current without firing angle

modulation

(A) (A)

firing angle ::> a1:25.1 cr2:30.0 q:34.9
aa:25.1 cr5:30.0 s"e:25.1

cX.¡ : 30.0, i:l,2, ... 6

ll¿el 0.9E-05 82.9

lI5sl 0.5E-05 41.3

lI66l 0.5E-05 41.6

As we can see the values of the dc component of the currents In, I5 ancl Ic was rcducecl to practically

zelo when the modulation of the fìring angle was applied. The initial guess values of the "q was 20, for

i:|,2 and 3. Only three iterations were necessaries in the Newton-Raphson subroutine in order to

reach the given tolerance of 1.0E-5.

5 .2 .2 SIMULATTON APPROACH ON A SNMPLtr SYSTEM

This process of modulation of the firing angle by using the Newton-Raphson method was applied to

the simplified system as shown in Figure 5 .3 , which was simulated on the electromagnetic transient

simulation program PSCAD/EMTDC. Appendix A shows the PSCAD/EMTDC draft diagram used

in this study.

The cunent source represents the induced current from the ac line into the dc line, Id superimposed

with I6s. The current source would ensure that the I6s component was always present. The angles

calculatedfor a4,a"2,...cr6,forabaseorderofcro:300,wererespectivelyasdescribedintheprevious

section: 25.1, 30.0, 34.9, 34.9, 30.0 and 25.1.

In order to verify these calculated values of cr1, c{,2, ... ao by using the simulation approach, the usual dc

controls were bypassed and separate firing angles from this non-equidistant set were applied to each

of the six valves.
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L,t : osH R,/" : 10Q I,t : l.5kA

I'¿:l¿+Asin(rvl+,i,)

Figure 5 .3 : Sinrplified dc systent.

Figures 5 .4 and 5 .5 show the simulation results fbr three different tir¡e interval situations, labeled

A , B ancl C. In the first interval (A), frorn 0.0 to 0.1 seconds, the dc six-pulse bridge converter was

operating without the 60Hz current source applied and the firing angle was constant and eqr"ral to 300.

In the seconcl interval (B), from 0.1 to 0.3 seconds, the 60 Hz current source was applied and the firing

angle r,vas still constant ancl equal to 300. And finally in the the last interval (C), from 0.3 to 0.6

seconds, the firing angles cr.¡w€re applied at each valve in the six-pulse bridge and with the 60 Hz

cunent source still been applied in order to represent the coupling.

As we can see from Figures 5 .4 and 5 .5 in the interval B, where only the 60 Hz current source was

applied, the dc component of the current in phases a, b and c increased from approxim ately zero to 84 ,

43 and 41 amperes, respectively. In the interval C, where the firing angle modulation was applied

(ar25.1, az:30.0, ar34.9, aç34.9, crs:30.0, u6:25.1), the dc components of the converter

transformer disappeared completely, which confirms the theoretical calculation used in the previous

section (Newton-Raphson method).

Figure 5.6 shows a plot of the harmonics of the current in phase "a" in the secondary of the

convefter transformer for the three time intervals, A, B and C. The harmonics were calculated by

using the Discrete Fourier Transformation, before the application of the 60Hz current source, from
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0.0 to 0.1 seconds, during the application of the 60Hz cuuent source, from 0.1 to 0.3 seconds, and

during the application of the modulation of the firing angles, from 0.3 and 0.6 seconds.

As expected there is a significant increase in the dc andZnd harmonic component when the 60Hz

current source was applied. The dc component increased from 0.0o/o to 7 .7o/o and the 2nd harmonic

increased 1'rorn 0.07o to 5.0o/o. The others harmonics have not changecl significantly.

456189
E{arrnonic number

l-ì a Nts MC
Figure 5 .6 : Harmonic Spectlum of the current Io in the secondaly of the tlansforrner

A - without 60 Hz cunent source and without modulation (from 0.0 to 0.1 s)

B - with 60 Hz cur'rcnt source and without modulation (from 0. I to 0.3 s)

C - with 60 Hz current source and with modulation (flom 0.3 to 0.6 s)

When the modulation of the firing angle took action, in the time interval C, the dc components were

reduced to approximately zero in all the three phases in the converter transformer. The subsequent

evenharmonics,2nd, 4th,6th,8th, lOthand l2thincreasedfrom 5.0, 1.0, 0.2,0.6,0.4,0.0to 9.2,3.24,

7.8,3.8,2.8, 4.57o, respectively. The ac side characteristic harmonics, 5th,7th,11th and 13th, were

reduced from 18.6, 12.4,6.2 and 4.4 to 17 .5, 10.6, 4.3 and2.3.

=S looo/o (o.g3kA)

t33



5 3 DESNGNING OF A CONTR.OT. SVST'EM

The analysis in the sections 5.1 and 5 .2 show that there is a solution for the simultaneous

elimination of all dc components on the ac side. However itcloes not suggest any means fordesigning

such a control system. One observation that can be made is shown in Figure 5 .7 where the calculated

firing angle values are plotted against the time (angle) at which the firing occurs. Notice that they

appear to lie on a sine wave. Thus one possible method is to use a modulation signal similar to that

shown in the Chapter 4 .

Equations -5 .19 shows how the sine wave fitted with the cr¡values obtained in Newton-Raphson

method in the previous section. Where cr,¡:5.780, cro:300 and q:271o.

a(wf) : G. I a,rlsin ( wf + Q ) ( s .le )

q,(cle g.)

a(0 ¡)(des.)

a(0¡) : 
lzs.oø,30.00, 

34.94,34.94,30.00, 25.06f , i : 1,2, ...6

0¡ : k60o + a,(i) , k:0, 1...5

36

34

32

30

2A

26

24
o 50 r oo 1 50 200 250 300 350

wt , 0¡ (deg.)

Figure 5 .7 : Theoretically calculated cr¡ values fitted with a sine wave.

However obtaining the amplitude and phase for the modulating signal in an on-line control system is

more complicated in comparison to the method presented below and is hence not discussed further in

this thesis.

Control logic for the firing angle modulation was developed f'or both dc and second harmonic currents

with application in an static var compensators [28], [29].
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The fundamental concept in designing the control system that eliminates the dc component in the

secondary of the converter transformer is based on the discussion in section 5 . I ancl shown in Figr-rre

5.2.

Consider the phase current waveform for Io as in Figure 5 .1 . If there is a net positive dc component,

its magnitucle can be reduced by reducing the width of the positive conduction period for Io and

increasing the width of the negative conduction periocl. This may be achieved by increasing the values

of cr I and so while decreasing the values of cr3 and aa. The same process can then be repeated in the

other phases. The control system of Figure 5 .8 then comes to mind.

In this control concept, the proportional-integral (PI) controller for each phase keeps increasing or

clecreasing the relevant firing angles in order to reduce the clc component to zero. Note that the same

firing angle aff'ects clifferent phases in different ways, i.e., cx.¡ n-ìuSt be increased in orrler to make Io6

more negative and decrcased to make Iç6 ffiore negative. If the gains are properly chosen, the

controller is able to achieve a steady state and eliminate all three dc components. The positive ancl

negative contributions are then aclded to the firing angle order oe at the output summing junctions.

The firing angle order a6 is the pre-modulation firing angle order from the main controls. The angles

are then passed on to a phase-locked loop based firing control system which issues firing pulses to the

valves.

5 .4 TEST ON A SIMPLE SYSTEM

Figure 5 .9 shows the simulation results for such a controller operating on the simplified system

shown in Figure 5 .3 . The 60 Hz current source, which represent the coupling effect, is applied at 0.1

seconds. The controller is enabled at 0.3 seconds. Note that the dc components quickly vanish after

the controller is enabled. The original firing angles for each valve are all equal initially, but take on

different values after the controller is enabled.

These values can be made exactly equal to the theoretical values calculated from the

Newton-Raphson procedure discussed in the previous sub-section 5 .1 .1 , by choosing an

appropriate value for the phase angle l, in the cuffent source. The angles obtained from the simulation,
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Figure 5 .8 : Proposed control system.

forabaseorderofoo:300wererespectivelyasfollows: L25.80,31.10,35.30,34.20,28.9oand,24.101.

These are close, but differ slightly from the calculated angle in equation 5 .19 .This is because more

than one solution exists for the angles cri and the controller has converged to a slightly different one.
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Note that as a current source was used on the dc side for the 166 component, it is not eliminated by this

control action. It was noticed in this simulated case that the dc voltage did not change when the

modulation in the firing angles was applied.

o lclc(6O) (¡lac¿rsr¡¡ crncnf l'r-onr l:lì'I') o lclc((>O) (cr¡rrcrìt sot¡r'cc)
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Figury 5 .9 : Dc cun'ent elimination in phase currents of a simplified six-pLrlse bridge converter system
a) 60 Hz cun'ent source and 60 Hz cunent measurement in the dc line (crest), b) Magnitude of the-dc cur-
rent in the three phases of the secondaly of the converter transfolmer', c) Firing angle clt,i modulation from

control action.

Figure 5 .10 shows a plot of the harmonics of the current in phase "o" in the secondary of the

converter transformer for the case shown in Figures 5 .9 . As in Figure 5 .6 the harmonics were

measured using the Discrete Fourier Transformation, before the application of the 60 Hz current

source, from 0.0 to 0.1 seconds, during the application of the 60Hz current source, from 0.1 to 0.3

seconds, and during the application of the modulation of the firing angles, from 0.3 and 0.6 seconds.
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l-l a NB EÐC

Figure 5 .10 : IJalmonic spectnrrn of the secondal'y cu¡'l'ent tlansfolmel Io.

A - without 60 IJz cunent soul'ce and without lt.rodulation (f[om 0.0 to 0. I s)

B - with 60 Hz culrent source and without rnodulation (flom 0. I to 0.3 s)

C - rvith 60 FIz currcnt soulce and with modulation (fi'om 0.3 to 0.6 s)

The results fbr the harmonics analyses from Figure 5 . l0 are similar to the one shown in Figure 5 .6

as was expected, by the reason the firing angle modulation in both cases are close.

5 .5 TEST ON A N,AR.GE HIBR.ID AC_ÐC SYSTEM

5 .5 .1 AC LINE UNTR.ANSPOSED ANÐ WITI{OUT EI,OCKTNG F'ILTER.

SCR. = 11.33 ,Q,= 33Vo (200 MVAR)

The control concept was now applied to the rectifiers of the positive pole of the bipolar dc

transmission system described in Chapter Z,with SCR:11.33 (short circuit ratio) and Q:33o/o

(percentage of reactive power related to the total power transmitted) (Q:0.33x600MW:200 Mvar).

As can be seen from Figure 5 .11 which shows the firing angles and the dc components togetherwith

I6s, the controller significantly reduces the dc components. We have simulated the untransposed case

to exacerbate I6s which would of course be much reduced if we had transposed the ac conductors.

Note that in this particular case, the magnitude of I6e is slightly decreased but not reduced to zero with
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the elimination of transformer dc curuents. In fact depending on the phase of the ac line currcnts, 166

can either increase or decrease as a result of the control action. Appendix A shows the

PSCAD/EMTDC draft diagram used in this study.

FigLrre 5.12 and 5.13 showtheplotofthehannonicsinthetransformersecondarycurent,inphase

"a", in both sides, rectifier and inverter, for the case discussed above. There is is a significant

reduction in the dc component in both re ctifier and invertersicles. In the rectifier there is an increase in

the even non-characteristic hannonics, which is more significant in the second harmonic (from3.lo/o

to '7 .lo/a). In the inverter there was not a significant change in the harmonics, except for the dc

component.

One of the concems of applying this control methocl was that because the magnitr-rde o1'166 can

actually rise, it is possible that elimination of dc currents at one end may cause an increase in their

values in the transformers at the other encl. It was also f'elt that if control was applied at both ends, the

two controllers might fight each other. Nevertheless when the simulations were rcpeated with

controllers active at both ends the controllers were still able to eliminate the dc components. The

firing angles, the dc components and the 60 Hz component in the dc line at either end (positive pole)

for this situation are shown in Figure 5 .14 . The control effort at the rectifier is considerable with a

maximum deviation of about 70 from the nominal value. The effort at the inverter is much less with a

deviation of about 40 in this particular case. Note that the extinction angle controller of the inverter

would modify the value of C[6 to maintain the ordered minimum extinction angle so the modulation

does not result in commutation failures.

Figure 5 .15 show the plot of the harmonics in the transformer secondary current, in phase " a" , in

both sides, rectifier and invefter, for the case discussed above. There is a significant reduction in the dc

component in both rectifier and invefter sides. In the rectifier there is a increase in the

even-non-characteristic harmonics, which is more significant in the second harmonic (from 4.5o/o fo

7.lVo). In the inverter there was not a significant change in the harmonics, except for the dc

component.
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in the lectifier side and positive pole. Ac line untlansposed and without blocking filter'
a) 60 Hz cunent measul'ement in the dc line (clest), b)Magninde of the dc component in the converter

transformer (3 phases), c) Firing angle cr¡ modulation.

Further simulations were caried out with control applied to all eight converters on both poles. The

controls worked successfully by eliminating the dc components in each transformer, as shown in

Figure 5 .16 .
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A- without modulation

B - with modulation in the rectifier and inverter (only positive pole)
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5 .5 .2 AC T-TNE TRANSPOSEÐ,A.ND WIT'TTO{JT EX,OCKTI\G FNLTER

SCR. = 11.33 AND Q.= 337o (200 MVAR)

The control concept was now applied to all eight converters on both poles with the ac line transposed,

with the same SCR (short circuitratio) and Q (percentage of reactive power). The ac line transposition

was performed at three equally spaced locations of 130 km along the line. As can be seen fì'om Figure

5.17 which shows the magnitude of the 6OHz curent measurement in the dc line (crest), the

magnitucle of the dc cunent component in the three phases of the secondary of the converter

transformer and the firing angle cr,,., modulation. The controller significantly reduces the clc

component. The control elïort at the rectifier is mr-rch less comparecl with the case in the section

5 .5 . I where the ac line was untransposed. The maximum cleviation of crlat the rectifier is I . 150 from

the base firing angle value of 21 .60. The ef1'ort at the inverter is less with acleviation of 0.90 in this case.

These values of cleviation are approximately the same for both poles.

5.5.3 AC I,INÐ {JNTRAI\SPOSED ANÐ WITÍ{OUTELOCKING FILTEXT

SCR = 2.42 Ä.NÐ Q=607o (360 MVAR)

The performance of the modulation action was investigatecl in a weaker system in order to verify if

harmonic instability occurs. As described earlier the coupling between the ac line and the dc line will

produce a 60 Hz current component in the dc line. This 60 Hz current will be referred to the secondary

of the converter transformer as a dc and 2nd harmonic current component. In an HVDC system

usually a weaker source presents a high impedance close to the 2nd harmonic frequency. As in the

modulation we are only eliminating the dc current component in the secondary of the converter

transformer and the 2nd harmonic, on the other hand, has been increased because of this modulation

action. One concem of this modulation is that this 2nd harmonic could generate harmonic instability

in a system with high impedance at this frequency. Therefore a weaker system with SCR:2.42 and

with reactive power, in the filters and the shunt capacitors, of 60Vo of the total power transmitted

(360Mvar) in the dc system was studied. Before applying the modulation in this large hybrid weak

system a total system impedance versus frequency was performed.
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Figttre 5 .18 : Harmonic spectlLrm of the secondary cuuent transfot'mel Io (Rec. ancl Inv., pos. pole).

scR:l 1.33, Q=33c/c

A - with modulation (ac line untlansposed)

B - rvith n.rodulation (ac line transposed)

5 .5 .3 .n FREQUENCY SCANNTNG OF Tf{E rryBRrÐ SYSTEM

The weaker ac source system with SCR:2.42 and filters configuration with total rcactive power of

Q:607o (pel centage of reactive power) (360 Mvar) of the dc transmitted power are shown in Figure

5 .19 . The total system impedance variation versus frequency plots for the ac system in isolation, as

viewed from the terminal buses are shown in Figure 5 .20 .It shows the presence of a high parallel

resonance at I20 Hz at the sending and receiving ends. A possibility of harmonic instability is thus

expected for this system condition.

The system impedance responses calculated in Figure 5 .20 have not taken into account the

connection of the dc and ac lines. Therefore, the dc system has no effect on the ac system. However, in

the actual system the impedance seen from the rectifier or the inverter might affect by the dc system

especially if the ac system is weak.

Using simulation it is possible to identify the presence of a potential instability in the combined ac-dc

system more accurately compared to the previous methods. With the hybrid system operating in the

steady state, a small current with a wide range of frequencies is injected into the ac bus as shown in

Þ roo7, (o.93kA)
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rectifier and inverter ac bus 230 kV 600 MW (dc) and 300 MW (ac)

ac sysrem fil ters

ALI resistanc'es ln Ç), inductutces in FI and ut¡tuc'itunc'es in pli

Figure 5 .19 : Rectifiel and Inverter ac systeln configulation.

capacitor bank

0 200 400 600 800 I 000 1200

FLequency (Hz)

Figure 5 .20 : Total ac system impedance versus frequency (Rec. and Inv. SCR:2.42, Q=60Vo).

Figure 5.ZI .Thesystemimpedancecanbecalculatedbymeasuringtheacbusharmonicvolragevh

in rcsponse to the injected harmonic current I¡.
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dc line

ac line

ac svstem filters cì.lt'rent injections converter hyblicl line

FigLrre -5 .2 I : Flequency scanning method for system iurpedance of the hybricl ac-clc system.

The actual system impeclance rcsponse of the hybrid system with SCR:2 .42andQ:607o (percentage

of reactive power) was obtained by the frequency scanning rnethod describecl above. In the steacly

state, a series o1'small harmonic currents (i.e. 5, 10, ... 1200 Hz at the magnitude of 2 A (less than}.l o/o

of the fundamental current in ac source) are injected into the rectifier ac bus in the manner describecl

above.

The frequency spectrum of the ac bus voltage contains harmonic components from 5 Hz to I200Hzin

response to the injected harmonic currents. Note that the distortion in the ac bus voltage is very small

and guarantees the assumption of small disturbance that does not significantly change the operation

of the system.

The rectifier ac impedance can be easily obtained by calculating the ratio of the ac bus voltage to the

injected harmonic current of 2 A at each frequency. The measured rectifier ac impedance versus

frequency characteristics obtained by the frequency scanning method is shown in Figure 5 .22 .The

results are plotted together with the calculated frequency responses using the simplified formulation

presented earlier in Figure 5 .20 for comparison.

Comparing the spectra from the simplified calculation and measurement from 0 Hz to 1200 Hz in

Figure 5 .22 , there are some major differences between the simplified analysis method and
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500

400

300

200

r00

0

0 200 400 600

Frequency (Hz)

Figule 5 .22 : The fotal ac systeln irnpedance x flequency (Rec. and Inv. SCR:2.42,Q=607c).

frcquency scanning methocl. In the simplified analysis, the clc system is assumed to be acurrent source

with infinite impedance. As in the fiequency scanning method, the high (rrot infinite) equivalent

impedance of the clc system is reflectecl in the simulation result. The clc system provicles some

damping to the harmonics which results in the considerably lower impedance magnitucle measurecl

by the fì'equency scanning method.

The control concept was now applied to the rectifiers and inverter in both poles of the dc transmission

system with SCR:2.42. As can be seen from Figure 5 .23 which shows the firing angles and the clc

components together with 166, the controller significantly reduces the dc components. We have

simulated the untransposed case to exacerbate 166 which would of course be much reduced if we had

transposed the ac conductors.

Figure 5 .24 shows the plot of the harmonics in the transformer secondary cllrrent, in phase "a" , on

both sides, rectifier and inverter, for the case discussed above. There is is a significant reduction in the

dc component in both rectifier and inverter sides.

As we can see the 2nd harmonic in both sides remained almost the same. These results confirm that the

modulation of the firing angles presents even good results when the control action is applied in a

weaker system with high impedance at 120 Hz.
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Figure 5 .24 : Harmonic spectrum of the secondary ct-tll'ent

A - without urodulatior.r

B - with ntodulation in all poles

5.6 ÐRAWBACKS

The major drawback of the control method to eliminate

generation of non-characteristic harmonics.

13t2r0t3t210

lnverter

0t2345618
halrnonic

tlansfolrrer

B

In (Rec. ancl Inv, both poles).

the clc components is that it can lead to the

As we can see from plots of the harmonics in the transfbrmer secondary current for the cases

cliscussed in this section, theLe is an increase in the seconcl and other harmonics. The second harmonic

has a level of about 3 fo 57o and the 4th ancl 8th about I to 3o/o of the fundamental. It should be noted

that we have presented an extreme case of induction for the simulation cases without transposition,

with about 604 of dc cunent in the transformer windings. In most situations when the lines are

transposed or a larger distance apart, the modulation effort required is much lower and so are the

generated non-characteristic harmonics. In many situations acertain level of these harmonics may be

acceptable, however, in other situations such as when resonances exist at these frequencies, this

method is not acceptable. In such situations 166 blocking filters may be used instead.

The increased steady state firing angles and extinction angles required tend to reduce the power

transmission and increase the reactive power requirements of the system.

Another drawback of the scheme for eliminating the transformer dc components is that applying

control to one terminal does not eliminate I6s. This necessitates the application of the control action at

all the terminals.

\ rooø (o.e3kl)
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It appears that the method is most suitable when used in conjunction with line transposition, in which

case a much smaller level of modulation is required. This is because transposition significantly

reduces 166 (Figure 4.3 ).

5 .7 STMUX,ATTOI{ ASPECT'S

Note that in the above examples, the angle deviations ranged from I o-8o. A 50 ms time-step was used

which corresponcls to a little over I o at 60 Hz. Thus in order to get accurate results one mllst

interpolate the thyristor tnrn-on and tunl-off times between time-steps. The electromagnetic

transients program that is used must support this feature. Interpolation also eliminates the 1o firing

angle jitter in the simulation and thus does not introcluce any spurious non-characteristic harmonics.

Wherever possible, an independent check on the simulation results was carriecl out, snch as

comparison with Equation 4 .9 .

5.8 S{JMMAR.Y

The following observations resulted from this chapter:

- it is possible to eliminate the dc components in the converter transformer secondary winding by

using Newton-Raphson method. It was confirmed the Newton-Raphson solution in an simple

six-pulse bridge by using a simulation approach;

- the proposed method of directly eliminating the dc components works successfully in the stronger

system (SCR:1 1.33) as well as in the weaker system (SCR:2.a2);

-the control can be simultaneously applied atall terminals of adc system withoutcontrollerconflicts;

- non-characteristic harmonics are inffoduced as a result of the control action and can have

significant amplitudes;

-the method of firing angle modulation is probably most likely to be used when original 166levels are

relatively low, for example in conjunction with ac line transposition.

r52



CRaapfen" 6

Cogaaåååsåoxas

With transmission right-of-way at a premium, there are increased incentives to construct I{VDC

lines in close proximity to ac lines. Construction of ac and dc circuits on common structures may even

be considered as an option for maximizing right-of-way utilization.

DC transmission provides an attractive solution to the problem of restricted right-of-way. It is

anticipatecl this topic will become morc important in the future, as electric power demand increases

while construction of new overhead transmission lines becomes more clifficult to achieve.

There are a number of technical question which would neecl to be adclrcssed for ac and dc circuits on a

common tower. Some of these concems addressed in this thesis inclnde:

-study of overvoltage profiles along the line and at ihe stations for various types of faults.

-steady state induction of fundamental frequency current in the dc circuit and the use of blocking

filters to minimize this effect.

-protection ofthe ac and dc lines during contact faults.

6 .1 OVERVOLTAGE STUDY

The following observations resulted from the overvoltage study:

- faults involving the ac conductor to ground closer to the rectifier converter introduce negative

sequence voltage on the bus which converts to a second harmonic overvoltage on the dc side.

- dc line overvoltages at other line locations (TL1, TL2, ... etc.) are mainly fundamental frequency

overvoltages due to the coupling effect between the ac and dc lines.
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- the dc line overvoltages are more severe for the stronger (6800 MVA) system.

- overvoltages on the ac line increased with a decrease in system strength for faults involving the ac

conductors.

- with ac-dc contact faults and dc line faults the ac overvoltages arc smaller for the weaker system.

- the overvoltages are larger when the ac-dc system are electromagnetically coupled. This is more

pronouncecl for ac line overvoltages when the far-rlts involve only the dc conductors.

-in general the overvoltages on the ac and dc lines are larger when the ac ancl dc lines are coupled.

- the overvoltages are higher for the Bergeron transmission line moclel compared to the fì'equency

depenclent transmission line model.

- overvoltages for the clc line in a hybrid ac-dc environment are higher than for a a dc line alone

- transposition of the ac conductors rcduces the overuoltages.

- the blocking filter in the clc neutral has a tendency to oscillate, which can cause overvoltages on the

clc line. These oscillations can be damped by a resistor-an'ester combination across the fìlter.

- resonances may exist in the ac or dc system which can cause harmonic overvoltages.

6.2 FIRING ANGLE MOÐULATTON

The following observations rcsulted from the firing angle modulation study:

- the elimination of 166 by control action does not eliminate convefier transformer dc components.

- the proposed method of directly eliminating the dc components works successfully in the stronger

system (SCR:11.33) as well as in the weaker system (SCR:2.42).

- the control can be simultaneously applied at all terminals of a dc system without controller conflicts.

- non-+haracteristic harmonics are introduced as a result of the control action and can have

significant amplitudes.
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-the method of firing angle modulation is probably most likely to be used when original 166levels are

relatively low, for example in conjunction with ac line transposition.

6.3 S{JGGESTXO}{S FOR F''UTURE ST{JÐIES

Increasing the power transmission capability on existing transmission line rights of way is an area of

increasing interest in North America. A number of methods of increasing transmission capability are

clescribed in the literature. One way is to add a dc circuit to an transmission line. The major areas of

investigation this altenlative include theoretical electrical aspects as well as structural aspects of the

transmission line towers.

The author suggest the fbllowing aspects to be stucly for the filture:

1-Survey ofTowerTypes

A survey shoLrld be carriecl out to determine the configuration and structure in common use by utilities

fbr transmission voltages ranging from 110 up to 500 kV that appear to be good candidates for

conversion to hybrid transmission lines.

2- Converter transformer core saturation

Saturation of the converter transformer due to 60 Hz cuffent in the dc line should be investigated to

obtain an understanding of its cause and sensitivity to various parameters.

3- Lightning Performance

The number of lightning flashovers of the dc circuits will be high when shield wires are modified in

otder to include the dc conductor in the same tower. The number of lightning outages on the 230kV

Gulfport transmission line should be investigated.

4- Ac-dc conductor contact fault

Contactfaults between conductors of the ac and dc circuits on the hybrid transmission line result in ac

voltages and currents on the dc circuit and vice verse. Ac curent in the dc circuit could saturate power

transformers causing tripping of these transformers. DC currents could also be present when ac

circuit breakers are required to operate. These factors should be investigated.
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5- Electrical Field effects

A program should be developed to calculate the electrical field effects from a hybrid transmission

line. An electrical field test in an high voltage laboratory should be carried out in order to measure the

main parameters of the hybrid ac-dc line (electric field, RI, AN, etc.).
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APPÐN&ãK W

ts.l REN,ATION tsÐTWEEN THE 60 }IZ COMPONENT NN THE DC N,Ih¡tr AND TI{E ÐC

COMPONENT IN TT{E SECONÐAITY OF THE T'R.ANSF'ORMER..

(8.2)

.f,o
1.,I,,n: 2nllo,,, of + 

J" 
(l¿ -l,zcosd + 1"2coS0) d0 (8.1)

r a+u+4

+ ["*'n(-1.,2cosd*1.,2cos o-5 ¿o + ["*" -r'¿ d0
I afi 3' J d+þ++

+ ["*'*" ,- I'¿ + Ir2cosd + 1r2 coS Ð de
J o*n

r d.+u+44 r2n I
* 

J*-,or 
(I"zcos G * I'2cos(o -þ æ r lo*r*4'* l

., T ,o*, ¡a+2!
U, : *LJ" (1,2cos a- Is2cosl) rtT * J*r iu de

¡ a+u+24

* 
J-rrn'rr+' 

(i¿ -1r2cos G - Is2cos (g *þ de

. 
f:"(-1,2cosd-1,2cos 

(e) do . [::-h do

¡ a+p+52

. f:;'* ?t'¿ + Is2cosa- /,2cos o +þ ae 
]
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, F ro+j. ra+p+i
1.^ : +¡ f '-l',¡ d0+ I 'Çi¿ 

t1,2cos a - I.,2cos (0 -L; tlT ...(8.3)L0 *LJo J"4 3' - .'.\-

ra+u+24 rq+41
+ I (1,2cos a*l,2cos (9 *!; tß + I 

' 
I'¿ tlT

J a+24 3' J a+p+24 "'

¡ a+¡u+4\

+ I (l',t -/.,2cos G - Irzcos (0 -!¡ ¿e
J a++4 3'

¡a+p+5! r2n I+ I ' 
FI,zcosG+1,2cos ço+!¡de + l- _-t',, rcl

J a+s4 3' I a+p+54 l

makingcr+p+)"=o

1",:+ l."rf o+xr)+cos (t-r+)f

,u, : *[.", C o ) +cos ( ø.tå r]

1,,:+ l."rf o+z! )+cos r".îrl

anclthe solLrtion fbrthe Equations 8.1.8.2 ancl8.3 become:

1,,, : +f.o, C a+þ+),+n) + cos ( a+þ.^-r+ )f

,,,,, : *1.o, C a+þ+), ) +cos ( a +p+7.tä, 
]

1,,:+ 
f.o, C d+tr+1,+z! ) + cos (a+þ.^.î rf

(8.4)

(8.5)

(8.6)

n4



using the trigonometric relation:

cos(x) - cos(y) : -2 sin {(x+y)12} sin{(x-y)/2}

the Equations 8.4, 8.5 and 8.6 become:

. 2A l . xÍ lt .l ,11¿, xtIuo: -; 
Lt'n 

(o-1 ) + sin ( -ã ) l:;sin ( ø-t )

- 2A l. n n 1 ßn ltIb,:-7 L''n(o*a )+sin(-; )l:;sin(o"*, )

2A I n n 1 ßA
f.i, : 

- lcos ( o+: ) + cos (; ) I : sin ( ø+ø )lTL¿O)xt

In order to find the relation between the clc component in the secondary of the converter transformer,

Iao, Ibo ancl I.6, for the three phases, ancl the fundamental component current, 169. in the clc line we

have:

Iuo2 * Ino2 * I,.o' :4 lrt" f o-1¡2 + sin f o*1¡2 + sin (o+n¡21
Xt- ¡ -3 ""'t" 3 ',| -rùrrr\u-rrt') 

f

3A'f l-cos (2(o-+ )) 1-cos ç21 o-! )) l-cos (2(o+rr))l
lø'f 2 2 2 )

:#N.; å [*' Q@-þ' .cos (2( o*+ )) + cos (2( o+- 
"]l

: #[; ; l'"' ( 20 -2: )+ cos ( 2o +'î ¡+ cos , '" ,]]
t,\_ ____ 

:;__ 
______-_./
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(8.7)

8.2 F'NRING ANGLEMOD{JT-ATION T'O EN,IMTNIATE T}trE 6OKNZ C{JRR.EI{T'

ts.2.1, WNTT{O{J'[ OVER.L.{PANGT.E

From the theory of Fourier series we have:

l'l: æ

v(wt) : ? *
)Lr' n:l

Ioo2 t lbu2 + 1,.o2 ::Y+l'

The average val ue o1' the dc line voltage , V,t , is given by:

v, : *Lf;'". * * [*."' u6,,t0 . f::' e¡,,, d0 . 
I::.,e,o 

rt. (8.8)

. t::,' c,¡, do . f:,'e,,¡, tto . Iï*".,,,, ur]

where:

w :h : btt'
T

ao
averase value

2a

c, : lro,,, * *
2 ¡c+T

', : + J, v @t)cos ( zfft ) rt(wr) (8.10)
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b1v¿ +U:'¿¿r( sin 0 tt: + 
[:,"' 

e¡,,sinl d0 + f::,' e6osin0 t]0

[n+a,, ¡aþa, f5i*o.+ I e,osin? tl9 + I e.øsin) rI0 + I e¿,sin? tl?
I z\+a, J n+ao J F.+a,

+ ['" d¿¿¿. sin o de1
I s3o "" l

t;- l ro. r\a,
b1,, !lP[J.'."',,*fr,in 0 d0 + 

J:-,-' 
cos(g -[t,ine ,n

r 2L.+as f ît*dt
+ I ' singsing ¿/0 + | cos(d -s!¡sinl d0

J i*o.' J z++at o

r4*+a, r ¡51a.
* 

Jn'*o," 
cos(g + sLu)sinl tlT * ju*" cos(0 *l)ttne de

¡2n 1t I
+ I _ cos(g +!)sine ae 

I
J si+a. Ó I

.lãr- r -utv¿ -fl 'Æ.ot 
a¿ sina¿, + /3cosa5 sinø5 (8.13)

- 'ß 
.ot d i sin ø 1 - ,l 3 

"ot 
o-, sin a2

-2cos at2 - cosaf + cos as2 + 2cosa62 + cos a? - cosz2z

-l5oo -,15o, + Jlq * ß"rl

, ,li Eu,tb\¿ --* | -2sina: cosd3 - sina4 cosd4 + cosa5 sind5 G.14)

+ 2sina6 cosd6 + sinø1 cosdl - cos d2 sina2

-.Æ(cos a+)2 - .,Æ(cosas)2 + /3 (cos a)2 + J5 çcosa2¡2 .. .

+ 2a3 * dq - as - he - or*orl

crv¿rlffi
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clu,, is the crestvalue of the fundamental frequency voltage component in the dc side of the six-pulse

bridge convefter which was generated by the modulation of the firing pulse.

, úlv,
Qt,,:-atan-,-" Ott,.t

Qtr, is the phase angle of the fundamental frequency voltage component.

(8.16)

n9



8.2.\ WXT'H OVER.N.AP ANGI.E

The average value of the dc line voltage , V,¡ , is given by:

,,, : +LI;'.",,, *[t ae. f,* +cos. d0 + 
I::cos(g- [t de (B 17)

¡4+a"+u l. r2i*ot
+ I ' l1cos(g -!t ¿e * I sino rto

J ?", 2 3' J ?o.,nt,

¡24+a.+u 17 rxr+d,.

* 
Jr-"',' 

!!cos(,-z)l ae + 
Jruoo,*ucos(g- 

sftl ae

l::,* +,",0 do + 
[::rcos(g 

+s[t do

¡ {+a¡p 11 r 51+a.

* 
Jou^,' |cos@ 

*'þ de + 
Jo-oi, *ocos(e 

*þ de

r 54a,+u E r2n I
* 

Jr*".' Çcos@ 
*)> ae * 

Jr*o,*rcos(g 
.þ * 

l
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(t.v¿ +[l;'.",,u *þ.o, 0 d0 + 
I),.' *n s'¡z d0

,4+a,
* 

.l",., 
tot re _þcoso do

¡?"w, ¡1 - îT f 2?o'
* J*". |cosr'-fl.o, 0 tt, + 

J*",*rsin'cos' 
tt,

. f:* +cos(e- zþ,o,0 d0 + 
I:,*cos(g- 

s[)cosl de
J 24a,, ¿ J

- f::,- +(coso¡2 
do + 

I::,cos(g+ 
sþcoso do

[ 
+Í+ut+þ 

J 3+l
Jg?", 2

44+a,+u r' " 
9.osç0+z5cosl tlT +

-)

r 5+¿1l

| 
' 

cos(6 +!)cosl ttT
J 4þa¡p L

. Iî:,.' +cos(o 
+ þ coso * . 

lÏ*",*,.o,(0 
* þ.o, t *f

blv¿ +[l;'.",r+þsin 0 rtl + I-,* **s0sinl ctl

¡ 4+a^

| ' cos(o -!)rine ¿o
J ar+p ó

r4+ao+p 6 r21+as

f 
' '9cos(o-Ssinotto+ I (sinÐ2de

J ?"0 2 3' J ?oo*t,

¡2?"'*u 'ßcos(g 
-zLlsinl dg + ["no cos(d -s-,¡sinl d0

I zyo, 2 3' I zyo,*p 6'

f:,*+cososin 
0 ttr + 

I:::rcos(g 
*ri)sinl rr0

¡ 44+a,+u 17 54+a'

[-"*r +cos(g *zL)sn| d0 + ['n" cos(o ¡!¡rine d0
J +o, 2 3' J þa¡+p 2'

r 51tso+lt l; 1r ¡2n rr I

Jn-,,' |cos@+þsin0 rI0 + 
Jrrr"*rcos(6*fltint 

*l

l8r



¡-

ü1v,t +[-,."rrltl;: lsin a4cosr,4+ sinø5 cosd5 - sinal cosdl {n.18)

- sina2.oror] . | - 2@osa3)2- (cos aq)2 +(cosø5)2 + 2(cos aa)2 - .

+ (cos aù2 - l.orfo)'] ] 
..

I+ cosp snø 
l[.ot 

d,4sinc,4 - coso5 sina5 - cosdl sinal * coSG2 sina2 .. .

+ 2 cos d3 sin at - 2sin a6.o, ou] * .Æ 
[{.or 

a+)2 + (cos a5)2 - (cos aù2 .. ,

- rl
- (cos *rYl)* /, [- G+ - Gs * o, * or]],l

bt,,,, : +lr.or, >'l-rsinc3cosd3 -sina4cosd4+ sina5cosd5 .. . (8.19)

+ 2sind6cosø6 * sindl coS ay - sina2cosG,2. 'Æ[- 
(cosaa)2 - (cos aò2 - .

+ (cos a)2 +f.orazl'?]] .. .

+ coslr sin¡,1 l- 2@osa3)2 - (cosaa)z + (cos as)z +2(cosa6)2+ (cosa1)2

+ß

d,4 -

[sinaacosaa + sind5 cosd5 - sinGl cos G,1 - sina2.oror]] ..

ds - hS-or*or]f

- (cosa2)2

*lzo, *

ctv¿:lM (8.20)
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APPÐNÐKK C

This program is usecl to solve the analytical Equations for the firing angles crt, cr2, ... cr6 to reduce or

eliminate the dc curreut components in the secondary of the converter transformer. The solution is

carried out by using the expression for the dc components, Ia6, Ib6 ancl Ic6 and the partial derivatives of

Ia6, Ib6 and Ic6. The system of equation below (Equation 5 .I 0 ) is solved by using Newton-Raphson

method, with r¡ , )'2 ãrrd ¡ being the unknown variables.

:.f(xt,x2,4) : 0

: .l(xt,x2,x3) : 0

:.Í(xt,x2,4) : 0

Where the variables J/, -r2 ârd "rj represent the variables dcrn, dcrs ancl clu., respectively. Then we can

write the variables dat. daz. da: ds4. du5 and da¡ as a function of dcro, dcr6 and dcr., as shown in the

equation below (Equation 5 .9 ).

I'o

Ih

Icn

dat

daz

daz

dan

dat

daø

daq

das

dao

dao

daø

daø

da,

da,

dao

da,

da,

dao

The routine MNEWT in the program FIRINANG performs NTRIAL iterations starting from an

initial guess at the solution vector X of length N variables. Iteration stops if either the sum of

magnitudes of the functionslj is less than some tolerance TOLF, or the sum of the absolute values of

the corections to r/.r¡ is less than some tolerance TOLX. MNEWT calls the subroutine USRFUN

which must retum the matrix of paftial derivatives cr, and the negative of the function values p, as

defined in Equation 5 .15 .

THIS PROGRAM CALCULATE TFIE ROOT OF THE FUNCTION F(X)
WHERE PARTICULARLY F REPRESENTS T}IE DC COMPONENTS IN
TTIE SECONDARY OF THE CONVERTER TRANSFORMER (IAO, IBO AND

C
C
C
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C
C
C

C ICO) AND X REPRESENTS THE FIRING ANGLE MODULATION

BY ROGERIO VERDOLIN
19 JUNE 1994

REAL X(3)
COMMON ALPHAO,PHI,A,XID,DGRA,RADG
COMMON PI,PIz,PIZI,PID 3,PID6
OPEN (UNIT: 1,FILE:', OUT.D')
OPEN (UNiT:2,FILE:'ALPHA. D' )

C COMMON ALPI_IAO,PHI,A,XID

C CALCULATION OF CONSTANTS USED IN THE PROGRAM
C

PI:.ATAN(1.)':'4.
PI2:2*PT
PI2T:1.IPIZ
PID3:PY3.
PID6:PY6.
DGRA:PVI BO.

RADG:IBO./PI
C

C INPUT DATA
C
C ALPHAO -BASEALPHAORDER
C A _ AMPLITUDE OF 60 HZ COMPONENT
C XIDDC _ CURRENT
C PHIDG - PHASE ANGLE IN DEGREE
C NTRIAL - MAXIMUM NUMBER OF ITERATIONS
C N - NUMBER OF OUTPUT VARIABLES
c TOLF - TOLERANCE FOR THE FUNCTTON F(X)
C TOLX -TOLERANCE FOR X
C

ALPHAO:3O.XDGRA
A:0.15
XID:1.5
PHIDG:-60.0
PHI:PHIDG'.DGRA
NTRIAL:20
TOLX:0.00001
TOLF:0.00001

C
N:3
NP:3

C
C END OF INPUT DATA

.r -r.r., + + -r.t +.r.þ.r -r.t.,,r.r.r.r.> tr., t, \r.r.r., r, .,
u 1.1.¿,..:.1.-..1....|.

(-
C X(I):INITIAL GUESS
C
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DO T2I:1,N
12 x(r)=2.*DGRA
(_ -11ti1<-¿r1-.î1-.ít1

CALL MNEWT(NTRIAL,X,N,NqTOLX,TOLF)

C OUTPUT DATA: X(l), X(2) AND X(3)
C

DA l:(X( r )-X(3))'¡RADG
D 

^2:(X(2)-X 
( 3 ) )'k R A D G

DA3:(X(2)-X(r))xRADG
DA4:(X(3)-X( I ))':'RADG
DA5:(X(3)-X(2))'iRADG
DA6:(X( I )-X(2))'¡ RADG

C
A I :(ALPHA0+(X( I )-X(3)))':'RADG
A2:(ALPHA0+(X(2)-X(3))) "RADG
A3:(ALPHA0+(X(2)-X( I )))':'RADG
A4:(ALPIIAO+(X(3)-X( 1 )))'r'RADG
As:(ALPHA0+(X(3)-X(2)))''RADG
A6:(ALPHA0+(X( I )-X(2)))':'RADG

C

C WRITING OUTPUT DATA TO THE FILE ALPHA.D
WRITE (2,222) ALPHAOT'RADG,A,XID,PHIDG
wR ITE (1,222) DA 1,DA2,DA3,DA4,DA5,DA6
WRITE (2,222) A l,A2,A3,A 4, A5, A,6

222 FORMAT(8(E10.4,1X))
1000 sroP

END
u 

¿r<t<\ ¿?¿1.1 ¿i -1 -i - ¡ -:. -¡ 4.4r 4r -¡ '¡ -¡ -¡

s UBROUTINE MNEWT(NTRIAL,X,N, NP,TOLX,TOLF)
INTEGER N,NTRIAL,NP
INTEGER I,K,INDX(3)
REAL TOLRTOLX,X(3)
REAL D,ERRF,FJAC(3,3),FVEC(3),P(3)
N:3
PI:ATAN(1.)'r4
PI2:2'rPI
DGRA:PY180.
RADG:I80./Pi
DO 14 K:l,NTRIAL

c WRITE (2,x) 'ITERACAO NUMBER:',
c WRITE (z:r)K
(_ .r1.-ír1t.i-<t-í11.1.1

CALL USRFUN(X,N,NP,FVEC,FJAC)
(_ 1t+1.¿...it/...í.1t.ir1

ERRF:0.
DO 11 I:l,N

11 ERRF:ERRF+ABS(FVEC(I))
IF(ERRF.LE. TOLF) RETURN
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DO 12I:1,N
12 P(r):-FVEC(r)

, -t..r.t,.r.,
(_ 1\ ¿i- ¿i ¿í\.i.1,<,.1.r1

CALL LUDCMP(FJAC,N,NP,INDX,D)
CALL LUBKSB (FJAC,N,NP, INDX,P)

C ):. ):. rl >l:¡ t< :l >;r::( ;i t?tl ¿1:Z, rl¿.:'t'4. tll**t(tt ¿1>i.t:1¿.*t:*.>?.¿t>i.'4

ERRX:0.
DO 13I:1,N
ERRX:ERRX+ABS(P(f)

13 X(I):X(I)+P(I)
IF (ERRX.LE.TOLX) RETURN

14 CONTINUE
RETURN
END

C i::::::::::i:i:::::::::r:::::)::ir:::::::r::::::::1ti1>t>itii.t?''t>l¿.:?;:::i:::::l::::::::::::):ri:::t:¡::r:::::r::î:r::.::t*::r;::;:t::::::

SUBROUTINE USRFUN(X,N,NP,FVEC,FJAC)
REAL X(N).FVEC(NP),FJAC(NP,NP)
COMMON ALPHAO,PHI,A,XID,DGRA,RADG
COMMON PI,PIz,PIZI,PID3,PID6
PHIAO:PHI+ALPHAO

C DA1:DAA-DAC, DA2:DAB-DAC, DA3:DAB-DAA
C DA4:DAC-DAA, DAS:DAC_DAB, DA6:DAA-DAB
C

DAl:X(1)-X(3)
DA2:X(2)-X(3)
DA3:x(2)-X(l)
DA4:X(3)-X(r)
DAs:x(3)-x(2)
DA6:x(1)-x(2)

C
C ,l..rt *.'*ì2tr:!.t,,::a.>rt>:::i;::i:)¡:::::.)l:i:::.):r:¡::.*r)ir:¡::.::.;ltrrr;:.):i;:r:¡:¡tr;¡:3;i:::r*:lr::i:i:¡:l:i.>:tr!¿.>1¿.r.

C DETERMINATION OF FUNCTION VALUES OF X IN FVEC
C >l >ii ¿. rl >?. >l r:t ri< rl:l t:( t?. t:t ¿t r:t::t:lri: r:(:i<¿.::t tl ¿.:l';t'.t tl'* rt r:t til tl>l rl>2. ìi. ¿.rit **. r'trt )l¿t rr *.rr r:r*.'*:1.:!.

C
WRITE (1,*)'DA1,....,DA6'
WRITE (1,222) DA i,DA2,DA3,DA4,DA5,DA6

222 FORMAT (B(E10.3,1X))
XK I 1 :XID'k (DA3-DA 1 +DA4-DA6)
XK1 2:COS (PHIAO+DA I +PID3)+COS (PHIAO+DA3)
XK 1 3:COS (PHIA0+DA4+PID3)+COS (PHIA0+DA6)
Ao:PI2I,I (X* t t-4x (XK1 2+XK i 3))
FVEC(i):40

C
XK2 1 :XID* (-DA2-DA3+DA5+DA6)
XK22:S IN(PHIA0+DA2+PID6)+COS (PHIAO+DA3 )
XK23:S IN(PHIAO+DA5 +PID6)+COS (PHIA0+DA6)
B 0:PI2I* (XK2 1 +A * ( XK22+XK23))
FVEC(2):80

C
XK3 1 :XID*(DA 1 +DA2-DA4-DA5)
XK32:COS (PHIAO+DA 1 +PID3)-SIN(PHIAO+DA2+PID6)
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XK33:COS (PHIA0+DA4+PID 3)-S IN(PHIA0+DA5 +PID6)
C0:PI2I * (X*r t *4'r 1XK32+XK33))
FVEC(3):C0
WRITE (1,'r) 'FVEC'
WRITE (1,222) (FVEC(I),I: I,N)

C

C DETERMINATION OF JACOBIAN MATRIX VALUES OF X IN FJAC

C
trJAC( 1, 1 ):PJ2I':' (-4':' XID+

'i A'!(SIN(PHIAO+DA1+PID3)-SIN(PHIAO+DA3)
':' -SIN(PHIAO+DA4+PID3)+SIN(PHIA0+DA6)))

FJAC( 1,z):Plzl'i' (2't' XID+A'¡'(S IN(PHIA0+DA3)-S IN(PHIA0+DA6)))
FJ AC ( 1,3 ) 

:P IzI't' (2':' X ID +
:i: A::r(-SIN(PHIA0+DAl+PID3)+SIN(PHlA0+DA4+PID3)))

C
F'JAC(2, l):PIzI'i' (2'i'"tO*6 *'(S IN(PFIIAO+DA3)-S IN(PIIlAO+DA6)))
F J 

^C(2,2):PI2I':' 
(-4'r XID+::, A::<(-COS(PFIIAO+DA5+PID6)-5IN(PHIA0+DA3)

:i: * COS(PHIA0+DA2+PID6)+SIN(PHIA0+DA6)))
FJ A C ( 2, 3 ) 

:P IzI'i' (2'i' XID +;i' A)i:(COS(PFIIAO+DAS+PID6)-COS(PHIA0+DA2+PID6)))
C

FJ A C (3, l) :P IzI't' (2't' X I D +
>ir A>::(-SIN(PHIAO+DA1+PID3)+SIN(PHIA0+DA4+PID3)))

FJAC(3,2):PJ2lt' (2':'XID+
):: A:::(COS(PHIA0+DA5+PID6)-COS(PHIA0+DA2+PID6)))

FJAC(3,3):Pl2I':' (-4'rXID+
't A*(SIN(PHIAO+DA1+PID3)-COS(PHIAO+DAS+PID6)
'i' -SIN(PHIAO+DA4+PID3)+COS(PHIAO+DA2+PID6)))

RETURN
END

t-
SUBROUTINE LUDCMP(A,N,NP,INDX,D)
INTEGER N,NP,INDX(N),NMAX
REAL D,A(NP,NP),TINY
PARAMETER (NMAX:500,TINY: 1.0E-20)
INTEGER I,IMAX,J,K
REAL AAMAX,DUM,SUM,VV(NMAX)
D:1.
DO I2I:1,N
AAMAX:0.
DO 11J:1,N
rF (ABS(A(r,J)).GT.AAMAX) AAMAX:ABS(A(r,J))

11 CONTiNUE
IF (AAMAX.EQ.O.) PAUSE 'SINGULAR MATRIXIN LUDCMP'
vv(r):1./AAMAX

T2 CONTINUE
DO 19 J:1,N
DO 14I:1,J-1
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13

I4

suM:A(I,J)
DO 13 K:1,I-1
s uM:s UM-A(I, K )'. A(K, J)

A(I,J):SUM
AAMAX:O.
DO 16I:1,N
suM:A(r,J)
DO 15 K:l,J-1
suM:s uM-A(I,K)'r' A(K,J)
A(r,J):SUM
DUM:VV(I)':,ABS(SUM)
rF (DUM.GE.AAMAX) TIrEN

IMAX:I
AAMAX:DUM

ENDIF
CONTINUE
rF (J.NE.TMAX) TFrEN
DO 17 K:l,N
DUM:A(IMAX,K)
A(rMAX,K):A(J,K)

A(J,K):DUM
D:-D

vv(rMAX):vv(J)
ENDIF
INDX(J):IMAX
IF (A(J,J).EQ.0.) A(J,J):TrNY
IF (J.NE.N) THEN
DUM:1./A(J,J)
DO 18I:J+1,N
A(I,J):A(i,J)''DUM
ENDIF
CONTINUE
RETURN
END
*>N>?>k>t>'(*>k>k>l >l>i.¿<>k *>l >t* >t¿1>i. r,.¿..4,>?,.),, *,,.r,, -),.*r *,,>?, )l*,, ¿.>:t, tl.>1,¿< >:: *.::: *: :¡::r >:.::. >:< ):: >;. )i. >:< >::

S UB ROUTINE LUB KSB (A,N, NP,INDX,B )
INTEGER N,NqINDX(N)
REAL A(NP,NP), B(N)
INTEGER I,II,J,LL
REAL SUM
II:O
DO 12I:1,N
LL:rNDX(r)
suM:B(LL)
B(LL):B(r)
rF (rr.NE.O) THEN

DO 11J:II,I_l
suM:sUM-A(I,J)'iB(J)

ELSE rF (SUM.NE.O) THEN
II:I
ENDIF

15

r6

t1

t8

t9

C

l1
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t2 B(r):suM
DO 14I:N,1,-l
suM:B(I)
DO 13 J:I+l,N

l3 suM:suM-A(I,J)'r'B(J)
t4 B(r):suM/A(r,r)

RETURN
END

u 1r 1\ 1- 1t 1' 1- 4t -i -| -i ¿i .r 1- ii\ .r ¿i ¿i ¿i\ -i
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